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and optical characterization of
a new hybrid compound, C6H9N2FeCl4, with large
dielectric constants for field-effect transistors†

A. Ghoudi,a Kh. Ben Brahim, a H. Ghalla,b J. Lhoste, c S. Auguste, c K. Khirouni,d

A. Aydia and A. Oueslati *a

Due to remarkable dielectric features, such as a large dielectric constant, strong electrical conductivity, high

capacitance, and low dielectric loss, hybrid materials have lately seen a huge number of applications in the

field of optoelectronics. These are critical characteristics that qualify the performance of optoelectronic

devices, particularly field-effect transistor components (FETs). Here, the hybrid compound 2-amino-5-

picoline tetrachloroferrate(III) (2A5PFeCl4) was synthesised by using the slow evaporation solution growth

method at room temperature. Structural, optical, and dielectric properties have been investigated. The

2A5PFeCl4 compound crystallises in the monoclinic system (P21/c space group). Its structure can be

described as a successive layering of inorganic and organic parts. [FeCl4]
− tetrahedral anions and 2-

amino-5-picolinium cations are connected by N–H/Cl and C–H/Cl hydrogen bonds. The optical

absorption measurement confirms the semiconductor nature with a band gap of around 2.47 eV.

Additionally, the structural and electronic properties of the title compound have been investigated

theoretically through DFT calculations. At low frequencies, this material has significant dielectric

constants (3 ∼106). Furthermore, the high electrical conductivity, low dielectric loss at high frequencies,

and high capacitance show that this new material has great dielectric potential in FET technologies. Due

to their high permittivity, these compounds can be employed as gate dielectrics.
1. Introduction

The eld-effect transistor (FET) is usually considered the most
important innovation of the twentieth century. Since the crea-
tion of the rst silicon transistor in 1947, electronic technology
has advanced dramatically.1–3 It is a signicant part of making
contemporary digital integrated circuits. Silicon (Si)-based
integrated circuits are employed in the majority of today's
electronic products.4 Actually, Moore's law states that by
shrinking the constituent size of Si-based transistors, the
dimensions of these integrated circuits can be reduced to
improve their performance.5
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Silicon has reached its fundamental limits as a material,
notwithstanding its abundance and ease of handling.6However,
one of its primary drawbacks is its inability to withstand the
high temperatures created by current integrated circuits.7 In
this context, discovering new exible materials with remarkable
optical, dielectric, electrical, and mechanical characteristics is
critical for the development of various electronic devices,
particularly FETs.8

Due to the benets of both organic and inorganic compo-
nents, hybrid materials have drawn a lot of interest in opto-
electronic devices such as light-emitting diodes (LEDs), solar
cells, lasers, detectors, and photodetectors.9–16 Aside from their
widespread usage in photovoltaic applications, particularly
solar cells, hybrids have lately piqued the interest of transistor
researchers.15,16 They are good candidates for FETs because of
their low exciton binding energy, trap density, and other electric
and dielectric properties, such as their high dielectric constant,
good electrical conductivity, high capacitance, and low dielec-
tric loss.

Recently, technology has been developed that takes advan-
tage of hybrid materials' multifunctional capabilities in FET
devices. They have been used in some works as dielectric gates
in exible thin-lm transistors because of their high permit-
tivity.17 However, in other studies, these materials were used as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal and refinement data obtained for 2A5PFeCl4
compound

Temperature 296 K
Empirical formula C6H9N2FeCl4
Formula weight (g mol−1) 306.80
Crystal system Monoclinic
Space group P21/c
a 6.4063(4) Å
b 14.2730(9) Å
c 13.2376(10) Å
b 90.298(3)°
Z 4
V 1210.4(2) Å3

m (Mo Ka) 2.087 mm−1

Index ranges −8 < h < 8, −18 < k < 18, −17 < l < 16
Reections collected 16 901
Independent reections 2783
Reections with I > 2s(I) 1710
Rint 0.041
Absorption correction Multi-scan
Rened parameters 119
R[F2 > 2s(F2)] 0.0320
wR(F2) 0.1032
Goodness of t 1.032

−3
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active channels or semiconductors in creative transistor
designs.18

Given the variety of crystal structures found in hybrid
materials, we were able to successfully create a new hybrid
compound, 2A5PFeCl4, using the slow evaporation solution
growth method at room temperature. Its general formula is
AMX4 (where A stands for the organic cation, M for the inor-
ganic cation, and X for the monovalent halogen ion (Cl−)).

The X-ray diffraction technique was used to characterize the
title compound. The optical and dielectric properties have been
determined. Further, DFT and TD-DFT calculations have been
performed to determine the structure and electronic properties
of 2A5PFeCl4. The absorption spectrum, wavelength, and
HOMO–LUMO gap are calculated. The interactions between the
organic and inorganic species, ensuring the stability of the
crystal pattern, have been discussed through the Hirshfeld
surfaces (HS), atoms in molecules (AIM), and non-covalent
reduced density gradient (NC-RDG) analyses.

Due to the novelty of this hybrid material, a proper exami-
nation of its structural, optical, and electrical properties is
required to ascertain whether it can be used in FET devices.
Drmin/Drmax (Å ) −0.29/0.33
2. Experimental procedure
2.1. Crystallization of 2A5PFeCl4

The 2A5PFeCl4 molecule was synthesised using a similar prep-
aration procedure to other hybrid compounds that have been
reported before (solvent evaporation method).19–21

An aqueous solution of ferric chloride was prepared by dis-
solving ca. 0.1 g of FeCl2 in hydrochloric acid (HCl). To this
solution, 0.0568 g of 2-amino-5-picoline (C6H8N2) was added.
Single crystals, having a brown color, were obtained aer 7 days.
2.2. Single crystal X-ray data collection

Crystals were selected under a polarizing optical microscope and
mounted on micro mount needles (MiTiGen) for single-crystal X-
ray diffraction experiments. X-ray intensity data were collected on
a Bruker APEX II Quazar diffractometer (4 circle Kappa goniom-
eter, CCD detector) using an Ims microfocus source (Mo-Ka
radiation with l = 0.71073 Å) at 296 K. The structures were
determined by direct methods with SHELXS-97 and SHELXL-97
programs included in the WINGX package.22 All non-hydrogen
atoms positions were rened anisotropically. Hydrogen atoms
of the organic molecules were geometrically constrained (HFIX
options). The nature of the atoms was differentiated from bond
distance considerations. DIAMOND23 was used to create the
drawing. Crystallographic data for the structures have been
deposited to the Cambridge Crystallographic Data Center, with
the following number: CCDC 2223635† for C6H9N2FeCl4.

