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There has been a lot of interest in the development of a novel hybrid material based on zinc with fascinating
structural and physical properties. In this paper, a novel organic—inorganic hybrid (P(C4Hg)4)2[ZNnBr,4] crystal
was synthesized via the slow evaporation method at room temperature and characterized by single-crystal
X-ray diffraction, supported by density functional theory, vibrational spectroscopy and electrical analysis. At
room temperature, it crystallizes in the monoclinic system (P2;/c space group) with cell parameters a =
15.3260(11) A, b = 17.6692(13) A, ¢ = 16.9898(11) A, § = 114.715(2)°, V = 4179.4(5) A* and Z = 4. Its
structure comprises two crystallographically independent organic (P(C4Hg)4)™ cations and one type of
isolated [ZnBr4]?~ anion. Each tetrahedral [ZnBr,]>~ anion is surrounded by three tetrabutylphosphonium
cations, forming multiple C-H---Br contacts that reinforce the structural framework. The density
functional theory (DFT)-calculated Raman and IR spectra are in excellent agreement with the
experimental data, allowing unambiguous assignment of vibrational modes, including metal—halogen
stretches and the dynamics of the organic cations. Electrical impedance spectroscopy demonstrates

temperature- and frequency-dependent conductivity with a negative temperature coefficient of
Received 31st January 2026 ist indicating th istor-like behavi AC ductivity foll 3 her' . l l
Accepted 27th April 2026 resistance, indicating thermistor-like behavior. conductivity follows Jonscher's universal power law
and is well described by the correlated barrier hopping model. These multifaceted findings establish

DOI: 10.1039/d6ra00849f (P(C4Ho)4)2[ZNnBrs] as a multifunctional hybrid material suitable for integration into next-generation
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1 Introduction

The interplay between organic and inorganic components of
hybrid materials has garnered significant attention due to the
potential emergence of novel physical and chemical properties.
This synergy offers new avenues for scientific investigation and
technological ~ development."  Organic-inorganic  hybrid
compounds have been widely studied for their diverse
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functionalities, particularly in areas such as electrical and
magnetic behavior, charge transport, luminescence, and optical
performance.” These materials have found practical applications
across multiple sectors, including medicine, pharmaceuticals,
and biomedicine;® energy storage systems, such as advanced
batteries;* solar energy harvesting and luminescence-based
sensing technologies;® and electronics and electrical devices.®
Consequently, they serve as key contributors to progress across
numerous scientific and industrial domains. Among the various
subclasses of organic-inorganic materials, those adopting the
general formula A,MX,, where A represents an organic cation, M
represents a transition metal (Co, Cu, Zn, Fe, Cd, Hg, and Mn)
and X represents a halide (Cl, Br, and I), have attracted consid-
erable attention.”® These materials exhibit remarkable physico-
chemical properties and structural diversity, ranging from zero-
dimensional molecular clusters and one-dimensional chains to
two-dimensional layered architectures and three-
dimensional frameworks. Numerous analogous compounds
have been described in the literature, including [N(C3H;)4l,-
HgBr,,%, [N(C3H;),],ZnBr,," [N(CH3),],CoCly,"* [N(CyHs),].Cusly
(ref. 12) and [(C4H,),P],Cd,Cls.** These examples illustrate the

even
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structural richness and wide variety of architectures present in
alkylphosphonium tetrahalometalates(u). The halo-
genozincatate(n) class is particularly interesting in this regard.
Their structural and functional characteristics are strongly
influenced by their ability to form hydrogen bonds with organic
cations and by the size and symmetry of these cations. Zinc is
particularly important for the development of hybrid architec-
tures. Due to their closed-shell d'° configuration and relatively
large metal-ligand bond lengths, Zn(u) ions can accommodate
diverse coordination geometries, such as tetrahedral," square
pyramidal, and octahedral.*®

Additionally, the non-toxic nature of zinc enhances its suit-
ability for a wide range of practical and academic applications.*®
Moreover, zinc halide-based hybrid materials are typically
formed through the interaction between zinc halide inorganic
units and organic components. These interactions can involve
covalent bonds, ionic forces, or various types of hydrogen
bonds.” Recent investigations have thoroughly examined the
impact of Zn** ions on the structural stability, along with the
electronic and electrical properties, in a variety of compounds,
such as [CgH;oNO],ZnBr,,"®, [NH;3(CH,)s(NH;)]ZnBr,,",
[(C;H5);NH],ZnCl,,"” and (CsHgN,),ZnCl,.** Within this prom-
ising field of research, we report the synthesis and character-
ization of a new hybrid compound, (P(C4Ho)4),[ZnBr,],
composed of aliphatic organic molecules as the organic
component and zinc(u) bromide as the inorganic counterpart.
To elucidate its structural and physicochemical properties,
a range of experimental techniques has been employed,
including single-crystal X-ray diffraction, vibrational spectros-
copy, DFT calculations, and impedance spectroscopy. The
results provide valuable insight into the compound's charge
transport behavior, luminescent behavior, and charge transport
mechanisms. These findings contribute to the rational design
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of hybrid materials with strong potential for optoelectronic and
energy-related applications.

