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ABSTRACT: In this study, we examined the influence of an external electric field applied in two directions: horizontal (X-axis) and
vertical (Y-axis) on the electronic and vibrational properties of a field-effect molecular switch, denoted as M. We employed density
functional theory and quantum theory of atoms in molecules for this analysis. The current—voltage (I—V) characteristic curve of
molecular switch system M was computed by applying the Landauer formula. The results showed that the switching mechanism
depends on the direction of the electric field. When the electric field is applied along the X-axis and its intensity is around 0.01 au,
OFF/ON switching mechanisms occur. By utilizing electronic localization functions and localized-orbital locator topological
analysis, we observed significant intramolecular electronic charge transfer “back and forth” in Au—M—Au systems when compared to
the isolated system. The noncovalent interaction revealed that the Au—M—Au complex is also stabilized by electrostatic interactions.
However, if the electric field is applied along the Y-axis, a switching mechanism (OFF/ON) occurs when the electric field intensity
reaches 0.008 au. Additionally, the local electronic phenomenological coefficients (L) of this field-effect molecular switch were
determined by using the Onsager phenomenological approach. It can also be predicted that the molecular electrical conductance (G)
increases as L. increases. Finally, the electronic and vibrational properties of the proposed models M and Au—M—Au exhibit a
powerful switching mechanism that may potentially be employed in a new generation of electronic devices.

1. INTRODUCTION employed to describe molecular nanoelectronic devices or
systems using experimental or semiempirical data.""?7** In this
study, we investigate the external field’s effect on the switching
mechanism (ON/OFF) of a candidate molecular switch, as
depicted in Figure 1. We conduct this analysis using density
functional theory (DFT) and quantum theory of atoms in
molecules (QTAIM), applying a quantum method and model
without reliance on experimental data.

Among the important points in this research was the
purposeful design of a field-effect molecular switch with
acceptable performance. In this regard, based on preliminary
theoretical—computational predictions (and performing semi-
experimental evaluations and preliminary calculations on several
suggested molecular structures), a molecular switch with the
ability to switch due to the application of an external EF was
finally proposed. This studied molecular switch, which belongs
to the family of conjugated anthracenes (Figure 1), is predicted
to exhibit a wide range of desirable properties, including:

Molecular electronics is one of the most widespread fields of
nanotechnology, dealing with the application of molecular
building blocks to fabricate electronic components.' > Using
this technology, the efficiency of electronic circuits can be
increased by miniaturizing electronic components.” Due to the
size effects, as electrical components shrink to nanoscale
dimensions (atomic and molecular), the features and quantum
properties of these components become more pronounced.’

The knowledge of the specific properties of molecular
nanoelectronic systems requires the use and knowledge of new
codes of quantum mechanics.

Quantum mechanics allows for the study of the electronic—
vibrational properties of a nanoelectronic system at the atomic-
molecular scale.”® These properties (transport-electronic and
vibrational properties) are considered important components in
understanding the characteristics of molecular components of
the field effect.”'® We cite here some of the field-effect molecular
components and switches of specific interest.' "' Molecular e Ability to connect to electrodes (as shown in Figures 1
field-effect molecular switches are part of molecular nano- and 3).
electronic systems that can switch between two or more states
with distinct properties by applying an external electric field -
(EF)."”'* In these components, the switching mechanism (ON/ Rec_e“'ed: September 20, 2023
OFF) can be controlled by applying an external EF.">"° In fact, Revised:  December 12, 2023
the external EF causes electron transfer (ET) and changes in the Acce_Pted’ December 13, 2023
electronic properties of these components (mainly conductiv- Published: December 28, 2023
ity). In this context, the control of ET is very important.' ' For
instance, various models and methods have recently been
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Figure 1. Molecular switch is applied to the EF (along the X- and Y-axes). M: isolated system; Au—M—Au: nonisolated one.
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Figure 2. External EF intensity applied (along the X/Y-axes): low (LB), threshold (TB), and high (HB) applied field intensity range (ON/OFF).
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Figure 3. Optimization structure of the molecular switch studied in this
work in the isolated (M) and nonisolated (Au—M—Au) states.

