Romanian Reports in Physics 69, 502 (2017)

IMPACT OF FUNCTIONALISATION ON THE TRANSPORT THROUGH THE
ADENINE MOLECULE
KHADIJEH KHALILI1,a , HOSSAIN MILANI MOGHADDAM1,b
1

Department of Solid State Physics, University of Mazandaran, Babolsar, 47416-95447, Iran
a
Email: kh.khalili@stu.umz.ac.ir
b
Corresponding author Email: milani@umz.ac.ir
Received May 31, 2016

Abstract. The influence of electron donating and accepting functional groups
OCH3 , CH3 /CN and CHO on electron transport properties of a single Adenine-based
molecular junction has been numerically studied using the density functional based
tight-binding method. It has been found that the above mentioned electron acceptor
groups have a strong effect on transmission of the molecular junction resulting in a
strong drop of conductance. On the other hand, in both electron donating and accepting
categories, the partial density of states indicates that the delocalized nature of the porbitals of the adenine is responsible for the impressive effect of the functional group
with π-symmetric valence orbitals. Furthermore, the CN functional group has an effect
on the current-voltage characteristics of the junction, which is distinct from the effects
of all the other functional groups studied here.
Key words: Functional group; Single molecule; Adenine; Density functional
theory.

1. INTRODUCTION

Single molecular junctions are of interest both for improving our fundamental understanding of electronic transport at the nanoscale and for the development
of novel electronic devices. The vast flexibility in design and functionality of the
single molecular devices is one of the main advantages of this type of electronics.
Transport properties of the molecule in a coherent transport regime depend on the
intrinsic properties of the molecule, including their length and conformation, the
chemical groups anchoring the molecule to the electrodes, the contact geometry of
the molecule-electrode interface, and its functionalization [1–4]. In particular, there
are many experimental and theoretical works on the influence of specific functional
groups on single molecule junctions. For instance, in 2007, Venkataraman et al. have
measured the conductance of diamino benzene with different substitutes (halogenes,
OCH3 , CH3 , and CN) that shift the molecular levels relative to the Au Fermi level
in the single molecule junctions resulting in a chemical gating of the junction conductance [5]. Complementary density functional theory (DFT) studies, by Mowbray
et al., on the influence of five classes of functional groups on the transport properties
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of benzenedithiolate and benzenediamine molecular junctions with gold electrodes
showed that the qualitative change in conductance due to a given functional group
can be predicted from its known electronic effect [6]. In addition, the quantum transport through tour wires functionalized with NO2 and NH2 side groups was studied
theoretically by Kala et al. and they observed a significant effect of the functionalization on the transport behavior of the molecular system [7]. In all mentioned studies,
functionalization caused a shift in the position of either highest occupied molecular
orbital (HOMO) or lowest unoccupied molecular orbital (LUMO) levels resulting in
a low change in conductance.
The possibility to exploit DNA bases in mesoscopic electronic devices have
been studied intensively both experimentally and theoretically [8–11]. Overlapping
π orbitals of the DNA base pairs provide a channel for the migration of an extra
charge injected into it. In the current study, the molecule of interest is adenine, one
of the most abundant biochemical molecules on Earth. Surprisingly no dedicated
studies are available on functionalized Adenine at the single-molecule level. With
this contribution, we aim to do a first attempt to shed light on the behavior of different functional groups, as exemplified by OCH3 , CH3 , CN, and CHO, on the
transport properties of this molecular junction. The main purpose of this study is not
only to show the remarkable effect of substitute groups on the position of the frontier
orbitals and on the conductance but also to improve our fundamental understanding of this effect. Also, the impact of functional groups on the I-V characteristics
of the adenine-based single molecular junction is studied. The calculations are performed using the density functional based tight binding method (DFTB) combined
with nonequilibrium Green’s function formalism (NEGF) [12].
2. SIMULATION METHOD

The electronic structure of systems under investigation is obtained with the
density functional based tight-binding method (DFTB) [13–15]. This approach being approximate shows still a useful accuracy and has been successfully employed
for calculations of various physical properties including band structures, excitations,
Raman spectra, geometries, polarizabilities, and conductances [16–21]. At the same
time it reveals higher computational efficiency and better scaling with the system size
as compared to the ab initio methods. Compared to the DFT methods with semi-local
functionals the execution time of DFTB implementations is usually three orders of
magnitude smaller. Due to this fact, the DFTB method is chosen for the study of
Adenine molecular junctions.
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2.1. SCC-DFTB FORMALISM