2 Experimental
2.1 Synthesis of the (P(C4Hs),),[ZnBr,] crystal

High-quality white single crystals of (P(C,Hy)4),[ZnBr,] were
grown at room temperature using the slow evaporation method,
which is widely used for preparing organic-inorganic hybrid
materials.** For this purpose, all reagents were purchased from
Sigma-Aldrich and used without further purification. In
a typical procedure, stoichiometric amounts of (P(C4Hg),)Br
(Fluka, 98% purity, 8.88 mmol) (0.3 g) and anhydrous ZnBr,
(Fluka, 99.99% purity, 4.44 mmol) (0.1 g) were dissolved in
10 mL of distilled water in a 2:1 molar ratio. The resulting
solution was then allowed to evaporate slowly under ambient
conditions. Consequently, well-shaped white single crystals
suitable for single-crystal X-ray diffraction analysis were ob-
tained after several days (see Fig. 1). The synthesis reaction can
be represented as follows:

2(P(C4Hy),)Br + ZnBr, =3 (P(CHy),),[ZnBr). (1)

The single crystals were rinsed with absolute ethanol, dried in
vacuum desiccators, and remained stable for extended periods.

2.2 Characterization techniques

A single crystal of (P(C4Ho)4),[ZnBr,] was carefully chosen under
a polarizing microscope and mounted at 296(2) K using
a Bruker D8 VENTURE PHOTON III-14 diffractometer with Mo
Ko radiation (1 = 0.71073 A). Absorption corrections were per-
formed using the multi-scan method with the SADABS
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Fig. 1 Synthetic route for the (P(C4Hg)4)2[ZNnBry4] crystals.
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Table 1 Crystallographic data and structure refinements of
(P(C4H9)4)2[ZnBr4]
Formula (P(C4Ho)4)2[ZnBry]

Color/shape Colorless/plate

Formula weight (g mol ") 903.84
Crystal system Monoclinic
Space group P2,/c
Density 1.436
Crystal size (mm) 0.147 x 0.097 x 0.081
a (A) 15.3260(11)
b (A) 17.6692(13)
c(A) 16.9898(11)
8 () 114.715(2)
Vv (&%) 4179.4(5)

zZ 4

software.” The crystal structure, belonging to the monoclinic
system with the P2,/c space group, was initially solved via direct
methods using the SHELXT-2018 program* and subsequently
refined using full-matrix least-square methods based on F
(SHELXL-2018),>* assisted by the WINGX program.> The
anisotropic atomic displacement parameters were refined for
all the non-hydrogen atoms. All H atoms were generated
geometrically using the HFIX instruction included in SHELXL-
2018 (ref. 24) and allowed to ride on their parent atoms with
C-H = 0.99 A and 0.98 A. The final refinement of F* with 8537
unique intensities and 361 parameters converged to excellent
reliability factors R; = 0.0271 and wR, = 0.0678 for 7679
observed reflections with I > 2¢. Crystal structure drawings were
prepared using the Diamond3.2 program.*® The main crystal-
lographic data are summarized in Tables 1 and S1, while the
fractional atomic coordinates and equivalent isotropic
temperature factors are detailed in Table S2. The selected bond
distances and angles, as well as the hydrogen bonds, are pre-
sented in Tables S3 and 2, respectively. Supplementary crystal-
lographic data in CIF format are available from the Cambridge
Crystallographic Data Centre (CCDC 2426791) as an electronic
supplementary material. These data can be obtained free of
charge at https://www.ccdc.cam.ac.uk/data_request/cif.

The phase purity of the (P(C4Hy)4),[ZnBr,;] compound was
examined using a Bruker D8 ADVANCE X-ray diffractometer. X-
ray diffraction (XRD) patterns were recorded over an angular
range of 5-60° using Cu Ko radiation (1 = 1.5406 A).

