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perature phase transition of a new
chlorocadmate(II) complex incorporating
symmetrical Cd2Cl6 clusters: structural, optical and
electrical properties†

Hanen Elgahami, *a Abderrazek Oueslati, a Samia Nasr,b

Ferdinando Costantino c and Houcine Näıli *d

In the present investigation, a new hybrid crystal, with the formula [(C4H9)4P]2Cd2Cl6 has been synthesized

by the slow evaporation method at room temperature. It was characterized by X-ray diffraction (XRD),

Hirshfeld surface, differential scanning calorimetry (DSC), optical measurement and complex impedance.

Single crystal X-ray diffraction structural analysis revealed that the title compound crystallizes in the

triclinic system with space group P�1 and cell parameters: a = 11.972 (1) Å, b = 15.418 (1) Å, c = 15.426 (2)

Å, aa = 68.71 (2) °, b = 73.20 (3) ° and g = 74.39 (2)°. The Hirshfeld surface analysis was conducted to

investigate intermolecular interactions and associated 2D fingerprint plots, revealing quantitatively the

relative contribution of these interactions in the crystal cohesion. DSC studies indicated one phase

transition at about 348 K. Optical absorption spectra show that the band gap of [(C4H9)4P]2Cd2Cl6 is

approximately 2.65 eV. The Nyquist plot showed only one semicircular arc, representing the grain effect

in the electrical conduction. The thermal evolution of the conductivity of the grains presents an

Arrhenius type behavior, demonstrating that charge carriers have to overcome different energy barriers

while conducting and relaxing. Besides, the AC conductivity was analyzed by Jonscher's law and the

conduction mechanism is well ensured by the correlated barrier hopping (CBH) model.
1. Introduction

Organic/inorganic hybrid crystals have great importance due to
their fascinating structural diversities1 and potential applications
in eld-effect transistors,2,3 electroluminescent devices,4 photo-
voltaic cells,5 light-emitting diodes,6 Photodetectors,7 catalysis and
so forth.8 Among such materials, organic/inorganic hybrids of
perovskite-type (OIHP) with the general formula AxByXz, where A is
an organic cation, B is a metal and X is a halide have been widely
investigated for their promising application in solar energy
conversion.9 This is mainly attributed to their excellent properties
such as tunable band gaps,10 high charge carrier mobility,11 defect
tion and Optical Materials, Faculty of

171, Sfax 3000, Tunisia. E-mail:

King Khalid University, P.O. Box 9004,

chnologies, University of Perugia, Via Elce

tate, Department of Chemistry, Faculty of

000, Tunisia. E-mail: houcine.naili@fss.

ESI) available. CCDC 2247975. For ESI
other electronic format see DOI:

133
tolerance12 and low-temperature solution processability.13 In
recent years, single perovskite hybrids, especially CH3NH3PbI3
(MAPbI3), generated signicant interest in electronic and photonic
applications due to their special properties. Additionally, fabrica-
tion of this hybrid requires relatively low production costs
compared to inorganic oxide perovskites.14 The main advantage of
OIHP is the exibility of their structures. Unlike the parent oxide
perovskites with 3D structure, which are relatively rigid, OIHP
from the halide family can form structural units of different
architectures: isolated 0D, 1D chain, 2D layered and 3D elements.
Another class of hybrid materials are called double perovskites
with a chemical formula A2B2X6 (A= Cs or organic cations; X= Cl,
Br, or I), which can be regarded as derivatives of single perovskite
APbX3 but with Pb replaced by other metal cations.15–23 Neverthe-
less, most double perovskites which are predicted to have good
electronic properties, oen suffer from instability issues such as
phase separation or redox decomposition, e.g., Cs2InBiCl6 and
Cs2InSbCl6 (ref. 24) while double perovskites that can be synthe-
sized usually show large indirect band gaps.25–28 Despite this,
extensive research efforts are being made to search for novel
double perovskites with desired electronic properties and high
stability. In this context, the materials based on substituted
complex ammoniums with halogenated metals such as Hg, Cd,
Zn, Cu etc. exhibited highly interesting physical properties.29–33 For
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and structure refinement for [(C4H9)4P]2Cd2Cl6
crystal

Crystal data

Chemical formula C32H72P2Cd2Cl6
Molecular weight (g mol−1) 956.36
Crystal system Triclinic
Space group P�1
Temperature (K) 296
a, b, c (Å) 11.972(1), 15.418(1), 15.426(2)
a, b, g (°) 68.71(2), 73.20 (3), 74.39(2)
V (Å3) 2496.4
Z 2
Radiation type Mo Ka

m (mm−1) 1.25
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instance, the Cd(II) ion was chosen due to its adoption of a variety
of coordination numbers and geometries34–37 depending on the
crystal packing and ligands where the anionic sub-lattice of the
crystal may consist of one- dimensional chain, or a two- to three-
dimensional anionic framework.38,39 Therefore, the coordination
chemistry of Cd(II) ions with such ligands is of interest. A very good
example is the zero-dimensional (0D) compound of (Ph4P)2Cd2Br6
(ref. 40). Following this route, we synthesized a new organic–
inorganic [(C4H9)4P]2Cd2Cl6 hybrid by slow evaporation method.
The obtained phase was characterized by XRD, Hirshfeld surface
analysis, thermal analysis using differential scanning calorimetry
(DSC), optical properties by UV-visible spectroscopy and electrical
properties are determinedwith Complex Impedance Spectroscopy.
Crystal size (mm) 0.32 × 0.27 × 0.23
No. of measured, independent
and observed [I > 2s(I)] reections

