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A zero-dimensional (CgHgN»)s[BiClg] hybrid
material: synthesis and structural, optical, and
electrical conductivity
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The organic—inorganic hybrid compounds have attracted considerable attention due to their exceptional
properties and diverse applications. This study successfully synthesized the hybrid compound
(CgHoN>)3[BIClg] via a slow evaporation technique at room temperature. Structural analysis confirmed
a triclinic crystal system within the P1 space group, while thermal investigations revealed a phase
transition at 420 K. Optical characterization through UV-visible absorption spectroscopy highlighted its
semiconducting nature. Electrical and dielectric measurements performed using complex impedance
spectroscopy (CIS) demonstrated a strong dependence on both frequency and temperature. Nyquist

plots (-Z” vs. Z') exhibited a single semicircular arc, indicative of non-Debye relaxation behavior. The AC
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Accepted 8th September 2025 conductivity exhibits behavior consistent wi onscher's universal power law, while temperature

dependent analysis indicates that the correlated barrier-hopping (CBH) model governs the predominant

DOI: 10.1035/d5ra01766a conduction mechanism. Notably, the material exhibits a high dielectric constant, underscoring its
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1 Introduction

Organic-inorganic hybrid halide compounds have attracted
widespread scientific interest worldwide, owing to their
distinctive and intriguing physicochemical properties,'
opening doors to groundbreaking research and diverse indus-
trial applications. These materials hold immense promise in
fields like optoelectronics,®” solid electrolytes,® photovoltaics,’
nonlinear optics,'>"* energy storage,"" biomedicine,'*** and
various other domains. As researchers strive to meet the
demands for low-cost and highly functional materials with
adaptable properties, organic-inorganic hybrid compounds are
emerging as a key area of focus.

These hybrid systems, which combine organic spacer cations
(such as aliphatic, cyclic, aromatic, and heteroatomic cations)
with inorganic components, offer an exciting platform for
innovation.’®*” The intricate structure of these materials,
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potential for energy storage applications.

comprising molecular-scale composites, allows for the integra-
tion of properties from both organic and inorganic elements,
resulting in novel substances with distinctive characteristics.™®
This versatility makes organic-inorganic hybrids highly attrac-
tive for electronic devices due to their low exciton binding
energy, reduced trap density, and favorable electrical and
dielectric characteristics, including high permittivity, excellent
conductivity, and low dielectric loss.

Among the diverse range of organic-inorganic hybrids,
a particularly intriguing subclass includes compounds that
combine amines with bismuth and halogens. Halogeno-bi-
smuthates(ur) with organic cations have attracted considerable
attention for their potential to exhibit ferroelectric properties
and proton conductivity.'***

As part of our current study, we report our investigations on
a new bismuth-based organic-inorganic compound with
a general chemical formula of (C¢HoN,);[BiCls] which presents
a unique combination of bismuth halide chemistry and organic
molecular components. Unlike many conventional materials,
this compound integrates the favorable electrical and dielectric
characteristics of both organic and inorganic segments,
resulting in enhanced performance suitable for energy storage
applications. Our findings show that the high dielectric
constant at low frequencies, coupled with significant AC
conductivity and frequency-dependent behavior, positions (Ce-
HoN,);[BiClg] as a promising candidate for versatile electronic
applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental details
2.1 Chemical preparation of (CsHgN,)3[BiCl]

The organic-inorganic compound (CeHoN,);3[BiCls] was
prepared through a solvent evaporation technique, following an
approach comparable to those used in the synthesis of other
hybrid materials previously documented.**>* This method
represents a significant advancement in the field as it enables
crystallization to occur under milder conditions, specifically at
room temperature, in contrast to traditional methods, which
often require high temperatures or prolonged reaction times.
The use of this method not only facilitates the orderly
arrangement of the constituent molecules but also promotes
the growth of well-defined crystalline structures.

The selection of bismuth and halogen as key components in
our hybrid material was guided by their known roles in
enhancing electronic properties. Bismuth, in particular, has
been extensively studied for its favorable optoelectronic char-
acteristics, while halogens are critical in stabilizing the struc-
ture at a molecular level. These components not only contribute
to the material's thermal stability but also facilitate charge
transport, which is essential for its application in semi-
conductors and energy storage systems.

To synthesize crystals of (CeHoN,);5[BiClg], dissolve 0.1 g
(0.925 mmol) of 2-amino-5-picoline (C¢HgN,), 0.0972 g
(0.308 mmol) of bismuth(ui) chloride (BiCl;), and 0.75 mL of
36.5% hydrochloric acid (12 M, corresponding to 9.24 mmol
HCI) of hydrochloric acid (HCl) in a small quantity of di-
stilled water. Allow the solution to stand at room temperature
(around 28 °C). As the solvent slowly evaporated, millimetre-
sized yellow crystals formed (Fig. 1), which were filtered and
air-dried.

2.2 Single-crystal diffraction data collection and structure
determination

A high-quality single crystal of the investigated compound (0.23
x 0.19 x 0.13 mm?®) was meticulously selected using a polar-
izing microscope, glued, and mounted at 296 K on a four-circle
BRUKER APEX II area-detector diffractometer for structural
analysis. Reflection data were collected using molybdenum Ko
radiation (A = 0.71073 A) monochromated by a graphite filter.

Fig. 1 Crystals of the (CgHgN>)3[BiClg] compound.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Intensity measurements were systematically captured through
the APEX 2 software platform.>” Empirical absorption correc-
tions of multi-scan methodology were implemented using the
SADABS program.* Crystal structure determination was per-
formed within the centrosymmetric P1 space group, employing
direct methods via the SHELXS-2014 program? integrated into
the WINGX interface.” Non-hydrogen atomic components
underwent anisotropic refinement. All hydrogen atoms were
positioned geometrically using the HFIX command in SHELXL-
2014”* and refined isotropically following a riding model, with
Uiso(H) set to —1.200 Ueq(C) and —1.200 Ugq(N). The N-H and
C-H bond lengths were constrained to 0.86 A and 0.93 (or 0.96
A), respectively. The concluding structural refinement yielded
excellent reliability factors: R; = 0.035 and wR, = 0.087. Crys-
tallographic visualizations were generated using Diamond3.2
software. A detailed summary of crystallographic data, least-
squares refinement parameters, atomic coordinates, isotropic
temperature factors, bond lengths, bond angles, and hydrogen
bonding interactions is provided in Table 1 and S1-S3.

