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Based on density functional theory and non-equilibrium Green's function method, we investigate the

transport properties of four different gases (NO, NO2, NH3, and CO) adsorbed on biphenyl dithiol

molecules coupled to gold leads. Since the transmission function is strongly affected by quantum

interference, namely antiresonance and Fano resonances, significant changes in conductance caused by

the adsorption of molecular gases are archived. Our findings suggest that biphenyl dithiol exhibits strong

sensitivity for NO and NO2 which results from their interference features being close to the Fermi energy

of the gold leads and dominate the transport of the system. Moreover, the quantum interference effects

also result in enhanced and suppressed conductance, which enable us to significantly improve the

selectivity. In particular, a distinction between NO, NO2 and NH3 gases based on the biphenyl dithiol

appears possible.
1 Introduction

Charge transport in metal–molecule–metal junctions is of
fundamental interest since such junctions represent a signi-
cant step toward the understanding of quantum transport
theories1,2 and pave the way towards possible applications3 in
nanoelectronics. Many phenomena in single molecules con-
nected to nano-gap electrodes: e.g. giant magnetoresistance,4

conductance switching,5–8 negative differential resistance,9–11

have been observed. Additionally, theorists have predicted that
it should be possible to observe quantum interference in single
molecules,12–14 which is a characteristic of coherent transport.
As previously discussed,15–20 quantum interference can control
electrical transport, leading to the possibility of modulating the
conductance through molecular conformation, charge distri-
bution and frontier molecular orbitals, and gives us opportu-
nities for more advanced molecular electronic components.

Experimentally, it has been demonstrated that quantum
interference in molecular junctions could be measured at room
temperature.16–20 On the other hand, there are only few reports
where interference-based devices have been proposed; for
example, H–H tautomerization molecular switch studied by
us,21 quantum interference effect transistors22 as well as
quantum interferences in DNA sequencing.23,24 So far, to the
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best of our knowledge, no studies have demonstrated applica-
tions as gas sensor devices based on quantum interference.
Over the last few years, several nanoscale gas sensors have been
developed utilizing nanostructured materials; for instance,
carbon nanotubes,25,26 graphene,27,28 silicene29 and other layered
nanomaterials.30,31 Moreover, it has been suggested that organic
materials, such as metal porphyrin32,33 or phthalocyanine,34 can
be used to detect various gases with high sensitivity and selec-
tivity due to a direct modication of their molecular orbital
states as well as their unique properties of molecular
recognition.

Several theoretical and experimental studies have been
previously reported concerning single-molecule biphenyl
dithiol (BPDT) junctions for the possibility of future applica-
tions in nanoelectronics such as molecular switches based on
conformational change35–38 and thermoelectricity in molecular
junctions.39,40 Particularly in the latter case,40 it was experi-
mentally demonstrated that the electrical conductance of
molecular junctions can be controlled by a gate electrode. A few
theoretical studies37,38,41,42 based on a combination of the non-
equilibrium Green's function (NEGF) technique and density
functional theory (DFT) were carried out to investigate the
electronic structure and transport properties of BPDT. However,
to our knowledge, there is no study on a quantum interference
sensor device based on BPDT. At least one DFT-based study43

has demonstrated quantum interference effects in Au–S–BPDT–
S–Au junctions, resulting from different molecular bridge sites
between the BPDT and electrodes.

The purpose of our study was to investigate the quantum
interference effects of BPDT with gas adsorption to assess the
usefulness of this setup for the purpose of gas sensing. We
study the transport properties of BPDT coupled to two Au(111)
RSC Adv., 2016, 6, 59299–59304 | 59299
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surfaces using a combination of NEGF techniques44–46 and
DFT.47 Four gas molecules; i.e., NO, NO2, NH3, and CO, which
are all of main interest for industrial, environmental and
medical purposes, were adsorbed onto BPDT. The results indi-
cate changes in conductance due to interference features in the
electronic transmission. The possibility to discriminate four
different gas molecules (NO, NO2, NH3, and CO) has been dis-
cussed in terms of sensitivity and selectivity.
2 Methodology

The molecular structure of BPDT, whose S atoms were termi-
nated with H atoms, was rst optimized. The obtained bond
lengths and molecular conguration are similar to previous
DFT studies.41,42,48 To construct the BPDT molecular device, the
molecule was placed between semi-innite Au(111)-(3 � 3)
electrodes (see Fig. 1a). Such a system was divided into three
regions: le and right electrodes and a central region. The
central region contains a portion of the electrode to screen out
any perturbation of the metal coming from BPDT. The molec-
ular adsorption of a thiol was determined by placing BPDT
above different adsorption sites: on top, bridge, fcc and hcp, on
Au(111) surface. The BPDT is adsorbed at a hollow site at which
the average distance between the S atom and the two nearest
Fig. 1 (a) A schematic setup of a two-probe system with a single
molecule BPDT coupled to Au(111) leads, where the most stable
configurations for the four gas species NO, NH3, NO2, and CO
adsorbed on the BPDT are presented, and (b) their transmission
functions (top) and PDOS of the scattering region (bottom) as a func-
tion of energy E.

