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Characterization of a New Hybrid Compound (C;HgN¢),ZnCl,-2Cl:
X-ray Structure, Hirshfeld Surface, Vibrational, Thermal Stability,
Dielectric Relaxation, and Electrical Conductivity
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ABSTRACT: A novel organic—inorganic material (C;HgN,),ZnCl,-2Cl was synthesized via
a slow evaporation approach and subjected to extensive characterization. Techniques
involving X-ray diffraction, SEM/EDX, Hirshfeld surface examination, IR/Raman spectros-
copy, thermal behavior (TG/DTG/SDTA and DSC), and electric and dielectric studies were
applied. Examination of the crystal structure reveals that the synthesized material adopts a
monoclinic system, particularly belonging to the P2,/c space group with unit cell parameters a
=11.7274(3) A, b = 6.2155(2) A, ¢ = 25.7877(8) A, B = 94.27(1)°, V = 1874.50(4) A3, and Z
= 4. Purity confirmation was established via powder X-ray diffraction analysis. Composition
verification was conducted using semiquantitative EDXS analysis. The asymmetric unit
comprises isolated tetrachlorozincate [ZnCl,]* anions, two (C;HgN4)** organic cations, and
two free chlorine atoms, forming a 0D anionic network. N—H:--Cl and N—H--'N hydrogen
bonding combined to form a 2D hydrogen-bonded network, maintaining crystal stability.
Hirshfeld surface analysis elucidated intermolecular interactions, supported by 2D fingerprint
plots. IR and Raman spectra analysis corroborated compound characteristics at room temperature. Thermal analysis revealed two
phase transitions at 343 and 358 K, consistent with dielectric studies. Impedance spectroscopy highlighted the compound’s electrical
properties, confirming thermal transitions. Conductivity studies exhibited an Arrhenius behavior. Frequency-dependent dielectric
constant variations and modulus studies underscored grain and grain boundary effects, confirming the effective protonic conduction
in the material.
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1. INTRODUCTION

Over the past decade, researchers have become increasingly
fascinated by hybrid compounds that blend metal halide units
with organic molecules. These compounds are attractive

chemical science,” catalysis,30 energy-related technologies,3
and biomedical fields.”

Zinc(1I)-based complexes are in high demand across fields
such as chemistry, biology, pharmacology, energy transition, and

because they offer a unique mix of properties such as adjustable
band gaps, high electrical mobility, thermal stability, magnetic or
dielectric transitions, and efficient luminescence.' > The organic
components also provide structural variety, plastic mechanical
properties, ease of processing, and potential for weak
interactions. This has spurred a wealth of research, yielding
many promising discoveries.’~” The synergy of these properties
opens up diverse applications across various fields, including
industry,” environmental science,”'® medicine and biol-
ogy,4’11'12 biochemistry,13 electronics,"*™'® and chemistry.17
These materials enable the synergy of beneficial features from
both inorganic and organic molecules,'® enabling different
structural sizes such as 0D (Me,NOH),[ZnCl,],"”” 1D [3-
aminopiperidine]PbI,,** 2D (C,H(N,)Pbl,,”" and 3D
[(CH,);NCH,F],[KFe(CN)4].”> They exhibit a variety of
physicochemical properties, including magnetic, conductive,
luminescent, catalytic, optical, nonlinear optical, biological,
electrical, and ferroelectric characteristics,”~>’ which lend
themselves to applications in protective coatings,”® electro-
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materials science.”””> The various physical and chemical
features of these materials make them highly demanded. Their
characteristics encompass a broad spectrum, including magnetic
and ferroelectric transitions, different levels of conductivity even
reaching superconductivity, electroluminescent capabilities, and
photoluminescent features. This remaining variety of features
leads to their attraction in several fields.”>~*"
important in organizing hybrid materials among transition
metals. Zinc complexes exhibit various coordination numbers
and geometries, such as tetrahedra,*' square-bottom pyra-
mids,** and octahedra,”® due to the closed-shell nature of Zn

Zinc is particularly
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(I1) and its relatively large coordination distance. Their nontoxic
nature further enhances their appeal.*’

Melamine (C;HgN) is a crystalline organic compound widely
used in industries such as plastics, adhesives, laminates, and
flame retardants, and it is a popular material for making plates
and kitchen utensils.**"*® Recently, melamine has gained
significant attention as an organic ligand for creating organic—
inorganic hybrid materials.*” >

Our laboratory has been studying the physical characteristics
and crystal structure of various organic—inorganic materials,
along with recent research on metal halide compounds.”'****
The important purpose of this investigation is to synthesize a
new zinc(II) hybrid material. This compound, involving the
chemical formula (C3HgN),ZnCl,-2Cl, employs 1,3,5-triazine-
2,4,6-triamine as an organic molecule.