o The ability to achieve an optimal electronic structure
under the influence of applied fields (as shown in Figure
3).

o A relatively small energy gap exists between the frontier
molecular orbitals (HOMO/LUMO) (as shown in Figure

8).
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Figure 4. Electrostatic potential map (MEP) of an isolated molecular
switch (M) (along the X- and Y-axes).

o Observable and measurable electronic/vibrational re-
sponses to applied fields (as shown in Figures 8—10).

e Acceptable electrical conductivity (as shown in Figure
15).

o Field-effect switching capability (as shown in Figures 15
and 16).

e Expansion of unstable s-bonds along the molecule’s
length and in the direction of the applied field (as shown
in Figure 16).

e Resonance capability (as shown in Figures 16 and 17).
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e Suitable intramolecular partitioning capability (as shown
in Figure 17).

e Cost-effective synthesis.

e Acceptable chemical and physical stability, particularly at
low temperatures.>*

e Nontoxicity from a green chemistry perspective.”*

We studied the external EF’s effect on both the isolated state
of M (before connecting to the electrode) and the nonisolated
state of Au—M—Au (after connecting to gold metal electrodes)
in the molecular switch shown in Figure 1.

In this context, the local electronic intramolecular phenom-
enological coefficients and the current—voltage (I-V) diagram
are based on the Onsager’s phenomenological approach to this
molecular switch in M and Au—M—Au states using Landauer
and topological (QTAIM) theories.

2. QUANTUM COMPUTATIONAL DETAILS

DFT/CAM-B3LYP/6-311+G(d,p) calculations were per-
formed for the optimization of molecular geometry and studied
the effects of the EF on the structural and vibrational as well as
electronic properties of isolated molecular switches (M) and
nonisolated (Au—M—Au). The hybrid exchange-correlation
functional CAM-B3LYP is very suitable for this study based on
its good performance in predicting molecular geometry
parameters and energy. Accurately predicting electric properties
is generally a more difficult task for CAM-B3LYP.”” For the gold
atoms (electrodes), the LANL2DZ*® pseudopotential was used.

Vibration frequency and cohesive energy (eq 1) were studied
as two important parameters to confirm the feasibility of forming
the designed molecular structures.

_Zi

where E., E, and n; are the total energy of all designed
molecules, the atomic energy, and the number of atoms,
respectively, and n is the total number of all atoms.”” The
important factor that determines the intrinsic properties of all
types of molecules is the position of the conduction and valence
bands and the gap between them. The density of electronic state
(DOS) and energy gap (eq 2) were computed to predict the
electronic properties of the designed structures using the
GaussSum03 software.”®

ECoh = _(Etot ani)/n

(1)
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Figure S. LOL maps of the isolated system (M) and molecular switch (E-M—) (along the X/Y-axes).
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Figure 6. ELF maps of the isolated system (M) and molecular switch (Au—M—Au) (along the X/Y-axes).

HLG = IE;ymo — Enowmol ()

Enomo represents the energy level of the highest occupied
molecular orbital (HOMO), and E; o signifies the energy level
of the lowest unoccupied molecular orbital (LUMO).*

Furthermore, Landauer’s formula (eq 3) was used to predict
the diagram of the current—voltage (I-V) curve of the studied
models.

2e
where ¢ is the electron charge, 7 is Planck’s constant, T (E, V) is
the ET coefficient due to the bias voltage effect (V), and f(E —
11, E — ug) denotes the Fermi—Dirac distribution function for

1031

electrochemical potential (yy, yi) for left and right electrodes.*”
Furthermore, the temperature-independent direct tunneling
electric conduction (G) was determined using the Landauer
formula in single-molecule nanoelectronic systems; the
expression is as follows

_ 1 2ezre
"R h ©
T =exp (- fL) (s)
2m*ag 2
m
’ _[ n’ ] (©)
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Figure 7. NCI index maps of the studied compound.

where 7 is ZL and ¢ is the height potential barrier for tunneling
T

through the HOMO or the LUMO level, which is equivalent to
the energy difference between the Fermi energy and the
molecular HOMO or LUMO level. m* is the effective mass of
the electron (m* = 0.16 m,, with m, being the free electron
mass). « is the symmetry parameter in the potential profile; in
this symmetric case, @ = 1.°'

As the potential barrier ¢ plays an important role in the ET
mechanism in molecular components, we have represented
three ranges of applied field intensity (along the X- and Y-axes)
in our studied molecular switching systems.