59300 | RSC Adv., 2016, 6, 59299–59304
neighbor Au atoms is 2.53 Å. The device conguration with two
electrodes was then optimized again, allowing all atoms in the
scattering region to relax.

All optimizations were performed using DFT,49,50 as imple-
mented in the SIESTA package.47 We employed a van der Waals
correction51,52 taking into account the weak dispersive interac-
tions to the generalized gradient approximation of Perdew,
Burke, and Ernzerhof (PBE–GGA).53

A description of van der Waals (vdW) interactions was
included in our calculations using the non-local van der Waals
density functional (vdW-DF) of Dion et al.54 In this approach,
the exchange–correlation energy is written as Exc¼ EGGAx + ELDAc +
Enlc , where the exchange energy EGGAx uses the GGA functional,
and ELDAc is the local density approximation (LDA) to correlation
energy. The nonlocal correlation-energy part, Enlc , is dened to
include the longest-ranged or most nonlocal energy term which
is zero for systems with constant density.

A double-z plus polarization (DZP) basis and norm-
conserving pseudopotentials55 were employed. The k-point was
set to 5 � 5 � 3 for the Brillouin zone integration. The mesh
cutoff value was 350 Ry for the real-space grid. The binding
energy between the BPDT and the gas molecules was calculated
as (EBPDT + Egas) � Etotal, where Etotal is the total energy of the
system (BPDT + gas), and EBPDT and Egas are the energy of the
BPDT and gas, respectively.

The transport properties were investigated by the quantum
transport code TranSIESTA, with the NEGF method. Since
TranSIESTA uses the SIESTA code as its DFT platform, the basis
sets and real-space grid employed are the same as those used for
the geometrical relaxation part. Within the NEGF approach, the
transmission indicating the probability for electrons with inci-
dent energy E to be transferred from the le to the right elec-
trode, is calculated from T(E) ¼ Tr[GR(E)G

R(E)GL(E)G
A(E)], where

GL,(R)(E) is the broadening matrix of the le (right) electrode,
and GR,(A)(E) is the retarded (advanced) Green's function.45 We
simply evaluated the conductance, G ¼ G0T(EF),56 where

G0 ¼ 2e2

h
is the quantum conductance, e is the charge of the

electron, and h is Planck's constant. Throughout this paper, it
should be noted that we will focus on zero-bias transmission, in
which the pronounced interference features appear and are the
most straightforward to understand.
3 Results

Fig. 1a shows the most favorable adsorption congurations of
the NO2, NO, NH3 and CO molecules on the BPDT. Different
molecular orientations of the gases were initially placed at
different positions on the BPDT molecule (see more details in
the ESI†). The C and N atoms of CO and NO adsorbed on the
ring-connecting C atom of the BPDT molecule with a binding
distance of 3.02 Å and 2.52 Å, respectively, while ve non-
connecting C atoms become less stable adsorption sites. Note
that the binding distance is dened as the shortest atom-to-
atom distance between the BPDT and the gas molecules. Simi-
larly, NO2 prefers binding to the ring-connecting C atom with
a binding distance of 2.50 Å. In the case of NH3, its three
This journal is © The Royal Society of Chemistry 2016
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hydrogen atoms pointing toward the BPDT were found to be the
most favorable conguration with a binding distance of 3.11 Å.
The NH3 has also a tendency to lie above the ring-connecting C
atom, however, the binding energies of NH3 adsorbed on each
site of the BPDT are slightly different due to a weak interaction
between them. The binding energies of NO2, NO, NH3 and CO
adsorbed on the BPDT were found to be 0.17, 0.14, 0.09, and
0.07 eV, respectively. The binding energies of NH3 and CO
adsorbed on the BPDT are rather weak, whereas for the NO and
NO2 the interaction is stronger. This is due to the fact that the
presence of one unpaired electron makes the latter molecules
chemically reactive toward BPDT. Mulliken population analysis
indicates that the BPDT acts as an electron donor, and the
charge transfer from BPDT to NO2, NO, NH3 and CO is found to
be 0.097|e|, 0.02|e|, 0.015|e| and 0.01|e|, respectively. The
adsorption energies and charge transfer suggest that gas
molecules are physisorbed on BPDT.