The structure renement of the complex 2A5PFeCl4 was
performed in the monoclinic system with the P21/c space group
(the point group 2/m). Lattice spacing are a = 6.4063(4) Å, b =

14.2730(9) Å, c= 13.2376(10) Å, b= 90.298(3)° and V= 1210.4(2)
Å3 as listed in Table 1 along with data collection parameters and
renement. Selected experimental and calculated bond lengths
and angles are listed in Table 3. It must be noted that the
© 2023 The Author(s). Published by the Royal Society of Chemistry
structure can be resolved in P21/m with c/2. Nevertheless, this
solution has been excluded because it does not account for the
order in the organic molecule in which nitrogen atoms are
clearly localized.

2.3. Spectroscopic measurements

A Shimadzu UV-3101PC scanning spectrophotometer with
a wavelength range of 200 to 800 nm was used to carry out UV-
vis powder spectroscopy at room temperature. The apparatus
has the capability of measuring absorbance and reection with
spherical integration and xenon light.

We used a Solartron impedance analyzer to investigate
electrical transmission characteristics, operating within
a frequency range of 102 to 107 Hz, at temperatures between 313
and 358 K and a voltage of 0.5 V. The measurements were
carried out on a pellet with a typical diameter of 8 mm and
a thickness 1 mm. The opposite sides of this pellet have been
covered with conductive silver paint to ensure a solid electrical
connection.

3. Theoretical details

Starting from its crystalline asymmetric unit, the geometry of
2A5PFeCl4 was optimized with the DFT method. The optimiza-
tion was carried out using the Gaussian 09 soware package24

and GaussView as an interface program.25 The exchange func-
tional (B3) of the Becke three-parameter hybrid26 combined with
the LYP functional (Lee–Yang–Parr correlation)27 was employed
in conjunction with the empirical dispersion corrections of
Grimme D3,28 and the LanL2DZ basis set.29 The intermolecular
interactions between organic and inorganic entities have been
discussed through Hirshfeld surfaces, AIM and non-covalent
RSC Adv., 2023, 13, 12844–12862 | 12845
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Fig. 1 Experimental (a) and optimized (b) geometries of 2A5PFeCl4 compound.
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RDG analyses. The Hirshfeld surfaces and ngerprint plots30

were determined by using the Crystal Explorer package31 based
on the CIF le of the title compound. The topological AIM and
RDG analyses have been performed with theMultiwfn program,32

using the wavefunction le created through DFT single point
calculation. The electrostatic potential surface was computed to
identify the nucleophile and the electrophile sites. Further, TD-
DFT calculations have been performed in order to predict the
UV-vis absorption spectrum and to calculate the HOMO–LUMO
energy gap employing the IEFPCM solvation model.
4. Results and discussion
4.1. Crystal structure description

Fig. 1a shows the asymmetric unit of 2A5PFeCl4, which is made
up of a crystallographically independent [C6H9N2]

+ cation and
an ion tetrachloroferrate(III). This nding ts well with the
optimized geometry, calculated at the DFT/B3LYP-D3/LanL2DZ
level of theory, as depicted in Fig. 1b.

To describe the atomic arrangement and better understand
the crystalline architecture of the title molecule. Fig. 2 illus-
trates the projection along the~c axis.
12846 | RSC Adv., 2023, 13, 12844–12862
Indeed, this projection demonstrates the atomic organiza-
tion of chemical buildings involved in the composition of the
crystal in the form of an alternation of cationic and anionic
groups parallel to the (001) plane.

Based on the X-ray determination, the crystalline structure is
mainly stabilized by the presence of two strong interactions N1–
H1A/Cl4, N1–H1B/Cl1, since the values d(H–Cl) are smaller
than the sum of the radii of van der Waals of the iron, and
hydrogen atoms (rFe + rH # 2.81 Å),33 and weak N/C–H/Cl
hydrogen bonding. These interactions exhibit donor–acceptor
distances ranging from 3.441 to 3.775 Å between the cationic
and anionic entities, as can be seen in Table 2.

The [FeCl4]
2−anion adopts a tetrahedral geometry in which

the Fe ion is surrounded by four chlorine atoms with an sp3

hybridization. The bond length Fe–Cl and bond angle Cl–Fe–Cl
values are in the range of 2.1864(8)–2.2039(9) Å and 107.38(3)–
111.68(4)°, respectively (Table 3).

On the other hand, we propose a very simple geometry index
for four-coordinate transition metal complexes, s4, given by the
following eqn (1) by subtracting a and b, the two largest angles
in the tetra-coordinate species, from 360°, then dividing every-
thing by 141.34
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Projection along the c axis of the atomic arrangement of 2A5PFeCl4.

Table 2 Hydrogen-bond parameters (bond length in Å, bond angle in
degrees)

D–H/A D–H H/A D/A D–H/A

N1–H1A/Cl3 0.86 2.976 3.474 118.8
N1–H1A/Cl4 0.86 2.785 3.568 152.0
N1–H1B/Cl1 0.86 2.721 3.441 142.2
N2–H2/Cl4 0.86 2.853 3.631 151.4
C2–H2A/Cl3 0.93 2.884 3.775 160.7
C6–H6/Cl2 0.93 2.924 3.560 126.8
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s4 ¼ 360� � ðaþ bÞ
141�

(1)

The tetra-coordinate s4 index is found to be 0.98. A tetra-
coordinate index is a number that ranges from 0.0 for
a perfect square planar geometry to 1.0 for a perfect tetrahedral
geometry. Interestingly, this agrees with the X-ray results, as s4
is very close to the unit, which is almost a perfect tetrahedron.

