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Abstract Electron-transport properties of heterocyclic

aromatic hydrocarbons are investigated with theoretical

methods. The present study is based on a previously

derived concept for orbital control of electron transport

through aromatic hydrocarbons. The orbital control con-

cept provided crucial basic understanding for the best

conductance channels in the aromatic hydrocarbons and

was successfully applied in the design of molecular devi-

ces. That concept was proven to hold true for small aro-

matic molecules, large polycyclic aromatic hydrocarbons

with different edge structures, and in weak and strong

coupling with the electrodes junctions. The polycyclic

aromatic hydrocarbons and nanographenes used in the

molecular electronics are often immobilized with different

types of defects, which require the application of the orbital

control concept on heterocyclic aromatic hydrocarbons. In

this work, the effect of the heteroatoms in aromatic

hydrocarbons on their electron-transport properties and the

applicability of the orbital control concept on heterocyclic

aromatic hydrocarbons are studied. Effective routes for

electron transport are predicted in weak coupling junctions

by analyzing the phase and amplitude of the frontier

orbitals. The qualitative predictions are made with the

nonequilibrium Green’s function method combined with

the Hückel approximation. Quantitative, first principle

calculations are performed with the nonequilibrium

Green’s function method combined with density functional

theory. The obtained results are in good agreement with the

expectations on the basis of the orbital control concept,

which proves its applicability in heterocyclic aromatic

hydrocarbons.
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1 Introduction

With recent advances in miniaturization, electronic ele-

ments are rapidly approaching molecular scales. Molecular

electronics deals with properties of single molecules or

molecular assemblies capable of reproducing and replacing

the functions of classical electronic devices. New carbon

materials such as graphenes [1] are of recent, special

interest among the structurally diverse range of single

molecules for molecular electronics. Müllen and coworkers

[2] have introduced a bottom-up synthetic approach for

controlled building of nanographenes from benzene. This

synthetic concept allows for the design and fabrication of

large polycyclic aromatic hydrocarbons (PAHs) with

known edge structure, symmetry, size, and shape. Conse-

quently, it is now possible to fabricate PAHs with defect

states where the exact location of the defect and its type are

known. While PAHs possess interesting electronic prop-

erties, the most exciting physical phenomena, which can

lead to the industrial fabrication of electronic devices,

are due to defect states in the nanographene structure.

These defect states are often responsible for electrical and

magnetic properties and sensor- and transistor-like prop-

erties. Experimental and theoretical studies are intended to

understand the underlying electron-transport properties and
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mechanisms through molecules and nanomaterials and help

us to identify appropriate nanoscale structures for effective

elements in the electronic devices. A variety of experi-

mental techniques, such as scanning tunneling microscopy

(STM) [3–6], atomic force microscopy (AFM) [7, 8], and

mechanically controllable break junctions (MCBJ) [9–11],

have been developed for over a decade. These techniques

allowed us to measure the single molecule electron-trans-

port properties such as conductance, current–voltage

characteristics, and resistance. These experimental tech-

niques were employed in the actual fabrication of single

molecule devices with desired properties [12, 13]. Corre-

sponding to the experimental development, a number of

different modern theories of molecular electronics have

been used to calculate the electron-transport properties of

molecular junctions, such as tunneling transport model

[14–16], hopping electron transport model [17, 18], and

free-electron network model [19]. These theoretical meth-

ods provided an inside view for better understanding the

electron transport processes through molecular junctions.

Within the coherent electron transport regime, the non-

equilibrium Green’s function method (NEGF) [20] and

Landauer’s theory [21] are commonly used to describe the

important factors that control the conductance, i.e., the

conductance channels, the electron transmission proba-

bility, and the change of the transmission probability

with the applied bias [16, 22, 23]. In a molecular device,

the electron-transport properties are determined not only

by the molecule part, but also by the interactions

between molecules and electrodes, such as contact bond

length and angle [24–26] and anchoring group [27–29].

