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he structural, optical, and
electrical properties of the (CH3NH3)3(SbCl5)$Cl
compound

N. Chakchouk, a H. Khachroum, e M. A. Ben Yazeed,b A. A. Awhida,c

M. S. M. Abdelbaky,de S. Garćıa Grandae and A. Ben Rhaiem *a

Single crystals of (CH3NH3)3(SbCl5)$Cl were synthesized via slow evaporation. X-ray diffraction revealed

a monoclinic structure (space group P21/m) with lattice parameters a = 13.0073 Å, b = 8.0388 Å, c =

15.1149 Å, and b = 95.669°. Optical studies indicated a direct band gap of 2.34 eV. Photoluminescence

studies showed a broad emission centered at 600–610 nm with a full width at half-maximum of 100–

150 nm, suggesting self-trapped excitons. Impedance spectroscopy from 313 to 363 K and 0.1 to 106 Hz

showed that the direct current conductivity increased from 5.26 × 10−7 U−1 cm−1 at 313 K to 7.20 ×

10−5 U−1 cm−1 at 363 K, following Arrhenius behavior with an activation energy of 0.27 eV. Relaxation

frequency exhibited thermally activated behavior with an activation energy of 0.49 eV. Alternating

current conductivity obeyed Jonscher's universal power law, with the exponent ranging from 0.53 to

0.76 and increasing with temperature. Charge transport was governed by non-overlapping small polaron

tunneling. The temperature evolution of the imaginary modulus peak revealed a stretching exponent

varying between 0.47 and 0.48, confirming a thermally activated non-Debye relaxation mechanism. A

correlation between the ionic conductivity and crystallographic channels along the 101 direction was

established, highlighting the potential for fabricating optoelectronic and ionic devices.
1. Introduction

Perovskite materials combine the complementary physical and
chemical advantages of both their organic and inorganic
components. The organic moiety contributes structural exi-
bility, high polarizability, and strong luminescence efficiency,
while the inorganic framework provides dielectric behavior,
thermal robustness, and favorable electrical properties that can
transform insulating systems into semiconductors. As a result,
this class of perovskite structures has attracted signicant
interest for photovoltaic applications. Extensive research efforts
have led to a rapid increase in solar cell efficiency, with
quantum yields rising from 3.8% in 2009 (ref. 1) to 22% in
2016,2 making perovskite-based solar cells one of the fastest-
developing and most cost-effective photovoltaic technologies
to date. During the past decade, hybrid perovskites have gained
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considerable attention as a new generation of materials for
optoelectronic devices. Perovskite-based solar cells have
reached power conversion efficiencies approaching 25%,3

placing them on par with established commercial technologies,
such as polysilicon, cadmium telluride (CdTe), and copper
indium gallium selenide (CIGS) solar cells.4

This strong performance is attributed to their outstanding
photovoltaic characteristics, including broad optical absorption
with a relatively high absorption coefficient,5 efficient charge
transport associated with long carrier lifetimes,6 extended
diffusion lengths,7 and straightforward fabrication processes
that rely on simple and cost-effective techniques.8 However, the
search for lead-free, ecologically friendly materials for next-
generation optoelectronic devices has placed increased
emphasis on hybrid halide compounds, especially those that
include antimony(III) centers.9 These systems exhibit noticeable
local aberrations that signicantly impact their electronic
conguration and result in exceptional dielectric and photo-
physical characteristics due to the stereoactive 5s2 lone pair of
Sb3+.10

Zero-dimensional (0D) antimony halides stand out among
them due to their broadband photoluminescence, which is
produced by the self-trapped excitons (STEs) generated by
strong electron–phonon interactions inside rigid polyhedral
frameworks. They are appealing options for light-emitting and
photonic applications due to their high photoluminescence
RSC Adv., 2026, 16, 25423–25438 | 25423
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quantum yields (PLQYs).11 Structural and compositional design
can be used to precisely control the optoelectronic performance
of Sb(III)-based hybrids. The band gap and emission prole can
be changed by adjusting halide anions or by ne-tuning the
organic cation, allowing exact control over charge transfer,
color, and absorption properties.12 Numerous investigations
have shown that the addition of polar or chiral organic cations
enhances nonlinear optical responses by promoting non-
centrosymmetric structures with second-harmonic-generation
(SHG) activity. Similarly, anisotropic emission behavior appro-
priate for polarized light or tunable-emission devices is
produced via the controlled orientation of organic moieties.

Other perovskite-type metallic and hybrid halides, such as
bismuth halides,13 orthorhombic chromites14 and LiNbO3-type
oxides,15 exhibit similar structure–property relationships. These
ndings highlight crystal symmetry and the nature of cation–
anion interactions as fundamental parameters for engineering
tailored optical and dielectric responses. Sb(III) hybrids have
diverse electrical and dielectric characteristics that go beyond
optical tunability. These behaviors include polarization relaxa-
tion, high permittivity, and frequency dispersion. Dipolar
cations' dynamic reorientation and the inorganic sublattice's
polarizability are the sources of these characteristics. A number
of antimony-based systems have been reported to exhibit
reversible spontaneous polarization, indicating ferroelectric-
like switching phenomena that hold signicant potential for
applications in sensing technologies and memory storage.16,17

Interest in incorporating Sb(III) halide frameworks into devices
that combine optical, electrical, and thermal functions has
increased as a result of these multifunctional qualities.

In this study, a novel single-crystalline antimony-based
hybrid, (CH3NH3)3(SbCl5)$Cl, was created via slow evaporation
and examined utilizing complementary theoretical and experi-
mental approaches. This compound was specically designed
and selected for its promising multifunctional potential in next-
generation optoelectronic and dielectric applications. Based on
its structural features and preliminary property assessments,
the potential usages of (CH3NH3)3(SbCl5)$Cl single crystals
include solid-state lighting and white-light emission, where its
broadband photoluminescence attributed to STEs offers a rare-
earth-free alternative to phosphor-converted white LEDs; UV-
visible photodetection, where its direct optical band gap and
efficient charge transport are leveraged for sensitive, low-power
sensing applications; X-ray and radiation scintillation, which is
enabled by the high atomic number of antimony coupled with
strong luminescence efficiency, for medical imaging and secu-
rity screening; ferroelectric and dielectric memory devices,
which is supported by the switchable polarization induced by
polar methylammonium cations and the stereoactive lone pair
of Sb3+; and nonlinear optical applications, where non-
centrosymmetric structural motifs may facilitate second-
harmonic generation for laser frequency conversion.

The importance of (CH3NH3)3(SbCl5)$Cl over other
perovskite-type materials is multifaceted. Compared to
conventional lead-based perovskites, such as MAPbI3, this
material offers critical advantages in environmental safety and
reduced toxicity, as antimony is signicantly less hazardous
25424 | RSC Adv., 2026, 16, 25423–25438
than lead, thereby addressing regulatory and sustainability
concerns. It also exhibits enhanced thermal and moisture
stability, extending the device lifetime, while its STE-mediated
broadband emission provides superior color rendering for
lighting applications compared to the narrow emission proles
of lead halides. Compared to other Sb/Bi-based hybrids, the
optimized [SbCl5]

2− anionic framework, combined with
dynamic methylammonium cations, yields a balanced trade-off
between structural rigidity and polarizability, enhancing both
optical and dielectric responses. Furthermore, its band gap and
emission prole can be nely tuned via halide substitution or
organic cation engineering, offering greater design exibility
than many reported antimony halides. The simultaneous
presence of strong photoluminescence, dielectric relaxation,
and potential ferroelectric behavior in a single phase enables
integrated optoelectronic–dielectric devices—a rarity among
reported Sb-based systems. Finally, compared to conventional
inorganic semiconductors such as Si or GaAs, (CH3NH3)3(-
SbCl5)$Cl benets from solution-processability and low-
temperature fabrication, enabling scalable, cost-effective
production, as well as mechanical exibility compatible with
wearable and conformable electronics.