The supplementary crystallographic information for the
referenced compound is archived under the identifier CCDC
2366479. This comprehensive dataset is freely accessible to
researchers and interested parties via the Cambridge Crystal-
lographic Data Center's online repository at
www.ccde.cam.ac.uk/data_request/cif.

Table 1 Crystallographic data and structure refinements of
(CeHoN2)3[BIClel

Formula (C6HoN,)3[BiClg]

Color/Shape Yellow/Prism

Formula weight (gmol ™) 749.13

Crystal system Triclinic

Space group P1

Density 1.845

Crystal size (mm) 0.23 X 0.19 x 0.13

Temperature (K) 296(2)

Diffractometer Bruker APEXII

a(A) 14.3578(3)

b (A) 14.4070(3)

c (&) 14.4113(3)

a (0) 104.5580(10)

B8 (°) 104.4070(10)

v (©) 100.5740(10)

v (A% 2696.60(10)

VA 4

Radiation type Mo Ko, (0.71073 A)

Absorption correction Multi-scan

6 range for data collection(°) 1.518 = § = 27.497

Measured reflections 27100

Independent reflections 11839

Observed data [I > 20 (I)] 7733

Index ranges h=-18 — 18
k=—-16 — 18
[=-18 — 18

F(000) 1448

Number of parameters 559

R, 0.035

WR, 0.087

Goof 1.017
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2.3 Instrumentation and methodologies for morphological,
IR, thermal, optical, and electrical characterizations

The compound's elemental composition and chemical proper-
ties were examined using Energy-Dispersive X-ray Spectroscopy
(EDX) with a Bruker Quantax 100 Easy EDX detector.

The solid-state infrared spectrum of (CsHgN,);[BiCls] was
obtained using a Nicolet NXR FTIR spectrometer, at room
temperature.

The DSC measurements were completed by a PerkinElmer
DSC-7 instrument, employing a heating rate of 5 K min~"'. The
temperature cycle, spanning from 300 K to 480 K, was designed
to determine the temperatures of phase transitions.

Ultraviolet-visible (UV-vis) spectra of the powdered sample
were acquired using a Jobin Yvon Fluoromax-4 spectrofluo-
rometer alongside a Shimadzu UV-3101PC spectrophotometer,
operating in both absorbance and reflectance modes, with a slit
width of 20 nm and a LISR-3100 integrated sphere; BaSO,
served as the reference material.

For the impedance study, the powder obtained from
grinding the crystals was compacted into a pellet (8 mm in
diameter and 1.1 mm in thickness). Thin silver films, approxi-
mately a few nanometers in thickness, were then manually
deposited on both flat faces of the pellet. The silver-coated pellet
was positioned in the Linkam LTS420 temperature control
system. Complex impedance spectra were recorded over
a temperature range of 333-443 K and a broad frequency range
of 10 Hz to 5 MHz using a Solartron 1260 analyzer.

3 Results and discussion

3.1 Insight into the crystal structure

In a previous study, we reported the chemical synthesis and
a compound that

characterization of (CgHoN,),[Sb,Clg],
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crystallizes in the triclinic system at room temperature, adopt-
ing the centrosymmetric space group P1. The lattice parameters
for this compound were determined as follows: a = 7.9767(7) A,
b=9.0843(8) A, c = 9.3456(8) A, o = 86.352(6) °, 8 = 69.069(5) °,
vy = 74.829(5) © and V = 610.14(10) A>3 In this work, the
substitution of antimony by bismuth results in several struc-
tural modifications. As detailed in Table 1, the new hybrid
material (C¢HoN,)3[BiClg] also adopts triclinic symmetry, crys-
tallizing at 296(2) K in the centrosymmetric space group P1. The
unit cell parameters for this compound are as follows: a =
14.3578(3) A; b = 14.4070(3) A; ¢ = 14.4113(3) A; a =
104.5580(10) °; 8 = 104.4070(10) °; y = 100.5740(10) ©; V =
2696.60(10) A*> and Z = 4. The crystal structure of this supra-
molecular compound comprises [BiClg]’~ anions and proton-
ated amine (C¢HoN,)" cations, which are interconnected
through N-H:--Cl hydrogen bonds and weaker C-H---Cl inter-
actions (Fig. 2).

The asymmetric unit of (C¢HoN,);[BiClg], depicted in Fig. 3,
consists of two crystallographically independent bismuth(ur)
cations, each coordinated by six chloride ions, forming [BiClg]*~
anions, along with six organic cations (CgHoN,)". It is note-
worthy that all atoms in the asymmetric unit are in general
positions (Wyckoff site 21).

As shown in Fig. S1, the [BiClg]>~ anions are arranged in
stacks along the'™® direction, creating inorganic pseudo-layers.
The octahedral [BiClg]*~ units are spaced apart with a minimum
Bi-Bi distance of 8.8060(4) A. Within the [BiCls]>~ anions, the
Bi-Cl bond lengths vary from 2.6140(14) to 2.8061(15) A for
Bi1Clg, and from 2.5961(14) to 2.8274(14) A for Bi,Cls. The cis-
Cl-Bi-Cl bond angles span from 86.15(5) °© to 94.85(5) © for
Bi1Cls, and from 87.11(5) © to 93.31(4) © for Bi,Cls (Table S2).
These geometric features are consistent with those observed in
other compounds containing BiCls octahedra.*'** Based on the

Fig. 2 Projection of the structure of (CeHgN>)3[BiClg] along the crystallographic c-axis.
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Fig. 3 The asymmetric unit of (CgHgN,)3[BiClg]. Displacement ellip-
soids are drawn at the 50% probability level. Dashed lines represent
hydrogen bonds.

geometrical parameters of the [BiClg]>” anions in our
compound, the distortion indices (DI) were calculated using the
method outlined in ref. 35.

DI(Bi — Cl) = iM (1)

n dm

n
DI(Cl-Bi—Cl)=>_

i=1

|ai - am|

ny a;, (2)
where d is the Bi-Cl distance, a refers to the Cl-Bi-Cl angle, m
refers to the average value, while n;, = 6 and n, = 12 for octa-
hedral environment.

