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ro-dimensional structure of a new
lead-free organic–inorganic[(C2H5)4N]3Bi2I9
compound: a promising material for optoelectronic
devices

Hanen Elgahami, a Khawla Ben Brahim, a Sondes Hajlaoui,a Mona A. Alamri,b

Gwenaël Corbel c and Abderrazek Oueslati *a

A new lead-free organic–inorganic hybrid compound based on Bi(III), namely tris(tetraethylammonium)

nona-idodibismuthate(III), [(C2H5)4N]3Bi2I9, has been successfully synthesized using a slow evaporation

technique. The compound was characterized by single-crystal X-ray diffraction, Hirshfeld surface

analysis, thermal analyses (DSC and TGA-DTA) and impedance spectroscopy. At room temperature, it

crystallizes in the triclinic system with P1 space group. The crystal structure consists of discrete anionic

dimers [Bi2I9]
3−. These dimers are formed by two BiI6 octahedra sharing a triangular face. Charge

balance is ensured by three [(C2H5)4N]+ cations. The organic and inorganic components are connected

through C–H/I hydrogen bonds. These interactions lead to the formation of a stable three-dimensional

supramolecular network. Hirshfeld surface analysis shows that H/I/I/H and H/H interactions

dominate the intermolecular contacts. Weak I/I interactions also contribute to the structural cohesion.

Thermal analyses (DSC and TGA/DTA) reveal a reversible phase transition in the temperature range of

331–340 K. No weight loss is observed during this transition. This behavior may affect the electrical

properties of the compound and enhance its potential for temperature-dependent electronic

applications. Nyquist plots display a single semicircular arc, which is characteristic of non-Debye

relaxation. The AC conductivity follows Jonscher's universal power law. These results indicate thermally

activated charge transport governed by the correlated barrier hopping (CBH) model.
1. Introduction

Over the past several years, alkylammonium and halo-
bismuthate(III) compounds have attracted considerable atten-
tion due to their potential applications in photovoltaic
technology and optoelectronics. This interest arises from their
easy solution processing and low production costs.1–3 Numerous
structural studies have shown that Bi(III) halide derivatives
incorporating different organic amines exhibit a wide diversity
of anionic frameworks.4–9 Within this broad class of organic–
inorganic hybrid materials, various structural dimensionalities
have been reported, including zero-dimensional (0D), one-
dimensional (1D), and two-dimensional (2D) architectures. In
contrast, three-dimensional (3D) networks remain relatively
rare. Among these materials, compounds with the general
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formula R3M2X9 and R5M2X11 (where R is an organic
amine, M = Bi(III) and X = Cl, Br, or I) are of particular interest.
These compounds oen exhibit ferroelectric and ferroelastic
properties.10–13 Iodine-based members of the R3M2X9 family
generally adopt a zero-dimensional structure composed of
anionic dimers [Bi2I9]

3−. These dimers are formed by two BiI6
octahedra sharing a triangular face, as observed in (CH3-
NH3)3Bi2I9. Compounds of the R3M2I9 type, which contain
discrete [M2I9]

3− anions, are particularly attractive. They
combine promising electro-optic properties with enhanced
chemical stability, making them suitable candidates for lead-
free photovoltaic materials.14,15 Iodobismuthates(III), with the
general formula R3Bi2I9, represent an important subclass from
an application perspective. They offer facile synthesis, cost
efficiency, and favorable electrical and optical properties.16,17

Previous investigations have demonstrated that the nature and
size of the organic cation strongly inuence crystal packing and
intermolecular interactions. These variations also affect key
physical properties, including thermal stability and electrical
transport behavior.18–20 Comparative studies between
methylammonium-based iodobismuthates and analogues con-
taining bulkier organic cations have revealed signicant
RSC Adv., 2026, 16, 10785–10797 | 10785
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differences in lattice dynamics and organic–inorganic coupling.
These differences directly impact dielectric response and charge
transport mechanisms.21,22 In general, compounds incorpo-
rating larger organic cations exhibit improved thermal stability
and modied dielectric or conduction behavior. This behavior
is attributed to changes in hydrogen-bonding networks, lattice
exibility, and reduced structural disorder.23–25 A distinctive
feature of these materials is the presence of a stereochemically
active lone electron pair (5s2 for Sb and 6s2 for Bi). Although this
lone pair exerts only a moderate inuence on structural geom-
etry, it plays a crucial role in determining physical properties. In
particular, it strongly affects polarization-related effects and
charge transport behavior.26 Motivated by the intriguing prop-
erties of (CH3NH3)3Bi2I9 and related analogues, we investigated
the effect of replacing methylammonium cation with the larger
tetraethylammonium cation. The aim was to evaluate the
resulting changes in structure and physical properties. In this
work, we report the synthesis, single-crystal X-ray structure
determination, Hirshfeld surface analysis, thermal behavior
and electrical properties of a new member of the R3M2I9 family:
[(C2H5)4N]3Bi2I9.
Table 1 Crystallographic data and structure refinement parameters
for [(C2H5)4N]3Bi2I9