To validate these properties, optical (UV-vis and photo-
luminescence) and electrical analyses were carried out. To
identify the suitable model governing the conduction mecha-
nism, the relationship between crystallographic and electrical
properties was also examined. The material exhibits a direct
optical band gap in agreement with theoretical predictions,
along with strong photoluminescence efficiency and dielectric
relaxation characteristics. Combined with its lead-free nature
and wide thermal stability range, these features underscore its
promise for environmentally sustainable optoelectronic appli-
cations. Collectively, these attributes position (CH3NH3)3(-
SbCl5)$Cl as a strategically important material in the ongoing
transition toward sustainable, high-performance, and multi-
functional optoelectronic technologies.
2. Experimental section
2.1. Chemicals

Sigma-Aldrich (St. Louis, MO, USA) provided methylammonium
chloride (Sigma-Aldrich, $99.0%, cat. no. 539676) and anti-
mony(III) chloride (Sigma-Aldrich, 99.99%, trace metals basis,
cat. no. 229978) for the synthesis process. Every reagent was
used as received, without going through any further purication
procedures. All manipulations were carried out under ambient
laboratory conditions (temperature: 22 °C ± 2 °C; relative
humidity: 40–60%), unless otherwise specied.
2.2. Preparation of perovskites

Initially, methylammonium antimony chloride was synthesized
by dissolving methylammonium chloride (0.203 g, 3 mmol) and
antimony chloride (0.228 g, 1 mmol) in 50 mL of deionized
water (resistivity: 18.2 MU cm, puried using a Milli-Q Integral
system, Merck Millipore, Darmstadt, Germany) at room
temperature (25 °C ± 1 °C). The resulting aqueous solution
© 2026 The Author(s). Published by the Royal Society of Chemistry
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containing the perovskite precursors was allowed to evaporate
slowly over several weeks in a covered beaker with a pinhole lid
to control the evaporation rate (∼0.5 mL per day) under dark
conditions to prevent photo-induced degradation. White poly-
hedral crystals formed aer a few days; these crystals were
collected by vacuum ltration using Whatman no. 42 lter
paper, dried under dynamic vacuum (10−2 mbar) for 12 h at 30 °
C, and stored in a sealed amber glass vial under an argon
atmosphere for the subsequent characterization and analysis.

The single crystals were obtained using the slow evaporation
method, which enables gradual crystal growth at room
temperature. This approach is simple, cost-effective, and does
not require specialized equipment. It produces high-quality,
well-formed crystals suitable for X-ray diffraction and allows
some control over the crystal size by adjusting the evaporation
rate.

Additionally, the method is environmentally friendly,
generating minimal chemical waste and avoiding high
temperatures or pressures. However, it is time-consuming,
oen requiring days to weeks, and the crystal quality and size
are sensitive to environmental factors such as temperature and
humidity. Compared to rapid crystallization or hydrothermal
methods, slow evaporation promotes the growth of larger,
defect-free crystals ideal for detailed structural studies. To
minimize potential disadvantages, we maintained stable room
conditions, optimized the solution concentration and solvent
volume, and avoided disturbances or vibrations near the
growing crystals.
2.3. Technical characterizations

Single-crystal X-ray diffraction (XRD) measurements were
carried out using an Agilent Gemini CCD diffractometer
mounted on a glass ber carrying small crystals of the novel
compound. Intensity data were collected at room temperature
using Mo-Ka radiation (l = 0.071073 Å) generated by a ne-
focus sealed tube operated at 50 kV and 40 mA. Data collec-
tion was performed using u-scans with a scan width of 0.5° and
an exposure time of 10 s per frame. A total of 1250 frames were
collected over the 2q range of 3.2° to 27.5°. Absorption correc-
tions were applied using the multi-scan method implemented
in the CrysAlis PRO soware (version 1.171.38.46, Rigaku
Oxford Diffraction, 2015). The crystal structures were solved
using SHELXS-97, which employs direct methods for deter-
mining initial atomic positions from diffraction data. The
structures were subsequently rened using SHELXL, which
allows full-matrix least-squares renement based on F2,
providing accurate anisotropic displacement parameters for
non-hydrogen atoms. SHELXT is used as an integrated tool for
rapid structure solution, combining the benets of direct
methods with advanced Fourier techniques, speeding up initial
structure determination. All renements were performed within
the OLEX2 package,18–20 which provides a user-friendly interface
for managing crystallographic data, visualizing structures, and
performing renements efficiently. The combination of these
programs allowed accurate, reproducible, and high-quality
structural determination. Hydrogen atoms were positioned
© 2026 The Author(s). Published by the Royal Society of Chemistry
geometrically, while Mercury 3.8 was used to generate visual
representations of the asymmetric units and crystal structures.21

Anisotropic displacement parameters are listed in Table S1,
partial atomic coordinates and isotropic thermal parameters in
Table S2, and selected bond lengths (Å) and angles (°) in Table
S3. UV-vis diffuse reectance spectra were measured at room
temperature (25 °C ± 1 °C) using a Shimadzu UV-3101PC
spectrophotometer (Shimadzu Corporation, Kyoto, Japan;
equipped with an integrating sphere ISR-3100 and BaSO4 as
a reference standard), covering a wavelength range of 200–
800 nm with a resolution of 0.5 nm, a scan speed of 120
nm min−1, and a slit width of 2.0 nm. Reectance data were
converted to absorbance using the Kubelka–Munk function:
F(R) = (1 − R)2/2R, where R is the diffuse reectance. Photo-
luminescence (PL) spectra were obtained at room temperature
(25 °C ± 1 °C) using a Shimadzu RF-6000 spectro-
uorophotometer (Shimadzu Corporation, Kyoto, Japan;
equipped with a 150-W xenon ash lamp). Measurements were
performed in the solid-state mode using a front-surface illu-
mination geometry. The excitation wavelength was set at
325 nm with slit widths of 5 nm for both excitation and emis-
sion. Emission spectra were recorded from 350 to 750 nm at
a scan rate of 240 nm min−1. All spectra were corrected for the
instrument response using a calibrated reference detector. For
impedance analysis, a small portion of (CH3NH3)3(SbCl5)$Cl
was ground into a ne powder using an agate mortar and pestle.
The powder was pre-dried at 40 °C under vacuum (10−2 mbar)
for 6 h to remove adsorbed moisture prior to pelletization.
Pellets with a 1.2 mm thickness and a 92% theoretical density
were prepared using an 8-mm diameter hydraulic press (Specac
Ltd, Orpington, UK; model: Atlas25 T) under a uniaxial pressure
of 5 tons (245 MPa) applied for 2 min. The pellets were placed
between two copper electrodes (99.9% purity, 10 mm diameter,
polished with 1 mm alumina slurry) and coated with silver paint
(Agar Scientic, Stansted, UK; conductive silver epoxy, cured at
60 °C for 30 min) to ensure good electrical contact. Transport
properties were measured using a Solartron 1260 impedance/
gain-phase analyzer (AMETEK Scientic Instruments, Berwyn,
PA, USA; equipped with a 1296 dielectric interface) under high
vacuum (<10−3 mbar) at temperatures from 313 K to 363 K
(controlled by an Eurotherm 2216 temperature controller with
±0.5 K stability). Frequency sweeps ranged from 10−1 Hz to
106 Hz, and an AC voltage of 0.5 V (rms, veried to be within the
linear response regime) was applied. Impedance data were
analyzed using the ZView soware (version 3.5, Scribner Asso-
ciates, Inc.) with equivalent circuit modeling to extract bulk
resistance and capacitance parameters.

