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F́ısica Molecular y Modelamiento Computa

Universidad Pedagógica y Tecnológica de Co

Cite this: RSC Adv., 2020, 10, 32127

Received 26th June 2020
Accepted 17th August 2020

DOI: 10.1039/d0ra05605g

rsc.li/rsc-advances

This journal is © The Royal Society o
ne, 1,4-dimethanediolbenzene
and 4-thioacetylbiphenyl molecular systems:
electronic devices with possible applications in
molecular electronics

J. H. Ojeda, *ab Lina K. Piracón Muñoz,b Julian A. Guerra Pinzónb

and Jovanny A. Gómez Castañob

A theoretical study of the electronic transport properties of the 1,4-dithiolbenzene, 1,4-

dimethanediolbenzene and 4-thioacetylbiphenyl molecules coupled to two metal contacts is carried

out. The tight binding Hamiltonian approximation is applied to describe each of the molecular systems

using the real space renormalization analytical method. Using Green's functions with the Landauer

formalism, the transmission probability, current, shot noise and Fano factor of these three systems are

calculated and analyzed in order to identify their behavior as insulators, semiconductors, or conductors,

and their possible applications, such as quantum wires. The theoretical results are compared with

experimental results that have been reported in the literature. The results indicate a high concordance

between the results obtained by the proposed method and the experimental results.
1 Introduction

Molecular electronics has had an enormous impact on the
development of industry and technology during the last
decades, establishing itself as an interdisciplinary branch that
involves sciences such as chemistry, physics, materials science
and other areas of the molecular domain, which are directed to
the use of individual molecules or small groups of molecules
(molecular aggregates) as fundamental units.1–4

With these fundamental units, colloids, polymers, supra-
molecular systems, quantum dots, quantum wires, and nano-
tubes, among others, can be built for use in the design and
development of molecular systems with specic structural and
electronic properties that fulll morphological, self-assembling
and electronic transport in a controlled way, especially when
connected to electrodes, allowing new devices (switches,
capacitors, rectiers, storage devices, to name a few) to become
possible candidates for the application of molecular elec-
tronics.2,5–10 These unions combine the fundamental processes
of intramolecular and intermolecular transfer of electrons
through molecular and continuous levels with the electrodes
and processes outside the equilibrium of the currents generated
by a voltage.11
Pedagógica y Tecnológica de Colombia,

c.edu.co

cional, Grupo de Investigación Qúımica-
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The aromatic molecules that behave like quantum wires are
of great interest since they contain a high degree of conjugation
from the delocalization of electrons through their p bonds,
which provides them with a high electron transfer.12,13 In
particular, the thiol groups (R–SH) have high electronic density
and high affinity to bond with metal electrodes. In addition,
these groups have the ability to self-assemble when they are in
contact with metal surfaces, forming stable covalent bonds.14

According to theoretical and experimental studies, the addition
of thiol groups to aromatic molecules causes a decrease in the
width of the prohibited band, which generates a better electron
transfer.15,16 The HOMO–LUMO gap in this type of sulfur
aromatic compounds ranges from 2 eV to 4 eV, similar to the
width of the gap of an ordinary semiconductor.17

In terms of the molecular orbital (MO) theory, the aromatic
molecules replaced by –SH groups have bonding and anti-
bonding states, formed by the p orbitals of carbon and sulfur
perpendicular to the plane of the benzene ring (which are
responsible for the majority of the electric current that passes
through these molecules), and s bonds due to the presence of
a nodal plane between these two atoms.17,18 Complementary to
this, the sulfur atom generates high polarizability in conjugated
molecular systems stabilizing the cationic species in various
oxidation states and therefore, providing greater ease of trans-
port of electric charge through such systems.

Self-assembled monolayers (SAM) of aromatic dithiols have
received special attention due to the possibility of using them as
connectors between metal or semiconductors contacts.19 For
this reason, it is of particular interest to study their electronic
RSC Adv., 2020, 10, 32127–32136 | 32127
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behavior, employing three systems of molecules with these
characteristics, which are shown in Fig. 1.

In particular, fused aromatic systems and p-polyconjugated
systems as the 1,4-dithiolbenzene, 1,4-dimethanediolbenzene
and 4-thioacetylbiphenyl molecular systems, which we will
study here as molecular wires are prototypes that attract
attention due to their useful electrical properties, which not
only give stability to the structural skeleton (generated by the
assembly of the macromolecule), but which could also be the
molecular basis for intra and inter-molecular transport of
electrons. In this sense, a large number of experiments have
been carried out with the main objective of extracting conclu-
sive information about the transfer properties of electrical
charge of this category of molecules.

To investigate the electrical effects on the joints of the
molecular systems, we rst derive an exact expression of the
probability of transmission ðT Þ, using this result we calculate
the electric current ðI Þ depending of the molecule-contact
coupling (G). Finally we calculate the shot noise ðS Þ and Fano
factor ðF Þ.
2 Model

The 1,4-dithiolbenzene molecule (Fig. 1a) has at its ends two
thiol groups which can be strongly bound to each electrode,
generating an efficient electrical conductance.20 The current
and conductance for this system was measured experimentally
by Reed et al.,21 were able to restrict the number of active
molecules between two statically stable gold electrodes through
the mechanically controlled break-junction (MCBJ) technique.