Empirical formula [(C2H5)4N]3Bi2I9
Formula weight (g mol−1) 1950.81
Crystal system, space group Triclinic, P1
Temperature (K) 296
a (Å) 11.1244(4)
b (Å) 11.1286(4)
c (Å) 12.4964(5)
a (°) 88.894(2)
b (°) 64.702(1)
g (°) 61.479(1)
V (Å3) 1195.24(8)
Z 1
Radiation type Mo Ka
l (Å) 0.71073
Measured reections 14 631
Independent reections 3682
Observed reections (I > 2s(I)) 3626
F(000) 868
Dcal (Mg m−3) 2.710
Index ranges h = −10 / 10;

k = −10 / 10; l = −11 / 11
Number of parameters 353
R1 0.017
wR2 0.045
Goodness of t (S) 0.82
2. Experimental details

All starting materials employed for the synthesis of
[(C2H5)4N]3Bi2I9 were purchased from commercial suppliers
and used without further purication. Tetraethylammonium
iodide [(C2H5)4N]I (98%) and bismuth(III) iodide BiI3 (99%) were
obtained from Sigma-Aldrich, while hydroiodic acid HI (57%)
was purchased from Merck. Single crystals of [(C2H5)4N]3Bi2I9
were grown by a slow evaporation method at room temperature.
Stoichiometric amounts of [(C2H5)4N]I and BiI3 were dissolved
in 10 mL of HI (57%). The resulting solution had an approxi-
mate concentration of 7.5 M. A few drops of methanol or
acetone were added to aid facilitate dissolution. The resulting
solution was placed in glass Petri dishes and allowed to evap-
orate slowly at approximately 23 °C. Aer 3–4 days, red crystals
suitable for structural characterization were obtained.

The chemical reaction can be schematically represented as
follows:

3
�ðC2H5Þ4N

�
Iþ 2BiI3 !HI �ðC2H5Þ4N

�
3
Bi2I9 (1)

A suitable single crystal of [(C2H5)4N]3Bi2I9 was selected
under an optical microscope and mounted on MicroMount
needles (MiTiGen) for single-crystal X-ray diffraction analysis. X-
ray intensity data were collected at 296 K using a Bruker APEX II
Quazar diffractometer. The instrument was equipped with four-
circle Kappa goniometer and a CCD detector. Data collection
was performed with a a microfocus Mo-Ka radiation source
(l = 0.71073 Å). An absorption correction was applied using the
multi-scan method implemented in SADABS.27 The structure
was solved by direct methods and rened through successive
difference Fourier maps. Full-matrix least-squares renement
was carried out on all jFj2 data using SHELX program28 suite
within the WinGX interface.29 Structural graphics were
10786 | RSC Adv., 2026, 16, 10785–10797
generated using the Diamond 3.2 soware.30 The crystal struc-
ture of the title compound was resolved in the triclinic system,
with non-centrosymmetric space group P1 (no. 1). All
non-hydrogen atoms were rened anisotropically. While
hydrogen atoms attached to the amine groups were geometrically
constrained using the HFIX option. Crystallographic data and
renement details are summarized in Table 1. Selected bond
lengths and angles are presented in Tables 2 and 3. Further
crystallographic information for this compound is available from
the Cambridge Crystallographic Data Centre (CCDC 2457063).

Hirshfeld surface (HS) analysis was performed using the
CrystalExplorer 17.5 soware package.31 The analysis used the
crystal structure input le in CIF format. Intermolecular inter-
actions were visualized on the Hirshfeld surface mapped over
the normalized contact distance (dnorm). A red–white–blue color
was used to represent intermolecular contacts that are shorter,
equal to, or longer than the corresponding van der Waals
separations, respectively. For each point on the HS, two
parameters were dened: di (the distance from the surface point
to the nearest nucleus inside the surface) and de (the distance to
the nearest nucleus outside the surface). The normalized
contact distance (dnorm), was calculated using di, de, and the van
der Waals radii of the atoms. It was calculated according to the
following equation:

dnorm ¼
di� rvdw

i

rvdwi

þ de� rvdwe

rvdwe

(2)

where rvdwi is the van derWaals radius of the atom located inside
the Hirshfeld surface, and revdw is the van der Waals radius of
the atom located outside the surface. Two-dimensional (2D)
ngerprint plots were generated from the dnorm-mapped
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Selected bond distances (Å) and bond angles (°) for inorganic
part [Bi2I9]

3−

Distance (Å) Angle (°)