The distortion indices obtained for the [BiClg]>~ anions, DI
(Bi1-Cl) = 0.0224, DI (Bi,~Cl) = 0.0233, and DI (CI-Bi-Cl) =
0.022 and 0.020 for Bi1Cls and Bi,Clg, respectively, indicate that
the bismuth coordination geometry is a slightly distorted
octahedron. This distortion arises from intermolecular
hydrogen bonds between the organic cations and the [BiClg]*~
octahedra. © The negative charge on the hexa-
chlorobismuthate(u) anions [BiClg]>~ is balanced by the
protonated amines (C¢HgN,)", which are arranged in layers
parallel to the inorganic layers, as seen in Fig. 4. The structural
of the (C¢HoN,)3[BiClg] is composed of alternating organic and
inorganic layers. The geometric characteristics of the proton-
ated amines, detailed in Table S3, align with those observed in
the antimony-based compound.®**® The interaction between the
organic cations and the hexachlorobismuthate(u) anions is
facilitated by medium N-H---Cl hydrogen bonds and weak C-
H---Clinteractions. As illustrated in Fig. 2 and 3, each (C¢HoN,)"

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 4 -7 interactions in the structure of (CgHoN,)3[BiClg].

cation forms N-H---Cl and C-H:--Cl bonds with several
[BiCls]>~ anions. The N---Cl distances within the hydrogen
bonds range from 3.164(5) to 3.617(5) A, while the C---Cl
distances vary between 3.463(7) and 3.629(6) A. The N-H---Cl
and C-H---Cl bond angles range from 122.8° to 170.0° and from
118.8° to 147.6°, respectively (Table S4). Additionally, the
(CeHoN,)" organic cations engage in 7---7 interactions with one
another. These interactions occur in a parallel-displaced
configuration between the amine aromatic rings.’”** Within
the m---m interactions in (C¢HgN,);[BiClg], the centroid-to-
centroid distance between two parallel planes of aromatic
rings from adjacent protonated amines is 3.6659(1) A (Fig. 4),
the interring dihedral « = 1.808°, the slip angle 8 = 10.659°,
and the perpendicular distance of CgI from ring CgJ is equal to
3.4572 A. Notably, the 77 interactions in (CgHgN,);[BiCle] are
slightly weaker than those observed in the chlorine-based
compound (CgHoN,),[Sb,Clg], where the shortest centroid-to-
centroid distance between two aromatic rings is 3.6473(2) A.*°

3.2 EDX results

Fig. 5 presents the EDX spectrum of the synthesized compound.
Distinct characteristic X-ray peaks corresponding to C, Bi, N,
and Cl are identified and labeled in the spectrum. The quanti-
fied weight percentages were found to be 32.45% carbon,
32.33% bismuth, 12.54% nitrogen, and 22.68% chlorine. In
addition, minor peaks of Au are also visible in the spectrum;
these originate from the thin gold coating deposited on the
sample surface during EDX preparation to improve conductivity
and reduce charging effects, and therefore do not belong to the
intrinsic composition of the compound.

3.3 Vibrational properties

Fig. 6 presents the infrared (IR) spectrum of the (CeHoN,);[-
BiCls] compound. The FT-IR analysis of this hybrid material
highlights the presence of characteristic vibrational modes
originating from the organic cation.**** A broad absorption
band observed between 3200 and 3400 cm " is attributed to the
N-H stretching vibrations of the amino groups, while weaker

RSC Adv, 2025, 15, 33946-33961 | 33949
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Fig. 5 EDX analysis of (CgHgN,)3[BiClg].
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Fig. 6 Infrared spectrum of (CgHgN,)3[BiClgl.

peaks in the 2850-3100 cm™' range correspond to C-H

stretching vibrations. The intense band appearing between
1600 and 1650 cm ™' is assigned to the overlapping contribu-
tions of C=C stretching in the aromatic ring and N-H bending
vibrations. In the 1500-1300 cm ™" region, the observed features
are associated with C-N stretching and C-H bending modes.
Furthermore, absorptions detected around 1000-1100 c¢cm
and 700-900 cm ™" correspond to in-plane and out-of-plane C-H
bending vibrations of the pyridine ring, respectively, confirming
the integrity of the organic framework within the hybrid
structure.

3.4 Thermal stability studies

Differential Scanning Calorimetry (DSC) is a powerful technique
for analyzing phase transitions, including melting, glass tran-
sitions, and exothermic decompositions, which are relevant to
various applications in fields such as optoelectronics and
photovoltaics. DSC is highly sensitive to energy or heat capacity

33950 | RSC Adv, 2025, 15, 33946-33961
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changes associated with these transitions. To investigate the
phase transition of hybrid metal halides induced by external
thermal stimulation, DSC measurements were conducted over
a temperature range from ambient temperature to 480 K, as
illustrated in Fig. 7. The DSC results revealed two anomalous
thermal peaks at approximately 420 K and 452 K during the
heating process, consistent with similar compounds.**** The
peak at T; = 420 K corresponds to the material's phase transi-
tion temperature. The second endothermic peak, located at
around T, = 452 K, corresponds to the melting of the sample.
The enthalpy change (AH) of the phase transition was calcu-
lated by integrating the DSC curve's peak area, yielding an
estimated value of 28.535 J mol~'. The obtained entropy of the
phase transition is equal to 0.0679 ] mol " K.

The nature of the phase transition can be determined using
the Boltzmann formula:*

AS=R In Q:Rlnﬂ

3 (3)

(U N

24 Heating T, 420K

-4

-6 -
Endo

Heat Flow (w/mg)

-10 4

-12 4

T,452K

-14
300

325 350 375 400 425 450 475

Temperature (K)

Fig. 7 DSC curves of (CeHgN,)3[BiClg].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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here, N1 and N2 represent the number of conformations at high
and low temperatures, respectively, and R = 8.31 Jmol ' K" is
the ideal gas constant. Since AS is smaller than R In 2, the phase
transition at T; is not purely of the order-disorder transition
type.*®

In comparison with other recently reported lead-free halide
compounds, such as those described in Chin. Chem. Lett. 2023,
34, 107980, the phase transition temperature of (C¢HoN,);[-
BiClg] at 420 K demonstrates promising thermal stability. While
some similar hybrid halide materials exhibit phase transitions
at lower temperatures, the relatively high transition tempera-
ture observed in our study suggests enhanced thermal robust-
ness, which is beneficial for high-temperature applications in
energy storage and optoelectronic devices. This thermal
stability, combined with the material's other advantageous
properties, positions (C¢HgN,)3[BiClg] as a competitive candi-
date among lead-free halide hybrids for practical technological
applications.

