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Hybrid materials play a crucial role in the construction of flexible electronic devices due to the advantages of
both organic and inorganic components. To this end, a new hybrid compound (CgHgN2)2[Sb,Clg] was
successfully fabricated using the slow evaporation solution growth approach at room temperature. In-
depth research has been done on the structural, optical, and dielectric characteristics. This compound
adopts the triclinic symmetry and crystallizes in the centrosymmetric space group P1. The inorganic and
organic components respectively form anionic and cationic layers parallel to the ac-plane and alternate
along the crystallographic b-axis. The [Sb.Clg]>~ dimeric units are bound to the 2-amino-5-picolinium
cations [(CgHgNR)I* through N-H---Cl hydrogen bonds. Optical absorption measurements showed
a semiconductor behavior with a band gap of approximately 3.57 eV. In addition, DFT calculations were
performed to investigate the absorption spectrum, wavelength, and HOMO-LUMO gap. The analysis of

complex impedance spectra shows that the electrical conductivity of the sample is strongly frequency
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Accepted 16th January 2024 and temperature dependent, indicating a relaxation phenomenon and semiconductor-type behavior.

Dielectric data obtained from complex impedance spectroscopy and ac conductivity with the use of the

DOI: 10.1039/d3ra08885e Maxwell-Wagner equivalent circuit model, and the universal power law have been investigated to
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1. Introduction

To fulfil the growing need for optoelectronic devices including
light-emitting diodes, photovoltaics, flat-panel displays, and
photodetectors, numerous crystalline and amorphous inor-
ganic materials based on functional metal oxides are being
researched for usage as insulators, semiconductors, and
conductors.”” Although these inorganic materials have been
widely employed in optoelectronic applications, their existing
stiffness cannot meet the industry's rising expectations.** To
support the fourth industrial revolution, which, among other
things, aims to automate manufacturing and industrial
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explore the basic components of the electronic transport and relaxation process in our material.

practices using modern smart technology, recent trends in
research and development are focused on flexible and/or
stretchable electronic materials and allied processes to meet
the demand for shape-conformable and wearable devices.>®
Electronic skins, wearable smart devices, and flexible and/or
rollable screens and batteries are becoming more prevalent’.
As a result, next-generation electronics are shifting to shape-
conformable, low-cost, large-area production using flexible or
stretchable materials. Although crystalline metal oxides have
better optoelectronic performance due to their large optical
bandgaps and strong electrical conductivities, they are suscep-
tible to mechanical stress, limiting their usage in upcoming
flexible optoelectronic applications.® Amorphous metal oxides
have the potential to address the problem of mechanical
deformation; yet, due to their low mechanical stability, these
oxides have poor electrical characteristics.’ In contrast to inor-
ganic materials inherent brittleness, organic materials have
inherent flexibility due to their weak intermolecular connec-
tions.’ Inorganic materials have higher operational/
environmental stability and electrical performance under
demanding conditions, whereas flexible organic materials have
lower stability and electrical performance. As a result, a hybrid
structure composed of organic and inorganic components may
be a promising material."**> According to several research
studies, the creation of inorganic-organic hybrid systems
exhibits a variety of favourable features for optoelectronic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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applications as a result of the benefits of both organic and
inorganic components.”** In comparison to the organic or
inorganic components alone, these hybrids have excellent
structural, optical, and electrical characteristics.’** Here, for
the first time, we synthesized (CsHgN,),[Sb,Clg] single crystals
via slow solvent evaporation. We performed a series of charac-
terizations using single-crystal X-ray diffraction, Scanning
electronic microscopy (SEM), ultraviolet-visible (UV-vis) spec-
troscopy, and complex impedance spectroscopy. The crystal
structure, optical properties, and conduction mechanisms of
(C6HoN,),[Sb,Clg] compound are also discussed.

2. Experimental

2.1. Synthesis of (CgHgN,),[Sb,Clg]

To synthesize crystals of (C¢HoN,),[Sb,Clg], 1 mmol of 2-amino-
5-picoline C¢HgN, (0.108 g), 1 mmol of antimony(m) chloride
SbCl; (0.228 g) and 1 mmol of hydrochloric acid HCI (0.036 g)
were dissolved in a small amount of distilled water. The
resulting solution was left at room temperature (about 28 °C),
and as the solvent gradually evaporated, well-formed, colourless
crystals of (C¢HgN,),[Sb,Clg] were produced. The obtained
product was filtered off and washed with a minimal quantity of
distilled water. The chemical reaction can be written as the
following equation: 2CgHgN, + 2SbCl; + 2HCI —
(C6HoN,),[Sb,Clg].

