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ABSTRACT: The design and synthesis of molecular nanoswitches using organic
molecules represent a crucial research field within molecular electronics. To
understand the switching mechanisms, it is essential to investigate various factors,
such as charge/energy transfer, electron transfer, nonlinear optical properties
(NLO), current−voltage (I−V) curves, Joule-like (LJL) and Peltier-like (LPL)
intramolecular phenomenological coefficients, as well as the energy levels of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) boundary orbitals. In this Article, a novel approach to designing a
molecular nanoswitch and understanding its ON/OFF mechanism is presented,
utilizing the quantum theory of atoms in molecules (QTAIM), density functional
theory (DFT), and Landauer theory (LT). These analyses contribute significantly
to a deep understanding of switching effects within molecular electronic systems.

1. INTRODUCTION
Molecular electronics stands out as one of the extensively
explored domains within nanotechnology. The challenges
within this field include the miniaturization of electronic
devices and the establishment of robust molecular junctions at
the molecular scale.1−3 The enhancement of electronic circuit
efficiency can be achieved through the miniaturization of
electronic devices and the development of strong intermo-
lecular connections.4,5 Employing single molecules to build
molecular nanoelectronic systems emerges as a promising
approach to overcome these challenges.6−8

Nanostructures hold particular significance in the realm of
nanoelectronics. Owing to their unique properties and very
small dimensions, they find many applications9,10 and play a
pivotal role in the fabrication of transistors, sensors, and
molecular switches.11−16 Notably, molecular switches have
garnered significant attention within nanoelectronic devices
due to their broad applications in information storage and
signal processing.17−23 The capability of a molecular to switch
between ON and OFF states through the application of an
external agent, thereby altering its configuration, is a key
feature. Consequently, the design and synthesis of modifiable
molecules switching between ON/OFF states under the
influence of an external stimulus, such as an electric field,
stand as remarkable achievements in the field of molecular
electronics.24−27

It is well-known that an external electric field (EF) often
exerts a significant influence on groups of atoms or molecules,
inducing observable changes in both the physical and
physicochemical properties of the molecule.28,29 Within this
context, the electron transfer properties investigation, at the
atomic-molecular scale, emerges as a crucial element in
understanding the characteristics of the molecular compo-
nents, such as molecular wires and switches.30,31 In some
molecular switches, quantum effects, notably tunneling,
become prominent when the energy gap is sufficiently small.
These effects enable electrons to go through energy barriers,
significantly influencing switching behavior.32 Hence, the
design of a molecular switch necessitates the careful selection
of materials with a specific energy gap. In this context,
conjugated molecules are particularly intriguing.
In a conjugated molecule or conjugated system, the

application of an external electric field (EF) induces displace-
ment of the π electrons within the molecule, resulting in a
switch between ON and OFF states.33−36 This study
specifically demonstrates the ability of a single conjugated

Received: March 29, 2024
Revised: August 15, 2024
Accepted: August 22, 2024
Published: August 28, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

37702
https://doi.org/10.1021/acsomega.4c03045

ACS Omega 2024, 9, 37702−37715

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hamid+Hadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Najet+Aouled+Dlala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Imen+Cherif"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bouzid+Gassoumi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Balkis+Abdelaziz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reza+Safari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Teresa+Caccamo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Teresa+Caccamo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salvatore+Magazu%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salvatore+Patane%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Houcine+Ghalla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sahbi+Ayachi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c03045&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03045?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03045?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03045?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03045?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/36?ref=pdf
https://pubs.acs.org/toc/acsodf/9/36?ref=pdf
https://pubs.acs.org/toc/acsodf/9/36?ref=pdf
https://pubs.acs.org/toc/acsodf/9/36?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c03045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


molecule, incorporating tetracyanoquinodimethane (TCNQ)
unit, to switch between these two states.37−39

The observed state changes are intricately related to the
transfer of π-conjugated bonding electrons along the proposed
molecular structure (see Figure 1). The research delves into

the electron-transport properties of the molecular switch using
the quantum theory of density subordination, the quantum
theory of atoms in molecules, and Landauer theory (LT). The
single-particle Density Functional Theory (DFT) formulation
within a Landauer approach is effective for conducting
electronic transport calculations at zero temperature. However,
it overlooks crucial temperature-dependent factors such as
thermal excitations like electron−phonon interactions, which
significantly affect conductance in nanoscale systems. Fur-
thermore, its approximation of electron−electron interactions
and inability to predict conductance variations with temper-
ature limit its practical utility. These constraints highlight the
necessity for more sophisticated theoretical frameworks
capable of accurately modeling electronic transport under
realistic, nonzero temperature conditions, particularly in
molecular junctions and nanoelectronics where thermal effects
are pivotal. Additionally, molecular orbital theory, employed as
the first principle, is utilized to predict the feasibility of
controlling molecular switching through EFs. This research
enable the development of efficient methods for designing
structures capable of creating stable molecular electronic
devices, with a particular emphasis on single-molecule
junctions (electrode-molecule-electrode).