78 565, 9776, 5121

Rint 0.061
Dcal (Mg m−3) 1.272
R [F2 > 2s(F2)], wR(F2), S 0.06, 0.218, 1.15
No. of reections 9776
No. of parameters 388
Range of h k l h = − 15 / 15

k = − 18 / 19
l = − 19 / 19

q range for data collection (°) 1.4–12.8
Drmax, Drmin (e Å−3) 0.63, − 0.59
2. Experimental section
2.1. Synthesis of [(C4H9)4P]2Cd2Cl6

The crystals of [(C4H9)4P]2Cd2Cl6 compound were synthesized
starting from [(C4H9)4P]Cl and CdCl2 precursors which were
weighed in the stoichiometric proportion 2 : 2 and were dis-
solved in aqueous solution, under constant stirring, forming
a colorless solution, according to the below equation. The
mixture has been slowly evaporated at ambient temperature.
Aer a few days, colorless crystals of [(C4H9)4P]2Cd2Cl6,
appeared at the bottom of the Petri dish.
2.2. Single-crystal structure determination

A single crystal of bis(tetrabutylphosphonium) hexa-
chlorodicadmate with dimensions of ca. 0.32 × 0.27 × 0.23 mm
was selected and used for the single crystal diffraction experi-
ment. Data-sets of [(C4H9)4P]2Cd2Cl6 compound were collected
using a Bruker APEX-II Quazar diffractometer (4 circle Kappa
goniometer) equipped with a CCD detector (Mo-Ka radiation, l=
0.71073 Å) at 296 K. The empirical absorption correction was
based by multi-scan method implemented in SADABS.41 The
structure solutions were obtained by direct methods, developed
by successive difference Fourier synthesis and rened by full-
matrix least-squares on all jFj2 data using SHELX program42

suite in WinGX soware package.43 The crystal structure was
solved in the triclinic system with P�1 space group and Z = 2. All
non-hydrogen atoms positions have been rened anisotropically
whereas hydrogen atoms of the organic molecules have been
geometrically constrained (HFIX options). The pertinent experi-
mental details of the structure determination of the new
compound are presented in Table 1. The interatomic distances
and angles are listed in Tables 2 and 3. Figures of molecular
structure were prepared using the graphical programDiamond.44
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.3. Hirshfeld surface

The Molecular Hirshfeld surfaces have been dened as the
volume of space where molecule electron density exceeds that
from all neighboring molecules45,46 and generated by means of
the Crystal Explorer package using the CIF le format.47 For
each point on the iso-surface two different types of distances are
dened: one is de which is the distance to the nearest atoms
outside and di, which is the distance to the nearest nucleus
inside the surface, are readily dened. The normalized contact
distance (dnorm) based on both de and di was given by the
following equation:

dnorm ¼ di � rvdwi

rvdwi

þ de � rvdwe

rvdwe

(1)

with rivdw and revdw are the van der Waals radii of the atoms.
The value of dnorm was displayed using a red–white–blue

color scheme corresponding to negative values (red regions) for
shorter contacts, zero (white regions) for contacts around the
van der Waals separation and positive (blue regions) for longer
contacts. In addition, the combination of de and di in the form
RSC Adv., 2023, 13, 26122–26133 | 26123
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Table 2 Bond lengths (Å) and angles (°) of [Cd2Cl6]
2−a

Lengths (Å) Angles (°)

Cd1–Cl3 2.380 (2) Cl3–Cd1–Cl2 116.59 (8)
Cd1–Cl2 2.385 (2) Cl3–Cd1–Cl1 112.66 (9)
Cd1–Cl1 2.518 (2) Cl2–Cd1–Cl1 110.99 (9)
Cd1–Cl1i 2.520 (2) Cl3–Cd1–Cl1i 111.06 (9)
Cd2–Cl6 2.386 (2) Cl2–Cd1–Cl1i 112.06 (8)
Cd2–Cl5 2.391 (2) Cl1–Cd1–Cl1i 90.61 (6)
Cd2–Cl4i 2.511 (3) Cl6–Cd2–Cl5 116.17 (8)
Cd2– Cl4ii 2.524 (3) Cl6–Cd2–Cl4 111.72 (1)