Raman spectra were collected at room temperature in the
50-3200 cm ' range using a Horiba Jobin-Yvon T64000

Table 2 Electrical fitted circuit parameters for (P(C4Hg)4)2[ZnBry4] at
different temperatures

T (K) R (x10° Q) Q(x107'"' F) o
303 5.17 9.45 0.94
308 3.90 8.40 0.943
313 3.15 6.78 0.95
318 2.41 7.40 0.95
323 1.68 8.40 0.95
328 1.03 5.73 0.965

25734 | RSC Adv, 2026, 16, 25732-25746

View Article Online

Paper

spectrometer (ISA, Jobin Yvon) on the powdered sample with
a 532 nm excitation laser and a 50x microscope objective,
which simultaneously focused the beam and collected the
backscattered signals. The IR spectrum of the (P(C,Ho)s),|[-
ZnBr,] compound was recorded using a PerkinElmer FT-IR 1000
spectrometer over 400-3500 cm ™ * with a resolution of 0.5 cm™*
using a sample of pure KBr dispersed and pressed into a pellet.

All calculations were carried out within the framework of
density functional theory (DFT) using the hybrid B3LYP
exchange-correlation functional, as implemented in the
Gaussian 16 software package, with the LANL2DZ and 6-
311G(d,p) basis sets applied to all atoms.

Thermogravimetric analysis (TGA) was performed with an
ATG-Q500 SETARAM in a heating process from room tempera-
ture up to 850 K at a heating rate of 10 K min™".

Impedance measurements of the (P(C4Hy)s),[ZnBr,]
compound were conducted using a two-electrode setup with
platinum contacts. Finely ground powder was compressed into
cylindrical pellets (8 mm in diameter and 1 mm in thickness)
under a pressure of 3 tons cm ™2, Ultra-thin gold layers, just
a few nanometers thick, were manually applied to both flat
surfaces of the pellets. Electrical characterization was carried
out using a Solartron 1260 Impedance Analyzer over a frequency
ranging from 20 Hz to 1 MHz and a temperature ranging from
303 to 328 K.

3 Results and discussions
3.1 Structural studies

The hybrid material (P(C4Ho),).[ZnBr,] adopts monoclinic
symmetry and crystallizes at 296 K in the P2,/c space group. As
listed in Table 1, the unit cell parameters are as follows: a =
15.3260(11) A, b = 17.6692(13) A, ¢ = 16.9898(11) A, § =
114.715(2)°, V= 4179.4(5) A* and Z = 4. Its OD structure consists
of isolated [ZnBr,]>~ anions and (P(C4H,),)" organic cations,
interconnected via weak C-H---Br interactions, as shown in
Fig. 2 and summarized in Table 2.

The asymmetric unit of (P(C4Ho)4),[ZnBr,], depicted in
Fig. S1, contains only one Zn(u) cation, linked to four Br~
anions, and two crystallographically independent organic
cations (P(C4H,),)". It should be noted that all atoms occupy
general positions (Wyckoff site 4e).

The Zn(u) cation occupies a general position and is coordi-
nated by four bromide ions. The [ZnBr,]”~ complex can adopt
one of three geometries: tetrahedral, square planar, or seesaw.
To determine the geometry of the zinc polyhedron, we calcu-
lated the 7, parameter (z, = 0 for a square plane geometry and 1,
= 1 for a tetrahedral form) using the following formula:

360 — (a + )
“T T 36020 2)

where « and @ represent the two largest angles in the poly-
hedron and @ is the angle in a regular tetrahedron (6 = 109.5°).
For our calculation, « = 115.254° and 8 = 110.828°, resulting in
7, = 0.949. This indicates that the zinc polyhedron adopts
a tetrahedral geometry.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Projection of the structure of (P(C4Hg)4)2[ZnBr,4] along the crystallographic b-axis.

It is important to note that there is no connectivity between
the metallic tetrahedra because they are well separated. The
shortest Zn-Zn intermetallic distance is 9.0945(7) A. Within the
[ZnBr,]>~ tetrahedra, the Zn-Br bond lengths range from
2.4127(4) to 2.4450(4) A, while the Br-Zn-Br bond angles vary
from 106.402(15)° to 115.254(18)° (Table S3). These values are
consistent with those reported for other compounds containing
ZnBr, tetrahedra.”” Based on the geometric characteristics of
the [ZnBr,]”~ anions, the average distortion indices (DI) were
calculated using the following equations as follows:*®

|di — do
I’lldm ’

DI(Zn — Br) = nzl (3)

DI(Br—Zn—Br) =Y

i=1

la; — dm|

Ny, 4)
where “d” represents the Zn-Br bond length, “a” represents the
Br-Zn-Br bond angle, and d,,, and a,, are their respective average
values. For a tetrahedral environment, n; = 4 and n, = 6.

The calculated distortion indices, DI (Zn-Br) = 0.0040 and DI
(Br-Zn-Br) = 0.0231, indicate a slight deviation of the ZnBr,
polyhedron from the ideal tetrahedral geometry. This distortion
is attributed to the intermolecular C-H---Br interactions
between the organic cations and the metallic tetrahedra.

