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the structural, optical,
photoluminescence and electric properties of
a semiconductor material [Br(CH2)2N(CH3)3]2SnBr6
Amal Elghoul,a Bochra Ben Salah,b Fadhel Hajlaoui, *a Karim Karoui, cd

Nathalie Audebrand,e Thierry Roisnel,e Erika Kozma, f Chiara Bottaf

and Nabil Zouaria

A new low-dimensional hybrid tin(IV) halides, [Br(CH2)2N(CH3)3]2SnBr6, was synthesized via slow

evaporation from acidic aqueous solution under ambient conditions. Single-crystal X-ray diffraction

reveals that the compound crystallizes in the orthorhombic space group Pbca, featuring discrete

[SnBr6]
2− octahedra spatially isolated and electrostatically stabilized by [Br(CH2)2N(CH3)3]

+ cations. The

crystal packing is reinforced through a network of C–H/Br hydrogen bonds and halogen$$$halogen

contacts, forming a 0D supramolecular framework. Infrared spectroscopy confirms the existence of

characteristic vibrational modes from organic molecule. Furthermore, the thermal behavior studied by

(TGA–DSC) indicates good thermal stability up to 430 K. Optical absorption studies yield a direct optical

band gap of 3 eV and an indirect gap of 2.54 eV, consistent with semiconducting behavior. Under UV

excitation, the compound exhibits blue photoluminescence centered at 434 nm, attributed to excitonic

recombination confined within the [SnBr6]
2− units. Impedance spectroscopy further reveals thermally

activated conduction, following non-overlapping small polaron tunneling and correlated barrier hopping

models. These findings suggest that [Br(CH2)2N(CH3)3]2SnBr6 is a structurally robust, lead-free

semiconductor with blue emission, making it a promising candidate for environmentally benign

optoelectronic devices such as LEDs and photonic components.
Introduction

Since the early 2000s, hybrid organic–inorganic halide perov-
skites have emerged as key materials for high-performance
optoelectronic applications, owing to their structural exibility
and outstanding electronic properties. Following the pioneering
work of Kojima et al. on MAPbI3 in solar cells,1 these materials
rapidly expanded into photovoltaics, LEDs, photodetectors, and
lasers.2–7 Perovskites, dened by the ABX3 structure, consist of
[BX6]

4− octahedra that can form 3D corner-sharing frameworks
or reduced-dimensional (2D, 1D, 0D) architectures,8–10 allowing
precise control of exciton binding energy, band gap, charge
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mobility, and stability.11 Despite these advances, Pb-based
perovskites such as MAPbI3 and FAPbBr3 suffer from toxicity
and instability.12–15 Tin-based halides (Sn2+) were proposed as
alternatives due to their chemical similarity to Pb2+,16 and early
studies on CH3NH3SnI3 and FASnI3 conrmed their photovoltaic
potential but also revealed rapid oxidation of Sn2+ to Sn4+,
compromising stability.17–19 This limitation has motivated
research into tin(IV)-based systems, where fully oxidized Sn4+ ions
form chemically robust [SnX6]

2− octahedra encapsulated by
organic cations, yielding stable zero-dimensional (0D)
hybrids.20–23 These materials display excellent thermal and
chemical stability and exhibit enhanced quantum connement
effects that promote strong excitonic emission, particularly in the
blue-to-green spectral range. For example, the 0D hybrid [C4N2-
H14Br]4SnBr6 exhibits strong yellow luminescence at ∼360 nm.24

