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, Hirshfeld surface analysis,
conduction mechanism and electrical modulus
study of the new organic–inorganic compound
[C8H10NO]2HgBr4†

Souad Chkoundali, *a Iheb Garoui,b Wala Trigui b and Abderrazek Oueslati b

There has been a lot of interest in the development of a novel hybrid material based on mercury that has

fascinating structural properties. In this paper, single crystals of [C8H10NO]2HgBr4 was successfully

synthesized by the slow evaporation method at room temperature. In fact, the latter crystallizes in the

orthorhombic system (Cmca space group) with cell parameters a = 20.824(2) Å, b = 15.352(1) Å and

c = 13.700(1) Å and Z = 8. Its structure is constituted by one [C8H10NO]+ cation and one type of

isolated anion [HgBr4]
2− tetrabromomercurate(II). The atomic arrangement presents an alternation of

organic and inorganic layers along the a-axis. To maintain the cohesiveness of the structure, these

components are joined via p/p interactions and hydrogen bonds (N–H/Br and N–H/O). A general

network of hydrogen bonds ensures the interconnection of several entities. Greater knowledge of these

interactions has been obtained based on the Hirshfeld surface analysis and 2D fingerprint plots. The

analysis of complex impedance spectra shows that the electrical properties of the material are heavily

dependent on frequency and temperature. The obtained results were analyzed by fitting the

experimental data to an equivalent circuit model. The temperature dependence of conductivity and the

relaxation frequency umax fulfill the Arrhenius relation and activation energies are estimated. The material

follows Jonscher's universal dynamic law or here there is a decrease in the exponent ‘s’ as the

temperature increases. This result indicates that the Correlated Barrier Hopping (CBH) model represents

the conduction mechanism. Besides, the non-Debye type conductivity relaxation is revealed by the

electrical modulus analysis.
1. Introduction

In recent years, organic–inorganic hybrid materials have
garnered signicant attention from researchers due to the
intriguing opportunities they offer for the preparation of a wide
variety of materials. These hybrids hold potential applications
in diverse elds such as medicine, biology, catalysis, magne-
tism, photochemistry, and electrochemistry.1–3 Furthermore,
these compounds have the potential to integrate advantageous
characteristics from both organic and inorganic moieties in
crystalline molecular-scale composites.4–7 On the one hand,
inorganic materials can have a wide range of electrical proper-
ties, mechanical hardness, thermal stability and dielectric and
and Applications (LaMMA), LR16ES18,
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the Royal Society of Chemistry
magnetic transitions.8,9 On the other hand, organic molecules
can provide signicant polarizability, structural diversity,
plastic mechanical characteristics, processing simplicity, and
great uorescence efficiency.10,11

Among these compounds, complexes with the chemical
formula A2MX4 (A = organic cation, M = transition divalent
metal ion, X = halide ion) have attracted considerable interest
among hybrid materials.12,13 Particularly, hybrid compounds
based on mercury halide have drawn interest due to the many
coordination topologies and structural exibility of the Hg2+

ion.14

This study was carried out using a novel organic–inorganic
hybrid chemical substance [C8H10NO]2HgBr4, which combines
the organic cation 4-acetylanilinium [C8H10NO]

+ and the tetra-
bromomercurate(II) anion [HgBr4]

2−. The structural character-
istics and properties of the studied compound were ascertained
by conducting a range of physicochemical characterization
studies on crystals that were formed. Several methods,
including scanning electronic microscopy (SEM), X-ray diffrac-
tion (XRD), infrared spectroscopy (IR), Hirshfeld surface anal-
ysis (HS), and dielectric analysis were used.
RSC Adv., 2024, 14, 8971–8980 | 8971
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Table 1 Summary of crystal data, X-ray diffraction intensity
measurements and refinement parameters of [C8H10NO]2HgBr4
crystal

Formula [C8H10NO]2HgBr4
Molecular weight (g mol−1) 792.57
Color/shape Rust/prismatic
Crystal size (mm3) 0.21 × 0.19 × 0.15
Crystal system Orthorhombic
Space group Cmca
Density (g cm−3) 2.404
Temperature (K) 150(2)
Diffractometer D8 VENTURE Bruker AXS