(1) The low field intensity, LB (¢ > EF); (2) the threshold
field intensity, TB (¢ =~ EF); and (3) the high field intensity, HB
(¢ < EF), (¢ and EF (eV), see Figure 2).

3. RESULTS AND DISCUSSION

3.1. Molecular Switch Optimization. The designed
molecular switch structure was optimized at the DFT/CAM-
B3LYP/6-311+G(d,p) level of theory. To ensure convergence,
the vibrational modes were computed with the same level of
theory, and no imaginary frequency has been found. The values
of the cohesive energy are calculated using eq 1 and found to be
154.73 and 176.24 kcal'mol™ for M and Au—M-—Au,

respectively. The optimized structures of M and Au—M—Au
are depicted in Figure 3.

3.2. MEP Analysis. Molecular electrostatic potential (MEP)
maps serve as valuable tools in molecular modeling, allowing for
the comprehension of molecules’ electrostatic properties and
the prediction of their behavior.”* > These maps can guide
experimental research and offer insights into chemical reactions.
However, it is important to note that they represent theoretical
predictions rather than direct confirmations of experimental
results, which depend on physical measurements and observa-
tions.

If an MEP map indicates that a specific region of a molecule is
electron-rich and likely to participate in a chemical reaction and
subsequent experimental data validate such reactivity at that
location, it can lend support to a computational model. MEPs
are commonly employed in the form of reactivity maps that
highlight probable sites for electrophile (electrode) binding on
organic molecules.* This is a fundamental aspect of molecular
modeling research. The MEP map is generated by using the
DFT/CAM-B3LYP/6-311+G (d,p) method, and the maps are
presented in Figure 4.

The MEP surface color scheme is as follows: red represents a
partially negative charge; blue represents a partially positive
charge and a deficiency of electrons; light blue represents a
slightly electron-deficient region; yellow represents a slightly
electron-rich region; and green represents a neutral region.’’
The blue and red regions indicate the electropositive and
electronegative regions, respectively. The region of red
(electron-rich) is located around the nitrogen and oxygen
atoms, where electrophilic attack is possible. The yellow region
(electron-poor) is spread all over the molecule around hydrogen
and carbon atoms, which is prone to nucleophilic attack.*®

It is clear that along the X- and Y-axes, oxygen, nitrogen, and
sulfur atoms are surrounded by negative electrostatic potentials,
and the ESP around these atoms is more extended than that
around other atoms in space. This is due to the high
electronegativity of these atoms. Therefore, it seems that the
atomic basins of sulfur, oxygen, and nitrogen are the active places
of charge/energy exchange and the places of connection of
electrodes in the molecular switch.
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Figure 14. Effect of the EF (along the X/Y-axes) on the ESE of the proposed molecular switches.

3.3. Localized-Orbital Locator Analysis. The proposed
localized-orbital locator (LOL), chemically coded by Selvin and
Savin,” is beneficial to describe the major electronic
concentrations on the surface of our studied compounds. It is
preferable to demonstrate the location of free electrons on
surfaces, which facilitates the charge transfer phenomena

between chemical groups.‘m_43 Figure S displays the M material,
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the Au—M—Au system with atomic numbering, and the 2D-
LOL figures along the X- and Y-axes.