The synthesis process involves slow evaporation. We will
discuss the outcomes of the structural analysis using various
techniques, involving X-ray diffraction analysis, X-ray powder
examination, SEM/EDX, Hirshfield surfaces investigation,
vibrational spectroscopy (FT-IR and Raman), thermal analysis
(TG/DTG/SDTA and DSC), and exploration of electrical and
dielectric properties.

2. EXPERIMENTAL SECTION

2.1. Synthesis. In this study, we prepared a new hybrid
compound using 1,3,5-triazine-2,4,6-triamine (C3H¢Ng), zinc
chloride (ZnCl,), and hydrochloric acid (HCI). Room temper-
ature crystallization via controlled solvent evaporation was
applied to synthesize the compound.

Anhydrous ZnCl, powder was dissolved in distilled water,
while anhydrous C;H¢N powder was dissolved in methanol.
These solutions were then combined, and HCl was added while
continuously stirring with a magnetic stirrer to ensure that all
solutes were completely dissolved. The final mixture was
allowed to crystallize slowly. After several days of slow
evaporation, colorless single crystals were successfully obtained.
We determined the chemical formula of the material through
chemical analysis, which was further confirmed by refining the
crystal structure.

The chemical reaction is as follows:

NH; NH
Ny oA a
2 + ZnClg AHCH e 2 }" 20T
%k /)\ /N a
N7 N7 Na N N7 Sam aa

3. INSTRUMENTATION

3.1. X-ray Data Collection. A Bruker Kappa CCD APPEX
II diffractometer paired with a Mo K radiation source (1 =
0.71073 A) was applied to gather room temperature X-ray
diffraction intensity information needed for the crystal structure
across the range of 3.161° < 6 < 28.489°. Out of 26,637
reflections recorded, 5,733 met the intensity condition of I >
26(I). The space group was automatically determined using
olex2—1.5,%° followed by verification of extinction conditions.

A two-step procedure was used to ascertain the crystal
structure. An initial resolution was reached by direct agsproaches,
and then Olex2 version 1.5°° with SHELXL-2018/3°° software
tools were used for refinement.

The structural refinement process encompassed the Full-
matrix least-squares refinement on F* employing SHELXT

program,”” incorporated atomic coordinates and anisotropic
displacement parameters of all non-hydrogen atoms. The
hydrogen atoms were placed in geometrically calculated
positions and refined by applying fixed isotropic displacement
parameters. After several refinement cycles with the olex2—1.5
program,”” the binding factors obtained were R; = 0.050 and
wR, = 0.104. Figures were generated using the software
Diamond 3°® and ORTEP.””

Table 1 displays crystallographic information, as well as details
about structural refining. Table S1 shows atomic coordinates

Table 1. Main Crystallographic and Structural Refinement
Information for Compound (C;HgN;),ZnCl,-2Cl

Formula (C3HgNg),ZnCl,-2Cl

CCDC number 2372132

Formula weight (g mol™") 534.4

Temperature (K) 293

Color Colorless

Crystal size (mm) 02X 0.13 X 0.1

Crystal system Monoclinic

Space group P2,/c

a(A) 11.7274(3)

b (A) 6.2155(2)

c(A) 25.7877(8)

B (deg) 94.27(1)

Volume (A%) 1874.50(4)

VA 4

Pl 1.894

u (mm™) 2.19

Ornin/ Ornax (deg) 3.161/28.489
-16<h<17

hkl -8<k<9
-37<1<35

Diffractometer Kappa CCD

A(Mo Ka) (A) A=0.71073

Scan mode /26

F(000) 1072

Measured reflections 26637

Observed reflections (I > 26(I)) 5733

Number of Refined Parameters 226

Aprin/ BPrmax —0.44/1.23

R, [F* > 26(F)] 0.050

wR,(F*)* 0.104

GooF” 0.941

“w = 1/[62(F,?) + (0.0396P)* + 0.6626P] or P = (F.> + 2F.2)/3; wR
= (w2 = B*1/w(E2?) " and R = S IE] — IEN/( X IE)
YGooF = § = {[w(F* — F)*/(n — p)}"

and equivalent isotropic displacement settings, whereas Table
S2 lists the anisotropic displacement parameters.