The second molecular system studied here corresponds to
1,4-dimethanethiolbenzene (Fig. 1b), from which monolayers
can be prepared experimentally through self-assembling
processes.22 Dorogi et al. measured the current and conduc-
tance for self-assembledmonolayers of this molecule using gold
clusters and deposition in vacuum at room temperature. Using
a scanning tunneling microscope (STM), it was possible to
obtain images of the clusters, with which the I/V proles of the
system were obtained.

The 4-thioacetylbiphenyl molecule (Fig. 1c) is the third
molecular system studied in the present work and differs from
the other molecules in that it has a geometric asymmetry caused
Fig. 1 Molecular representation (a) 1,4-dithiolbenzene, (b) 1,4-dime-
thanethiolbenzene and (c) 4-thioacetylbiphenyl.
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by a single thioacetyl group located at carbon atom with respect
to the C–C bond of the biphenyl. This asymmetry makes the
prole of the transmission probability different when the
charge carriers go from the le lead to the right lead than it is
when the charge carriers go from the right lead to the le lead.23

The behavior of this molecule was studied experimentally,
generating highly organized self-assembled monolayers by
nanodeposition and lithography, where the acetyl group was
removed from the molecule taking into account that the inter-
face of Au–S is muchmore stable than the junction with another
atom of high electron density (such as oxygen from the acetyl
group).21,24

The three molecular systems analyzed in this work are
modeled through the tight binding (TB) Hamiltonian, which is
characterized by enabling a special approach to calculating the
structure of the electronic bands in systems of low dimension-
ality.25 The TB Hamiltonian uses a basis for the wave functions,
allowing studying and analyzing the electronic properties that
have or lack translational symmetry. This Hamiltonian assumes
that the valence electrons of the atoms of the molecular system
remain strongly linked to its atomic nucleus, generating an
atomic component plus a small perturbation due to the inter-
action of the electronic cloud.

Thus, the three systems are modeled through the TB
Hamiltonian given by the equation:

H ¼ Ham + Hml + Hi, (1)

where Ham corresponds to the Hamiltonian of the aromatic
molecule given by

Ham ¼
X
i

ti

�
a
†
i aðiþ1Þ þ a

†

ðiþ1Þai
�
þ
X
i

Eia
†
i ai; (2)

where a†i is the creation operator of an electron at site i, which
corresponds to the atoms of the molecule, ti is the coupling
between the atomic sites, and Ei is the energy of the molecular
atomic site.

On the other hand, the Hamiltonian of the metal leads and
the molecule–metal lead interaction Hml (le–right) and Hi, are
given respectively by

Hml ¼
X
kL

3kLl
†
kL
lkL þ

X
kR

3kRr
†
kR
rkR; (3)

and

Hi ¼
X
kL

GLil
†
kL
a1 þ

X
kR

GRil
†
kR
aN þ h:c:; (4)

where l†kL and r†kR are the creation operators of an electron in the
state kL,R with energy 3kL,R, while GL(R)i represents the coupling
between each metallic contact and the molecular system,
and h.c. is the conjugate complex Hamiltonian.
3 Method
3.1 Green's functions and dynamic equation

Starting from the time-independent Schrödinger equation for
a single particle
This journal is © The Royal Society of Chemistry 2020
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[E � H(r)]J(r) ¼ 0, (5)

where H(r) is the Hamiltonian operator, E is the eigenvalue and
J(r) is the electron wave function and assuming that the
boundary conditions of this function are met, we can rewrite
eqn (5) using Green's functions as

[E � H(r)]G(r,r0;E) ¼ d(r � r0), (6)

where G(r,r0;E), which depends on the eigenvalues En of H, is
given by

G
�
r; r

0
;E

� ¼ GðzÞ ¼
X
n

|FnihFn|

z� En

¼ 1

z�H
: (7)

where Fn constitute a complete set of orthonormal eigenfunc-
tions of H. Here, z/ E � ih, where in the limit as h/ 0 we can
dene the advanced and retarded Green's functions Ga and Gr

(which describe the propagation of an electron in space) in the
form26–29,31

GaðrÞðEÞhlim
h/0

½ðE � ihÞI �H��1; (8)

with I being the identity operator.
The Hamiltonian H of the given system given in eqn (7) and

(8) can be expressed as

H ¼ H0 + S(E), (9)

where H0 is the Hamiltonian of the unperturbed system, whose
Green's function is given by g(E)¼ 1/(z�H0) and thematrix S(E)
¼ SL(E) + SR(E), in which SL(R) are called self-energy operators
and are given by SL(R) ¼ G†

L(R)iGL(R)GL(R)i, where could be viewed
as a modication of the Hamiltonian H so as to incorporate the
boundary conditions (here GL(R) are de Green's functions of
right and le leads respectively). Taking into account the eqn
(7), we can rewrite the Green's function for the complete system
as:

GðEÞ ¼ 1

½z�H0 � SðEÞ� ; (10)

and taking into account the denition of the local Green's
function g(E) within eqn (10), the Dyson equation is obtained in
the form

G(E) ¼ g(E) + g(E)S(E)G(E) (11)

which also corresponds to29,30

G ¼ G0 + G0(SL + SR)G (12)

where G0 is the Green's function of the isolated system without
contacts and SL, SR are the auto-energies of the le and right
contacts respectively.
3.2 Electronic transport properties

The current that passes through a molecule coupled to two
electrodes will be deduced by taking into account the trans-
mission probability and its relation with the conductance,
This journal is © The Royal Society of Chemistry 2020
employing the Landauer formalism, which depends on the
availability of states around the chemical potential of the elec-
trodes mS (source) and mD (drain), where the potential difference
mS � mD reduces the energy levels in the drain contact with
respect to the source contact, resulting in two different Fermi's
functions, given by

fSðEÞh 1

1þ e

h
E�mS
kBq

i ; (13)

and

fDðEÞh 1

1þ e

h
E�mD
kBq

i : (14)

where kB is the Boltzmann constant and q is the temperature.
Each contact seeks to balance the molecular system with

itself, while the source continues sending electrons to the
channel (molecular aromatic system), with the purpose of
establishing an equilibrium, which is not achieved because the
drain continues receiving electrons. Taking into account the
above, the electric current is given by

I ¼ 2e

ħ

ð
dET ðEÞ½fS � fD�; (15)

where e is the charge of the electron and ħ is Plank's constant.
Physically, the current can be considered as the difference
between two ows that propagate in different directions: one
from the source to the drain and the other from the drain to the
source.

On the other hand, the function T ðEÞ is the transmission
probability which describes both ows, always supposing that
the transport is coherent.30 The transmission probability T(E)
given in eqn (15) can be dened as:

T ðEÞ ¼ Tr½GLG
rGRG

a�; (16)

where GL(R) ¼ i(SL(R)
+ � SL(R)

�) and Gr and Ga are the retarded
and advanced Green's functions of the system, respectively. Eqn
(16) is known as the Fisher–Lee relation.

Within the analysis of the electronic properties, comple-
mentary to the above is also the shot noise ðS Þ, which describes
the current's uctuations due to the electron's discrete charge.
In a low dimensional conductor system, these uctuations have
a quantum origin, arising from the probability that electrons
can be transmitted or reected through the molecular system.32

Quantum noise is caused by the random movement of electric
charge carriers across the molecule-contact interface.33 For low
dimensional systems, such as quantum wells or resonant
tunnels, this type of random uctuations can be modeled by
means of a Poisson process, using the expression

S ¼ 2e2

pħ

ðN
�N

½T ðEÞffLð1� fLÞ þ fRð1þ fRÞg þ T ðEÞf1� T ðEÞg

� ðfL � fRÞ�dE
(17)

where the rst two terms of the right-hand side correspond to
the contribution of the noise in equilibrium and the last term is
RSC Adv., 2020, 10, 32127–32136 | 32129



RSC Advances Paper
the non-equilibrium contribution (or quantum noise) to the
power spectrum.

Finally, the power of the noise of the current uctuations
provides additional important information about the electronic
correlation by calculating the Fano factor ðF Þ, which is the ratio
between the quantum noise and the current, directly giving
information about whether the magnitude of the quantum
noise reaches the Poisson limit ðF ¼ 1Þ, where there is no
correlation between the charge carriers, or a limit at which
F \1, where the quantum noise reaches a sub-Poisson limit,
generating an electron correlation. So, the Fano factor is then
given by the relationship:34,35

F ¼ S

2eI
; (18)

3.3 Renormalization process and calculation of Green's
functions

We make use of the renormalization or decimation process in
order to obtain the Green's functions in eqn (16) for the three
molecular systems (1,4-dithiolbenzene, 1,4-dimethane-
diolbenzene and 4-thioacetylbiphenyl). This process involves
transforming them into effective one-dimensional systems,
taking into account a geometric rearrangement (illustrated in
Fig. 2).

Applying the Dyson equation (eqn (12)), the effective ener-
gies of each site and their corresponding couplings are ob-
tained. This allows obtaining new Green's functions, which
contain all the information of the at molecules. Thus, the
transmission probability for the new molecular and effective
one-dimensional systems can be calculated using the relation

T ðEÞ ¼ 4GLGR|G1N |
2; (19)

where the subscripts L and R denote the le and right elec-
trodes respectively. Now G1N is calculated using the relation

G1N ¼ G0
1N�

1� SLG
0
11

��
1� SRG

0
NN

�� SLSR

�
G0

1N

�2 ; (20)
Fig. 2 Molecular systems, geometric representation and renormalized
models of (a) 1,4-dithiolbenzene, (b) 1,4-dimethanethiolbenzene and
(c) 4-thioacetylbiphenyl.
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Taking into account that G0
11 ¼ G0

NN and SL ¼ SR ¼ iG/2, we
substitute eqn (20) in eqn (19) to get36

T ðEÞ ¼
G2

4

�
G0

1N

�2
����
�
1þ iG

2
G0

NN

�2
þ G2

4

�
G0

1N

�2����
2
; (21)

where the Green's functions G0
11, G

0
1N and G0

NN, are obtained
analytically through the renormalization process (see the
Appendix).