Self consistent charge DFTB (SCC-DFTB) [22] is derived from a Taylor series
expansion of the Kohn-Sham total energy [23] around a properly chosen reference
density ρ0 (r) up to a second order in density fluctuation δρ(r). The reference density
is usually chosen to be a superposition of atomic densities. The total energy then
reads
Etotal = ET B + E2 + Erep ,

(1)

where ET B is the usual tight-binding band energy, that is, the occupation weighted
sum of the single particle eigenvalues of the zeroth-order DFTB Hamiltonian. Erep is
a short-ranged repulsive interaction term and E2 is an electrostatic interaction term
which takes into account charge fluctuations. The matrix elements of the zerothorder Hamiltonian are transformed to the molecular frame by the Slater-Koster rules
[24] and a consistent set of transferable pair potentials must be created by combined
DFT/DFTB calculations on reference structures. These matrix elements have to be
known (as parameter set) at the start of any calculation. We use the parameter set
which was developed for gold-thiolates compounds with atoms, including S, Au, N,
C, and H [25].
If we consider now the case with two contacts and a central molecular (M)
region, under the assumption that there is no direct interaction between contacts, we
can calculate the transmission coefficient between the R contact and the L contact as
TRL = T r[ΓR GrM ΓL GaM ]

(2)

where ΓR/L = i[ΣrR/L − ΣaR/L ] is the coupling with the contact leads, Σ is the selfenergy term, and r/a stands for retarded/advanced Green’s function. GM describes
the dynamics of the electrons inside the molecular system and can be expressed as
r/a
GM = [ESM − HM − Σr/a ]−1 . HM describes the Hamiltonian for the full system and SM is the overlap matrix between orbitals [26]. In addition to calculate
the conductance, nonequilibrium Green’s function formalism (NEGF) was used with
SCC-DFTB. The current was calculated by Landauer-Buttiker formula [27]
Z
2e2 µR
I=
T (E, Vb )[f (E − µL ) − f (E − µR )] dE
(3)
h µL
where µR and µL are the chemical potentials of the right and left electrodes, e is
the electron charge, h is Planck’s constant, f (E, µL/R ) are the Fermi distributions
of electrons in the left and right electrodes; T (E, Vb ) represents the electronic transmission probability, and Vb is the applied bias voltage across the electrodes. An
applied bias Vb will shift the chemical potential of the left and right electrodes to
µL = EF − |e|V /2 and µR = EF + |e|V /2 where EF is the Fermi energy.
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Fig. 1 – (a) Schematic of the adenine molecule. (b) The corresponding model system based on Adenine
for the single-molecule situation. The carbon atoms are shown in gray, the nitrogen atoms in blue, and
the hydrogen atoms in white. The central extended molecule is indicated as one rectangle.
2.2. CALCULATION PROCEDURE

As a molecular junction, the adenine molecule (Fig. (1a)) connected to two
gold electrodes has been investigated. The two-probe system is based on the three
region partition of the device of interest: left electrode (L), right electrode (R) and
central region (C). The left and the right bulk electrodes are built of six gold layers
grown along the (111) direction. The central extended molecule (EM) consists of the
molecule and two layers of gold that are enough long to avoid any interaction between the molecule and the next supercell in this model. The full structure is shown
in Fig. (1b). The sulfur atom, as a terminal group, is chosen not only on the basis of
its binding selectivity, but also its ability to provide maximum conductivity between
the molecule and the metallic electrode [28]. To reach minimum energy for each
configuration, before performing the calculations, all structures are optimized. The
modeling of the considered systems is usually performed by optimizing the functionalized thiolated structures in gas-phase and subsequently connecting them to the gold
electrodes via the bridge site, with the S-Au bond distance of 2.59 Å and the distance
of S from the vertical Au surface equal 2.14 Å [29]. This results in a distance of
12.02 Å between the two electrodes. The surface Brillouin zone was sampled on
a 4 × 4 k-point Monkhorst-Pack grid [30]. We use periodic boundary conditions in
the direction parallel to the interface between the adenine and gold electrodes, plus
a supercell approximation. Then, we applied bias voltage along the structures and
computed the current. The applied bias voltage was increased from 0 to 2.5 V in
steps of 0.25 V.
3. RESULTS AND DISCUSSION

At first, we calculated the zero-bias energy-dependent electron transmission
for the bare adenine molecule device as depicted in Fig. (2a). We observe the Au
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Fig. 2 – (a) The energy-dependent electron transmission and (b) the local density of states (LDOS) of
the bare adenine molecule device at zero-bias. Vertical lines indicate the Au Fermi level.