It is shown that there are appearances of red spots surrounded
by yellow, which deduces the existence of the delocalization path
of the 7 electron. It clearly appears that the z-benzene ring part
of the M molecule is chromatized by the strong electronic
delocalization effect (red-yellow), and the C;3—0,,—C,; and
C14—0,,—C,, groups appear to contain minor delocalized
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Figure 17. Intramolecular sections (S;;Sp) (Sy;Sp) of the molecular switch M [(a) along the X-axis and (b) along the Y-axis].

electronic contributions (Figure Sb). As can be seen from Figure
S, the M compound reflects this phenomenon by exhibiting a
major delocalization of the 7 electron on the surface of the ring
and a minor one in the other extremity groups. These findings
concluded that the high charge activity on the surface signifies
the existence of charge transfer phenomena on the surface of our
compound. In addition, concerning the switch molecule Au—
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M—Au, it is found that the existence of the delocalization effect is
increased in the aromatic ring (red-yellow) and highly (red)
appears in the groups of H28—C27—H30 and H23—C23—-H26
(Figure Se). The presence of highly charged sites on the surface
of the switch molecule, in contrast to the isolated compound, is a
result of the sandwich effect with metal Au. Therefore, the
interactions of the nonbonding pairs in the valence shell of Au
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with the molecule disturb the charge activity properties and
enrich the efficacy of charge transfer between Au, M, and Au.
This idea is well confirmed by 2D-LOL Figure Sf, where it is
shown that the black and white colors that justify the existence of
the delocalized 7-electron are highly visible almost on all
surfaces of our system. This idea confirms the high charge
transfer that occurs in the switch molecule in comparison to that
in the isolated one. Finally, it is deduced that the lone electron
pairs of the oxygen atoms with the atoms yielded by the metal
make our system energetically charged; therefore, it is a powerful
model to be present in the environment as a molecular switch.

3.4. ELF Analyses. The 3D-dimensional electron local-
ization function (ELF) is a powerful method used to measure
the probability of coexisting electrons in proximity space. The
explanation of this quantum theory is deeply discussed by Becke
and Edgecombe in their literature overview.""** The theory of
ELF analysis is based on the following script

1

L) = T D0y -
where
oo Vg L ‘Vpao) ‘ vaﬂ(r)
PO =172 208 = Sl e | 1| om0
(8)
Do) = 3/10(62 15, (> + 5, (") o

po(r): electron density of spin @, and its Laplacian Vpa(r)?%;
pp(r): electron density of spin f3, and its Laplacian VppB(r)?

Herein, we have concentrated on the localization of the spin-
electronic contribution on the surface of our complex for
demonstrating that energy and charge transfer occur highly in
the surface area of the compound after the addition of metal Au.
The 3D-ELF [M and Au—M—Au (x/y)] maps are depicted in
Figure 6. In comparison between the isolated molecule and the
switched one, in Au—M—Au, it is observed that a high degree
(red) of localization of spin-electronic concentrations has been
witnessed between the aromatic ring and the other extremity,
where there is the location of oxygen, sulfur, and nitrogen. The
ELF value appears to be relatively high, possibly reaching 1
atomic unit.

This value is rarely obtained for organic complexes, which
proves that there is a back and forth flow of impeccable numbers
of electrons at the surface level; therefore, there is a rather high
charge transfer detected during the addition of Au metals. In
addition, it is noted that the electronic accumulation of double-
spin electrons is in excess in the atomic basin of oxygen and
sulfur. Therefore, the nonbonding of the valence shell of these
atoms favors a transfer of intramolecular charge trapped
between the groups that are attacked by the silver, so it can be
deduced that these places are suitable for the installation of gold
electrodes. Thus, our molecule acts as an interrupter system in
electronic devices.