Substitution at the organic cation site has proven highly effective
for band gap tuning and photoluminescence enhancement: [(R)-
3-hydroxyquinuclidinium]2SnCl6 introduces chirality, induces
dielectric switching near 330 K, and presents a wide band gap of
4.11 eV.25 Furthermore, both the halide anion and the organic
cation play a key role in controlling the photophysical behavior of
0D tin-based hybrids. Notably, (C4N2H14Br)4[SnBr6] and (C4N2-
H14I)4[SnI6] exhibit intense yellow and orange photo-
luminescence under UV excitation, with quantum yields reaching
RSC Adv., 2025, 15, 40199–40208 | 40199
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∼95% and ∼75%, respectively.26 These materials also display
large Stokes shis (215 nm and 118 nm), attributed to strong
exciton–phonon coupling and excited-state relaxation. Such
ndings emphasize that even small variations in halide compo-
sition or organic framework can substantially impact emission
efficiency, spectral position, and Stokes behavior. 26 Similarly,
halogen substitution within organic cations, such as replacing
hydrogen with uorine in [C3H7FN]3[SnCl6]Cl, leads to order–
disorder transitions, preserved ferroelectricity, and multiple
phase changes at 293, 391, and 403 K.27 Mixed-halide systems,
where multiple halides coexist in the tin coordination sphere,
have also emerged as an effective design strategy. Such compo-
sitional tuning allows for photostable band gap modulation and
signicantly inuences photoluminescence intensity.28,29 A
pertinent example is [Cl–(CH2)2–NH3]2SnBr5.65Cl0.35, which
demonstrates strong blue emission and a reduced band gap of
2.94 eV compared to its chloride-rich analogue.30 Additionally,
halogen-functionalized ammonium derivatives, such as 2-
chloroethylammonium or 2-bromoethyltrimethylammonium,
enhance intermolecular interactions through halogen and
hydrogen bonding networks. These design principles were
exemplied in the work of Sui et al., who synthesized [BrCH2-
CH2N(CH3)3]2[CdBr4], a 0D hybrid displaying ferroelectric and
switchable dielectric transitions near 342 K and 390 K.31 Their
ndings highlight how the incorporation of halogen atoms into
the organic framework not only affects packing and symmetry
but also enables multifunctional properties, including ferro-
electricity and spontaneous polarization. Motivated by these
advances, the present work focuses on the synthesis and
comprehensive characterization of a new 0D lead-free tin halide
hybrid, [Br(CH2)2N(CH3)3]2SnBr6. This compound, synthesized
via slow evaporation in acidicmedia, incorporates (2-bromoethyl)
trimethylammonium cations and isolated [SnBr6]

2− anions
within an orthorhombic lattice. Detailed investigations by X-ray
diffraction, optical absorption, photoluminescence spectros-
copy, electrical impedance spectroscopy, and thermal analysis
reveal a direct band gap of 3 eV and blue emission at 434 nm,
demonstrating its potential for optoelectronic applications such
as light-emitting devices.

Experimental section
Synthetic procedures

All chemicals and solvents used in this synthesis were obtained
from commercial suppliers and utilized without any additional
purication. Deionized water served as the solvent medium
throughout the procedure.

Synthesis of [Br(CH2)2N(CH3)3]2SnBr6. The compound was
obtained through a slow evaporation process carried out at
room temperature. To a solution of (2-bromoethyl)tri-
methylammonium bromide (0.346 g, 2 mmol) in 15 mL of
hydrobromic acid, tin(II) bromide (SnBr2, 0.278 g, 1 mmol) was
added under continuous stirring. The mixture was stirred until
a clear yellow solution was obtained. This solution was then
allowed to evaporate slowly at room temperature. Aer several
days, yellow crystals in the form of block were formed and
collected for analysis.
40200 | RSC Adv., 2025, 15, 40199–40208
Infrared spectroscopy

The formation of the compound [Br(CH2)2N(CH3)3]2SnBr6 was
conrmed by IR spectroscopy performed at room temperature
using a KBr pellet. As shown in Fig. S1, the spectrum recorded
in the 400–4000 cm−1 range exhibits characteristic absorption
bands. Peaks observed between 672 and 1275 cm−1 were
assigned to the stretching vibrations of C–N and C–Br bonds.
Bands at 1443 and 1480 cm−1 correspond to the bending
vibrations of methyl C–H groups, while sharp absorptions at
2984 and 3025 cm−1 were attributed to the stretching vibrations
of methylene (CH2) C–H bonds. These spectral features are
consistent with the structural components of the organic cation
and support the successful synthesis of the hybrid halide
compound. The band assignments are in agreement with
literature data for similar hybrid halide compounds.31