The Baur distortion indices for the distances and angles can
be calculated using eqn (2) and (3):35 where d= (Fe–Cl) distance,
a = (Cl–Fe–Cl) angle, and dm = average value.

IDðFe� ClÞ ¼
Xn1
i¼1

jdi � dmj
4 dm

(2)
© 2023 The Author(s). Published by the Royal Society of Chemistry
IDðFe� Cl� ClÞ ¼
Xn2
i¼1

jai � amj
6 am

(3)

ID(Fe–Cl) = 3.05(1) 10(−3) and ID(Cl–Fe–Cl) = 0.010 (8).
It can be admitted that the FeCl4 tetrahedron is formed by

a regular arrangement of chlorine atoms, in which the iron
atom is slightly displaced from the center of gravity of the
tetrahedron.

Concerning the cationic group, the latter has a plane
geometry, a pyridine group coplanar with the methyl (–CH3) on
the C5 atom with a C4–C5 distance equal to 1.503(4) Å and an
amino group with a distance C1–N1 = 1.339(4) Å.

The pyridine group is characterized by C–C and C–N bond
lengths ranging from 1.334(4) to 1.399(4) Å and bond angles, C–
C–C, C–N–C and C–C–N varying from 116.8(4) to 123.2(3)°
(Table 3). These values are comparable to the corresponding
ones previously reported for similar pyridinium complexes.36
4.2. Hirshfeld surfaces

The Hirshfeld surfaces generated from the crystal packing give
a signicant interpretation of the possible interactions
ensuring the stability of the crystal.36 The basic goal of the
Hirshfeld surface is to divide the crystal electron density into
molecular fragments by dening the area occupied by a mole-
cule in a crystal. In this context, two alternative types of
RSC Adv., 2023, 13, 12844–12862 | 12847
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Table 3 Geometrical parameters of 2A5PFeCl4 obtained by DFT calculations and experimental XRD measurements

Bond lengths (Å) Observed Calculated Angle (°) Observed Calculated

[FeCl4]
−

Fe1–Cl1 2.1864(8) 2.295 Cl1–Fe1–Cl2 109.46(3) 98
Fe1–Cl2 2.1921(8) 2.241 Cl1–Fe1–Cl3 107.38(3) 136
Fe1–Cl3 2.2014(8) 2.198 Cl2–Fe1–Cl3 111.68(4) 103
Fe1–Cl4 2.2039(9) 2.238 Cl1–Fe1–Cl4 110.54(4) 100

Cl2–Fe1–Cl4 108.00(5) 112
Cl3–Fe1–Cl4 109.81(4) 107

[C6H9N2]
+

N1–C1 1.339(4) 1.354 C1–N2–C6 123.2(3) 124
N2–C1 1.334(4) 1.368 N2–C1–N1 119.7(3) 119
N2–C6 1.355(4) 1.375 N2–C1–C2 116.8(3) 117
C1–C2 1.399(4) 1.427 N1–C1–C2 123.5(3) 124
C2–C3 1.351(4) 1.387 C3–C2–C1 119.8(3) 120
C3–C4 1.380(4) 1.30 C2–C3–C4 122.1(3) 122
C4–C6 1.347(4) 1.384 C6–C4–C3 116.9(3) 117
C4–C5 1.503(4) 1.512 C6–C4–C5 121.5(3) 122

C3–C4–C5 121.6(3) 122

Fig. 3 Graphical plots of Hirshfeld surfaces mapped with dnorm and shape index.

12848 | RSC Adv., 2023, 13, 12844–12862 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 2D-fingerprint plots along with the percentage of main intermolecular contacts contributed to the Hirshfeld surface in 2-amino 5-
picoline tetrachloroferrate(III) crystal packing.
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distances de and di are specied for each point of an isosurface,
expressing the distance from the point to the closest nucleus
either external to the surface or internal to the surface,
© 2023 The Author(s). Published by the Royal Society of Chemistry
respectively. The normalized contact distance dnorm was used to
dene a three-dimensional molecular surface. dnorm is charac-
terized by:37
RSC Adv., 2023, 13, 12844–12862 | 12849
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Table 4 AIM topological parameters describing the organic–inor-
ganic interactions in 2-amino 5-picoline tetrachloroferrate(III)a

BCP r(r) D2r(r) H(r) G(r) V(r) E(r) 3 ELF

1 0.0095 0.0326 0.0014 0.0068 −0.0054 7.03 0.1635 0.0318
2 0.0085 0.0291 0.0011 0.0062 −0.0051 6.61 3.1864 0.0267
3 0.0070 0.0230 0.0009 0.0048 −0.0039 5.07 0.7246 0.0227
4 0.0177 0.0502 0.0003 0.0122 −0.0119 15.53 0.0770 0.0741
5 0.0065 0.0208 0.0008 0.0044 −0.0036 4.70 0.5412 0.0210
6 0.0190 0.0548 0.0003 0.0134 −0.0131 17.04 0.0532 0.0771

a All parameters are given in au, except E(r) is expressed in kJ mol−1.
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dnorm ¼ di � rvdWi

rvdWi

þ de � rvdWe

rvdWe

(4)

where rvdWe and rvdWi are the van der Waals (vdW) radii of the two
atoms external and internal to the Hirshfeld surface, respec-
tively. Fig. 3 shows the Hirshfeld surfaces of 2A5PFeCl4, mapped
using dnorm and shape index representations. The intermolec-
ular interactions are plotted using a color code; the contacts
that have distances equal to the sum of the vdW radii are
depicted in white, while those that have distances that are less
than or more than the vdW radii are displayed in red and blue,
respectively. The red spots on the dnorm mapped Hirshfeld
surface indicate the presence of intermolecular H-bonds. As
shown with dotted lines, the dark-red spots on the DNRM
surface indicate short interatomic contacts, i.e., the strong
hydrogen bonds N–H/N C–H/Cl, and N–H/Cl donor–
acceptor.