Bi1–I1 2.948(1) I9–Bi1–I1 94.29(4)
Bi1–I8 2.976(1) I9–Bi1–I8 93.46(3)
Bi1–I9 2.934(1) I1–Bi1–I8 91.09(3)
Bi1–I2 3.280(1) I9–Bi1–I6 89.28(3)
Bi1–I4 3.253(1) I1–Bi1–I6 92.40(3)
Bi1–I6 3.200(1) I8–Bi1–I6 175.38(4)
Bi2–I4 3.252(1) I9–Bi1–I4 91.56(3)
Bi2–I2 3.288(1) I1–Bi1–I4 173.16(4)
Bi2–I6 3.299(1) I8–Bi1–I4 92.10(3)
Bi2–I3 2.934(1) I6–Bi1–I4 84.12(3)
Bi2–I5 2.940(1) I9–Bi1–I2 170.27(4)
Bi2–I7 2.947(1) I1–Bi1–I2 91.81(3)
— — I8–Bi1–I2 93.99(3)
— — I6–Bi1–I2 82.89(3)
— — I4–Bi1–I2 81.94(3)
— — I3–Bi2–I5 94.68(4)
— — I3–Bi2–I7 94.53(4)
— — I5–Bi2–I7 93.35(4)
— — I3–Bi2–I2 169.89(4)
— — I7–Bi2–I2 92.46(4)
— — I4–Bi2–I2 81.84(3)
— — I3–Bi2–I6 172.18(4)
— — I5–Bi2–I6 90.35(4)
— — I7–Bi2–I6 91.15(4)
— — I4–Bi2–I6 82.58(3)
— — I2–Bi2–I6 81.26(3)

Table 3 Principal bond distances (Å) and bond angles (°) of organic
part in [(C2H5)4N]+

Distance (Å)

N1–C17 1.502 C13–C14 1.510
N1–C13 1.502 C26–C25 1.470

C26–C25
N1–C15 1.515 C21–C22 1.560
N1–C11 1.540 C28–C27 1.460
N2–C21 1.494 C23–C24 1.500
N2–C27 1.496 C38–C37 1.590
N2–C25 1.504 C37–N3 1.460
N2–C23 1.523 N3–C31 1.450
C34–C33 1.440 N3–C35 1.480
C12–C11 1.530 N3–C33 1.480

N3–C33
C15–C16 1.460 C35–C36 1.730
C17–C18 1.500 C32–C31 1.470

Angle (°)
C17–N1–C15 110.4 C26–C25–N2 118.1
C13–N1–C15 107.8 N2–C21–C22 115.4
C17–N1–C11 108.6 C28–C27–N2 118.2
C13–N1–C11 111.7 C24–C23–N2 117.0
C15–N1–C11 107.5 N3–C37–C38 115.0
C21–N2–C27 107.7 C31–N3–C37 111.9
C21–N2–C25 109.7 C31–N3–C35 110.2
C27–N2–C25 109.3 C37–N3–C35 116.0
C21–N2–C23 111.2 C31–N3–C33 106.5
C27–N2–C23 108.9 C37–N3–C33 107.0
C25–N2–C23 109.9 C35–N3–C33 103.9
C12–C11–N1 115.0 N3–C35–C36 109.0
C16–C15–N1 116.1 N3–C31–C32 117.0
C18–C17–N1 116.3 C34–C33–N3 120.0
C17–N1–C13 110.7 N1–C13–C14 115.6
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Hirshfeld surface. These plots provide a quantitative represen-
tation of the different intermolecular interactions present
within in the crystal structure. These plots illustrate the
frequency distribution of di and de distance pairs over the
Hirshfeld surface. They enable the identication and quanti-
tative estimation of the relative contributions of different types
of intermolecular contacts. Characteristic sharp spikes or
distinct regions in the ngerprint plots correspond to specic
interactions. Together, these features dene the molecular
packing and stabilization within the crystal lattice. A portion of
the millimetre-sized crystals of [(C2H5)4N]3Bi2I9 was crushed
intomicrometric powder to verify sample purity by X-ray powder
diffraction (XRPD). Powder patterns were recorded at room
temperature using a PANalytical q/q Bragg–Brentano Empyrean
diffractometer. The instrument was equipped with CuKa1+2
radiations and a PIXcel1D detector. Data were collected over the
5–100° range, with a step size 0.0131°. The total acquisition
time was 7 h 30 min.

Differential scanning calorimetry (DSC) measurements were
performed on approximately 10 mg of crushed [(C2H5)4N]3Bi2I9
crystals. The sample was placed in a closed aluminium crucible.
Measurements were carried out in the temperature range 163–
373 K at a heating and cooling rate of 10 K min−1 using a Sirius
NETZSCH DSC 3500 analyzer equipped with a liquid nitrogen
cooling system. Thermogravimetric analysis (TGA) and differ-
ential thermal analysis (DTA) were performed simultaneously
on crushed [(C2H5)4N]3Bi2I9 crystals by using a TGA/DTA Q600
SDT (TA Instruments) apparatus. Measurements were carried
out in platinum crucibles, with a-Al2O3 employed as a reference
© 2026 The Author(s). Published by the Royal Society of Chemistry
material. The analyses were conducted under a nitrogen ow of
100 mL min−1. The sample was heated from room temperature
to 373 K at a heating rate of 5 K min−1.