The renormalization method is a method that transforms
the real space into an effective space, where the degrees of
freedom are reduced and the set of linear equations that char-
acterize the system is converted into a set of nonlinear equa-
tions with energies and couplings effective. This method is
characterized by its low computational cost (compared to the
density functional theory.37,38

It is important to mention that in this renormalization
process, the hydrogen atom is neglected in each model, due to
the experimental fact that it is absorbed by the deposited
surface, and therefore the sulfur atoms will be linked strongly to
the metal electrode.39
4 Results and discussion

The energy values of each site and couplings are given by
approximations derived from experimental data or predicted by
theoretical calculations taken from other authors.28

In the rst instance and in order to validate the renormali-
zation method, the transmission probability T as a function the
energy of the injection of the electron is calculated for the 1,4-
dithiolbenzene molecular system (Fig. 2a), through two regimes
of molecule-contact coupling: (a) a weak regime (G < ts, W)
where G ¼ 0.1 eV and (b) a strong regime (G > ts, W) where G ¼
2.0 eV. Then T is determined taking into account a set of test
values given by Ec ¼ Es ¼ 0 eV and ts ¼W ¼ 1 eV, where Ec is the
energy of site for the carbon atom, Es is the energy of site for the
sulfur atom, ts is the value corresponding to the carbon–sulfur
bond (C–S) and W is the carbon–carbon resonant bond (C–C).

In Fig. 3, the transmission probability is displayed in the
weak (or resonant) coupling regime (ts, W $ G, black line) and
the strong regime (ts, W # G, dashed red line), where the width
of the bands in the transmission has increased due to hybrid-
ization, which is a consequence of the strong interaction
between the free electron states of each sulfur atom with the
electronic states of the electrodes, showing that with an
increase of the electrode–molecule bond energy the width of the
bands in the transmission prole increases. The quantum effect
of the contacts is one of the main characteristics that regulate
the transport properties in this class of low dimensional
systems, where a system can pass from a conductor to an
insulator or vice versa.

It is important to note that the N resonances that appear in
the prole of the transmission (especially when we have a weak
regime) can be associated with the eigenvalues of each atomic
site of the molecule around the equilibrium Fermi energy Ef ¼
This journal is © The Royal Society of Chemistry 2020



Fig. 3 Transmission probability T as a function of the energy of the
injection of the electron for the 1,4-dithiolbenzene molecular system.
Weak regime (G < ts,W, black line) and strong regime (G > ts,W, dashed
red line).

Fig. 4 Contour plot. Transmission probability as function of the
electron's energy andmolecule-contact bonding energy (G) for (a) 1,4-
dithiolbenzene molecule, (b) 1,4-dimethanethiolbenzene molecule,
(c) 4-thioacetylbiphenyl molecule, where the electric charge enters
from the left contact to the right contact and (d) 4-thioacetylbiphenyl
molecule, where the electric charge enters from the right contact to
the left contact.
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0.0 eV. These values were calculated through the tight binding
Hamiltonian given by the eqn (2), and we found that the
eigenvalues are�1.93, 0.37, 1.93, 0.56,�0.56 and 2.47 eV. As we
can see, these values coincide with the values of the energy
where there are resonances in the probability of transmission
(Fig. 3, black line).

Therefore, we validated the renormalization method used in
our calculations.

Accordingly, we calculate the transmission probability T for
the molecular systems 1,4-dithiolbenzene, 1,4-dimethane-
thiolbenzene and 4-thioacetylbiphenyl, using the values of the
energy within the Landauer formalism given by Ec ¼ 0.1 eV for
the site energy of the carbon atom, tc ¼ 0.52 eV for the non-
resonant carbon–carbon bond,40 Es ¼ �0.98 eV for the site
energy of the sulfur atom,41 ts ¼ 3.86 eV the carbon–sulfur bond
energy, and W ¼ 3.0 eV the resonant C–C bond energy.42 It is
important to clarify that 4-thioacetylbiphenyl is an asymmetric
molecular system all its transport properties are determined
taking into account the injection of electrons in both directions:
from the le lead to the right lead and from the right lead to the
le lead.

The transmission probability is calculated as function of the
electron's energy and molecule-contact bonding energy G

within an energy range of 0.1 eV (weak regime) to 3.0 eV (strong
regime) (Fig. 4).