Unit cell dimensions
a (Å) 20.824(2)
b (Å) 15.352(1)
c (Å) 13.700(1)
Volume (Å3) 4379.63(7)
Z 8
Radiation type, l (Å) MoKa, 0.71073
Absorption correction Multi-scan
q range (°) 2.65 £ q £ 27.49
Range of hkl −27 / 26, −19 / 17, −17 / 17
Independent reections 2584
Observed reections (I > 2s(I)) 2403
Renement on F2

Rened parameters 128
Goodness of t 1.112
R/wR 0.0150/0.0344
Dr (max)/Dr (min) (e Å−3) 0.555/−0.988

Table 2 Hydrogen bonding geometry (Å)

D–H/A D–H H/A D/A D–H/A

N1–H1A/O9a 0.97(3) 1.86(3) 2.809(2) 166(2)
N1–H1B/Br1b 0.86(3) 2.62(3) 3.426(2) 157(2)
N1–H1C/Br02 0.88(3) 2.53(3) 3.379(2) 163(2)

a Symmetry codes: −x + 3/2, y − 1/2, z. b −x + 1, −y + 1/2, z + 1/2.
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2. Experimental
2.1. Synthesis

The crystals of the [C8H9NO]2HgBr4 compound were synthe-
sized by dissolving (0.075 g) of 40-aminoacetophenone [C8H9NO]
and (0.1 g) of mercuric bromide [HgBr2] in an aqueous solution
of HBr (37%). The mixture was allowed to slowly evaporate at
room temperature. Aer a few days, rust-colored crystals of
[C8H10NO]2HgBr4 precipitated at the bottom of the Petri dish.

The reaction proceeds as follows:

2[C8H9NO] + HgBr2 + 2HBr[C8H10NO]2HgBr4

2.2. Scanning electronic microscopy (SEM)

Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) (MIRA3 FEG microscope) connected to an
Oxford Instrument analyzer with several acceleration voltages
were used to investigate of the microstructure and chemical
composition of the title compound.

2.3. X-ray data collection

A prismatic single crystal was selected under a polarizing optical
microscope and mounted on micro-mount needles for X-ray
diffraction experiments. X-ray intensity data were collected on
a D8 VENTURE Bruker AXS diffractometer using MoKa radiation
(l = 0.71073 Å) at 150(2) K. The SADABS soware was used to
perform absorption corrections using the multi-scan method.15

The crystal structure was rened in the orthorhombic system
with the Cmca space group (Z = 8) with the aid of the WINGX
package.16 Moreover, the positional parameters for the heavy
atoms mercury and bromide were xed with the Paterson
method through the SHELX-S 86 programs.17 While the remain-
ing non-hydrogen atoms were found from the successive differ-
ence Fourier maps by means of SHLXL-97 programs.18 The
hydrogen atoms were located geometrically via the HFIX
instruction (SHLXL-97 (ref. 18)) and rened with so restraints
on the bond lengths and angles to regularize their geometry. A
nal renement with 2584 unique intensities and 128 parame-
ters converged to very good reliability factors R = 0.0150 and wR
= 0.0344 for 2403 observed reections with I > 2s. The structural
graphics were performed based on the DIAMOND 2.1 program.19

The details of the data collection and processing are listed in
Table 1. The fractional atomic coordinates and the equivalent
isotropic temperature factors are illustrated in Table S.1.†
Selected hydrogen bonds as well as bond distances and angles
are depicted in Tables 2 and S.2† respectively.

Crystallographic data for the structure reported in the paper
(excluding structure factors) have been deposited at the Cambridge
Crystallographic Data Centre (deposition number: CCDC 2338144).

