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ARTICLE INFO ABSTRACT
Keywords: Firstly, the metallic complexes containing 8-hydroxyquinoline were designed theoretically to investigate their
8-Hydroxyquinoline complexes optoelectronic properties (M = Sc?*, Ti?*, V¥, cr?*, Mn?*, Fe?*t, Co?*, Ni%*, Cu?®*, Zn?* Pd?", and Pt** and Q:

OLED material
Charge transfer rate
Electrical conductivity
NEGF technique

8-Hydroxyquinoline). Monomer calculations were executed at B3LYP/6-31G(d) level in Gaussian 16 program
and LANL2DZ basis set was used only for Pd and Pt metals. On the other hand, dimer calculations were per-
formed at B3LYP/TZP level by Amsterdam Density Functional (ADF) 2019 software. Using quantum chemical
parameters, the optoelectronic behavior of the complexes was estimated and the best for devices such as the
organic light emitting diode (OLED) structure was proposed. Secondly, the transport properties of the mentioned
complexes are determined by nonequilibrium Green’s function (NEGF) method based on the combination DFT in
QuantumATK 2018 software. With this technique, the I-V characteristics and the transmission spectra of the
investigated complexes is calculated and analyzed in range of 0-2 bias voltage. From the NEGF results, it is found
that the best and the worst conductor complex in this voltage range and the best candidate for electronic devices
like nanowires is suggested. The compounds studied in this study are considered as excellent candidates for next-
generation optoelectronic and electronic devices.

1. Introduction attracted great attention as they have some properties such as economic,
efficient and flexible [2]. Some researchers working on OLED have

Display panels such as organic light emitting-diodes (OLEDs), light- focused on materials that affect OLED performance [3]. In the OLED
emitting diodes (LEDs), and liquid crystal displays (LCDs) have exten- structure, there are electron transfer layer (ETL), hole transfer layer
sively used during the past decades [1]. Among these, OLED panels have (HTL), electron injection layer (EIL), hole injection layer (HIL), electron
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Fig. 1. The designed metal complexes containing 8-hydroxyquinoline ligand.

blocking layer (EBL), hole blocking layer (HBL) and emission layer (EL)
between the cathode and anode [4]. To design a good OLED, it should be
well done the select of molecules in the aforementioned layer. Standard
HTL and an ETL compounds are N,N’-diphenyl-N,N’-bis(3-methl-
phenyl)-(1,10-biphenyl)-4,4'-diamine (TPD) and tris
(8-hydroxyquinolinato)aluminum(III) (Alg3) molecules are respec-
tively [5,6]. Researchers working to improve the performance of OLEDs
have studied for the determination of alternative materials which are
better than the two compounds mentioned [7,8]. The properties of the
other materials described above, as well as ETL and HTL molecules, also
undoubtedly affect the performance of OLED. Because of this, it is ex-
pected that a good selection of the materials mentioned in the OLED
structure will lead to a good OLED design. Firstly, the presence of con-
jugated pi bonds in the chosen molecule is a good beginning [9].
Notably, the transition metal complexes including conjugated pi bonds
are promising contenders as building blocks of optoelectronics [10].

In addition to opto-electronic properties of the compounds investi-
gated, their electronic behaviors also are illuminated in the light of some
important analyses on the I-V characteristics and the transmission
spectra [11]. The prediction of the conductivity properties of the com-
plexes provides important insights and clues about the design of elec-
tronic devices [12]. The materials with high conductivity are expected
to be good circuit elements such as transistors and nanowires [13]. For
that reason, the electronic properties of the examined compounds can be
determined using computational chemistry tools [14].

Density Functional Theory (DFT) is a popular method used in
computational chemistry tools [15]. There are many hybrid functions in
the DFT method. B3LYP hybrid functional is one of the most extensively
used functions as it has lower computational cost and more accuracy and

it gives results compatible with experimental data [16]. Therefore,
B3LYP function has widely been used in design studies [17]. Addition-
ally, nonequilibrium Green’s function (NEGF) technique is a well-known
method for conductivity calculations. Generally, this technique is com-
bined with DFT method [18].

In this paper, metal complexes consisting of 8-hydroxyquinoline
ligand and all divalent first-row transition metals, palladium, and platin
metals are designed by DFT method as seen in Fig. 1. Then optoelec-
tronic behaviors of studied complexes are determined using quantum
chemical descriptors such as the reorganization energy and the ioniza-
tion potential. From the obtained data, it is suggested the suitable
candidate/candidates for the layers in optoelectronic devices such as
OLED structure. After that, the electronic properties of the studied
complexes are estimated by the NEGF technique based on the DFT
method. Among the investigated metal complexes, it is proposed that the
best ones for electronic device elements like nanowires.