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction analysis of [Br(CH2)2N(CH3)3]2-
SnBr6 was performed at 150 K using a Bruker D8 VENTURE
diffractometer (CDIFX/ISCR) equipped with a micro-focus Mo-
Ka radiation source (l = 0.71073 Å) and a CMOS-PHOTON70
detector. Crystal structure has been described in ortho-
rhombic symmetry with Pbca space group. The structure was
solved using SHELX-T program32 and rened by full matrix
least-squares routines against F2 using SHELX-L program33

through the WinGX program suite.34 Hydrogen atoms were
placed in geometrically idealized positions and rened using
a riding model (HFIX). Structural illustrations were generated
with Diamond soware.35 Crystallographic details and rene-
ment parameters are provided in Table S1, with selected bond
lengths and angles listed in Table S2. Complete atomic coor-
dinates and anisotropic displacement parameters are available
in the corresponding CIF le. CCDC number 2474595.

Thermal analysis

The thermogravimetric Analysis (TGA) were performed using
a Setaram SETSYS 16/18 instrument in the temperature range of
300–700 K with a ramp rate of 5 K min−1.

The thermal behavior of the compound was examined using
Differential Scanning Calorimetry (DSC) with a NETZSCH DSC
200 F3 analyzer. Powdered samples (∼10 mg) were placed in
platinum crucibles, while alumina (Al2O3) was used as the
reference material. The measurements were conducted under
a nitrogen ow, applying heating and cooling rates of 5
K min−1, across a temperature range from 290 to 450 K.

UV-visible absorption spectroscopy

Room-temperature UV-Vis absorption spectra were acquired
using Lambda 900 PerkinElmer spectrophotometer operating
in transmission mode in the spectral range from 200 to 850 nm.

Photoluminescence spectroscopy

Photoluminescence (PL) spectra were recorded at ambient
temperature using a NanoLog composed by a iH320 spectro-
graph equipped with a Synapse QExtra charge-coupled device by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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exciting with amonochromated 450W Xe lamp. All spectra were
corrected for instrument response. Time-resolved TCSPC
measurements are obtained with PPD-850 single photon
detector module and Delta Time serie DD-300 Delta Diode and
analysed with the instrument Soware DAS6. PL QY were
measured with a home-made integrating sphere according to
the procedure reported elsewhere.36

Electrical characterization and impedance spectroscopy

Impedance measurements were performed on disk-shaped
pellets (8 mm diameter, ∼1.3 mm thickness) using a SOLAR-
TRON SI 1260 impedance/gain-phase analyzer, interfaced with
a dielectric test unit. The real (Z0) and imaginary (Z00) compo-
nents of the impedance were recorded over a frequency range of
1 Hz to 1 MHz and a temperature range of 303–403 K. Copper
electrodes (8 mm diameter) were deposited on both sides of the
pellets to ensure good electrical contact.

Results and discussion
Structural investigations

The compound was synthesized via slow evaporation of an
aqueous solution containing tin(IV) bromide, hydrobromic acid,
and (2-bromoethyl)trimethylammonium bromide. It crystallizes
in the orthorhombic system, space group Pbca, with the unit cell
parameters: a = 12.792 (2) Å, b = 12.973 (2) Å, c = 14.605 (2) Å, V
= 2423.7 (6) Å3 and Z = 4 (Table S1). The asymmetric unit of the
Fig. 1 (a) Molecular structure of [Br(CH2)2N(CH3)3]2SnBr6. Hydrogen bo
blue dash line. Symmetry codes: (i) −x + 1, −y + 1, −z + 1. (b) Project
N(CH3)3]2SnBr6 structure in the (b and c) plane. C–H/Br hydrogen
methylammonium cations in the environment of [SnBr6]

2−.