2. COMPUTATIONAL DETAILS
Density Functional Theory (DFT) served as the computa-
tional framework for optimizing the geometric arrangement
and investigating the impact of an EF on both the structure
and electronic characteristics of the designed molecular switch.
The computations were conducted using the Gaussian 09
software, employing two distinct levels of theory-B3LYP and
M062X-coupled with the 6-311G basis set.40−42 For the gold
atoms, which acted as electrodes, the LANL2DZ pseudopo-
tential was applied. Simultaneously, vibrational frequency
analyses were performed using the same theoretical ap-
proaches.
To evaluate the stability of the proposed structure, the

cohesive energy (ECoh) was initially computed using eq 1. ECoh
of a solid is a measure of the energy required to separate the
constituent atoms within a molecule from one another,
transforming them into independent neutral atoms.
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Where Etot, represents the total energy of all designed
molecules, Ei is the atomic energy, ni is the number of
atoms, and n is the total number of all atoms.43

To understand the stability and factors responsible for the
positioning of groups within our structure, and to assess the
impact of the electric field on the surface of the Au-M-Au
molecular nanoswitch on electron density distributions, we
utilized the QTAIM topological theory along with NCI
analyses.44−52 The QTAIM/NCI results were obtained using
the Multiwfn package.53

To investigate the electronic properties of the designed
molecular switch, the HOMO and LUMO energy levels and
the distance between them were determined. To achieve this,
GaussSum03 software was utilized to draw the density of the
electronic state (DOS) diagrams. The energy gap was
subsequently calculated using eq 2,43 considering the influence
of different EFs on the intensity.

= | |E EHLG LUMO HOMO (2)

Additionally, the polarizability (α) and first hyperpolariz-
ability (β), corresponding to linear and NLO properties, were
calculated using eqs 3−5.54,55

• The total electric dipole moment (μtot) in terms of electric
dipole moment components (μx, μy, μz) is evaluated as follow:

= + +x y ztot
2 2 2

(3)

• The linear static polarizability (α) is the measure of the
distortion of a molecule in an electric field. It is a tensor and
can be represented in a 3 × 3 real symmetric matrix, i.e., the
off-diagonal elements are equal. The polarizability (α) was
calculated using the components (αxx, αyy and αzz) by
employing the following eq 4.

=
+ +

3
xx yy zz

0 (4)

The quantities αxx, αyy and αzz are known as the principal
values of the polarizability tensor.
The first-order hyperpolarizability (β) is the measure of the

nonlinear optical activity, which can be of different types such
as βvec (β vector), β|| (β parallel), and βtot (β total). A third-
rank tensor can be described by a 3 × 3 × 3 matrix. The
Kleinman symmetry enables to reduce the 27 components of a
3D matrix into 10 components. Gaussian 09 provides 10
components of this matrix as βxxx, βyxx, βxyy, βyyy, βxxz, βxyz,
βyyz, βxxz, βyzz, βzzz, respectively, from which all x, y and z
components of β can be calculated. The hyperpolarizability
(βtot) can be calculated using the following equation:

= [ + + + + +

+ + + ]

( ) ( )
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(5)

Moreover, Landauer’s formula or theory (LT), expressed
through eqs 6−8 was employed to predict the current−voltage
diagram (I−V curve) of this field-effect molecular switch.

= =G
R
1 2e2

e
(6)

Figure 1. Molecular nanoswitch designed (Au−M−Au).
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Where ℏ represents h
2
, where h is the Planck constant. The

symbol φ denotes the potential barrier altitude for tunneling
through the HOMO or LUMO level, which is the same to the
energy difference between the Fermi energy (EF) and the
HOMO or LUMO energy level. The effective mass of the
electron is denoted as m* (with m*=0.16 m0, where m0 is the
free electron mass), and α is the symmetry parameter in the
potential profile; for a symmetric case, α is set to 1.56,57 The φ
plays a crucial role in the mechanism of electron transfer in
molecular components. It can be predicted that when φ<EF,
with both φ and EF in units of eV, the molecular switch is in
the ON state.

3. RESULTS AND DISCUSSION
3.1. Ground State Geometry Optimization and

Stability. Initially, the designed molecular switch was
optimized with the B3LYP and M062x methods using the 6-
311G basis set. Following that, the main stability factors-
imaginary frequency and ECoh were examined (see Table 1).

Cohesive energy quantifies the energy required to separate a
solid into its constituent atoms, which is crucial for
understanding material stability.58,59 Consistent with this
concept, the high ECoh and the absence of an imaginary
frequency justify the feasibility of forming the designed
structure.
3.2. Topological QTAIM Analyses. The QTAIM is a

theoretical framework developed to explore the electronic
structure of molecules in great precision. It has become an
essential tool for evaluating and predicting molecular proper-
ties.60−66 Furthermore, quantum chemistry simulations based
on QTAIM provide valuable predictions about the perform-
ance of molecular switches, offering detailed insights into
energy barriers, transition states, and the thermodynamics of
their ON/OFF states.