3.5 Optical properties

3.5.1 UV-visible absorbance. Fig. 8 represents the UV-
visible absorption spectrum of the synthesized compound (Ce-
HoN,);[BiClg]. The graph shows five absorption peaks at 214,
300, 327, 355, and 405 nm. These results are comparable to
those of other MX, hybrid materials.*”** The pyridine rings
undergo m-7* and n-7* transitions, which result in three UV
bands at 213, 300, and 327 nm.* The band at 355 nm represents
the absorption of electron-hole pairs inside the [BiClg]’~ inor-
ganic chains as they transition from the valence to conduction
bands. Additionally, a weak absorption band at 405 nm arises
due to charge transfer interactions between the organic ligand
and the inorganic component.

3.5.2 Optical band gap. In the context of semiconductors or
insulators, E, denotes the minimal energy necessary to promote

1.0

370 nm

1/R(dR/dM)

400 500 600 700 800
A (nm)

Absorbance (a.u)

200 300 400 500 600 700 800

Fig. 8 UV-vis absorption spectrum of (CgHgN,)3[BiClgl. The inset
represents the variation of (1I/R(A)JR(A)/dA) as a function of
wavelength.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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an electron from the valence band to the conduction band by
photon absorption. The energy gap determines a material's
optical characteristics, such as its absorption spectrum, color,
and transparency. For these reasons, E, is crucial in a variety of
fields, including photovoltaics, photoluminescence, and laser
technology.>***

Marotti and Henrique and their co-workers®*** discovered
that E, can be calculated from the observed reflectance spec-
trum (R(%)), which corresponds to the maximum of the (1/
R(%))(dR(A)/d2) function. The insert of Fig. 8 shows a prominent
peak at 370 nm, which, taking into account the relationship
between energy and wavelength (E(eV) = 1239.8/A(nm)), results
in an E, of 3.35 eV for (CgHoN,)5[BiClg], which is similar to those
of ZnO (3.34 eV)* and stays in the typical range of semi-
conductors (0.5 eV to 5 eV), particularly wide energy gap
semiconductors.

To determine whether the optical band transition mode of
the investigated materials is direct or indirect, we employed
Tauc's law:

Fim(RO)h = Bl — EyY' (4)

where h refers to the Planck's constant (~6.6 x 10 °* J),
Fym(R(%)) is the Kubelka-Munk function (Fiu(R(2)) = (1 R(A))*/
2R(1)), while the incident photon's energy is given by Av (in eV),
and B is the band edge sharpness constant. The exponent n
reflects the nature of the optical transition: n = 1/2 for
a permitted direct transition and n = 2 for an allowed indirect
band gap.*

The Tauc plot is presented in Fig. 9. The E, value was
calculated by intersecting the extrapolation of the linear plot
with the x-axis. Fig. 9 clearly shows that a satisfactory match is
obtained for n = 1/2, resulting in a band gap value comparable
to that obtained using the Marotti approach (3.35 eV). In
conclusion, our analysis reveals that (CsHgN,)3[BiCls] exhibits
a direct transition with a band gap of 3.18 eV.

3.5.3 The Urbach energy E,. Another key parameter that
provides valuable information about our compound is the

3.0

100 H

(F(R)hv)?

(F(R)hv)'?

50

1.0

N
oy
1

0.0
1.5 2.0 2.5 3.0 35
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Flg 9 Tauc plot for (CGH9N2)3[BICl6]
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Urbach energy (E,). This parameter, commonly associated with
amorphous and disordered materials, can be evaluated using
the Urbach model.*® E, reflects the width of the exponential tail
that represents localized states situated between the valence
and conduction bands. Typically, the incorporation of a high
concentration of foreign atoms into a crystal lattice increases
structural disorder, which in turn leads to higher Urbach energy
values and a consequent narrowing of the effective optical band
gap. As highlighted by Yang et al.,” the Urbach tail originates
from both phonon interactions and structural fluctuations. The
Urbach energy can be extracted using the following relation,

hv — E,

i )

where B is a constant: it is obtained directly from the slope of
the linear region in the plot of In(«) versus photon energy (i)
(Fig. 10). For our compound, E, is estimated at 0.47 eV, which
indicates a pronounced degree of disorder. Indeed, materials
with large E, values are more prone to transform weak struc-
tural bonds into defects. According to Husain et al,*® such
elevated Urbach energy values are typically associated with
a high density of localized states.

3.5.4 The optical extinction. The optical behavior of the
investigated sample is governed by the interaction between the
material and the electric field of the incident electromagnetic
radiation. Several physical parameters are influenced by the
absorption of this radiation, including the sample thickness,
photoconductivity, refractive index (n), and extinction coeffi-
cient (k). The attenuation of electromagnetic energy within the
sample is strongly dependent on both the crystalline structure
and the surface morphology of the illuminated material.

The propagation velocity of the electromagnetic wave
through the compound, as a function of frequency (v), can be
expressed using the complex refractive index (N),*

N=n-iK (6)

1.5

Linear fit

1.0 1

0.5

Ln(a)

0.0

-0.5

Fig. 10 In(a) vs. energy hv.
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where n represents the real component associated with wave
velocity, and K denotes the extinction coefficient, which char-
acterizes the damping of the oscillation amplitude of the inci-
dent wave. Furthermore, & is directly related to the absorption
coefficient («), as reported in earlier works:*

(7)

Fig. S2 illustrates the variation of the extinction coefficient
(K) with photon energy (hv). A noticeable decrease in K is
observed as the photon energy increases. This reduction may be
attributed to a decline in the incident photon energy near the
material's surface under illumination, as well as to possible
distortions within the crystal lattice.