Electrical measurements were performed using a Solartron
1260 impedance analyzer controlled by amicrocomputer. An AC
voltage of 0.5 V was applied over a frequency range from 102 Hz
to 107 Hz. Measurements were performed in the temperature
range of 313–368 K. The [(C2H5)4N]3Bi2I9 powder was pressed
into a dense pellet using a uniaxial hydraulic press. To ensure
good electrical contact, both faces of the pellet were coated with
a thin layer of silver paste and placed between two polished
copper electrodes in a specially designed sample holder.

The temperature was controlled using a programmable
furnace and monitored by a thermocouple positioned close to
the sample. Complex impedance data (Z0 and Z00) were collected
and analyzed using ZView soware.32 This analysis allowed
modeling of the electrical response and extraction of the bulk
resistance, relaxation parameters and electrical conductivity of
the material.
3. Results and discussion
3.1. Crystal structure description

The obtained [(C2H5)4N]3Bi2I9 crystals are well-dened and
exhibit a dark-red prismatic morphology with good
RSC Adv., 2026, 16, 10785–10797 | 10787
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Fig. 1 Typical digital photograph of the [(C2H5)4N]3Bi2I9 single crystals.
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transparency (Fig. 1). They were grown at room temperature by
the slow evaporation of the mother solution, indicating a high
degree of crystallinity and phase purity. The crystals show
a homogeneous size distribution and the well-developed crystal
faces. These features make them suitable for single-crystal X-ray
diffraction measurements.

The title compound crystallizes in triclinic system with P1
space group at 296 K. The unit cell parameters are as follows:
a= 11.1244 (4) Å, b= 11.1286 (4) Å, c= 12.4964 (5) Å, a= 88.894
(2) °, b = 64.702 (1) °, g = 61.479 (1) °, V = 1195.24 (8) Å3, Z = 1.
The asymmetric unit consists of three tetraethylammonium
[(C2H5)4N]

+ cations and one discrete anionic dimer [Bi2I9]
3−.

This dimer formed by two BiI6 octahedra sharing a triangular
face (Fig. 2).
Fig. 2 Asymmetric unit of [(C2H5)4N]3Bi2I9. The dashed lines stand for th

10788 | RSC Adv., 2026, 16, 10785–10797
This discrete anionic unit is characteristic of A3M2I9-type
iodometallates (M = Bi3+, Sb3+).33–35 The tetraethylammonium
cations play a dual structural role. They ensure overall charge
balance by compensating the negative charge of the [Bi2I9]

3−

anions. At the same time, they act as spacers that separate the
anionic dimers through weak intermolecular interactions.
Halobismuthates(III) display remarkable structural versatility,
ranging from zero- to three-dimensional frameworks. This
diversity depends on the size, symmetry, and nature of the
organic cation, as well as on the halogen involved. Previous
studies have shown that most iodobismuthates(III) containing
small alkylammonium or unsubstituted heteroaromatic cations
adopt the A3Bi2I9 stoichiometry.36–38 This composition generally
leads to layered or molecular architectures. The crystal structure
of [(C2H5)4N]3Bi2I9 can be described as an alternation of inor-
ganic and organic layers along the b-axis. The inorganic layers
are composed of discrete [Bi2I9]

3− units, while the organic layers
consist exclusively of tetraethylammonium cations (Fig. 3).

The cohesion between the organic and inorganic sublattices
is ensured by an extended network of weak C–H/I hydrogen
bonds. These interactions are complemented by van der Waals
forces (Fig. 4).

The D/A (donor–acceptor) distances range from 4.06(3) to
4.36(2) Å (see Table 4), which is consistent with weak hydrogen
bonding. These supramolecular interactions contribute to the
three-dimensional stabilization of the crystal lattice. They may
also inuence the thermal and electrical properties of the
compound.

3.2. [(C2H5)4N]3Bi2I9 as the only product of slow evaporation

The preparation contained only single crystals of identical
colour, with no trace of powder. To check that a few randomly
selected crystals had the same crystal structure, they were
ground and then analysed by X-ray powder diffraction (XRPD).
e hydrogen bonds.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Projection of the crystal structure of [(C2H5)4N]3Bi2I9 in the (bc) plane.