In this article, QTAIM was employed to analyze the strength
and other characteristics of chemical bonds. Topological
metrics, including electron density and the Laplacian, were
used to assess a designed molecular switch subjected to an
applied EF of 10 × 10−4 a.u. and 100 × 10−4 a.u. The analysis
involved QTAIM67−69 in conjunction with stress tensor
analysis, which entails higher derivatives of the total charge
density distribution ρ (rB) at the bond critical point (BCP).
The ellipticity parameter ε measures the relative accumulation
of ρ(rB) in the two directions perpendicular to the bond-path
at a BCP, defined as

= | | | |1 / 2 1 (9)

Where λ1 and λ2 represent the negative eigenvalues of their
respective eigenvectors e1 and e2.
Researchers have demonstrated70,71 that the degree of

covalent character can be determined from the total local
energy density H (rB), defined as follows:

= +H r G r V r( ) ( ) ( )B B B (10)

Where G (rB) and V(rB) represent the local kinetic and
potential energy densities at a BCP, respectively, in eq 10. In
accordance, the Laplacian of electron density (∇2ρ(rB)), serves
as a critical descriptor alongside the kinetic energy of the
Hamiltonian (H (rB)) to discern the nature of interactions.
The following conditions provide insights into these
interactions:

• ∇2ρ(rB)> 0 and H (rB) < 0: it signifies the presence of a
Bond Critical Point (BCP) with a discernible covalent
character. This is indicated by the positive value of the
Laplacian of electron density (∇2ρ(rB)) for a closed-
shell BCP with a negative value of H (rB).

• ∇2ρ(rB)> 0 and H (rB) > 0: it implies a lack of covalent
character for the closed-shell BCP.

• ∇2ρ(rB)< 0 and H (rB) < 0: it denotes a shared-shell
BCP.

These distinctions provide clarity regarding the nature of
interactions in the system, offering insights into the covalent or
shared-shell character of the Bond Critical Points. Figure 2-(a,
b) displays a topology-graph of electron density for the studied
molecular switch at EF of 10 × 10−4 a.u (OFF) (Figure 2-a)
and at EF = 100 × 10−4 a.u (ON) (Figure 2-b). Both graphs
clearly depict the presence of C23---H17 BCP1, C21---H18
BCP2, C25---H12 BCP4 and C27---H16 BCP5 bond critical
points for both the “OFF” and for the “ON” switch
performances.

Table 1. First Frequency and Cohesive Energy (kJ mol−1) in
the Studied Structure (M)

method first frequency cohesive energy

B3LYP 11.38 115.82
M062X 12.44 116.04

Figure 2. QTAIM molecular graph showing the different BCPs of the studied compound with the EF 10 × 10−4 a.u. and 100 × 10−4 a.u.
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Moreover, the graphs highlight bonds between oxygen (O)
and gold (Au), with significantly different electro-negativities.
Oxygen is highly electronegative, strongly attracting electrons,
while gold is a low electronegativity metal. Bonds between
elements with such different electro-negativities are typically
ionic or metallic in nature. In this case, metallic interactions
between the O34···Au42 and O35···Au41 named BCP3 and
BCP6, respectively, are evident (see Figure 2-a). However, for
the “ON” switch performance, there is only an O34···Au42
metallic interaction present, as illustrated in Figure 2-b, with
the O35···Au41 metallic interaction being absent. Table 2
presents the corresponding topological parameters.
This observation can be attributed to the dynamic

movement of electrons between the electrode and the
molecule, a phenomenon contingent on the molecular
resonant structure and its alterations induced by the applying
of an external electric field (EF). Consequently, we anticipate
that the switching mechanism of the molecular switch is
governed by the displacement of π-conjugated electrons when
subjected to an EF.
Our analysis indicates that the total electron densities at all

critical points range from 0.0105 au to 0.0287 au for “ON”
switch performance and from 0.0111 au to 0.0188 au for
“OFF” switch performance.
As shown in Table 2, all H (rB) values of BCPs were

positive, except for BCP3 of O34···Au42 and BCP6 of O35···
Au41 in the “ON” state, which displayed negative values.
According to,72 these findings provide insights into the types of
interactions, categorized as follows: ∇2ρ (rB) > 0 and H(rB) >
0 indicate a lack of covalent character for the closed-shell BCP.
However, for BCP3 of O34···Au42 and BCP6 of O35···Au41
in the “ON” state, ∇2ρ (rB)>0 and H (rB) < 0 signify a certain
degree of covalent character (indicated by the positive value of

the Laplacian of electron density) for the closed-shell BCP
(negative value of H (rB)).
Furthermore, the examination of the binding energy EHB = V

(rB))/2,
73 reveals that larger EF values increase the strength of

binding for BCP1 (C23---H17), BCP2 (C21---H18), BCP4
(C25---H12), and BCP5 (C27---H16), indicating stabilization
of the molecular system. Similarly, the EHB values show that, in
this case, BCP3 of O34···Au42 and BCP6 of O35···Au41 are
weakened and destabilized by an increase in the EF. As evident
in Table 2, the metallic interactions of BCP3 and BCP6
contribute to stabilizing the studied molecular system. The
switching function of this molecular switch (M) is anticipated
to be executed through the movement of π-conjunction
electrons in response to EF.
To gain deeper insights into probable intramolecular