The negative charges of the [ZnBr,]*” tetrahedra are balanced
by tetrabutylphosphonium cations (P(C4H,),)". The main
distances and angles for these organic cations, shown in Table
S3, are in good agreement with those found in other compounds
containing the same organic cation.?*** Weak C-H---Br interac-
tions connect the inorganic anions with the organic cations.
Indeed, each metallic tetrahedron is linked to three tetra-
butylphosphonium cations, and each organic cation is involved
in C-H---Br interactions with one or two [ZnBr,]>” anions (Fig. 2
and S2(a, b)). Within these intermolecular C-H---Br interactions,

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

the C---Br distances range from 3.712(3) to 3.828(3) A, and the C-
H---Br angles vary from 138.1° to 165.9° (Table S4).

Rietveld profile refinements carried out using the FullProf
software,* as shown in Fig. 3, indicate that the compound
crystallizes in the monoclinic crystal system with the P2,/c space
group. The refined unit-cell parameters for (P(C4Hy)4),[ZnBr,]
were determined to be a = 15.326 A, b = 17.669 A, c = 17.989 A,
and § = 114.716°. The quality of the refinement was evaluated
through the goodness of fit with x> = 4.42. The values of the
reliability factors obtained from the refinement are R, = 16.9,
R, = 10.4 and Rc,, = 8.06. The fitted parameters are in close
agreement with previously reported single-crystal X-ray diffrac-
tion results, confirming the successful synthesis of the target
phase along with its structural integrity and high purity.
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Fig. 3 Profile refinement of the powder X-ray diffraction (PXRD)
pattern of the compound (P(C4Hg)4)2[ZNBry] using the FullProf
software.
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Fig. 4 Optimized geometry of (P(C4Hg)4)2[ZNnBry].

3.2 Optimized geometry and computational details

Geometry optimizations and vibrational frequency calculations
were performed using the B3LYP functional,® including
Grimme's D3 dispersion correction with Becke-Johnson
damping,*® as implemented in the Gaussian 16 software
package.** A mixed basis set approach was adopted; Zn and Br
atoms were described using the LANL2DZ* effective core
potential, while C, H, and P atoms were treated with the 6-
311G(d,p) basis set.*® This combination ensures an accurate
description of both the metal center and the organic moieties,
as well as the weak non-covalent interactions governing the
crystal packing. All optimized structures were confirmed as true
minima by the absence of imaginary frequencies. The opti-
mized geometry (Fig. 4) exhibits a stable coordination envi-
ronment, with bond lengths and bond angles lying within the
typical ranges reported for structurally related compounds. The
reliability of the optimized structure is further supported by the
good agreement observed between the experimental and
calculated vibrational frequencies, confirming the internal
consistency of the computational approach.

3.3 Vibrational spectroscopy and mode assignment

The vibrational properties of the compound were investigated
by means of experimental infrared (IR) and Raman spectros-
copy and compared with DFT-calculated harmonic frequencies.
The calculated spectra reproduce the main experimental
features with satisfactory accuracy (Fig. 5 and 6), allowing
a reliable assignment of the observed vibrational modes. Minor
differences between experimental and theoretical wavenumbers
are observed, which can be attributed to anharmonic effects,
crystal packing interactions, and temperature effects not
explicitly considered in the calculations. Nevertheless, the
overall agreement confirms the suitability of the computational
model for vibrational interpretation.

25736 | RSC Adv, 2026, 16, 25732-25746
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The low-wavenumber region is dominated by vibrations
involving heavy atoms and collective lattice motions. The
experimental bands observed at 155, 212, and 252 cm ™ * are well
reproduced by the calculated modes at 152, 212, and 259 cm ™,
respectively. These bands are assigned to lattice vibrations and
metal-halogen stretching and bending modes of the inorganic
framework. Similar low-frequency features have been
commonly reported for metal-halide and hybrid compounds,
where the presence of heavy atoms leads to vibrational modes
below 300 cm ™.

The spectral region between 300 and 900 cm ™" is characterized
by skeletal deformations and out-of-plane bending vibrations. The
IR band observed at 454 cm™ ", which is in excellent agreement
with the calculated value, is attributed to the metal-ligand
bending modes. The bands appearing in the 700-760 cm ' range
are assigned to the C-H out-of-plane bending and framework
deformation modes. Additional vibrations observed between 814
and 920 cm™" mainly arise from coupled C-C and C-N stretching
vibrations associated with the organic moiety.