Fermi level (EF ) to be positioned just above the HOMO level. The relatively close
proximity of the HOMO to EF indicates that adenine should have good conducting
properties which is in good agreement with the previous ab − initio Green’s function
study [11]. The small difference between our study and the one reported in Ref. [11]
could be due of the different contact geometries or different molecular conformations
used. To analyze the band alignment of the molecular energy levels to the electrode
Fermi level of the molecular junction Au-(S-bare adenine-S)-Au, we calculated local
density of states (LDOS) that is presented in Fig. (2b). There is a main peak just
below Au Fermi level that corresponds to the transmission probability peak. The
HOMO state is near the Fermi level which indicates that the conduction through this
structure is via a hole-tunneling mechanism.
Then, we investigated the effect of the functional groups on the electronic properties of the adenine molecular junction at the 3 positions. We considered the effect
of different functional groups from each of the main four electronic categories [31],
as shown in Table 1, on the transport properties of the molecular junction. The selection of functional groups comprises different chemical classes and are, by no means,
the only possibilities. The electron donating groups (EDG) are activating groups and
can be recognized by lone pairs on the atom adjacent to the p system. The electron
withdrawing groups (EWG) are deactivating groups and can be recognized either
by the atom adjacent to the p system having several bonds to more electronegative
atoms. There is one additional functional group with not only σ-accepting but also
with π-donating effects (e.g. Halogens), that was ignored in this study, because of a
limitation on the used parameter set.
The central adenine molecule with different functional groups is presented in
Fig. (3). The calculated conductance, G = G0 T (EF ), where G0 = 2e2 /h, for all
(c) 2017 RRP 69(0) 502 - v.2.0*2017.2.22 —ATG

Article no. 502

Khadijeh Khalili, Hossain Milani Moghaddam

6

Table 1 Selected functional groups categorized by electronic effect.

Electronic effect
π-donor
σ-donor
π-acceptor
σ-acceptor

(a)OCH3

Functional group
-OCH3 (Methoxy)
-CH3 (Methyl)
-CN (Nitrile)
-CHO (Aldehyde)

(b)CH3

(c)CN

(d)CHO

Fig. 3 – The central adenine molecule with different functional groups.

structures is presented in Table 2. We observed that the electron donating groups
increase the conductance while the electron withdrawing groups decrease it. This
finding is in a good agreement with previous theoretical and experimental results
[5, 6, 32]. It shows the conductance of the considered structure is strongly affected
by the functionalization.
Table 2 Conductance G of the bare and functionalized adenine between gold (111) surfaces.

Functional species
H×3
OCH3 × 3
CH3 × 3
CN × 3
CHO × 3

G[2e2 /h]
0.82
0.86
0.85
0.21
0.13

From the transmission probability curve in Fig. (4), we found that CHO and
CN make a downward shift in both HOMO and LUMO levels, while CH3 and OCH3
make an upward shift in HOMO showing good agreement with DFT calculations
[32]. In addition, we observed that functional groups whose valence orbitals are
of π-symmetry seem to have more influence on the position of frontier orbitals in
comparison to σ-symmetry. On the other hand, we found that the general shape of
the zero-bias transmission spectra for all systems, shown as T (E, Vb = 0) in Fig. (4),
are similar, bringing the HOMO closer to EF . So we focused on the qualitative effect
of the functional groups on the HOMO of the contacted molecule. Two important
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Fig. 4 – Zero bias transmission of adenine molecule with four different functional groups attached to
the gold contacts via sulfur as a function of energy. Vertical line indicates the Au Fermi level.