Cl5–Cd2–Cl4 113.84 (1)
Cl6–Cd2–Cl4ii 110.83 (1)
Cl5–Cd2–Cl4ii 111.33 (1)
Cl4–Cd2–Cl4ii 90.04 (9)
Cd1–Cl1–Cd1i 89.39 (6)
Cd2–Cl4–Cd2ii 89.97 (9)

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

Table 3 Bond lengths (Å) and angles (°) of [(C4H9)4P]
+

Lengths (Å) Angles (°)

P1–C1 1.78 (1) C1–P1–C5 113.5 (5)
P1–C5 1.78 (9) C1–P1–C13 110.0 (5)
P1–C13 1.81 (1) C5–P1–C13 103.2 (5)
P1–C9 1.80 (1) C1–P1–C9 105.9 (5)
P2–C25 1.78 (1) C13–P1–C9 114.6 (6)
P2–C21 1.78 (1) C25–P2–C21 111.5 (6)
P2–C17 1.78 (1) C25–P2–C17 105.7 (7)
P2–C29 1.79 (1) C21–P2–C17 108.4 (7)
C5–C6 1.44 (1) C25–P2–C29 106.6 (6)
C9–C10 1.51 (2) C21–P2–C29 111.0 (6)
C21–C22 1.44 (2) C17–P2–C29 113.5 (7)
C1–C2 1.51 (2) C6–C5–P1 115.1 (7)
C29–C30 1.47 (2) C10–C9–P1 114.0 (8)
C25–C26 1.54 (2) C22–C21–P2 114.9 (1)
C6–C7 1.57 (2) C2–C1–P1 113.9 (8)
C17–C18 1.35 (2) C30–C29–P2 118.0 (1)
C22–C23 1.51 (2) C26–C25–P2 115.5 (8)
C2–C3 1.45 (2) C5–C6–C7 115.5 (8)
C10–C11 1.46 (2) C5–C6–C7 112.9 (1)
C26–C27 1.52 (2) C18–C17–P2 121.1 (1)
C13–C14 1.38 (2) C21–C22–C23 117.9 (2)
C3–C4 1.41 (2) C3–C2–C1 117.9 (2)
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of a 2D ngerprint plot presents the proportions of these
intermolecular interactions.48
C7–C8 1.48 (3) C11–C10–C9 113.6 (1)
C14–C15 1.77 (3) C27–C26–C25 113.3 (1)
C27–C28 1.31 (3) C14–C13–P1 120.0 (1)
C30–C31 1.60 (3) C4–C3–C2 116.8 (2)
C16–C15 1.32 (2) C8–C7–C6 114.8 (2)
C31–C32 1.27 (2) C17–C18–C19 116.4 (2)
C23–C24 1.30 (2) C20–C19–C18 112 (2)
C18–C19 1.53 (2) C12–C11–C10 109.2 (2)
2.4. Thermal analysis

DSC measurement was performed using PerkinElmer DSC 4000
calorimeter, under the following conditions: sample weight ca.
12 mg with the nitrogen gas (N2) at 20.0 ml min−1 in the
temperature range of 300 to 440 K.
C19–C20 1.43 (3) C13–C14–C15 110.9 (1)
C11–C12 1.48 (3) C28–C27–C26 121 (3)

C29–C30–C31 109.4 (2)
C32–C31–C30 99 (2)
C24–C23–C22 131 (3)
C16–C15–C14 97 (3)
2.5. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) measurements at 300 K and
370 K were performed on a BRUKER D8 ADVANCE diffractom-
eter, equipped with an LYNXEYE XE-T detector and using a Cu-
Ka radiation source. The long ne focus (LFF) ceramic tube
operated at 40 kV and 40 mA. The calculated PXRD patterns
were generated by PLATON49 and FOX50 programs for 300 and
370 K, respectively.
2.6. Optical observations

Optical observations were taken on powder at room tempera-
ture using a Shimadzu (UV 3101 PC) UV-vis-NIR scanning
spectrophotometer with a wavelength radiation varying from
200 to 800 nm to determine the band-gap energy of the title
compound. The apparatus lets the measure of the absorbance
and the reectance by the external mode employing an inte-
grating sphere and a xenon lamp and BaSO4 powder to register
the reference signal.
2.7. Electrical studies

Electrical measurements of the [(C4H9)4P]2Cd2Cl6 material were
performed using a Solartron 1260 impedance analyzer. Silver
lms were placed on two opposite parallel faces of the pellet.
Therefore, a conguration of a plate capacitor was obtained.
The measurements were carried out over a wide range of
frequency [40–106 Hz] and temperature [313–368 K].
26124 | RSC Adv., 2023, 13, 26122–26133
3. Results and discussion
3.1. Description of the crystal structure

The structural study of [(C4H9)4P]2Cd2Cl6 compound showed
that the asymmetric unit contains two tetrabutylphosphonium
cations [(C4H9)4P]