The fingerprint region [900-1600 cm '] exhibits several
characteristic bands that provide detailed insight into the
bonding environment. The modes observed between 962 and
1110 cm ™" are attributed to C-N and C-C stretching vibrations,
showing good agreement between the experimental and calcu-
lated frequencies. The bands in the 1230-1322 em™" range
originate mainly from C-N stretching coupled with in-plane
C-H bending vibrations. The strong features observed
between 1370 and 1485 cm™ ' are assigned to CH,/CH; defor-
mation modes and aromatic ring stretching vibrations. The
Raman-active band around 1508-1520 em ™" is characteristic of
symmetric ring stretching vibrations. These assignments are
consistent with previously reported vibrational studies of
structurally related compounds.

The high-wavenumber region [2800-3000 cm™'] is domi-
nated by C-H stretching vibrations of the organic groups. The

experimental bands observed between 2862 and 2960 cm ™" are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Experimental and theoretical IR spectra.

satisfactorily reproduced by the calculated frequencies in the
2868-2963 cm ™~ ' range. The lower-frequency bands correspond
to symmetric CH,/CH; stretching modes, while the higher-
frequency bands are attributed to antisymmetric stretching
vibrations. This behavior is typical of alkyl-containing ligands
and agrees well with the reported data for similar systems.

A comparison with recently published vibrational analyses of
analogous compounds reveals a similar distribution of vibra-
tional modes across the low-, mid-, and high-frequency regions.
The presence of low-frequency lattice modes, well-defined
fingerprint bands, and characteristic C-H stretching vibra-
tions confirms that the present compound shares common
structural and bonding features with related systems.
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Fig. 6 Experimental and theoretical Raman spectra.
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3.4 TGA analysis

Fig. 7 shows the thermogravimetric analysis (TGA) of the
(P(C4Hy)4)2ZnBr, compound. The TGA curve shows that this
compound started to decompose at 615 K. Besides, no weight
losses were observed between 300 and 615 K.

3.5 Electrical properties

3.5.1 Impedance analysis. Impedance measurements
represent a reliable and insightful technique for investigating
the electrical properties and ionic transport mechanisms in
hybrid materials over a wide range of frequencies.”” This
method is particularly effective in distinguishing between
various conduction processes and assessing their individual
contributions. In the present study, we focused on examining
the electrical response of the (P(C4Hy),),[ZnBr,| material within
a temperature range close to room temperature (303-328 K).

Through complex impedance spectroscopy, it is possible to
detect the diverse electrical responses present within the
system. Accordingly, the following equation can be used:

Z* = Z(w) + jZ"(w), (5)

where Z' and Z" represent the real and imaginary components
of the complex impedance, respectively.

The Nyquist plot (—Z” vs. Z') reveals a single semicircular arc
with its center located below the real axis, as illustrated in Fig. 8.
This characteristic behavior suggests a deviation from ideal
Debye-type relaxation and supports the use of the Cole-Cole
model to describe the system's dielectric response.’® Further-
more, a detailed analysis shows that with increasing tempera-
ture, the diameter of the semicircle decreases, indicating
a reduction in grain resistance. This trend confirms that the
conduction mechanism is thermally activated across the entire
temperature range investigated. The semicircular feature
observed in the Nyquist plot was modeled using the Z-view
software,* employing an equivalent circuit consisting of
a single element: a parallel configuration of resistance (R) and

1004 —— TGA
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N
=
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Flg 7 TGA curve of (P(C4H9)4)2[ZnBr4].
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a constant phase element (CPE), as illustrated in the inset of
Fig. 8. In this model, R represents the grain boundaries resis-
tance, and CPE accounts for the non-ideal capacitive behavior,
which is often associated with distributed relaxation times. This
configuration suggests that the electrical response in the
analyzed frequency range is predominantly governed by grain
boundary-related processes.®® The corresponding circuit
parameters are summarized in Table 2, which shows that the
resistance (R) decreases with increasing temperature. In hybrid
materials, grain boundary resistance generally decreases as
temperature increases due to the thermal activation of localized
charge carriers. This activation increases carrier mobility,
thereby facilitating hopping conduction and leading to
a reduction in overall resistive behavior as the temperature
increases.*>*!