For all molecular systems there is a change in the prole of
T , presenting semiconductor behavior (Fig. 4a), where we can
observe that when E ¼ 0 eV and G � 0.1 eV, the transmission is
zero ðT ¼ 0 eVÞ and when E � 0.57 eV the transmission prob-
ability is a maximum, generating a gap of �0.7 eV, which
coincides with the gap obtained experimentally by Reed et al.21

As well, the behavior of an insulator is found (Fig. 4b–d), in this
same weak coupling regime (G ¼ 0.1 eV). On the other hand, we
can see conductive behavior for all systems within the strong
coupling regime (G $ 2.0 eV). These behaviors as insulator,
This journal is © The Royal Society of Chemistry 2020
semiconductor or conductor occur with a decrease or increase
in the HOMO–LUMO (gap) bandwidth, within which the Fermi
level is located (Ef ¼ 0 eV).

In the same way, in Fig. 4c and d, slightly different behaviors
are observed in the prole of T , due to the fact that when the
electron enters through the le electrode and goes to the right
electrode, the electron's state enters in resonance with the elec-
tronic cloud of the aromatic ring of biphenyl, unlike when the
electron enters through the right electrode to the le electrode,
where it interacts with the free electronic pairs of the sulfur atom.
However, noting the transmission around E¼ 0 eV as G increases,
the behavior of T presenting a maximum value is very similar for
the two cases. This therefore, allows us to consider the system as
a conductive system within the strong regime.

In Fig. 5, the transmission probability is evaluated as
a function of the electron's energy and ts, the coupling between
the sulfur and carbon atoms (S–C), taking a range of energy
values between 2 eV to 5 eV, for a value of G¼ 2.0 eV. This range
of values for ts was used in this paper since it includes the value
of the coupling energy ts ¼ 3.86 eV taken by Sanderson.43

For each system, the transmission probability has maximum
values around certain values of the energy, but the width of the
bands does not vary markedly as ts increases, which indicates
that the variation of this bonding does not contribute signi-
cantly to the behavior of the transport properties through these
molecular systems. An important observation can be made for
the sweep of this coupling energy: the prole of T reveals
a single representative signal in Fig. 5a for an electron injection
energy between 0 eV and 1 eV, which indicates that this system
can behave like a quantum dot, with an effective energy value
approximately equal to 0.5 eV.
RSC Adv., 2020, 10, 32127–32136 | 32131



Fig. 5 Contour plot. Transmission probability as a function of the
electron's energy and bonding energy ts for (a) 1,4-dithiolbenzene, (b)
1,4-dimethanediolbenzene and (c) 4-thioacetylbiphenyl with left–
right electron input and (d) 4-thioacetylbiphenyl with right–left elec-
tron input.
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The graphs shown in Fig. 6 show the current as a function of
the voltage and the energy of the molecule–electrode coupling
(G) for 1,4-dithiolbenzene systems (Fig. 6a), 1,4-dimethane-
thiolbenzene (Fig. 6b), 4-thioacetylbiphenyl with le–right
electron input (Fig. 6c) and 4-thioacetylbiphenyl with right–le
electron input (Fig. 6d).

As can be seen in Fig. 6a there is a voltage gap that decreases
as the molecule–electrode coupling increases. This gap indi-
cates that the system is not a conductor and can be
Fig. 6 Contour plot. Current as a function of voltage and molecule-
contact bonding energy (G) for (a) 1,4-dithiolbenzene, (b) 1,4-dime-
thanediolbenzene and (c) 4-thioacetylbiphenyl with left–right elec-
tron input and (d) 4-thioacetylbiphenyl with right–left electron input.

32132 | RSC Adv., 2020, 10, 32127–32136
characterized as an almost insulating molecular device within
the weak coupling regime (G � 0.1 eV) and has a voltage gap
�3 V and can pass to semiconductor behavior within the strong
coupling regime (G � 3 eV) with a voltage gap of �0.7 V, where
we nd that the HOMO and LUMO bands are very close.

For the other systems, 1,4-dimethanediolbenzene and 4-
thioacetylbiphenyl (Fig. 6b–d) the gap in each of the charac-
teristic curves of I � V are very small for the strong coupling
regime (G� 3 eV) and can be considered approximately equal to
0 V, leading to the characterization of each of these molecular
systems as conducting molecular electronic devices. However, it
is noteworthy that for these systems, the electronic behavior is
that of an insulating device for weak couplings.

On the other hand, the behavior of the C–V characteristic
curves shows that as the number of atoms increases in each
molecular system, the amplitude of the threshold current and
the width of the gap decrease, showing maximum values in the
current amplitude of the order of mA for the 1,4-dithiolbenzene
molecule, nA for the 1,4-dimethanethiolbenzene molecule, and
pA for the 4-thioacetylbiphenyl molecule.

Another transport property as stated above are the quantum
current uctuations ðS Þ. Fig. 7 shows the normalized current
uctuations S =S o as a function of the input voltage and the
molecule–electrode coupling (G), as was done for the current
characteristic curves.