3.2. X-ray Powder Diffraction (PXRD). PXRD was
performed with an XPERT-PRO powder diffractometer
applying Cu Ka radiation (1.54056 A) in a 26 range of 5—50°
to validate the purity of the produced material. Simulations of
PXRD spectra were performed using the programs “Single
Crystal Data” and “WINTLOTR”.%’

3.3. Micrographs and X-ray Microanalysis. Scanning
electron microscopy analysis was conducted by using a JEOL
6610LV instrument, which included an integrated EDX (Energy
Dispersive X-ray) visualization system. To decrease background
noise, the instrument’s X-ray detector is cooled using liquid
nitrogen.
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3.4. Hirshfeld Surfaces Methods. The Hirshfeld surfa-
ces”"% and their corresponding 2D fingerprints were computed
using Crystal Explorer (Version 3.0).°” The structure input file
was supplied in a CIF format. These surfaces offer a visual
representation of the spatial relationships between neighboring
atoms from interacting molecules.>

The calculation of normalized contact distances (d, )
involves the external distance (d,) measured from the Hirshfeld
surface to the closest nucleus outside the surface, the internal
distance (d;) calculated from the Hirshfeld surface to the nearest
nucleus inside the surface, and the van der Waals (vdW) radii.
These characteristics are used to determine the closeness of
intermolecular interactions concerning the sum of van der Waals
radii.

The calculation for d,,,,%” is given by the following equation:

vdw vdw
_di—n -,

norm

d

e

d

vdw vdw

1 e

where #'4/#*% denote the van der Waals radius of the atoms
inside/outside the surface, respectively.”

When d,,,,, was applied to the Hirshfeld surface analysis, three
distinct color domains were observed: blue, red, and white.
These colors signify the proximity of intermolecular interactions
within the crystal structure.

Red areas indicate connections shorter than the sum of van
der Waals radii, characterized by negative d, ., worth. Blue
patches represent connections longer than the total van der
Waals radii associated with positive d, ..., values. However, white
regions signify contacts at the van der Waals distance and
correspond to d,.,, values of zero.®*

A two-fingerprint plot, combining d, and d, values, provides a
comprehensive overview of these intermolecular contacts.’>*®
Each point on the Hirshfeld surface correlates with specific
values of d; and d,. A color gradient from blue to green to red
demonstrates the density of dots in precise area of the map.

3.5. Spectroscopic Measurements. The vibrational
analyses were performed at ambient temperature. The infrared
absorption spectra was acquired utilizing a PerkinElmer FT-IR
spectrometer, covering the region of 4000—400 cm ™. Similarly,
the Raman spectrum was obtained with a Horiba Jobin Yvon
LabRAM HR 800 Dual Spectrophotometer ranging from 50 to
4000 cm ™.

3.6. Thermal Characterization. A Mettler Toledo TGA/
SDTASSIELF equipment was applied to perform thermal
analysis in a dynamic nitrogen environment. The powder sample
(15.151 mg) was heated at a rate of 10 K/min between 330 and
980 K.

A SETARAM DSC131 Ks apparatus was used to conduct
differential scanning calorimetry (DSC) experiments. The
compound was heated between 330 and 800 K, with a sample
mass of 2.495 mg. For this experiment, the heating rate was set at
10 K/min in an oxygen atmosphere.

3.7. Electrical Measurements. The electrical characteristic
of the studied sample was tested with a two-electrode
arrangement. The sample was compressed into pellets (8 mm
in diameter and 2 mm thick). Impedance measurements
occurred across the frequency range 20 Hz to 10 MHz using
the TEGAM 3550 ALF automated bridge, connected to a
microcomputer, at temperatures between 313 and 403 K.

47599

4. RESULTS AND DISCUSSION

4.1. Structure Description. The morphology of
(C3HgNg),ZnCl,-2Cl crystals, as observed via scanning electron
microscopy (SEM), is depicted in Figure 1(a). The compound

x 200 100 pm

Figure 1. Crystal morphology and scanning electron microscopy (a)
and a typical EDX spectrum (b) of (C;HgNj),ZnCl,-2CL

displays crystal fragments that are consistently dispersed with
regular edges and smooth surfaces, indicating an excellent level
of crystalline quality. The EDX analysis (Figure 1b) confirmed
the presence of zinc, chloride, carbon, nitrogen, and oxygen
elements, excluding hydrogen, in the growing crystals.

The purity of the synthesized compound (C;HgN),ZnCl,
2Cl was controlled by comparing its powder X-ray diffraction
(PXRD) pattern to a simulated pattern recorded from single
crystal data (Figure 2). The straight match between the
experimental and simulated patterns reveals that the examined
compound has a great crystalline purity.

Single-crystal X-ray diffraction was utilized to identify the
molecular structure, which demonstrates that the title
compound crystallizes in the monoclinic system, specifically in
space group P2,/c. The unit cell parameters were: a =
11.7274(3) A, b = 6.2155(2) A, ¢ = 25.7877(8) A, and f =
94.27(1)°, with a volume of V= 1874.50(4) A® and containing 4

Calculated
Experimental

Intensity (a.u.)

