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A new one-dimensional bromobismuthate(in) organic—inorganic hybrid (CyoH;13N4)[BiBryl-2H,O, was
successfully synthesized and comprehensively investigated to elucidate its structural, thermal, and
optoelectronic characteristics. Single-crystal X-ray diffraction established a monoclinic system (P2:/n)
with one-dimensional [BiBr4l,”~ chains composed of edge-sharing BiBre octahedra, stabilized through
an extended network of hydrogen bonding and m—m stacking interactions. Vibrational spectroscopy
(FTIR and Raman) confirmed the coexistence and coupling of organic—inorganic subunits, while
thermogravimetric analysis demonstrated excellent stability up to 275 °C, underscoring its robustness for
high-temperature applications. Optical studies combining UV-vis, diffuse reflectance spectroscopy (DRS),
and steady-state photoluminescence (PL) revealed a broad emission centered near 400 nm and an
indirect band gap (Eq = 2.57 eV), as supported by TD-DFT calculations. These results confirm the
compound's semiconducting behavior governed by the strong spin-orbit coupling of Bi(i), which

induces band splitting and phonon-assisted transitions. The CIE 1976 chromaticity analysis located the
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Accepted 3rd February 2026 emission within the blue-violet region (v = 0.1725, v/ = 0.2513), indicating high color purity and strong

luminescence. This integrated experimental-theoretical approach demonstrates that (CioH13N4)[BiBry4]-
2H,0 is a stable, wide-band-gap, indirect semiconductor with promising potential for blue-emitting
optoelectronic, photonic, and photovoltaic applications.
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these, 1D halobismuthates (ABiX,) have emerged as a prom-
ising class of materials.

1. Introduction

Bismuth-based organic-inorganic hybrid materials have
attracted significant research interest in recent years,* driving
advancements in solar energy utilization,>* nonlinear optical
devices,*” LEDs,*® photoconductors,' optical microcavities,"
and thin-film field-effect transistors.’” These materials exhibit
unique physical properties, making them promising alterna-
tives to lead-based hybrid halometalates, which suffer from
toxicity and instability. To address these limitations,
researchers have explored the influence of different anionic
configurations, including single or double chains," zigzag
chains," ring-containing chains,'” and spiral chains.'**” Among
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Bismuth, like lead, possesses an outer 6s> lone pair but is
considerably less toxic due to the low solubility of its salts,
preventing absorption. Additionally, its demulcent and protec-
tive properties further contribute to its biocompatibility.
However, Bi-based materials suffer from low photoelectric effi-
ciency, a key challenge that remains poorly understood.*®
Recent studies suggest that inducing internal chemical pressure
via cation alloying and size mismatches could enhance perfor-
mance.'® Hybrid materials incorporating Bi** tend to form 1D or
2D structures,*®** and improving charge transfer within these
materials has shown potential for enhancing their photoelectric
properties. Various electron transport pathways, including X,
molecules, X, ions, HX molecules, water molecules, and solvent
interactions, have been explored to optimize performance.

Halobismuthates exhibit diverse structural configurations,
including zero-dimensional (0D) clusters ([BiClg]>~, [Bi,Bro]*>~
[Bi,Cly1]>7, etc.), one-dimensional (1D) chains ([Bil,]~, [Bils]*~
[Bi,I,]7, etc.), and two-dimensional (2D) networks ([Bi,Bro]*~
[Bis/31,]*7).** The negative charge of halobismuthates is
balanced by organic cations via electrostatic forces, hydrogen

© 2026 The Author(s). Published by the Royal Society of Chemistry
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bonding, and van der Waals interactions, influencing the final
material properties.”® Despite extensive structural studies,
research on their optoelectronic properties remains limited.**
Some halobismuthates have demonstrated potential as active
layers in photovoltaic devices**® due to their inherent stability,
though their efficiency remains low.>” Additionally, specific Bi/
halide ratios (e.g., BigXo, BiXs, Bi,X;1) influence electrical and
optical properties, with some compositions exhibiting ferro-
electric behavior.”®* However, achieving precise control over
the Bi/halide ratio remains challenging due to reaction condi-
tions, stoichiometry, and the stabilizing role of organic cations.

Efforts to increase the dimensionality of bismuth-based
hybrid materials have led to the formation of 1D bromo-
bismuthate networks, including rare Bi/Br compositions such
as [BiBr,]” and [BiBr;]>". In this study, we incorporated the 5-
Amino-3-ethyl-1-phenyl-1H-1,2,4-triazole  (C;0H;,N,) organic
molecule into a Bi-based hybrid framework to synthesize the
photoactive bromobismuthate (C;0H;3N,)[BiBr,]-2H,0. We
investigated its crystal structure, band gap, thermal stability,
and preliminary optical properties, alongside DFT calculations
to compare experimental and theoretical results. Single-crystal
XRD analysis confirmed the formation of 1D [BiBr,]” anionic
chains via edge-sharing BiBrs octahedra, revealing a well-
ordered inorganic framework.

In this study, our primary focus is on the structural charac-
teristics of the compound, which are examined through single-
crystal X-ray diffraction (SCXRD) and interaction studies (using
Hirshfeld surface analysis and DFT calculations), as well as the
structural representations themselves. Vibrational spectroscopy
and NMR are employed primarily to confirm the compound's
molecular configuration.

Furthermore, we incorporate thermal analysis to assess the
compound's stability, providing insights into its potential
applications in the future, especially if thermal resistance
becomes a critical factor. However, the main property investi-
gated in this work is the optical behavior, with photo-
luminescence (PL) and diffuse reflectance spectroscopy (DRS)
providing key data on its optical performance.

2. Experimental

2.1. Materials and characterization techniques

The title hybrid compound was created using commercially
obtained chemical reagents BiBr; and HI, along with a non-
commercial organic molecule 5-Amino-3-ethyl-1-phenyl-1H-
1,2,4-triazole (C;0H1,N,). No further purification was performed
on these reagents. To study and obtain detailed compositional
information on the crystal structure, we conducted vibrational
studies using a PerkinElmer FT-IR Paragon 1000 PC spectrom-
eter at room temperature to record the Fourier transform
infrared (FT-IR) absorption, in the range of 4000-500 cm .
Additionally, we conducted Raman scattering using a Horiba/
Jobin-6 Yvon T6400 spectrometer at room temperature, in the
range of 4000-50 cm ™.

The optical properties of the compound were examined
using UV-vis spectroscopy in both solid and liquid states.

Diffuse reflectance spectroscopy (DRS) was recorded at room
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temperature using a PerkinElmer Lambda 35 UV-vis spectro-
photometer with an integrating sphere. A 6 mm pellet was used
to obtain the spectrum over the 200-1100 nm range. For the
liquid-state UV-vis spectrum, measurements were taken in
a water solvent using a Cary 5000 UV-vis-NIR spectrophotom-
eter, covering 250-600 nm. Additionally, photoluminescence
(PL) spectra were acquired at room temperature in the same
aqueous medium using a PerkinElmer LS 55 spectrometer,
allowing the identification of emission maxima and evaluation
of the radiative recombination characteristics. To further assess
the energy gap and determine the nature of the electronic
transition (direct or indirect), a correlation between solid- and
liquid-state UV-vis spectra was established, complemented by
TD-DFT analysis for both states.

2.2, Synthesis of (C10H13N4)[BiBr4] -2H,0

A newly synthesized hybrid material (5-amino-3-ethyl-1-phenyl-
1H-1,2 4-triazolium) tetrabromobismuthate(m) dihydrate with
the formula (C,0H13N,)[BiBr,]-2H,0 was obtained through the
slow evaporation synthesis method under ambient conditions
(approximately 30 °C). The synthesis involved dissolving the
organic molecule (C,,H;,N,) and BiBr; (98% purity) separately
in distilled water in a 1 : 1 molar ratio, with each solution stirred
for approximately 30 minutes to ensure homogeneity. The two
solutions were then combined, and concentrated hydrobromic
acid (HBr, 48% purity) was added dropwise in three equal
portions at half-hour intervals, with continuous stirring. After
the final addition, the mixture was stirred for an additional 30
minutes, resulting in a total stirring time of 1.5 hours.