2.4. Hirshfeld surface

To compute the Hirshfeld surfaces and related 2D ngerprint
plots, we use the Crystal Explorer20 program with a structural
input le in the CIF format. The outer boundary of the area that
8972 | RSC Adv., 2024, 14, 8971–8980
a molecule or an atom takes up in a crystalline environment is
known as the Hirshfeld surface. Two different distances are
specied for each place on the iso-surface: di: the distance to
the nearest nucleus inside the surface, and de: the distance to
the nearest atoms outside the surface. Both distances are
readily dened. The normalized contact distance (dnorm), which
depends on the atom's de and di as well as its van der Waals
(vdW) radii, is given by eqn (1). This makes it possible to
pinpoint the areas that are crucial for interactions.21

dnorm ¼ di � rvdWi

rvdWi

þ de � rvdWe

re
(1)

rvdWi and rvdWe are the van der Waals radii of the atoms internal
and external to the surface, respectively. The value of dnorm is
negative or positive depending on whether intermolecular
contacts being shorter or longer than the van der Waals radi.
2.5. Infrared spectroscopy

The infrared spectrum was acquired utilizing a PerkinElmer FT-
IR 1000 spectrometer with the sample compressed into a KBr
pellet within the 400–3500 cm−1 range.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Hydrogen bonds established by the protonated amine in
[C8H10NO].
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2.6. Impedance spectroscopy

A small quantity of [C8H9NO]2HgBr4 crystals was ground in an
agate mortar to obtain a ne powder, which was pressed into
pellets (1.2 mm in thickness and 8 mm in diameter) under a 3t
cm−2 press. Then, the two at faces of the pellet were manually
covered with thin gold coatings (with a thickness of a few
nanometers). Using a 1260 Solartron Impedance Analyzer, the
measurements were made as a function of frequency and
temperature throughout a temperature range of 373–443 K.

3. Results and discussion
3.1. Structure description

The [C8H10NO]2HgBr4 compound crystallizes in the ortho-
rhombic system (Cmca space group) with the lattice parameters
a = 20.824(2) Å, b = 15.352(1) Å and c = 13.700(1) Å. The
asymmetric unit shown in Fig. S.1† consists of one 4-acetyla-
nilinium [C8H10NO]

+ and one type of isolated tetra-
bromomercurate(II) anion [HgBr4]

2−. The structural
arrangement of the title compound viewed along the [001]
direction (Fig. 1) can be described by an alternation of two types
of organic and inorganic layers stacked along the crystallo-
graphic a-axis. Indeed, the isolated anionic tetrahedron
[HgBr4]

2− is stacked in a manner to form anionic pseudo-layers
parallel to the (b,c) plane at x= 0 and x= 1

2. The negative charges
of [HgBr4]

2− are compensated by the protonated amines
[C8H10NO]

+. Therefore, these organic cations are piled up one
over the other to form an organic cationic pseudo-layer parallel
to the (100) plane at x = 1

4 and 3
4 (Fig. 1 and S.2†). The crystal

package between the organic and inorganic groups is provided
by hydrogen bonds (N–H/Br and N–H/O) and p/p interac-
tions. Furthermore, each amine establishes its hydrogen atoms
bonded to nitrogen atoms in N–H/Br with two [HgBr4]

2−
Fig. 1 Projection of the atomic arrangement of [C8H10NO]2HgBr4 comp

© 2024 The Author(s). Published by the Royal Society of Chemistry
tetrahedra and in N–H/O with one [C8H10NO]
+ organic cation

(Fig. 2). Within the intermolecular hydrogen bonds, the N/Br
distances range from 3.379(2) to 3.426(2) Å and the N/O
distance is equal to 2.809(2) Å while the N–H/Br angles vary
from 157(2) to 163(2)° and the N–H/O angle is equal to 166(2)°,
Table 2. These lengths fall within those reported in isotypic
compounds.22

3.1.1 Geometry and coordination of the tetrabromo-mer-
curate(II) anion. The tetrabromo-mercurate(II) anions in [C8-
H10NO]2HgBr4 compound exhibit a tetrahedral geometry. The
mercury cation is located in special position on the perpen-
dicular mirror to the a-axis at x = 1/2. It is tetra-coordinated by
four bromine ions: Br2 and Br02 lying on the same mirror, Br1,
which occupies a general position and the fourth Br1i anion,
which is the symmetrical of Br1 by the mirror. The Hg–Br
ound along the c axis.