3|0
20 )

20 40 50

Figure 2. Simulated and experimental XRD of (C3HgN,),ZnCl,-2Cl
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formula units (Z = 4). The asymmetric unit consists of two
deprotonated organic groups (C;HgN4)*, a tetrahedral anion
[ZnCL]*", and two free chloride ions (Cl7) to stabilize the
crystal structure (Figure 3).

C15

C13

Figure 3. ORTEP presentation of the asymmetric compound unit
(C3HgNy),ZnCl,-2CL

A projection onto the (¢, a) plane verifies that the crystal
structure reveals a layered arrangement consisting of alternative
layers of cationic (C;HgNg)*", anionic [ZnCl,]*" tetrahedra, and
isolated chlorine atoms interspersed between the organic
molecules to maintain structural stability (Figure 4). The
inorganic component features a zinc atom coordinated by four
chlorine atoms, forming a tetrahedral coordination (Figure

5(a)).

h
f
b

EC RNy
1E R RE

Figure 4. Projection of the compound structure (C;HgN,),ZnCl,-2Cl
in the plane (c, a).

The Zn—Cl bond lengths in the structure vary from 2.2390(9)
to 2.3245(8) A, spanning a range of 0.0855 A. Chlorine atoms
(Cl, Cl;, Cl,), involved in hydrogen bonding, possess the
longest Zn—Cl distances.

The Cl-Zn—Cl bond angles in the structure vary from
105.76(3)° to 116.43(3)°. Mean distortion indices for bond
angles and distances within the [ZnCl,]*” tetrahedron were
calculated using the method declared by Baur.”’

> 1ZnCl; — ZnCl,|

DI(Zn—Cl) =
4ZnCl,,
IC1.ZnCl, — Cl_ZnCl |
DI(Cl-Zn—Cl) = 2 CIznCl, — C1,ZnCl,
6Cl,ZnCl,
2
1 ZnCl. — ZnCl
A = ot bt
e g Z( ZnCl, ]

a)

b)
[ [
—~ —~
5,.
I [
~ 4
: T

Figure S. (2) Geometry of the inorganic group and (b) projection of the
inorganic entity of the compound (C;HgNg),ZnCl,-2Cl in the (c, a)
plane.

with Zn—Cl;: distance between zinc and chlorine in the ZnCl,
tetrahedron, Zn—Cl,: average distance between zinc and
chlorine in the ZnClI, tetrahedron, Cl,—Zn—Cl;: angle, CI, —
Zn—Cl,,: average angle.

The distortion indices for the ZnCl, tetrahedra provide
insight into their geometric configuration. The calculated values
are DI (Zn—Cl) = 33.107*, DI (Cl-Zn—Cl) = 3.1075, and A,
= 0. These values suggest that the ZnCl, tetrahedra displays
slight distortion from ideal tetrahedral geometry.®®

The crystal structure analysis reveals that the hybrid
compound (C4H;4N;)[ZnCL]Cl crystallizes in the monoclinic
system, occupying the space group P2,

This compound shares the same inorganic component as the
title compound. However, substituting the cationic part with a
different organic molecule influences the structural properties of
the synthesized materials.

The material under study differs from the compound
(CgH sN3)[ZnCl,]CL® in terms of crystallographic symmetry.
While both materials crystallize in the monoclinic system, there
is a significant difference in the space group. The compound
(C¢H 3N;3)[ZnCl,]Cl adopts the noncentrosymmetric space
group P2;, whereas the new material crystallizes in the
centrosymmetric space group P2;/c. This change demonstrates
an increase in symmetry with the introduction of a center of
inversion in the investigated crystal structure.

An examination of the crystal structure of the compound
(C4H 4N;)[ZnCl,]CI* demonstates that the zinc-chlorine
bond lengths in the tetrachlorozincate anion [ZnCl,]*” vary
between approximately 2.2582(4) and 2.2813(5) A. In addition,
the angles formed by chlorine atoms surrounding the central
zinc atom in this anion range from about 104.667(16)° to
112.083(16)°.

The [ZnCl,]*” tetrahedron’s angles and bonds provide mean
distortion values of DI (Zn—Cl) = 38.107% DI (Cl-Zn—CI) =
25.107% and A, = O, indicating a distorted tetrahedral
coordination geometry. Consequently, the coordination geom-
etry of the Zn atom in the new compound is a less distorted
tetrahedron compared to (C4H;N;)[ZnCl,]CL*" may be due
to differences in ligand size, charge, or metal—ligand bond
strength.