As we can see in Fig. 7, these uctuations are shown for all
molecular systems, where there are certain maximum values of
the uctuations of current or quantum noise ðS Þ for which they
occur at an average value of the transmission probability. The
maximum values of S correspond to a large value of G

compared to the coupling between the atoms of each molecule,
these values being in a regime corresponding to a strong
Fig. 7 Contour plot. Shot noise as a function of the voltage and
molecule-contact bonding energy (G) for (a) 1,4-dithiolbenzene, (b)
1,4-dimethanediolbenzene and (c) 4-thioacetylbiphenyl with left–
right electron input and (d) 4-thioacetylbiphenyl with right–left elec-
tron input.

This journal is © The Royal Society of Chemistry 2020
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coupling and match with the values of the same transmission
amplitude at T ðEÞ ¼ 1=2.

Fig. 8 show the Fano factorF as a function of the voltage and
the energy of the molecule–electrode coupling (G) for 1,4-
dithiolbenzene systems (Fig. 8a), 1,4-dimethanethiolbenzene
(Fig. 8b), 4-thioacetylbiphenyl with le–right electron input
(Fig. 8c) and 4-thioacetylbiphenyl with right–le electron input
(Fig. 8d).

The Fano factor predicts the correlation between the elec-
trons in the system, which only occurs in the sense that one
electron is perturbed by the presence of the other charges
according to the Pauli exclusion principle (since all other elec-
tron–electron interactions have been neglected in this
formalism). Taking this into account, in Fig. 8 we observe that
for small voltages, the electronic correlation of the system is
null ðF ¼ 1Þ, but it grows proportionally with the increase of
the coupling G, ðF \1Þ.

When the quantum noise ranges from a Poissonian limit
ðF ¼ 1Þ to a sub-Poissonian limit ðF \1Þ as both G and the
voltage increase, a tunneling process will be observed. It is notable
that, for the weak coupling regime, although the threshold voltage
is exceeded, the electronic correlation is quite low ðF � 1Þ and
decreases with an increase in the number of atoms or the length of
each molecular system; which is also reected in the decreased
amplitude of both quantum noise and current.
4.1 Comparison of theoretical and experimental results
comparison of the I � V characteristic curves

Fig. 9a–c show the I � V characteristic curves for the 1,4-
dithiolbenzene, 1,4-dimethanethiolbenzene and 4-thio-
acetylbiphenyl systems, comparing the calculations performed
analytically in this work by the method of Green's functions
Fig. 8 Contour plot. Fano factor as a function of the voltage and the
molecule-contact bonding energy (G) for (a) 1,4-dithiolbenzene, (b)
1,4-dimethanediolbenzene and (c) 4-thioacetylbiphenyl with left–
right electron input and (d) 4-thioacetylbiphenyl with right–left elec-
tron input.

This journal is © The Royal Society of Chemistry 2020
(blue line) with the experimental results reported in Reed et al.21

(Fig. 9a), Dorogi et al.22 (Fig. 9b), and Dameron et al.42 (Fig. 9c),
respectively.

As we can see, both the experimental and theoretical I � V
characteristic curves are similar for all molecular systems. There-
fore, this validates the Green's functionsmethod used in this work.

Is noteworthy that the theoretical calculations displayed in
Fig. 9, were made within a single strong coupling regime given
a value of G ¼ 2.0 eV, coinciding with one of the experimental
measurements made in each of the cases shown, specically in
the 1,4-dimethanethiolbenzene and 4-thioacetylbiphenyl
molecular systems.

In the particular case of the molecular system 1,4-dimetha-
nethiolbenzene (Fig. 9b), if the coupling G decreases from 2.0 eV
to 0.5 eV, the amplitude of the current decreases and we get
curves similar to those found by Dorogi et al., reaching ampli-
tudes in the current of the order of 0.30 nA, as can be veried in
Fig. 6b.

Finally, the I � V characteristic curves of all systems show
a semiconductor behavior for the 1,4-dithiolbenzene and
a conductive behavior for the 1,4-dimethanediolbenzene and 4-
thioacetylbiphenyl systems. In addition, we can see that as the
size of the molecular wire increases (i.e., the number of
molecular atomic sites increases), the amplitude of the current
decreases. This behavior represents physically a decrease in the
overlap between the charge density of the border states (sulfur
Fig. 9 Characteristic curves I � V for the (a) 1,4-dithiolbenzene
molecule, (b) 1,4-dimethanethiolbenzene molecule and (c) 4-thio-
acetylbiphenyl molecule: theoretical (blue) and experimental (other
colors).
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Fig. 10 Geometric representation (A) 1,4-dithiolbenzene molecule,
(B) 1,4-dimethanethiolbenzene molecule and (C) 4-thioacetylbiphenyl
molecule.
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states) and the other molecular sites of all molecules. With weak
hybridization of the states of contacts with the states of the
molecular wire, the change in the energy gap HOMO–LUMO of
the molecular systems 1,4-dithiolbenzene, 1,4-dimethane-
thiolbenzene and 4-thioacetylbiphenyl (which is proportional to
the inverse of the molecular length), increases and therefore
a decrease in the electronic conductance is presented. This
increase in the gap was seen in Fig. 4.
5 Conclusions

The electronic transport properties of the sulfurized aromatic
molecules of 1,4-dithiolbenzene, 1,4-dimethanediolbenzene
and 4-thioacetylbiphenyl were determined using a tight binding
Hamiltonian. For this purpose, the decimation or renormali-
zation method of the real space was used through the Green's
functions technique, which was validated with the test energy
values in the transmission prole of 1,4-dithiolbenzene.