Fig. 4 Hydrogen bonds in the crystal structure of [(C2H5)4N]3Bi2I9.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 10785–10797 | 10789
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Table 4 Hydrogen-bond geometry (Å, °) for [(C2H5)4N]3Bi2I9

D–H$$$A D–H (Å) H/A (Å) D/A (Å) D–H$$$A (°)

C16–H6/I4 0.96 3.30 4.24 (2) 165
C13–H17/I8 0.97 3.48 4.36 (2) 151
C35–H53/I8 0.97 3.24 4.06 (3) 144
C31–H23A/I2 0.97 3.39 4.19 (3) 141
C27–H37/I2 0.97 3.31 4.18 (2) 150
C24–H33/I7 0.96 3.38 4.31 (1) 162
C21–H15/I7 0.97 3.48 4.18 (1) 130
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The XRPD pattern of [(C2H5)4N]3Bi2I9 was recorded at room
temperature, as shown in Fig. 5.

All peaks observed in the XRPD pattern can be indexed with
the unit cell parameters and triclinic P1 space group deter-
mined previously on a single crystal. The triclinic cell parame-
ters determined from the renement of the XRPD pattern by the
Le Bail method39 of the Fullprof program40 are a = 11.1239(5) Å,
b= 11.1312(5) Å, c= 12.4921(6) Å, a= 88.894(2)°, b= 64.710(2)°
and g= 61.482(2)°. These values are very close to those obtained
from the single-crystal XRD data of [(C2H5)4N]3Bi2I9, conrming
the high purity of the preparation.
3.3. Hirshfeld surface analysis

Hirshfeld surface (HS) analysis provides valuable insight into
the nature and strength of intermolecular interactions within
the crystal structure of [(C2H5)4N]3Bi2I9. Fig. 6 displays the
Hirshfeld surfaces mapped over three main properties: the
normalized contact distance (dnorm), the shape index and the
curvedness.

The dnorm surface highlights regions of close intermolecular
contacts through using a color scale. Red areas indicate short
Fig. 5 Comparison of the observed diffraction pattern of [(C2H5)4N]3Bi2I9
The blue curve corresponds to the difference between observed and c
group P1 (no. 1)).

10790 | RSC Adv., 2026, 16, 10785–10797
contacts with negative dnorm values. White regions correspond to
distances equal to the sum of the van der Waals radii (dnormz 0)
and blue regions represent longer separations with positive dnorm
values.41 The surface is shown as semi-transparent to visualize
the atoms of the asymmetric unit, allowing an overall view of the
crystal packing. The shape index and curvedness surfaces provide
complementary information about the molecular shape and the
nature of close contacts. The shape index (middle image in Fig. 5)
helps to identify p–p stacking or complementary interactions,
which appear as pairs of red and blue triangles on the molecular
surface. The curvedness surface (right image in Fig. 5) illustrates
the degree of surface curvature. Flat green regions correspond to
areas of weak interactions, whereas highly curved blue regions
are associated with molecular boundaries.

Fig. 7 presents the 2D ngerprint plots derived from the
Hirshfeld surfaces, which quantify the relative contributions of
the different intermolecular contacts to the overall crystal
packing. For[(C2H5)4N]3Bi2I9, the main interactions identied
are H/I/I/H, H/H, and I/I.

The H/I/I/H interactions appear as sharp spikes in the
ngerprint plots (Fig. 7). These features correspond to contacts
where one molecule acts as a hydrogen donor (de > di) and the
other as an acceptor (de > di). These contacts dominate the
Hirshfeld surface and contribute 58.6% of the total area. The
H/H interactions are represented by two broad and symmet-
rical peaks in the central region of the plot. They account for
40.6% of the total contribution. A minor contribution of 0.8%
arises from weak I/I contact. The predominance of H/I/I/H
and H/H interactions conrms that hydrogen bonding and
van der Waals forces play a major role in stabilizing the crystal
structure. Overall, the Hirshfeld surface and ngerprint anal-
yses clearly illustrate the supramolecular architecture and the
(red dots) with the pattern calculated by the Le Bail method (black line).
alculated patterns. Vertical markers give Bragg peak positions (space

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09365a


Fig. 6 Hirshfeld surfaces mapped with dnorm, shape index and curvedness for [(C2H5)4N]3Bi2I9.

Fig. 7 Two-dimensional fingerprint plot for [(C2H5)4N]3Bi2I9 showing contributions from different contacts: I/H/H/I, H–H, I/I.
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dominant intermolecular forces governing the packing of
[(C2H5)4N]3Bi2I9 in the solid state.
3.4. Thermal analysis