In (C¢H,4N;)[ZnCl,]CL* N—H---Cl and C—H--Cl hydro-
gen bonds hold the structure together. In contrast, the title
compound’s stability is maintained through N—H---Cl and N—

https://doi.org/10.1021/acsomega.4c06685
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H---N hydrogen bonds. These distinctions in hydrogen bonding
patterns can be related to differences in the organic parts and the
number of free chloride ions present in each structure.
(C3HgNg),ZnCl,-2Cl features a zigzag sequence of isolated
tetrahedra along the a-axis (Figure 5(b)). Examining the crystal
structure along the c-axis presents layers of ZnCl, tetrahedra at
fractional coordinates z = 1/4 and 3/4. Between these layers of
tetrahedral anions, two isolated chloride ions are positioned.
Figure 6(a) illustrates the arrangement of cations in the (c, a)
plane, forming layers perpendicular to the c-axis. The aromatic

Figure 6. (a) Representation of the compound’s organic portion
projected onto the ac plane, (b) Geometry of the organic grouping and
(c) m—r interaction of the compound (C;HgN,),ZnCl,-2ClL

nuclei align parallel to each other. The C;HgNg group has two
protonated nitrogen ring sites, converting neutral C;HNy into a
diprotonated (C;HgNg)*" group (Figure 6(b)).

The nitrogen—carbon bond lengths in the organic cations
range between approximately 1.298(4) and 1.372(4) A.
Conversely, the N—H distances are found to be 0.86 A. N—
C—N angles range from 116.5(3)° to 122.5(3)°. C—-N-C
angles range from 116.4(3)° to 121.6(3)°, C—N—H angles
range from 119.7° to 120°, and N—H—N angles are 120°. These
values are similar to those of the C;HgNg group in the
[H,mela],PbCl;. Cl compound previously documented.”’ In
the latter material, the molecular geometry of the organic
component features N—C bond lengths ranging from
approximately 1.299(4) to 1.367(4) A. The N—C—N bond
angles span from about 116.9(3)° to 122.4(3)°, while the C—
N-—C bond angles vary from roughly 116.7(2)° to 121.4(2)°
(Table S3). The cations are symmetrically arranged in pairs
between the centroids of two aromatic rings, with an average
distance of 6.886 A (>3.8 A), indicating the absence of 7—x
interactions (Figure 6(c)).7o’71 The connection between two
organic cations (C;HgNg)** forms a binary ring of type R2%,(8)7*
(Figure 6(c)) through N—H---N hydrogen bonds. Both N—H---
Cl and N—H:-N hydrogen bonds ensure the crystalline
structure’s stability within (C;HgNy),ZnCl,-2CL

4.1.1. Cation—Anion Bonds. The molecules within the
crystal are linked because of the N—H--Cl hydrogen bonding
(Figure 7(a)), detailed in Table 2. relating to Brown’s criteria for

a)l—>c

3

b)

Figure 7. (a) N—H--Cl Hydrogen bonding and (b) N—H--N
hydrogen bonds of compound (C;HgN,),ZnCl,-2CL

Table 2. Characteristic Lengths and Angles of H-Bonds in
(C3HgNg),ZnCl,2Cl

D-H--A" D-H H--A D--A D-H--A
N1-H1A---CI2! 0.86 2.74 3.4640(1) 143
N1-H1B--Cl4' 0.86 2.54 3.2528(1) 141
N2—H2--Cl4" 0.86 2.31 3.1247(1) 158
N3—H3A--Cl6 0.86 241 3.2569(1) 169
N3-H3B--Cl1* 0.86 248 3.1873(1) 140
NS—HSA---N4" 0.86 2.14 3.9990(1) 176
NS—HSB--Cl6*" 0.86 2.38 3.0887(1) 140
N6—H6:--Cl5! 0.86 2.13 3.9796(1) 171
N7—-H7A--N12% 0.86 240 3.2562(1) 172
N7-H7B--CIs" 0.86 2.64 3.3696(1) 144
N8—HS---CIs™ 0.86 2.17 3.0033(1) 164
N9—H9A---Cl6™ 0.86 2.38 3.1754(1) 155
N9—HO9B--CI3' 0.86 2.54 3.3014(1) 148
N10-H10--CI3™ 0.86 2.35 3.1326(1) 151
N11-HI11A--CI2" 0.86 2.47 3.2751(1) 157
N11-H11B--Cl1¥ 0.86 2.57 3.2097(1) 132

“Symmetry codes: (i) x, =1 +y, z; (i) 1 — x, 1/2 + y, 1/2-z; (iii) —z,
1-91—z(iv) 1 -2z =3/2+y,1/2 -z (v) =z, 1/2 +y,1/2 — z;
(vi) 1 —2,—=1/2+y,1/2 —z; (vii) 1 — z, 1 —y, —z; (viii) %, 1/2 — ,
1/2 + z; (ix) —z, =1/2 + y,1/2 — z.

distances D--A,”* six distances are marked as strong-character
hydrogen bonds (dashed red lines), characterized by N---Cl
distances between approximately 3.0033(1) and 3.1873(1) A.
Eight distances are attributed weak-character hydrogen bonds
(dashed orange lines), with N---Cl distances spanning from
about 3.2097(1) to 3.4640(1) A.