Fig. 9(a) presents the variation of Z'(w) with temperature. It is
evident that the real part of the impedance Z' decreases with
increasing temperature and frequency, indicating a negative
temperature coefficient of resistance (NTCR) behavior in the
material.*” This trend can be attributed to a decrease in trapped
charge density and an enhancement in charge carrier mobility
within (P(C4Hy),4),[ZnBr,] compound, suggesting a possible
increase in AC conductivity. At higher frequencies, Z' becomes
nearly independent of temperature, implying the presence of
a space charge within the material. As frequency increases, the
time available for space charge relaxation diminishes. Conse-
quently, at high frequencies, the curves converge due to the
suppression of space charge polarization effects.*

Fig. 9(b) illustrates the frequency-dependent variation of the
imaginary part of impedance (—Z") at temperatures ranging
from 303 K to 328 K. The frequency and temperature depen-
dence of Z" provides valuable insight into the polarization and
charge transport mechanisms within the material. At interme-
diate frequencies, Z" exhibits well-defined relaxation peaks that
move to higher frequencies with increasing temperature, cor-
responding to characteristic relaxation frequencies (w,) linked
to charge carrier hopping between localized states. This shift
with temperature suggests a thermally activated relaxation
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Fig. 8 Nyquist plots and the equivalent circuit model of

(P(C4H9)4)2[ZHBF4]_
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Fig. 9 (a) Variation of the real and (b) imaginary parts of impedance as a function of the frequency.

process in which increased thermal energy enhances the
mobility of charge carriers. At lower frequencies, Z’ remains
minimal but rises as the frequency approaches w,, indicating
that static effects, such as interfacial charge buildup, dominate
in this region.” Beyond w,, Z" decreases with increasing
frequency and temperature, reflecting improved conductivity
due to enhanced carrier mobility. This trend aligns with the
thermally activated conduction mechanism inferred from real
impedance (Z') behavior. Moreover, the broadening of Z” peaks
with temperature implies a distribution of relaxation times,
likely stemming from the heterogeneous structure of the
(P(C4Hy)4)2[ZnBr,] compound, where both grain and grain
boundary contributions are significant. At high frequencies, Z”
approaches zero, suggesting minimal energy loss. This indi-
cates that at such high frequencies, the alternating electric field
changes too rapidly for the charge carriers to respond, leading
to negligible dielectric losses.

The theoretical values of the real part (Z') and the imaginary
part (—Z") of the complex impedance were respectively calcu-
lated using the following equations:

, R+ Qu® cos( )

7 = (6)

(r 00 eos(T)) + (o sin(F))
00" + Qo® sin )

(
(k" + 0o s(F)) "+ (o sin(5))

The excellent agreement between the experimental data and
the simulated curves, as presented in Fig. 9(a and b), confirms
that the proposed equivalent circuit effectively captures the
electrical behavior of the studied compound.

To evaluate the activation energies associated with the elec-
trical processes, the resistance values corresponding to the
grain boundaries were extracted. Fig. 10 shows the logarithmic
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variation of resistance as a function of inverse temperature. The
resulting plot indicates that this variation follows an Arrhenius-
type behavior:**

—E,

R =R, exp (K T) (8)
where R, represents the pre-exponential factor, E, is the acti-
vation energy, Ky is the Boltzmann constant, and T is the
absolute temperature. The calculated activation energy is E, =
0.55 eV for the grain boundary response. This value is compa-
rable to those reported for similar hybrid semiconductor
compounds previously described in the literature.*

3.5.2 Conductivity mechanism. To gain insight into the
electrical conduction mechanism, a thorough investigation of the
sample's AC conductivity was carried out. The real component of
the electrical conductivity was calculated based on the imped-
ance parameters (Z') and (Z”) using the following expression:*
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Fig. 10 Variation of In(R) versus 1000/T.
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where “e” and “s” are the thickness and area of the pellet,
respectively.

Fig. 11 illustrates how the alternating current conductivity
varies with angular frequency at different temperatures (303-
328 K) for (P(C4Ho)4):[ZnBr,). In the low-frequency region, the
curves appear nearly constant, indicating the dominance of
a temperature-dependent but frequency-independent DC
conductivity component.” As the frequency increases, the
conductivity values increase markedly, exhibiting pronounced
dispersion at higher frequencies, which can be linked to addi-
tional dynamic processes.

The frequency at which a noticeable change in conductivity
is observed is termed the “hopping frequency” (wp), and it shifts
to higher values as the temperature increases. This behavior can

View Article Online
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be explained by the jump relaxation model (JRM) proposed by
Funke,* which accounts for both the frequency-independent
DC conductivity and the frequency-dependent AC response.
According to this model, at low frequencies, ions have sufficient
time to hop to nearby vacant sites, enabling long-range trans-
lational motion that contributes to DC conductivity.

