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ABSTRACT

This determined the electrical characteristics of the six-naphthalene bridge tetracyanoquinodimethane dye that were

suggested. The characteristics were determined by plotting energy and temperature against one another. The SIESTA -

trunk-426 program was used for the relaxation of the dyes under study by employing the Generalized Gradient

Approximation/Double Zeta Density Functional Theory (GGA/DZ-DFT). The Gollum program was employed for The

SIESTA-trunk-426 algorithm was used to relax the dyes under examination using the Generalized Gradient
Approximation/Double Zeta Density Functional Theory (GGA/DZ-DFT). Calculating the electrical characteristics of the

dyes under study. Initially, each dye was inserted between two gold electrodes, and the dye, along with the confined layers

of the electrodes, were allowed to react a second time to form the relaxed structures. Electrical conductivity, conductance,

thermal conductivity, and the Seebeck coefficient were examined.
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1. Introduction

Tetracyanoquinodimethane  (TCNQ)-based molecules are
extensively utilized for their electrical and magnetic properties 4. The
electron-accepting capabilities of TCNQ derivatives have been

investigated by augmenting their mw-system ).

This =-system
extension, derived from cyclic voltammetry (CV) data, which reveals
greater negative reduction potentials relative to TCNQ, suggests that
TCNQ derivatives are inferior electron acceptors compared to TCNQ
(6] However, n-extended TCNQ derivatives, characterized by elevated
electron affinities, have been documented to be novel n-type organic

10-131 Conversely, less symmetrical TCNQ derivatives

semiconductors [
exhibit superior molecular packing, resulting in enhanced electron-
accepting capability in the solid state. A required characteristic of n-
type semiconductors is elevated electron affinity. Two more critical
factors to consider are the molecule conformation, which influences
solid-state packing, and the capacity to receive and transport electrons.
Currently, numerous organic p-type semiconductors have been
developed for practical applications in organic field effect transistors
(OFETs); still, only a limited amount of high-performance solution-
processed n-type organic thin film transistors have been documented
(14171 The disparity in development enables the investigation of
prospects for n-type semiconductors extremely advantageous. In the
development of novel n-type semiconductor molecules, we concentrate

on less symmetrical TCNQ derivatives, as TCNQ imparts significant
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electron affinity to the system. Additional significant aspects that may influence charge carrier mobility are
also taken into consideration. The factors encompass the increase in the number of rings, the integration of
nitrogen atoms with high electron affinity, and the reduced energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of the molecule.

2. Computational Methods

The electronic structures of all dyes were initially calculated using a double- polarized zeta (DPZ) basis
set. To elucidate the experimentally observed trends and enhance understanding of the transport properties of
these molecular junctions, calculations were conducted utilizing a combination of density functional theory
(DFT) through the SIESTA code and the non-equilibrium Green’s function (NEGF) formalism. The DFT-
Landauer method employed in the modeling presupposes that electron transport through the molecule
transpires on a rate that renders inelastic scattering negligible—an assumption deemed valid for molecules
extending up to several nanometers in length. In the transport computations, each molecule was linked to
opposing gold electrodes configured as 35-atom pyramids aligned along the (111) crystal direction. The
SIESTA code, which is based on density-functional theory and employs the generalized gradient
approximation (GGA) "] was subsequently used for geometric optimization. In order to assess binding
energies and ideal geometries, DFT was used to determine the ground-state energy of various molecular
junctions.

3. Results and Discussion

Figure 1 displays the dyes' relaxed structures. Each dye, R1, R2, R3, R4, RS, and R6, was attached at the
terminal ends to gold electrodes via sulfur atoms as anchor groups after the determination of the suitable
distance.

Figure 1. The relax structures of the dyes.

The dyes' electrical conductivity vs Fermi energy is shown in Figure 2. Dye electrical conductivity values
were altered at room temperature in the energy range of -1 to 1 eV in Siemens (S). Dye numbers R1, R2, R3,
R4, RS, and R6 have electrical conductivities of 1.5x107, 2.5x107, 8.8x10?, 3.7x10”, 6.6x10”, and 1.2x10®
S, respectively, up to the Fermi level, where E-EF= 0. This finding highlights the significance of the function
groups located at the terminals of the dye's ligands. The electrical conductivity value of dye R6 is the highest.
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Figure 2. Electrical conductivity of the dyes

As seen in Figure 3, the dyes' conductance G/G, is a function of energy. Room temperature conductance
values varied in the following order, as shown in the figure: This order of importance is as follows: R6 > R5 >
R4 >R3>R2>RI.