Moreover, the orbital density distributions on the

molecular end groups and the degree of conjugation have

been found as significant factor for achieving high con-

ductance values. Ratner and co-workers investigated the

coherent conductance of conjugated aromatic molecules

with different conjugation levels and different lengths

and gave explanations in terms of frontier orbital views

[30]. The local transmission through a molecule shows a

relationship between molecular structure and electronic

couplings, in which the through-space contributions and

the ring currents are important interference effects in the

electron transport [31]. A perturbation approach was

developed for calculating the electronic matrix elements

for electron-transfer reactions between a donor and an

acceptor linked by large or small bridges, which treated

the diagonalization of the entire donor-bridge-acceptor

matrix system rather than only the bridge part, and

obtained reasonable results [32]. Recently, the quatum

interference in electron transport has been demonstrated

to be closely related to the topology of molecule’s p
system, and a simple graphical scheme to predict the

existence of quatum interference effects has been

proposed by Markussen and co-workers [33], which is

based on a simple tight-binding model of the p-electron

system.

We have investigated important variations of con-

ductance for different connection sites in aromatic

hydrocarbons in terms of orbital phase and amplitude

[34–40]. Although the electron transport through a single

molecule can be described mainly as a physical phe-

nomenon, one of the most important factors that control

it has a discrete chemical origin, the phase, amplitude,

and spatial distribution of the frontier orbitals of mole-

cules. These orbital features are essential factors that

determine the electron transport through a single mole-

cule. In a previous study, an orbital symmetry rule has

been investigated in detail for predicting electron-trans-

port properties in metal–molecule–metal junctions [34,

35, 37].

We would like to briefly review the basic method for

calculating molecular conductance. According to Landa-

uer’s formula, the conductance of the molecular junction at

the zero temperature and zero bias voltage is related to the

transmission probability T at the Fermi level EF of the

electrodes, as shown in Eq. 1 [21, 41]:

g ¼ 2e2

h
TðEFÞ; ð1Þ

where 2e2/h is the quantum conductance. The transmission

probability is given by

TðEÞ ¼ Trace½CLðEÞGAðEÞCRðEÞGRðEÞ�: ð2Þ

The matrix elements of GA and GR are advanced and

retarded Green’s functions, respectively. The broadening

function CL and CR describes the coupling of the

molecule to the left and right leads, respectively, and

the elements of the matrixes can be obtained from the

corresponding self-energies of left and right electrodes RL

and RR [41]:

CL ¼ i½RLðEÞ � RyLðEÞ� ð3Þ

CR ¼ i½RRðEÞ � RyRðEÞ�: ð4Þ

For the simple molecular device shown in Scheme 1, the

Green’s function is given by the following matrix:

G ¼
GL GL;C 0

GC;L GC GC;R

0 GR;C GR

0
@

1
A; ð5Þ

where GL is the Green’s function of the left electrode, GC

of the central region, and GR of the right electrode. GL,C,

GC,L, and GR,C, GC,R represent the interactions between the

central region with the left and the right electrodes,

respectively. The two zero values in the matrix are the
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neglect of the interactions between the two electrodes GL,R

and GR,L, since the two electrodes have no contact with

each other as shown in Scheme 1. From the definition of

the Green’s function [41]:

GðEÞ ¼ ½EI � H��1; ð6Þ

where I is the unit matrix and H is the Hamiltonian of the

system, Eq. 5 can be written in the following form:

GðEÞ ¼
EIL � HL �HL;C 0

�HC;L EIC � HC �HC;R

0 �HR;C EIR � HR

0
@

1
A
�1

: ð7Þ

In Eq. 7, HL is the Hamiltonian of the left electrode, Hc of

the central region, and HR of the right electrode. HL,C,

HC,L, and HR,C, HC,R represent the Hamiltonian matrixes of

the contacts of the central region with the left and the right

electrodes, respectively. A major computational difficulty

in Eq. 7 is the different dimensions of HL, HC, and HR.

While the central region has a finite number of atoms, i.e.,

a finite Hamiltonian matrix, the size of each electrode is

semi-infinite, i.e., HL and HR are infinite. A series of linear

algebraic transformations [41] reduces the dimensions of

Eq. 7 to the finite dimension of the central region. Let us

then write the Green’s function of the central region in the

following form:

GR
CðEÞ ¼ ½EIC � HC � RL � RR��1: ð8Þ

In Eq. 8, the self-energies of the left and right electrodes

RL and RR depend on the Green’s functions of the

electrodes and the anchoring between the electrodes and

the central region. GA and GR are easily derived from Eq. 6

and are given in Eqs. 9 and 10 [41]:

GRðEÞ ¼ ½ðE þ igÞIC � HC � RL � RR��1 ð9Þ

GAðEÞ ¼ ½GRðEÞ�y; ð10Þ

where g is an infinitesimal number determined by a rela-

tionship between the local density of states (LDOS) and the

imaginary part of zeroth Green’s function [35, 36, 42].