The Hirshfeld surface can alter very subtly and have
a signicant impact on the shape index. The latter shows the
surface of electron density that surrounds molecular interac-
tions. The small range of light color represents a weaker and
longer interaction than hydrogen bonds. Red and blue triangles
are a sign of p–p interactions. The griddle-colored regions in
each of di and de represent all intra- and intermolecular inter-
actions in the 2D ngerprint plots, as shown in Fig. 4. Accord-
ingly, the main interaction contributions to the whole Hirshfeld
surface are H/Cl (63.5%) H/H (19.1%), Cl/Cl (5.9%) and
Cl/C (5.4%) contacts. So, this quantitative nding demon-
strates that H/Cl interactions account for the majority of the
surface.

4.3. AIM analysis

Within AIM theory,38 each interatomic interaction is dened by
the presence of a bond critical point (BCP). The topological
parameters at BCP, such as the electron density r(r) and its
Laplacian D2r(r), aid in understanding the nature and strength
Fig. 5 AIM molecular graph of 2-amino 5-picoline tetra-
chloroferrate(II) generated by using Multiwfn program: bond critical
points (BCPs) are represented with small orange spheres.

12850 | RSC Adv., 2023, 13, 12844–12862
of the interaction.39 According to Koch and Popelier criteria,40

the hydrogen bonding interaction should have r(r) and D2r(r)
values within the range of 0.0020–0.0400 and 0.0240–0.1390 a.u,
respectively.

The molecular graph including BCPs associated with the
intermolecular interactions between organic and inorganic
entities in the asymmetric unit are displayed in Fig. 5. All of the
topological parameters measured at the BCPs are listed in
Table 4. When the value of D2r(r) at BCP is positive, it means
that the electron density is being reduced along with the bond
path, which is typical of closed-shell interactions like hydrogen
Fig. 6 RDG function isosurface with sign(l2)r coloring scheme for the
asymmetric unit cell of 2-amino 5-picoline tetrachloroferrate(II).

Fig. 7 Molecular electrostatic potential surface of 2-amino 5-picoline
tetrachloroferrate(II) calculated at B3LYP-D3/lanl2dz level of theory.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) UV-vis absorption of 2A5PFeCl4 compound and Tauc plot of 2A5PFeCl4 (b) compound.
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bonding. Here, the values of r(r) and D2r(r) are between 0.0065
and 0.0190 and 0.0208 and 0.0548, respectively. Regarding
these parameters, we may conclude that the interactions
between the organic and inorganic species are considerably
weak; the values of D2r(r) are lower than those of Koch and
Popelier criteria.
© 2023 The Author(s). Published by the Royal Society of Chemistry
In order to discuss deeply the nature of the intermolecular
interactions within the asymmetric unit, NCI-RDG analysis was
performed.

This technique allows graphically distinguishing, with color
coding, between hydrogen bonding, van der Waals, and repul-
sive steric interactions. The RDG function isosurface with
RSC Adv., 2023, 13, 12844–12862 | 12851
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sign(l2)r coloring scheme for the asymmetric unit cell of
2A5PFeCl4 is depicted in Fig. 6. The green areas between the
organic and inorganic parts prove the existence of van der
Waals interactions.
4.4. Molecular electrostatic potential

The surface of the molecular electrostatic potential (MEP) is
related to the electronic density and is a useful descriptor for
dening sites for electrophilic attack, nucleophilic reactions,
and hydrogen-bonding interactions.41–43 The calculated MEP
surface of 2A5PFeCl4 is plotted, using a color code, in Fig. 7. The
nucleophilic sites are associated with the blue zone with posi-
tive potential, whereas the red region denes the electrophilic
sites. An area with zero potential is shown by the color green.
Herein, the nucleophilic attacks are located surrounding the
hydrogen and nitrogen atoms of the organic part, while the
electrophilic sites are associated with the inorganic part of the
asymmetric unit. These ndings reect the interactions
between the two parts of the compound and support the
stability of the pattern.
Fig. 9 Experimental and TD-DFT/B3LYP-D3 predicted UV-vis spectra
of 2-amino 5-picoline tetrachloroferrate(II).
4.5. Optical absorption of 2A5PFeCl4

The semi-conductive properties of 2A5PFeCl4 were explored
using UV-vis spectroscopic analysis.

Fig. 8a present the experimental absorption spectrum. Six
peaks are observed. The absorption bands are indicative of the
electronic transitions within the inorganic component ([FeCl4]

−

anion), rather than the cation group, because organic molecules
are transparent in the visible spectrum region.44 The [FeCl4]

−

anion is typically ascribed to the four distinctive bands at 223,
290, 353 and 449 nm.45,46 The other bands observed at 610 and
690 nm, assigned to 4E(b) (6A1 / 4T2(b)) and

6A1 / 4A2 tran-
sitions respectively, are characteristic of the [FeCl4]

− anion in
a tetrahedral geometry.47

In addition, strong absorption is observed in the spectral
region roughly between 200 and 450 nm then it decreases
sharply from 450 to 600 nm, thus indicating the presence of the
band gap.

The shoulders that emerge in the reectance spectrum R
occur at wavelengths corresponding to the optical gap, accord-
ing to R. E. Marotti et al.48 and R. Henriquez et al.49 calculating
the rst derivative (1/R)(dR/dl) highlights the shoulders.
Fig. S1† depicts the rst derivative variation as a function of
wavelength. The existence of a prominent peak centred at
506 nm allows one to estimate the energy of the optical gap at
2.45 eV using the relationship:

EgðeVÞ ¼ 1240

l ðnmÞ (5)

The band gap energy of C6H9N2FeCl4 is also determined by
combining both the Kubelka–Munk function and the Tauc
equation, as shown by the following relation:50

FðRÞhn ¼ B

S

�
hn� Eg

�n
(6)
12852 | RSC Adv., 2023, 13, 12844–12862
F(R) = (1 − R)2/2R, where R represents reectance, n is the
light frequency, h is Planck constant, B is a constant related to
transition probability, and n is the index, which takes different
values depending on the inter-band transition mechanism (n =

1/2 and 2 corresponding to direct and indirect transitions,
respectively).