© 2025 The Author(s). Published by the Royal Society of Chemistry
title compound, [Br(CH2)2N(CH3)3]2SnBr6, consists of one
organic [Br(CH2)2N(CH3)3]

+ cation and one half-anion
(Fig. 1(a)). The [SnBr6]

2− anion is located on an inversion
center and forms a quasi-regular octahedral arrangement.
Structural cohesion is maintained through a network of C–H/
Br hydrogen bonds and halogen/halogen interactions,
forming a zero-dimensional (0D) hybrid framework (Fig. 1(b)
and (c)).

A projection of the crystal structure along the a- and b-axes
reveals a 0D architecture formed by alternating layers of isolated
[SnBr6]

2− octahedra and [Br(CH2)2N(CH3)3]
+ organic chains

(Fig. 1(b) and (c)). This type of arrangement is similar to that
found in related hybrid halostannates.27 Within the inorganic
substructure, the Sn(IV) center is coordinated by six bromide
ions, forming slightly distorted octahedra with Sn–Br bond
lengths ranging from 2.5587 (5) to 2.6156 (5) Å. The cis and trans
Br–Sn–Br angles fall within the ranges 89.112 (11)°–90.888 (11)°
and equal to 180.0°, respectively, which are consistent with
values observed in related hybrid tin halide compounds.37 Each
[SnBr6]

2− octahedron is surrounded by four [Br(CH2)2N(CH3)3]
+

cations via mono-, and bidentate C–H/Br hydrogen bonding
(Fig. 1(d)), contributing to the cohesion of the supramolecular
network (Fig. 1(d)).

The organic moieties exhibit N–C, C–C, and C–Br bond
lengths ranging from 1.489 (4)–1.511 (4) Å, 1.502 (4) Å, and 1.943
(3) Å, respectively. Bond angles for C–N–C, C–C–Br, and N–C–C
lie between 107.1 (2)°–111.3 (2)°, 108.8 (2)° and 114.4 (2)°,
nds are represented by red dotted lines; halogen bonds are shown as
ion of the structure along the b-axis. (c) Projection of the [Br(CH2)2-
bonds are shown in red line (d) neighbouring (2-bromoethyl)tri-

RSC Adv., 2025, 15, 40199–40208 | 40201
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respectively (Table S3). An extended network of hydrogen bonds
links the organic cations to the [SnBr6]

2− anions, with C–H/Br
distances ranging from 3.669 (3) to 3.995 (3) Å, and the C–H/Br
bond angles vary between 118 and 168° reinforcing the supra-
molecular structure (see Fig. 1(c) and Table S4). In addition, the
halogen bonds between ions were observed in the structure.
Indeed, the short intermolecular Br/Br contact of 3.817(3) Å
between Br4 atom and Br2 atom leads to the formation of type II
halogen bonds (q1 = 129.1(5)°, q2 = 85.31(5)°), which is shown
in Fig. 1(a) as a blue dashed line. The bonds length and angle
values of halogen interactions were found to be comparable to
literature data obtained with other similar hybrid compounds
such as [Br(CH2)2N(CH3)3]2M

IIBr4; (M
II = Cu2+ or Cd2+).31
Thermal decomposition

This study evaluates the thermal stability of [Br(CH2)2-
N(CH3)3]2SnBr6 using thermogravimetric analysis (TGA), and
differential scanning calorimetry (DSC). The TGA curve displays
two main weight loss events (Fig. S2). The rst, occurring
between 300 and 320 K, corresponds to a 5% mass loss and is
attributed to the removal of water. A second weight loss of
∼54.35% is observed between ∼480 and 550 K, likely due to the
decomposition of the organic cations together with the bromide
is removed to support the charge neutrality and corresponds to
the formation of SnBr4 (theoretical weight loss, 52.98%). This
decomposition behavior is consistent with that reported for
structurally related hybrid stannate halides.38 The DSC ther-
mogram of the [Br(CH2)2N(CH3)3]2SnBr6 compound was recor-
ded in the temperature range from 290 K to 450 K, as shown in
Fig. S3. The thermal analysis reveals no evidence of phase
transitions within this temperature range, indicating the
structural stability of the compound in these thermal condi-
tions. These results have been conrmed by complex imped-
ance measurements with the electrical conductivity. A weak
endothermic peak is observed near 323 K, which is attributed to
Fig. 2 UV-Vis absorption spectrum of [Br(CH2)2N(CH3)3]2SnBr6
recorded at room temperature. In the inset Tauc plots for direct (blue
line) and indirect (red line) transitions.