interactions within the molecular switch (M), we utilized the
NCI index.74 This method facilitates the identification and
visualization of distinct regions featuring weak interactions in a
molecular structure, including van der Waals forces, hydrogen
bonding (H−B), and steric effects (refer to Figure 3). The 3D
plot of Figure 3(a,b) represent the NCI iso-surfaces obtained
by Multiwfn software of the structure in the “OFF” and “ON”
configurations. Notably, the presence of steric effects is
indicated by red spots at the center of the five rings in the
studied compound. At the same time, the NCI plot reveals a
repulsive interaction between S and O atoms, depicted by the
red region, along with a green spot indicating an S···O
interaction. Furthermore, the systematic stability of the
molecule is confirmed by C−H···C-type H-bonds, as evident
in the NCI analysis. Additionally, the NCI index, employing
reduced density gradient (RDG) calculations over this
molecular system, highlights significant noncovalent π−π
interactions diffusing between gold atoms and O/S atoms.

Table 2. Topological Parameters for Each Intramolecular Interaction within the Investigated Compound under an EF of 10 ×
10−4 a.u. and 100 × 10−4 a.u (EHB = V(rB)/2 Is Calculated in kJ/mol)

BCPs ρ (rB) ∇2ρ(rB) G(rB) V(rB) H(rB) ε λ3σ 10−5 EHB RDG 10−15 ELF LOL

E10 10−4 a.u BCP1 0.0105 0.0405 0.0081 −0.0062 0.00194 0.8703 0.134 −8,20 0.268 0.0304 0.155
BCP2 0.0107 0.0413 0.0083 −0.0064 0.00796 0.8739 0.141 −8,40 0.456 0.0309 0.151
BCP3 0.0286 0.1048 0.0270 −0.0270 −0.00082 0.0531 9.222 −35,44 1.362 0.0748 0.221
BCP4 0.0109 0.0420 0.0085 −0.0065 0.00197 0.7895 0.130 −8,58 0.373 0.0318 0.153
BCP5 0.0107 0.0410 0.0083 −0.0063 0.00195 0.8079 0.150 −8,28 0.919 0.3117 0.153
BCP6 0.0287 0.1061 0.0273 −0.0281 −0.00083 0.0497 9.547 −36,91 0.280 0.0742 0.220

E100 10−4 a.u BCP1 0.0132 0.0508 0.0105 −0.0083 0.00218 0.6309 0.380 −10,96 0.414 0.0394 0.168
BCP2 0.0115 0.0433 0.0088 −0.0068 0.00200 0.5851 0.266 −8,96 0.295 0.0349 0.160
BCP3 0.0188 0.0646 0.0157 −0.0154 0.00038 0.0119 2.003 −20,21 1.113 0.0555 0.195
BCP4 0.0111 0.0427 0.0086 −0.0066 0.00199 0.8959 0.169 −8,78 0.579 0.0326 0.155
BCP5 0.0117 0.0451 0.0092 −0.0072 0.00203 0.9113 0.187 −9,45 1.183 0.0342 0.158

Figure 3. NCI iso-surfaces of the studied compound with an EF of 10 × 10−4 a.u. (a, OFF) and 100 × 10−4 a.u. (b, ON).
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The RDG values in Table 2 indicate that the EF influences the
charge distribution.
All these findings underscore the crucial role of the Au atom

in stabilizing and fixing electron charge on the molecular
system’s surface. This mechanism facilitates efficient charge
transfer within the molecule, especially between the Au metal
and the molecular components. The capability to visually and
quantitatively assess changes in switch topology using QTAIM
and NCI analysis provides novel insights into the occurrence of
the molecular switch “ON/OFF” phenomenon in the studied
molecular system.
3.4. Electron Localization Function (ELF) Analysis.

The analysis of ELF stands as a widely accepted approach for
characterizing the localization of electrons within a molecular
system. Additionally, it is used to disclose additional insights
into chemical bonds, electronic structure,75 shell organization,
and the identification of charge shift bonds on the molecular
surface, all based on kinetic energy density.76 Furthermore,
ELF analysis provides easily interpretable images that display
clear patterns of chemical bonds and electron localization.
Specifically, when the ELF value falls within the 0.5 to 1.0
range, it indicates perfectly localized electrons, while ELF
values ranging from 0.0 to 0.5 correspond to delocalized
electrons.77 The 2D representation of the ELF iso-surface for
the studied compound with the EF of 10 × 10−4a.u. (a) and
100 × 10−4 a.u. (b), generated using the Multiwfn 3.7 program,
is illustrated in Figure 4-(a, b).
In the ELF map, a discernible transition from blue to red is

observed within the 0−1 range. The red regions, signifying the
highest ELF values, prominently outline localized electrons
around hydrogen atoms H (12, 16, 17, and 18) in the “OFF”
position of the studied compound. In the “ON” position,
notable changes are evident following the application of an EF

(100 × 10−24 a.u.), with the red area now encompassing H12
and H16 atoms, along with N26 and N28 atoms. Furthermore,
orange coloring around O36, O35, N38, and S40 falls within
the 0.5−0.8 au ELF range for an EF strength of 10 × 10−24 a.u.,
indicating regions characterized by weak electron localization.
Conversely, orange areas are identified on S39, O34, H18, and
N37 in the “OFF” position.
Additionally, blue coloring surrounds carbon atoms C (1, 2,