The orbital symmetry rule was proposed on the basis of

a molecular junction structure, which is composed of a

molecule and two linear gold chains as shown in Fig. 1.

The molecule is connected to two gold atoms a and a’ from

both gold chains with atoms r and s, respectively.

The relationship between Green’s function GA/R and the

zeroth Green’s functions G(0)A/R was obtained as GA/

R = G(0)A/R/DR/A [36, 43, 44]. For a weak coupling system,

which has no chemical bonding between the electrodes and

molecule, the denominator DR/A could be approximated by

one. Therefore, the Green’s function GA/R can be viewed as

a linear function of the zeroth Green’s functions G(0)A/R

obtained separately for the two gold electrodes and the

molecule [38]. The zeroth Green’s function can be written

in terms of molecular orbital (MO) coefficients as follow:

Gð0ÞR=A
rs ðEÞ ¼

X
k

CrkC�sk

E � ek � ig
: ð11Þ

In Eq. 11, Crk is the kth MO coefficient at atom site r, ek is

the kth MO energy. The relationship between MOs and

Green’s function makes it possible to predict the

conductance from the MOs. When the Fermi energy is

assumed to be located at the midgap of the highest

occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO), the contribution

of k plays a significant role in zeroth Green’s function for

the molecule at the Fermi energy because of the smallest

denominators, as shown in Eq. 12 [34, 37]:

CrHOMOC�sHOMO

EF � eHOMO � ig
þ CrLUMOC�sLUMO

EF � eLUMO � ig
: ð12Þ

To obtain a large transmission probability, the value

of Eq. 12 should be large. Since the signs of the

denominators EF - eHOMO and EF - eLUMO are different,

when the sign of CrHOMOCs
*

HOMO is different from that of

CrLUMOCsLUMO
* , the contributions from the HOMO and

LUMO are enhanced and good transmission probability

can be obtained. On the other hand, when the signs of the

two products are same, the contributions of the HOMO and

LUMO are canceled. Large contributions from the HOMO

and LUMO are related to the large values of MO expansion

coefficients. The orbital symmetry rule for electron-

transport properties is summarized as follows [34, 37]:

for effective electron transport in a molecular junction, (1)

the sign of CrHOMOCsHOMO
* should be different from the

sign of CrLUMOCsLUMO
* and (2) atoms, for which the

amplitudes of the HOMO and LUMO are large, should be

connected with the electrodes. The necessary conditions to

derive the orbital symmetry rule are that (1) the coupling

SS

HRHCHL

+–

Scheme. 1 Model of a simple molecular device: the central region is

in contact with the left and right electrodes

Fig. 1 Schematic representation of a chain–molecule–chain junction,

in which the molecule is weakly connected to the gold electrodes
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between the molecule and electrodes is weak, (2) there is

electron–hole symmetry in orbital energies and orbital

expansion coefficients, and (3) the Fermi energy is located

at the midgap of the HOMO and LUMO. We have

investigated the importance of MOs for the electron

transport through different systems, such as graphene

sheets [34–36] and conducting polymers [45], and we have

succeeded to apply the orbital symmetry rule to small-size

aromatic hydrocarbons [37], PAHs with different molecular

sizes and edge type structures [40], photoswitching systems

[38, 39], and strong coupled molecules with the electrodes

[46]. According to the orbital analysis of the phase and

amplitude of the HOMO and LUMO, we could easily predict

possible connections and choose favorable atoms of the

molecule to connect with electrodes for effective electron

transport. In this paper, we consider heterocyclic aromatic

hydrocarbons as models of PAHs with impurity defects. The

orbital control rule is applied to the following nitrogen-

containing heterocyclic molecules: pyridine, quinoline,

isoquinoline, benzo[g]quinoline, and benzo[g]isoquinoline.