Fig. 5 – The projected density of states (PDOS) at each atom in the bare structure.

factors have to be considered to figure out the behavior of functional groups: the size
of the lone pairs (or non-bonding pair) and the electronegativity of the element [31].
To understand the broadening of frontier molecular levels, we studied the projected density of states (PDOS) of the structures on each molecular orbital. It helps
us to gain insight into the mechanism determining the band alignment and thus the
conductance. As we see in Fig. (5), p-orbital of N, C and S atoms have main peaks in
DOS plot near gold Fermi level. Then the HOMO is combined of some component
of N atoms and p − π density on each of the two C atoms which are bonded to the N
atom. Therefore, the behavior of the Nitrile group can be explained by the N(2pπ)
lone pair in CN withdrawing the adenine π space, thereby lowering the energy of
the HOMO. Similarly, when OCH3 substitute replace H atoms, the O(2pπ) lone
pair delocalizes into the adenine π-space and the energy of the HOMO is raised. As
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Fig. 6 – The current-voltage (I-V) curves for the bare and functionalized structures. The dashed lines
are guides to the eyes.

Fig. 7 – The local density of states (LDOS) of the adenine molecule device with different functional
groups at zero-bias. Vertical line indicates the Au Fermi level.

for the methyl group, since carbon is slightly more electronegative than hydrogen,
there will be a small dipole moment pulling electron density away from hydrogen
toward carbon, resulting in HOMO being raised in energy. For the Aldehyde, the
more electronegative O removes electron density from the σ-space of the adenine,
thereby deshielding the π-space and therefore lowering the energy of the HOMO.
Figure 6 depicts the self-consistently calculated I-V curves in a bias range from
0 to 2.5V. Below 0.5V, the behavior of the I-V curves could be considered linear
for all bare and functionalized adenine junctions but with a different trend for CN
that seems to be exponential. To specify the origin of this behavior, we plotted the
local density of states for all structures in Fig. (7). From this plot, we see that
curves for all groups but CN have a main peak just below the Fermi level, with a
non-zero amount of conductance at Fermi level, so they can be considered metallic.
Furthermore for the voltages above 2V the functionalized adenine shows, in general,
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Fig. 8 – Transmission of adenine molecule with three functional groups attached to the gold contacts
via sulfur as a function of energy at (a) V = 0.5V and (b) V = 2V. Vertical lines indicate the Au Fermi
level.

the higher current as compared to the bare one. The functionalization by CHO group,
however, is found to be an interesting exception. We can order the current in this
region as I(CN) > I(OCH3 ) > I(CH3 ) > I(Bare adenine)> I(CHO).
To explain the behavior of I-V curves, we plotted the transmission probability
at two particular voltages. Figures 8a and 8b show the transmission probability for
all functionalized groups in an electron energy range from -1.5 eV to 2.0 eV at bias
voltages equal to 0.5 V and 2 V, respectively. The reason for selecting this two particular voltages is that the current shows completely different trends at these points. By
increasing voltage, the HOMO and LUMO peaks undergo a downward shift in energy, so the transmission probability changes significantly. In addition, the current is
proportional to the area under the transmission probability. At 0.5V (within voltage
window of -0.5 to 0.5 eV), bare adenine has the biggest area under the transmission
probability followed by (OCH3 ) ' (CH3 ), (CN), and (CHO) that is in good agreement with current order at this voltage. At 0.5V, the transmission is yet dominated by
HOMO while at 2V, the LUMO peaks are responsible for transmission. Furthermore,
at 2V, the CN has the largest area and as a result largest current followed by OCH3 ,
CH3 , H, and CHO functional groups.
4. CONCLUSION

Our studies on the electronic and transport properties of the functionalized
adenine-based molecular junction showed that the conductance of the structures is
strongly affected by the functionalization. We found that the functional groups with
electron donating effects increase the molecule’s conductance, whereas the electron
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accepting groups decrease the conductance drastically. Similar results have been
obtained previously, using the DFTB+NEGF method. The functional groups show
different I-V characteristics so that all bare and functionalizaed adenine could be
considered linear at lower voltages with an interesting exception of CN. At bias
voltages higher than 2 V, the currents through the junctions are ordered as follows:
I(CN) > I(OCH3 ) > I(CH3 ) > I(Bare adenine)> I(CHO) (in obvious notations).
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