3.5. Noncovalent Interaction Analysis. The noncovalent
interaction (NCI) index is an extension of QTAIM topological
analyses elaborated by Bader.***” This powerful approach has
been widely employed to identify in color code the types of
interactions, for example, hydrogen, van der Waals, steric effects,
and 7—7x stacking binding strengths. It is beneficial to
demonstrate the production of charge transfer reactions
between atoms in the studied compounds. In addition, the
NCI theory is applied to confirm the presence of electronic
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exchange between the donor and acceptor systems.**>* The
3D-NCI plots are depicted in Figure 7. Concerning the M
material, it appears that the green spots between the hydrogen
atoms and the 7-aromatic groups and between the hydrogen and
the oxygen atoms evolved from the existence of charge
rearrangement at the surface level, which deduces that the
molecule is actively charged and stabilized by electrostatic
interactions. Therefore, there is a charge transfer phenomenon
taking place at the surface level. The molecule switch also
presents localized green spots between the H atoms and the 7-
aromatic benzene group, indicating that the complex is also
stabilized by van der Waals-type interactions. Therefore, there is
electronic accumulation at the surface level of the molecule,
which forces the appearance of these types of forces. The steric
spots between the Au metal and the sulfur atom deduce the
increase in the energy of the molecule in this region. Physically
deep, Au cations interacting with sulfur in both areas appeared as
a boiling repellent wall of electrons. Therefore, the switch
molecule is much more active and can be utilized as an
interrupter molecule in a new electronic technology.

3.6. QTAIM Analysis. To determine the optimal location for
installing gold electrodes, we investigated the impact of the
external EF along the X- and Y-axes (as shown in Figure Sla,b)
on the isolated molecular switch.

For this purpose, the structure of the molecular switch was
optimized by the use of the DFT/CAM-B3LYP/6-311+G (d,p)
theoretical level and sited in the EF intensity of 0—140-(10* au)
along the X- and Y-axes. Then, the local response of each atom to
the applied external EF was investigated using the QTAIM
theory.

If we interpret the effect of the field applied along the X-axis
on the atomic basins (Figure S1a), the analysis of the topological
results of QTAIM shows that the sulfur atomic basins are the
most important in comparison with the other atomic basins.
Moreover, when the EF is applied along the Y-axis (Figure S1b),
the oxygen and nitrogen atomic domains show the greatest
reaction to the applied field (Figures S1 and S2). According to
the findings presented in this study, the molecular switch (M)
can be categorized into sections that function as intramolecular
acceptors or donors (termed n-like or p-like, respectively). As a
result, it is feasible to ascertain the specific contribution of each
individual intramolecular section (or atomic basin) to the
process of intramolecular charge and energy transfer. According
to the obtained results, it is expected that nitrogen, oxygen, and
sulfur atomic basins are suitable places for installing gold
electrodes. The results obtained from MPE and QTAIM for
different atomic basins had a good overlap with each other.

3.7. Structural Properties (Length Changes). In this
study, we measured the EF intensity in volts per unit length (& =
V/1). Here, I represents the length of the molecular device, which
is the distance between the two poles or terminals of the circuit,
each belonging to one part of the molecule. We express this
measurement in atomic units (1 au 514224 V/nm)
throughout this work. To maintain the structural integrity of
the molecular switch, we applied fields with a relatively low
intensity. Consequently, we anticipate that the structural
changes resulting from this range of applied field intensities
will be moderate and not overly severe.

As an additional result, in the models M and Au—M—Au, it is
concluded that by increasing the intensity of the applied EF, the
variation of the interplane angles in all molecular systems
increases, while on the other hand, the planarity of these systems
decreases slightly (see Figure S4a,b).
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According to the results we obtained, there is a minor decrease
in the length of the molecular structure in both the isolated (M)
and nonisolated (Au—M—Au) states as the applied field
intensity increases (as shown in Figures S3 and S4).

Reducing the length of the molecule is related to reducing the
bond length between atoms. The bond length changes in
response to field application for some important atoms (in the
isolated state) are given in Figure S4a,b. When the EF is applied
in the direction of the X-axis, the most changes occur in the
bonds related to atoms S6—C14 and S3—C12. This is despite
the fact that by applying an EF in the direction of the Y-axis, the
bonds between atoms 02—C10, O1—-C9, N7—C15, and N8—
C16 show the greatest reaction to the applied field.