3. Results and discussion
3.1. Single crystal X-ray diffraction study

Single-crystal X-ray diffraction (SXRD) was used to determine
the crystal structure of the hybrid compound (CH3NH3)3(-
SbCl5)$Cl. Table 1 summarizes the primary crystallographic
data and renement parameters.

The compound crystallizes in the monoclinic system with
the centrosymmetric space group P21/n at 293 K. The unit cell
RSC Adv., 2026, 16, 25423–25438 | 25425
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Table 1 Main crystallographic X-ray diffraction data parameters of the
hybrid compound (CH6N)3(SbCl5)$Cl

Formula [(CH6N)3(SbCl5)$Cl]

Formula weight 430.88
Temperature/K 298.15
Crystal system Monoclinic
Space group P21/n
a/Å 13.0073(2)
b/Å 8.0388(2)
c/Å 15.1149(4)
b/° 95.669(42)
Volume/Å3 1572.73(6)
Z 4
rcalc (g cm−3) 1.819
m/mm−1 2.745
F(000) 840.0
Crystal size/mm3 0.53 × 0.09 × 0.07
Data collection instrument Kappa CCD
Radiation Mo Ka (l = 0.71073)
2q range for data collection/° 5.548 to 62.928
Index ranges −18 # h # 19, −11 # k # 11,

and −22 # l # 21
Reections collected 22 913
Independent reections 5224
Goodness-of-t on F2 1.071
Final R indexes R1 = 0.03 and wR2 = 0.05
Largest diff. peak/hole/e Å−3 0.41/−0.61
CCDC deposition number 2443838
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parameters are as follows: a = 13.0073(2) Å, b = 8.0388(2) Å, c =
15.1149(4) Å, b = 95.669(2)°, with unit cell volume (V) =

1572.73(6) Å3. The number of formula units per unit cell is Z =

4, yielding a calculated density (rcalc) of 1.819 g cm−3.
The asymmetric unit of the structure, as shown in Fig. 1,

contains three organic cations, CH3NH3
+(methylammonium),
Fig. 1 Perspective view of the asymmetric unit of (CH3NH3)3(SbCl5)$Cl
at the 50% probability ellipsoids.

25426 | RSC Adv., 2026, 16, 25423–25438
one inorganic complex anion, SbCl5
2− (penta-

chloroantimonate(III)), and one additional noncoordinated
chloride anion, Cl−. These three organic CH3NH3

+ cations
neutralize the overall charge of the [SbCl5]

2− anion and the Cl−

anion, thus ensuring the electrical neutrality of the compound.
The coordination environment of the antimony atom Sb1 is

distorted bipyramidal (see Table S1). The Sb1 atom is sur-
rounded by ve chlorine atoms (Cl1, Cl2, Cl3, Cl4, and Cl5)
forming a [SbCl5]

2− unit. The Sb–Cl bond lengths range from
2.4740(6) Å (Sb1–Cl3) to 2.6790(7) Å (Sb1–Cl4), indicating
a notable deviation from the ideal geometry. The bond angles
around Sb1 conrm this distortion: the angle Cl1–Sb1–Cl4 is
nearly linear (172.56(2)°), corresponding to the bipyramidal
axis, while equatorial angles (e.g., Cl3–Sb1–Cl2 = 91.19(2)°) are
close to 90°.

The organic CH3NH3
+ cations (represented by atoms N1, N2,

and N3) are connected to the [SbCl5]
2− anion and the free Cl−

anion (Cl6) via a complex network of N–H/Cl hydrogen bonds.
As shown in Fig. 2 and Table 2, these interactions are numerous
and varied. For example, atom N1 forms three hydrogen bonds
with Cl6, Cl5, and Cl1. Similarly, atoms N2 and N3 form multiple
bonds with different chlorine atoms. Collectively, these inter-
actions establish a coherent three-dimensional (3D) network
that contributes to the stability of the crystal structure.

As summarized in the crystallographic comparison in Table
3, the structural features of (CH3NH3)3(SbCl5)$Cl can be
contextualized within the broader family of hybrid chlor-
idoantimonates(III). Unlike conventional Sb–Cl hybrids, in
which the anion adopts either a [SbCl5]

2− square-pyramidal22 or
[SbCl6]

3− distorted-octahedral geometry,23 our compound
exhibits a (CH3NH3)3(SbCl5)$Cl stoichiometry that includes
a free, uncoordinated chloride ion. To the best of our knowl-
edge, this conguration is rare within the family of hybrid
chloridoantimonates(III) and has not been previously reported
with the methylammonium cation. The antimony atom adopts
a [SbCl5]

2− distorted trigonal bipyramidal geometry with char-
acteristic Sb–Cl distances. This geometry is consistent with the
presence of a stereochemically active Sb(III) lone pair; however,
the crystal packing differs from that observed in [NH4]2[SbCl5]22

due to the nature and arrangement of the organic cations. The
simultaneous presence of methylammonium cations
(CH3NH3

+) and free chloride anions enables the formation of
a unique three-dimensional N–H/Cl hydrogen-bond network,
distinct from the 1D or 2D patterns observed in
[(CH3)nNH4−n]3[Sb2Cl9] (n = 2 and 3) compounds.24 This
network enhances crystal stability and may inuence the
dielectric or optical properties of the material.
3.2. Optical properties

3.2.1. UV-visible study. The fundamental processes of light
transmission, reection, and absorption in materials are
intrinsically linked to their electronic structures. In this section,
we present and analyze the compound's basic optical properties
to assess its quality and optical performance.25 UV-visible
spectroscopy, which probes molecular interactions with ultra-
violet and visible light, provides valuable information on the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Projection of the packing arrangement of the (CH3NH3)3(SbCl5)$Cl compound in the plane (a, c) showing its hydrogen bonds.

Table 2 Hydrogen bonds of (CH3NH3)3(SbCl5)$Cl
a

D—H/A D—H (Å) H/A (Å) D/A (Å) D—H/A (°)

N1–H1A/Cl6(i) 0.89 2.321(i) 3.206(i) 173.07(i)
N1–H1B/Cl5(i) 0.89 2.760(i) 3.552(i) 149.00(i)
N1–H1C/Cl1(i) 0.89 2.577(i) 3.229(i) 155.04(i)
N2–H2D/Cl6(i) 0.89 2.302(i) 3.183(i) 170.47(i)
N2–H2E/Cl3 (i) 0.89 2.870(i) 3.346(i) 115.07(i)
N2–H2E/Cl4 (i) 0.89 2.503(i) 3.348(i) 158.67(i)
N3–H3A/Cl4(i) 0.89 2.507(i) 3.349(i) (3) 157.87(i)
N1–H1B/Cl1(ii) 0.89 2.729(ii) 3.317(ii) 124.61(ii)
N2–H2F/Cl6(iii) 0.89 2.729(iii) 3.317(iii) 163.61(iii)
N3–H3C/Cl6(iv) 0.89 2.599(iv) 3.383(iv) 147.42(iv)
C4–H4B/Cl1 (v) 0.89 2.952(v) 3.89(v) 166.57(v)

a Symmetry codes: (i): x, y, z; (ii):−x + 1,−y + 1,−z + 1; (iii):−x + 1
2 + 1, y +

1
2, −z + 1

2; (iv): x − 1
2, −y + 1

2 + 1, z − 1
2; and (v): −x + 1

2, y +
1
2, −z + 1

2.
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molecular characteristics, chemical structure, and electronic
transitions. Fig. 3a shows the UV-vis absorption spectrum
measured at room temperature for (CH3NH3)3(SbCl5)$Cl,
covering the wavelength range of 200–800 nm. The spectrum
displays two well-dened absorption bands at 274 nm and
356 nm, which can be attributed to distinct electronic processes
within the hybrid material. The absorption observed in the
near-UV region around 274 nm is associated with high-energy
Table 3 Crystallographic data and structural comparison of (CH3NH3)3(

Compound Crystal system Space group a (Å)

(CH3NH3)3(SbCl5)$Cl Monoclinic P21/n 13.00
[NH4]2[SbCl5] Orthorhombic Pnma 7.45
(C6H14N2)2[Sb2Cl10]$H2O Orthorhombic Pna21 29.12
[(CH3)2NH2]3[Sb2Cl9] Monoclinic Pc 9.313
[(CH3)3NH]3[Sb2Cl9] Monoclinic Pc 9.865

© 2026 The Author(s). Published by the Royal Society of Chemistry
electron–hole excitations localized within the [SbCl5]
2− anion.