3.5.5 Refractive index (n). The refractive index (n) is one of
the essential optical parameters of a material, as it plays
a central role in its interaction with light. It is particularly
significant in defining the optical response and in the selection
of materials for spectral dispersion applications. The variation
of this parameter is therefore of great importance for numerous
technological uses. The optical refractive index can be deter-
mined from reflectance spectra using a straightforward
relation.”®

_1+R 4R

0= g KO 0

Fig. 11 presents the dependence of the refractive index () on
wavelength (1) at room temperature. It can be observed that n
attains relatively high values in the visible region.

Moreover, the spectral variation of n follows Cauchy's law,
which can be expressed by the well-known empirical
relationship.®

ny ns
n(A):n1+P+A—4 (9)

4.5

4.0 4

3.5 1

Gauchy Fit

n(\)

3.0

Refractive index (n)

2.5 4

40 45 50 55 60 65 70 18

1A ()

2.0 4

T T T T T
200 300 400 500 600 700 800
A (nm)

Fig. 11 Evolution of the refractive index n against wavelength 4 (inset)
fit of refractive index n using Cauchy's law.
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By fitting our experimental data with this relation (inset of
Fig. 11), the constants of Cauchy's law were extracted: n, =
1.528, n; = 32.262 um?, and n, = 199.828 um*.

3.5.6 Single-effective oscillator model: dispersion energy
parameters. In 1973, Wemple and DiDomenico introduced
a model that enables the analysis of several important optical
parameters, including the dispersion energy (Eq), which reflects
the oscillator strength of interband transitions, and the single-
oscillator energy (E,), corresponding to the average interband
transition energy. This approach also provides insights into the
dispersion of the refractive index through the single-effective
oscillator model.**** According to this model, the optical data
can be described by the following expression:

2 1 E() Ed

T Ewy "

where v is the photon energy,  is the refractive index, E, is the
single-oscillator energy, and Eq represents the dispersion
energy, quantifying the average strength of inter-band optical
transitions. These parameters are extracted from the slope and
intercept of the linear plot of (n*-1)"" versus (hv)?*, as shown in
Fig. 12(a). From the fit, the slope corresponds to 1/EyEq, while
the intercept with the vertical axis yields 1/E4. Based on this
analysis, the calculated values are E, = 7.05 eV and Eq =
14.5 eV.

Using the same framework, the oscillator strength (S,) and
the oscillator wavelength (4,) of the sample can be determined
through the following relation. Fig. 12(b) shows the variation of
(n*1)""* with A2 A linear fitting of this curve provides the
values S, = 6 x 10~° nm 2 and A, = 188 nm. Furthermore, the
Wemple-DiDomenico model also enables the determination of
the moments of the optical spectrum, M_; and M_3, which are
related to the single-oscillator energy (E,) and dispersion energy
(Eq). The computed values of these moments are M_; = 2.05
and M_; = 0.20 eV 2,

3.5.7 Dielectric properties under optical energy. The real
(¢1) and imaginary (e,) components of the complex dielectric
constant (¢*) for the studied compound are directly related to
the refractive index (n) and extinction coefficient (K). These
values were calculated using the standard relations connecting
¢* n, and K.

e* () = &) — iea(A) = (n(}) — iK(1))* (11)
ei() =’ (2) — K*(2) (12)
ex(1) = 2n(HK(A) (13)

Fig. 13 present the variation of the real part (¢;, the disper-
sion curve) and the imaginary part (e,, the absorption curve) of
the dielectric permittivity as a function of photon energy for the
(Ce¢HgN,)3[BiClg] compound. The real component, ¢, provides
insight into the reduction of the light velocity within the
material, whereas the imaginary component, ¢,, reflects the
absorption of incident light energy resulting from dipole
motion. As illustrated in Fig. 13, both ¢;(4) and e,(4) display
trends similar to those of the refractive index, which can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.12 Evolution of 1/(n?-1) versus: (a) the photon energy and (b) 1/,
relative to the (CgHoN»)3[BiClg] compound.

attributed to the relatively small values of the extinction coef-
ficient K.

3.6 Complex impedance spectroscopy (CIS) studies
(electrical properties)

To fully understand the electrical conduction behavior in the
synthesized compound, we performed complex impedance
measurements across a temperature range of 333-443 K. In this
analysis, the real (Z') and imaginary (Z") components of the
complex impedance were examined separately to gain deeper
insights into the material's electrical properties.®**”

The complex impedance (Z*) is given by the following
equation:

Z* =7 +iz' (14)
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Fig. 13 Evolution of the real part ¢; (a) and the imaginary part ¢, of the
dielectric permittivity versus photon energy for the (CgHgN,)3[BiClg]
compound.

3.6.1 Complex impedance measurements. Fig. 14 shows
the Nyquist plots (Z” vs. Z') for (CeHgN,)s[BiClg] covering
a temperature range from 333 K to 443 K. The impedance
spectra exhibit a single, depressed semicircular arc across the
entire temperature range. As the temperature rises, the semi-
circle radius decreases, indicating a reduction in sample resis-
tance and an enhancement in conductivity.®® The complex
impedance spectra were analyzed using Z-View software, and
the best fit was achieved with an equivalent circuit (illustrated
in the inset of Fig. 14). This circuit comprises a parallel

View Article Online
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combination of resistance (R,), capacitance (C;), and a constant
phase element (CPE,) to account for the grain boundary effect.
The excellent agreement between the experimental Nyquist data
and the theoretical curve (solid line), derived from the esti-
mated parameters, confirms the validity of the proposed circuit
model.

The impedance of the CPE is expressed by:*

1

Q(jw)*
here Q denotes the fractal capacitance, and « refers to the line's
divergence from the vertical in the Nyquist plot. Table 2 shows
the corresponding circuit characteristics.

The results show an exponential decrease in resistivity with
increasing temperature, confirming the semiconductor nature
of the sample and its negative temperature coefficient of resis-
tance (NTCR) behavior.”””* Hybrid materials generally exhibit
a decrease in grain boundary resistance as temperature rises
because of the thermal activation of localized charge carriers,
which increases their mobility and, as a result, increases
hopping conduction and, in turn, decreases resistive behavior
with temperature.”

The bulk conductivity g; at each temperature was derived by
applying the formula:

ZCPE = (15)

- e
7S><Ri

i (16)

where (e/s) denotes the geometrical ratio sample and R; repre-
sents the resistance of the pellet deduced from Table 2.