RSC Adv., 2024, 14, 8971–8980 | 8973
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distances range from 2.586(1) to 2.637(1) Å while the Br–Hg–Br
angles vary from 106.34(1) to 118.69(1)° (Table S.2†). These
lengths fall within those reported in other compounds con-
taining HgBr4 tetrahedron.23–25 The average values of the Baur
distortion indices can be calculated using eqn (2) and (3):26

IDðHg� BrÞ ¼
Xn1
i¼1

jdi � dmj
n1dm

(2)

IDðBr�Hg� BrÞ ¼
Xn1
i¼1

jai � amj
n2am

(3)

where d: (Hg–Br) distance, a: (Br–Hg–Br) angle, m: average
values, and n1 and n2 are equal to 4 and 6, respectively.

We found the values of the distortion indices ID(Hg–Br) =
0.0072 and ID(Br–Hg–Br) = 0.0373. The low values of the
distortion indices indicate that the coordination geometry of
the metal is slightly distorted; this can be explained by the weak
hydrogen bonds between [HgBr4]

2− anions and neighboring
entities.27

3.1.2 Geometry and coordination of the organic cation.
Contrary to the [HgBr4]

2− tetrahedron which are isolated from
each other, the protonated amines interact with each other by
N–H/O hydrogen bonds and p/p interactions. Those inter-
actions result from a parallel-displaced conguration of amine
aromatic rings.28,29 Indeed, the distance between two parallel
planes of two aromatic rings of adjacent amine is equal to
3.7552(4) Å (Fig. S.3†). The C–C distances in the aromatic ring
are in the range 1.385(3)–1.488(3) Å and the C–C–C angle values
vary between 118.27(2) and 121.99(2)° (Table S.2†). The C–C–N
angles vary from 118.48(2) to 119.50(2)°. The C–O bond length is
Fig. 3 EDS profile of [C8H10NO]2HgBr4 compound.

8974 | RSC Adv., 2024, 14, 8971–8980
equal to 1.229(2) Å and the C–C–O angles vary from 118.61(2) to
121.57(2)°. The C–N bond distance is equal to 1.465(3) Å, which
is signicantly longer than in the non-protonated molecule
(1.335(3) Å).30 This result can be explained by the nitrogen site
protonation.
3.2. SEM/EDS analysis

EDS proves to be an outstanding approach in terms of identi-
fying elements with higher atomic numbers in developed crys-
tals. The energy-dispersive X-ray spectroscopy spectrum of the
synthesized compound is displayed in Fig. 3. The spectrum
indicates the presence of Hg, Cl, C, O, and N elements as well as
their spatial distributions within the crystal.
3.3. Hirshfeld surface analysis

In the present paper, Hirshfeld surface analysis has been
carried out in order to thoroughly examine the nature and
function of hydrogen bonds and other intermolecular interac-
tions as well as to estimate their signicance for the stability of
the crystal lattice. The Hirshfeld surfaces of the [C8H10NO]2-
HgBr4 are displayed in Fig. 4 represents the surfaces that have
been mapped around the molecule by dnorm, curvedness, and
the surfaces are rendered transparent to facilitate the visuali-
zation of the molecular moiety in a consistent orientation
across all structures. In the dnorm surface, contacts with
distances equivalent to the sum of van der Waals radii are
highlighted in white. Conversely, shorter and longer distances
are depicted in red and blue, respectively. Red spots indicate N–
H/Br hydrogen bonds, representing the most signicant
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Hirshfeld surfaces of [C8H10NO]2HgBr4: (a) 3D dnorm surface and (b) curvedeness and (c) surface index.
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intermolecular interactions in the compound. Fig. S.4† illus-
trates 2D ngerprint plots, portraying the percentage of area
occupied by various types of intermolecular interactions. Those
plots show the H/Br/Br/H and H/H interactions exhibit the
most signicant contributions (59.1%, 17.70% respectively) of
the total Hirshfeld surfaces while the O/H/H/O, C/H/H/C,
C/C/C/C, C/O/O/C, and H/Hg/Hg/H interactions
present the least contribution with 7.9%, 7.4%, 3.3%, 1.7% and
1.5%, respectively.