The outcome reflects how well the dyes were coordinated. The highest value of G/G,, which is 0.00305,
is found in dye R6. The lowest value of G/G, for dye R1 is 2.311 x10”°. The G/G, values for dyes R2, R3, R4,
and R5 are 0.000108, 7.347 x 107, 7.563 x 107, and 3.857 x 107, respectively. The minimum and maximum
values of G/G, for all dyes are correspond to positive values of energy, except for dye R6.
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Figure 3. G/G, of the dyes

Conversely, Figure 4 shows the G/G, behavior of the investigated dyes over a temperature range of 0—
400 K. After reaching a small increase at T= 50 K, the conductance continued to rise until it reached its stable
value at T = 180 K. Among the dyes tested, R2's G/G, value is the most consistent across the temperature
range of 180—400 K. At T=50 K, the G/G, value of dye R4 is 0.1518227, which is high, and it drops to
0.0468503 after cooling. The findings displayed in Figure 4 indicate that the tunneling conductance of single-
molecule junctions is temperature dependent and can exhibit small variations between 50 K and 400 K. These
calculations cannot be explained by changes in the Fermi distribution due to temperature smearing. My theory
is that tunneling transport across single molecule-metal junctions can be impacted by a small temperature-
dependent change in the interface structure between the metal and the molecule. While the gold relaxes into a
smoother shape at high temperatures, the electrodes retain their extremely corrugated and sharp characteristics
at low temperatures. This explains the observed conductance shift with temperature by influencing the
alignment of the molecular orbitals relative to the metal Fermi level.
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Figure 4. Conductance as a function of temperature for the dyes

The thermal conductivity of the dyes, measured in W/m.K, is shown in Figure 5 for the temperature range
of 0 to 400 K. The investigated dyes exhibited, on the whole, modest thermal conductivity values. At almost
freezing temperatures, the conductance of R1, R2, and R3 is low. It grows as the temperature rises up to a
maximum, after which it starts to drop again. Conductance increases with thermal energy up to a certain point,
and then it drops due to factors like scattering; this behavior suggests that these materials might be
semiconductors. Dyes R4, RS, and R6 behave similarly, with conductance starting low, increasing with
temperature, and then decreasing at higher temperatures. The difference could be in the peak conductance
values or the temperature range in which these changes occur. The behavior displayed reflects the typical
temperature dependency of conductance in semiconducting materials. At low temperatures, there are very few
electrons accessible for conduction. As temperature rises, more electrons are liberated as a result of thermal
energy, resulting in increased conductance. Electron scattering and other processes begin to have a negative

impact on conductivity at extremely high temperatures.
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Figure 5. Thermal conductivity as a function of temperature for the dyes.

The Seebeck coefficient is the defining characteristic of thermoelectric transport in materials. It is
correlated to the point that the electrons carry both heat and charge. The electron density distribution in the
material is determined by the temperature gradient, resulting in the opposite electric field and, hence, voltage,
known as Seebeck voltage. The sign of the Seebeck coefficient spectrum and electrical conductivity is
determined by the Seebeck voltage. This voltage is connected with an anti-symmetric distribution of electrons
around the Fermi level. The Seebeck coefficient's high value is due to the anti-symmetry energy distribution
of electrons passing through the material, which is linked to Fermi energy [20]. Figure 6 shows the Seebeck
coefficient for dyes as a function of temperature. The following is an interpretation of the graph's behavior.
Values at low temperatures are close to zero. The Seebeck coefficient is extremely low or negative, indicating
that the thermal mobility of electrons is weak at first. Values climb with increasing temperature: As the
temperature approaches 100 K, the Seebeck coefficient rises dramatically, reaching a peak value. This shows
an increase in the voltage differential caused by heat transfer across the material. This action is prevalent in
semiconducting materials, where a rise in thermal energy causes electrons or holes to move, hence amplifying
the Seebeck effect. After peaking, the Seebeck coefficient steadily falls as the temperature rises more. This
could be due to thermal scattering or exceeding the equilibrium point of positive and negative charge carriers.
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Figure 6. Seebeck coefficient as a function of temperature for the dyes.

5



4. Conclusions

Dye R6 had the highest electrical conductivity at the Fermi level (1.2 x 107® S) and relative conductance
G/G, (0.00305), showing that terminal functional groups play a substantial role in electronic performance. The
study's findings revealed that electrical conductance gradually increases as temperature rises up to 180 K before
stabilizing. Dye R2 displayed remarkable conductivity stability over the 180-400 K temperature range.The
Seebeck coefficient increased significantly with temperature until it reached a peak, after which it began to
progressively fall. This shows charge transport in the presence of a thermal gradient, which is typical for
semiconducting materials. Dyes with less valuable symmetry performed better, which is consistent with earlier
research indicating that reduced symmetry enhances molecule packing and stacking, boosting the efficiency
of electronic transmission.
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