5, 6, 9, 10, 15, 31, and 32), O (33 and 34), Au (41 and 42),
and S39 of Au-M-Au. Similarly, nitrogen atoms N7, N9, N10,
and N16 exhibit blue coloring, representing delocalized
electrons. Notably, in Figure 4-b, changes in delocalized
electrons around carbon atoms (2, 3, 4, 8, 9, 11, 13, 14, 15, and
31), oxygen atoms (33 and 36), and nitrogen atom N22 are
observed, suggesting the presence of noncovalent bonding,
specifically H-bonding, within the molecular arrangement.
The application of an EF induces changes in electron

localization/delocalization in the studied compound. These
observations highlight the crucial role of the gold (Au) atom in
stabilizing and fixing electron charge on the molecular system’s
surface. This, in turn, facilitates charge transfer within the
molecule, particularly between the Au metal and other
molecular components. The capability of ELF analysis to
visualize and quantify changes in switch topology provides
novel insights into the occurrence of the molecular switch
“ON/OFF” phenomenon in the studied molecular system.
3.5. Localized Orbital Locator (LOL) Analysis. LOL

topology analyses78 were extensively used for classifying
chemical bonds, determining electronic structures, and
characterizing molecular binding and chemical structure.
These analyses focus on the LOL function, which is associated
with the kinetic energy density. LOL maps recognize the

Figure 4. ELF analysis of the studied compound with an EF of 10 × 10−4 a.u. (a, OFF) and 100 × 10−4 a.u. (b, ON).

Figure 5. LOL analysis of the studied compound with an EF of 10 × 10−4 a.u. (a, OFF state) and 100 × 10−4 a.u. (b, ON state).
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maximum-localized orbital gradients when the orbitals overlap
in the studied system.79

The Multiwfn 3.7 program was utilized to generate the 2D
visualization of the Electron Localization Function, ELF, iso-
surface for the investigated compound with the EF of 10 ×
10−4 a.u. and 100 × 10−4 a.u. The representations are depicted
in Figure 5-(a, b), respectively. The color scale of the LOL
map ranges from 0 to 0.8, transitioning from blue to red.
Referring to Figure 5 (a, b) we observe that the LOL values
surpass 0.5 in regions, indicating electron localization as the
primary determinant of electron density.
As depicted in Figure 5-a, small white spots are clearly visible

at the center of the red spots, concentrated around hydrogen
atoms H16 and H18. This observation indicates that the
electron density exceeds the upper limit of 0.8. Comparing the
LOL map of the studied compound under an EF of 100 × 10−4

a.u., we note a distinct white spot at the center of the red spot,
specifically on H16. However, for H18, the localized orbital
locator value decreases, as evidenced by the presence of a
green spot overlapping with the H18 atom. The presence of a
white color means that the bonds are concentrated within a
single localized orbital.80

Moreover, the presence of green spots overlapping with the
atoms of the investigated compound indicates the occurrence
of van der Waals (VdW) interactions. Furthermore, the blue-
colored areas surrounding the atoms, characterized by small
LOL values (<0.5), can be interpreted as a depleted electron
density region. Hence, in this area, we can categorize the bonds
as either weakly covalent or VdW bonds.
As evident from the LOL map of the investigated compound

in the “OFF” state (i.e., with EF = 10 × 10−4 a.u.) (Figure 5-a),
green spots overlap the atoms O36 and S40, while the blue-
colored areas surround the atoms S39 and Au42. However,
when a strong external (EF = 100 × 10−4 a.u.) is applied
(Figure 5-b), atoms S39 and Au42 are surrounded by green
spots, and the O36 and S40 atoms overlap in blue-colored
areas. The values presented in Table 2 for LOL further
highlight the impact of the EF on the distribution of charges.
The obtained results strongly suggest the presence of

noncovalent bonding, including VdW interactions, within the
molecular configuration. Additionally, the application of an EF
induces changes in electron localization/delocalization within
the studied compound. These findings highlight the crucial
role played by the Au atom in stabilizing and anchoring
electron charge on the molecular system’s surface, facilitating
charge transfer within the molecule itself, particularly between
the Au metal and molecular components. The above clarify the
capability of LOL analysis to effectively visualize and quantify
topology changes resulting from the switch. This analytical
approach provides innovative insights into the occurrence of
the molecular switch’s “ON/OFF” phenomenon within the
studied molecular system
3.6. Field Effects on Electronic Properties. In order to

investigate the response of the designed molecular switch to
the EF, various electronic properties were calculated and
examined in the next sections. These properties include the
electric dipole moment (μ), polarizability (α), hyperpolariz-
ability tensor (β), electronic spatial extents (ESE), and
HOMO and LUMO energy levels, in addition to the energy
gap between them (HLG).
3.7. HOMO/LUMO Boundary Orbitals and the Energy

Gap (HLG). The energy levels of the HOMO and LUMO
boundary molecular orbitals, along with the energy gap

between them (HLG), are crucial factors influencing the
conductivity of molecular electronic devices.81,82 To determine
the electrical properties of molecular nanoelectronic systems, it
is essential to study the behavior of the HOMO and LUMO
frontier orbitals’ energy levels following the application of an
external electric field (EF). In this context, we report the
energy values of HOMO/LUMO boundary orbitals and the
energy gap between them (as an indicator of the response to
the EF) for the designed nanoswitch at various EF intensities,
in Table 3.

