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Abstract: In this paper, tuning electrical conductivity of benzene-1,4-dithiol (M0) has been done 
through sequential substitute of the CH groups by nitrogen atoms in the molecular skeleton of the 
benzene ring and constitutional isomery. I-V characteristics of seven derivatives of M0 using non-
equilibrium Green’s function (NEGF) approach combined with density functional theory (DFT) 
have been investigated. Our findings have been interpreted in terms of transmission spectra and 
molecular projected self-consistent Hamiltonian (MPSH). The results obtained show a slight effect 
on the conductivity at low bias with the insertion of nitrogen atoms in the benzene ring while an 
increase in the conductivity is observed at high bias. The results also showed that constitutional 
isomery significantly affects the I-V behavior of the diazabenzenes at all applied voltages, at a given 
bias the current varies by 30-40%. The data give the following conductivity order: pyrimidine-1,4-
dithiolate > pyrazine-1,4-dithiolate > pyridazine-1,4-dithiolate. These findings indicate that the 
structural factors would be helpful for designing molecular wires for nanoscale applications. 
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Introduction 

Benzene-1,4-dithiol (M0) is considered as a good example to investigate electron transport 
and functionality of molecular junctions in the field of organic electronics. Both 
experiment1-4 and theory5-20 have been interested in reporting and understanding electron 
transport properties of M0 and its derivatives. For instance, Reed et al.,1 measured the I-V 
characteristics of M0 using the mechanically controllable break junction. The results 
illustrated a conductance voltage curve of two steps in both bias directions. Using the same 
technique, Teramae et al.,2 plotted the I-V curve of Au/ M0 /Au junction and found a break 
down voltage with a broad distribution and takes a maximum at about 1.2-1.5 volt. Also, 
Horiguchi et al.,4  recorded  the  conductance  of Ni/ M0 /Ni junctions under static magnetic 

 RESEARCH ARTICLE 



 

 

414       Chem Sci Trans., 2016, 5(2), 413-425 

fields up to 250 mT at cryogenic temperatures and statistically demonstrated the magnetic-
field dependence of the single-molecule conductance. They reported increasing of the 
single-molecule resistance with field strength until it reaches its maximum limit at 50 mT 
leading to magnetic resistance of 80% -90% at 77 K.  

 The non-equilibrium Green functions combined with the density functional theory (NEGF-
DFT)5-20 reported electron transport through M0 with regard to its structures and derivatives, 
nature of electrode and anchors. Seminario et al.,5 studied the effect of electrode nature on 
conductance of M0. They carried a comparative study between thio and isonitrile groups as 
anchors with metals of groups 10 (Ni, Pd and Pt) and 11 (Cu, Ag and Au). The data predicted 
that the best metal for the metal-molecule interface is Pd. As for the structure of M0, it has two 
conformations and excitation of the molecule causes it to change from one form to another and 
switch between a strongly and a weakly conducting state7. The face conformation recorded high 
conductivity ‘ON’ while edge structure displayed weak conduction ‘OFF’.  

 Tuning electrical conductivity of a given molecule could be achieved through a various 
means such as constitutional isomery10, oligomerization11-13 and anchors5,14-17. Cheng et al.,

10 
studied the isomery effect on the electron transport through M0. They studied three isomers 
of diazabenzene, namely pyrimidine, pyrazine and pyridazine and concluded that the relative 
positions of the two nitrogen atoms can significantly affect the transport behavior due to 
change of the electronic structure of the molecule. The current project used NEGF-DFT 
approach to highlight how chemistry can change the electrical conductivity via two 
molecular structural factors: sequential substitute of the CH groups by nitrogen atoms in the 
skeleton of benzene ring and the constitutional isomery. Figure 1 displays chemical 
structures of the investigated molecules which are classified into two groups: A and B. I-V 
curves, transmission spectra, energy levels and spatial distributions of frontier molecular 
orbitals were analyzed. 
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Figure 1. Chemical structures of studied molecules 
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Computational methodology  