Fig. 8b depicts the (F(R)hn)2 vs. photon energy (hn) curve. The
extension of the linear portion of the curve to meet the (hn) axis
at (F(R)hn)2 yields an optical band gap Eg = 2.47 eV. This value is
quite similar to that produced using the Marotti method. This
value proves that the title compound is a suitable semi-
conductor for optoelectronics applications.51

The excitation characteristics and capability of electron
transport may be reasonably predicted qualitatively using the
border molecular orbital.52

Fig. 9 illustrates the superposition of the experimental and
predicted UV-vis spectra. The TD-DFT spectra are computed in
the gas phase and in water and HCl solvents using the IEFPCM
solvation model. Clearly, the simulation spectra fairly t the
experimental absorption band of the investigated compound.
One may observe that the simulated spectrum in water solvent
reproduces the experimental one rather than in the gas phase
and HCl solvent.

The most signicant orbitals in a molecular system are the
frontier molecular orbitals, called the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). The frontier orbital gap characterizes the
chemical reactivity and kinetic stability of the molecule. In this
context, a molecule with a small frontier orbital gap is more
polarizable. It is generally associated with a high chemical
reactivity, and low kinetic stability and is also termed a so
molecule.52–54 The HOMO is the orbital that primarily acts as an
electron donor and the LUMO is the orbital that largely acts as an
electron acceptor. HOMO−2, HOMO−1, HOMO, LUMO,
LUMO+1 and LUMO+2 molecular orbital isosurfaces along with
their energy values are illustrated in Fig. 10. The HOMO–LUMO
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 HOMO and LUMO frontier molecular orbitals calculated with TD/B3LYP-D3/lanl2dz in water solvent.
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energy gap is found to be 2.54 eV. This value explains the even-
tual charge transfer interactions within the molecules. The
LUMO+2 isosurface is localized in the organic part. The other
isosurfaces. HOMO−2, HOMO−1, HOMO, LUMO and LUMO+1,
only occur on the inorganic part. To better understand the
reactivity of the title compound, several energetic descriptors
have been calculated based on the HOMO and LUMO energy
values, such as chemical potential (m), electronegativity (c),
global hardness (h), global soness (z), and global electrophi-
licity index (u) values. The results are listed in Table 5. The high
electrophilicity index categorizes the propensity of electron
acceptors to acquire additional electron charges from the envi-
ronment. According to the literature,55 the chemical in the title
can provide semi-conducting characteristics.
Table 5 TD-DFT calculations of HOMO–LUMO energy gap, chemical
potential, electronegativity, global hardness, global softness, and
electrophilicity index

Function Value

EHOMO (eV) −6.401
ELUMO (eV) −3.862
DEHOMO–LUMO gap (eV) 2.539
Chemical potential m (eV) −5.131
Electronegativity c (eV) 5.131
Global hardness h (eV) 1.269
Global soness S (eV) 0.788
Global electrophilicity index j (eV) 13.17
Dipole moment (D) 17.78
Counterpoise corrected energy (a.u.) −526.893184234950
BSSE energy (a.u.) 0.004289900801
Complexation energy (kcal mol−1) −121.27

© 2023 The Author(s). Published by the Royal Society of Chemistry
4.6. Dielectric measurements

Complex impedance spectroscopy (CIS) is a well-established
technique for analysing a material's electrical activity. It
provides information on ion ow inside the material, relaxation
time, electrical conductivity, etc.

The polarizability of dielectric material is governed by its
relative permittivity (3r) or dielectric constant (3), which is
commonly stated as a complex number given by:56

3 = 3′ − i3′′ (7)

where the real part 3′ describes the power of the dipole cong-
uration in the dielectric region and is dened as a measure of
the energy accumulated in the matter from the electrical eld
applied. Whereas the imaginary part 3′′ is thought to be the
energy dissipated in the dielectric due to frictional damping,
which prevents connected charge displacements from remain-
ing in phase with eld changes. The real and imaginary
dielectric constants have been calculated using the following
formula, based on Z′ and Z′′ observations, respectively:

3
0 ¼ Z

00

2pfC0

�
Z

0 2 þ Z
00 2
� (8)

3
00 ¼ Z

0

2pfC0

�
Z

0 2 þ Z
00 2
� (9)

where C0 represents the free space capacitance (C0 = 30A/d,
where A is the area and d is the pellet thickness), f stands for the
frequency, and Z′ and Z′′ are the real and imaginary parts of the
impedance, respectively.
RSC Adv., 2023, 13, 12844–12862 | 12853
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Fig. 11 Frequency-dependent real part of dielectric constants of
2A5PFeCl4.
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The calculated frequency-dependent 3′ values at different
temperatures are shown in Fig. 11. At low frequencies, the
produced materials had greater 3′ values, indicating that they
might be good candidates for low-frequency energy storage.57

Similarly, the 3′ values fall as the frequency rises, improving the
energy storage capacity.58 Furthermore, the dielectric constant
values rise as the temperature increases at a certain frequency.
This nature species the thermal activation of charge carriers,
which impacts polarization. The four main types of polarization
are ionic, electronic, orientational, and interfacial. The system's
ionic and electronic polarizations are deformational compo-
nents of polarizability, whereas the orientational and interfacial
polarizations are relaxation components.59

The Maxwell–Wagner interfacial polarization can explain the
observed dielectric behavior in this material.60 According to
these models, the produced sample's dielectric structure is
made up of good-conductive grains separated by poor-
conductive grain boundaries. The grain boundaries act as
a barrier, preventing charge carriers from owing freely and
lowering the inter-grain conductivity. Interfacial polarization
involves electron exchange between the ions of the same
molecule. Material deformation causes the distribution of
positive and negative space charges to change. When an electric
eld is applied, negative and positive charges travel to opposing
poles, resulting in a huge number of dipoles when the
frequency is low. As a result, the dipoles easily follow the quasi-
static eld, and the material exhibits a high dielectric constant
at low frequencies. As the dipole moments become incapable of
following the electric eld at higher frequencies, the dielectric
constants steadily fall into the high-frequency zone.