The solution was allowed to slowly evaporate over four days,
leading to the formation of consistent, orange prismatic crys-
tals. The crystals were isolated by filtration, and a single crystal,
suitable for structural analysis, was carefully selected and
examined using monocrystal X-ray diffraction. The synthesis
was highly reproducible, with no observed challenges or varia-
tions. The resulting compound was found to be inherently
stable under standard conditions, requiring no special storage
considerations.

2.3. Single-crystal X-ray data collection and structure
determination

The (C;oH;13Ny)[BiBry]-2H,0 crystal structure was analyzed
using Monocrystal X-ray Diffraction analysis at 293 K tempera-
ture. The analysis was performed with Mo-Ka radiation (I =
0.71073 A) and XtaLAB Synergy, Dualflex, HyPix diffractometer
on a selected crystal with dimensions of 0.15 x 0.15 x 0.04
mm?®. To analyze the crystallographic data, the Olex2-1.5 (ref.
30) software package was used. The structure was solved using
direct methods and subsequently refined employing a full-
matrix least squares approach on F”, respectively, using
SHELXT 2018/2 (ref. 31) and SHELXL 2018/3.% All non-hydrogen
atoms were refined anisotropically, ensuring precise determi-
nation of their positional and thermal parameters. In contrast
to the use of riding models, all hydrogen atoms were located
directly from the Fourier difference maps and subsequently
refined isotropically without geometrical constraints. The high-
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quality diffraction data enabled the clear identification of every
hydrogen position, including those belonging to the organic
cation and the water molecules, ensuring a fully resolved and
experimentally supported hydrogen-bonding network. The
DIAMOND 3 software** was employed for generating crystal
structure projections and visualizing packing interactions.
Following iterative refinement cycles, the achieved final R, and
WR, values were 0.023 and 0.0507, respectively. Detailed
refinement conditions and structural resolution specifics for
our compound are presented in Table 1.

2.4. Hirshfeld surface analysis

The Hirshfeld surface analysis technique®*®” was utilized to
identify, examine, and visualize different types of non-covalent
contacts***® between molecules, including hydrogen bonding,
- stacking, and halogen interactions. This method partitions
the electron density of the crystal into molecular fragments,
facilitating a detailed exploration of intermolecular contacts.
The structural data, provided in CIF format, were processed
using CrystalExplorer 21.5 software*® to generate Hirshfeld
surfaces and corresponding 2D fingerprints,*>** which illustrate
the relative contributions of different interaction types.

Each point on the Hirshfeld isosurface is characterized by
two key distances: d;, representing the distance from the surface
to the closest atomic nucleus within the molecular boundary,
and d., denoting the distance to the nearest nucleus outside the
surface. The normalized contact distance, d,,orm, is determined

Table 1 Summary of crystal data and structure refinement details
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as the sum of the normalized values of d; and d., as expressed by
the following equations:

d di _ rinw de _ I‘Zdw
norm — rVdW rVdW
1 €
where 9% and r" are the atoms' van der Waals radii.’>*
2.5. Thermal analysis

Thermogravimetric (TG) analysis was carried out to evaluate the
thermal stability of the hybrid material and its decomposition
mechanism. The TGA analysis was performed using a 92 SETA
RAM multi-module analyzer under a nitrogen atmosphere (N,).
The analysis was conducted at a constant heating rate of 10 °C
per minute, starting from room temperature and continuing up
to 500 °C, on 5.763 mg of the sample.

2.6. NMR ('H and **C) spectroscopy

All NMR spectra were recorded using a Bruker AV400 Avance
spectrometer (at 400 MHz for 'H and 100 MHz for “C).
Chemical shifts are expressed in parts per million (ppm) using
TMS as an internal standard in DMSO.

2.7. Computational details

The structural, electronic, and optical properties of the hybrid
(C10H13N4)[BiBr,]-2H,0 were investigated through geometry
optimization, vibrational frequency calculations, and HOMO-
LUMO and Energy gap calculations, within the framework of

Crystallographic data

Empirical formula
Color/shape

Mass molar (g mol ™)
Diffractometer
Radiation type
Absorption correction
Crystal system

Space group

zZ|Z

Unit cell parameters

a (A)

b (A)

¢ (A)

B ()

Absorption coefficient (mm ™)

Crystal size [mm]®

Number of reflections measured variation of 4, k, [
Scanning range of 6(°)

Number of measured, independent, and observed [I > 2¢(I)] reflections
F(000)

Independent parameters

Apmax/Apmin (e Aig)

(A/ U)lnax

R[F*>20(F?)] =R,

WR(F®) = WR,

S = GooF

CCDC
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(C10H13N,)[BiBr4]-2H,0

Orange/Prism

753.89

XtaLAB synergy, Dualflex, HyPix diffractometer
Mo Ko, (0.71073 A)

Multi-scan

Monoclinic

P21/ n

4/1

10.2869 (2)

7.3842 (2)

24.8911 (5)

95.917 (2)

17.88

0.15 x 0.15 x 0.04
h=-12 - 12, k=—-7 = 10,/ = -34 — 32
2.9 <6<30.2
15853/4581/4099
1376

198

1.14/-1.34
<0.003

0.023

0.051

1.05

2387887
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density functional theory (DFT). All computations were carried
out using the B3LYP functional® in Gaussian 09W,*® with the
GENECP keyword enabling a basis-set-mixing approach. The
LANL2DZ* effective core potential (ECP) was applied to
Bromine and bismuth to treat relativistic effects efficiently,
while the 6-311++G* basis set was used for H, C, N, and O atoms
to provide an all-electron, diffuse, and polarized description of
the light-element orbitals. This combination ensures
a balanced and physically meaningful treatment of both heavy
and light atoms without excessive computational cost.

A molecular-cluster model, composed of one [BiBr,]” anion,
one organic cation, and two water molecules, was fully opti-
mized with all atomic parameters relaxed to the minimum-
energy configuration. This local model was adopted because
periodic DFT calculations of the infinite one-dimensional
[BiBry],"~ chains would require a much larger computational
domain and complex dispersion corrections to capture the long-
range hydrogen-bonding and m-m stacking interactions. Such
calculations are not computationally feasible at the hybrid-
functional level. Nevertheless, the chosen cluster reproduces
the local coordination geometry around Bi(u), the electronic
distribution within the Bi-Br framework, and the cation-anion
interactions with sufficient accuracy to interpret the experi-
mental data reliably.

Vibrational frequencies were computed and compared with
the experimental IR and Raman spectra, confirming the struc-
tural stability of the optimized model. GaussView 6.0.16 (ref. 48)
was utilized to visualize and attribute the vibrational modes.
Electronic descriptors, including the density of states (DOS),
electron localization function (ELF), localized orbital locator
(LOL), non-covalent interaction index (NCI-RDG), and electro-
static potential (ESP), were analyzed using Multiwfn.* This
computational protocol provides a consistent and cost-effective
description of the local electronic and optical behavior of the
hybrid system.