The transmission probability, current, quantum noise and,
Fano factor were calculated for different values of the strength
of the bonding between the molecule and the electrode, from
small values corresponding to a weak coupling (G ¼ 0.1 eV) to
a strong coupling (G ¼ 3.0 eV), observing different behaviors,
where the 1,4-dithiolbenzene molecule behaves as a semi-
conductor–conductor and the 1,4-dimethanethiolbenzene and
4-thioacetylbiphenyl systems behave as insulators–conductors.
Varying the S–C coupling energy did not inuence the trans-
mission proles and therefore neither did it inuence the
transport properties of the molecular systems studied.

The current as a function of the bias voltage was theoretically
determined for the threemolecular systems with a strong coupling
of 2.0 eV affording a comparison with the experimental results
obtained by Reed et al.,21 Dorogi et al.,22 and Dameron et al.42

Excellent agreement was observed between the theoretical and
experimental results, validating the analytical method employed in
this work, which can thus be applied to study similar molecular
systems to be used as possible devices in molecular electronics.
A Appendix-renormalization process
A.1 System 1: 1,4-dithiolbenzene

The molecule is constituted by an aromatic ring with two thiol
groups in para position, i.e., the two substituents occupy the
opposite positions (Fig. 10A). This molecule contains six carbon,
two sulfur, and two hydrogen atoms. The system is geometrically
32134 | RSC Adv., 2020, 10, 32127–32136
reorganized, where each atomic site is associated with a local
Green's function given by gi ¼ 1/(E � Ei), where i represents the
carbon or sulfur atom. In this case E0 is the carbon atom's energy
of the molecule and Es the sulfur atom's energy.

In this scheme, w represents each of the resonant bonds of
the aromatic ring, ts represents the carbon–sulfur bond and G

the energy of the bond between the molecule and the electrode.
The geometric structure of the molecule is labeled vertically by
sites 1, 2, 3 and 4 and horizontally by rows a, b and c. Our
purpose is to reduce the number of degrees of freedom of the
molecule to one dimension, so it will only be necessary to
renormalize sites 2 and 3 towards row a.

Starting from the Dyson equation, we rewrite the dynamic
equation for site 2 in the form

Ga
22 ¼ g0 + g0wG

b
22 + g0wG

c
22 + g0tsG

a
12, (22)

Gc
22 ¼ g0 + g0wG

a
22 + g0wG

c
23, (23)

Gb
22 ¼ g0 + g0wG

a
22 + g0wG

b
23. (24)

The resulting eqn (22)–(24) are linearly independent and
therefore they can be expressed in terms of the central zone
labeled with row a, where

Gc
23 ¼ g0wG

c
22 + g0wG

a
23, (25)

Gb
23 ¼ g0wG

b
22 + g0wG

a
23. (26)

Solving this system of equations we have

Ga
22 ¼

g0

h
1� ðg0wÞ2

i
þ 2g0

2w

1� 3ðg0wÞ2
þ 2ðg0wÞ3

1� 3ðg0wÞ2
Ga

23

þ
g0ts

h
1� ðg0wÞ2

i
1� 3ðg0wÞ2

Ga
21 (27)

For the fourth site labeled 3, we proceed in the same way:

Ga
33 ¼

g0

h
1� ðg0wÞ2

i
þ 2g0

2w

1� 3ðg0wÞ2
þ 2ðg0wGÞ3

1� 3ðg0wÞ2
Ga

32

þ
g0ts

h
1� ðg0wÞ2

i
1� 3ðg0wÞ2

Ga
34 (28)

Eqn (27) and (28) represent Dyson's effective dynamic
equations for the two-site and three-site molecules, respectively,
so that there results

Ga
22 ¼ eg0 þ eg0 ~wGa

23 þ eg0 etsGa
21; (29)

Ga
33 ¼ eg0 þ eg0 ~wGa

32 þ eg0 etsGa
34; (30)

where the effective local Green's function takes the form

eg0 ¼
g0

h
1� ðg0wÞ2

i
þ 2g0

2w

1� 3ðg0wÞ2
(31)
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and the effective coupling

~w ¼ 2g0
2w3

1� ðg0wÞ2 þ 2g02w
; (32)

thus obtaining the effective coupling between sites 2 and 3.
In the same way we get ets , which is the coupling between

sites 1–2 or 3–4:

ets ¼ ts

h
1� ðg0wÞ2

i
1� ðg0wÞ2 þ 2g02w

(33)

Once the molecule has been decimated (towards the a row),
it is necessary to nd the Green's function of the electron that
travels through the chain from site n ¼ 1 to n ¼ 4. Taking the
resulting one-dimensional chain (illustrated in Fig. 2, panel 3)
and retaking the dynamic equation, we obtain