2. Methods

All calculations were executed in the vacuum with different
computational chemistry software. Monomer calculations were carried
out with the help of B3LYP functional using Gaussian 16 [19] and
GaussView 6 [20] package programs and it was controlled that there are
no imaginary frequencies in the lowest energy states. In the calculations,
LANL2DZ basis set was considered for only Pd and Pt metals, while
6-31G(d) basis set was applied for the rest of the atoms. On the other
hand, the calculations of dimer molecules were performed at
B3LYP/TZP level via Amsterdam Density Functional (ADF) 2019 [21]
program.



A. Ungordii

2% - :
A%",‘ )

Left lead Leftlead
extension

Molecule

Materials Chemistry and Physics 281 (2022) 125899

% MQ2 %

Right lead Right lead
extension

Fig. 2. Schematic description of MQ2 complexes between two bulk gold leads. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

To calculate charge transfer rate for electron or hole (W), Marcus-
Hush equation [22,23] which is described by Eq. (1) can be used.

Vo[ \'"? Ae/n
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where T denotes the temperature, kg and # denotes the Boltzmann
constant and Dirac constant, respectively. Aen) and Ve stands for the
electron (hole) reorganization energy and effective charge transfer in-
tegral for electron (hole), respectively. According to eq. (1), Wesm
depend on A¢(n) and Ve, at a constant temperature which is 298.15 K in
the calculations. For high W) values, Aen) and Ven) need to be small
and large, respectively.

The reorganization energies are significant parameters regarding the
charge transfer in molecules. There are two types of reorganization
energies (A). These are called as the external and the internal reorga-
nization energy which are abbreviated as Aext and Aipt, respectively.

The )¢y is characterized by the result of polarize medium on charge
transfer. In addition, the Ay is owing to the structural alteration be-
tween ionic and neutral conditions. In the previous studies, it has been
reported that there is a clear correlation between Aint and W [24,25].
Accordingly, only the debate on Ajy¢ is considered in the present article.
The electron () and hole (A) reorganization energies of the molecules
can be determined from the single point energy and they can be calcu-
lated by Egs. (3) and (4) [26].

he=(Ey —E-) + (E! ~ EY) @

b= (B —E7) + (2 — ES) ®

The adiabatic and vertical ionization potentials (IP, and IP,) of the
molecules can be computed from Egs. (4) and (5), respectively. Their
adiabatic and vertical electron affinities (EA, and EA,) are also calcu-
lated from Egs. (6) and (7), respectively [27].

IPa=ET — E) 4@
IPv=E; — E) (5)
EAa=E) — E- (6)
EAv=E) — E; @)

where Ej (Ej) denotes the energy of the anion (cation) calculated by
means of the optimized structure of the neutral compound. In the same
way, E~(ET) indicates the energy of the anion (cation) computed from
the optimized anionic (cationic) state, E° (E9) is the obtained energy of
the neutral molecule calculated at the anion (cation) structure. Finally,
EJ means the calculated energy of the neutral compound at the ground
state.

To predict the stability of compounds, the absolute hardness (1) can
be calculated using adiabatic ionization potential (IPa) and electron
affinity (EAa) via the following Eq. (8) [26].

n=(IPa— EAa)/2 (8)

The electronic coupling (Ve,n) which are also known as effective
(generalized) transfer integrals for hole transfer or electron transfer can
be calculated using Eq. (9) [28].

T — Su(E + E)/2

152 ©)

Ve =
Here E; and E; are the site energies of monomer 1 and 2, respec-

tively. Jy2 is the charge transfer integral, and S; 5 is the overlap integral.

Additionally, J12, S12, E1, and E; could be expressed as Eq. (10).

Tia = (0" |his| ")
S = <(01H/L|(»02H/L> (10)
Ey = (@,"" hgs|g, ")
Ey = (,""" s,

Where hgg is the Kohn-Sham Hamiltonian of a dimer pair system and
@%@ 1/t are the HOMOs or LUMOs of the two monomers [29]. For
hole transport the highest occupied molecular orbitals (HOMOs) of
monomers are used as the basis function while for electron transport the
lowest unoccupied molecular orbitals (LUMOs) are used
correspondingly.