The effect of the EF on the HOMO and LUMO energy
levels reveals that as the intensity of the EF increases, the
energy level of the LUMO orbitals decreases while the energy
level of the HOMO orbitals increases.
According to the results reported in Figure 6, the effect of

the EF on the energy levels of the frontier HOMO orbitals is
strong, resulting in an increase in the energy of these orbitals,
i.e. in an energy gap alteration. An important point in the
results reported in Table 3 is the trend of energy gap changes
for applied EF exceeding 50 × 10−4 (a.u.). As the EF intensity
increases from 50 × 10−4 (a.u.) to 60 × 10−4 (a.u.), a
significant decrease in the energy gap is noted. Reducing the
energy gap facilitates the phenomenon of quantum tunneling
inside the molecule and thus the conductivity of the system
increases. Consequently, it is expected that in EF higher than
50 × 10−4 (a.u.), the molecule’s conductivity will notably
increase.
Using the DOS diagrams proves to be an excellent method

for illustrating the energy difference between molecular orbitals
within chemical bonds.83 An analysis of the field effect on the
DOS for the molecular switch reveals that the electron density
exhibits an almost linear dependence on the EF intensity
(Figure 7). This property signifies the observable and
measurable response of the studied molecular switch to the
applied field’s properties, such as the direction and intensity.
These electronic changes at the molecular (atomic) level
indicate that the EF induce the molecular switch resulting in an
increase in the distribution (or redistribution) of charge/
energy transfer between different intramolecular parts (atomic
basins). It is worth noting that by applying intense electric
fields (EF), the DOS spectra show broad peaks corresponding
to the energy levels of delocalized electrons. The orbital
overlap between the HOMO and LUMO would facilitate

Table 3. HOMO and LUMO Energy Levels and Energy Gap
(HLG) under the Application of an EF (All Values Are in
eV)

B3LYP (6-311G) M062X (6-311G)

field (10−4 a.u.) HOMO LUMO HLG HOMO LUMO HLG

0 −6.73 −4.59 2.14 −6.70 −4.76 1.94
10 −6.50 −4.55 1.95 −6.60 −4.68 1.92
20 −6.25 −4.52 1.73 −6.34 −4.76 1.58
30 −5.93 −4.71 1.22 −6.03 −4.94 1.09
40 −5.66 −4.60 1.06 −5.78 −5.14 0.64
50 −5.40 −4.75 0.65 −5.51 −4.85 0.66
60 −5.12 −4.88 0.24 −5.25 −4.98 0.27
70 −5.41 −5.18 0.23 −5.51 −5.27 0.24
80 −5.53 −5.30 0.23 −5.53 −5.30 0.23
90 −5.55 −5.33 0.22 −5.58 −5.38 0.20
100 −5.64 −5.42 0.22 −5.63 −5.43 0.20

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03045
ACS Omega 2024, 9, 37702−37715

37707

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 6. Percentage of energy changes in the HOMO and LUMO boundary orbitals due to the increase in the intensity of the EF (the zero field
was considered as a reference).

Figure 7. EF effect on the DOS diagram of the investigated molecular switch.
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electron movement, contributing to the compound’s metallic
properties.
3.8. Barrier Potential of the Electron (φ). The electron

transfer potential barrier (φ) is crucial parameter in evaluating
the conductivity properties of single molecules in molecular
nanoelectronic systems. It represents the potential difference
required for the movement of electrons in an EF and is defined
as HLG/2. To better understand the ON/OFF mechanism of
the designed molecular switch, the relationship between the
applied EF and the electron transfer potential is depicted in
Figure 8 and Table 4. In this Figure, it is evident that when φ <

EF (in units of eV), the electrons freely move between the
electrode and the molecule, indicating that the molecular
switch is in the ON state.

Additionally, it can be anticipated that the switching
mechanism and, consequently, the function of this field-effect
molecular switch (Au-M-Au) depend on the molecular
resonant structure and its changes resulting from the
application of an EF. It is predicted that the switching function
of the molecular switch is executed by the movement of π-
conjugated electrons when a strong enough EF is applied (refer
to Figure 9).