4.1.2. Cation—Cation Bonds. The crystalline structure is also
stabilized by two N—H:--N intermolecular bonds (Figure 7(b)),
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with N--N distances varying between approximately 3.2562(1)
and 3.9990(1) A. The angles and lengths that characterize the
hydrogen bonds can be found in Table 2.

Com7paring with a similar previous material (C,H;(N,)-
ZnCl,,”" the hydrogen bonds in the title compound are stronger.
In the previous study, the intermolecular interactions are limited
to N—H---Cl hydrogen bonds. These bonds are characterized as
weak, with N---Cl distances spanning approximately 3.22—3.58
A. However, there is one strong-character hydrogen bond with a
N--Cl distance of 3.157(3) A. The differences in hydrogen
bonding between this material and the examined compound can
be related to variations in the organic part and the presence of
two free chlorine atoms in the title compound.

4.2. Hirshfeld Surface Investigation. To clarify the
character and importance of intermolecular contact inside the
synthesized crystal structure, Hirshfeld surface investigation was
reported.

Figure 8(a-e) illustrates the Hirshfeld surfaces characterized
by various parameters. The d, ., values range from 0.4955 to

Figure 8. Hirshfeld surface mapped d, .., (2), d; (b), d. (c), shape index
(d), and curvedness (e).

1.0082 A, while d; and d, span from 0.8018 to 2.6408 A and
0.8031 to 2.6212 A, respectively. The shape index, in A, varies
between —1.000 and 1.000, and the curvedness extends from
—4.000 to 0.400. The red spots on the d,,., surface prove the
presence of N—H--Cl and N—H:-N hydrogen bonding.
Furthermore, other visible points originate from the H--H
contacts.

Considering the nearest neighbors both inside and outside,
the 3D nanoresolved surface may be resolved into 2D fingerprint
drawings. This analytical approach enables the differentiation
and quantification of distinct intermolecular interactions that are
collectively represented in a complete fingerprint plot. Figure 9
illustrates the resulting fingerprint regions.

The percentages of the area occupied by different interactions
in (C3HgN¢),ZnCl,-2Cl are presented in Figure 10. These
surfaces have been fingerprinted with plots showing a d; of
1.7540 A and a d, of 1.7448 A.

For the title compound, H--Cl/Cl--H and N--H/H-N
contacts are the most prevalent interactions, with their relative
contributions reaching 46% and 16.8%, respectively, represent-
ing N—H---Cl and N—H--"N H-bond contacts. These results are
confirmed by the structural study (Table 2).

According to the fingerprint map examination, H---H
interactions are the third predominant interaction, accounting
for 13.5% of the total Hirshfeld surface area. This is related to the
important presence of hydrogen on the compound’s surface.
This electrostatic interaction ensured the stability of the
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Figure 9. Fingerprint analysis of the compound.
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Figure 10. Distribution of intermolecular contacts on the Hirshfeld
surface of (C3HgNg),ZnCl,-2ClL

structure. In addition other interactions with low percentages
that may be considerate negligible (Figure 10).

4.3. Infrared and Raman Spectra. By comparing the
infrared and Raman spectra of (C;HgNj),ZnCl,-2Cl at ambient
temperature with those of various compounds linked to
comparable anions or adjacent cations in previous studies, the
compound’s molecular structure is confirmed.

The IR and Raman spectra of the compound under study are
presented in Figures 11 and 12, respectively. The IR spectrum
spans the wavenumber range 550—3750 cm™'. However, the
Raman spectrum covers a broader range of 50—3750 cm™".

Table 3 presents the assignments of the recorded vibrations.
In the high-frequency domain, peaks observed at 3700, 3592,
3476, 3464, and 3446 cm™!, in the Raman spectrum, are
associated with the elongation vibration modes v (N—H).****

The peak that appears at 3322 cm ™' in IR and at 3393 cm™, in
the Raman spectrum, can be associated with the symmetrical
elongation vibration v; (NH,).*””* The elongation vibration
mode v (N—H) is observed, in the IR, in the range of 2949- 2744
cm™ and in the Raman spectrum in the range of 2806—2623

=l 47,7576

Alow peak observed at 1648 cm™}, in the IR, and at 1722 and
1684 ¢cm™!, in the Raman, is credited to the deformation
vibration 6 (N—H).>"””"® In the IR spectrum, the deformation
vibration § (NH,) appears as a small band at 1616 cm™.**
Symmetrical bending in the f; plane (NH,) is localized in IR
around 1594 cm™ and in Raman around 1598 cm ™.
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Figure 11. FT-IR spectra of (C;HgNj),ZnCl,-2Cl.
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Figure 12. Raman spectra at room temperature of (C3HgN),ZnCl,-
2CL