G14 ¼ gsetsG24;

G24 ¼ eg0 etsG14 þ eg0 ~wG34;

G34 ¼ eg0 ~wG24 þ eg0 etsG44;

G44 ¼ gs þ gsetsG34:

(34)

Finally, with the solution of eqn (34), the Green's functions
G14, G11 and G44 are found to be

G14 ¼ ~wðgs eg0 etsÞ2
a

(35)

G11 ¼ G44 ¼
gs

h
1� gs eg0 ets 2 � ð eg0 ~wÞ2i

a
(36)

where a ¼ ð1� gs eg0 ets 2Þ2 � ð eg0 ~wÞ2
A.2 System 2: 1,4-dimethanediolbenzene

This molecule is composed of a benzene ring substituted with
two methanothiols in para position, in all it contains eight
carbon atoms, two sulfur atoms, and four hydrogen atoms.
Fig. 10B shows the geometry taken for this molecule.

The effective Green's function eg0 of this system is equal to
that obtained for system 1, as are the effective couplings ~w andets ¼ etc ; therefore a one-dimensional effective linear chain has
been obtained (Fig. 2b – panel 3).

Applying the same solution method to the resulting linear
system with six effective sites for this molecule, the Green's
functions G11, G16 and G66 are given by

G16 ¼ ~wðgsts etcÞ2 eg0 4
b

(37)

and

G11 ¼ G66

¼
gs

nh
1� gs eg0 ts2 � ð eg0 etcÞ2ih1� ð eg0 etcÞ2i� 	

1� gs eg0 ts2
ð eg0 ~wÞ2o
b

(38)
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where b ¼ ½1� gs eg0 ts2 � ð~g0 etcÞ2�2 � ½1� gs eg0 ts2�2ð eg0 ~wÞ2:

A.3 Renormalization of 4-thioacetylbiphenyl

This molecule contains two benzene rings, where one is
substituted by a thioacetyl group, the OCCH3 group is removed
by binding the monolayer to the metal surface. Fig. 10C shows
the geometry taken for this molecule.

Applying the same method of solution to the resulting linear
system with ve (Fig. 2c – panel 3) effective sites for this mole-
cule, the Green's functions G11, G15 and G55 are given by

G15 ¼ �~w2g0
4t1t2gs

g
; (39)

G11 ¼ G55 ¼ gs � ð eg0 ~wÞ2 � gsð eg0 et1Þ2 þ ð eg0 ~wÞ4
g

; (40)

where
g ¼ 1� 2ð eg0 ~wÞ2 � ð eg0 et1Þ2 þ gs eg0 et2 2 � gs eg0 3~w2 et2 2 � gs eg0 3 et22 et12
�ð eg0 ~wÞ4.
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nanotecnoloǵıas, CIENCIA ergo-sum, Revista Cient́ıca
Multidisciplinaria de Prospectiva [Internet], 2005, vol. 12, pp.
321–327, https://www.redalyc.org/articulo.oa?id¼10412314.

5 E. Coronado Miralles, An. Quim., 2011, 107, 21.
6 G. M. Whitesides, Small, 2005, 1, 172.
7 J. M. Tour, Molecular Electronics: Commercial Insights,
Chemistry, Devices, Architecture and Programming, World
Scientic, 2003.

8 J. R. Heath and M. A. Ratner, Phys. Today, 2003, 56, 43.
9 A. Bendounan, 2010, arXiv:1001.1692v1.
10 Y. Ie, M. Endou, A. Han, R. Yamada, H. Tada and Y. Aso, Pure

Appl. Chem., 2012, 84, 931.
RSC Adv., 2020, 10, 32127–32136 | 32135



RSC Advances Paper
11 G. Cuniberti, G. Fagas, and K. Richter, Introducing Molecular
Electronics, Springer-Verlag, 2005.

12 H. Sellers, A. Ulman, Y. Shnidman and J. E. Eilers, J. Am.
Chem. Soc., 1993, 115, 9389.

13 C. Majumder, H. Mizuseki and Y. Kawazoe, J. Mol. Struct.:
THEOCHEM, 2004, 681, 65.

14 R. Brasca and P. G. Bolcatto, Ann. Funct. Anal., 2005, 17, 56.
15 M. Di Ventra, S. T. Pantelides and N. D. Lang, Phys. Rev. Lett.,

2000, 84, 979.
16 M. P. Samanta, W. Tian, S. Datta, J. I. Henderson and

C. P. Kubiak, Phys. Rev. B: Condens. Matter Mater. Phys.,
1996, 53, 7626.

17 W. Tian, S. Datta, S. Hong, R. G. Reifenberger,
J. I. Henderson and C. P. Kubiak, Phys. E, 1997, 1, 304.

18 S. Hong, R. Reifenberger, W. Tian, S. Datta, J. Henderson
and C. P. Kubiak, Superlattices Microstruct., 2000, 28, 289.

19 M. A. Daza Millone, Monocapas autoensambladas de
alcanotioles y a, u-alcanoditioles sobre oro: adsorción no
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