These excitations occur above the conduction band edge and
are followed by rapid carrier relaxation, which inuences both
the optical response and charge transport behavior. The
absorption band centered near 356 nm is assigned to a ligand-
to-metal charge transfer (LMCT), involving electron transfer
from chloride 3p orbitals to antimony 5p states, highlighting
the strong electronic coupling within the inorganic anionic
framework. Furthermore, the energy band gap arises from
electronic transitions between the valence and conduction
bands, and the pronounced absorption extending into the
visible region indicates that this feature is intrinsic to the
fundamental band structure of the material.

The optical band gap energy (Eg) can be determined using
several approaches. The Tauc plot method assumes that the
absorption edge results from an interband transition between
parabolic bands. However, this approach is not appropriate for
materials exhibiting signicant band tails that overlap the
fundamental absorbance or for low-dimensional (2D, 1D, or 0D)
systems.26 Because (CH3NH3)3(SbCl5)$Cl crystallizes in a three-
dimensional framework, the Tauc formalism is suitable for
estimating its optical band gap, particularly for powdered
samples. The optical band gap energy (Eg) can be determined
from the following relation:
SbCl5)$Cl with the selected hybrid chloroantimonates(III)

b (Å) c (Å) b (°) V (Å3) Ref.

73 8.0388 15.1149 95.669 1572.73 This study
10.82 13.21 — 1065 22

2 8.403 11.358 — 2779.4 23
9.001 14.109 95.01 1182 24
9.113 15.096 89.99 1356 24
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Fig. 3 (a) Absorbance spectrum, (b) dependence of (F(R) × hn)2 and (F(R) × hn)1/2 on the energy (hn), (c) their first derivative on the energy (hn),
and (d) ln (a) as a function of hn for the (CH3NH3)3(SbCl5)$Cl compound.
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(ahn)1/n = B (hn − Eg), (1)

where the Kubelka–Munk function, F(R) is dened by the
following expression:27

F(R) = (1 − R)2/2R. (2)

Here, R denotes the diffuse reectance. In the Tauc relation, B is
an energy-independent constant associated with band tailing
effects, a corresponds to the optical absorption coefficient, and
hn represents the photon energy (in eV). The parameter Eg refers
to the optical band gap energy, while n characterizes the nature
of the electronic transition between the valence and conduction
bands.28,29 Specically, n = 1/2 corresponds to direct allowed
transitions, n = 2 to indirect allowed transitions, n = 3/2 to
direct forbidden transitions, and n = 3 to indirect forbidden
transitions. It should be noted that the Kubelka–Munk
approach, derived from reectance measurements, is
commonly applied to opaque materials. Within this framework,
the absorption coefficient can be approximated as a z F(R)/e,
where e is the sample thickness. In fact, we have presented the
curve of (F(R) hn)1/n as a function of the photon's energy (hn) for
n= 2 and n= 1/2 in Fig. 3b. The direct and indirect optical band
25428 | RSC Adv., 2026, 16, 25423–25438
gaps were found by extending these plots, and the intersection
of the tted straight line with the (F(R) hn)1/n axis (y = 0) was
used to get the Eg value of our sample. As a result, the band gap
is discovered to be 2.53 eV for n = 0.5 and 1.83 eV for n = 2.

In contrast, to verify the value of the gap energy for the
studied sample, we used the rst-order derivative of the Tauc
equation and its natural logarithm to obtain eqn (3) and (4) as
follows:

ln(ahn) = n ln B + n ln(hn − Eg), (3)

d lnðahnÞ
dðhnÞ ¼ n

�
1

hn� Eg

�
: (4)

Eqn (4) states that the curve of d(ln(ahn)/d(hn)) against hn
should have a peak at the location where Eg= hn. For the sample
(CH3NH3)3(SbCl5)$Cl, the plot of d(ln(ahn)/d(hn)) against hn is
displayed in Fig. 3c. The abscissa's peak at a specic energy
value gives the approximate value of Eg. The estimated band gap
is found to be 2.34 eV. Furthermore, the reectance results are
in good agreement with both the band gap value and the direct
nature of the electronic transition reported for a previously
studied organic–inorganic hybrid compound, namely
© 2026 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/d6ra00964f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
7/

20
26

 4
:1

4:
03

 A
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
(C8H14N2)(SbCl5).30 Therefore, (CH3NH3)3(SbCl5)$Cl is a poten-
tial candidate for fundamental optoelectronic studies. The
band tail energy, commonly referred to as the Urbach energy,
represents the extent of localized electronic states near the
conduction band edge. It provides insight into stoichiometric
defects that arise from the incorporation and interaction of
magnetic ions within the material. From a physical standpoint,
the Urbach tail offers a qualitative insight into the crystallinity
of a material and reveals the presence of imperfections such as
defects, disorder, and impurities. It serves as an effective
measure of short-range structural order and indicates the exis-
tence of localized defect states in disordered semiconductors,
thereby providing important information about the material's
electronic structure and overall degree of disorder.

The Urbach tail energy (Eu) can be experimentally evaluated by
applying the Urbach–Martienssen relation, as described below:31

a ¼ a0 exp

�
hn� Eg

Eu

�
; (5)

ln a ¼ ln a0 þ hn� Eg

Eu

: (6)

In this equation, a0 is a constant, Eu represents the Urbach
energy (in electron volts, eV), and hn denotes the photon energy,
also expressed in electron volts (eV). The uctuation of ln (a) vs.
(hn− Eg) is shown in Fig. 3d using eqn (6). A linear t of the low-
energy absorption edge yields a slope of approximately 2.77,
from which the Urbach energy is calculated as Eu = 1/slope =

0.36 eV. This relatively high Urbach energy indicates the pres-
ence of structural defects and a signicant degree of disorder
within the material.