(@)

v

Fig. 1
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3. Results and discussion

3.1. Crystal structure

Understanding a new hybrid material's properties and potential
applications requires a detailed and comprehensive description
of its crystal structure. We have synthesized a novel 1D
bromobismuthate(III)-based organic-inorganic hybrid material,
(C10H;13N,4)[BiBr,]-2H,0, with a crystal structure that belongs to
the first setting monoclinic crystal system. The new hybrid
material is found in the centrosymmetric space group P2,/n,
meaning it represents the following symmetry operations:
identity, inversion, an order 2 helical axis of rotation parallel to
the b-axis, and a diagonal glide plane n perpendicular to the b-
axis. The crystal system is a primitive monoclinic unit cell. No
symmetry operation was found to pass through any of its enti-
ties, making the asymmetric unit the same as the formula unit
(Z' =1). This compound contains four formula units in its unit
cell (Z = 4), based on the four determined symmetry elements in
the crystal lattice and the Z' value equal to one. The lattice
parameters for this compound are: a = 10.2869(2) A, b =
7.3842(2) A, ¢ = 24.8911(5) A, and 8 = 95.917(2)°. Fig. 1(a) shows
a presentation of the formula unit using DIAMOND 3, which
consists of one monoprotonated organic cation (C;oH;3N,)",
one tetrahedral [BiBr,]™ of the 1D chain of [BiBr,],”” inorganic
entity, and two H,O molecules sitting between the organic
cation and the inorganic entities. The crystal structure does not
show any disordered atoms or defects, such as impurities. This
indicates that the structure is stable, as evidenced by the normal
ellipsoid volume of the atoms (Fig. 1(a)), showing no disorder or
excess electron density. Table 1 provides a comprehensive
summary of the lattice parameters, unit cell volume, and key
crystallographic characteristics of the newly synthesized crystal
structure. Additionally, Table 1.S presents the atomic coordi-
nates along with their respective equivalent isotropic displace-
ment parameters (Ueq).

. R (b)
,f:.” s,
d?‘H’ - }J

J J

2
9

@

(a) The formula unit and (b) the optimized geometry of the title compound.
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Fig. 1(b) illustrates the optimized molecular geometry of the
hybrid compound. A comparative analysis reveals that the
majority of the optimized bond distances are slightly longer
than their experimentally determined counterparts. This
discrepancy is anticipated, as theoretical calculations are per-
formed on an isolated molecule in the gas phase, whereas
experimental measurements reflect a solid-state environment
influenced by intermolecular interactions and crystal packing
effects. These results validate the selected computational model
and methodology, confirming the reliability of the calculations.
Consequently, the choice of DFT calculation level of theory is
deemed suitable for accurately describing the structural char-
acteristics of the complex.

Fig. 2 provides valuable insights into the crystal structure.
The projection along the ag-axis, for instance, reveals that the
inorganic entities are arranged in a one-dimensional chain of
octahedral polyhedra, represented as [BiBr,],," . These anionic
entities exhibit one-dimensional structural association types
along the b-axis. The anionic chains occupy two positions in the
unit cell along the ag-axis; one in the corner and the other
passing through the center of the unit cell. Notably, the stabi-
lization of these anionic chains is facilitated by the surrounding
water molecules, which interact with the polyhedral units,
reinforcing the structural integrity of the framework, which can
be seen more clearly in Fig. 1.S.

The organic molecule's coordination environments consist
of four nearest neighbors, 1D inorganic chains. Fig. 3 highlights
notable variations in Bi-Br bond lengths, ranging from
2.6812(4) A to 3.1803(4) A. The Br-Bi-Br bond angles fall within
83.496(11)° to 96.503(11)° for cis configurations and
172.061(12)° to 177.061(12)° for trans configurations. The most

View Article Online
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pronounced disparity in Bi-Br bond lengths, measuring 0.499
A, occurs between two opposing halogen atoms (Bi-Br1, Bil-
Br2ii). A detailed overview of the geometric parameters,
including bond lengths and angles within the anionic units, is
provided in Table 2.S. The observed bond length variations and
bond angle deviations introduce slight distortions in the BiBrg
octahedron (ID(Bi-Br) = 10 %). These distortions can be
attributed to both primary deformations, governed by the
stereochemical activity of Bi's lone electron pair, and secondary
deformations arising from hydrogen bonding interactions.

6
ID(Bi — Br) = % >

1

BiBri — BiBrm

—10*
BiBrm 0

where the variables BiBri(i = 1 to 6) represent the individual Bi-
Br bond lengths, and BiBrm denotes the mean bond length
within the distorted octahedral unit.

The arrangement of atoms or ions within a crystal lattice can
affect the properties of a material, such as its mechanical
strength and thermal conductivity. There are two methods to
evaluate the efficiency of this arrangement: direct and indirect.
The density of a crystal is a direct measure of how efficiently its
atoms or ions are packed, with higher densities indicating
better packing efficiency. Our hybrid material has a density of
2.663 g cm °, which is considered high and indicates good
packing efficiency. Void analysis is another method to deter-
mine the efficiency of packing by assessing the presence of
empty spaces or pores within the crystal structure. Void analysis
can impact packing efficiency and the overall properties of the
material. As part of the Hirshfeld analysis, we conducted
a crystal void analysis to determine the packing efficiency of the

OZTOW®

Fig. 2 Projection along the b-axis for the arrangement of the 1D inorganic chains.
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Fig. 3 Variations in Bi-Br bond lengths within the octahedral
geometry.

crystal structure. We arrived at the same conclusion as the
direct method.

Fig. 1.S shows the arrangement of four organic molecules
parallel to the (c,a) plane within the unit cell. Each cation is
monoprotonated at N3, occupying positions (x = 3/4, x = 1/4)
and (x = 1/4, z = 3/4). The protonation site, initially indicated by
X-ray diffraction, was confirmed by DFT and "H NMR. Charge
distribution analysis identified N3 as the most basic site, and
optimization of alternative protonation models confirmed that
the experimental structure corresponds to the most stable
configuration. Validation by "H NMR is discussed separately.
Table 3.S reports the main geometrical parameters of the
organic groups. Bonding in the crystal is categorized into five
types: covalent bonds within the cations, Bi-Br metal-halogen
bonds in the anions, and ionic, hydrogen, and w-stacking
interactions linking the organic and inorganic components.

The selection of the non-commercial organic cation
(C10H13N,)" plays a critical role in stabilizing the low-dimen-
sional inorganic framework and modulating the resulting
physical properties. Unlike commonly employed commercial
ammonium or alkylammonium cations, this heterocyclic cation
has been specifically designed and previously employed in our
earlier studies, where it demonstrated a strong ability to
promote structural order, hydrogen-bonding networks, and
enhanced framework stability in bismuth-based hybrid mate-
rials. The presence of multiple nitrogen donor sites facilitates
robust hydrogen bonding with halide ligands and lattice water
molecules, contributing to the formation of well-defined one-
dimensional architectures and suppressing structural disorder.
These features are known to influence carrier localization,
phonon coupling, and optical absorption behavior, thereby
indirectly governing the electronic and optoelectronic proper-
ties observed in the present compound.

The structure is reinforced by an extended hydrogen-bond
network composed of O-H---Br, O-H:-'N, and N-H---O inter-
actions, forming five distinct hydrogen bonds. Interstitial water
molecules bridge organic cations and nitrogen atoms, gener-
ating a two-dimensional network that enhances cohesion.
According to Brown's criterion,® O;~Hj,"--Br(ij) and O,-Hyp -
Br; correspond to weak hydrogen bonds (dp_s > 3.19 A). Bless-
ing's criterion®* distinguishes strong from weak O-H---N and N-
H---O bonds at dp_s = 2.7 A; thus, N3—H;---0, is classified as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Interatomic distances and hydrogen bond angles of the
compound®

D—H-A D—H@A) H-A@A D-A@RA) D—H-A(9)
0,-H1A---Br;  0.85 2.59 3.364 (3) 152
O;-H1B-'--N, 0.85 2.05 2.888 (4) 167
0,-H2B---Brl 0.85 2.68 3.442 (3) 151
N;-H;-+-0, 0.86 1.86 2.688 (4) 162

¢ Symmetry codes : (iii) x + 1/2, —y + 1/2,z — 1/2; (iv) —x + 3/2,y + 1/2, —2
+1/2.

strong, while O;-H;p--N, and N4-Hyg- Oy, are weak. Fig. 2.5
illustrates the arrangement of these hydrogen bonds in the
asymmetric unit and unit cell, with bond distances and angles
summarized in Table 2.