+ and two halfs [Cd2Cl6]
2− anion (Fig. 1). The

projection of the atomic arrangement of bis(te-
trabutylphosphonium)hexachlorodicadmate along the c-axis
reveals that the inorganic entities [Cd2Cl6]

2− are placed in
cavities formed by pairs of [(C4H9)4P]

+, where each anion is
formed by two [CdCl4]

2− tetrahedra sharing one common edge,
which lead to the Cd2Cl6 clusters (Fig. 2). This structure
exhibits similarities to analogous compounds such as [(C3-
H7)4P]2Cd2Br6 (ref. 51) and [N(C3H7)4]2Cd2Cl6.52 All are
centrosymmetric with P�1 space group. Apart the electrostatic
interactions, extensive bonds of C–H/Cl type play a key role to
maintain the cohesion between the different organic and
inoganic entities which forming a three-dimensional supra-
molecular network (Fig. 3).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The asymmetric unit of [(C4H9)4P]2Cd2Cl6.

Fig. 2 Projection of the atomic arrangement of [(C4H9)4P]2Cd2Cl6 in the (a, b) plane.
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3.2. Hirshfeld surface analysis

In the present paper, we studied Hirshfeld surfaces in order to
identify intermolecular interactions and the environments of
the components in the unit cell. The dnorm and 2D ngerprint
plots mapped on Hirshfeld surface are shown in Fig. 4. The
two-dimensional ngerprint plot reveals that the H/H and
Cl/H/H/Cl intermolecular interactions were the most abun-
dant in the crystal packing (56.0% and 42.6%, respectively)
© 2023 The Author(s). Published by the Royal Society of Chemistry
which indicated that van der Waals forces exert an important
inuence on the stabilization of the packing in the crystal
structure. Other intercontacts; Cd/H/H/Cd are less contrib-
uted to the Hirshfeld surfaces (1.4%).

3.3. Thermal characterization

The thermal changes of materials include different phenomena
like crystallization, melting, glass transition, etc., which can be
RSC Adv., 2023, 13, 26122–26133 | 26125
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Fig. 3 Crystal packing of the title compound. Dashed lines indicate C/H–Cl bonds.
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studied with the differential scanning calorimetry under a ux
of an inert gas (argon, nitrogen), in order to avoid the reaction
of the material with the atmosphere. Fig. 5 shows the DSC runs
for [(C4H9)4P]2Cd2Cl6 compound in the heating temperature
range [300–440 K]. The obtained thermogram clearly reveals the
existence of only endothermic peak located around 348 K,
which can be attributed to a phase transition. The obtained
enthalpy and entropy of the phase transition are equal to
13.5278 J g−1 and 0.0388 J g−1 K−1, respectively. This phase
transition is comparable to that observed in [ (C4H9)4 P]SbCl4.53
3.4. X-ray powder diffraction studies

Fig. S1† shows the thermal evolution of the PXRD patterns of
[(C4H9)4P]2Cd2Cl6 at 300 K and 370 K, respectively. The PXRD
pattern collected above 348 K is completely different from that
below this temperature. This change is attributed to the rst
order structural phase transition detected by DSC. It should be
noted that the calculated PXRD patterns for 300 and 370 K are
identical to those determined experimentally (Fig. S1†). This
result is in agreement with a monophasic crystalline powder
whether before or aer the detected transition.
3.5. Optical properties

The absorption spectrum of the studied compoundmeasured at
room temperature is given in Fig. 6. The UV absorption spec-
trum of [(C4H9)4P]2Cd2Cl6 shows two strong absorptions in the
region between 200 to 350 nm, and no obvious absorption from
350 to 800 nm (see Fig. 6), suggesting that the material has
a wide transparent region. The rst peak is attributed to the
excitation of free electron hole pairs within the [Cd2Cl6]

2−

inorganic anion, which is very similar to others organic–
26126 | RSC Adv., 2023, 13, 26122–26133
inorganic hybrid compounds.54,55 Under excitation, an electron
is excited from the valence band (VB) to the conduction band
(CB), leaving a hole in the VB The electron's transition back to
the ground, which is the recombination of the electron and
hole, yields an absorption band centered at 348 nm. The optical
band gap (Eg) for bis(tetrabutylphosphonium) hexa-
chlorodicadmate can be determined by extrapolation from the
absorption edge which is given by the following equation.56

(F(R)hy)n = A(hy − Eg) (2)

where R is the absolute reectance of the sample, A is a constant
that depends on the energy, hy is the energy of the incident
photon and n is the constant that takes different values
depending on the type of the electronic transition. The band gap
of this material is approximately 2.65 eV (see Fig. 6) which indi-
cates its semi-conducting behavior. This optical band gap value is
similar to those of [(C4H9)4P]SbCl4 (ref. 53) and (C5H8N3)2[BiCl5]57

molecular crystals which are a good semiconductors.
3.6. Electrical properties

3.6.1. Nyquist plots. The Nyquist plots (−Z′′ vs. Z′) of the title
compound at some temperatures was shown in Fig. 7. These
plots prove that there are typical semi-circles, whose center lies
below the abscise axis and which become clearly smaller as the
temperature increases; this indicates a non-Debye type of relax-
ation.58 These curves were tted using the Z-view soware. The
best t is obtainedwhen employing an equivalent circuit consists
of a parallel contribution of grain resistance (R1) and constant
phase element (CPE1) (insert in Fig. 7).