1x108 p—
@ 403K @ 413K @ 333K
o 423K o 433K 9 343K
9x10%1 @ 443K—Fit @ 383K
—_—~ 'J
oy & 363K
= 6x10° @ 373K
N @ 383K
-l @ 393K
—_ .
g y . Fit
= 6x107 4 N 01 9 ©
NI CPE1 0.0 3.0x10°  6.0x10°  9.0x10°  1.2x107

3x107 -

Z'

1x10%

6x10’

7'

Fig. 14 Nyquist plots of (CgHgN,)3[BiClg] at different temperatures. The inset represents the equivalent circuit, and the calculated responses

based on this circuit are given by the fitted lines.
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Table 2 Electrical fitted circuit parameters for (CgHgN»)s[BiClg] at
different temperatures

T (K) R(10° Q) Cc (107" F) Q107 F) @

443 1.794 836 3.026 1.0522 0.9707
433 3.16335 3.111 1.1961 0.97107
423 5.17428 3.113 0.840344 0.93805
413 8.03845 3.053 2.14476 0.98401
403 11.2909 2.341 0.91878 0.9451
393 15.8265 1.8751 0.734 124 0.89533
383 22.5668 4.09167 1.01595 0.81739
373 32.1464 2.76566 1.1657 0.86017
363 44.8858 5.06084 1.03958 0.78132
353 67.6201 6.89434 1.96215 0.55683
343 96.2001 5.33588 1.81857 0.70886
333 111.56 4.22289 1.53012 0.70603

These equations were used to compute the grain border
conductivity:

(17)

Fig. 15 presents the variation of electrical conductivity at the
grain boundary (o3) as a function of temperature. The observed
conductivity behavior reveals a thermally activated transport
mechanism that adheres to the Arrhenius equation:

_E,
OR =0y eXp<kBT>

Where o, refers to the pre-exponential factor and E, is the
conductivity's activation energy. The variation of the conduc-
tivity shows two regions, associated with two activation energies
E,; = 0.42 (0.007) eV, 0o = 9.16 10> (3.22) S cm ™' in the range
[333-403 K] and E,, = 1.8 (0.04) €V, 0, = 2.73 (1.22) S cm ™' in
the range [403- 443 K]. The change in slope observed around
403 K confirms the phase transition identified through DSC
measurements.

(18)

-11

124 Egp=18 eV

-13 4
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-14 1 E,1=0.42 eV

-15 -

)
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Fig. 15 Variation of In(ggr) as a function of temperature.
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Using the proposed equivalent circuit, the real and imagi-
nary components of the complex impedance formalism were
quantitatively defined as follows:

, R + Qw® cos (%)
B T )
2 2

) Cw+ Qw* sin <?)
S 20
(Rfl + Quw* cos<a2—7r>>2 + (Ca)+ Quw* sin<?>>2 0

Fig. S3(a) illustrates the evolution of the real part of the
complex impedance, Z'(w), as a function of angular frequency
over the temperature range of 333-443 K. Across all tempera-
tures, Z' is higher at low frequencies and decreases progres-
sively with increasing temperature, indicating enhanced charge
transport dynamics. This indicates that the material is
semiconductor-like and implies that (C¢HoN,)3[BiClg] possesses
a negative temperature coefficient of resistance (NTCR). The
decrease in barrier characteristics with increasing frequency
and temperature indicates the release of space charge polari-
zation,*®* resulting in a significant reduction in resistance to
a nearly constant value at high frequencies. At these elevated
frequencies, the available relaxation time becomes too short for
space charge to fully respond, leading to an increased recom-
bination rate and the subsequent release of trapped charges.
This phenomenon is evidenced by the convergence of real
impedance values at high frequencies across all temperatures.

Fig. S3(b) illustrates the evolution of (Z’) on angular
frequency over the temperature range of 333-443 K. In this
figure, Z” gradually increases at low frequencies until it reaches
a maximum value, Z” .., at the material's characteristic relax-
ation frequency, Or ®Wmayx.”>”* Beyond wmayx, Z” decreases for all
temperatures, eventually becoming constant at higher
frequencies. This frequency-independent behavior of Z” can be
attributed to the dipoles' inability to respond to higher
frequency AC signals, which reduces polarization. As tempera-
ture increases, the height of each peak decreases, and the peak
positions shift towards higher frequencies. The peak height
reflects the resistance of the process, so a decrease in peak
height indicates a reduction in impedance, likely due to
increased polaron mobility with higher temperatures.” This
trend suggests shorter relaxation times with rising tempera-
tures, demonstrating that the material exhibits space charge
relaxation dependent on temperature.

The excellent agreement between the experimental data and
the simulated curves, generated using eqn (7) and (8) and pre-
sented in Fig. S3(a) and (b), confirms the high accuracy of the
extracted parameter values for the equivalent circuit.

Fig. S3(c) displays the scaling curve of the electric impedance
for (C¢HoN,)3[BiClg]. In this plot, each angular frequency is
normalized by the relaxation frequency, wpna.y, and Z’(w) is
normalized by its maximum value, Z’,,,. The alignment of
impedance spectra across different temperatures onto a single
master curve suggests that the dynamic processes in the

RSC Adv, 2025, 15, 33946-33961 | 33955
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(CeHoN,)3[BiCls] sample remain unaffected by temperature
variations.”®

3.6.2 Conductivity analysis. In this section, we will explore
the transport properties of the synthesized (C¢HoN,)s[BiClg]
compound by examining its conductivity and applying a theo-
retical model. The model provides insights into the primary
conduction processes that govern the transport properties. The
literature includes several conduction models that describe
charge carrier dynamics in hybrid organic-inorganic
systems.””® The total electrical conductivity contains of both
direct current (DC) and alternating current (AC) compo-
nents.*»® The DC component represents the steady-state
conductivity observed at low frequencies, while the AC compo-
nent reflects the frequency-dependent behavior seen at high
frequencies. Fig. 16(a) illustrates the total conductivity (¢) versus
angular frequency over the studied temperatures range. Each
conductivity spectrum in this study is analyzed using the simple
Jonscher law:%*

o (@.T) = opc(T) + BT (21)

The first term characterizes the variation in DC electrical
conductivity in the studied compound. The second term is
introduced to examine the prepared compound's electrical
behavior in the spectra's dynamic region, specifically focusing
on AC electrical conductivity. The frequency exponent (s) char-
acterizes the extent of interaction between mobile charge
carriers and offers valuable insight into the underlying mech-
anisms of electrical conduction. Table 3 displays the obtained
fitting parameters.