Beyond hydrogen bonding, m-stacking
contribute significantly to lattice stability. As shown in Fig. 6,
three types are observed: m-7 stacking (3.652 A, red), N-H---7
(3.341 A, green), and C-H---7 (3.668 A, violet). These values fall
within the accepted ranges (1-7: 3.4-4.0 A; N-H---T: 2.5-4.0 A;
C-H---7: 3.3-4.0 A). The interactions occur between benzene
ring centroids, amine groups, and para-position hydrogens,
stabilizing parallel organic molecules along the b-axis in
alignment with the 1D inorganic chain (Fig. 3.S). Collectively,
the hydrogen-bonding and m-stacking networks ensure strong
cohesion and robust lattice stability.

interactions

3.2. Vibrational studies

FTIR spectroscopy and Raman scattering at room temperature
were used to analyze the functional groups and clarify the
crystal structure. In the FTIR analysis, the focus was on the
vibrations of the organic cation, as the vibrations of the inor-
ganic anion could not be detected due to its significant mass.
Raman scattering was used to identify the vibrational modes of
the anionic component. Theoretical calculations using Density
Functional Theory (DFT) were used to accurately assign the
observed spectral bands. Fig. 4 shows the visual comparison
between the experimental and theoretical FTIR absorption
spectra, while Fig. 5 presents the experimental and theoretical
Raman spectra of (C;oH;3N,)[BiBr,]-2H,0. Table 4.S presents
a detailed comparison of the experimentally observed and
theoretically calculated vibrational modes of the hybrid
compound, revealing a strong correlation between the two sets
of wavenumbers. The close agreement between the experi-
mental and computational results validates the proposed mode
assignments. Although periodic calculations offer a more
precise representation of the system, their implementation is
considerably time-intensive.

3.3. [BiBry], anionic chain vibrational modes

The Raman spectrum of (C;oH;3N4)[BiBr,]-2H,0 exhibits
several well-defined bands characteristic of the one-dimen-
sional [BiBr,],”” chain, in which individual seesaw-shaped
[BiBr,]  units are interconnected through bridging bromide

RSC Adv, 2026, 16, 9246-9263 | 9251
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atoms to form distorted BiBrg octahedra. The most intense
features are observed in the low-frequency region (50-200
ecm ™), typical of Bi-Br lattice vibrations. Distinct experimental
peaks appear at 183, 166, 131, 118, 90, and 75 cm ™', which align
closely with the calculated values of 186, 164, 131, 113, 84, and
68 cm ™', respectively. These modes can be attributed as follows:
the bands at 183 and 166 cm ™" correspond to the asymmetric
and symmetric stretching vibrations of terminal Bi-Br bonds
within distorted octahedra; the band at 131 cm™* arises from
mixed bridging and terminal Bi-Br deformations; the peaks at
118 and 90 cm ' are due to bridging Bi-Br bending and
torsional motions; and the low-frequency feature at 75 cm ™"
originates from collective lattice translations along the [BiBr,].
»" chain. The excellent agreement between experimental and
theoretical wavenumbers confirms the reliability of the
computational model and reflects the strong structural corre-
lation between the localized Bi-Br dynamics and the extended
octahedral chain architecture of the hybrid compound.
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3.4. (CyoHy3N,)" organic cations vibrational modes

The newly synthesized hybrid compound features an organic
cation and H,0 molecules, both of which participate in various
bonding interactions that are detectable in IR and Raman
spectra, exhibiting distinct frequency ranges and intensities.
The IR spectrum is divided into two primary regions: the
functional group region and the fingerprint region. The func-
tional group region encompasses symmetric and asymmetric
stretching vibrations of aromatic C-H bonds, ethyl C-H bonds,
N-H bonds, and O-H bonds from water molecules. Notably, the
highest-frequency peak at 3814 cm™' corresponds to the
asymmetric stretching vibration of one of the two H,O mole-
cules in the structure, aligning closely with the theoretically
predicted value of 3811 cm™'. The band at 3736 cm ' is
attributed to the asymmetric stretching of NH,, with
a computed value of 3687 cm™*. The second H,0O molecule has
an asymmetric stretching vibrational mode at 3665 cm ™, with
a theoretical frequency of 3660 cm ™. The symmetric stretching
vibrations of both H,O molecules are located at 3558 and 3433
em !, with theoretical frequencies of 3544 and 3466 cm !,
respectively. The symmetric vibrational mode of the NH, bond
is observed at 3392 cm ™' and theoretically at 3363 cm™'. The
symmetric stretching vibration of benzene C-H bonds is
observed experimentally and theoretically at 3262 and 3240
cm ', respectively. The asymmetric and symmetric stretching
vibrational modes of CH, and CHj; (ethyl group) bonds are
observed at 3142, 3058, and 3022 cm™ ', with theoretical
frequencies of 3161, 3086, and 3053 cm ', respectively. The N-
H---O hydrogen bonds exhibit a stretching vibrational mode at
2663 cm™ ', theoretically assigned at 2613 cm ™. In the finger-
print region, additional bands are observed, including various
vibrational bending modes of light bonds such as N-H, NH,, C-
H, CH3;, and H,O bonds. Heavier bonds, such as C=C, C-N, C-
C, and C-C=C(, also present stretching vibrational modes in
this region.

3.5. Thermogravimetric analysis

The thermal stability and decomposition mechanisms of the
hybrid material were investigated by thermogravimetric anal-
ysis (TGA) (Fig. 6). A 5.763 mg sample was heated from 30 to 500
°C at 10 °C min~" under nitrogen flow (20 mL min~"). The inert
atmosphere was chosen to follow dehydration, desorption, and
decomposition under non-oxidative conditions, avoiding
interference from oxidation. The compound in its anhydrous
phase exhibits good stability up to ~275 °C, after release of
structural water, in line with the 200-300 °C range generally
reported for poor-metal hybrid materials employed in
optoelectronics.

3.5.1. The TGA/DTG curves show two main weight-loss
events. The first weight loss, at ~135 °C, corresponds to the
removal of two structural water molecules (experimental 4.26%
vs. theoretical 4.76%, error 0.5%), and reflects a dehydration
process rather than chemical degradation. This transition
marks the conversion of the hydrated phase into an anhydrous
form, while preserving the integrity of the inorganic [BiBr,],"~
framework and the organic cation. No additional mass loss or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structural collapse is detected until approximately above 275 °C,
indicating that the anhydrous phase remains thermally stable
over a wide temperature range. Therefore, the compound
exhibits phase-dependent thermal stability, with the hydrated
form stable up to ~100-135 °C and the anhydrous framework
maintaining structural integrity up to ~275 °C.

The second weight loss, occurring between 300 and 450 °C
with a maximum at 400 °C (90.65% weight loss), reflects the
decomposition of the organic cation and the collapse of the
[BiBr,]," "~ chains. Unlike transition-metal hybrids, poor-metal-
based anionic complexes typically cannot withstand tempera-
tures above 450 °C. The presence of a single sharp decompo-
sition peak highlights the high homogeneity of the material,
which decomposes uniformly and leaves only solid carbona-
ceous residues.

3.6. NMR (‘H and "*C) spectroscopy

3.6.1. 'H NMR. According to the spectral analysis of the
protons, as seen in Fig. 4.S, we see that compared to 5-amino-3-
ethyl-1-phenyl-1H-1,2,4-triazole taken as an organic cation, the
shift of the signal of the NH, group of 6.33 to 8.24 in the
compound indicates protonation occurs on this amino group.
Fig. 5. shows the result of ">C NMR for more clarification. Note
that the numbering in Scheme 1 is not the same as in the
formula unit in Fig. 1.

110 / 5
H3C_HQC 3 N/ NH2
4

Scheme 1 Molecular structure of the organic cation and hydrogen
atoms positions.
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NMR "H: (400 MHz, DMSO-d,) [ppm] 6 = [H11] 1.24 (t, 3H, J
= 7.5 Hz) [H10] 2.67 (q, 2H, J = 7.5 Hz) 7.55-7.63 (m, 5H) [H7,
H7', H8, H8', H9], 8.24 [NH,].

NMR **C: (100 MHz, DMSO-d) [ppm]é = [C3] 153.53, [C5]
150.04 [C6] 135.12, [C8, C8'] 130.29 [C9] 129.82, [C7, C7'] 125.18
[C10] 19.44 [C11] 11.16.