40202 | RSC Adv., 2025, 15, 40199–40208
the release of adsorbed surface water. This anomaly does not
correspond to any structural change in the crystal lattice and is
instead related to the mild hygroscopic nature of the material.
UV-visible spectroscopy and band gap analysis

The optical absorption properties of [Br(CH2)2N(CH3)3]2SnBr6
was investigated at room temperature using UV-visible spec-
troscopy. Fig. 2 shows the absorption spectrum recorded in the
wavelength range of 200–700 nm. The absorption band is
observed at approximately 350 nm. This absorption is attrib-
uted to band-to-band electronic transitions, in which electrons
are excited from the valence band primarily composed of Br 4p
orbitals to the conduction band formed by the Sn 5s and 5p
orbitals in the [SnBr6]

2− octahedra.
The optical band gap energy was further analyzed using

Tauc's method, based on the classical relation:39

(ahn)n = B (hn − Eg)

With a the optical absorbance, hn the photon energy, B
a constant, then Eg the optical band gap, n = 2 or 1/2 for direct
and indirect allowed transition, respectively. The plot of (ahn)2

and (ahn)0.5 as a function of photon energy (hn) are presented in
the inset of Fig. 2. Extrapolation of the linear portions of these
plots to the photon energy axis, where (ahv)n= 0 (towards x-axis)
provides estimates of the optical band gap energies. The direct
band gap was determined to be 3.0 eV, while the indirect band
gap was found to be 2.54 eV. These values are consistent with
those reported for other 0D hybrid tin(IV) halide perov-
skites.27,36,40 The optical bandgaps of these compounds
(between 2.5 and 2.8 eV) are related to their molecular structure.
This comparison reinforces the classication of [Br(CH2)2-
N(CH3)3]2SnBr6 as a band-gap semiconductor, highlighting its
potential for use in light-harvesting and optoelectronic devices.
Photoluminescence properties

The photoluminescence (PL) properties of [Br(CH2)2N(CH3)3]2-
SnBr6 were investigated at room temperature in air to evaluate
its emission characteristics. Measurements were conducted on
both powder and cast lm samples, as shown in Fig. 3 and 4.
The PL spectra exhibit a single emission band in the blue region
centered at approximately 430–440 nm. This emission is
attributed to excitonic recombination within the [SnBr6]

2−

octahedra, facilitated by the conned electronic structure of the
zero-dimensional hybrid framework.22,24,26 To further investi-
gate the electronic transitions, a photoluminescence excitation
(PLE) spectrum was recorded for the powder sample (Fig. 3),
with the emission xed at 445 nm. The PLE spectrum reveals
two prominent bands at 273 nm and 365 nm, corresponding to
valence-to-conduction band transitions. The PL spectra of the
lms exhibit similar features to those of the powders but with
enhanced spectral resolution and a slight blue-shi, favoured
by the reduced self-absorption of the sample. This observation,
together with the fact that emission does not depend on the
excitation wavelength, supports its assignement to free exciton
recombination (average lifetime of 0.66 ns, see Fig. S4), without
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PL (solid line) and PL excitation (PLE, dashed line) spectra of
[Br(CH2)2N(CH3)3]2SnBr6 powder samples under 370 nm excitation,
showing a peak emission at 440 nm, recorded at room temperature.

Fig. 4 Photoluminescence (PL) spectrum of [Br(CH2)2N(CH3)3]2SnBr6
cast film, under 350 nm excitation, recorded at room temperature.