3.8. Electronic Properties and DOS Spectra. The frontier
HOMO orbitals give information about the valence band, and
the frontier LUMO orbitals give information about the
conduction band of the molecules.”” The reduced energy
band gap (Ay_p) indicates the shortening of the potential
barrier for the passage of electrons, which affects the
performance of a nanoelectronic system.”* In addition, to
show the importance of molecular orbitals in chemical bonds, we
used DOS diagrams. The DOS diagram shows an overlapping
population of molecular orbitals as well as the orbital group
composition of the molecular orbital.” In this section, the effect
of the EF (along the X/Y-axes) on the frontier orbitals (LUMO/
HOMO) and the band gap between them (HLG) in isolated
(M) and nonisolated (Au—M—Au) states was investigated. The
calculated energies of the frontier molecular orbitals (FMOs)
(énomo and e ypmo), the energy band gap difference, and the
DOS spectra are illustrated in Figure 8.

In Figure 8a,b, it is noted that the HOMO—-LUMO gap
(HLG) of our first model depends on the applied field intensity.
This result indicates the effectiveness of our molecular switch’s
response to applied field properties, such as the direction of field
intensity. It is concluded that the observable and measurable
response of our systems is in conjunction with the properties of
the applied field. Under the effect of an applied external field, it
causes molecular electronic (atomic) changes that coexist with
an increase in the distribution (redistribution) of charge and
energy transfer in parallel and perpendicular directions between
different atomic basins (the different intramolecular sections).

Furthermore, we conducted an investigation into the effect of
the EF on the molecular DOS for both the M and Au—M—Au
switches, as depicted in Figures 9 and 10. The DOS refers to the
number of distinct states at a specific energy level available for
electrons to occupy or the number of electron states per unit
volume per unit energy. This fundamental concept is used to
explain and rationalize the existence of the energy gap in the
electronic band structure of a material. The DOS provides
valuable insights into the involvement of HOMO-LUMO
frontier orbitals and, consequently, the reactivity of the system.

In addition, in Figures 9 and 10, it is clearly observed that the
effect of the EF on the electronic DOS of our proposed
molecular switch is that the electron density depends in an
almost nonlinear manner on the effect of the increase in the
intensity of the EF.

3.9. Electron Barrier Potential. As can be seen from
Figures 11 and 12a,b, the switching mechanism of this molecular
switch in the x direction is completely different from the y
direction. It seems that the cause of this difference is the
difference in the mechanism of expansion of an unstable 7-
conjugated system in the x and y directions. In addition, as can
be seen from these figures, the spatial expansion and energy of
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boundary molecular orbitals are noticeably dependent on the
intensity (and direction) of the applied field. Furthermore,
applying an external EF along the X-axis not only alters the
charge distribution mechanism and spatial expansion of the
frontier molecular orbitals of this molecular switch in the x
direction but also affects these properties in the y direction.

3.10. Dipole Moment and Electron Spatial Extent.
Atomic basins and atomic displacement vector moments
(certain electronic and vibrational properties of the system)
change under the external EF effect applied to a molecular
system as a measure of the field response. For this purpose, in the
M and Au—M—Au models, we have investigated the molecular
dipole moment tensors and vectors as an index measuring the
response to the external EF (see Figure 13).

The electronic responses to the effects of external EF on
molecular systems are explained by the separation of the
corresponding electron densities, meaning the separation of
negative and positive charge centers in our models. This
characteristic is influenced by the change in the dipole moment
in our models. Also, for the M and Au—M—Au systems, the EF
effect on molecular dipole moment tensors (ui) was calculated.
As shown in Figure 13, the (ui) varies in a nonlinear way as a
function of EF for the M and Au—M—Au models; this result is
taken into account as an index of the molecular response to EF of
the distributions of the electric charges in the proposed
molecular switch. Also, the direction of the applied field is
clearly evident in the change in the dipole moment of the
molecule. In addition, it is obtained that the atomic basins are
found in the direction of application of the field, which is more
significant than that of the other components of (ui). Note that
the EF is applied along axes X and Y.