Our purpose is to investigate the electron transport

phenomena of these molecules when connected at different

sites to the electrodes to test the applicability of the

orbital symmetry rule, and to estimate the effect of the

heteroatomic perturbation on the orbitals. The electron-

transport properties are investigated with the nonequilibrium

Green’s function method combined with the Hückel method

(NEGF–HMO). We also perform more quantitative

calculations using realistic molecular junctions of various

dithiolate derivatives of these molecules with the

nonequilibrium Green’s function method combined with

density functional theory (NEGF–DFT) to compare and

verify the results of the qualitative predictions based on the

orbital concept. In the dithiolate derivatives’ molecular

junctions, the coupling between molecules and electrodes is

strong since the molecules are connected to the electrodes via

covalent Au–S bonds [47].

2 Calculation details

Electron-transport properties of the molecules, weakly

interacting with the linear gold chain at different atom

sites, were investigated by NEGF-HMO method using the

formulism given in Eqs. 1–10. In the simple Hückel

approximation, the resonance integrals bC-Au and bAu–Au

are given the same values used in the previous studies:

bC–Au = 0.2 bC–C and bAu–Au = 0.6 bC–C, respectively

[37]. The Coulomb integral aN and resonance integral bC–N

for nitrogen atom are aN = 0.5 bC–C and bC–N = bC–C,

respectively [48]. The transmission spectra were obtained

for pyridine, quinoline, benzo[g]quinoline, isoquinoline,

and benzo[g]isoquinoline.

The qualitative predictions were compared with calcu-

lations based on the NEGF–DFT method carried out in the

ATK 2008.10 program [49] for more realistic molecular

junctions, in which two semi-infinite Au (111) electrodes

are connected through covalent Au–S bonds [47] of dithi-

olate derivatives of the p-conjugated molecules. The

adsorption site of the dithiolate derivatives used in this

study is the fcc threefold hollow site. The semi-infinite left

and right electrodes were modeled by two Au(111)-(3 9 3)

surfaces. A single-f basis set with polarization (SZP) was

used for the gold atoms, and double-f basis set with

polarization (DZP) was used for all other atoms of the

molecular part [20]. We performed the electron transport

calculations to obtain transmission spectra and I–V curves

under applied biases in the range from 0.0 to 1.0 V. Prior to

the electron transport calculations, geometry optimizations

were performed with the Gaussian 03 program [50] at the

B3LYP [51–53] level of theory. Models for geometry

optimization include one Au atom from the electrodes

connected to each S atom. The 6-31G(d) basis set [54] was

used for the C, H, and S atoms, and the LANL2DZ basis set

[55] was used for the Au atoms. The main features in the

Fig. 2 Molecular orbitals diagram near the Fermi level of benzene

and pyridine

Table 1 Values of the molecular orbitals coefficients of pyridine for different connections

Connection sites (r - s) 2–5 2–6 2–4 3–5

CrHOMO-1CsHOMO-1
* ? CrHOMOCsHOMO

* -0.3165 -0.2137 -0.1139 -0.1283

CrLUMOCsLUMO
* ?CrLUMO?1CsLUMO ? 1

* 0.3371 -0.116 -0.2073 -0.1933
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transmission spectrum were not affected significantly when

using the model optimized with three gold atoms from the

Au (111) surface on each side of the molecules [46].

3 Results and discussion

According to the orbital symmetry rule, it is possible to

predict the symmetry-allowed and symmetry-forbidden

connections for the transmission probabilities in heterocy-

clic aromatic hydrocarbons. Figure 2 shows the molecular

orbitals diagram of benzene and pyridine. The HOMOs and

LUMOs of benzene are used to construct the HOMO and

LUMO of pyridine. The degeneracy of the frontier orbitals

in benzene is broken in pyridine due to the perturbation

cause by the N atom. As a result the double degenerate

HOMOs and LUMOs are split into relatively close-lying

HOMO–1 and HOMO and relatively close-lying LUMO

and LUMO?1, respectively. In the HOMO–1 of pyridine,

the electron density is increased on the nitrogen and the

two meta-carbon (C3 and C5) atoms, and the amplitudes at

the para (C4) and two ortho (C2 and C6) positions have

increased in LUMO, correspondingly. When using the

orbital symmetry rule to predict the electron-transport

properties of pyridine, we should look back to Eq. 11.