The thermal behavior of the [(C2H5)4N]3Bi2I9 compound was
investigated by Differential Scanning Calorimetry (DSC) and
simultaneous Thermogravimetric-Differential Thermal Anal-
yses (TGA-DTA). The DSC thermogram (Fig. 8) recorded under
nitrogen atmosphere (10 K min−1) during heating and cooling
shows a reversible thermal event. An endothermic peak is
observed at 338 K during heating and an exothermic at 331 K
upon cooling, conrming the reversibility of this transition.
© 2026 The Author(s). Published by the Royal Society of Chemistry
TGA-DTA analysis was performed under a nitrogen ow at
a heating and cooling rate of 5 K min−1 over the temperature
range from room temperature to 373 K (Fig. 9). No measurable
weight loss is observed, indicating that the compound is ther-
mally stable within this interval. The DTA curve exhibits a small
endothermic effect at 340 K during heating and a corresponding
exothermic effect at 333 K upon cooling. These results are
consistent with the DSC measurement. The observed thermal
anomaly is attributed to a reversible structural phase transition
rather than to decomposition. The reversible thermal event
observed between 331 and 340 K is likely related to a structural
phase transition. This transition involves an order–disorder
process of the organic cations and/or subtle rearrangement of
RSC Adv., 2026, 16, 10785–10797 | 10791
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Fig. 8 DSC thermograms collected under N2 on crushed crystals of
[(C2H5)4N]3Bi2I9.

Fig. 9 Thermogravimetric (red) and differential thermal (blue) curves
recorded under N2 during heating and cooling of crushed crystals of
[(C2H5)4N]3Bi2I9 at a rate of 5 K min−1.
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the [Bi2I9]
3− anionic dimers. In R3Bi2I9-type hybrid compounds,

such transitions are commonly driven by the dynamic re-
orientation of the organic cations. This reorientation is oen
accompanied by modications of the hydrogen-bonding
network. In the present [(C2H5)4N]3Bi2I9 compound, the rela-
tively large tetraethylammonium cations may undergo partial
ordering upon cooling. This ordering can lead to changes in the
C–H/I interactions and slight modications in the packing of
the inorganic framework.

This interpretation is further supported by the electrical
measurements. The Arrhenius plot of sDCT reveals two distinct
activation energies separated by the transition temperature.
This indicates a change in the charge transport barriers asso-
ciated with the structural reorganization. Moreover, the
decrease in the constant phase element (CPE) exponent a with
increasing temperature suggests enhanced disorder and
a broadening of relaxation times near the transition. Overall,
the phase transition appears to involve a combined effect of
cation dynamics and minor distortions of the inorganic lattice.
10792 | RSC Adv., 2026, 16, 10785–10797
This results in a reversible modication of both structural
symmetry and electrical response.

Compared with methylammonium-based R3Bi2I9
compounds, which typically exhibit phase transitions at slightly
lower temperatures and oen show less thermal robustness, the
present [(C2H5)4N]3Bi2I9 compound demonstrates enhanced
thermal stability. This improvement can be attributed to the
larger tetraethylammonium cation, which inuences lattice
rigidity and strengthens intermolecular interactions. These
effects are consistent with observations reported for bulky
organic cations in iodobismuthates.18–25 These results highlight
the important role of cation size in tuning the thermal behavior
of zero-dimensional Bi(III) halide hybrids.
3.5. Electrical properties study

3.5.1. Nyquist plots and equivalent circuit. The Nyquist
plots (−Z00 vs. Z0) of the [(C2H5)4N]3Bi2I9 compound, recorded in
the temperature range 313–363 K, are presented in Fig. 10.

Each impedance spectrum exhibits a single depressed
semicircular arc. The diameter of this arc decreases progres-
sively with increasing temperature, indicating a thermally acti-
vated conduction process.42,43 The absence of additional
semicircles or low-frequency tails suggests that grain boundary
and electrode contributions are negligible. Therefore, the
overall electrical response is dominated by the bulk (grain)
contribution.44 The observed depression of the semicircles
reects non-Debye relaxation behavior. This behavior is typi-
cally associated with a distribution of relaxation times arising
from structural or compositional disorder within the material.45

To interpret the impedance data, the experimental plots
were tted using an equivalent electrical circuit. The circuit
consists of a resistance (R), a capacitance (C), and a constant
phase element (CPE) connected in parallel, as shown in the
inset of Fig. 10. The good agreement between the experimental
data and the tted curves conrms the adequacy of this model.
The electrical parameters extracted from the equivalent circuit
tting are summarized in Table 5.

The CPE is introduced in the equivalent circuit to account for
the deviation from ideal Debye behavior. The impedance of
a constant phase element is given by:

ZCPE ¼ 1

QðjuÞa (3)

where Q is the capacitance of the CPE element, u is the angular
frequency, j is the imaginary unit, and a (0 # a # 1) is the CPE
exponent that describes the degree of deviation from ideal
capacitance. When a = 1, the CPE behaves as a perfect capac-
itor, while a= 0 corresponds to an ideal resistor. Therefore, The
parameters Q and a therefore provide valuable insight into the
relaxation mechanism and the degree of heterogeneity in the
material. As shown in Table 5, the values of a decrease from 0.96
to 0.23 with increasing temperature. This indicates an
increasing deviation from ideal Debye behavior and a broad-
ening of the relaxation time distribution. Meanwhile, the
increase in Q with temperature reects enhanced polarization
and disorder in the crystal lattice as the system approaches the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Temperature dependence of complex impedance (Nyquist plots) at different temperatures.