The frequency dependence of Z′′ and Z′ at some temperatures
for [(C4H9)4P]2Cd2Cl6 sample are presented in Fig. 8. The good
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Hirshfeld surfaces of [(C4H9)4P]2Cd2Cl6: dnorm and the two-dimensional fingerprint plots.
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conformity of the calculated lines with experimental indicates
that the suggested equivalent circuit describes the crystal elec-
trolyte interface reasonably well.
© 2023 The Author(s). Published by the Royal Society of Chemistry
We clearly observe that the amplitude of the real parts Z′,
here represents the electrical resistance, decreases with
increase in frequency and temperature. This phenomenon
RSC Adv., 2023, 13, 26122–26133 | 26127
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Fig. 5 Differential scanning calorimetry of [(C4H9)4P]2Cd2Cl6.

Fig. 6 UV-vis diffuse reflectance spectroscopy plots for bis(te-
trabutylphosphonium) hexachlorodicadmate(II).

Fig. 7 Complex impedance spectra at some temperatures with
equivalent circuit.

Fig. 8 The frequency dependence of Z′ (a) and Z′′ (b) at different
temperatures for [(C4H9)4P]2Cd2Cl6 crystal.
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involves the negative temperature coefficient of resistance
(NTCR) in [(C4H9)4P]2Cd2Cl6 compound. At higher frequencies,
the Z′ values for all temperatures move towards the same point,
suggesting a probable release of space charge and consequence
lower energy barrier properties.59

Analyzing the variation of Z′′ with the angular frequency one
can observe the appearance of a single peaks at a particular
frequency, a decrease in the height of the peaks with the
increase of the temperature. Further, we have noticed a peak
broadening with decreasing of the value of Z00

max which suggests
an increasing loss in the resistive properties of the sample.60

The relaxation peak shis to high frequency regions indicating
the accumulation of space charge in the material. Similar type
of behavior is also observed in other studied material.61

3.6.2. Conductivity study. The variation of Alternating
Current conductivity (AC conductivity: sAC) depending on the
angular frequency at various temperatures of [(C4H9)4P]2Cd2Cl6
was described in Fig. 9. It is obvious from this gure that each
26128 | RSC Adv., 2023, 13, 26122–26133
curve constitutes a frequency-independent domain next to
a dispersive region; the former represents the Direct Current
conductivity (DC conductivity: sDC) whereas the latter refers to
alternating conductivity denoted as sAC. The conductivity of this
compound responds to the frequency in two different ways
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Frequency dependence of AC conductivity at various
temperatures.

Fig. 10 Thermal variation of exponent “S” and “1-S” for
[(C4H9)4P]2Cd2Cl6.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

8:
52

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
depending on the temperature. The nature of AC conductivity
with frequency shows that it follows universal Johnscher's
power law, given by the following equation:

sAC = sDC + AuS (3)

where A is a constant, u is the angular frequency and S is an
exponent expressing the degree of interaction between the
mobile charge and its surrounding.62

Fig. S2† shows the thermal evolution of the conductivity as
a function of (1000/T) in the title compound. The phase tran-
sition observed in the calorimetric study is conrmed by
a change of the slope around 348 K. Two regions are observed in
the ranges from 313 to 338 K and from 343 to 368 K, indicating
an Arrhenius-type behavior.63

sT ¼ A exp

�
� Ea

KBT

�
(4)

where A is the pre-exponential factor, Ea is the activation energy
and kB is the Boltzmann's constant. The obtained activation
energies ranged from 0.8 to 0.5 eV in region (I) [313–338 K] and
region (II) [343–368 K], respectively.

In this material, the dominant conduction mechanism
according to which sAC occurs will be discussed in this part.
Thermal variation of exponent S and 1-S are reported in Fig. 10.

It is found that S decreases with the increasing of tempera-
ture. Comparing this result with those of [(C3H7)4P]2Cd2Br6 (ref.
51) and [(C4H9)4 P]SbCl4 (ref. 53) compounds it can be
concluded that the correlated barrier hopping (CBH) model is
also the most probable conduction mechanism for this
compound.64

In the CBHmodel, the exponent S is dened by the following
expression:65

S ¼ 1�
�
6kBT

WM

�
(5)

where WM is the maximum barrier height, the value of WM ob-
tained from the linear t of the straight line 1-S as function of
© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature (Fig. 10) is equal to 0.47 eV and 0.20 eV in regions
(I) and (II), respectively. These values are approximately a half of

the activation energies
�
WM � Ea

2

�
for both regions. Generally,

if WM ¼ Ea

2
, the bipolaron hopping is the dominating conduc-

tion mechanism and if WM ¼ Ea

4
, the single polaron is domi-

nating,66 which can suggest that the bipolaron hopping is the
dominating conduction mechanism in the title compound.