To evaluate the cause of the overpotential in the charging and
current transfer processes of an electrode and to measure the
sensitivity of the molecule to the EF, the electron spatial extent
(ESE) has been defined as a principal parameter for this concept
(see Figure 14). When the EF is applied along the X- and Y-axes,
the ESE value shows a significant change in the field intensity of
80—60 X 107* and 80—100 X 10™* a.u., respectively. It is
predicted that when ESE increases, the ET efficiency
(corresponding to local charge/energy transfer, secs 3—12) of
the molecular switch increases.

It appears that at an important point when the field is applied
along the X-axis, no significant change in the ESE value can be
seen in the field intensity range of 0—60 X 10~* and 80—140 X
10~*a.u. Also, when the field is applied along the Y-axis, the ESE
value does not change significantly in the field intensity range of
0% 107*to 80 X 10™* a.u. and 100 X 107* to 140 X 10~* a.u.

The observed negligibly small changes in the electronic spatial
extent under various EF strengths can be considered a positive
index for this molecular switch in nanoelectronic circuits
because of its negligible changes in the steric interaction with
its neighboring nanoelectronic circuit components.

3.11. Diagram and Switching Mechanism. We calcu-
lated the I-V curve of this molecular switch in both the M and
Au—M—Au states using Landauer’s formula (eq 6). Analysis of
the obtained results revealed that the switching mechanism of
this molecular switch occurs at an EF intensity higher than the
threshold intensity (¢ < EF). The effect of the external EF on
this molecular switch becomes evident when the field strength
(intensity) reaches 0.008 au along the X-axis or 0.006 au along
the Y-axis. In these cases, the molecular switch is turned ON, as
shown in Figure 15a,b.
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Figure 18. External EF effect [(a) along the X-axis and (b) along the Y-axis] on the electronic phenomenological coefficients, Ly, (Sy/1,Sr/p) in M and

Au—M—Au studied systems.

The switching process in a molecular switch can be controlled
by external stimuli such as an external EF. As depicted in Figures
S2—S4 and 8-13, the molecular and atomic electronic
properties of this molecular switch exhibit significant depend-
ence on both the field intensity and field direction. This
characteristic highlights the observable and measurable response
of the studied molecular switch to the applied field’s properties,
including field intensity and direction (x or y). These electronic
changes suggest an increase in the distribution or redistribution
of charge and energy transfer between different intramolecular
sections (atomic basins) within the molecular switch, triggered
by the applied external field. Furthermore, for planar molecular
systems such as the one under investigation, charge and energy
transfers primarily occur within the x—y plane, indicating that
the switching mechanism is likely to be influenced when the field
is applied in the x or y direction.

As illustrated in Figures 16 and 17, in a redox molecular switch
system, the pathway of z-electron displacement plays a pivotal
role in determining the switch’s functionality. Additionally, the
application of an external EF to a molecular switch can result in
the separation of positive and negative charge centers within the
structure, leading to changes in its electric dipole moments (as
shown in Figure 13). These changes are associated with the
expansion of the z-conjugation electron system along the
molecule’s length due to the external field, subsequently
increasing molecular conductivity in the ON-circuit state. The
increase in the molecular electrical conductivity (G) may also
stem from a reduction in the HLG gap caused by the amplified
intensity of externally applied fields (as depicted in Figures
7—15). Consequently, it is anticipated that structural-
conformation changes will occur in this molecular switch due
to the application of an external EF. These alterations in the
electronic structure can influence the electron potential barrier
and, thereby, affect molecular conductivity, ultimately affecting
the switching mechanism.

3.12. Local Electronic Intramolecular Phenomenolog-
ical Coefficients: Onsager Phenomenological Approach
(Linear Law). It can be obtained through an exchange or a
transfer of charge and energy between different atomic basins or
different intramolecular systems (Sq) in the case where the
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molecular device operating by the field effect is subjected to an
external field (as shown in Figure 17a,b).