The overall behavior of electrical conductivity is well
described by Jonscher's power law, also referred to as the
universal dielectric response (UDR) model, among other
proposed conduction mechanisms:*°

‘T(WaT) = o'dC(T) + O'aC((J),T), (10)

Oac0,T) = A(T)(Jv(r)a (11)

where A represents a temperature-dependent parameter asso-
ciated with the material's polarizability, w denotes the angular
frequency, and s(7) is the frequency exponent that characterizes
the extent of interaction between the migrating ions and their
surrounding matrix. Typically, the exponent s(7) falls within the
range of 0 to 1.>°

As shown in Table S5, the fitted conductivity data indicate
that parameter A increases as temperature increases, implying
improved charge carrier mobility. Furthermore, the
temperature-dependent growth of DC conductivity (oq4c), illus-
trated in Fig. 12(a), supports the classification of the studied
compound as a semiconductor. To evaluate the activation
energy at low frequency (20 Hz), the variation of grain conduc-
tivity with temperature is analyzed by plotting In(oq. x T)
against the inverse temperature, as shown in Fig. 12(b).

The plot displays a linear region following Arrhenius-type
behavior, which can be described by the following equation:*”

_ Ea
4. X T = gge KsT,

(12)

The activation energy obtained from the linear fitting is E, =
0.53 eV. This value closely matches that derived from the
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(a) Temperature dependence of DC conductivity for the (P(C4Hg)4)2[ZNnBry] compound. (b) Plot of n (ogc x T) versus 1000/T.
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resistance parameter, suggesting that low-frequency conduc-
tivity is primarily governed by grain boundary effects.

To gain insight into the conduction mechanism within
(P(C4Ho)4)2[ZnBry], several theoretical models have been put
forward to explain the temperature-dependent behavior of the
exponent “s”. These include the correlated barrier hopping
(CBH), quantum mechanical tunneling (QMT), non-overlapping
small polaron tunneling (NSPT), and overlapping large polaron
tunneling (OLPT) models. Fig. 13 shows the temperature
dependence of the exponent s; as temperature rises, s decreases
until it reaches a minimum value. This behavior aligns with the
predictions of the correlated barrier hopping (CBH) model.
Additionally, when s < 1, it suggests that the conduction
mechanism is primarily governed by hopping, which arises
from the translational motion of charge carriers.>*
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3.5.3 Electrical capacitance and relaxation dynamics.
Capacitance measurements were performed over identical
angular frequency and temperature intervals. Fig. 14(a) presents
the temperature-dependent variation of capacitance C(w) for
the (P(C4Ho)4),[ZnBr,] compound. In the low-frequency domain
(w < 10" rad s™'), a significant temperature sensitivity is
observed, which is often accompanied by pronounced disper-
sion. This behavior is commonly attributed to charge and ion
accumulation at the electrode interfaces, likely resulting from
electrode polarization effects. Moreover, the nearly linear
capacitance response within the frequency range of
w < 10* rad s suggests a decrease in space charge density.
Previous findings®* indicate that an increase in capacitance with
increasing temperature is related to reduced bond strength.
Higher thermal energy enhances orientational vibrational
activity and weakens interatomic forces, thereby increasing the
material's polarizability and, consequently, its capacitance. At
higher frequencies (v > 10* rad s™'), the capacitance curve
reaches a plateau, indicating the diminished contribution of
space charge and polarization mechanisms. It is also important
to note that the separation between electrodes plays a crucial
role in influencing the dielectric behavior of the material.>

Complex electric modulus formalism offers an alternative
method for analyzing a material's electrical behavior. This
approach allows for the separation of various contributions,
such as electrode polarization, charge transport, and relaxation
processes, occurring within grains and across grain boundaries.
The complex electric modulus M*(w) is defined as the inverse of
the complex permittivity, expressed as follows:**

M*(w) = M'(w) + jM"(w). (13)

Fig. 14(Db) illustrates the frequency-dependent variations of
the imaginary component of the electric modulus for the
(P(C4Ho)4)2[ZnBr,] sample in the temperature range of 303-328
K. An examination of the plot reveals a distinct relaxation peak.
As the temperature increases, the position of the peak
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Fig. 14 Frequency dependence of the capacitance (a) and modulus (b) at various temperatures for the (P(C4Hg)4)2[ZnBrs] compound.
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maximum M” max shifts toward higher frequencies, accompa-
nied by peak broadening, which is an indication of the mate-
rial's ionic conducting nature.> The asymmetric shape of the
peak suggests a distribution of relaxation times, which is
characteristic of a non-Debye relaxation mechanism.* To
further analyze the relaxation behavior across different
temperatures, the imaginary component M” of the electric
modulus was fitted using an approximate frequency-dependent
expression of the Kohlrausch-Williams-Watts (KWW) function,
as formulated by Bergman as follows:**

M’ (w) _ A/[max(w)

]