Fig. 1b presents the transmission T(E) of the NO, NO2, CO
and NH3 molecules adsorbed on the BPDT devices (top panel)
and the Projected Density of States (PDOS) for atoms in the
central region (bottom panel). The black solid line corresponds
to the reference transmittance without the presence of gas
molecules. Let us rst discuss the T(E) of BPDT without gas
adsorption. The HOMO level of BPDT, which gives rise to
a broad resonance peak below the Fermi energy (E � EF � �1
eV), plays the dominant role in the electron transport of BPDT,
whereas the LUMO energy level is further away from the Fermi
energy. Comparing the transport properties of BPDT–Au junc-
tion with previously reported results37,38,41,42 using the NEGF-
DFT approach, the main features of PDOS and T(E) are very
similar. A variation in the transmission peak height could be
due to the difference between exchange–correlation func-
tionals, energy cutoff and number of k-points. When compared
the T(E) and the PDOS peaks, we obtained a good agreement.
The broad PDOS peak below the Fermi energy indicates the
strong interaction between the HOMO of BPDT and the elec-
trodes. The HOMO mainly arises from a p-type molecular
orbital, which compares well with several previous studies.41,42,57

Except in the case of CO, the transmission was strongly
affected (see Fig. 1b) when the gas molecules were adsorbed on
BPDT. A sharp rise in the PDOS suggests that the coupling
between the electronic states of the gas and the electrodes is
weak. As a result, the discrete energy states of NO, NO2 and NH3

couple to the continuum electronic states of BPDT, leading to
pronounced interference effects in the window around EF.

The signature of quantum interference, appearing in the
transmission, needs to be addressed in details. In the case of
NH3, the sharp dip in T(E) appears at ��1.21 eV below the
Fermi energy indicating antiresonance. To clarify the origin of
the observed quantum interference, we investigated the local
currents of NH3 adsorbed on the BPDT around the interference
feature; i.e., �1.22 eV and �1.20 eV. These are shown in Fig. 2a,
le panel; the arrows point the direction of net current ow
from the le to the right electrode. For NH3, we could observe
the multi-path quantum interference, which exhibits the
suppression at one of the current paths. The antiresonance can
be characterized by the reversal of ring currents.58 For BPDT
This journal is © The Royal Society of Chemistry 2016
without gas adsorption, a previous study43 has demonstrated
that large transmission near the Fermi energy results from
constructive contributions from HOMO and LUMO. As seen in
Fig. 2a (right), two paths of the local currents around the ring at
a specic energy; i.e. E � EF ¼ �1.00 eV, constructively interact,
which are consistent with those previous results.43

The transmitting eigenchannel wavefunctions from the le
to the right electrode46 were investigated to provide a clear
physical picture to help us understand the interference features
characterizing the transmission, as presented in Fig. 2b. For
NH3 adsorbed on BPDT, it is evident that the behavior on either
side of the orbital wave function differs; the sign of the orbital
wave functions is reversed above the dip (area 2 shaded in
orange), whereas for BPDT without gas this reversal in sign of
the wave function wasn't observed (area 3 shaded in gray). The
interference feature in this case, therefore, arises from
destructive quantum interference, in which the wave functions
propagate through different spatial quantum paths in the p-
system of BPDT backbone.

Another type of quantum interference in the transmission:
i.e., Fano resonance, was observed around the Fermi energy for
the NO and NO2, as shown in Fig. 1b. The origin of Fano reso-
nance arises from the constructive and destructive interference
of a narrow discrete resonance with a broad spectral line or
continuum.15,59,60 In our study, PDOS peaks indicate the strong
coupling of BPDT–electrode and weak coupling for gas mole-
cules since the PDOS peak widths of the former case are
broader. As a result, the Fano resonance arises from coupling
between the discrete energy states of the NO and NO2 and the
continuum of states supplied by the BPDT–electrode (see ESI,
Fig. S2†). A dip and a peak in the transmission spectra around
the Fermi energy are in agreement with the Fano resonance
characteristics.

For NO, the Fano resonance gives rise to the transmission
peak close to the Fermi energy whose scattering state with p

character (the area 5 shaded in red) is localized along the
backbone of the BPDT. The eigenchannel wavefunctions shown
were the ones below and above the Fermi level (area 4 and 6
shaded in yellow and pink), showing the exponential decay of
the p electron state. Particularly, we noticed that the sign of the
orbital wave functions of BPDT is reversed above the trans-
mission peak (area 4 shaded in pink). Similarly, the Fano
resonance induced by NO2 causes the dip and the peak in the
transmission close to the Fermi level, and the phase reversal of
the eigenchannels was also observed just above transmission
dip (area 8 shaded in green).