The orientational and interfacial polarizations contribute to
the real part of the dielectric constant in the low-frequency
zone. On the other hand, the electronic and ionic polariza-
tions are governed in the high frequency domain, which
explains the lower values of 3′. The existence of thermally acti-
vated charge carriers and the moment of the electric dipole are
12854 | RSC Adv., 2023, 13, 12844–12862
responsible for the increase in the real component of the
dielectric constant with increasing temperature.61,62

Based on the literature, the dielectric constants of some
conventional semiconductors were substantially lower than
those of C6H9N2FeCl4 (3 ∼ 106). For example, silicon63 has
a dielectric constant of 12.1 while organic semiconductors have
dielectric constants ranging from 2 to 5, causing recombination
losses in solar systems (photovoltaic devices).64–66 On the other
hand, materials with a high dielectric constant demonstrated
more resistance to the electric eld than those with low values.64

Furthermore, a large dielectric constant would reduce
exciton binding energy, lowering charge carrier recombination
losses, and thereby boosting solar cell device performance.67

High power efficiency might be achieved by a solar cell with
a long diffusion length and low binding energy. Hybrids have
a lower exciton binding energy than organic materials, as is
widely known. This is because their dielectric constants differ.68

It is obvious that the dielectric constant is a critical element in
determining the binding energy for photocurrent generation in
solar cells.68 As a result of the C6H9N2FeCl4 high dielectric
constant, it might be employed as a dielectric gate or active
channel in FET devices.69,70 The FET, a common component in
current electronic circuits, is used to amplify or tune electronic
analog and digital signals.

The complex dielectric data collected at various tempera-
tures were adjusted using the Cole–Cole equation to study
temperature-dependent dipolar polarisation and associated
relaxation processes.

The Cole–Cole formula is given by:71

3 ¼ 3N þ 3s � 3N

1þ ðiusÞ1�a
(10)

The real and imaginary components of are provided by:72

3
0 ¼ 3N þ

ð3s � 3NÞ
h
1þ ðusÞmcos

�mp

2

�i
1þ 2ðusÞmcos

�mp

2

�
þ ðusÞ2m

(11)

3
0 ¼ 3N þ

ð3s � 3NÞðusÞmsin
�mp

2

�
1þ 2ðusÞmcos

�mp

2

�
þ ðusÞ2m

(12)

where u is the angular frequency, s is the relaxation time, and
a is a material-dependent constant related to the width of the
distribution of relaxation times (m = 1 − a).73 Furthermore, in
the low and high frequency limits, respectively, 3s and 3N are the
dielectric constants.

Eqn (11) was used to t the actual component of the obtained
dielectric constant versus frequency data (Fig. 11) to get
different dielectric and relaxation characteristics of the C6H9-
N2FeCl4 sample. All of the parameters acquired from the ts are
presented in Fig. 12 it is observed that 3s and 3N values are
nearly temperature independent. A slight increase in the values
of 3s and 3Nwhen temperatures rise over 333 K can be attributed
to the contribution of thermally produced charge carriers.
Furthermore, as predicted, when themeasurement temperature
rises, the mean relaxation time (s) decreases.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Temperature dependency of the extracted fitting parameters for 2A5PFeCl4.

Fig. 13 Frequency-dependent dielectric loss of 2A5PFeCl4.
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The parameter a provides information about the sample's
relaxation time distribution. It's worth noting that begins to rise
from 0.09 at 313 K to a high of 0.22 at 333 K before falling to
0.009 at 358 K. This uctuation demonstrates that as the
temperature rises, other relaxation mechanisms with varying
relaxation times begin to participate, resulting in a wide range
of relaxation times with amaximum value at 333 K. Above 333 K,
the relaxation time distribution narrows. The relaxation of the
dipoles in grains and grain boundaries appears to approach
identical relaxation times as the temperature rises, and both
distributions progressively overlap, resulting in a small relaxa-
tion time breadth at high temperatures. In contrast, when the
temperature drops below 358 K, the difference between the
distribution of relaxation times owing to dipoles at the grains
and grain boundary regions appears, resulting in a broader
variety of relaxation times at 333 K. A further decrease in
temperature freezes the grain boundary relaxation processes,
resulting in a narrowing of the relaxation time distribution (i.e.,
a drop in the value of a).74

On the contrary, it was absolutely crucial to study in the
materials for applications in optoelectronics the “dissipation
factor” which is represented by tan(d) in Fig. 13, where d is
mathematically dened as the angle between the voltage and
charging current, also known as “loss angle”.75 The dielectric
loss was mainly due to different physical phenomena, such as
the conduction process, the dielectric relaxation, the molecular
dipole moment, and the interfacial polarization.76

In the low frequency range, more energy is required to
produce charge carrier movement. As a result, tan(d) values are
higher in this frequency range.77 The resistivity of the material
reduces with increasing frequency, so the movement of charge
carriers consumes less energy. As a result, the dielectric loss in
the high frequency area decreases. This paved the way for these
materials to be considered for use in electrical devices.78
© 2023 The Author(s). Published by the Royal Society of Chemistry
It also shows that higher temperatures and lower frequencies
result in more dielectric loss, which exhibits a clear sign of the
growth in the conductivity of the material.79

The complex polarizability a, put out by Scaife,80 was the
subject of attention in order to better comprehend the
processes of dielectric relaxation. This makes it possible to
investigate a compound's inherent dielectric characteristics
more thoroughly since it gives each polarisation process the
attention it deserves. In fact, different coexisting relaxation
processes in a sample might be easily distinguished by
employing this formalism. As a result, the complex polariz-
ability is described as:
RSC Adv., 2023, 13, 12844–12862 | 12855
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Fig. 14 The imaginary part of complex polarizability as a function of
frequency.
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a ¼ a
0 � ia

00 ¼ 3þ 1

3þ 2
(13)

where the real and imaginary components of the complex
polarizability, respectively, are a′ and a′′ and 3 is the complex
dielectric constant. It is possible to determine the imaginary
part of the complex polarizability parameter a′′ using the rela-
tion given below:81

a
00 ¼ 23

00

ð30 þ 2Þ2 þ 3
00 2 (14)

Fig. 14 shows the imaginary part of the complex polariz-
ability as a function of frequency and temperature. As the
temperature rises, this displays relaxation peaks with
a maximum frequency uaM that shi toward a high frequency
(see Fig. S2†). This variation displays the Arrhenius behaviour:

uaM ¼ ua0exp

�
� Ea

kBT

�
(15)

where ua0 is a pre-factor, T is the temperature, k is the Boltz-
mann constant and Ea is the activation energy, which is Ea1 =

0.85 eV in the range [313–333 K] and Ea2 = 1.65 eV in the range
[343–358 K].