The purity of the prepared crystals was verified through
chemical analysis of the C, H, N and Cl elements. Anal. calc. for
C12H15ClgSb,N, (M = 745.40 g mol *): N, 7.51; C, 19.31; H, 2.41;
Cl, 38.10. Found: N, 7.48; C, 19.25; H, 2.37; Cl, 37.96. The yield
of the synthesis reaction was 65%; the obtained mass of the
sample was 0.24 g after the first recovery of the crystals.

2.2. Single crystal X-ray data collection

A high-quality crystal was chosen using a polarising optical
microscope and placed on Micro Mount needles (MiTiGen) for
single-crystal X-ray diffraction studies. X-ray intensity
measurements were acquired at 296 K using an Ips microfocus
source (Mo-Ka radiation with 2 = 0.71073 A) using a Bruker
APEX II Quazar diffractometer (4 circle Kappa goniometer, CCD
detector). The crystal structure was solved in the triclinic
symmetry with the centrosymmetric space group P1 using the
ShelxT-2018 program® integrated into the WINGX interface.*
The positions of the H atoms are geometrically generated via
the HFIX instruction included in SHELXL-2014 (ref. 22) and
allowed to ride on their parent atoms with N-H = 0.86 A and
C-H = 0.93 or 0.96 A. The nature of the atoms was distinguished
from bond distance concerns. The experimental information
for the structural determination is shown in Table 1. Selected
bond distances and angles as well as hydrogen bonds are
depicted in Tables S1 and S2 (ESIf) respectively. The drawing
was created using DIAMOND 3.2 program.” Crystallographic
data for the structures have been deposited at the Cambridge
Crystallographic Data Center under the following number:
CCDC 2225545 for (CHoN,),[Sb,Clg].

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystallographic data and structure refinements of
(CeHoN2)2[Sb,Clgl

Formula (C6HoN,),[Sb,Clg]
Temperature 296 K

Formula weight (g mol ™) 745.40

Crystal system Triclinic

Space group P1

a 7.9767(7) A

b 9.0843(8) A

c 9.3456(8) A

« 86.352(6)°

8 69.069(5)°

v 74.829(5)°

zZ 1

14 610.14(10) A®

© (Mo K,) 3.096 mm '
Index ranges —10<h <10, -11<k<11,-12<[<12
Reflections collected 21842
Independent reflections 2796

Reflections with I > 24(I) 2417

Rint 0.051

Absorption correction Multi-scan
Refined parameters 119

R[F* > 20(F%)] 0.0256

WR(F?) 0.0451

Goodness of fit 1.038
APmin/Apmax (A7) —0.38/0.37

2.3. Scanning electronic microscopy (SEM)

Investigation of the microstructure and chemical composition
of the title compound was approved by scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS)
(MIRA3 FEG microscope), coupled to an Oxford Instrument
analyzer with several acceleration voltages.

2.4. Absorption measurements

UV-vis powder spectroscopy was performed at room tempera-
ture using a Shimadzu UV-3101PC scanning spectrophotometer
within a wavelength range of 200 to 800 nm. The equipment can
measure absorbance and reflection using spherical integration
and xenon light.

2.5. Electrical impedance spectroscopy

A Solartron impedance analyzer to examine electrical trans-
mission properties at frequencies ranging from 10> to 10’ Hz,
temperatures ranging from 323 to 383 K, and a voltage of 0.5 V.
The tests were performed on a pellet with a typical diameter of
8 mm and a thickness of 1.1 mm.

3. Results and discussion

3.1. SEM/EDS analysis

Before any crystal structure determination, micrographs were
collected on several crystals to check the homogeneity and
surface morphology of the crystal. The obtained micrographs
are represented in Fig. 1(a-c), with different magnifications.
These SEM images confirm the crystalline nature of the
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Fig. 1 SEM images of (CeHoN>)2[Sb,Clg] crystals grown by slow evaporation method at room temperature.