Because the HOMO–1 and LUMO?1 are located close in

energy to the HOMO and LUMO, the denominators in

Eq. 11 do not change much. The contributions of the

HOMO–1 and LUMO?1 in the numerators are nearly the

same as those for the frontier orbitals and should not be

neglected. Thus, we need to consider not only the HOMO

and LUMO, but also the HOMO–1 and LUMO?1 of

pyridine in the orbital symmetry rule. We have to look at

the sign of CrHOMO-1CsHOMO-1
* ? CrHOMOCsHOMO

* and

the sign of CrLUMOCsLUMO
* ? CrLUMO?1CsLUMO?1

* , in

which r and s indicate the atoms of the molecule connected

to (in contact with) the two gold atoms. The results for

these orbital coefficients with different connection sites are

shown in Table 1. For connection 2–5, the signs of CrHO-

MO-1CsHOMO-1
* ? CrHOMOCsHOMO

* and CrLUMOCsLUMO
* ?

CrLUMO?1CsLUMO?1
* are different, and the absolute values

are large. Enhanced contribution from these MOs occurs

in Eq. 11. Therefore, it is expected that connection 2–5 is

a symmetry-allowed connection characterized with high

conductance. For connections 2–6, 2–4, and 3–5, the

signs of those two sums of products are the same.

Therefore, according to the orbital symmetry rule, those

connections are symmetry forbidden and they lead to low

conductance.

The transmission spectra for connections 2–4, 2–5, 2–6,

and 3–5 of pyridine are calculated with the NEGF–HMO

method and are shown in Fig. 3. The solid line shows the

symmetry-allowed connection, whereas the dashed lines

show the symmetry-forbidden connections. The symmetry-

allowed connection 2–5 shows the highest transmission

probabilities at the Fermi energy, which is consistent with

the qualitative predictions.

Symmetry-forbidden connection 3–5 shows no trans-

mission probabilities at the Fermi energy. However, in the

transmission spectra of connections 2–4 and 2–6, the

transmission probabilities at the Fermi energy are different

from zero, and deep peaks at electron energies 0.5b and

–0.5b are observed, respectively. The reason for those deep

peaks can be traced back to the orbital coefficients’ values

for connections 2–4 and 2–6, which are reported in

Table 1. The corresponding values of these two connec-

tions show the same signs but very different values. Since

the Fermi energy is set at the midgap of the HOMO and

LUMO, the contributions of MOs are not completely

canceled at the Fermi energy in connections 2–4 and 2–6.

Moreover, we define the portions/contributions of frontier

orbitals to Grs
(0) according to Eq. 11 separately as follows:

Fig. 3 Transmission spectra for the predicted routes of pyridine

calculated with the NEGF–HMO method. Two to five is the

symmetry-allowed route for electron transport indicated with red
solid line, and 2–6, 2–5, and 3–5 are symmetry-forbidden routes

indicated with dashed lines

Table 2 Values of the portion zeroth Green’s function of pyridine for different connections

Connection sites (r - s) 2–5 2–6 2–4 3–5

Grs(HOMO, HOMO-1)
(0) -0.332 -0.238 -0.105 -0.160

Grs(LUMO, LUMO?1)
(0) -0.326 0.086 0.225 0.170
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G
ð0Þ
rsðHOMO;HOMO�1Þ �

CrHOMOC�sHOMO

EF � eHOMO

þ CrHOMO�1C�sHOMO�1

EF � eHOMO�1

ð13Þ

G
ð0Þ
rsðLUMO;LUMOþ1Þ �

CrLUMOC�sLUMO

EF � eLUMO

þ
CrLUMOþ1C�sLUMOþ1

EF � eLUMOþ1

: ð14Þ

On the basis of orbital symmetry rule, EF is assumed to be

located in the midgap of HOMO and LUMO of pyridine

with an energy of 0.08b. The contributions from the

HOMO, HOMO-1 and LUMO, LUMO?1 to Grs
(0) are

shown in Table 2. The enhanced contribution from these

MOs is observed in connection 2–5, which shows high

conductance. The values of Grs(HOMO, HOMO-1)
(0) and

Grs(LUMO, LUMO?1)
(0) for connections 2–6 and 2–4 are almost

Fig. 4 Frontier orbitals of

quinoline, isoquinoline,

benzo[g]quinoline, and

benzo[g]isoquinoline calculated

with the Hückel method.

Symmetry-allowed and

symmetry-forbidden routes for

electron transport are indicated

with solid and dashed arrows,

respectively

Fig. 5 Transmission spectra for

the predicted routes calculated

with the NEGF–HMO method:

a quinoline, b isoquinoline,

c benzo[g]quinoline, and

d benzo[g]isoquinoline
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half canceled. Thus, the deep peaks in the transmission

spectra are shifted from the Fermi energy. The cancelation

occurred completely in symmetry-forbidden connection

3–5 with the values of -0.160 and 0.170, which results in

the zero transmission probabilities at Fermi energy.