In order to verify the validity of the CBH model on this
material, the experimental curves of ln(sAC) versus (1000/T) for
the following frequencies 106 Hz, 5.01 105 Hz and 40 Hz; have
been tted using eqn (6). Fig. S3† clearly shows that the theo-
retical calculations of the conductivity at different frequencies
match up well with the experimental data.

sAC ¼ np3NNp303
0
uRu

6

24
(6)

n is the number of polarons involved in the hopping process, N
is the density of localized states where carriers exist, Np is the
density of localized states where the carriers hop, 30 is the
dielectric constant of the free space and 3′ dielectric constant of
the material. By comparing with similar compounds, we can
deduce that the conductivity in this sample is ensured by the
contribution of the movements of cationic and anionic parts.67

3.6.3. Modulus analysis. We have also investigated the
electrical modulus to study the relaxation mechanism in hybrid
material [(C4H9)4P]2Cd2Cl6. Fig. 11 illustrated the variation of
imaginary part of electric modulus M′′ with frequency at
different temperatures. The graph shows a well-dened
maximum ðM 00

maxÞ with a characteristic relaxation rate. The
modulus peaks shi towards higher frequency side on
increasing temperature, which indicates a correlation between
the motions of mobile charge carriers in the sample. Indeed,
the frequency region below the peak M 00

max determines the
range in which the charge carriers are mobile on long distances.
However, the frequency regions above peak M 00

max determine
RSC Adv., 2023, 13, 26122–26133 | 26129
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Fig. 11 Imaginary part of modulus as a function of frequency at
different temperatures.

Fig. 12 Frequency dependence of 3′ (a) and 3′′ (b) at some
temperatures.
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the range in which the carriers are conned to potential wells,
being mobile on short distances.

The imaginary part of the modulus has been simulated with
eqn (7) proposed by Bregman.68

M 00 ¼ M 00
max

1� b þ
�

b

1þ b

�"
b
�umax

u

�
þ
�

u

umax

�b
# (7)

where M 00
max and umax are the peak maximum and the peak

angular frequency of the imaginary part of the modulus,
respectively and b is exponent. The value of b is positioned in
the range 0 < b < 1, which represents the deviation from the
linear exponential.

The temperature dependence of b parameter extracted by
tting the curves of M′′ is shown in Fig. S4.† In this gure, we
observed that b increases linearly with increasing temperature
and shows two regions with a change in the slope around 348 K
in accordance with the temperature of phase transition deter-
mined by DSC measurement. Furthermore, at low temperature,
the small values of b indicated that the coupling between charge
carriers is more extended in this region. While, at high
temperature, the greatest values of b are due to low interaction
between the charges carriers which can be due to the increases
of the distances between charge carries below the phase
transition.69

3.6.4. Dielectric studies. The frequency dependence of the
real 3′ and imaginary 3′′ parts of the dielectric permittivity for the
studied material at different temperatures was described in
Fig. 12a and b. These gures showed that the dielectric constant
values (3′ and 3′′) decreased with increasing frequencies. There
is a sharp rise in the dielectric constant at low frequency and the
shape of the rise changes with the temperature, due to the
conducting ion motion. The high value of the dielectric
constant reects the effect of the space charge polarization and
the conducting ionic motion. The high value of the dielectric
constant at low frequency and the low value of this constant at
high frequency indicate a large dielectric dispersion due to the
Maxwell–Wagner type interfacial polarization.70
26130 | RSC Adv., 2023, 13, 26122–26133
4. Conclusion

In conclusion, a new organic-inorganic hybrid material [(C4-
H9)4P]2Cd2Cl6 has been successfully synthesized through
simple slow evaporation method at 296 K. The single crystal
diffraction shows that this sample crystallizes at room
temperature in the triclinic system with P�1 centrosymmetric
space group. The asymmetric unit of this crystal revealed two
tetrabutylphosphonium cations [(C4H9)4P]

+ and two halfs of
[Cd2Cl6]

2− anion, whose crystal structure is stabilized by elec-
trostatic interactions and C–H/Cl bonds type. Hirshfeld surface
ngerprint plots showed different types of intermolecular
interactions including hydrogen bonding. The DSC measure-
ment indicated the presence of one endothermic peak at 348 K
which is attributed to a phase transition. The optical properties
showed that the title compound has a semi-conducting char-
acter for which the gap energy is 2.65 eV. Furthermore, the
Nyquist plots exhibit a non-Debye relaxation behavior. The AC
conductivity, found to obey the universal power law S. The
decrease of the frequency exponent S with temperature sug-
gested that the correlated barrier hopping (CBH) model is the
probable mechanism for electrical transport phenomenon.
Besides, the high values of the dielectric constant (3′ and 3′′) at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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low frequency are explained using the Maxwell–Wagner polari-
zation model.
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8 A. Corma, U. D́ıaz, T. Garćıa, G. Sastre and A. Velty,
Multifunctional Hybrid Organic-Inorganic Catalytic
Materials with a Hierarchical System of Well-Dened
Micro- and Mesopores, J. Am. Chem. Soc., 2010, 132, 15011–
15021.