Next, we turn our attention to the capability of BPDT as a gas
sensor to distinguish four different gas molecules (NO, NO2,
NH3 and CO). The performance of this sensor device would be
discussed in terms of sensitivity and selectivity to various gases.
Electron transmission changes around the Fermi level results in
a variation in conductance. The sensitivity can be dened as

S ð%Þ ¼ G� G0

G0
� T � T0

T0
� 100%, where G(T) and G0(T0) are

the zero bias conductance (transmission) for a gas sensor with
and without gas adsorption, respectively. Furthermore, it may
be possible to improve the selectivity; the quantum interference
RSC Adv., 2016, 6, 59299–59304 | 59301
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Fig. 2 (a) Local currents in BDPT–Au junctions with and without the adsorption of NH3 gas at a selection of energies indicated by the shaded and
numbered regions. (b) The transmitting eigenchannel wavefunctions from the left to the right electrode. The colors indicate the two different
signs of the real-valued wavefunction.

Fig. 3 For different gate voltages, we plot the calculated sensitivities
for NO, NO2, NH3 gas adsorbed on the BPDT. Positive and negative
sensitivities indicate the predicted enhanced and suppressed
conductance.
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effects can be tuned by applying a gate voltage to the system,61

leading to a change in the position and the dip and peak
features. The conductance for a small gate voltage can be

dened as GðVgÞ ¼ 2e2

h
TðE ¼ mÞ, where the m ¼ EF � eVg is the

chemical potential.
The sensitivity as a function of the gate voltage was deter-

mined, as shown in Fig. 3. Note that positive and negative
sensitivities in Fig. 3 indicate the predicted enhanced and
suppressed conductance, respectively. At Vg ¼ 0 V, the inter-
ference feature of NO and NO2 is very close to the Fermi energy
and dominates the transport of the system, whereas those of
NH3 are far from the Fermi energy. Nevertheless, the sensitivity
histograms exhibit a distinction between NO, NO2 and NH3

appears possible with a zero-bias voltage applied. The positive
of NH3 and negative values of NO2 indicate the predicted
enhanced and suppressed conductance, respectively. The
absolute values of sensitivities were found to follow an
ascending order; i.e., CO � NH3 � NO2 � NO. The very large
sensitivity of NO adsorbed on BPDT enables us to distinguish it
from others, while the NH3 and NO2 adsorbed on BPDT shows
a reversal in conductance allowing for the electrical distinction
between them. At Vg ¼ �1.2, �0.1 and 0.2 V, the BPDT shows
the sensitivity towards NO with decreasing conductance, as
59302 | RSC Adv., 2016, 6, 59299–59304
opposed to large increasing conductance at Vg ¼ 0 V. For NO2,
the conductance at Vg¼ 0.2 and�0.1 V is shown to be increased
and decreased, respectively. For NH3, the decrease in conduc-
tance was observed only at Vg ¼ �1.2. Hence, applying the gate
voltages to this setup should help to distinguish between
different gas molecules.
This journal is © The Royal Society of Chemistry 2016
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4 Conclusions

In summary, we investigated the quantum interference effects
in the tunneling conductance of BPDT-molecules adsorption,
connected to gold leads. We employed rst-principles methods
based on DFT formalism to determine the favorable adsorption
congurations, binding energies and charge transfer of gas
molecules (NO, NO2, NH3, and CO) on BPDT. Our results indi-
cate that NH3 adsorbed on BPDT exhibits destructive quantum
interference giving rise an antiresonance in the transmission,
while Fano resonance features in the transmission were
observed for NO and NO2. Based on our results, a BPDT device is
capable of detecting different gas species with high sensitivity
and selectivity. The ndings reported by us here can be
considered important enough to experimentalists whomight be
encouraged by our positive results to consider our proposed
design and take on the challenging task of fabricating this setup
to put our predictions to the test of gas sensing through direct
measurements.
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H. Stubb, Org. Electron., 2005, 6, 188–192.

11 Y. Karzazi, J. Cornil and J. L. Bredas, J. Am. Chem. Soc., 2001,
123, 10076–10084.

12 P. Sautet and C. Joachim, Chem. Phys. Lett., 1988, 153, 511–
516.

13 D. Walter, D. Neuhauser and R. Baer, Chem. Phys., 2004, 299,
139–145.
This journal is © The Royal Society of Chemistry 2016
14 D. Q. Andrews, G. C. Solomon, R. P. V. Duyne and
M. A. Ratner, J. Am. Chem. Soc., 2008, 130, 17309–17319.

15 C. J. Lambert, Chem. Soc. Rev., 2015, 44, 875–888.
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