3.7. Optical study

3.7.1. UV-vis spectroscopy and photoluminescence prop-
erties. The optical properties of (C;oH;3N,)[BiBr,]-2H,0 were
investigated through liquid-state UV-vis absorption, steady-
state photoluminescence (PL) emission, and solid-state diffuse
reflectance spectroscopy (DRS) to assess its semiconducting
behavior and electronic transitions. The UV-vis spectrum in
aqueous solution (Fig. 7) revealed distinct absorption features
corresponding to electronic transitions within the [BiBr,],"”
chain.

To evaluate the semiconducting nature of the material and
its energy gap, the optical band gap was determined using the
Tauc formalism,* where a linear fit of the absorption edge in
the (ahv)" vs. hv plot was used to compare and distinguish
between direct and indirect transitions. Comparison of the
direct and indirect Tauc representations, shown in Fig. 8, along
with the photoluminescence (PL) emission plot (Fig. 9), indi-
cated that the material follows the indirect transition model (n
= 2) and possessed an indirect energy gap (Egina) of 2.77 €V in
the liquid state, consistent with the theoretical predictions for
Bi-based hybrids characterized by strong spin-orbit coupling
and structural distortion. This correlation between UV-vis, PL,
and DRS data confirms that (C;oH;3N,)[BiBr,]-2H,0 exhibits an
indirect band structure, characteristic of its one-dimensional
Bi-Br framework. These results collectively demonstrate that
the compound behaves as a wide-band-gap semiconductor,
further substantiated by DRS measurements discussed in the
following section.

Photoluminescence (PL) spectroscopy, complemented by the
CIE 1976 chromaticity diagram (U, V), provides critical insights
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Fig. 7 UV-visible optical absorption.
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into the photophysical and colorimetric behavior of hybrid
materials. PL analysis distinguishes excitation and emission
processes: the excitation spectrum records the emission inten-
sity as a function of excitation wavelength, while the emission
spectrum maps the emitted light intensity over wavelength. In
this work, steady-state PL measurements were conducted under
continuous excitation, allowing the evaluation of optical emis-
sion behavior. Although time-resolved PL was not employed, the
nature of the photoluminescence can still be logically inferred
from experimental relationships between the emission maxima
and the electronic transition energies. The observed emission
maximum lies close to the optical absorption edge obtained
from UV-vis and DRS measurements, indicating that the emis-
sion originates from direct electronic relaxation within the
same energy manifold, a hallmark of fluorescence rather than
phosphorescence, as phosphorescent emission typically occurs
at substantially lower energies than the excitation energy.

The photoluminescence (PL) spectrum of (C;oH;3N4)[BiBr,]-
2H,0, recorded under excitation at 259 nm over the 250-800 nm

100 4 [e=259 nm [—o—Emission‘l

80 ~

60 -

Intensity (a.u)

40 4

20 -+

0 T T T T T T T

L]
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)
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Fig. 9 Emission and excitation plots of photoluminescence.
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spectral range, displays a broad and intense emission band
centered at approximately 400 nm, extending across a wide
portion of the visible region. This pronounced spectral broad-
ening is indicative of phonon-assisted radiative recombination
processes, which are characteristic of indirect band gap hybrid
materials and are frequently associated with lattice relaxation
and carrier localization effects in low-dimensional systems. The
presence of an excitation band centered around 414 nm, cor-
responding to the maximum emission intensity (~95 a. u.),
reflects an efficient photoluminescence response under optical
excitation conditions, without implying dominance of direct
band-to-band radiative recombination (Fig. 9).

Colorimetric evaluation using the CIE 1976 UCS (U, V)
chromaticity diagram (Fig. 10) provides a perceptually uniform
description of the emission characteristics. The calculated
chromaticity coordinates (u’ = 0.1725, v/ = 0.2513) place the
emission firmly within the blue-violet region of the visible
spectrum, indicating high color purity and good chromatic
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stability under photoexcitation. Importantly, this colorimetric
and photoluminescence analysis is intended to characterize the
optical emission behavior of the material under optical excita-
tion, rather than to suggest electroluminescent device perfor-
mance. In this context, the observed emission properties are
best regarded as relevant for photoluminescence-based
photonic functionalities and for fundamental structure-prop-
erty investigations of emission mechanisms in low-dimensional
organic-inorganic halide frameworks, fully consistent with the
indirect band-gap nature of the compound.

3.7.2. Diffuse reflectance spectroscopy (DRS). Optical
spectroscopy provides fundamental insight into the electronic
structure and band dynamics of semiconductors, allowing
precise evaluation of their optical band gap (E;) and transition
nature (direct or indirect).>*** In the present study, a compre-
hensive optical investigation was carried out on (C;oH;3Ny)
[BiBr,4]-2H,0, integrating UV-vis diffuse reflectance spectros-
copy (DRS), absorbance analysis, and a series of derived optical
parameters including the Urbach energy, threshold wavelength,
penetration depth, optical extinction coefficient, refractive
index, and optical conductivity. The solid-state DRS spectrum
was employed to determine E, using the Kubelka-Munk (K-M)
transformation, while the electronic band structure was cross-
validated by DFT calculations (Fig. 18), ensuring consistency
between experimental and theoretical findings.

The diffuse reflectance and absorbance spectra (Fig. 11(a)
and (b)) reveal three principal absorption bands at 262 nm (4.73
eV), 332 nm (3.73 eV), and 396 nm (3.13 eV), comparable to
those typically observed in bismuth-based organic-inorganic
hybrid films.>** These multiple absorptions are characteristic
of halogenobismuthate(ur) compounds, where transitions arise
primarily from ligand-to-metal charge transfer (LMCT)
processes.®*®? The molecular orbital diagram for [BiXe]*~
(Fig. S7(a)) shows the highest occupied molecular orbital
(HOMO) localized on the Bi(m) 6 s> orbitals and the lowest
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Fig. 11 (a) Diffuse reflectance and (b) absorption spectrum.
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unoccupied molecular orbital (LUMO) on the Bi(in) 6p orbitals.
Within the Oy symmetry framework (Fig. S7(b)), interaction
between the np orbitals of the halide (t;g, t,g, tiu, t,u) and the Bi
6p (tyu) orbitals gives rise to the LMCT transitions. Substitution
of a more electronegative halogen (Cl) by a less electronegative
one (I) systematically redshifts the absorption bands,®*
consistent with known halogen trends.

In this compound, the first absorption band at 262 nm is
attributed to 7w-m* transitions within the organic cation, while
the second band at 332 nm arises from LMCT transitions
between bromide and Bi(m). The third absorption band at 396
nm corresponds to intra-framework charge transfer along the
one-dimensional [BiBr,],,”” chain, which dominates the elec-
tronic transition behavior. The broad absorption tail extending
from 500 to 700 nm in the DRS spectrum originates from
phonon-assisted transitions, a hallmark of indirect band gap
semiconductors. The strong agreement between experimental
and theoretical absorption spectra (Fig. S6) further confirms the
reliability of these assignments. The one-dimensional [BiBr,],
framework and the presence of heavy Bi** centers promote
strong light-matter interaction and carrier localization, which
manifest as intense optical absorption, indirect band-gap
behavior, and phonon-assisted relaxation processes. These
features are particularly favorable for applications relying on
light harvesting and photoresponse rather than radiative
emission.

One-dimensional bismuth halide hybrids are widely known
to favor indirect band gaps, mainly due to the strong spin-orbit
coupling (SOC) associated with Bi(u). SOC induces band split-
ting and symmetry reduction near the Fermi level, promoting
momentum-dependent (phonon-mediated) transitions charac-
teristic of indirect semiconductors. This is corroborated by
fitting the logarithmic Tauc relation, In (eAv) = InB + nln (hv -
E,), yielding n = 2.08 = 2, as illustrated in Fig. 12(b),
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Fig. 12

unambiguously confirming the indirect band gap nature of the
compound.