Moreover, it is clearly apparent that the investigated
intramolecular charge-energy transfer and energy dissipation
in single-molecular nanoelectronic systems are of specific
importance. So far, many attempts have been made to
understand thermal/electric (as thermoelectric) effects/phe-
nomena in nanosized and molecular nanoelectronic sys-
tems.” >’

In this study, the local electronic intramolecular phenomeno-
logical coefficients, Ly, (S./uy Sg/p), of the molecular switch
studied in this work are calculated using the Onsager
phenomenological approach. The Onsager phenomenological
approach, also called the linear force-flux law, is expressed as
follows

J= Z Ly X
k (10)

where J;, K}, and L, are fluxes, forces, and the phenomenological
coefficients,”® % respectively.
Thus, LM can be introduced as

wEy (1L s
VE=I"Q®E,., |YE|=|Ly Ly L:|/,

VE) ey )\ (11)

where V_E is the energy transferred between intramolecular

sections (such as S| <> Sy or Sy <> Sp) due to the application of
electric force F,..

In addition, using the AIM theory, the local (sectional)
electronic kinetic energy can be defined as

I<elec(si1 6) = Z I<elec(gi 6))
QeS,

ie{R L, U, D}

(12)

Thus, the differential kinetic energy between intramolecular

sections (such as S iy © Sg,p) in the external EF of € intensity is
given by
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Vx,f:'1<elec = I<elec(SL’ 8) - Kelec(SR’ 8)

V,sKy = K;/(SUJ E) - Ky<SDJ E) (13)

Also, the change in the local differential kinetic electronic
energies is given by

Ax,e = Vx,&'Kelec - Vx,01<e1ec
Ay,e = Vy,sI<eIec - Vy,OI<elec (14)

The local electronic phenomenological coefficient is
developed based on the linear force-flux law as follows:

Lelec (SL/UJSR/D) is given by

VE(S,, Sg)
Lelec(SL’ SR) = —- R (15)
VE(Sy, Sp)
Lelec(SU’ SD) = —— (16)
Based on'*7'°, the electronic L., (SL,usSr/p) coefficients of

M and Au—M—Au systems are calculated, and a sample of these
results is shown in Figure 18a,b.

Figure 18 also shows that Lg.. (Sy,u,Sr/p) increases almost
linearly with external field intensity. Thus, the value (and sign)
of the electronic L. (S,u,Sr/p) coefficients can correspond to
local charge and energy transfer between the (S ,; < Sg/p,Sr)
intramolecular sections, as induced by an external EF (along the
«x and y directions).

It can also be predicted that the molecular electrical
conductance (G o« 1/R) increases when Lg.. (Si;u,Srp)
increases. Also, it is predicted that, as a result of reversing the
direction of the initial direct EF (such as + x — —x), the value
and sign of the intramolecular electron coefficients do not
necessarily change inversely (compared to their initial value).
This issue can indicate the anisotropy of these intramolecular
electron coefficients [for example, Lyeqsr (S5S;) # —Letecs

(S:8)]-

4. CONCLUSIONS

In this study, we investigate the impact of EFs along the X- and
Y-axes on the electronic and vibrational properties of a field-
effect molecular switch, employing DFT and AIM theories. It is
worth noting that we predict the electrical conductivity behavior
(I-V curve) of the studied models without the use of numerical
methods like Green’s function or GF methods, relying on the
quantum information on the system.

The application of an external EF leads to atomic charge
separation, changes in ESE, a reduction in the energy gap
(HLG), and, as a result, an increase in the electrical conductivity
of the molecular system under study. Furthermore, our analysis
of the results indicates that the application of an external EF
induces charge and energy exchange between various atomic
substrates, thereby altering the kinetic and potential (virial)
energies of the molecular system.

Furthermore, the impact of the EF on the studied molecular
structure reveals that above 100 X 10™* au along the X-axis, the
molecular switch turns ON, driven by the movement of 7-paired
electrons along the molecule’s length. When applying the EF
along the Y-axis, the switch turns ON as the field intensity
increases to 80 X 10~* a.u. Additionally, the calculation of the
electronic intramolecular phenomenological coeflicients, L.,
demonstrates an almost linear increase with rising external field
intensity. The value and sign of these electronic coeflicients,
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L., are indicative of the mechanism of charge and energy
transfer between different intramolecular sections.
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