All isolated molecules were optimized using B3LYP/6-31G(d,p)25-27 as implemented in 
Gaussian 09 package28. Based on the optimized structures, the I-V characteristics were 
computed through two-probe system as a function of applied bias using  the combined DFT 
and non-equilibrium Green’s function (NEGF) formalism as implemented in Atomistic 
ToolKit code (ATK 2008.10)29-32. The two-probe systems were built by wiring the selected 
molecule (–S–M–S–) between two gold electrodes as depicted in Figure 2. The hydrogen 
atoms of anchoring thiol groups were removed when the molecules come in contact with the 
electrodes. Each molecule was forced to be perpendicular to the gold surface by placing 
sulfur atoms above the three fold hollow site with initial distance of 2.3 Å above the gold 
surface, which is in the reasonable range of 1.90-2.39 Å as used by most authors. The 
scattering region consists of the wired molecule as well as part of the left and right electrodes 
where the screening effect takes place. Each layer in the gold electrode is represented by (3x3) 
supercell with the periodic boundary conditions. The exchange correlation function is 
described by local density approximation (LDA)33. Double zeta with polarization (DZP) basis 
set was used for all atoms except gold atoms where single zeta with polarization (SZP) 
function was assigned. The voltage is steadily increased from 0.0 to 4 V. The steady state 
current through a two-probe system is computed from the Landauer-Buttiker formula34. 
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 Where T(E,V) is the transmission coeffecient for electrons with energy E at bias V;  µL 
and µR are the electrochemical potential of the left and right electrodes, respectively. The 
energy region which contributes to current integral is called bias window35. It is given by µL 

= EF – eVb/2 and µR = EF + eVb/2, EF is the average Fermi energy level and set as zero.  

 
Figure 2. Sketch of a representative two-probe system used to compute I-V curve. The 
tested junction (here M0) is sandwiched between (3x3) two gold surfaces Au (111). Region 
within the frame is the scattering region. 

Results and Discussion 

Insertion of nitrogen atom(s) 

I-V characteristics 

The I-V curves of five molecules (M0, M1, M1,3, M3 and M4) designated as group A           
(Figure 1) are displayed in Figure 3 where one, two, three or four nitrogen atoms have been 
inserted into skeletal of the benzene ring. The I-V behavior of M0 and M1 over the whole 
range of the applied voltage is almost similar. Below 2 V, the current through the five 
molecules are comparable indicating a slight effect of the inserted nitrogen atoms in this 
bias range.The current pass  through  all of  the  investigated molecules exhibits an Ohmic  
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character below 1.5V. Above this volt, a break in the I-V characteristcs was observed. At 4 
V, the current prodcuced from M3 and M4 (100, 120 µA, respectively) is higher than M0  
of 81.2 µA by 23% and 47%. It is worth mentioning that the current pass through M4 is 
much higher than that of the remaining molecules. To understand some details about the 
properties of electron transport through these systems, the transmission spectra of the 
investigated junctions were analyzed in the next section. 
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Figure 3. I-V curve for group A molecules 

Transmission spectra analysis 

Figure 4 depicts the transmission spectra of group A molecular junctions under the applied 
biases of 0-4 V. Bias window is given as a filled region in Figure 4. The transport properties 
of the M0-based molecules can be explained in term of spatial distribution of the frontier 
molecular orbitals around the Fermi level, namely highest occupied molecular oribtal 
(HOMO) and lowest unoccupied molecular orbital (LUMO). The first peak below and above 
the Fermi energy can be related to resonance of HOMO and LUMO, respectively. Under 
zero bias, the main feature of transmission spectrum of M0 is the existence of a broad 
resonance peak just below the Fermi level (HOMO peak) and a narrower peak at ~3 eV 
(LUMO peak), which agrees with Stokbro et al., findings15. Upon increasing bias, the 
HOMO peak broadens and its shoulder appears in the bias window. At a bias of 3 V, the 
HOMO peak and the shoulder of the second transmission peak (HOMO-1) get into the bias 
window. HOMO and HOMO-1 peaks at 4 V are completely shifted to the bias window. This 
might explain the increase in the current with rising of bias as demonstrated in Figure 3. M1 

shows the same feature of M0.  

 The transmission spectra of M1,3 and M3 are similar under the whole range of 
applied voltages. Below 2 V, no peaks could be found in the bias window. However, 
above this bias voltage, the shoulder of the first transmission peak enters the bias 
window gradually until 4 V where both the first and second transmission resonance 
peaks move to the bias window. Their transmission coefficients are larger than those of 
M0 and M1 as depicted in Figure 5.  
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Figure 4. Transmission spectra of M0, M1, M1,3, M3 and M4 molecular wires under 
different applied bias. The filled region is the bias window  
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Figure 5. Transmission spectra of group A molecules at 4V 

 For M4, the first resonance peak above the Fermi energy is highly sensitive to the applied 
voltage. Upon increasing bias it was shifted toward the Fermi level until it completely gets into 
the bias window at 4 V. Also, the first and second transmission peaks of M4 below the Fermi 
level totally enter the bias window at 4V. Therefore, M4 has three transmission peaks in the 
bias window leading to the observed remarkable increase in the current as shown in Figure 3. 