Additionally, the form index surface shows that the dened
pattern of neighboring blue and red triangles on the form index
surfaces around the [C8H10NO]2HgBr4 unit conrms the pres-
ence of p/p stacking interactions between aromatic cycles
(Fig. 4). The percentages of interactions that contribute to the
title compound are observed in Fig. S.5.† This quantitative
nding indicates that the H/Br interactions have the most
dominant in the crystal structure. The results of the Hirshfeld
surface analysis conrm those noticed by the X-ray diffraction
analysis.
Fig. 5 Complex impedance spectra at different temperatures with
equivalent circuit.
3.4. Infrared spectra

Additional understanding of the crystal structure and purity of
the studied compound could be obtained through vibrational
spectroscopy. The infrared spectrum recorded at Moderate
temperature, covering the spectral range of 4000 to 400 cm−1 is
displays in Fig. S.6.† Detailed band assignments for different
modes, through comparisons with similar compounds, are
given in Table S.3.†31–35

The bands observed at 2968 cm−1 in the IR spectra is asso-
ciated with the asymmetric stretching vibration of CH3.
However, the band located at 2867 cm−1 is assigned to the
symmetric stretching vibrations of CH3. The position of the
stretching vibration of C]O is very sensitive to a variety of
different factors including hydrogen bonding, conjugation,
electronic effects, etc. In this study, the C]O stretching mode
appeared at 1661 in IR spectra. Concerning the C]C stretching
vibrations, they are observed at 1618, 1600, 157, 1483, and
1414 cm−1. In plane bending mode, the bands at 634 and
573 cm−1 are designated as C–C–C. Nonetheless, the C–C–C out-
of-plane bendingmode can be linked to the band in the infrared
spectrum that was detected at 463 cm−1. Moreover, the peak at
© 2024 The Author(s). Published by the Royal Society of Chemistry
1314 cm−1 is related to the IR of C–H in-plan bending vibra-
tions, while the C–H out-of-plane bending vibrations are
observed at 964 and 830 cm−1 in IR spectra.

In general, regions between 1625–1560 and 1550–1480 cm−1

are expected to demonstrate the NH3
+ asymmetric and

symmetric deformation modes.36 The asymmetric deformation
mode of NH3

+ is liable for the wavenumbers found at 1619,
1601, and 1570 cm−1 in the infrared spectra of our compound
under investigation. On the other hand, the band at 1484 cm−1

in IR spectrum is associated to the symmetric bending mode
ds(NH3

+).
3.5. Impedance analysis

Fig. 5 illustrates the complex impedance spectra (−Z00 vs. Z0) of
the [C8H10NO]2HgBr4 compound recorded at various tempera-
tures. These plots provide evidence of typical semicircles, whose

centres fall at an angle of
�ap
2

�
below the abscise axis (Z0) and

get tediously smaller as the temperature rises. This undoubtedly
validates the Cole–Cole style of relaxation.37 To investigate the
electric properties of the substance, we proposed an equivalent
RSC Adv., 2024, 14, 8971–8980 | 8975
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electrical circuit adapted to the complex impedance spectrum.
This circuit is seen in the inset of Fig. 5 and is made up of the
following components combined in parallel: resistance (R),
capacitance (C) and fractal capacitance (CPE) with impedance:

ZCPE ¼ 1

QðjuÞa (4)

where ‘Q’ indicates the capacitance value of the constant phase
element (CPE), while ‘a’ represents the fractal exponent, signi-
fying the capacitive nature of the element. As ‘a’ approaches 1,
ZCPE / 1/jQu, signifying a purely capacitive nature, and as ‘a’
approaches 0, ZCPE / 1/Q, indicating a pure resistance.38