The observed indirect band-gap character of (C;oH;3N,)
[BiBr,]-2H,0 can be rationalized by the combined effects of the
heavy Bi*" cation and the one-dimensional inorganic frame-
work. The large atomic mass of bismuth induces strong spin-
orbit coupling (SOC), which significantly perturbs the electronic
band structure by lifting band degeneracies and redistributing
the conduction and valence band extrema in momentum space.
In low-dimensional bismuth halides, this SOC-driven band
splitting frequently results in indirect electronic transitions, as
reported for related Bi-based hybrid systems. The one-dimen-
sional connectivity of the [BiBr,], chains further enhances
carrier localization and reduces band dispersion, reinforcing
phonon-assisted recombination pathways and favoring indi-
rect-gap behavior. These structural and electronic characteris-
tics collectively explain the experimentally observed indirect
band gap, strong optical absorption, and broad photo-
luminescence response.

The absorption edge near 480 nm corresponds closely to the
observed orange coloration of the crystals, further supporting
an energy gap near 2.6 €V, as estimated by the less precise UV-
vis method. The Kubelka-Munk theory, commonly applied to
analyze DRS data from weakly absorbing powders, was used to
refine the band gap estimation. The Kubelka-Munk function,
defined as:***

K (1-R.)’

FR) =5 2R..

In this context, R represents the absolute reflectance of the
sample, measured using an integrating sphere system. K is the
light absorption coefficient, and S is the scattering coefficient.
The function (R) is known as the Kubelka-Munk function.
According to inter-band absorption theory, the absorption
coefficient near the threshold, in relation to incident energy,
can be described by the following equation:***
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The holder thickness, ¢, is 1 mm, and the constant A remains
the same across all energies. The index n varies based on the
type of optical transition: for direct band gaps, n = 1/2, and for
indirect band gaps, n = 2. The plot of [(R)hv/]"’* versus photon
energy hv, shown in Fig. 12(a), is linear, indicating an indirect
allowed transition. By linear extrapolation, the energy band gap
for this transition is estimated at 2.57 eV, confirming the use of
n = 2, and closely matching the 2.6 eV calculated via the Zero-
DOS method (Fig. 18). Notably, the gap decreases with a lower X/
Bi ratio, with the smallest gap at X/Bi = 4. Additionally,
connectivity in [BiXe] octahedra affects the gap: edge-sharing
[BiXe] chains exhibit the lowest gap, while mixed edge- and
corner-sharing [Bi,X,] chains have higher gaps. These findings
highlight the need for further theoretical studies to fine-tune
band gap properties.”™

Determination of Urbach energy and threshold wavelength

Determining Urbach energy (Ey) and threshold wavelength is
crucial for characterizing a compound. The Urbach energy
provides valuable insight into the degree of structural disorder
and quantifies the density of localized states near the band
edges in semiconducting materials. It is derived from the
exponential absorption tail in the low-energy region of the
absorption spectrum by plotting In («) (absorption coefficient)
versus photon energy (hv) and extrapolating the linear segment
based on the Urbach model.”* A higher E; indicates greater
structural disorder, typically due to foreign atom incorporation,
reducing the effective optical gap. The formula used is:

J
Ln(a) = Ln (a0) + ;l’

u

where « is the absorption coefficient, 4v the photon energy, and
E, the Urbach energy. The slope of the linear region of the plot
of In () versus hv (Fig. 13) provides the numerical value of E,.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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For (CyoH;3N,)[BiBr,]-2H,0, the calculated Urbach energy is
840 meV, corresponding to approximately 32.8% of the optical
band gap. This relatively high value reflects the presence of tail
states induced by lattice distortion and phonon-assisted tran-
sitions, typical of one-dimensional Bi-Br frameworks. The
elevated E, originates from the strong spin-orbit coupling
(SOC) of Bi(m), which lowers symmetry and increases the
density of localized electronic states near the band edges. Such
effects are intrinsic to Bi-based halometallate hybrids and
directly contribute to their indirect band gap behavior.

The threshold wavelength (1;), corresponding to the longest

wavelength initiating significant absorption, was determined
.72,73

from the relation:
a2 1 1
(5) =¢ (1 - x)

where C is a proportionality constant. The extrapolation of the
linear portion of the (a/A)* versus 1/A curve (inset of Fig. 13) gives
A; = 583 nm, marking the onset of photon absorption. This
wavelength corresponds to the fundamental excitation
threshold of the material, consistent with the band structure
deduced from DRS and PL analyses.

Together, the high Urbach energy and the defined threshold
wavelength confirm the presence of structural flexibility and
phonon-coupled transitions within the [BiBr,],"” chain, sup-
porting the indirect semiconducting nature of the hybrid
compound.

3.7.3. Penetration depth and optical extinction. The pene-
tration depth (6), or skin depth, defines how far incident light
travels before diminishing to 1/e (~37%) of its original inten-
sity, providing insights into surface and bulk properties. It
depends on the material's absorption and scattering, with
highly transparent materials exhibiting deeper penetration and
highly absorbent ones showing shallow penetration. It is given
by:74
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Fig. 13 Urbach energy analysis (the inset is the evolution of the (a/)?
curve as a function of 1/2).
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Fig. 14 illustrates the variation of (1) across 200-1100 nm,
revealing three distinct regions:

Region I (200-400 nm): high absorption indicates electronic
transitions, effectively screening UV radiation. Region II (400-
900 nm): increasing (1) from visible to near-infrared suggests
reduced absorbance and deeper penetration.

Region III (>900 nm): maximum penetration depth in the
near-infrared implies minimal absorption.

These findings highlight the compound's strong UV-visible
absorption, suitable for UV photodetectors and solar cells, while
its increasing near-infrared transparency suggests potential in
optical coatings and sensors.

The optical extinction coefficient (1) describes the combined
effect of absorption and scattering of light within the material,
providing direct insight into its electronic transitions, and is
expressed as:”®

Fig. 15 shows the extinction spectrum of (C;oH;3N,)[BiBr,]-
2H,0, which displays seven characteristic peaks at 266, 296,
332, 342, 348, 418, and 540 nm, which can be grouped into three
distinct energetic regions:

Region I (1.5-2.5 eV, 830-496 nm): exhibits moderate
extinction dominated by the band-to-band electronic transi-
tions, with a notable feature at 540 nm, attributed to transitions
from the valence to conduction band across the Bi-Br network.

Region II (2.5-3.5 eV, 496-354 nm): shows stronger extinc-
tion with multiple peaks at 418, 348, 342, and 332 nm, corre-
sponding to LMCT transitions and exciton-phonon coupling
effects within the [BiBr,], chains.

Region III (3.5-6.0 eV, 354-207 nm): presents pronounced
extinction in the near-to deep-UV range, with distinct peaks at
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Fig. 15 Variation of extinction coefficient (K) as a function of
wavelength.

296 and 266 nm, assigned to high-energy interband transitions
involving deeper valence states of Br 4p and Bi 6s orbitals.

The compound thus demonstrates moderate optical extinc-
tion in the visible range and strong UV extinction, underscoring
its suitability for UV photodetectors, optical filters, and radia-
tion-blocking applications that rely on selective photon
absorption and efficient charge generation.

3.8. Evolution of the refractive index

The refractive index (n) quantifies the interaction between
incident light and the material's electronic structure, reflecting
its polarizability and optical density. It was computed using the
following relation:”

1+R+/4R—(1-R’K> |4 R AR )

n(A) = R _1—R+ (lfR)z_K

where R is the reflectance and k is the extinction coefficient. The
spectral evolution of (1) for the 1D bismuth-based hybrid
(Fig. 16) shows three characteristic regions:

UV Region (200-400 nm): the refractive index starts near 2.0,
with minimal variation, indicating low optical dispersion and
limited photon-lattice coupling in the high-energy region.

UV-visible transition (400-700 nm): n gradually increases
from ~2.5 to 4.0, consistent with smooth dispersion behavior
and stable optical transitions—an advantageous feature for
waveguiding and photonic devices.