3.9. I−V Characteristic Curve. The I−V characteristic
curve is used to define the performance of a molecular
nanoelectronic device within an electrical circuit.84,85 This
curve illustrates the relationship between the current passing
through a molecular nanoelectronic component and the
voltage applied to its terminals.
In this regard, Landauer’s theory was used to check the

conductivity of the designed molecular nanoswitch under the
influence of varying EF intensities. Figure 10 shows the I−V
curve can be divided into two parts. The first part is related to
the application of EF less than 50 × 10−4 (a.u.), while the
second part is associated with EF with an intensity greater than
50 × 10−4 (a.u.). It is evident that as the EF increases from 50
× 10−4 (a.u.) to 60 × 10−4 (a.u.), the current passing through
the molecular nanoswitch increases surprisingly.
An EF intensity higher than 50 × 10−4 (a.u.) induces a rapid

and facile transfer of electrons from the valence band to the
conduction band. This ensures a highly efficient electronic
energy/charge transfer between the electrode and the designed
molecular switch. In such cases, the molecule’s conductivity
increases, and the molecular switch is expected to be in the
“ON” position.
3.10. Nonlinear Optical (NLO) Properties. This section

focuses on determining the theoretical polarizability of the
studied molecular switch, which is crucial in designing
nonlinear optical (NLO) materials.86−88 A comprehensive
understanding of this property is essential for unraveling the
link between molecular structure and nonlinear optical traits,
particularly in organic materials recognized for their high
polarizability and NLO characteristics.89−97 In this context, to
evaluate the NLO properties of the examined nanoswitch,
calculations and analyses of dipole moment, polarizability, and

Figure 8. Plot of EF intensity versus potential barrier of electron
passage for the proposed molecular switch.

Table 4. Calculated Values for the Electron Transfer
Potential Barrier (φ) after Applying an External Electric
Field (EF)

B3LYP M062X

EF (10−4 a.u.) EF (eV) φ (eV) φ (eV) state

0 0.000 1.070 1.060 OFF
10 0.027 0.975 0.960 OFF
20 0.054 0.865 0.790 OFF
30 0.081 0.610 0.545 OFF
40 0.108 0.530 0.320 OFF
50 0.136 0.325 0.330 OFF
60 0.163 0.120 0.135 ON
70 0.190 0.115 0.120 ON
80 0.217 0.115 0.115 ON
90 0.244 0.110 0.100 ON
100 0.272 0.110 0.100 ON

Figure 9. Switching mechanism (ON/OFF) of the molecular switch
studied in this work.
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hyperpolarizability were conducted at various EF intensities
(refer to Table 5).
The results show that the NLO properties increase with the

increase in EF, with more significant changes observed for EF
above 50 × 10−4 (a.u.) when the switch is ON. The increase in
NLO properties with increased EF intensity is due to the more
obvious response of the electrons of the material to the applied
field. Additionally, the application of an EF can alter the energy
levels of the molecular orbitals, influencing the NLO response.
Typically, higher EF intensity can induce larger changes in
energy levels, thereby enhancing NLO properties.
Polarizability, which measures a material’s response to an

EF, is closely related to the energy gap. In EF exceeding 50 ×
10−4 a.u. (ON state), as the energy gap decreases (refer to
Table 3 and Figure 6), the dipole moment (μ), polarizability
(α), and first hyperpolarizability (β) increase significantly,
leading to increased NLO responses. The relationship between
the energy gap and NLO is crucial for understanding and
predicting material behavior in the optics and photonics fields.
It also opens possibilities for designing and developing
materials with NLO behavior suitable for various technological
applications.
3.11. Electronic Spatial Extents (ESE). The ESE of this

molecular switch is calculated in units of 0.001 electrons/bohr3
(see Table 6). ESE is a key concept used for evaluating the
cause of over potential in the charging and current transfer
processes of an electrode. It serves as a measure of the
molecule’s sensitivity to the EF.98,99

The observed negligible changes in the electronic spatial
extent under various EF intensities serve as a positive indicator
for this molecular switch in nanoelectronic circuits. This is due
to its minimal impact on steric interactions with its
neighboring nanoelectronic circuit components.
3.12. Intramolecular Joule-Like and Peltier-Like

Coefficients. Quantum mechanics empowers the exploration
and design of molecular nanoelectronic components and
circuits, enabling the anticipation of their behavior in various
conditions, including the presence or absence of electric and
magnetic fields. The mutual effects of electric current and heat
flow are called thermoelectric effects. Understanding thermo-
electric effects such as Joule, Sibeck, and Peltier, especially in
managing temperature and electric current for optimal

Figure 10. Current−voltage diagram (I−V curve) of molecular switch
(Au−M−Au) under EF intensity.

Table 5. Dipole Moment (μ), Polarizability (α), and First
Hyperpolarizability (β) Values for the Designed Molecular
Switch

B3LYP

EF (10−4 a.u.) dipole (μ) polar (α) hyper polar (β) ON/OFF

0 7.567 624.390 43114.717 OFF
10 7.328 634.993 42050.539 OFF
20 8.104 645.167 44663.257 OFF
30 8.104 648.539 45366.947 OFF
40 11.957 658.033 46615.486 OFF
50 13.567 662.533 47858.838 OFF
60 15.614 723.905 64198.367 ON
70 23.837 758.463 69254.990 ON
80 27.773 744.328 75128.241 ON
90 34.713 753.287 78228.573 ON
100 50.103 787.871 80782.952 ON

M062X

0 7.438 619.170 43114.652 OFF
10 7.096 638.680 42922.114 OFF
20 4.334 647.588 44300.144 OFF
30 8.133 654.552 45595.523 OFF
40 9.855 660.238 46728.349 OFF
50 14.072 671.245 49544.075 OFF
60 15.971 729.811 65544.279 ON
70 23.762 754.354 70793.188 ON
80 30.432 769.811 74544.279 ON
90 37.967 774.584 78699.540 ON
100 51.022 794.969 81108.263 ON