The two main bands observed in IR at 1530 and 1505 cm™*
can be ascribed to the asymmetric elongation vibration of the
lateral groups v, (C—N).”>”> Additionally, the low peaks that

Table 3. Band Assignments and Reported Infrared and
Raman Frequencies (cm™') at Ambient Temperature for
(C3HgN),ZnCl,-2C1*

IR (cm™) Raman (cm™") Assignments
3700/3592/3476/3464/3446 v (N—H)
3322 3393 v, (NH,)
2949-2744 2806—2623 v (N-H)
1648 1722/1648 § (N-H)
1616 § (NH,)
1594 1598 B, (NH,)
1530/1505 v, (C-N)
1479/1440/1420 v (C-N)
1368 v (C=N)
1339-1209 7 (NH,)
1324 § (N—-C—-NH,)
1109 v (C-N)
1186—1021 1025 p (NH,)
985 Vibration of the
triazine ring
952 957 v, (C-N)
917—-865 863 v, (C-N)
851/841/829 854 § (C-N-C)
809/779/745 791/773 y (C-N-C)
683/671 693 y (N—C-N)
565 571/547 B (C-N-C)
495 p (N-C-N)
473 8,5 (C-N)
405 8, (C-N)
217 v, (Zn—Cl)
194 v, (Zn—Cl)
120 8,5 (Cl-Zn—Cl)
95 8, (Cl-Zn—Cl)

“Abbreviations: v: elongation, §: deformation, $: bending in plane, y:
bending out of plane, p: roking, 7: ring torsion (out of plane), as
asymmetric, s: symmetric.

appear at 1479, 1440, and 1420 cm ™" in IR and at 1109 cm™ in
Raman are associated to the elongation vibrations v (C—
N).*”**77 The main band at 1368 cm™" in IR can be attributed
to the elon;ation vibration of the ring v (C=N) of the aromatic
nucleus.””””

The weak bands observed only in the IR spectrum between
1339 and 1209 cm™" can be linked to the ring torsion vibration 7
(NH,).”* In contrast, the § (N—C—NH,) deformation vibration
appears only in Raman at 1324 em™LY!

Deformation in the rocking p (NH,) plane is observed in IR in
the range of 1186—1021 cm™" and in Raman at 1025 cm™.*""
The peak that appears at 985 cm™" in IR is assigned to the
vibration of the triazine ring,*”***"”® Asymmetric v,; (C—N)
elongation vibrations are observed in IR spectrum at 952 cm™
and in Raman spectrum at 957 cm™.*" Symmetric v, (C—N)
elongation vibrations are observed, in the IR, between 917 and
865 cm™! and in Raman at 863 cm™.*'

Peaks observed, in the IR, at 851, 841, and 829 cm™ and in
Raman at 854 cm™ are attributed to § (C—N—C) deformations
of the aromatic nucleus.”* The deformation vibration modes
(C—N=—C) in the studied organic molecule are observed at 809,
779, and 745 cm ™! in IR and at 791 and 773 cm ™! in the Raman
spectrum.””*"7® An intense peak that appears at 693 cm™ in
Raman and two weak peaks that appear at 683 and 671 cm™" in
IR can be attributed to the out-of-plane vibration y (N—C—N)
of the aromatic nucleus.*”"”
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The two main peaks observed at 571 and 547 cm ™" in Raman
and the main band observed at 565 cm™ in IR are associated
with the bending vibration modes in the plane # (C—N—C).*”*'
The bending vibration in the plane # (N—C—N) is evidenced in
Raman at about 495 cm™.*”*"7® The two weak peaks at 473 and
405 cm™ in Raman are assigned to both asymmetric and
symmetric deformation vibrations of the C—N group.®” The
modes of vibration of the anionic group [ZnCl,]*” are observed
only in Raman at 400 cm™.

External modes are observed in Raman at low frequencies.
Indeed, in this spectrum, two peaks of low intensities at 217 and
194 cm™' correspond to the asymmetric and symmetrical
elongation vibrations (v,y/s (Zn—Cl)), respectively.”” Addition-
ally, the vibrations of the asymmetric and symmetric
deformations (5, (Cl-Zn—Cl) and &, (Cl-Zn—Cl)) in the
anion [ZnCl,]*~ appear at 120 and 95 cm™, respectively.”’

4.4. Thermal Behavior. The thermal analysis findings for
(C3HgNg),ZnCl,-2Cl, acquired by concurrent TG/DTG and
SDTA measurements, are shown in Figure 13. Furthermore,
Figure 14 displays the differential scanning calorimetry (DSC)
curve.
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Figure 13. TG-DTG-SDTA curves for (C;HgN,),ZnCl,-2ClL
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Figure 14. DSC thermogram of the (C;HgN,),ZnCl,-2Cl compound.