Visible-near-IR Region (700-1100 nm): a pronounced rise is
observed, with n reaching ~9.5 near 900-1000 nm, suggesting
strong light-matter interaction, enhanced polarizability, and
high electronic density associated with the heavy Bi(m) centers.

This significant refractive index in the near-IR range
confirms the high optical density and polarizable electronic
framework of the material, making it promising for nonlinear
optical, photonic, and optoelectronic applications requiring
strong field confinement.
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3.9. Optical conductivity analysis

The optical conductivity (o,,) describes the response of the
material's charge carriers under an oscillating electromagnetic
field, bridging its optical and electronic properties. It was
calculated using the relation:

a(A)n(A)c
41tk (A)

Oop =
where « is the absorption coefficient, n the refractive index, k
the extinction coefficient, and c the speed of light in vacuum

The o,p(4) spectrum (Fig. 17) displays several prominent
peaks across the UV-vis-NIR range, reflecting diverse electronic
transitions. Key features are located at 209, 278, 316, 369, 478,
847, 883, and 919 nm, each corresponding to distinct optical
excitations:

The strong UV peak at 209 nm indicates high optical
conductivity and intense photon absorption, associated with
large carrier concentration and efficient charge excitation.
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Fig. 17 Optical conductivity plot.
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The visible region peaks (278-478 nm) correspond to LMCT
and interband transitions, highlighting the participation of
both Bi-Br and organic states in optical excitation processes.

The broad NIR feature (800-1000 nm), with maxima at 847,
883, and 919 nm, signifies sustained conductivity and delo-
calized carrier behavior over longer wavelengths.

Across the studied spectrum, o,, maintains high values
between 2.0 x 10'® and 3.6 x 10" s, indicating strong photon
absorption, efficient charge-carrier generation, and rapid
optical response. These findings affirm that (C;oH;3N,)[BiBr,]-
2H,0 exhibits excellent photoconductive and optoelectronic
potential, making it an effective candidate for solar energy
conversion, photoresponsive coatings, and broadband photonic
devices.

The strong optical absorption and high optical conductivity
(oop) values observed across the UV-visible region are a direct
consequence of the SOC-influenced electronic structure and the
low-dimensional inorganic framework. In indirect band-gap
materials, such characteristics are particularly favorable for
applications relying on efficient light harvesting and charge-
carrier generation rather than radiative recombination. The
combination of high o, rapid optical response, and broad
absorption profile supports the suitability of this hybrid mate-
rial for absorption-driven optoelectronic applications,
including photodetectors, photoresponsive coatings, and solar
energy conversion layers. In this context, the proposed appli-
cation perspectives arise from intrinsic structure-property
relationships rather than from demonstrated device
efficiencies.

3.10. Theoretical investigation

3.10.1. Frontier molecular orbital (FMO) analysis. The
HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) govern a compound's electronic,
optical, and chemical behavior. HOMO represents electron-
donating ability, while LUMO reflects electron-accepting
capacity. A wide HOMO-LUMO gap indicates molecular
“hardness” (low reactivity), whereas a narrow gap denotes
“softness” (high reactivity). Ionization energy (EI = -E(HOMO))
and electron affinity (EA = -E(LUMO)) were derived directly
from orbital energies. From Koopmans' theorem,”””® the
chemical potential is given by u = 1/2(E(LUMO) + E(HOMO)),
while global reactivity descriptors are defined as:

1 = 112(Eumoy-Emomoy), S = E1/ 2, 0 = pu*/ 2n,
X = 12(EI + EA)

HOMO and LUMO energies were extracted using the DOS
method, since Zero-DOS lacks accuracy for orbital energies.
Band-gap values were analyzed from frontier orbitals, with the
DOS spectrum generated in GaussSum 3.0 (ref. 79) (Fig. 18).
Table 5.S lists orbital energies, gaps, and reactivity indices ob-
tained with the choice of the mixed basis set simulations in
water further characterized the electronic absorption profile.
The low HOMO value highlights strong donor ability favorable
for photovoltaics and OLEDs, while the LUMO indicates
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Fig. 18 Density of state (DOS) spectrum and the frontier molecular
orbitals of the compound.

effective electron acceptance. The HOMO-LUMO gap deter-
mines stability and charge-transfer potential, relevant for
optoelectronic devices. High EA stabilizes added electrons,
enhancing photodetector and sensor performance, whereas
high EI increases durability. The moderate dipole moment
influences solubility and intermolecular interactions. Hard-
ness/softness values balance stability with reactivity, crucial for
catalysis, while a high electrophilicity index and the chemical
potential provide global insight into reactivity.

3.10.2. MEP, NCI-RDG, ELF, and LOL analyses. The hybrid
compound (C;,H;3N,)[BiBr,]-2H,0 has been analyzed through
various computational techniques, including Molecular Elec-
trostatic Potential (MEP), Non-Covalent Interaction reduced
density gradient (NCI-RDG), Electron Localization Function
(ELF), and Localized Orbital Locator (LOL). These methods
provide a multifaceted view of the compound's electronic
structure and bonding characteristics. The MEP analysis reveals
the electrostatic potential distribution, highlighting reactive
sites and intermolecular interactions. NCI-RDG mapping
explores weak interactions such as van der Waals forces,
hydrogen bonds, and steric repulsions. ELF and LOL analyses
examine electronic localization and orbital characteristics,
shedding light on delocalization and bonding frameworks. By
integrating these tools, a comprehensive understanding of the
compound's structural and electronic properties is achieved,
supporting its potential applications in optoelectronics, mate-
rials design, and catalysis.

3.10.3. Molecular electrostatic potential MEP analysis.
Molecular electrostatic potential (MEP) analysis provides
crucial insights into electronic distribution, chemical reactivity,
and intermolecular interactions. The MEP map for (C;oH;3N,)
[BiBr,]|-2H,O (Fig. 8.S) highlights electron-rich and electron-
deficient regions. Negative potential areas (deep red) are
concentrated around the bromine atoms in the [BiBr,]” unit
and the oxygen atoms of water molecules, indicating sites
favorable for electrophilic interactions such as halogen and
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hydrogen bonding. Conversely, positive electrostatic potential
(blue) is localized around hydrogen atoms bonded to nitrogen
and carbon within the organic cation, suggesting susceptibility
to nucleophilic attack and involvement in hydrogen bonding.
The aromatic cation exhibits a nearly neutral potential with
slight delocalization, hinting at possible - stacking interac-
tions that may influence crystal packing. The Bi-Br coordina-
tion environment dominates the electrostatic landscape,
illustrating the interactions between the organic cation and
inorganic anion. Water molecules play a key role in modulating
the local electronic environment by reinforcing the hydrogen-
bonding network. The distinct potential regions emphasize the
compound's ability to participate in halogen bonding, hydrogen
bonding, and m-stacking, all of which contribute to its struc-
tural integrity and functional properties.

3.10.3.1 Non-covalent interaction NCI-RDG analysis. Non-
Covalent Interaction (NCI) and Reduced Density Gradient
(RDG) analyses provide insights into weak interactions influ-
encing molecular stability. Fig. 9.S(a) shows the NCI isosurface
for (Cy0Hi13N4)[BiBry]-2H,0, highlighting key interactions.
Green isosurfaces indicate van der Waals forces around the
aromatic moiety and water molecules, improving packing effi-
ciency. Blue isosurfaces show strong hydrogen bonds between
the organic cation, water oxygen atoms, and counterions, rein-
forcing the supramolecular structure. Red isosurfaces indicate
steric repulsion around bulky bromine atoms and crowded
organic regions, influencing molecular conformation.
Fig. 9.S(b) displays the RDG scatterplot, which quantifies
interactions by electron density analysis. Negative values
correspond to hydrogen bonding, near-zero values to van der
Waals forces, and positive values to steric hindrance, aligning
with the NCI isosurface data. This analysis highlights the
balance of attractive and repulsive forces governing the
compound's stability. The NCI-RDG analysis reveals the role of
hydrogen bonding, van der Waals forces, and steric effects in
determining the compound's supramolecular structure and
stability, offering key insights for evaluating its functional
properties and designing related materials.