The variation of real part of the impedance (Z0) with
frequency at different temperature is shown in Fig. 6(a). At low
frequencies, the amplitude of Z0 decreases with increasing
temperature, this could be explained by a thermal activation of
the mobility of the charge carriers and a decrease in the trapped
charge density. Additionally, at higher frequencies (>104 Hz),
the values of Z0 decrease until they cancel, demonstrate that
charge carriers have acquired sufficient energy to overcome the
potential barrier.39

The temperature-dependent variations in the imaginary
element (−Z00) as a function of frequency are shown in Fig. 6(b).
A broadening of the peaks and a decrease in the Z00

max value
with increasing temperature suggest that a relaxation process is
occurring.40

The theoretical values of the real (Z0) and imaginary (−Z00)
parts of the complex impedance, derived from the equivalent
circuit, were deduced using the following expressions:

Z
0 ¼

R�1 þQua cos
�ap
2

�
�
R�1 þQua cos

�ap
2

��2
þ
�
CuþQua sin

�ap
2

��2 (5)

Z00 ¼
CuþQua sin

�ap
2

�
�
R�1 þQua cos

�ap
2

��2
þ
�
CuþQua sin

�ap
2

��2 (6)
Fig. 6 The frequency dependence of Z0 (a) and −Z00 (b) at different
temperatures for [C8H10NO]2HgBr4 crystal.
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The parameters R, C, a and Q obtained from the tting results
were evaluated and listed in Table S.4.† As an overview in this
table, the bulk resistance R decreases with increasing temper-
ature (Fig. S.6(a)†) and this behavior has a relationship to
charge carriers being more mobile.41

Fig. S.6(b)† shows the variation of ln sdc as a function of
1000/T. We see that when the temperature increases, the
conductivity increases as well. The Arrhenius equation is used
to t the linear region:42

sdc ¼ s0e
�

�
Ea

KBT

�
(7)

The value of activation energy Ea, which can be determined
from the linear t, is equal to: Ea = 1.25 eV. This activation
energy, Ea, is similar to the values obtained previously.43,44
3.6. Conductivity analysis

Electrical conductivity serves as the predominant means of
correlating macroscopic measurements with the microscopic
motion of ions. Alternative conductivity sac(u) primarily arises
from the movement of ions by hopping between adjacent
potential wells.

Fig. 7(a) displays the frequency dependence of (sac(u)) for at
various temperatures. The conductivity increases with temper-
ature, as these spectra show, and this may result to exhibit the
semiconductor behaviour.45 Two regions are clearly distin-
guishable, at the lower frequencies (<104 Hz); the conductivity
spectra display nearly constant values (sdc) as the random
distribution of the charge carriers gives rise to frequency
independent conductivity. It is clear that dc conductivity is
thermally activated. This compound's semiconductor nature
suggests that it may have potential in a variety of applications,
including photovoltaics, optoelectronics, and photodetec-
tors.46,47 When the temperature increases, the sac exhibits
a dispersion that shis towards higher frequencies at higher
frequencies (>104 Hz). Jonsher's power law is utilized for ana-
lysing the conductivity dispersion.48

sac(u) = sdc + Aus (8)

where “A” is a constant, “s” denote the degree of interaction
between mobile ions and their environment and sdc is the dc
conductivity. The temperature and sample type have an impact
on the “A” and “s” factors.

The fundamental conduction mechanism of the AC
conductivity in the [C8H10NO]2HgBr4 compound was identied
by utilizing several theoretical models that related the conduc-
tion mechanism with the behaviour of the exponent s(T). The
variation of exponent s(T) which is resulting from the tting of
temperature shown in Fig. 7(b). From this gure, we see that the
exponent “s” decreases as the temperature increases. This
suggests that the Correlated Barrier Hopping (CBH) model may
explain the conduction mechanism in our compound.49

The structural part conrms that the charge transport refers
to the Correlated Barrier Hopping (CBH) model. Indeed,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00689e


Fig. 7 (a) Frequency dependence of ac conductivity at several
temperatures. (b) Thermal variation of exponent “s” for
[C8H10NO]2HgBr4.