In the calculation of electronic coupling, the fragment orbital
approach is applied with Amsterdam density functional (ADF) software.
Therefore, ADF program can be directly calculate the V., values of
dimeric structures [30].

To investigate electron transport characteristics of mentioned com-
plexes, each optimized complex was wired between two Au(111)-(2 x 2)
electrodes through sulfur atom which was obtained by replacing the
hydrogen atom in 6-position of the complex (ligand), as shown in Fig. 2.
The distance between each electrode and the molecule was adjusted to
be 1.71 A. The value of 1.71 A corresponds to an Au-S distance of 2.39 A
[31].

The electron transport features of MQ2 complexes were predicted by
density functional theory (DFT) together with nonequilibrium Green’s
function (NEGF) method, as applied in QuantumATK 2018 program
[32]. The exchange-correlation potential was defined by Per-
dew-Burke-Ernzerhof functional (PBE) of the generalized gradient
approximation (GGA). The PseudoDojo pseudo-potentials and medium
basis set were implemented, and wave functions of valence states were
expanded as linear combination of atomic orbitals. A mesh cutoff of 125
Ryd and an electronic temperature of 300 K were adopted. The Brillouin
zone was sampled with 6 x 6 x 134 k-point.

The current (I) was computed as a function of voltage from 0.0 to
+2.0 V, and the transmission spectra were obtained in the region —2 to
+2 eV with respect to the Fermi energy. When a bias voltage is imple-
mented between the Left and Right electrodes, the electrons can trans-
port across the molecule. The current passing through a molecular
junction can be calculated from the probability of transmission (T(E,V))
as a function of the Landauer-Buttiker equation [33].
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Table 1

The computed reorganization energies, adiabatic/vertical ionization potentials
and adiabatic/vertical electron affinities, and absolute hardness values (all in
eV) of MQ2 complexes B3LYP/6-31G(d)-LANL2DZ (Pd and Pt) level in the gas
phase.

Complex e Ah IPa IPv EAa EAv n

ScQ2 0.168 0.320 4.28 4.43 0.45 0.37 3.83
TiQ2 0.260 0.353 3.92 4.30 1.20 1.07 2.71
vQ2 0.080 0.935 5.35 5.87 0.23 0.14 5.12
CrQ2 0.223 0.258 4.13 4.28 2.15 2.04 1.98
MnQ2 0.237 0.522 6.15 6.78 0.88 0.76 5.27
FeQ2 0.248 0.068 5.09 5.13 1.92 1.79 3.17
CoQ2 0.228 0.343 6.76 0.17 0.26 0.14 6.51
NiQ2 0.161 0.114 6.22 6.27 0.56 0.48 5.66
CuQ2 1.550 0.676 6.79 7.11 0.90 0.20 5.89
ZnQ2 0.174 0.130 6.49 6.56 0.46 0.37 6.03
PdQ2 1.605 0.080 6.38 6.42 1.12 0.51 5.26
PtQ2 0.159 0.128 6.27 6.33 0.69 0.61 5.58

2e [*r
=5 [ e V)[(f(Em> f(Eﬂ,ﬂdE an
H

where () denotes the chemical potential of right (left) electrode, f(E—i,
@) indicates the Fermi distribution function of electrons in the right
(left) electrode, and T(E,V) shows the transmission coefficient at energy
E and bias V, which can be achieved by the following equation:

T(E,V)=T,[[(E)G*(E)I(E)G*(E)] 12)

wherein, GR(E) and GA(E) are retarded and advanced Green’s functions,
respectively, the central scattering region, Iy = i[z% (E)— Z‘;‘(l) (E)]is
the line width function, wa (E) and Zf(z) (E) are self-energies of the
central scattering region, which include all the effect of the electrodes.

The transmission coefficient T(E) can be decomposed into the contri-
bution of n eigen channels:

T(E)=) T.(E) a3)

For the equilibrated system, the conductance G can be achieved by
transmission function T(E) at the Fermi level Er of the system.

G:GQT(Ef) = G()ZT,, (14)

Here Go = 2e%/h represents for the quantum unit of conductance.
Lastly, h and e are the Planck constant and the electron charge,
respectively.