 The height of the transmission peaks in the bias windows reflects the extent of 
molecular conductance i.e. better molecular conductor is obtained from peaks with higher 
transmission coefficients in the bias window. It is noticed from Figure 5 that the 
transmission coefficient of the main resonance peak is significantly affected by the number 
of the nitrogen atoms. For instance, the transmission coefficients of the main peak for M1,3 
and M3 are much larger than those of M0 and M1. This correlates with the current-voltage 
curve. For example, M4 is the best conductor among the studied molecular junctions as it 
has the largest transmission coefficient of the main resonance peak36.  

MPSH Eigenstates analysis 

The transmission spectra of the investigated molecular junctions under different bias 
voltages can be interpreted in terms of frontier molecular orbitals around the Fermi energy 
level. This can be done by calculating molecular projected self-consistent Hamiltonian 
(MPSH). The MPSH Eigenstates reflect the energy levels of the molecule in the presence of 
the electrodes. The spatial distributions of these orbitals are displayed in Figure 6. In 
general, MPSH orbitals which are fully delocalized over the molecular backbone will give 
peaks in the relevant transmission spectra36-38 and states which are localized on one side, on 
the center of molecule, or on the two electrodes will not give any peaks. The spatial 
distribution of frontier orbitals on the anchors is an important parameter for high electrical 
conductivity. For M0, the first and the second transmission peaks below the Fermi level can 
be related to HOMO and HOMO-3, respectively. For M1, the first and second transmission 
peaks below the Fermi energy can be related to HOMO and HOMO-1, respectively. 

Energy / eV 

T
ra

ns
m

is
si

on
 c

oe
ff

ic
ie

nt
 



 

 

M
PSH

 

M0 M1 M1,3 M3 M4 

H
O

M
O

      

H
O

M
O

-1      

H
O

M
O

-2      

H
O

M
O

-3      

L
U

M
O

      

L
U

M
O

+1      
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 For M1,3 the first and second transmission peaks below the Fermi energy reflect 
HOMO-1 and HOMO-3. The first and second peaks below the Fermi level produced from 
M3 and M4 can be related to the resonance of HOMO-1 and HOMO-2, respectively. For all 
molecular systems, the first transmission peak above the Fermi energy can be attributed to 
the resonance of LUMO+1. Also we can interpret the higher conductivity of some junctions 
like M1,3, M3 and M4 in the light of theory presented by Ernzerhof and Rocheleau39, where 
they proposed that increasing the orbital density on the anchors increases charge transport 
through molecular device. For M1,3 and M3, the HOMO-1 orbital is fully delocalized over 
the molecular backbone with high orbital density on the anchors. In this respect, M4 seems 
the best conductor where its HOMO-1 orbital is fully delocalized with orbital density on 
clips atoms higher than other molecules.  

Eigenvalues of MPSH 

Figure 7 illustrates the eigenvalues of HOMO and LUMO for group A molecules under zero 
bias. An inspection of this figure indicates that LUMO energy decreases with increasing 
number of nitrogen atoms (from 2.18 eV for M0 to 0.89 eV for M4), while HOMO energy 
shows the opposite trend (from -1.97 eV for M0 to -0.36 eV for M4). Therefore, the 
HOMO-LUMO gap (HLG) is significantly decreased by increasing number of nitrogen 
atoms (from 4.15 eV for M0 to 1.25 eV for M4), which matches the I-V behavior of these 
molecules. Moreover, the eigenvalues of HOMOs are much closer to the Fermi level than 
LUMOs for all molecules which means that the current pass through these systems is driven 
by electron rather than hole transport35,38. 
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Figure 7. The HOMO and LUMO energy levels of group A molecules at zero bias. Fermi 
level of the electrode is set to zero 

Isomery effect 

Previously, we studied the effect of insertion of nitrogen atom(s) in the junction backbone on 
the rectifying property of diblock molecular diode40. A regular change in the electronic 
structure and electrical property was observed in a wide range of applied electric field. 