Table 6. Effect of the EF on the ESE of the Designed
Molecular Switch, (the Percentage of Changes under EF
Compared to the Zero Field Was Considered)

B3LYP M062X

EF (10−4 a.u.) ESE (a.u.) % ESE (a.u.) %

0 32528.843 32201.843
10 32635.557 0.3 32210.099 0.02
20 32643.557 0.3 32469.786 0.80
30 32606.115 0.2 32536.881 1.00
40 32639.136 0.3 32443.216 0.70
50 32704.462 0.5 32466.095 0.80
60 32744.398 0.6 32501.999 0.90
70 32791.223 0.8 32576.157 1.10
80 32876.081 1.0 32592.891 1.20
90 32899.220 1.1 32601.237 1.20
100 32957.861 1.3 32640.923 1.30
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performance in nanoelectronic circuits, is crucial. This
represents the ultimate goal of research in this area.100,101

In a molecular model exposed to an EF (with intensity ε),
the system can be classified into electron donor/acceptor (n-p-
like) parts, and the charge/energy exchange between these
parts can be investigated after applying the EF. To understand
intramolecular pseudothermoelectric phenomena in a molec-
ular nanoelectronic system, it is essential to segment the
system into specific intramolecular sections, as illustrated in
Figure 11.

According to this model, the studied molecular system under
investigation was divided into distinct parts, namely the left
(SL) and right (SR) parts, which is similar to the division of an
n/p type semiconductor thermoelectric system (Figure 11).
By introducing a temperature gradient or generating a

potential difference in the E-M-E molecular system, there exists
the possibility of charge and energy exchange between the
electrode and molecule, leading to intramolecular thermo-
electric-like phenomena.102

Considering that Joule’s heat is an even function and
Peltier’s heat is an odd function with respect to the change in
the direction of the applied field (f/r), therefore, similar to n/
p-thermoelectric-like systems, the Joule-like heat (QJL) and
Peltier-like heat (QPL), the intramolecular thermoelectric
systems, can be given by103
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In addition, it can be shown that the electron kinetic energy of
any atomic basin () or substrate based on AIM quantum
theory is obtained by the following Equation:
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Where N is the number of electrons and dτ is the integral over
the spin coordinates of the electrons.104

Intramolecular thermoelectric coefficients (Joule/Peltier-
like) were calculated using eqs 11−16 for the studied
molecular switch. Results in Figure 12 revealed a higher

Joule-like coefficient than the Pelletier-like one. Additionally,
the Peltier-like coefficient displayed a nonlinear dependence on
the intensity of the applied external electric field (EF).
The introduced coefficients appear to provide valuable

insights into the control of heat and specific thermoelectric
interactions within single molecules and molecular systems.
They clarify the emergence of local thermoelectric interfer-
ences resulting from the redistribution of electronic energy
within the system under the influence of an EF. These findings
are expected to be beneficial for the optimal and effective
design of thermoelectric systems, enhancing their capability for
load and energy transfer.

4. CONCLUSION
In summary, our study aims to examine the effects of an
electric field along the x-axis on the vibrational and electronic
properties of a field-effect molecular switch. We employ DFT
and AIM methods at two different levels of theory (B3LYP and
M062X), utilizing the 6-311G basis set. Quantum Theory of
Atoms in Molecules (QTAIM) topological analyses indicate
that the switching mechanism of the system under study is
controlled by the displacement of π-conjugated electrons at an
electric field (EF) strength above 50 × 10−4 (a.u.). 2D-

Figure 11. Studied molecular switch was divided into two
intramolecular parts (right and left sections).

Figure 12. External EF effects on local Qγ,q
PL and Qγ,q

JL coefficients (all in
a.u.) of the molecular switch studied in this work.
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Electron Localization Function and Localized Orbital (2D-
ELF-LOL) analyses emphasize the presence of electron
occupation sets between electrodes, facilitating efficient charge
and energy transfer within the system. These findings highlight
the potential of this model for novel nanoelectronic device
applications. The analysis of electrical conductivity behavior
(I−V diagram) suggests that the application of an electric field
(EF) results in the separation of atomic charges, affecting the
nonlinear optical (NLO) properties, reducing the HOMO−
LUMO gap, and consequently increasing the electrical
conductivity of the designed molecular switch. The application
of a strong EF in the Au-M-Au system induces significant
charge and energy exchange between different atomic layers,
leading to notable changes in dipole moment, polarizability,
and first hyperpolarizability, particularly for EF values exceed-
ing 50 × 10−4 (a.u.). Furthermore, the impact of the EF on the
molecular structure indicates that an EF greater than 50 × 10−4

(a.u.) activates the molecular switch by facilitating the
movement of π electrons along the molecule’s length.
Moreover, the investigation of the Joule-like (LJL) and
Peltier-like (LPL) coefficients revealed that the LJL coefficient
shows a linear dependence on the intensity of the applied EF,
while the LPL coefficient demonstrates a nonlinear depend-
ence. These findings display the high adaptability of our Au-M-
Au system for developing new nanoelectronic modules.
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