3. RESULTS and DISCUSSION
3.1. The investigation of optoelectronic properties

3.1.1. Reorganization energies

According to the concept of reorganization energy, charge transfer
rates of molecules can be predicted without electronic coupling (Ve,n)
values [34,35]. However, more accurate values of charge transfer rates
can be obtained via the calculation of V values [36]. The studies
regarding reorganization energies refer to the Alq3 complex and TPD
molecules as the standard ETL and HTL compounds, respectively [6,37].
The electron reorganization energy of Alq3 complex and the hole reor-
ganization energy of TPD have reported as 0.276 eV and 0.290 eV,
respectively [38,39]. Researchers studying on OLED materials have
focused on finding molecules with lower reorganization energy than
these values [40-42]. In other words, molecules having a lower reor-
ganization energy show a higher OLED performance, as seen in Eq. (1).
For that reason, the aforementioned reorganization energies of
8-hydroxyquinoline complexes in vacuum are computed at
B3LYP/6-31G(d) level and given in Table 1.
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Table 2
The calculated geometric parameters such as bond length (pm), bond angles (°)
and dihedral angles (°) of MQ2 dimers B3LYP/TZP level in the gas phase.

Dimer  MI- N1-M1- 01-M1- N1-M1-M1'- 01-M1-M1’-
M1’ N2 02 N2/ 02’
ScQ2 313.1 90.7 159.8 190.7 137.3
TiQ2 297.5 155.6 158.1 175.4 191.6
vQ2 210.2 156.1 155.0 180.0 180.0
CrQ2 257.8 168.6 163.7 180.3 191.7
MnQ2  196.9 160.2 157.6 204.6 204.1
FeQ2 220.4 167.8 163.4 204.6 204.9
CoQ2 267.5 171.1 171.5 179.9 179.9
NiQ2 314.7 175.3 179.0 180.1 180.2
CuQ2 310.6 163.4 176.9 180.9 181.0
ZnQ2 295.5 113.3 154.6 283.9 171.3
PdQ2 313.6 176.4 177.8 180.0 180.0
PtQ2 307.3 175.5 176.7 180.0 180.0

Table 1 shows that electron reorganization energies of all complexes
except for CuQ2 and PdQ2 are smaller than that of Alg3. It is noted that
all mentioned complexes are better ETL materials than Alg3. Among
them, V@2 which have the lowest Ae value (0.080 eV) is a perfect ETL
candidate. Additionally, CuQ2 and PdQ2 complexes can be utilized as
EBL molecules due to their high Ae values [26,43]. On the other hand, as
seen in Table 1, CrQ2, FeQ2, NiQ2, ZnQ2, PdQ2, and PtQ2 complexes
are good HTL compounds because they have smaller Ah values than that
of TPD. Within them, Feq2 and PdQ2 molecules have small Ah values.
For that reason, they can be preferred as excellent HTL complex. In
addition, VQ2 complex is a good candidate for HBL molecule owing to
its high Ah value [26,43].

3.1.2. Ionization potential, electron affinities and absolute hardness values

To predict the charge transfer facility of compounds in EIL and HIL
layers, other important descriptors are the ionization potentials (IPs)
and the electron affinities (EAs) that can be easily determined by
computational chemistry tools. It is well-known that the lower the IP of
molecule, the easier it is to create a hole [44]. Addition, the larger the EA
of compound means better electron transport [45]. All adiabatic/vert-
ical ionization potentials (IPa/IPv) and adiabatic/vertical electron af-
finities (EAa/EAv) of the mentioned complexes are calculated and given
in Table 1. It is apparent from Table 1 that molecule with the lowest IP
values and the highest EA values in the vacuum are TiQ2 and FeQ2
complexes, respectively. Therefore, it is said that TiQ2 molecule is a
good HIL material and FeQ2 can be used as EIL molecule. On the other
hand, it is known that chemical hardness (1) is a measure of the chemical
stability and hard molecules are more stable compared to soft ones.
Therefore, one can say that the stability is an important criterion to
determine the nature of OLED materials. The chemical hardness values
of studied complexes are obtained and presented in Table 1. From
Table 1, it is seen that the n value (1.98 eV) of CrQ2 molecule is smallest
among all mentioned compounds. For that reason, it can be said that this
compound is unstable compared to other compounds.

3.1.3. Dimer geometries and effective (generalized) transfer integrals

To determine effective transfer integrals, V., researchers generally
need to crystal data because it indicates the strength of the electronic
coupling between the two adjacent neighboring compounds (dimer)
[46,47]. Additionally, it has been reported that the charge transfer
should be anisotropic [48]. In other words, the effective transfer in-
tegrals can be modified depending on the geometries of the dimers.
Nevertheless, effective transfer integrals may be calculated for a
particular geometry. Therefore, in the present article, it is taken into
consideration that dimer geometries are almost parallel because the
n-conjugated coupling interactions between the neighboring molecules
are quite strong.