The optical properties of a material are governed by the
interaction between matter and the electric eld of an incident
electromagnetic wave. The absorption of electromagnetic radi-
ation depends on several factors, including the material thick-
ness, refractive index (n), photoconductivity, and extinction
coefficient (K). According to established principles, the
Fig. 4 Extinction coefficient and penetration depth (d) plots of the (CH3

© 2026 The Author(s). Published by the Royal Society of Chemistry
attenuation of incident electromagnetic radiation within
a sample is related to its crystalline arrangement and surface
morphology. Specically, the amplitude of the electromagnetic
wave decreases by a factor of 1/e aer propagating through
a distance equal to the penetration depth. The penetration
depth (d), also referred to as the absorption depth in optical
contexts, can be calculated using the following expression: d =

1/a.
Typically, this value ranges from a few hundred to several

thousand ångströms (Å), depending on the material and its
synthesis method. The propagation of an electromagnetic wave
through the compound can be described using the complex
refractive index (N), which is frequency-dependent as follows:

N = n − iK, (7)

where n is the real part of the refractive index, related to the
phase velocity of light in the material, and k is the extinction
coefficient. The extinction coefficient (Fig. 4) quanties the
exponential decay of the electromagnetic wave amplitude
within the material. Specically, the absorption coefficient (a)
and extinction coefficient (k) are related by the following
equation:32

KðlÞ ¼ aðlÞl
4p

: (8)

Indeed, when the photon energy (hn) increases, a notable
decrease in the penetration depth (d) is seen (Fig. 4). This
degradation may be attributed to the attenuation of the
incoming photon energy near the surface under light exposure,
likely resulting from structural deformation within the crystal.
Additionally, the transparency region of the compound is
characterized by the remaining extinction coefficient (k)
values.33 However, the (CH3NH3)3(SbCl5)$Cl compound trans-
mits almost all of the incident energy due to its total trans-
parency in the visible band (Fig. 4). Due to their low visible-
range attenuation coefficient, the crystals can be used in
NH3)3(SbCl5)$Cl compound.

RSC Adv., 2026, 16, 25423–25438 | 25429
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Fig. 5 PL spectra of the (CH3NH3)3(SbCl5)$Cl compound at four distinct excitation wavelengths (265, 375, 450 and 540 nm).
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nonlinear optical applications and as antireection layers in
solar thermal systems.34

3.2.2. Photoluminescence study. Fig. 5 displays the pho-
toluminescence (PL) emission spectra of (CH3NH3)3(SbCl5)$Cl
recorded at four distinct excitation wavelengths (265, 375, 450,
and 540 nm). The emission band is asymmetrically broadened
toward longer wavelengths and peaks at approximately 600–
610 nm, independent of the excitation wavelength. This spectral
invariance strongly suggests that the emission originates from
a single emissive state, commonly attributed to self-trapped
excitons (STEs).35

The intensity of the PL signal varies according to the exci-
tation wavelength: it is maximum under an excitation of 450
nm, decreases signicantly at 540 nm and has intermediate
values for excitations at 265 and 375 nm. This variation directly
mirrors the compound's absorption prole, which exhibits
stronger absorption in the blue region (450 nm) compared to
the red region (about 540 nm). Consequently, excitation at
450 nm generates a higher density of photoexcited carriers
capable of populating the emissive state (likely an STE), thereby
yielding enhanced PL intensity.36

The optimal excitation wavelength (450 nm) produces an
emission centered at approximately 600 nm, corresponding to
a Stokes shi of about 150 nm. This substantial Stokes shi is
characteristic of STE systems and arises from structural relax-
ation upon photoexcitation.37

The broad (full width at half-maximum (FWHM) = 100–150
nm) and highly asymmetric PL peak is consistent with the
phonon-assisted radiative recombination of STEs, a hallmark of
materials exhibiting strong electron–phonon coupling.37 The
assignment of the observed broadband emission to self-trapped
excitons (STE) is further reinforced by the intrinsic structural
and electronic landscape of (CH3NH3)3(SbCl5)$Cl. The
25430 | RSC Adv., 2026, 16, 25423–25438
stereochemically active Sb3+ 5s2 lone pair drives a pronounced
distortion of the [SbCl5]

2− polyhedron, which, together with the
rigid three-dimensional N–H/Cl hydrogen-bonding frame-
work, creates a locally compliant lattice environment highly
favorable for exciton self-trapping. This structural predisposi-
tion is consistent with the relatively high Urbach energy (0.36
eV), indicative of substantial lattice disorder and shallow
localized states that promote carrier connement. Within the
family of Sb(III)- and Bi(III)-based hybrid halides, the concurrent
presence of excitation-independent broad emission, a large
Stokes shi, and a distorted inorganic sublattice has been
widely adopted as a reliable ngerprint for STE recombination,
even in initial reports lacking time-resolved or temperature-
dependent photoluminescence data.38–40
3.3. Electrical properties

3.3.1. Nyquist diagram and equivalent circuit. Complex
impedance spectroscopy (CIS) is a valuable technique for
characterizing the electrical activity of (CH3NH3)3(SbCl5)$Cl. CIS
analyzes the material's impedance response to reveal informa-
tion about ion transport inside the lattice as well as the mate-
rial's general electrical conductivity.41 This technique
demonstrates a direct correlation between the response of the
real system and the equivalent circuit formed by the electrical
components. This technique is a potent, nondestructive
method for examining a material's electrical characteristics.
Unlike other methods, CIS does not damage samples while
providing vital information about important parameters like
the electrical conductivity, relaxation time, and ion mobility
within the (CH3NH3)3(SbCl5)$Cl perovskite. Additionally, one of
CIS's key advantages is its capacity to distinguish between
contributions from different sources within the material.
Charge carriers are set in motion when an alternating electric
© 2026 The Author(s). Published by the Royal Society of Chemistry
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eld is applied, which induces processes such as space charge
polarization, dipole reorientation, and charge displacement.
Through this dynamic process, sophisticated impedance anal-
ysis can efficiently identify the specic functions that elec-
trodes, grains, and grain boundaries play in facilitating charge
transport through the material.

Fig. 6 displays a Nyquist plot of the complex impedance of
the (CH3NH3)3(SbCl5)$Cl specimen recorded over the tempera-
ture range of 313–363 K. The depressed centers of the semi-
circles, located below the real axis, indicate non-Debye
characteristics. This nding demonstrates that conduction in
(CH3NH3)3(SbCl5)$Cl adheres to the Cole–Cole formalism,
which implies a relaxation time distribution. The distribution
of relaxation times resulting from inhomogeneities, such as
grain boundary effects, defects, and microstructural disorder, is
indicated by this depression and deviation from the ideal Debye
behavior. A typical frequency dependence is observed in the
Nyquist plots, where the frequency is lowest at the high Z0 end
(right side) and increases toward the origin (le side), peaking
at the intersection with the imaginary axis. The material's
capacitive properties are further supported by this frequency
response. The impedance spectra exhibit two separate semi-
circles, each of which represents a particular frequency domain.
Furthermore, the geometry of the spectra shows two separate
semicircles, each of which represents a particular frequency
domain. The grain boundary contribution is responsible for the
low-frequency semicircle, whereas the bulk grain response is
responsible for the high-frequency semicircle. More specically,
the resistance values derived from the tting procedure can be
used to differentiate between the two contributions. The grain
boundary effect is linked to the arc exhibiting greater resistance,
whereas the grain effect is related to the arc with lower resis-
tance. The greater arc dispersion at low frequencies suggests
that the grain boundary is more resistive. Further proof that the
material exhibits a negative temperature coefficient of resis-
tance (NTCR) is provided by the fact that the radius of the
Fig. 6 Nyquist plots of the complex impedance of (CH3NH3)3(SbCl5)$Cl a
equivalent circuit).

© 2026 The Author(s). Published by the Royal Society of Chemistry
semicircle in the Cole–Cole diagram decreases as the temper-
ature rises.42 This observed trend indicates an improvement in
charge carrier mobility. It can be explained by improved
hopping mechanisms or interstitial diffusion within the grains,
as well as the reduction of electrostatic potential barriers at
grain boundaries. The temperature-dependent response is
characteristic of the semiconducting behavior of (CH3NH3)3(-
SbCl5)$Cl, in which the electrical conductivity is governed by the
thermal activation of ionic species (such as organic cation
motion) and electronic charge carriers (electrons or holes)
associated with antimony-related states.43 It should be empha-
sized that the electrical and dielectric spectroscopy measure-
ments presented here are aimed at elucidating the fundamental
mechanisms underlying the charge transport and relaxation
phenomena in (CH3NH3)3(SbCl5)$Cl rather than replicating the
specic operating conditions of practical electrochemical
energy storage or device applications.