3.10.3.2 Electron localization function (ELF) and localized
orbital locator (LOL) analyses. Fig. 10.S presents a three-dimen-
sional visualization of the theoretical formula unit of
(C1oH13N4)[BiBr,]-2H,0, shown across the (XY), (XZ), and (YZ)
planes in Bohr units. This representation offers detailed insight
into the spatial arrangement and structural orientation of the
molecule's constituent atoms and functional groups. In the (XY)
projection, the organic cation and [BiBr,]” anion are clearly
separated, with the Bi atom coordinated by four bromine atoms
forming the shape of a seesaw geometry, shown by strong green
bonds, highlighting the geometric symmetry of the anionic
framework. The organic moiety, featuring a triazole ring system,
is shown in a planar arrangement relative to the anion.

The (XZ) and (YZ) projections provide additional perspec-
tives, revealing the slight tilt and angular positioning of the
organic cation relative to the [BiBr,]” anion. This anisotropic
structure is influenced by intermolecular interactions such as
hydrogen bonding and electrostatic forces. Water molecules are
positioned strategically, mediating interactions between the
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organic and inorganic units and enhancing the compound's
structural cohesion. These projections ensure a clear depiction
of bond angles, distances, and molecular orientation, which are
essential for assessing the compound's electronic and
geometric properties. This figure is a valuable tool for inter-
preting both theoretical and experimental data, offering key
insights into the compound's structural dynamics and potential
applications in material science.

Fig. 11.S shows the Electron Localization Function (ELF)
distribution of (C;oH;3N,)[BiBr4]-2H,0 across the (XY), (XZ),
and (YZ) planes, revealing electron-pair localization and
bonding. ELF isosurfaces and 2D maps, color-coded from blue
(low) to red (high), highlight electronic regions. In the (XY)
plane, strong localization around the bromine atoms in [BiBr,]|~
(red) indicates lone pairs, with moderate localization near Bi
reflecting its coordination role. The organic moiety shows
electron density around the nitrogen atoms in the triazole ring.
The (XZ) and (YZ) planes confirm delocalized covalent bonds in
the organic unit and localized density in the inorganic part.
Hydrogen bonding effects appear as low to moderate localiza-
tion bridging the organic and inorganic components. This ELF
analysis provides insights into the compound's stability, reac-
tivity, and potential as a functional material.

Fig. 12.S presents the Localized Orbital Locator (LOL)
distribution in the (XY), (XZ), and (YZ) planes, mapping orbital
localization. High LOL values around nitrogen atoms in the
triazole moiety and bromine atoms in [BiBr,]” indicate local-
ized lone pairs, while Bi shows lower localization, reflecting its
coordination. The (XZ) and (YZ) planes further distinguish lone
pairs from delocalized covalent bonds. Low LOL values around
water molecules suggest their role in hydrogen bonding. This
LOL analysis complements the ELF study, offering key insights
into electronic structure and bonding behavior.

3.11. Hirshfeld surface analysis (HSA)

A Hirshfeld surface analysis was performed using Crysta-
IExplorer 21.5 to assess the intermolecular interactions in the
compound, resulting in 2D fingerprint plots. Fig. 13.S displays
the 3D surface representations of the molecule with the
normalized dnorm function (Fig. 13.S(a)) and shape index
(Fig. 13.S(b)). The Hirshfeld surface (Fig. 13.S(a)), color-coded in
red, blue, and white, reflects the relative surface area of each
point based on the (d., d;) pair. Blue areas indicate minimal
surface contribution, while red signifies significant contribu-
tion. The dnorm function, a measure of intermolecular inter-
actions, shows regions of close contact in red, indicating
hydrogen bond donor-acceptor interactions, such as N-H---O,
O-H:---N, and O-H---Br hydrogen bonds. White spots highlight
H/H contacts, further indicating the diversity of interactions
within the crystal structure. Fig. 13.5(b) illustrates the shape of
the molecule, with adjacent blue and red triangles confirming 7
interactions around the organic molecule's aromatic rings.
Fig. 14.S presents the 2D fingerprint plot of the total contacts
contributing to the Hirshfeld surface. It focuses on the 0.6 to 2.8
A distance range, showing the contributions of different inter-
molecular interactions. The plot highlights H/Br interactions as
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the dominant contribution, constituting 55% of the total, fol-
lowed by H---H interactions (19.1%). These results emphasize
the importance of hydrogen bonding in stabilizing the hybrid
material, affecting properties such as chemical stability,
mechanical strength, and optical transparency. The Crysta-
IExplorer 21.5 tool also visualized crystal voids, impacting the
material's solubility, density, and mechanical properties.
Fig. 15.S shows a void volume of 145.56 A*, occupying 7.74% of
the unit cell's total volume. Despite the presence of voids, the
material exhibits enhanced compactness, suggesting higher
density and mechanical strength, likely improving thermal
conductivity and optical transparency. These characteristics,
including minimal void presence, contribute to the material's
robustness and optical clarity, with potential verification
through Thermal Gravimetric Analysis (TGA).

4. Conclusion

The present study reports the successful synthesis and in-depth
characterization of the one-dimensional bromobismuthate(ir)
hybrid (C;oH;3N,)[BiBr4]-2H,0, offering a unified under-
standing of its crystal structure, vibrational behavior, and
optical performance. The material crystallizes in the monoclinic
space group P2,/n, featuring edge-sharing BiBrs octahedra
forming continuous [BiBr,],”” chains stabilized through
a three-dimensional network of hydrogen bonds and m-w
stacking, giving rise to a highly cohesive framework. Thermal
analysis confirmed exceptional stability up to 275 °C, validating
its structural integrity and suitability for device-level
implementation.

FTIR and Raman analyses identified distinct signatures of
the organic and inorganic components, confirming strong
cation-anion coupling and coherent lattice dynamics. Optical
spectroscopy revealed an indirect band gap (2.56 eV) consistent
with DFT predictions, reflecting the influence of spin-orbit
coupling and structural anisotropy inherent to Bi-based 1D
systems. Diffuse reflectance, UV-vis, and PL spectra jointly
demonstrated efficient light absorption and a broad blue-violet
emission, establishing its semiconducting nature. The CIE 1976
colorimetry confirmed high saturation and chromatic stability,
making the compound a strong candidate for light-emitting
diodes (LEDs) and photodetectors.

Overall, the combined influence of the heavy Bi’" center,
strong spin-orbit coupling, low-dimensional inorganic frame-
work, and rationally selected non-commercial organic cation
gives rise to an indirect band-gap electronic structure, strong
optical absorption, and pronounced photoresponse. These
interconnected structural and physical features provide
a coherent basis for the proposed absorption-based optoelec-
tronic applications and underline the value of the present
system as a model platform for structure-property investiga-
tions in low-dimensional bismuth halide hybrids.

Advanced DFT analyses provided complementary micro-
scopic insights: Electron Localization Function (ELF) mapping
highlighted the localization of Bi-Br bonding and the stereo-
chemical activity of the Bi 6 s* lone pair; Reduced Density
Gradient (RDG) and Non-Covalent Interaction (NCI) plots
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revealed dominant hydrogen bonding, -7 stacking, and van
der Waals interactions, which underpin the crystal's stability.
Electrostatic potential (ESP) mapping confirmed strong charge
separation, with the organic cation acting as a donor and the
[BiBr,],"~ framework as an acceptor, enabling efficient charge
transfer.

Collectively, these results position (C;oH;3N,)[BiBr,]-2H,0
as a structurally robust and optically active hybrid material,
capable of addressing key challenges in optoelectronics,
photovoltaics, and photonic energy conversion. Future efforts
may focus on band gap engineering through cationic substitu-
tion, pressure modulation, or dimensional control, paving the
way for enhanced performance in next-generation lead-free
semiconductor technologies.
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