The frontier orbitals of quinoline, isoquinoline,

benzo[g]quinoline, and benzo[g]isoquinoline obtained

from Hückel calculations, as well as the predicted routes

for electron transport are shown in Fig. 4. For these mol-

ecules, the HOMO–1 and LUMO?1 are not close in

energy to the HOMO and LUMO, which is the major

difference from pyridine. That is why the transmission

probabilities can be predicted only by looking at the

frontier orbitals. The solid arrows in Fig. 4 show the pre-

dicted symmetry-allowed connections with high transmis-

sion probabilities; the dashed arrows show the predicted

symmetry-forbidden connections with low transmission

probabilities. Connection 5–8 of quinoline, connections

5–8 and 1–4 of isoquinoline, and connection 9–10 of

benzo[g]quinoline and benzo[g]isoquinoline, which are

indicated with thick arrows, are expected to be the best

routs for electron transport. For connection 5–8 in quino-

line, the product of the MO coefficients on atoms 5 and 8 in

the HOMO is different from that in the LUMO and the

orbital amplitudes of the HOMO and LUMO are relatively

large. Therefore, the value of Eq. 11 is large and

enhancement of the conductance occurs. For connections

3–6 and 2–7, the product of the MO coefficients on atoms 3

and 6 (2 and 7, respectively) in the HOMO has the same

sign as in the LUMO. It is expected that those are sym-

metry-forbidden connections characterized by poor con-

ductance. The same is true for benzo[g]quinoline,

isoquinoline, and benzo[g]isoquinoline.

Figure 5 shows the transmission probabilities calculated

by NEGF-HMO method for various connections of quin-

oline, isoquinoline, benzo[g]quinoline, and benzo[g]iso-

quinoline as a function of the electron energy. The solid

lines show the symmetry-allowed connections, and the

dashed lines show the symmetry-forbidden connections.

Calculated transmission spectra show sharp peaks near the

energy levels of the MO because the zeroth Green’s

function increases near those energies. The computational

results are consistent with the qualitative predictions based

on orbital symmetry discussion. The connections that are

predicted to be symmetry-allowed for electron transport

show high transmission probabilities at the Fermi energy.

Connection 5–8 of quinoline, connections 5–8 and 1–4 of

isoquinoline, connection 9–10 of benzo[g]quinoline, and

connection 9–10 of benzo[g]isoquinoline are the best

routes of the corresponding molecules with highest trans-

mission probabilities. The predicted symmetry-forbidden

connections show very low transmission probabilities. The

shifts of the transmission spectra for symmetry-forbidden

connection 2–7 in quinoline, 3–6 in isoquinoline, 2–7 in

benzo[g]quinoline, and 3–6 in benzo[g]isoquinoline are

due to the perturbations due to the N atoms. The expla-

nation is similar to the one provided for connections 2–4

and 2–6 of pyridine. Overall, the NEGF-HMO results for

those heterocyclic aromatic hydrocarbons confirm the

orbital view predictions.

To confirm the heteroatomic effects derived with the

orbital symmetry rule and NEGF–HMO level of theory, we

applied the NEGF–DFT method implemented in the ATK

2008.10 program to more realistic models. Computed

transmission spectra of pyridine dithiolates for different

connection sites at zero bias as well as the corresponding I–

V curves are shown in Fig. 6. In the transmission spectra,

the Fermi energy is located at the origin of the energy

E = 0, which was determined from DFT calculations of

the bulk gold electrodes and the obtained transmission

probabilities were aligned to it. For 2,5-pyridine dithiolate,

expected as a symmetry-allowed connection, the trans-

mission probability at the Fermi energy at zero bias is

0.892, whereas those for 2,4-, 2,6-, and 3,5-pyridine

dithiolates at the Fermi energy at zero bias are small, with

values of 0.039, 0.070, and 0.068, respectively. When the

Fig. 6 Calculated transmission spectra at the zero bias and I–
V curves for pyridine dithiolate junctions at the Perdew–Zunger LDA

level of theory
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applied bias was is in the range from 0.0 to 1.0 V to the

molecular junctions, the steady current was calculated by

NEGF-DFT method with the following formula:

IðVÞ ¼ 2e

h

ZlL

lR

½f ðE � lLÞ � f ðE � lRÞ�TðE;VÞdE; ð15Þ

where T(E,V) is the transmission probability as a function of

energy E and the bias V, f is the Fermi function, and lL and lR

are the electrochemical potentials of the left electrode and the

right electrode, respectively. Only electrons with energy

within a range near the Fermi energy can contribute to the total

current. Therefore, the range of the bias window can be

approximated by [-V/2, ?V/2] [20, 41]. Since the current is

the integral of the transmission probabilities in the bias win-

dow, analysis of it may give us a clear understanding of the

electron transport behavior. In view of I–V curves as shown in

Fig. 6, only 2,5-pyridine dithiolate gave high values of the

current with the applied bias, while the other dithiolates gave

very low values. These DFT results are in good agreement

with our qualitative predictions made from the orbital analysis

based on orbital symmetry rule.

Further NEGF-DFT calculations were performed for the

dithiolates of quinoline, isoquinoline, benzo[g]quinoline,

and benzo[g]isoquinoline. The transmission spectra at the

zero bias and I–V curves for these molecular junctions are

shown in Figs. 7 and 8, respectively. The results show that

the predicted symmetry-allowed connections for the corre-

sponding dithiolates are indeed favorable for electron

transport. These results are in good agreement with the

qualitative orbital predictions. 5,8-Quinoline dithiolate has

the highest conductance among the dithiolate derivatives of

quinoline, and 5,8- and 1,4-isoquinoline dithiolates show the

similar highest conductance among the isoquinoline dithi-

olate derivatives. For benzo[g]quinoline, dithiolate deriva-

tive 9–10 shows the best conductance; and 1,4-, 5,8-, and

9,10-benzo[g]isoquinoline dithiolates are the most favorable

for electron transport in benzo[g]isoquinoline dithiolates.

The symmetry-forbidden connections, 2–7 and 3–6 in

quinoline and benzo[g]quinoline, 3–6 in isoquinoline and

benzo[g]isoquinoline, for which we expected poor electron-

transport properties, show low transmission probabilities

and very poor conductance. Overall, the results of the

computed transmission probabilities and I–V curves with

NEGF-DFT method are in good agreement with those of the

qualitative predictions with orbital symmetry rule.

4 Conclusions

We have applied the orbital symmetry rule to investigate

the electron-transport properties of heterocyclic aromatic

hydrocarbons. Connecting sites suitable for good electron-

transport properties were predicted for pyridine, quinoline,

isoquinoline, benzo[g]quinoline, and benzo[g]isoquinoline

by looking at the phases and amplitudes of their frontier

orbitals based on the orbital symmetry rule. In this way, we

have expanded the applicability of the orbital symmetry

rule to yet another type of molecules. After documenting it

use for electron-transport properties of small aromatic

Fig. 7 Calculated transmission

spectra at the zero bias for

dithiolate junctions at the

Perdew–Zunger LDA level of

theory: a quinoline,

b isoquinoline,

c benzo[g]quinoline, and

d benzo[g]isoquinoline
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hydrocarbons, larger PAHs with different edge types, and

diarylethenes, all strongly coupled with the electrodes

systems, we are now confident that the orbital symmetry

rule can be used for the prediction of the electron-transport

properties of other heterocyclic aromatic molecules. With

this simple symmetry rule in mind, it is possible to

approach large PAHs and nanographenes with hetero-

atomic defects, which are widely used in the fabrication of

nanoscale transistors. This study demonstrates that the

orbital symmetry rule is applicable to those systems and the

observed deviations from it could be understood and

explained. However, the introduction of heteroatoms in the

aromatic compounds can induce perturbations to the

energy spectra of the hydrocarbons and the transmission

spectra of the junctions. The applied bias NEGF-DFT

calculations and the computed I–V curves clearly demon-

strate that the best routes for electron transport, predicted

by simply looking at the frontier orbitals of the isolated

hydrocarbons, are indeed the best conductance channels of

the realistic metal–molecule–metal junctions. The effects

of the heteroatomic perturbations diminish for larger

hydrocarbons. The orbital symmetry rule is a very powerful

tool to use for understanding and for rational design of

molecular devices in experimental studies.
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