I-V characteristics  

The I-V characterestics of three molecular devices of isomers with two nitrogen atoms at 
different positions in the benzene ring were investigated. These isomers are designated as 
M1,2, M1,3 and M1,4 for the nitrogen atoms occupying ortho, meta and para positions, 
respectively, as given in Figure 1. Obviousely, the constituentional isomerism significantly 
affects the I-V behaviour of the three devices along the whole rang of applied bias voltages,  
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 (Figure 8). For instance, under the effect of 2.5 volt the electric current pass through M1,2, 
M1,3 and M1,4 was 50.6, 78.8 and 68.3 µA, respectively, which indicates higher 
conductivity of M1,3 relative to M1,4 and M1,2. 
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Figure 8. I-V behavior of group B molecules 
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Figure 9. Transmission spectra of M1,2, M1,3 and M1,4 molecular wires under different 
applied bias. The filled region is bias window 

Transmission spectra 

Figure 9 shows the transmission spectra of group B junctions. In the case of M1,2, no 
transmission peaks were observed in the bias window below 2 V. However, at a bias of 2 V 
the shoulder of the first transmission peak below the Fermi energy moves to the bias window, 
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but the transmission coefficient is very small which implies limited current as illustrated in 
Figure 6. At 4 V, the whole first transmission peak (main peak), the shoulder of the second 
peak below the Fermi level and the first transmission peak above the Fermi energy level 
enter the bias window.The value of the transmission coefficient of the main peak is small 
compared to those of M1,3 and M1,4.Consequently, the current pass through M1,2 is 
smaller than that of the other two molecular systems.  

 For M1,4, the shoulder of the first  transmission peak gets into the bias window at 1V 
with a very small transmission coefficient. With increasing the bias to 2V, the shoulder of 
the first transmission peak enters the bias window with the transmission coefficient of the 
main peak being larger than that of M1,2. At a bias voltage of 4V, the first transmission 
peak below the Fermi level and the first peak above the Fermi level completely move to the 
bias window region. The transmission coefficient of the higher energy peak in the bias 
window is very small, so it doesn’t affect current significantly.  
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 At 1V, the transmission coefficient of the main peak of M1,3 is larger than that of 
M1,4. The entire first transmission peak and half of its next peak below the Fermi energy 
enter the bias window at 3V. However, with increasing bias to 4V, both first and second 
transmission peaks below the Fermi energy level are completely shifted to the bias window 
along with the shoulder of the first transmission peak above the Fermi level leading to a 
remarkable increase in the current.  

MPSH Eigenstates 

Figure 10 collects the MPSH Eigenstates of group B molecules. For M1,2 and M1,3, the 
first and second transmission peaks below the Fermi energy can be related to the resonance 
of HOMO-1 and HOMO-3, respectively. However, the first peak above the Fermi level 
corresponds to LUMO+2 and LUMO+1 resonance for M1,2 and M1,3, respectively. For 
M1,4, the first and second peaks below Fermi level reflects the resonance of  HOMO and 
HOMO-1, respectively, while the first transmission peak above the Fermi level can be 
related to the resonance of LUMO. Also the orbital density on the anchors follows the order 
M1,2, M1,4 and M1,3. This could explain the I-V behavior. 

Conclusion 

Density functional theory (DFT) in conjunction with non-equilibrium Green’s function 
method (NEGF) was used to investigate the I-V properties of benzene-1,4-dithiol (M0) 
with systematic insertion of nitrogen atoms in the benzene ring and constitutional 
isomery of diazabenzene. Our findings demonstrated that the increment of number of 
nitrogen atoms significantly increases the current by about 47% especially at high bias 
voltage. The sequential substitute of nitrogen atoms shifts the main transmission peak to 
the bias window which leads to sharp increase in the current pass through the relevant 
molecular system. The MPSH Eigenstates indicated that the increment of nitrogen atoms 
increases orbital density on the anchors which strengthens coupling between the 
molecular junction and two electrodes. The results also showed that constitutional 
isomery significantly affects the I-V behavior of the diazabenzenes at all applied 
voltages, at a given bias the current varies by  30-40%. The results reported in this paper 
shed light on two structural factors that may be utilized for improvement and/or rational 
design of functionalized molecular devices. 
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