Fig. 5 Equivalent circuit, variation of Z00 and Z0 plots versus frequencies
and impedance complex plots at several temperature of the
[Br(CH2)2N(CH3)3]2SnBr6 compound.
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contribution from emissive surface defects. The absolute
Quantum Yield of the photoluminescence is below 0.1%,
probably due to quenching processes induced by the material
mild hygroscopic nature since all the optical characterizations
were performed in ambient atmosphere. However, the sharp
emission and excitonic character suggest that [Br(CH2)2-
N(CH3)3]2SnBr6 may be a promising candidate for optoelec-
tronic devices such as blue-emitting LEDs. A comparable PL
response was reported for the zero-dimensional hybrid tin
© 2025 The Author(s). Published by the Royal Society of Chemistry
halide, such as [Cl–(CH2)2–NH3]2SnBr5.65Cl0.35, which exhibits
a broad emission centered around 475 nm with negligible
contribution from low-energy emissive traps.30 Such results
reinforce the potential of these materials for applications in
blue-emitting optoelectronic devices due to their efficient
radiative recombination and structural stability.
Impedance studies

To gain deep insight into the electrical conduction process
taking place in the single crystal, we carried out the complex
impedance measurement at different temperatures. The
complex impedance spectroscopy technique is an important
tool to investigate the electrical properties of polycrystalline
materials. It helps to separate the electrical resistivity due to the
grain and grain boundary and provides the true picture of the
electrical and dielectric properties of a material. The technique
also shows the response of a system to a sinusoidal perturba-
tion, and subsequently provides impedance as a function of
RSC Adv., 2025, 15, 40199–40208 | 40203
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Fig. 6 Variation of Ln (sg) versus 1000/T of [Br(CH2)2N(CH3)3]2SnBr6. Fig. 7 The evolution of the AC conductivity with the frequency at
various temperature of [Br(CH2)2N(CH3)3]2SnBr6.

Fig. 8 Variation of Ln (sdc) versus 1000/T of [Br(CH2)2N(CH3)3]2SnBr6.
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frequency. Fig. 5 shows the Nyquist plots (Z00 vs. Z0) of
[Br(CH2)2N(CH3)3]2SnBr6 materials over a temperature range of
303 K to 423 K. An asymmetrical single semicircular arc's exis-
tence for all temperatures simulated with an equivalent circuit
formed by two cells in series (inset Fig. 5) shows that the
material's electrical processes are contributed mainly by the
interiors of the grains and grains boundary. As temperature
rises, the semicircle radius decreases, indicating that sample
resistance reduces, and the conductivity enhances suggesting
the semiconductor character. At high frequencies the value of Z0

and Z00 (inset Fig. 5) merged to the very low values. This decrease
is explained by the increase of the AC conductivity in this range
which is enhanced by the decrease of the disorder.41,42 The
conductivity of the grain calculated from the obtained tted
value of resistivity by the equivalent circuit is presented as
a function of the inverse of the temperature in Fig. 6. More
specically, as the temperature increases, an elevated number
of carriers are excited, leading thus to the increasing of the s

values. Besides, the conductive activation energy (Ea) can be
calculated by employing the Arrhenius equation.43,44 A change of
the slope (activation energy) is detected around 343 K indicating
the evaporation of H2O which conrms the thermal result. The
activation energy obtained in the two regions are 0.64 eV and
0.31 eV. These values are proved by similar materials, such as
the [Br(CH2)2N(CH3)3]2CoBr6 with the same organic cation
where the activation energy is 0.43 eV and 0.12 eV45 which
highlights the inuence of Sn/Co substitution and the associ-
ated symmetrical modication on the conduction mechanism
of the material.

AC conductivity

Using the real and the imaginary parts of the complex imped-
ance data, the AC electrical conductivity was calculated as
function of frequencies with various temperatures and shows in
Fig. 7. In the higher frequency domain, AC conductivity
increases linearly with frequency, whereas at low frequencies it
is almost independent with frequency, which could be attribute
to the DC contribution. Thus, DC conductivity at low
40204 | RSC Adv., 2025, 15, 40199–40208
frequencies increases with increasing temperature suggesting
that this last is thermally activated. To determine the value of
the DC conductivities and the exponent (S) for the attribution of
conduction mechanisms, these spectra are analyzed by the
Jonscher power low.46 The obtained values of DC conductivities
follow this last as function of temperature as shown in Fig. 8.
This variation is described by Arrhenius relation which allows to
calculate the activation energy where is equal to 0.38 eV.