The theoretical curves (lines) and experimental data are in
excellent agreement, as shown in Fig. 6. This alignment veries
that the electrical characteristics of the sample are appropri-
ately represented by the selected equivalent circuit.

Notably, the best t is obtained using an equivalent electrical
circuit consisting of a resistance (R1) in parallel with a constant
phase element (CPE1) and a capacitance (C1) to model the grain
response in series with a resistance (R2) in parallel with
a constant phase element (CPE2) to describe the grain boundary
(inset of Fig. 6). The interpretation that the total electrical
response is considerably inuenced by both grain and grain
boundary effects is validated by the excellent match between
experimental data and this circuit model. The circuit was really
chosen because of its low tting errors and good agreement
with the experimental results.

The existence of multiple relaxation processes that exhibit
roughly identical or comparable relaxation times in the (CH3-
NH3)3(SbCl5)$Cl system may lead to nonideal capacitance
behavior, which is accounted for by the constant phase element
t various temperatures and theoretical data (solid line) (inset: electrical

RSC Adv., 2026, 16, 25423–25438 | 25431
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Table 4 Electrical values of the equivalent circuit parameters calculated for the (CH3NH3)3(SbCl5)$Cl compound at different temperatures

T (K) R1 (10
5 u) C1 (10

−10 F) Q1 (10
−8 F) a1 R2 (10

5 u) Q2 (10
−10 F) a2

313 2.45(1) 0.80(1) 1.77(1) 0.39(3) 4.17(2) 3.03(8) 0.90(2)
323 1.78(1) 1.27(1) 5.14(5) 0.41(3) 2.96(1) 3.49(3) 0.88(2)
333 1.13(1) 1.15(1) 4.56(4) 0.44(3) 2.07(1) 4.12(3) 0.81(3)
343 0.65(1) 1.06(1) 2.21(2) 0.48(3) 1.27(7) 9.03(7) 0.83(3)
353 0.43(1) 1.51(1) 3.85(3) 0.45(3) 0.88(4) 6.62(5) 0.84(2)
363 0.34(1) 1.99(1) 7.68(7) 0.40(3) 0.63(3) 4.02(3) 0.87 � 0.02
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(CPE) in the corresponding circuit models. The following kind
of empirical function is used to calculate the impedance
contribution of the CPE:

Zcpe ¼ 1

Q� ðjuÞa ; (9)

where the imaginary unit is denoted by j (j2 = −1), Q is the CPE
pre-exponential factor, u denotes the angular frequency (u =

2pf, where f is the frequency), and a is a dimensionless
parameter ranging between 0 and 1. The exponent a determines
the phase angle, b = ap/2, which represents the angle between
the radius of the semicircle and the Z0 axis in Nyquist coordi-
nates. When a = 1, the CPE behaves as an ideal capacitor, and
the constant Q equals the capacitance C.44 Bhomik et al.
demonstrated that the presence of a constant phase element
(CPE) with a < 1 indicates non-Debye-type dielectric relaxation.45

This behavior is usually linked to structural or compositional
heterogeneities in the material, as well as a distribution of
relaxation times associated with parallel R–C elements.
Conversely, when a = 0, the CPE behaves as a perfect
resistor.46

In fact, Table 4 summarizes the parameter values extracted
from the equivalent circuit analysis for modeling the electrical
response, arranged by temperature. The CPE parameter Q2

exhibits values around 10−10 F, while Q1 is on the order of 10−8
Fig. 7 Variation in the strength of the grains and grain boundaries of
the (CH3NH3)3(SbCl5)$Cl compound.

25432 | RSC Adv., 2026, 16, 25423–25438
F. This difference suggests that the bulk grain response is rep-
resented by the rst equivalent circuit branch and the grain
boundary response by the second branch. Furthermore, as
Table 4 illustrates, R2 (grain boundary resistance) values are
consistently greater than R1 (grain resistance) values at all
temperatures. This demonstrates the signicant contribution of
grain boundaries to the total resistance. In general, grain
growth at high temperatures is oen attributed to enhanced
atomic mobility and reduced disorder at grain boundaries. As
a result, both grain and grain boundary resistances decrease
with increasing temperature, which is consistent with the
semiconducting characteristics of the material.

In fact, Fig. 7 shows the temperature dependence of grain
and grain-boundary resistance.

The previously described negative temperature coefficient of
resistance (NTCR) behavior is conrmed by the clear decrease
in both grain and grain boundary resistances as the tempera-
ture increases. This trend is supported by the detected reduc-
tion in both grain and grain boundary resistances as the
temperature rises. Such a behavior can be explained by several
contributing factors, including variations in the grain boundary
structure, the inuence of the grain size, the thermal resistance
and conductance associated with tilt grain boundaries, and
microscale observations of modied thermal conductivity.47

In this context, the reduced resistance in the grain area
implies that interfaces or aws do not hinder charge carriers at
the grain borders, but rather, they can move more easily
through the bulk material (grains).

3.3.2. DC conductivity. A key component of the conduction
process in semiconductors is temperature-dependent DC
conductivity. Under an applied electric eld, the thermally
activated motion of delocalized charge carriers is necessary for
thermally activated electrical conductivity.

The following formula can be used to calculate the grain's
electrical conductivity (sg) at any temperature, based on the
resistance values extracted from the equivalent circuit:

sg ¼ e

R1S
; (10)

where e is the sample thickness and S is the electrode area.
To analyze the conduction mechanisms and identify the

activation energies, we examined the temperature dependence
of the grain conductivity of (CH3NH3)3(SbCl5)$Cl by plotting
ln(sg) versus 1000/T under a constant applied voltage of 1 V over
the temperature range of 313–363 K (Fig. 8). For (CH3NH3)3(-
SbCl5)$Cl, the linear behavior of the ln(sg T) versus 1000/T plot
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Arrhenius plots for the bulk conductivity of the (CH3NH3)3(-
SbCl5)$Cl sample.
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indicates that no phase transition occurs within the studied
temperature interval. As evidenced by the plot, the DC
conductivity increases exponentially with temperature,
revealing a thermally activated transport mechanism. The
temperature rise provides additional thermal energy, which
enhances the population of mobile charge carriers. This char-
acteristic is consistent with an Arrhenius-type conduction
model and is typical of thermally assisted hopping or tunneling
between localized energy levels,48 as follows:

sg ¼ s0 exp

�
� Ea

KBT

�
; (11)

where Kb represents the Boltzmann constant, s0 denotes the
pre-exponential factor related to the density of states and charge
carrier mobility, T is the absolute temperature, and Ea denotes
the activation energy for grain conductivity. Based on a linear t
to the data points, the activation energy derived from Arrhenius
law is calculated to be around Ea = 0.27 eV.

3.3.3. AC conductivity. The thermally stimulated mobility
of charge carriers—which undergo a hopping process when
exposed to an electric eld—is the primary source of electrical
conductivity in disordered solids. Defect centers in disordered
systems play a crucial role in this conduction process, making
conductivity measurements an effective tool for investigating
them. Electrical conductivity provides a highly effective
macroscopic probe of microscopic charge carrier dynamics.

This technique facilitates the separation of localized and
long-range conduction behaviors, thereby revealing deeper
insights into the underlying relaxation mechanisms. The AC
conductivity can be characterized using the following
relationship:

s
0
ACðu;TÞ ¼ e

S
� Z

0�
Z

02 þ Z
002
� ; (12)

where Z0 and Z00 are the real and imaginary components of the
complex impedance, respectively, and e and S represent the
sample thickness and cross-sectional area, respectively. Fig. 9a
shows the material's measured AC conductivity (sac) over
© 2026 The Author(s). Published by the Royal Society of Chemistry
a broad range of temperatures (313–363 K) and frequencies (0.1
Hz–1 MHz). The experimental data were analyzed using
Jonscher's universal power law49 as follows:

sac = sdc + A × uS, (13)

where sdc denotes the conductivity of direct current. It is
derived from the long-range translational motion of charge
species by extending the low-frequency area to zero frequency.