Fig. 8 Complex modulus spectrum of the material at different

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/2

9/
20

26
 8

:1
5:

10
 P

M
. 

 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
according to Fig. 3, the structural arrangement of the
compound in the [001] direction was described by an alterna-
tion of two types of organic and inorganic layers stacked along
the crystallographic axis a. Crystal assembly between organic
and inorganic groups is ensured by hydrogen bonds (N–H/Br
and N–H/O) and p/p interactions. At low frequencies,
hydrogen bonds and p/p interactions decrease with
increasing temperature. Therefore, the movement of the
cationic and anionic parts increase resulting in signicant
charge carrier mobility. At higher frequencies (>104 Hz), the
charge carriers acquire enough energy to overcome the poten-
tial barrier.50

If the cation were replaced by a different ammonium-based
cation, the electronic properties of the compound could be
signicantly different. This is because the electronic properties
of the cation can affect the bonding and reactivity of the MX4 (M
= transition metal and X = halide) unit, as well as the overall
stability and packing of the molecular crystal. Similarly, if the
© 2024 The Author(s). Published by the Royal Society of Chemistry
bromide anion were replaced by another halide anion, Cl−, I−,
or F−, the electronic properties of the compound could be
altered. The size, shape, and charge of the halide anion can
affect the bonding and reactivity of the MX4 unit, as well as the
crystal packing and intermolecular interactions. In general,
replacing cation or anion in (amine)MX4 with others can lead to
different electronic and physical properties. These properties
would depend on the specic structure and composition of the
resulting compounds.

3.7. Electrical modulus analysis

The electrical modulus formalism (M*) is a technique that is
commonly used to study electrical relaxation phenomena.

This technique aids in the understanding of the ion
conduction mechanism and relaxation processes. It makes it
possible to analysis the characteristics of the charge carrier and
derive the conductivity relaxation frequency for the grain
material. By using this method, the issues pertaining to the
electrodes' polarization effect are resolved. The dielectric
modulus (M*) is dened as.51

M* ¼ M
0 þ iM 00 ¼ MN

�
1�

ðN
0

e�iut
�
� d4ðtÞ

dt

�
dt

�
(9)

where M0 = uC0Z00 and M00 = uC0Z' are the real and imaginary
parts of the modulus, respectively, C0 is the geometrical
capacitance and 4(t) is the function that shows the time
evolution of the electric eld within the materials.

The complex modulus spectrum (M00 vs. M0) of the [C8H10-
NO]2HgBr4 compound at various temperatures is shown in
Fig. 8. The appearance of an arc in the spectrum conrms the
single-phase character of the sample and may be attributed to
the presence of electrical relaxation phenomena.

The real part of the electric module spectra as a function of
frequency for different temperatures is shown in Fig. 9(a). At low
frequencies,M0 approaches a value of zero. However, in the high
frequency range, a slight shi in the M0 peak with increasing
temperature is observed. This behaviour, as well as the sigmoid
temperatures.

RSC Adv., 2024, 14, 8971–8980 | 8977
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Fig. 9 (a) Variation of real parts of modulus (M0) as a function of
frequency at various temperatures. (b) Variation of imaginary parts of
modulus (M00) as a function of frequency at various temperatures.

Fig. 10 Normalized curves Z00 andM00 as a function of frequency at 423
K.
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nature of M0, are due to the long-range mobility of the charge
carriers in the conduction mechanism.

The variation of the imaginary part of modulus (M00) as
a function of frequency at various temperatures is plotted in in
Fig. 9(b). It is evident that (M00) exhibits asymmetric frequency
dependence as well as a well-dened maximum that can be
related to a particular relaxation rate. In fact, a maximum peak
M 00

max is observed for each. The observed shi of this peak
toward the higher frequency region as temperature increases
suggests a hopping mechanism, as described in ref. 52. In the
low-frequency range, charge carriers demonstrate mobility over
considerable distances, indicating successful hopping from one
site to another. However, in the high-frequency range, the
carriers are constrained within potential wells, resulting in
limited mobility over shorter distances. The asymmetrical form
of the peaks in M00 indicates that the sample has a non-Debye
response. A KWW equation is used to analyse the peaks'
asymmetric character for the imaginary part of the electric
modulus:53–55
8978 | RSC Adv., 2024, 14, 8971–8980
M 00ðuÞ ¼ M 00
max�

ð1� b0Þ þ
�

b
0

1þ b0

�� "
b
0�umax

u

�
þ
�

u

umax

�b0
# (10)

where M 00
max and umax are respectively the modulus and the

maximum angular frequency. b is the exponential parameter
positioned in the [0–1] range. b= 1 for an ideal dielectric, where
the dipole–dipole interaction is negligible (Debye relaxation)
and this interaction is signicant when b < 1 (non-Debye
relaxation). On the other hand, in order to determine the acti-
vation energy Ea of the relaxation process in the studied sample,
the thermal evolution of lnumax is traced in Fig. S.7.† The value
of the relaxation frequency umax increases with increasing
temperature, indicating that the relaxation processes in the
material is thermally activated. The temperature dependence of
umax was described by Arrhenius equation

umax ¼ u0

 
e

Ea

KBT

!

where, u0 is a constant and kB presents the Boltzmann constant.
The determination of the activation energy is deduced from the
calculation of the slope of the linear t on the plot which gave us
a value of 1.21 eV. Notably, the value similar to the value of Ea
evaluated from conductivity, suggesting that the electric
parameters are responsible for both the conduction and relax-
ation processes and have an equivalent effect on the compound
under investigation.56

The inset of Fig. S.7† represents the variation of b0 values as
a function of temperature. The variation of this parameter
reveals that b0 increases with an increase in temperature. We
note that b0 less then unity which conrm that the prepared
samples do not exhibit Debye dielectric behaviour.57

For a more comprehensive of the conductivity relaxation
nature, we illustrate in Fig. 10 the frequency dependence of the
standardized parameters Z00=Z00

max andM 00=M 00
max at 423 K. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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shi towards a higher frequency region is evident in both the
ðM 00=M 00

maxÞ and ðZ00=Z00
maxÞ peaks, indicating a clear correla-

tion. The noticeable gap between the normalizedM00 and Z00 loss
peaks implies that the prevailing relaxations are primarily
inuenced by the localized hopping of charge carriers. This
implies that charge carriers are traveling short distances inside
the studied compound and prove the non-Debye behaviour.58

8. Conclusion

Summary, this work presents the synthesis of single crystals of
a novel organic–inorganic hybrid material with the formula
[C8H10NO]2HgBr4. According to the X-ray diffraction investiga-
tion, the compound crystallizes in the orthorhombic system
with the Cmca space group. The cohesiveness of the complex is
ensured by hydrogen bonds (between N–H–Br and N–H–O) and
p–p stacking interactions between the organic and inorganic
portions, as demonstrated by Hirshfeld surface analysis. The
infrared spectrum of [C8H10NO]2HgBr4 was recorded at room
temperature and discussed. The assignment of the vibrational
bands was performed by comparison with the vibration modes
and frequencies of homologous compounds. Regarding the
complex impedance spectra research, it reveals that the mate-
rial's electrical characteristics are strongly inuenced by
frequency and temperature. Which indicates the presence of
a relaxation phenomenon. The Nyquist diagram were tted with
the one-cell equivalent circuit model R/C/CPE. The ac conduc-
tivity, over the studied temperature and frequency range, is
analysed by Jonscher's power law. The thermal behaviour of the
extracted exponent “s” conrmed that the CBH model is the
appropriate model for [C8H10NO]2HgBr4 compound. Eventu-
ally, the presence of one thermally activated relaxation peaks,
observed in the modulus spectra further, supports the contri-
bution of grain and the electrical response in the material. The
coexistence of localized and delocalized motion of charge
carriers was demonstrated by a comparison analysis of the
normalized relaxation peaks corresponding to Z00 andM00, which
also demonstrated the absence of Debye behavior.
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