(C6HoN,),[Sb,Clg] compound, and the flat surfaces of the crys-
tals indicate their good quality.>**® An energy-dispersive X-ray
Spectrometer (EDS) coupled to the microscope, which was
investigated in different spots as well as for different crystals,
verified the presence of Sb, Cl, C, and N elements and their
spatial distributions within the crystals Fig. S1 (ESIT).

3.2. Crystal structure description

As per the results of the single crystal X-ray diffraction analysis
of ambient temperature, (CsHoN,),[Sb,Clg] compound crystal-
lizes in the triclinic system, centrosymmetric space group P1,
with the unit cell parameters given in Table 1.

The asymmetric unit of (Ce¢HoN,),[Sb,Clg], displayed in
Fig. 2, contains only one Sb(m) antimony cation, surrounded by
four CI~ halides, and one protonated amine (CeHoN,)". It
should be noted that all atoms of the asymmetric unit occupy
a general position (Wyckoff site 2i). The coordination sphere
around Sb(m) cation is completed by a fifth chloride ion, which
corresponds to the symmetrical of Cl1 generated by the inver-
sion center to form a square-based pyramid. In reality the
coordination sphere around the Sb(ui) ion could be described as
octahedral, where one apex is occupied by the lone pair (E)
carried by Sb(m) ion (5s%); the final geometry is therefore square-
based pyramidal and the lone pair is stereo chemically active

CI2
Cl4

Sb1

CcH
CI3

Fig. 2 The asymmetric unit of (CgHgN,)2[Sb,Clgl. Displacement
ellipsoids are drawn at the 50% probability level. Hydrogen bonds are
represented by dashed lines.
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(Fig. S2 (ESIT)). The Sb(m) central ion is located some 0.1080(2)
A below the least-squares plane passing through Cl1/C13/Cl4/
Cl1" atoms, that form the pyramidal basal plane. The shortest
Sb-Cl distance (Sb-CI2) of 2.3677(8) A, is trans to the lone pair,
while the remaining four Sb-Cl bond lengths range from
2.4097(8) to 3.0196(9) A, much shorter than the sum of van der
Waals radii of Sb and CI (4.0 A according to Pauling).?® The
selected bond lengths and angles are indicated in Table S1.f
These lengths are within the overall range of observation of the
distances between halides and antimony according to the
results of the literature.”** Each square-based pyramid shares
two corners (Cl1 and Cl1") with the adjacent square-based
pyramid to form the [Sb,Og]*~ dimeric unit (Fig. 3). Each
dimeric unit lies in special position on inversion center and the
shortest Sb-Sb distance is equal to 4.2258(4) A. The [Sb,Clg]*~
dimeric unit are stacked in the structure in a manner that they
form anionic inorganic stacks parallel to ac-plane aty = 0 and y
=1 (Fig. 4).

The negative charges of the [Sb,Clg]*~ dimeric units are
compensated by the protonated amines (C¢HoN,)". As the
anionic part, these protonated amines are stacked one over the
other along the crystallographic g-axis in such a way that they
form an organic cationic pseudo-layer parallel to the ac-plane at
y = 1/2 (Fig. S3 (ESIY)). Consequently, the crystal structure can
be described as an alternation of organic and inorganic layers

CI3

Fig. 3 The [Sb,Clgl>~ dimeric unit in (CgHgN5)2[Sb,Clgl (symmetry
code:'1 —x, —y, —2).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Projection of the structure of (CgHgN,),[Sb,Clg] along the
crystallographic c-axis.

along the crystallographic b-axis (Fig. S4 (ESIf)). The main
distances and angles of the protonated amines, given in Table
S1,f are in good agreement with those found in other
compounds containing the same organic cation.** Contrary to
the dimeric units which are isolated from each other, the
protonated amines interact with each other by m-m interac-
tions. These interactions are made following a parallel-
displaced configuration of amine aromatic rings.**** Indeed,
the shorter distance between two parallel planes of two
aromatic rings of adjacent amine is equal to 3.6473(2) A (Fig. 4
(EST).