Table 5 Electrical parameters extracted from the fitted equivalent
circuit of [(C2H5)4N]3Bi2I9 at different temperaturesa

Temperature (K) R (108 U) C (10−11 F) Q (10−10 F) a

313 1.690 3.720 4.897 0.9651
318 2.518 5.797 0.622 0.9611
323 5.983 1.092 0.643 0.9588
328 9.348 1.674 0.652 0.9579
333 11.584 3.802 15.09 0.3482
338 13.538 3.828 19.04 0.3276
343 15.755 3.863 34.05 0.2677
348 17.076 3.857 26.42 0.3142
353 19.263 3.934 58.08 0.2307
358 20.578 3.806 38.10 0.2967
363 26.355 3.853 33.69 0.3156

a The resistance (R) values increase gradually with temperature,
conrming the semiconducting nature of the material and the
presence of thermally activated conduction. The capacitance (C)
remains almost constant, indicating that the dielectric response
mainly arises from bulk polarization effects.

Fig. 11 Frequency dependence of the real (Z0) and imaginary (Z00)
components of the complex impedance at 338 K.
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transition region (around 338 K). At 338 K, the frequency
dependence of the real (Z0) and imaginary (−Z00) components of
the impedance (Fig. 11) reveals a single relaxation process. This
conrms that the electrical response originates mainly from the
bulk contribution. The good agreement between experimental
and tted data demonstrates the validity of the proposed
equivalent circuit model.46–48

3.5.2. AC conductivity and conduction mechanism. The
variation of AC conductivity (sAC) as a function of angular
frequency (u) at different temperatures for [(C2H5)4N]3Bi2I9 is
illustrated in Fig. 12.

The conductivity curves reveal that sAC increases with both
frequency and temperature. This behavior is characteristic of
© 2026 The Author(s). Published by the Royal Society of Chemistry
materials with a Negative Temperature Coefficient of Resistance
(NTCR), typical of semiconductors.49 At low frequencies, the
conductivity remains nearly constant, corresponding to the DC
plateau (sDC). In this region, long-range translational motion of
charge carriers dominates. At higher frequencies, sAC increases
in a dispersive region. This reects localized hopping of charge
carriers between energetically favorable sites or defect states
within the crystal lattice.50,51 For the [(C2H5)4N]3Bi2I9
compound, the NTCR-type behavior can be attributed to the
structural exibility of the hybrid organic–inorganic framework.
It is also related to localized states associated with [Bi2I9]

3− bi-
octahedra and weak C–H/I hydrogen bonds. These features
provide suitable pathways for thermally assisted charge carrier
hopping. Consequently, the increase in sAC with temperature
demonstrates the thermally activated conduction mechanism,
RSC Adv., 2026, 16, 10785–10797 | 10793
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Fig. 12 AC conductivity (sAC) as a function of angular frequency for the studied material.
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consistent with other related A3Bi2I9 systems.52–55 The frequency
dependence of sAC follows Jonscher's universal power law:56

sAC = sDC + Aus (4)

where sDC is the DC conductivity, A is a temperature-dependent
pre-exponential factor, and s (0 < s < 1) is the frequency expo-
nent. The exponent s reects the nature of charge carrier
interactions with the surrounding lattice. As shown in the inset
of Fig. 12, the frequency exponent s gradually decreases with
increasing temperature. This trend conrms that the conduc-
tion process in [(C2H5)4N]3Bi2I9 is well described by the Corre-
lated Barrier Hopping (CBH) model.57,58 According to this
model, charge transport occurs through thermally activated
hopping of localized charge carriers. The observed reduction in
s with rising temperature indicates a lowering of the effective
barrier height. Additional thermal energy enhances the ability
of charge carriers to overcome these barriers and move over
shorter hopping distances. This behavior further supports the
NTCR-type semiconducting character of the compound, where
conductivity improves with temperature due to increased
charge carrier mobility.

The temperature dependence of the DC conductivity was
analyzed using the Arrhenius relation:59

sDC � T ¼ s0 exp

��Ea

KBT

�
(5)

where s0 is the pre-exponential factor, Ea is the activation
energy, KB is the Boltzmann constant, and T the absolute
temperature.