The dispersion behavior in conductivity, which reects the
frequency dependence of the AC conductivity, is explained by
the term AuS. The temperature-sensitive coefficient, denoted by
A, measures the degree of polarization resulting from the
diffusive motion of charge carriers. Conversely, s is a charac-
teristic that establishes the connection between the carriers and
the medium they move across. The s exponent has a range of
0 to 1, where a value of 1 indicates that the lattice and charge
carriers are not interacting. The interaction between the crystal
structure and mobile ions increases as s drops from 1. As the
temperature rises for this behavior, the charge species that have
collected at grain boundaries have sufficient energy to cross the
barrier. The jump relaxation model (JRM) proposed by Funke
provides a convincing explanation for the tendencies that have
been noticed. The model indicates that ions in the material can
effectively hop to nearby locations at low frequencies. The rst
term of the Jonscher equation represents the sustained DC
conductivity seen at low frequencies that eventually results from
these successful hops, which also contribute to the ions' long-
range translational motion. By contrast, both successful and
failed hops take place in the high-frequency band. If a hop is
unsuccessful, the excited ion may uctuate before going back to
where it started. This ineffective hop has no effect on conduc-
tivity because it does not contribute to the total mobility of the
ion. Nonetheless, when hopping is successful, the leaping ion
moves to a new location and becomes stable there, while the
nearby ions relax in tandem with the stationary ion. In fact,
effective hopping involves agitated leaping. The percentage of
successful hops in comparison to failed ones increases in the
high-frequency domain. The second part of the Jonscher
equation describes the observed dispersion in the conductivity
curves at high frequencies as a result of this imbalance.

Indeed, this power-law equation (eqn (13)) can be described
by the Almond relation as follows:

sac ¼ sdc

�
1þ

�
u

uh

�s�
; (14)

where uh denotes the characteristic “hopping frequency” of the
charge carriers. This parameter represents the frequency at
which the dispersion region begins to emerge, marking the
transition from DC to AC behavior. Notably, uh shis toward
higher frequencies as the temperature increases, suggesting
thermally activated hopping. The following relationship might
be used to express it:

uh ¼
�sdc

A

�1=S

: (15)
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Fig. 9 (a) Frequency dependence of alternating current conductivity at several temperatures. (b) Plot of the hopping frequency uh versus the
inverse of temperature.

Fig. 10 Variation in the universal exponent s as a function of the
temperature for (CH NH ) (SbCl )$Cl.
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A plot of ln(uh) versus 1000/T for grain conduction is di-
splayed in Fig. 9b. The continuous slope of the curve indicates
that the compound does not undergo a phase transition within
the studied temperature range. According to a linear t of the
data, the activation energy for this dynamic process, which
exhibits Arrhenius-type behavior, is approximately Ea = 0.47 eV.
This value differs from the activation energy derived from the
grains' DC conductivity (sg), suggesting that the mobility of
charge carriers in the studied compound is not governed solely
by a simple hopping mechanism.

To evaluate this hypothesis, the temperature dependence of
the exponent s was analyzed, offering a valuable insight into the
fundamental characteristics of the conduction pathways.

The charge transfer mechanism in (CH3NH3)3(SbCl5)$Cl can
be investigated by examining several theoretical models based
on the temperature dependence of the exponent s (T). These
models describe the correlation between the AC conductivity
and s (T), as well as their respective dependencies on the
temperature and frequency in disordered materials.

The literature presents several theoretical models that are
suitable for interpreting the present results, including Long's
overlapping large polaron tunneling (OLPT) model,50 the
quantum mechanical tunneling (QMT) model introduced by
Austin-Mott,51 the correlated barrier hopping (CBH) model
proposed by Elliott,52 and the nonoverlapping small polaron
tunneling (NSPT) model also proposed by Austin-Mott.51 These
models are based on quantum mechanical tunneling, the
thermally activated hopping of charge carriers over potential
barriers, or a combination of both processes. In addition,
several theoretical approaches have been proposed to charac-
terize the nature of charge carriers, which are frequently
described as polarons—quasiparticles formed by the coupling
of charge carriers with lattice distortions.

According to the Austin-Mott theory,51 the conduction
mechanisms in (CH3NH3)3(SbCl5)$Cl can be determined by
analyzing the variation of the exponent s, which reects the
interaction between mobile ions and their surroundings.
Accordingly, the variation of the exponent S with temperature
25434 | RSC Adv., 2026, 16, 25423–25438
for our sample is shown in Fig. 10. Our experimental data
demonstrate a steady increase in s with increasing temperature,
which is typical of the NSPT model and indicates the predom-
inance of small polaron hopping processes within the
compound, as will be explained later. Specically, localized
charge carriers interact with the lattice to form polarons, which
can hop between neighboring sites. During this process,
a polaronmay either return to its original position (a failed hop)
or become stabilized at a new location (a successful hop) as the
system seeks a lower-energy conguration. The formation of
polarons arises from the coupling between charge carriers and
lattice distortions as they propagate through the material. At
low frequencies, successful polaron hopping is responsible for
the frequency-independent (plateau) behavior of AC conduc-
tivity, as polarons effectively migrate from one site to another.53

In contrast, when the frequency increases, a higher propor-
tion of unsuccessful hopping events occurs, which leads to
a shi toward dispersive conductivity. Polaron formation in the
majority of inorganic halide perovskites is believed to result
from lattice distortions, which are not explicitly considered in
3 3 3 5

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Estimated values of the parametersM00, b, and u found by the
fitting of M00(u) with the modified KWW function

T (K) M00 b u

313 0.0020 0.475 120 506.465
323 0.00201 0.457 223 274.627
333 0.0019 0.327 466 496.712
343 0.00182 0.351 517 114.502
353 0.00185 0.424 445 354.626
363 0.00199 0.489 399 812.306
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quantum mechanical tunneling models. In (CH3NH3)3(SbCl5)$
Cl, small polarons form when a charge carrier is localized at
a particular site, causing signicant local lattice deformation.
Because the polarons remain spatially conned, these distor-
tions remain localized, preventing overlap. At higher tempera-
tures, AC conductivity can be attributed to charge carrier
trapping at structural defects or to polaron tunneling processes.