The optimized structures obtained at the LDA/DZ level using parallel
geometry of two MQ2 complexes are shown in Fig. 1 and the geometric
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Fig. 3. The optimized structures of the mentioned dimers in vacuum.

parameters of these dimers are given in Table 2. As seen from dihedral
angles in Table 2, while VQ2, CoQ2, NiQ2, CuQ2, PdQ2, and PtQ2 pairs
are almost in the parallel-plane dimer, whereas other complexes are far
from parallel-plane geometry.

The effective transfer integrals of dimer geometries shown in Fig. 3
are calculated at B3LYP/TZP level and the obtained results are tabulated
in Table 3. It is well-known that the higher effective transfer integral is
the larger charge transfer. Referring to Table 3., it is clear that absolute
Ve values of ScQ2, VQ2, FeQ2, and CoQ2 are high. This shows that

charge transfer of these molecules is large among all studied complex.
On the other hand, it is apparent from the result given in Table 3 that
absolute Vh values of VQ2, MnQ2, FeQ2, and CoQ2 are quite large and
they have high hole transfer. As a result, one can said that VQ2, FeQ2,
and CoQ2 complexes have high electron and hole transfer rates. For this
reason, the three compounds can be used as ambipolar material.

3.1.4. Charge transfer rates
The charge transfer properties of the complexes can be quantitatively
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Table 3

The obtained electron and hole transfer integrals (in eV) and the charge transfer

rates (s 1) of the mentioned molecules at B3LYP method in the gas phase.

Complex Ve Vh We Wh

ScQ2 —0.18887 0.14473 2.85x10'* 2.77x103
TiQ2 0.04261 0.00681 4.77x10'2 4.23x10'°
vQ2 —0.21696 —1.28533 1.28x10'° 3.22x1012
CrQ2 —0.05222 0.12525 1.11x10'3 4.22x10'%
MnQ2 —0.12297 1.33678 5.20x10'% 2.57x101*
FeQ2 0.91911 0.53269 2.55x10'° 9.43x10'°
CoQ2 —0.28117 —0.72795 3.03x10™ 5.40x10'*
NiQ2 0.01721 0.19711 2.59x10'2 6.38x101*
CuQ2 0.01901 0.27121 1.37x10° 2.09x10'2
ZnQ2 0.05272 0.06627 2.06x10"3 5.78x10"3
PdQ2 —0.00530 —0.00530 2.52x10"! 3.05x10'*
PtQ2 0.06221 —~0.10613 3.47x10'% 1.52x1014

determined by considering their charge transfer rates (W, or Wy,). To
find the charge transfer rates, the values of all parameters (the reorga-
nization energies, the transfer integrals, temperature, Boltzmann
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constant, etc.) appearing in the Marcus-Hush equation represented by
Eq. (1) must be substituted into the equation. So, the electron and the
hole transfer rates of the mentioned complexes can be predicted for
given dimer geometry. In this way, the obtained W, values of MQ2
complexes at 25 °C are tabulated in Table 3. Referring to Table 3., it is
seen that all studied molecules except for W, values of CuQ2 have
relatively high electron and hole transfer rates. Among them, FeQ2
complex has the best electron transfer rate (2.55x10"° s71) and hole
transfer rate (9.43x10'° s™1). Consequently, it is said that FeQ2 molecule
is the best candidate for both electron and hole transfer material because
of its high charge rates.

3.2. The investigation of electrical properties

3.2.1. Current-volt plots

NEGF-DFT technique have been used to predict the electronic fea-
tures of the compounds. The molecular junctions with molecules be-
tween gold electrodes are given in Figs. S1-S12. The voltages in the
range of 0-2 V were applied to the mentioned devices. The obtained
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Fig. 4. The I-V curves of the device with MQ2 complexes.
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current-voltage plots are shown in Fig. 4.