The cohesion and the stability of the structure are ensured
through N-H:--Cl hydrogen bond established between the
protonated amines and the [Sb,Clg]*~ dimeric unit. Indeed,
each protonated amine engages its hydrogen atoms of linked to
nitrogen atoms in N-H---Cl hydrogen with two [Sb,Clg]*~

View Article Online
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dimeric unit (Fig. S4 (ESIt)). Within the N-H---Cl intermolec-
ular interactions the N---Cl distance range from 3.246(2) to
3.487(3) A while the N-H---Cl angles are comprised between
146.9 and 162.6° (Table S27).

3.3. Optical absorption of (C¢HoN,),[Sb,Clg]

UV-visible/NIR spectroscopy® is a simple and easy way to
examine absorption behavior, extract various optical properties,
and describe the strip structure of materials. Due to interactions
between the radiation and the sample, some of the incident
photons will be absorbed, reflected, or transmitted through the
sample. The absorption of radiation in the UV-visible range
induces electronic transitions and consequent disturbances in
the electronic structure of atoms, ions, or molecules.

3.3.1. Electronic properties. To explain the experimental
results and to get a deeper understanding of the electronic
absorption spectrum of the (C¢HoN,),[Sb,Clg] compound, TD-
DFT calculations®® have been performed using the Gaussian
09 package®” within the IEFPCM solvation model in HCI solvent.
The hybrid functional B3LYP*® was employed in cooperation
with D3 dispersion correction®**** and LanL2DZ as a basis set.
Firstly, the geometrical structure of (C¢HoN,),[Sb,Clg] was
optimized with the DFT method at the same level of theory.
Fig. S5 (ESIt) depicts the superposition of the simulated
absorption spectrum and the experimental one. The electronic
transitions are summarized in Table S3 (ESIt). Clearly, the
predicted absorption spectrum is centred at 304 nm (f= 0.0227
a.u), which is in the same range as the experimental one. The
molecular frontier orbitals HOMO and LUMO, are defined as
the highest occupied molecular orbital and the lowest unoccu-
pied molecular orbital, respectively. The HOMO orbital is
viewed as an electron donor, while the LUMO is an electron
acceptor. The frontier orbital gap, expressed as the difference
between the HOMO and LUMO levels, evaluates the chemical
reactivity and kinetic stability of a given molecule. Therefore,
a molecule with a small frontier orbital gap is more polarizable,
is generally associated with a high chemical reactivity, low
kinetic stability, and is termed as soft molecule.**~** The HOMO
and LUMO orbital surfaces are plotted in Fig. 5. Obviously, the

HOMO (E=-6.71 eV)

—) o

Egap=4-04eV

LUMO (E=-2.67 eV)

Fig. 5 The molecular frontier orbitals HOMO and LUMO computed with TD/B3LYP-D3/LanL2DZ method in HCl solvent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HOMO orbitals are localized entirely on the organic part, while
the LUMO ones are localized mainly on the inorganic part. The
HOMO-LUMO energy gap is found to be 4.04 eV. As shown in
Table S3 (ESIf), the HOMO — LUMO transition is found at
356 nm. The intense band may be assigned to HOMO—-1 —
LUMO+1 (87%) transition. This value explicates the eventual
charge transfer interactions that take place within the mole-
cules. By exploiting the HOMO and LUMO energy values, several
global chemical reactivity descriptors have been calculated,
such as, chemical potential (u), electronegativity (x), global
hardness (n), global softness ({), and global electrophilicity
index (w) values to improve the understanding the reactivity of
the investigated compound. These quantities are a good indi-
cation to highlight the connexion between chemical reactivity
and strength of structure. These parameters are defined as the
following:

n = 112(ELumo — Enomo), 4 = 1/2(ELumo *+ Exomo)s
s = 1/2n, x = =1/2(ELumo + Enomo)s and w = p’2n (1)

As given in Table S4 (ESIt), the chemical hardness value (7)
was found to be 2.02 eV, indicating that charge transfer occurs
within the molecule. The electrophilic behavior of the molecule
is established by the global electrophilic index (w) which is
equal to 11 eV. Additionally, chemical stability of the investi-
gated molecule is determined by the chemical potential value
(u) which is —4.69 eV.