Fig. 16(b) depicts the variation of In(oq4.) versus (1000/7),
highlighting two distinct linear regions. This behavior indicates
an increase in conductivity with increasing temperature, further
confirming the semiconductor properties of the studied
compound. Across the investigated temperature range, the data
adhere to the Arrhenius relation, a widely recognized model for
describing the temperature dependence of electrical conduc-
tivity in organic-inorganic hybrid materials:**

_E,
G4 = 0p €Xp (kB_T> (22)

The parameter o, is the electrical conductivity (pre-
exponential factor); the parameter kg represents Boltzmann's
constant, and E, is the activation energy. The electrical trans-
port of charge carriers above 403 K is represented by an acti-
vation energy value of E, = 0.79 (0.03) eV, o, = 96.1
(2.93) Sem ™. In contrast, the activation energy within the lower
temperature range (333-403 K) is 0.42 (+£0.008) eV, with a pre-
exponential factor of ¢, = 304 (+£1.35) S cm™'. These values
are similar to those determined by the o conductivity.

In the AC regime, the conduction process is characterized by
plotting the temperature dependence of the frequency exponent
“s” (Fig. 16(c)). As illustrated in Fig. 16(c), at lower temperatures,
the frequency exponent approaches unity for the sample under
investigation. This trend suggests that the transport properties
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Fig. 16 (a) Variation of the ac electrical conductivity vs. the frequency
at different temperatures, (b) variation of direct current conductivity as
a function of temperature, (c) variation of the parameter s as a function
of temperature and (d) temperature dependence of the AC conduc-
tivity at different frequencies.

are governed by the hopping of charge carriers between oppo-
sitely charged states, overcoming a potential barrier.** For
conduction to occur, charge carriers must overcome this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The list of parameters obtained by fitting the Jonscher law
function to the frequency-dependent electrical conductivity data

T (K) opc (x107°Sem™) s

333 1.491 0.808
343 1.814 0.800
353 2.399 0.789
363 3.549 0.770
373 5.399 0.746
383 7.552 0.715
393 0.108 0.675
403 0.147 0.625
413 0.212 0.524
423 0.332 0.465
433 0.550 0.420
443 0.962 0.367

potential barrier. Consequently, the observed s(7) behavior
points to a correlated barrier hopping (CBH) conduction
mechanism.”

The correlated barrier hopping (CBH) model was first refined
by Pike to explain single-polaron hopping and later extended by
Elliott to incorporate two-polaron hopping mechanisms. In this
framework, the charge carriers move between localized states
separated by a potential barrier. According to the CBH model,
the parameter s can be expressed by the following relation:

B 6k T
WM + kBT ln(wro)

s(T) =1 (23)
where, T is the absolute temperature, kg is Boltzmann's
constant, W;, denotes the binding energy corresponding to the
complete transfer of an electron between two sites, and 7,
represents the characteristic relaxation time of the carriers. At
low temperatures (kpT'In(1/wte) << Wyy), this relation can be
simplified, and the expression for s takes the form:

kT
W

s(T) =1 (24)

Furthermore, the density of states at the Fermi level, N(Eg),
was evaluated using AC conductivity data through the
relation.®®:

7.52

2 NNye wR,’

T =1 (25)

Fig. 16(d) shows the variation of In(c,.) with (1000/T) for the
studied compound. The experimental data (symbols) are in
excellent agreement with the theoretical fitting (solid lines),
confirming that the CBH model is the most reliable framework
to describe the frequency-dependent AC conductivity across
both low- and high-frequency regions. The parameters obtained
from the fitting process are summarized in Table S5. The data
show that as frequency increases, U.¢ decreases, which supports
the idea of ionic conduction through hopping in this range of
temperatures and frequencies.*”* In addition, the rise in Nr
with increasing frequency explains the corresponding growth in
AC conductivity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.6.3 Electric modulus. The modulus framework is used to
study the transport behavior and relaxation phenomena in
organic-inorganic systems, which are characterized by the
accumulation and movement of charge carriers.*® According to
previous investigations,”*> space charge polarization can lead
to partial dielectric breakdown or discharge and electrode
polarization, which significantly increases permittivity and
complicates the analysis of organic-inorganic compounds. In
this context, the complex electric modulus serves as a crucial
tool for understanding the electrical and dielectric properties of
materials. Extensive research demonstrates that the electric
modulus effectively clarifies the underlying mechanisms of
dielectric relaxation.

Fig. 17(a) shows the temperature-dependent M” as a function
of angular frequency for the (C¢HgN,);[BiClg] compound. The
M spectra exhibit well-defined peaks at characteristic angular
frequencies (wp). For each temperature, the presence of

(b)

0.9
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r
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Fig. 17 Frequency dependence of M” at different temperatures of
(CgHoN>)3[BiClgl, and (b) variation of 8 parameter with temperature.
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a relaxation peak at a specific frequency indicates a transition
from short-range to long-range mobility behaviors.”® At high
frequencies, the charge carriers responsible for the material's
electrical and dielectric properties become trapped in localized
states. Below (wp,), the conduction properties of (C¢HgN,);[BiCls]
are associated with long-range hopping of charges.** Addition-
ally, short-range hopping of charge carriers and its dynamics
are evident above the relaxation frequency. At higher tempera-
tures, the asymmetric behavior observed in the M’ spectra,
along with the shifts of the M” peak positions toward higher
frequencies, is associated with the increasing degree of relaxa-
tion due to the activation of charge carriers. Furthermore, this
result suggests the presence of non-Debye relaxation in (C¢Ho-
N,);[BiClg]. To further explore the nature of dielectric relaxation
in the material based on the frequency dependence of M”, we
propose using the following expression to determine the
G parameter:**

’ My (w)

M (w) = [1 s <%) pﬁ(%) * (§p>6:|:|

M'"p (w) represents the peak maximum of M’, while w,
indicates the peak frequency. The exponent g offers insight into
the nature of the relaxation in the material. In an ideal dielectric
compound, B equals 1, signifying minimal dipole-dipole
interaction (Debye relaxation). When @ is less than 1, it indi-
cates significant dipole-dipole interactions (non-Debye
relaxation).®®

For the (CsHoN,);3[BiCls] material under study, the results
shown in Fig. 17(b) indicate that g is less than 1. This obser-
vation confirms the occurrence of non-Debye relaxation in the
sample's conductivity. The variation in the § parameter reveals
two distinct regions, with a noticeable change in slope around
413 K. This observation confirms the changes in electrical
properties, validating the thermal behavior and phase
transition.