The low activation energy (Ea = 0.27 eV), combined with the
tting of the AC conductivity data to the NSPT (nonoverlapping
small polaron tunneling) model and the strong electron–
phonon interaction demonstrated by photoluminescence,
indicates that the dominant conduction mechanism in (CH3-
NH3)3(SbCl5)$Cl is electronic, via the jumping of small polarons
located at antimony sites. Although the dynamics of CH3NH3

+

cations and the presence of N–H/Cl bonds may contribute to
dielectric relaxation phenomena, the long-distance migration of
ionic species (Cl− or protons) is made unlikely by the rigidity of
the [SbCl5]

2− lattice and the strength of hydrogen interactions.
3.4. Modulus study

A thorough examination of the complex modulus spectra was
carried out to gain insights into the relaxation mechanisms in
(CH3NH3)3(SbCl5)$Cl. The complex electric modulus, dened as
the reciprocal of the complex permittivity, was rst proposed by
Macedo et al.54 The electric modulus formalism is a powerful
approach for investigating electrical responses within materials
and for analyzing relaxation phenomena related to space charge
effects, especially when long-range charge carrier motion plays
a signicant role. One of the main advantages of this method is
its ability to suppress the impact of electrode polarization,
thereby enabling a more focused examination of relaxation
processes related to ionic conduction. The electric modulus
describes the relaxation of the electric eld within the material
under conditions of constant electric displacement. It can be
expressed mathematically as follows:
Fig. 11 Imaginary parts of the electric modulus as a function of the freq

© 2026 The Author(s). Published by the Royal Society of Chemistry
M* ¼ juC0Z* ¼ M
0 þ jM

00 ¼ MN

�
1�

ðN
0

e�jut
�
� d4ðtÞ

dt

�
dt

�
:

(16)

As illustrated in Fig. 11, theM00(u) spectra recorded at various
temperatures show no discernible peak in the low-frequency
region; however, a prominent, broad peak emerges at high
frequencies. In the low-frequency region, charge carriers exhibit
enhanced mobility, allowing them to travel over longer distances
via successful hopping between adjacent sites. In contrast, at
higher frequencies, carrier mobility becomes increasingly
restricted. The emergence of these peaks provides important
information about the transition of charge carriers from long-
range to short-range (localized) mobility. With increasing
temperature, the relaxation peaks shi toward higher frequen-
cies, indicating a thermally activated relaxation process associ-
ated with charge carrier hopping. This behavior can be explained
by the hopping dynamics of the charge carriers. This trend
demonstrates a clear relationship between the temperature and
ionic mobility. Furthermore, it can be inferred that thermal
energy drives and governs this process. Charge carriers acquire
energy through thermal activation, which enables them to hop
more frequently. This increases the relaxation frequency by
reducing the relaxation time. Consequently, the relaxation peaks
uency at different temperatures for (CH3NH3)3(SbCl5)$Cl.

RSC Adv., 2026, 16, 25423–25438 | 25435
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Fig. 12 (a) Temperature dependence of the b values as an Arrhenius plot for the conductivity of the (CH3NH3)3(SbCl5)$Cl sample. (b)
Temperature dependence of the relaxation frequency (fp) for the grains of (CH3NH3)3(SbCl5)$Cl.
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shi to higher frequencies at elevated temperatures. Based on
their hopping dynamics, this temperature-dependent behavior
implies that the thermal activation of charge carriers inuences
the relaxation mechanism.55

The overall characteristics of the modulus spectrum provide
strong evidence for a hopping mechanism, which is essential
for electrical conduction within the material. Additionally, the
values of the imaginary component approach zero at lower
frequencies, suggesting that the modulus representation effec-
tively suppresses electrode polarization effects. The pronounced
asymmetry and broadening of these peaks indicate a wide
distribution of relaxation times, each corresponding to distinct
time constants. This behavior underscores the non-Debye
nature of the sample's response and is consistent with obser-
vations for other related compounds.

To quantitatively describe this relaxation, the M00(u) data
were tted using the Kohlrausch–Williams–Watts (KWW)56

stretched exponential function, which characterizes relaxation
dynamics through a stretching parameter, b, ranging from 0 to
1. Further analysis using Bergman's equation conrmed these
observations as follows:

M
00 ¼ M

00
max�

ð1� bÞ þ
�

b

1þ b

��"
b
�umax

u

�
þ
�

u

umax

�b
# : (17)

Here, M
00
max represents the maximum value of M00, and umax

denotes the frequency at which this maximum occurs. The
stretching exponent b provides a quantitative measure of the
asymmetry and broadening of the loss peak. Specically,
b ranges between 0 and 1. b = 1 corresponds to ideal dipole–
dipole interactions characteristic of Debye relaxation, whereas
b < 1 indicates nonideal interactions associated with non-Debye
behavior. Thus, the parameter b quanties the deviation
between the electrical relaxation behavior of a real solid elec-
trolyte and that of an ideal Debye-type system. The close
25436 | RSC Adv., 2026, 16, 25423–25438
agreement between the experimental and theoretical curves
conrms that the applied model accurately describes the M00

peak characteristics. The corresponding parameter values are
provided in Table 5. The results indicate that b increases with
the temperature, suggesting that M00(u) progressively
approaches ideal Debye-type behavior at higher temperatures.
Notably, as previously mentioned, these results are consistent
with conclusions drawn from the DC conductivity analysis.

The temperature dependence of b is illustrated in Fig. 12a.
The increase in b with the temperature reects an enhancement
in the ionic and electronic transport properties of the material.
This behavior is likely associated with the enhanced mobility of
(CH3NH3)

+ ions within the crystal structure. At elevated
temperatures, thermal energy facilitates ion diffusion across
interstitial sites in the crystal lattice, thereby reducing energy
barriers. This increase in ionic mobility, potentially accompa-
nied by improved electronic conductivity, positively inuences
the material's electrochemical performance, which is crucial for
energy storage applications. The relaxation frequencies (fp) can
be determined from the peak frequency (umax), which corre-
sponds to the transition between long-range and short-range
ionic mobility. This critical transition is governed by the rela-
tion um × sm = 1 = 2pfp, where sm denotes the most probable
relaxation time of the ions. The activation energy can be
extracted from the plot of ln(fp) versus 1000/T, as shown in
Fig. 12b. The activation energy obtained in this investigation is
0.49 eV. This result demonstrates that the relaxation dynamics
are thermally activated and governed by the same energy barrier
as the conduction process, which is primarily driven by the
motion of thermally activated (CH3NH3)

+ cations.
4. Conclusion

The organo–inorganic hybrid compound (CH3NH3)3(SbCl5)$Cl
was successfully synthesized using a solution-based slow
© 2026 The Author(s). Published by the Royal Society of Chemistry
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evaporation method. Single-crystal X-ray diffraction analysis
revealed that the material crystallized in the monoclinic system,
space group P21/m, with a three-dimensional architecture
stabilized by an extensive network of N–H/Cl hydrogen bonds.
Optical measurements conrmed the material's semi-
conducting nature and its potential for optoelectronic applica-
tions, revealing a direct band gap of 2.34 eV.

Photoluminescence analysis revealed a broad, asymmetric
emission centered around 600–610 nm, regardless of the exci-
tation wavelength, strongly suggesting an origin associated with
self-trapped excitons (STEs). The substantial Stokes shi (∼150
nm) conrmed strong electron–phonon coupling, a hallmark of
STE systems, while the maximum emission intensity was ach-
ieved under excitation at 450 nm, consistent with the material's
absorption prole. Owing to these properties, the compound
shows promise for applications in optical detectors, light-
emitting diodes (LEDs), and solid-state luminescent devices.

Impedance spectroscopy conducted between 313 and 363 K
revealed thermally activated conduction behavior with a nega-
tive temperature coefficient of resistance (NTCR). The AC
conductivity followed Jonscher's universal power law, and
analysis of the charge transport mechanism clearly demon-
strated that conduction was dominated by the nonoverlapping
small polaron tunneling (NSPT) mechanism. Analysis of the
complex dielectric modulus revealed non-Debye relaxation
behavior. The stretching parameter b increased with the
temperature, indicating a gradual transition toward more ideal
relaxation dynamics at elevated temperatures. The activation
energies derived from AC conductivity (Ea = 0.47 eV) and
relaxation frequency (Ea = 0.49 eV) were in close agreement,
indicating that both ion transport and relaxation dynamics were
governed by the same energy barrier, primarily associated with
the thermally activated motion of (CH3NH3)

+ cations.
Collectively, these ndings establish (CH3NH3)3(SbCl5)$Cl as

a promising candidate for fundamental optoelectronic studies
and underscore the critical role of the crystal structure,
hydrogen-bonding interactions, and structural defects in gov-
erning the material's electrical and optical properties.
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