9 S.-A. Veldhuis, P. P. Boix, N. Yantara, M. Li, T. C. Sum,
N. Mathews and S. G. Mhaisalkar, Perovskite Materials for
Light-Emitting Diodes and Lasers, Adv. Mater., 2016, 28,
6804–6834.

10 S.-D. Wolf, J. Holovsky, S.-J. Moon, P. Löper, B. Niesen,
M. Ledinsky, F.-J. Haug, J.-H. Yum and C. Ballif,
Organometallic Halide Perovskites: Sharp Optical
Absorption Edge and Its Relation to Photovoltaic
Performance, J. Phys. Chem. Lett., 2014, 5, 1035–1039.
© 2023 The Author(s). Published by the Royal Society of Chemistry
11 C. Wehrenfennig, G. E. Eperon, M. B. Johnston, H. J. Snaith
and L. M. Herz, High Charge Carrier Mobilities and
Lifetimes in Organolead Trihalide Perovskites, Adv. Mater.,
2014, 26, 1584–1589.

12 A. Walsh, D. O. Scanlon, S. Chen, X. G. Gong and S. -H. Wei,
Self-Regulation Mechanism for Charged Point Defects in
Hybrid Halide Perovskites, Angew. Chem., Int. Ed., 2015, 54,
1791–1794.

13 A.-T. Barrows, A.-J. Pearson, C. K. Kwak, A. D. F. Dunbar,
A. R. Buckley and D. G. Lidzey, Efficient planar
heterojunction mixed-halide perovskite solar cells
deposited via spray-deposition, Energy Environ. Sci., 2014,
7, 2944–2950.

14 X. Lin, D. Cui, X. Luo, C. Zhang, Q. Han, Y. Wang and L. Han,
Efficiency progress of inverted perovskite solar cells, Energy
Environ. Sci., 2020, 13, 3823–3847.

15 M.-R. Filip, S. Hillman, A. A. Haghighirad, H. J. Snaith and
F. Giustino, Band Gaps of the Lead-Free Halide Double
Perovskites Cs2BiAgCl6 and Cs2BiAgBr6 from Theory and
Experiment, J. Phys. Chem. Lett., 2016, 7, 2579–2585.

16 E.-T. McClure, M. R. Ball, W. Windl and P. M. Woodward,
Cs2AgBiX6 (X = Br, Cl): New Visible Light Absorbing, Lead-
Free Halide Perovskite Semiconductors, Chem. Mater.,
2016, 28, 1348–1354.

17 A. H. Slavney, T. H. Aaron, M. Lindenberg and
H. I. Karunadasa, A Bismuth-Halide Double Perovskite
with Long Carrier Recombination Lifetime for Photovoltaic
Applications, J. Am. Chem. Soc., 2016, 138, 2138–2141.

18 F. Wei, Z. Deng, S. Sun, F. Xie, G. Kieslich, D. M. Evans, M. l
A. Carpenter, P. D. Bristowe and A. K. Cheetham, The
synthesis, structure and electronic properties of a lead-free
hybrid inorganic–organic double perovskite (MA)2KBiCl6
(MA = methylammonium), Mater. Horiz., 2016, 3, 328–332.

19 X.-G. Zhao, J.-H. Yang, Y. Fu, D. Yang, Q. Xu, L. Yu, S.-H. Wei
and L. Zhang, Design of Lead-Free Inorganic Halide
Perovskites for Solar Cells via Cation-Transmutation, J. Am.
Chem. Soc., 2017, 139, 2630–2638.

20 X.-G. Zhao, D. Yang, Y. Sun, T. Li, L. Zhang, L. Yu and
A. Zunger, Cu–In Halide Perovskite Solar Absorbers, J. Am.
Chem. Soc., 2017, 139, 6718–6725.

21 T. Nakajima and K. Sawada, Discovery of Pb-Free Perovskite
Solar Cells via High-Throughput Simulation on the K
Computer, J. Phys. Chem. Lett., 2017, 8, 4826–4831.