3.3.2. Optical band gap by Kubelka-Munk function. The
optical band gap, which corresponds to electron excitation from
the valence band to the conduction band, is important in
several scientific disciplines, including photovoltaics, solar
cells, lasers, photoluminescence, or diodes** According to R. E.
Marotti*® and R. Henriquez,*® the wavelengths at which the
optical gap occurs are where the shoulders in the R-reflecting
spectrum appear. The shoulders may be highlighted by varia-
tion of the first derivative (1/R)(dR/dA) according to the wave-
length (Fig. S6 (ESIT)). The presence of a strong peak centred at
421 nm makes it possible to estimate the energy of the optical
gap of (C¢HoN,),[Sb,Clg] sample as a function of the relation
between E; and 1.*

E,— — @)

The resulting value of the optical band gap is E; = 3.57 eV.
This estimation allows us to determine the type of transition
and then to deduce more precisely the value of the band gap by
means of the Tauc formalism

[Fxm(R) x hv] = Ao(hw — Ey)" 3)

where Fiy (R) = (1 — R)?/2R is Kubelka-Munk function, 4, is
a material dependent constant, % is the Planck's constant and »
is the frequency of the light. The value of n varies in relation to
the nature of the transition. It may be 1/2 when the transition is
direct and 2 if the transition is indirect. In an authorized direct

3592 | RSC Adv, 2024, 14, 3588-3598
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transition, the electron is transferred vertically from the top of
the valence band to the bottom of the conduction band, with no
change in momentum (wave vector). On the other hand,
a transition from the valence to the conduction band should
always be accompanied with a phonon in materials with an
indirect band gap, from the bottom of the conduction band
does not match the zero-crystal momentum in these materials.
As the graph [F(R)hv]” is shows as a function of photonic energy
hv (Fig. S7 (ESIT)), the band gap has been extracted from the
extrapolation of the linear path to the x-axis at [F(R)iv]> = 0. The
energy associated with the direct gap is 3.57 eV, which close to
the result obtained with the Marotti method. This value is
comparable to those found for other organic-inorganic semi-
conductors  A,Sb,Clg;  (EtzBzN),Sb,Clg,*”®  (EtyN),Sb,Clg,*
(EtyN),Sb,Clg.%

So, the absorbance spectra of (C¢HoN,),[Sb,Clg] and its
semiconductor range of E, indicate that it can be used in UV
range applications such as ultraviolet detectors and for poten-
tial optoelectronics applications.*

3.4. Complex impedance analysis

Fig. 6 displays the Nyquist plot of the (C¢HoN,),[Sb,Clg] complex
impedance spectrum as a function of temperature. Plots are
characterized by the presence of a single depressed semicircle
suggesting the intersection of two successive semicircles cor-
responding to the grain and grain boundary contributions. The
electrode-sample interface does not contribute at all. Addi-
tionally, Fig. 6 shows that the semicircle width reduces as the
temperature rises, indicating improvement of the dc conduc-
tivity. We employed the Maxwell-Wagner equivalent circuit
model,* which consists of a parallel arrangement of several
resistors (R) and capacitors (C), to determine the contribution of
the grain and the grain boundary different from the single
depressed semicircle (inset Fig. 6). It consists of a parallel
combination of a resistor and a capacitor (grain response)
connected in series with another R-C-Q equivalent circuit

4x10°
o - o 323K
o 333K
ct c2 o 33K
3x10° e N 22 i
3IBK
Fit
~
S 2x10°
N
1x10°
0 -
T

T
2x10° 4x10°

YAK(S)

T
0 1x10°

Fig. 6 Nyquist plot for
temperatures.

CeNgNoSbCly, compound at different

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(representing the usual grain boundary response), where the
constant phase element (CPE) represents the effects of dipolar
relaxation. With the equivalent circuitry, the impedance data
for (C¢HoN,),[Sb,Clg] were adjusted as shown in Fig. 6 (solid
line). As it can be observed, the theoretical line calculated from
the estimated values is well correlated with the experimental
data. The extracted parameters for the circuit components are
summarized in Table 2. It is clear that the grain and grain
boundary resistances decrease with increasing temperature and
that of the grain boundary higher than that of the grain.
Generally, the disorder and instability of the atomic arrange-
ment at the grain boundaries cause the grain to grow at high
temperatures.® As temperature rises, the fraction of atoms at
the grain border steadily increases while that in the grain
interior gradually decreases. The degree of atomic disorder also
increases as temperature rises, and at very high temperatures,
the grain boundary may melt. As a result, as the temperature
rises, the resistance of the grain and grain boundary decreases.
The capacities of the grain and the grain boundary increase
slightly with the temperature. The grain boundary capacity Cyy,
(Cgb = g1 X Ald where &g, is the intrinsically dielectric constant
and A and d are the surface and width of the barrier layer,
respectively) depends on the width of the barrier layer which
decreases with the increase in temperature due to the increase
of free ions at the frontiers. The layer width is inversely
proportional to the ratio of trapped ion density to free ion
density participating in the hopping process at grain bound-
aries. Trapped ion density decreases as temperature rises,
indicating depopulation, while free ion density rises as
temperature rises and the layer width decreases.>*