For compound (P(C4Hy),),[ZnBr,], the § parameter remains
below 1 throughout the examined temperature range. An
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Fig. 16 Variation of In(t x T) versus 1000/T.
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upward trend in ¢ with increasing temperature suggests a non-
Debye-type conduction mechanism, as depicted in Fig. 15(a).
Meanwhile, Fig. 15(b) presents the variation in the relaxation
time (7) as a function of temperature. The presence of space
charge effects in (P(C4Ho)4)2[ZnBr,] is inferred from the micro-
second scale of 7, as space charges typically exhibit relaxation
times within this range. According to the literature, such space
charges arise due to the redistribution of charge carriers within
the crystal lattice. The observed decline in t with increasing
temperature suggests enhanced thermal delocalization of these
carriers in (P(C4Ho)4),[ZnBr,].*” This thermal activation implies
a transition from non-Debye to Debye-like relaxation behavior
at elevated temperatures.®®

Fig. 16 displays the plot of In(t x T) versus (1000/T), revealing
a trend that follows the Arrhenius law. Based on this analysis, the
calculated activation energy is 0.52 eV, which closely matches the
value derived from DC conductivity studies. This strong correla-
tion indicates that both the relaxation dynamics and the
conduction process share a common underlying mechanism.*

3.6. Dielectric study

The dielectric characteristics of a material represent a funda-
mental aspect of its physical description because they signifi-
cantly affect its response in electrical and electromagnetic
environments. These properties are closely associated with the
polarizability of the molecules that compose the material. Such
polarizability results from the combined action of several
polarization mechanisms, including ionic, electronic, orienta-
tional, and space-charge contributions, each playing a specific
role in determining the overall dielectric response of the
system.> The dielectric constant of a material can therefore be
expressed in its complex form as follows:*

e =g +ig, (15)
where ¢, denotes the material's capacity to store energy via
dipole orientation and ionic/electronic polarization and e¢;

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Dielectric loss (¢”) as a function of the frequency.

denotes energy losses due to resistive effects from charge
movement or dipole realignment.®*>

The variation of the imaginary part of the dielectric permit-
tivity (¢”) as a function of angular frequency over a temperature
range of 303-328 K is shown in Fig. 17

The behavior of the dielectric constant (¢,) is essential when
designing several electronic devices. These parameters define
the energy storing capacity when the material interacts with an
external electric field.®* As illustrated in this figure (Fig. 17), ¢’
increases with temperature and progressively decreases as the
frequency increases. In the low-frequency region, the dielectric
constant shows high values and a clear dispersive behavior.
This phenomenon is mainly attributed to space-charge polari-
zation caused by the accumulation of charge carriers at the
electrode-sample interface. At low frequencies, the charge
carriers have enough time to move and accumulate, which
increases polarization. However, as the frequency increases, the
electric field changes more rapidly, and the dipoles are no
longer able to follow these variations.®**> Consequently, the
contribution of this polarization decreases, leading to a reduc-
tion in both the dielectric constant and the dielectric loss.
Materials with high dielectric constants are of great interest for
electronic applications because they can store more electrical
energy and improve the performance of electronic devices.®

4 Conclusion

Slow evaporation at room temperature was used to successfully
create a new organic-inorganic hybrid, (P(C4Hs),),[ZnBr,].
Various characterization techniques were employed to investi-
gate the structural, vibrational, and electrical properties of the
compound. Single-crystal X-ray diffraction analysis reveals that
the compound crystallizes in the monoclinic system with the
P2,/c space group. Its structure comprises two crystallographi-
cally independent organic (P(C4Hs),)" cations and one type of
isolated [ZnBr,]>~ anion. Each tetrahedral [ZnBr,]”>~ anion is
surrounded by three tetrabutylphosphonium cations, forming
multiple C-H---Br contacts that reinforce the structural frame-
work. The molecular structure and vibrational properties

© 2026 The Author(s). Published by the Royal Society of Chemistry
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calculated at the DFT/B3LYP/LanL2DZ/6-311G(d,p) level of
theory are in excellent agreement with the experimental data.
This strong correspondence confirms the reliability of the
computational approach and allows an unambiguous assign-
ment of all observed IR and Raman vibrational modes in the
present work. Electrical investigations demonstrate that the
conductivity of (P(C4Hy),),[ZnBr,] is thermally activated and
follows Arrhenius behavior, with an activation energy (E,) of
0.53 eV. This temperature-dependent conduction mechanism
clearly confirms the semiconducting character of the material.
Moreover, the charge transport behavior was consistent with
the correlated barrier hopping (CBH) model, as evidenced by
the temperature-dependent variation of the frequency exponent
s. The asymmetric shape of the imaginary electric modulus
spectrum, well described by the Kohlrausch-Williams-Watts
model, further validates the non-Debye relaxation process. The
dielectric properties are useful for energy storage applications.
All the above electrical and dielectric properties of the (P(C,-
Hoy)4)2[ZnBr,] have potential use in the field of optoelectronic
and dielectric applications.
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