The study of electrical modulus provides insight into the
electrode effect, grain boundary effect, grain characteristics,
conductivity, and relaxation behaviour of the material. This
technique is also useful to understand its transport process and
relaxation mechanism.

The complex electric modulus is represented by the equa-
tion: M = M′ + iM′′. The following formula82 has been used to
determine M′:

M
0 ¼ 3

0

3
0 2 þ 3

00 2 (16)
12856 | RSC Adv., 2023, 13, 12844–12862
Fig. 15a depicts the frequency dependence of the real
components of the modulus spectra (M′(T, f)) between 313 and
358 K. At all temperatures, the value ofM′ increases as frequency
increases. At low frequencies, M′ approaches 0, proving that
there is no electrode inuence. The M′ value falls in this region
(low frequency) and gradually rises with increasing frequency
because the electric eld formed is insufficient to provide the
necessary restoring force for the movement of the charge
carriers. As a result, the conduction process is brought on by the
short-range mobility of charge carriers.83

The same formula has been used to estimate M′′:

M
00 ¼ 3

00

3
0 2 þ 3

00 2 (17)

Fig. 15b shows the curve of M′′ with frequency at various
temperatures. The value of M′′ rose steadily as frequency
increased, peaked ðM 00

maxÞ; and then rapidly fell, as shown in
this chart. The peak shiing toward a higher frequency with
rising temperature indicates the presence of the relaxation
process. A change in capacitance is shown by the variation in
M

00
max value with temperature. The asymmetrical broadening of

the peak, which denotes non-Debye type conduction events,
indicates the transmission of relaxation in the material.84

Following the expression in eqn (18) below, which applies
the complex electric modulus Laplace transformation, we per-
formed the analysis of the M′′ data's frequency dependency,
which is shown below:

M ¼ MN

2
41� ðN

0

e�ift
�
d4

dt

�
dt

3
5 (18)

The relaxation function 4(t) provides details on the temporal
evolution of the electric eld (E) within the compound,85 while
MN (=1/3N) in the preceding formula reects the inverse of the
real component 3N of the dielectric permittivity's high
frequency asymptotic value.

It is clear that the asymmetrical plots in Fig. 15b offer indi-
cations of the non-exponential behavior of the electrical
modulus characterized by a non-exponential decay function
and the Kohlrausch–Williams–Watts (KWW) parameter, which
is written as:86,87

4ðtÞ ¼ exp

"
�
�
t

s0

�b
#

(19)

With an increase in the relaxation time distribution, the
stretched exponential parameter normally decreases.88 The
above expression's variable, which describes the degree of
linearity deviation, b is in the range 0 < b < 1. As the system
approaches unity (b / 1), Debye relaxation is visible. On the
other hand, b / 0 refers the amount of ion contact that takes
place in the system. In accordance with Bergman's modied
analysis of the KWW function, we applied the mathematical
tting method to enable direct evaluation of modulus plots in
the frequency domain as shown:88
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Frequency dependent of (a) M′ and M′′ (b) at different temperatures of 2A5PFeCl4.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
1:

22
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
M
00 ðf Þ ¼ M

00
max�

ð1� bÞ þ
�

b

1þ b

��
b
�umax

u

�
þ
�umax

u

�b
		 (20)

Here, M
00
max is the imaginary portion of the M peak value with

a matching frequency of umax. The red solid lines in Fig. 15b
© 2023 The Author(s). Published by the Royal Society of Chemistry
represents the nonlinear tting of the aforementioned formula
to the empirically determined modulus values for the system
under inquiry. The corresponding parameters extrapolated
from the tting are shown in Table 6. The values of b range from
0.65 to 0.92, indicating that non-Debye type relaxation
processes predominate in this system.
RSC Adv., 2023, 13, 12844–12862 | 12857
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Table 6 The list of parameters obtained by fitting the modified KWW
function (eqn (8)) to the frequency dependent modulus (M′′) data

T (K) M
00
max (×10−3) b umax (×106) s0 (×10−6)

313 3.46 0.293 3.509 1.789
318 3.65 0.325 4.133 1.519
323 3.79 0.291 7.107 0.883
328 3.96 0.261 12.19 0.514
333 4.13 0.246 19.38 0.323
338 4.42 0.255 30.33 0.207
343 5.59 0.065 942.6 6.662 × 10−3

348 5.85 0.043 4802 1.307 × 10−3

353 5.6 0.041 9220 6.811 × 10−4

358 4.33 0.039 13 330 4.708 × 10−4
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In order to better understand material properties and their
importance in optoelectronic devices, as well as to learn more
about the nature of the transport mechanism and to compre-
hend how charge carriers interact, the electrical conductivity
behavior was examined.89 The following law was used by
Jonscher's to try and explain how ac conductivity behaves.90

sac(u) = s(0) + s1(u) = sdc + Aus (21)

where sac(u) is the total measured conductivity, s(0) = sdc is the
frequency independent term giving the conductivity in contin-
uous current, s1(u) is the pure dispersive component of ac
conductivity having a characteristic of power law in the angular
frequency u domain with an exponent s. The value of s is in the
range of 0 < s < 1 and is frequency independent but temperature
and material dependent. A is a constant for a particular
temperature.

The ac conductivity versus frequency plots (usually referred
to as conductivity spectra) for 2A5PFeCl4 at various tempera-
tures are presented in Fig. 16. Free as well as bound carriers can
cause frequency dependence in ac conductivity. If the
Fig. 16 The variation of the electrical conductivity versus the
frequency at different temperatures.

12858 | RSC Adv., 2023, 13, 12844–12862
conduction is caused by free carriers, then the sac must
decrease as the frequency rises91 Because the measured ac
conductivity decreased when the frequency was reduced in our
example, the observed ac conductivity must be related to the
bound carriers trapped in the sample. The Schottky barrier at
the metal–dielectric interface, Maxwell–Wagner type conduc-
tion, and hopping conduction91 can all be used to explain the
phenomenon of increased conductivity with increasing
frequency. The disordering of cations between neighboring
sites, i.e., neighboring grains and their boundaries, as well as
the presence of space charges, may explain the positive slope of
ac conductivity with frequency.