(26)

3.7 Dielectric properties

Upon initial consideration, increasing the dielectric constant
may appear to be the optimal strategy for achieving competitive
quality in electric energy storage. To pursue this effectively, it is
essential to understand the polarization mechanisms influ-
encing the dielectric properties of materials. Polarization
processes are well-known to be the primary contributors to
a material's specific dielectric characteristics. The most
common polarization mechanisms include interfacial, ionic,
dipolar, atomic, and electronic types. Here, the focus is on
interfacial polarization, a key phenomenon for investigating
electrical conductivity.

Interfacial, or space-charge, polarization arises from the
accumulation of charge carriers at interfaces in response to an
external electric field. This can occur at the interfaces between
different materials or within different regions of the same
material, such as at electrode-insulator contact surfaces, inter-
face borders, and grain boundaries. Interfacial polarization
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impacts not only the covalent and bonded structures of
dielectric materials but also involves the accumulation of free
charges.

Space-charge polarization is distinct from electronic, atomic,
and ionic polarization in terms of its relaxation frequency
range. Its relaxation frequency appears at low frequencies,
below 10° Hz (the range used in these experiments), while
electronic polarization occurs around 10'*> Hz, atomic polari-
zation from 10" to 10" Hz, and orientation polarization
between 10° and 10"" Hz.

Fig. S4 displays the frequency dependence of the real part (¢)
for (C¢HgN,)3[BiClg] at different temperatures. At approximately
25 °C and 1 MHz, the real permittivity (¢) reaches a value of 80,
which is comparable to that observed in the compound (C¢Ho-
N,)»[SbBr,|Br.*® The elevated permittivity observed at low
frequencies is attributed to enhanced charge accumulation at
interfaces, as longer time intervals enable dipoles to align fully
with the applied electric field. As the frequency increases, ¢
gradually decreases due to the Maxwell-Wagner,'*>*** interfacial
polarization effect, which arises because charges cannot follow
the rapidly oscillating electric field at higher frequencies. This
behavior manifests as a high dielectric constant at low
frequencies and a decline at higher frequencies due to the
inability of dipoles to reorient quickly.

Beyond the direct observation of permittivity, the dielectric
response of (C¢HoN,);[BiClg] is consistent with the presence of
space-charge polarization mechanisms, which are critical for
explaining its significant dielectric constant and frequency-
dependent behavior. When combined with related BiClg-based
compounds reported in the literature,*>'*'% these results
confirm the intrinsic capability of this class of organic-inor-
ganic hybrids to exhibit substantial dielectric responses arising
from the interactions of the organic cations with the inorganic
bismuth chloride octahedra.

To further investigate temperature-dependent dipolar
polarization and associated relaxation phenomena, the dielec-
tric data were analyzed using the Cole-Davison model, repre-
sented by the following equation:**'%®

95-100

& — €o
E=¢tx + ————

1 + (iwr) 27)

The real and imaginary components of permittivity are given
by:

€ —en o+ (&s — €« )cos[Barctan(wr)

(28)

[1 + ((u‘c)z] :

/(& — &« )sin[Barctan(wr)
¢ g
[1 + (m)z] 2

were w represents the angular frequency, t denotes the relaxa-
tion time, and g is a material-specific constant associated with
the broadening of the relaxation time distribution. The
parameters ¢ and ¢, correspond to the static (low-frequency)
and high-frequency dielectric constants, respectively.

(29)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Eqn (28) was employed to fit the experimental real part of the
dielectric constant as a function of frequency (Fig. S4) to extract
key dielectric and relaxation properties of the (C¢HoN,)3[BiClg]
sample. The parameters obtained from these fits are summa-
rized in Table S6.

In comparison with other recently reported lead-free halide
hybrids,***”*® the phase transition temperature of (C¢Ho-
N,);[BiClg], observed at 420 K, highlights its superior thermal
stability. While many analogous compounds display transitions
in the lower 300-400 K range, the higher transition temperature
recorded here suggests enhanced structural robustness, which
is advantageous for device operation under elevated tempera-
tures. This intrinsic thermal resilience, coupled with the
compound's significant dielectric constant and notable elec-
trical conductivity, underscores its potential as a high-
performing material for energy storage and optoelectronic
technologies. By elucidating the dielectric mechanisms gov-
erning its response, our study contributes to the advancement
of environmentally friendly hybrid halides designed for next-
generation capacitors and other electronic applications.

4 Conclusion

In conclusion, the hybrid compound (CsHoN,);[BiCls] exhibits
a promising combination of structural, thermal, optical, elec-
trical, and dielectric properties, positioning it as a strong
candidate for advanced technological applications. The
successful synthesis via the slow evaporation method resulted
in a triclinic structure within the P1 space group, with a notable
phase transition occurring at 420 K. Optical characterization
through UV-visible absorption spectroscopy underscores its
semiconducting potential. Electrical and dielectric analyses
revealed a non-Debye relaxation process, a strong dependence
on frequency and temperature, and conduction governed by the
correlated barrier-hopping (CBH) model. Furthermore, its high
dielectric constant at low frequencies highlights its significant
potential for energy storage applications.

Overall, this study not only provides fundamental insights
into the multifunctional capabilities of (CsHoN,)3[BiCls] but
also emphasizes its relevance in semiconductor technology and
energy storage systems. By exploring the intricate properties of
organic-inorganic hybrid materials, our research contributes to
the ongoing development of cost-effective, high-performance
alternatives to conventional semiconductors and energy
storage solutions, paving the way for future innovations in these
fields.
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