The values of the exponent S are inferior to 1 which indicates
that the electron jump is related to a displacement with
a sudden jump.47 The variation of the exponent (S) displayed in
the Fig. 9 shows two conduction mechanisms aer and about
the anomaly observed at 343 K in the thermal study. According
to Elliot theory, the rst region at low temperature is described
by the NSPTmodel (Non-overlapping Small Polaron Tunneling),
then in the second region the CBH (Correlated Barrier Hopping)
is the most appropriate model to describe the conduction. In
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The variation of s as a function of temperature of
[Br(CH2)2N(CH3)3]2SnBr6.

Fig. 11 Variation of the Ln (umax) with reciprocal temperature of
[Br(CH2)2N(CH3)3]2SnBr6.
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the material studied, conduction is governed by two mecha-
nisms depending on the conditions: NSPT (Non-overlapping
Small Polaron Tunneling) and CBH (Correlated Barrier
Hopping). NSPT, dominant at low temperatures, limits carrier
mobility and electrical performance but ensures thermal
stability and low dielectric losses. In contrast, CBH prevails at
higher temperatures, enabling more efficient charge transport
and enhancing device response under real operating condi-
tions, though at the cost of increased dielectric losses. Overall,
NSPT provides stable but limited conduction, while CBH
enhances performance with a trade-off in energy efficiency.

Modulus studies

The complex impedance spectrum gives more emphasis to
elements with the larger resistance whereas complex dielectric
Fig. 10 The variation of the imaginary part of the electrical modulus as
a function of the frequencies of [Br(CH2)2N(CH3)3]2SnBr6 at different
temperatures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
modulus plots highlight those with smaller capacitance. The
complex dielectric modulus formalism, the inhomogeneous
nature of the polycrystalline sample can be probed into bulk
and grain boundary effects, which may not be distinguished
from complex impedance plots (Cole–Cole plot). Fig. 10 displays
the imaginary part of the modulus complex versus frequencies
at various temperatures. The values of M00 are very low at lower
frequency which is due to the neglect of electrode polarization.48

A single relaxation peak in the modulusM00 spectra related with
the grain and shied to the higher frequencies with the
increasing temperature. This peak is asymmetric suggesting
that the conduction mechanism is linked to non-Debye type.49

Consequently, we employed the Bergman equation50 in the
adjustment of all spectra of M00 to determinate the relaxation
frequency for all temperature measurements. Fig. 11 displays
the variation of the logarithm of the frequency relaxation of the
grain versus the inverse of the temperature. This variation is
described by the Arrhenius power low and indicate a change of
the slope at the 343 K which conrms the thermal study and the
variation of the conductivity of the grain. The activation ener-
gies in the two regions are Ea = 0.66 eV and Ea = 0.29 eV. These
values are the same as those found in the variation of sg.

Conclusion

In summary, we have successfully synthesized and character-
ized a (2-bromoethyl)trimethylammonium tin(IV) bromide
hybrid with 0D structure at the molecular level. The crystal
structure contains one organic [Br(CH2)2N(CH3)3]

+ cation and
an inorganic [SnBr6]

2− anion. The compound crystallizes in the
orthorhombic space group Pbca, and its structural integrity is
supported by a network of hydrogen and halogen bonding
interactions. Optical studies reveal a direct band gap of 3.0 eV
and blue photoluminescence centered at 434 nm, attributed to
excitonic recombination within the discrete Sn–Br units.
Thermal and electrical analyses conrm the material stability
RSC Adv., 2025, 15, 40199–40208 | 40205
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up to 450 K and its semiconducting behavior, governed by
thermally activated charge transport mechanisms. These results
underline the potential of halogen-functionalized organic
cations in engineering efficient, stable, and lead-free blue-
emitting materials. This study contributes valuable insights
toward the development of environmentally benign optoelec-
tronic devices based on tin(IV) halides hybrids.
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