It is generally recognized that even with a very modest
difference, the depiction of Z' vs. Z"/w is a useful technique for
differentiating the dielectric responses from contacts, grain
boundaries, and bulk grains. Z' vs. Z”/w for a temperature of 383
K is shown in Fig. 7. With the help of this illustration, two
distinct linear dielectric responses are visible corresponding to
the contribution of the bulk and grain boundaries, which are
represented by the segments marked with the letters A and B
and the borderline frequency f = 1258 Hz, respectively.>**®

The theoretical formula created with an analogous circuit
was used to derive the actual data for the real (Z') and imaginary
(Z") part of the whole impedance (eqn (3) and (4)). Fig. 8 and 9
illustrate the frequency dependency of the real and imaginary
components of impedances in the selected temperature range
(323-383 K). The actual (scatter) and theoretical (line) curves of
the real and imaginary impedance exhibit excellent agreement

Table 2 Equivalent circuit parameters obtained at some temperatures
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Fig. 7 The relative representation of Z' vs. Z"/w at 383 K.

at each temperature. These results demonstrate the adequacy of
the proposed equivalent circuit for the chosen range tempera-
ture (323-383 K).

The real part of the impedance (Fig. 8) showed an inverse
frequency dependency for all the temperatures until 100 Hz and
then became extremely low and merged. This result could be
connected to the release of space charge as a result of the
material's decreased barrier characteristics with temperature
rise, and it might also play a role in the material's increased
conductivity at high frequencies. The presence of space charge
polarisation can be used to explain the merging of the value of
Z' at all temperatures at higher frequencies.”” Moreover, Z'
dropped as the temperature rose, indicating negative tempera-
ture coefficient of resistance (NTCR) behavior.*

The Z' behavior for our sample at lower and higher
frequencies agrees well with the previous findings for other
hybrid systems in the literature.>*

In Fig. 9, each curve's highest value, Z,,", is seen to
decrease with rising temperature, showing the presence of
a single relaxation peak with a distinctive frequency (wmax)- The
relative representation of Z' with regard to Z"/w (presented in
Fig. 7) and a distinct arc at each temperature in the impedance
planes (Fig. 6) were two factors that were used to validate the
only dielectric relaxation. It is obvious that the relaxation peak
shifts to the high-frequency region, which may result in an
extension of the relaxation time and a reduction in the bulk

!

T (K) Ry (Q) C1 (x107'° F) R, (Q) C, (x107'' F) Q. (x107'° F) o

323 10951 4.66 3.63 x 10° 2.78 3.39 0.774
333 7782 5.30 3.17 x 10° 2.59 3.52 0.783
343 6016 6.14 2.18 x 10° 2.39 3.38 0.796
353 5993 6.21 1.40 x 10° 2.17 2.99 0.814
363 6296 5.68 816 700 1.95 2.65 0.831
373 4978 6.06 389810 1.69 2.73 0.839
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Fig. 8 Variation of the real part (Z’) of the impedance as a function of
angular frequency at several temperatures.
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Fig. 9 Variation of the imaginary part (Z”) of the impedance as
a function of angular frequency at several temperatures.

material's resistance.®® Hence, this outcome supports the
Arrhenius behavior in the investigated compound.®* In addi-
tion, when the frequency increases, we see a merging in the Z”
plots, which is indicative of a build-up of space charges in the
material because it does not need more time to relax due to the
space charge polarization reducing with the frequency rising.*