22 N. Saito, D. Nishiyama, Y. Matsushita, Y. Wada, S. Cordier,
T. Ohsawa, F. Grasset and N. Ohashi, Reentrant structural
and optical properties of organic–inorganic hybrid metal
cluster compound ((n-C4H9)4N)2[Mo6Br

i
8Br

a
6],

CrystEngComm, 2022, 24, 465–470.
23 M. Wilmet, C. Lebastard, F. Sciortino, C. C-Zerbino,

L. MacAleese, F. Chirot, Ph. Dugourd, F. Grasset,
Y. Matsushita, T. Uchikoshi, K. Ariga, P. Lemoine,
A. Renaud, K. Costuas and S. Cordier, Revisiting properties
of edge-bridged bromide tantalum clusters in the solid-
state, in solution and vice versa: an intertwined
experimental and modelling approach, Dalton Trans., 2021,
50, 8002–8016.
RSC Adv., 2023, 13, 26122–26133 | 26131

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04289h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

8:
52

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
24 Z. Xiao, K.-Z. Du, W. Meng, J. Wang, D. B. Mitzi and Y. Yan,
Intrinsic Instability of Cs2In(I)M(III)X6 (M = Bi, Sb; X =

Halogen) Double Perovskites: A Combined Density
Functional Theory and Experimental Study, J. Am. Chem.
Soc., 2017, 139, 6054–6057.

25 J. Leveillee, G. Volonakis and F. Giustino, Phonon-Limited
Mobility and Electron–Phonon Coupling in Lead-Free
Halide Double Perovskites, J. Phys. Chem. Lett., 2021, 12,
4474–4482.

26 M. R. Filip and F. Giustino, Computational Screening of
Homovalent Lead Substitution in Organic–Inorganic
Halide Perovskites, J. Phys. Chem. C, 2016, 120, 166–173.

27 R. J. Sutton, M. R. Filip, A. A. Haghighirad, N. Sakai,
B. Wenger, F. Giustino and H. J. Snaith, Cubic or
Orthorhombic? Revealing the Crystal Structure of
Metastable Black-Phase CsPbI3 by Theory and Experiment,
ACS Energy Lett., 2018, 3, 1787–1794.

28 G. Volonakis, M. R. Filip, A. A. Haghighirad, N. Sakai,
B. Wenger, H. J. Snaith and F. Giustino, Lead-Free Halide
Double Perovskites via Heterovalent Substitution of Noble
Metals, J. Phys. Chem. Lett., 2016, 7, 1254–1259.

29 V. d. Z. Bermudez, L. D. Carlos, M. C. Duarte, M. M. Silva,
C. J. Silva, M. J. Smith, M. Assuncao and L. Alcacer, A
novel class of luminescent polymers obtained by the sol–
gel approach, J. Alloys Compd., 1998, 275–277, 21–26.

30 L. D. Carlos, R. A. S. Ferreira, V. d. Z. Bermudez and
S. J. L. Ribeiro, Full-Color Phosphors from Amine-
Functionalized Crosslinked Hybrids Lacking Metal
Activator Ions, Adv. Funct. Mater., 2001, 2, 111–115.

31 Y. Kato, D. Ichii, K. Ohashi, H. Kunugita, K. Ema, K. Tanaka,
T. Takahashi and T. Kondo, Extremely large binding energy
of biexcitons in an organic–inorganic quantum-well material
(C4H9NH3)2PbBr4, Solid State Commun., 2003, 128, 15–18.

32 A. E. Korashy and M. G. BriK, Crystal growth, spectroscopic
and crystal eld studies of [N(CH3)4]2MnCl4 and
[N(CH3)4]2CoCl4 single crystals in the paraelectric phase,
Solid State Commun., 2005, 135, 298–303.

33 A. Ben Rhaiem, F. Hlel, K. Guidara and M. Gargouri,
Dielectric relaxation and ionic conductivity studies of
[N(CH3)4]2Cu0.5Zn0.5Cl4, J. Alloys Compd., 2008, 463, 440–
445.

34 A. B. Corradi, A. M. Ferrari and G. C. Pellacani, Organic-
inorganic composite materials: structural archetypes of
linear polymeric chlorocadmates (II), Inorg. Chim. Acta,
1998, 272, 252–260.

35 F. Neve, O. Francescangeli and A. Crispini, Crystal
architecture and mesophase structure of long-chain N-
alkylpyridinium tetrachlorometallates, Inorg. Chim. Acta,
2002, 338, 51–58.

36 S. Kuriyama, Y. Inomata, Y. Arai and F. S. Howell,
Characterization and crystal structure of cadmium (II)
halide complexes with amino acids and their derivatives:
VII. Crystal structures of aquadibromo (3-aminopropanoic
acid) cadmium (II), dichloro (4-aminobutanoic acid)
cadmium (II), diaquabis (aminohexanoic acid)
cadmium(II) tetrachlorocadmium(II), and dibromo
26132 | RSC Adv., 2023, 13, 26122–26133
(azetidine-3-carboxylic acid) cadmium (II), J. Inorg.
Biochem., 2006, 100, 1299–1307.

37 A. Lamhamdi, E. Mejdoubi, K. Fejfarova, M. Dušek and B. El
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