A closer look at the conductivity plots reveals that the curves
show high-frequency dispersion that follows Jonscher's power
law equation (eqn (21)). According to Jonscher, the relaxation
processes caused by mobile charge carriers are the source of
conductivity's frequency dependency. A mobile charge remains
in a condition of displacement between two potential energy
minima when it jumps to a new site from its original location.92

In addition, the material conduction behavior follows
a power law, sac f us, with a slope shi governed by s. The
parameter s describes the interaction between the charge
carriers involved in the polarization process. The interaction, on
the other hand, increases as the temperature rises, resulting in
a drop in s from 0.62 to 0.30 (right of Fig. 17), suggesting the
correlated barrier hopping (CBH) conduction mechanism. In
addition, these numbers imply that the system is far from being
in a Debye type state (s = 1).93 However, at 313 K, the dc
conductivity of the C6H9N2FeCl4 was in the order of
10−4 S cm−1, which was comparable to the perovskites C3H7-
NH3PbI3.94 As a consequence, the high dielectric permittivity
and electrical conductivity evaluations resulted in better con-
ducting capabilities, indicating that this material might be used
in FET devices.

The data of dc conductivity is displayed as ln(sdc) vs. 1000/T
at the temperature range of 313–358 K (le of Fig. 17), revealing
Arrhenius type behavior as indicated by:

sdc ¼ s0exp

�
� Ea

kBT

�
(22)

where s0 is the pre-exponential factor, kB is the Boltzmann
constant, and Ea is the activation energy.

The dc conductivity increases as the temperature rises. In
addition, we can see two regions associated with two activation
energies, Ea1 = 0.58 eV in the range [313–333 K] and Ea2 =

1.23 eV in the range [343–358 K]. On the other hand, the
deduced activation energies from the ac conductivity as a func-
tion of reciprocal temperature for ve xed frequencies (Fig. 18)
are listed in Table 7. It's worth noting that when the frequency
rises, the activation energies of both temperature areas drop.
This supports the idea that increasing the applied eld
frequency enhances the electrical hops between localized states.
Furthermore, the ac conduction activation energies at high
frequencies are shown to be smaller than those at low
frequencies. This is due to the fact that at high frequencies, the
conductivity is taken up by the mobility of charge carriers over
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Variation of ln(sdc) vs. (1000/T) (left) and the variation of the exponents as a function of temperature (right).

Fig. 18 Variation of ln(sac) as a function of temperature at different
frequencies.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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short distances and needs less energy than the one necessary for
mobility over longer distances at low frequencies.56

To conclude the study of the dielectric properties of the
studied compound, capacitance measurements were done at
the same frequencies and temperatures. The behavior of
capacitance as the angular frequency increases from 102 to 107

rad s−1 at temperatures ranging from 313 to 358 K is shown in
Fig. 19. It can be clearly seen that the capacitance curve
decreases with increasing frequency, and the maximum values
are found at low frequencies. This capacitive characteristic
indicates an inhomogeneous barrier formation at the interface
due to the presence of interface states. These states can result in
the creation of an interfacial space charge at the interface.95,96

The contribution of the ionic capacitance decreased with the
drop in temperature. However, at high frequencies, the capac-
itance became saturated and plateaued. This was attributed to
the contribution of the external circuit's resistance in series, as
well as the geometric capacitance of the pellet, which was
related to the permittivity as shown in eqn (23):97

C ¼ 3A

d
(23)

where A refers to the area of the electrode and d shows the pellet
thickness. According to eqn (23), the capacitance depends on
the dielectric permittivity. As previously found in permittivity
measurements, the capacitance of materials fell and became
steady. In addition, the capacitance values of the material
calculated at 313 were in the order of 10−6 F. So, a high
capacitance could generally enhance the performance of FET
devices.
RSC Adv., 2023, 13, 12844–12862 | 12859
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Table 7 Activation energies obtained for selected frequencies

f Ea1 (eV) Ea2 (eV)

16 kHz 0.5 1.22
40 kHz 0.44 1.20
100 kHz 0.4 1.16
400 kHz 0.34 1.06
1 MHz 0.28 0.99

Fig. 19 Frequency dependence of capacitance spectra of 2A5PFeCl4.
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5. Conclusion

In summary, the 2A5PFeCl4 compound was successfully
prepared through the slow evaporation solution growth method
at room temperature, and its structural, optical, and extensive
dielectric properties are investigated. The structural geometry
was optimized using the DFT/B3LYP-D3 method. The structural
parameters are in good agreement with the experimental data.
The absorption spectra have been recorded and simulated at
the TD/B3LYP-D3/lanl2dz level of theory. As a result, there is
good agreement between theoretical absorption and experi-
mental spectra.

UV-vis spectral analysis allows for the exploration of the
optical characteristics of the title compound and the determi-
nation of a band gap energy of 2.47 eV. Hirshfeld surface
analysis demonstrated that hydrogen bonding interactions are
primarily responsible for the structure packing's stabilization.
The AIM and NCI-RDG topological analyses prove that the
interactions between the organic and inorganic parts are mainly
of the van der Waals type. The MEP surface ascertains the
donor–acceptor interactions within the title compound,
showing the electrophilic and nucleophilic sites.

The huge dielectric permittivity, strong capacitance, high
conductivity, and low dielectric loss of this material make it
highly tunable for FET applications as compared to other
dielectric materials. They might be used as semiconductors,
12860 | RSC Adv., 2023, 13, 12844–12862
dielectric gates, or active channels in novel transistor devices
due to their better dielectric properties. The ndings of our
research help to explain why the C6H9N2FeCl4 has such good
dielectric properties. More specically, our research outlined
the benets as well as the efficacy of these materials in FET
applications. However, knowing the underlying electrical char-
acteristics of these materials is required for future views on
developing and achieving low-cost and high-performance FET
devices based on them.
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