The Arrhenius plot of ln(sDCT) versus 1000/T (Fig. 13) shows
two distinct linear regions separated by a transition tempera-
ture (Tt) around 338 K. This temperature coincides with the
phase transition detected by DSC and DTA analyses.
10794 | RSC Adv., 2026, 16, 10785–10797
The extracted activation energies are Ea1 = 0.23 eV in the low-
temperature region and Ea2 = 0.55 eV in the high-temperature
region. The lower activation energy below Tt suggests enhanced
charge carrier mobility in the low-temperature phase. This
behavior is likely facilitated by more ordered structural arrange-
ments and stronger intermolecular interactions. Conversely, the
higher activation energy above Tt implies an increase in the
potential barriers for charge migration. This increase results from
the structural reorganization associated with the phase transition.
The observed behavior conrms a thermally activated conduction
mechanism and the NTCR (Negative Temperature Coefficient of
Resistance) characteristic of semiconducting hybrid halides.60–62

Similar activation energies and hopping conduction mech-
anisms have been reported for other Bi(III) hybrid halides. These
results conrm that the organic cation strongly affects charge
transport through lattice dynamics and disorder.63–65 This
comparison underlines that[(C2H5)4N]3Bi2I9 follows the same
general trend. However, the larger tetraethylammonium cation
modies the transport behavior near the phase transition. The
variation of the natural logarithm of the AC conductivity (ln sAC)
as a function of inverse temperature (1000/T) at xed frequen-
cies is depicted in Fig. 14.

The variation of the AC conductivity (sAC) with temperature
was measured at different frequencies. The results reveal two
distinct regions. These regions are separated by a transition
temperature around 338 K. This value is in perfect agreement
with the phase transition detected by DSC analysis.

Activation energies were obtained from the linear ts (Table 6).
They show a noticeable decrease with increasing frequency. In the
low-temperature phase, Ea1 decreases from 0.45 eV at 10 Hz to
0.32 eV at 1 kHz. In the high-temperature phase, Ea2 decreases
from 0.15 eV to 0.12 eV over the same frequency range.

This decrease indicates that the applied alternating eld
facilitates charge carrier motion. It helps them to overcome
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Temperature dependence of ln(sdc× T) as a function of 1000/T.

Table 6 Activation energies determined at different frequencies for
[(C2H5)4N]3Bi2I9

Frequency (Hz) Ea1 (eV) Ea2 (eV)

10 0.45 0.15
100 0.43 0.13
501.2 0.36 0.13
1000 0.32 0.12
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potential barriers more easily and enhances their hopping
between localized states. This trend conrms that the conduc-
tion mechanism is thermally activated and mainly governed by
hopping, consistent with the Correlated Barrier Hopping (CBH)
model. Moreover, when comparing sDC and sAC at a given
temperature, sAC values are higher than sDC. In AC conduction,
charge carriers can follow multiple localized hopping paths. In
contrast, DC conduction forcescarriers to follow the most
energetically favorable long-range paths, which involve larger
jumps. This behavior further supports the dominance of the
hopping mechanism and indicates a Negative Temperature
Coefficient of Resistance (NTCR), which is characteristic of
semiconducting materials.66–68

These electrical characteristics are particularly attractive for
optoelectronic applications. The observed frequency-dependent
hopping dynamics and moderate activation energies suggest
that [(C2H5)4N]3Bi2I9 could be a promising candidate for low-
cost hybrid semiconducting devices. Potential applications
Fig. 14 Arrhenius plots of AC conductivity (ln sAC vs. 1000/T) at various
frequencies.

© 2026 The Author(s). Published by the Royal Society of Chemistry
include photodetectors, light-emitting diodes (LEDs), and
photovoltaic absorbers.69–72
4. Conclusion

In this work, a new lead-free organic–inorganic hybrid
compound based on the tetraethylammonium cation,
[(C2H5)4N]3Bi2I9, has been successfully synthesized and thor-
oughly characterized. Single-crystal X-ray diffraction analysis
revealed that the compound crystallizes in the triclinic system
with P1 space group. Its zero-dimensional (0D) crystal structure
consists of discrete anionic dimers [Bi2I9]

3− formed by two
octahedra sharing a triangular face, and tetraethylammonium
[(C2H5)4N]

+ cations. The organic and inorganic subunits are
interconnected through weak C–H/I hydrogen bonds, which
play a crucial role in maintaining the structural integrity and
electrostatic equilibrium of the crystal lattice. Hirshfeld surface
and ngerprint plot analyses provided quantitative insight into
the dominant intermolecular interactions. These analyses
highlighting that H/I and H/H contacts play a major role in
stabilizing the crystal packing. Thermal analyses (DSC and TGA/
DTA) showed a reversible phase transition near 338 K, charac-
terized by an endothermic peak upon heating and an
exothermic peak upon cooling. Moreover, the absence of any
weight loss up to 373 K conrms the excellent thermal stability
of the material within this temperature range. Electrical
impedance spectroscopy revealed a Negative Temperature
Coefficient of Resistance (NTCR), which is characteristic of
semiconducting materials. The frequency-dependent conduc-
tivity and activation energy values conrmed that the conduc-
tion process is governed by a thermally activated hopping
mechanism consistent with the Correlated Barrier Hopping
(CBH) model. The combination of structural stability, reversible
phase transition, and thermally driven conduction makes
[(C2H5)4N]3Bi2I9 a promising candidate for optoelectronic and
thermally switchable hybrid devices.
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10 M. Wojciechowska, A. Gągor, A. Piecha-Bisiorek, R. Jakubas,
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