3.5. Alternating current (ac) conductivity

To better understand both the long-range (v — 0) as well as the
short-range electronic transport in (C¢HgNj,),[Sb,Clg], we have
examined the alternating current conductivity spectra (oac)-
When the frequency is low (w — 0), the electron hops from one
site to another throughout the whole lattice, producing long-
range dynamics, whereas short-range dynamics are produced
when the hopping motion of the electron is restricted to iso-
lated sites at high frequencies.** Electron hopping may be
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thought of as the mobility of electron in an endless lattice of
identical potential wells at low frequencies, whereas at high
frequencies, the hopping of electron is constrained in a double
well with infinite potential barriers via forward-backward
hopping.*

Fig. 10 displays the ac conductivity spectra of (C¢HoN),[-
Sb,Clg] compound for various temperatures. Due to the long-
range mobility of electrons, the ac conductivity spectra for all
temperatures show discrete plateaus that correlate to the dc
conductivity (o4.), referring to o,.(w — 0) = g4.. In Fig. 10, it can
be shown that when the temperature rises, the frequency
independent zone moves along the frequency spectrum towards
higher frequencies. This is related to the reduction of relaxation
times with increasing temperature. The frequency wy marks the
transition in the conductivity isotherm from the frequency-
independent dc region to the dispersive region. The Jonscher
power law, eqn (6), has proved a good representation of the
frequency dependence of the ac conductivity in our case.

To analyze precisely the section of dispersion in conduc-
tivity, the value of the frequency factor o(w) was calculated using
eqn (8).

Fig. 11 shows the dependence of the frequency coefficient
a(w) for the hybrid (C¢HoN,),[Sb,Clg]. The values of «(w) are
almost zero at all temperatures in the vicinity of the lowest
measurement frequencies, which corresponds to a nearly
constant value of conductivity (dc). With an increase in
frequency, an increase in the value of a(w) is observed until it
reaches the maximum. In light of the reported quantum
phenomenon of electron tunnelling, the similarity of conduc-
tivity and frequency factor, as indicated in ref. 66 and 67,
suggests that the observed correlations are compatible with the
hopping mechanism of charge transfer. The occurrence of
a single maximum indicates the existence of a single relaxation
time.®® Fig. 12 depicts the Arrhenius curves for the hopping
mechanism of charge transfer based on the following relation:

1034 ° 323K ©° 363K
o 333K 373K
@ 343K 9o 38K
o 353K Fit

T T T
10? 10° 10* 10° 10° 107
® (rad. s1)

Fig. 10 Frequency dependence of ac conductivity at several
temperatures.
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Fig. 12 Reciprocal temperature dependence of g4. obtained from the
complex impedance plot and the ac conductivity spectra.

gge X T = 00671‘%% (4)
where E,, o, and kg represent the activation energy, pre-
exponential factor, and Boltzmann constant, respectively. The
value of activation energy obtained from the linear fit is 0.63 €V,
which is very close to for other organic-inorganic semi-
conductors, such as: [CsHgN,Cl],[Sb,Clg].*®

Using the equation ¢4, = t/RA, we estimated the dc
conductivity of our compound for different temperatures from
the complex impedance plots, where R is the total resistance (R
=Ry + Ry1,), and t and A are the thickness and area of the sample,
respectively. The dc conductivity obtained from the complex
impedance plots at different temperatures is also displayed in
Fig. 12. It should be noticed that the value of dc obtained from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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power law fits of ac conductivity corresponds exactly to that
obtained from complex impedance plots.

4. Conclusion

In conclusion, the slow evaporation solution growth approach
at room temperature was effective in producing the (C¢Ho-
N,),[Sb,Clg] compound. structural, optical, and comprehensive
electric characteristics were examined. The TD/B3LYP-D3/
lanl2dz level of theory has been used to record and simulate
the absorption spectra. Theoretical absorption and actual
spectra thus exhibit high agreement. Via UV-vis spectral anal-
ysis, the title compound’s optical properties may be explored,
and a band gap energy of 3.57 eV can be found. This value
proves that the title compound is suitable for optoelectronics
applications. It has been studied how temperature affects the
electronic transport and relaxation processes in (C¢HoNy),|[-
Sb,Clg]. The Maxwell-Wagner equivalent circuit model and
universal power law model were used to investigate the
frequency dependence of the electric data within the frame-
works of complex impedance spectroscopy and ac conductivity.
Moreover, the elastic properties of (CsHgN,),[Sb,Clg] are worth
exploring to complete this work.
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