Referring to Fig. 2, it is seen that the current values of almost all
complex increase with applied voltage. The maximum current for every
complex is obtained at 2 V. In the mentioned complexes, the highest
current (16,134 nA) at 2 V is acquired from the CoQ2 molecule. How-
ever, the current values of the Co-complex are relatively low under the 2
V. The current values of ScQ2, TiQ2, VQ2, CrQ2, and MnQ2 compounds
in the range of 0.5 V-1.5 V are over 2000 nA. According to this, it can be
said that the electrical conductivities of ScQ2, TiQ2, VQ2, CrQ2, and
MnQ2 complexes are good. On the other hand, it is clearly shown that
from Fig. 4 that the electrical conductance of NiQ2, CuQ2, PdQ2, and
PtQ2 compounds are quite low in the applied voltages. Among them, Pd-
complex is the worst conductor.

Additionally, it is indicated that the current values of VQ2 and ZnQ2
molecules at 1.5 V are 7268 nA and 7443 nA, respectively. The current
values are higher than that of CoQ2 at the same bias. For that reason, it
can be stated that VQ2 and ZnQ2 complexes are more conductor than
CoQ2 at 1.5 V.

In the light of NEGF results, the materials for circuit elements such as
transistors and nanowires can be roughly predicted in the range of 0-2
V. At 2 V, the best material for nano-devices is CoQ2 complex in the
investigated compounds. For a similar purpose, ScQ2, TiQ2, VQ2, CrQ2,
MnQ2 FeQ2, CuQ2, and ZnQ2 complexes can be used under 2 V.
Additionally, it can be said that NiQ2, PdQ2, and PtQ2 molecules is not
good materials below 2 V.

3.2.2. Transmission spectra

In order to obtain detailed information on I-V plots, it is necessary to
carry out research on transmission spectra. The transmission spectra for
the aforementioned nano-constructed with MQ2 complexes are calcu-
lated at the bias voltage of 0.0, 0.5, 1.0, 1.5 and 2.0 V and the achieved
spectra are presented in Supplementary Information (Figs. S13-524).

At a 0.0 V bias, the electrons can be transmitted through a molecular
junction through a nonresonant tunnel. The implementation of a certain
bias alters the position of the occupied and unoccupied molecular or-
bitals relative to the Fermi level. This allows the transport of electrons
through a molecular junction by using the orbitals mentioned as the
dominant transport channel. In addition, molecular orbitals with energy
close to the Fermi level contribute to the current and give peaks near the
Fermi energy in the bias window of the transmission spectra [49]. The
bias windows in transmission spectra are areas between dotted lines in
Figs. $13-S24.

From Figs. S13-524., it is clearly seen that the increasing the number
of the peaks in the bias windows increases the current. It should be also
taken into account that current intensity increases with the transmission
coefficient. Among the aforementioned transmission spectra at 2V, it is
clear that the molecular junction with CoQ2 compound has the most
peak number and the highest transmission coefficient in the bias win-
dow. Therefore, it can be said that CoQ2 has the highest conductivity at
2V. On the other hand, it is obvious that there are almost no peaks in the
transmission spectra of the device with PdQ2 complex. This indicates
that the Pt-complex has low conductivity.

4. Conclusions

In first section of the present article, the OLED behaviors of the
transition metal complex containing the 8-hydroxyquinoline (MQ2) are
investigated by using quantum chemical parameters such as reorgani-
zation energy, ionization potential and electron affinity. The reorgani-
zation energies determine that VQ2 and FeQ2 are excellent candidates
for electron and hole transfer materials, respectively. Furthermore, these
parameters determine that the best electron and hole blocking molecules
are PdQ2 and VQ2 compounds, respectively. By means of the ionization
potentials and electron affinities, it is stated that TiQ2 and FeQ2 can be
used to be hole injection and electron injection molecules, respectively.
From the effective transfer integrals, it is clear that VQ2, FeQ2, and
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CoQ2 complexes have high electron and hole transfer ratios in the given
parallel geometry. Finally, it should be noted that the FeQ2 complex
among the molecules mentioned in the given dimer geometries have the
highest transfer rates of electrons and holes.

In the second part of the article, the electrical properties of the
mentioned MQ2 complexes are examined by the NEGF method. The
NEGF technique provides detailed information about the electrical
conductivities of the investigated molecules. With this method, it is
found that the electrical conductivities of ScQ2, TiQ2, VQ2, CrQ2, and
MnQ2 complexes are quite good in the range of 0-2 V. Additionally, it
should be emphasized that the CoQ2 molecule has the highest conduc-
tivity at 2 V. On the other hand, it can be stated that the electrical
conductance of NiQ2, CuQ2, PdQ2, and PtQ2 compounds are quite low
in the applied voltages. Among them, it should be said that the con-
ductivity of Pd-complex is very low.
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