The TG thermogram indicates that the investigated material
remains stable up to 405 K. The DSC thermogram displays two
anomalies during heating at temperatures of T} =343 Kand T, =
358 K (Figure 13). These anomalies, observed within the
material’s thermal stability region, are likely attributed to phase
transitions. The ghase transition at T, is expected to be order—
disorder related.”

The thermogravimetric (TG) curve of the title compound
shows a total weight loss of $8.04% (calculated: 57.25%). The
TG/DTG curves (Figure 13) indicate that the compound
decomposes in five sequential mass losses. The
(C3HgNg),ZnCl,-2Cl material releases four chlorine atoms as
HCl during the evolution of the TG thermogram in the
temperature range from 405 to 637 K (Figure 13). Five
successive endothermic peaks in the DTG curve between 528
and 621 K, six successive endothermic peaks between 528 and
625 K in the SDTA curve and between 415 and 580 K in the
DSC graph (Figures 13 and 14) confirm that the first mass loss is
a combination of three sequential losses amounting to 27.98%
(calculated: 26.29%).

The second mass loss is a combination of two sequential
losses occurring between 637 and 972 K. The experimental
weight loss is 30.05% whereas the calculated one is 29.97%. This
is correlated with an endothermic peak at 728 K in the DTG/
SDTA and DSC curves. This loss is associated with the
decomposition of the organic molecules, corresponding to the
decomposition of two molecules of (C3H,Nj;). According to the
analysis and calculations, the remaining products after
decomposition are ZnCl, and five molecules of NH; gases
(experimental mass loss: 41.96%, theoretical mass loss: 41.43%).

The compound (C;HgN¢)Cu,Cl,* has two endothermic
peaks at 338 and 488 K, associated with a phase transition and
the compound’s melting, respectively. The fusion temperature
of the new compound is 728 K, which is higher than the fusion
temperature of (C;HgN,)Cu,Clg,* which is 488 K. This
suggests that the cations in the new compound have stronger
hydrogen bonds than those in (C3;HgNg)Cu,Cl, resulting in
higher thermal stability for the new compound compared to
(C3HgNg) Cu,Clg.

4.5, Electrical Properties. 4.5.1. Impedance Measure-
ments and Equivalent Circuit Representation. The electrical
characteristics of dielectric compounds may be examined by
using complex impedance spectroscopy across a defined
frequency range. Applying this technique, the effects from
different phenomena, including grain characteristics, grain
boundary phenomena, and electrode-material interfacial inter-
actions, may be separated and examined.” For this analysis,
complex impedance measurements (Z* = Z’' — jZ") were taken
within the temperature range of 313—403 K, as seen in Figure
15. The measurements of impedance (Z*), electric modulus
(M*), permittivity (&¢*), and admittance (Y*) are intercon-
nected, providing a comprehensive understanding of the
compound’s electrical behavior.

Both the imaginary (Z”) and real (Z') components of the
complex impedance are useful for understanding the dielectric
features and their variation with frequency and temperature. By
analyzing these components, it is possible to distinguish between
different types of polarization and conduction mechanisms
within the material. The complex impedance spectroscopy
approach is particularly useful in separating contributions from
grain and grain boundary effects as well as the electrode-material
interface.

In addition, the study of the electric modulus (M*), which
corresponds to the reciprocal of permittivity, helps to identify
relaxation processes within the material. The electric modulus
can provide information about the conductivity relaxation and
the mobility of the charge carriers. Similarly, the admittance
(Y*), the inverse of impedance, offers essential insight into the
material’s conductive features.
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Figure 15. Nyquist diagram spectra plotted against temperature and the
corresponding electrical equivalent circuit for (C;HgNj),ZnCl,-2ClL.

Furthermore, the interconnected nature of these measure-
ments allows for a detailed study of the dielectric properties and
the underlying mechanisms influencing the electrical behavior of
(C3HgNg),ZnCl,-2Cl within the examined temperature range.

M* = jwCyZ,
6'* — (M*)—l
Y* — (Z*)—l
Y* = j(oCoe>l<

The diagram in Figure 15 presents the Nyquist plots of the
compound under study obtained at various temperatures.

In contrast to the ideal semicircular plot aligned with the real
axis, the plot shows some dispersion, demonstrating Cole—Cole
empirical behavior. The semicircle radius diminishes as the
temperature rises, leading to a decrease in the resistance. This
behavior confirms that the conductivity increases with temper-
ature.8#*%5 This diagram features semicircles, revealing two
contributions.*® The first is observed in the high-frequency
range, presenting the effect of grains, while the second is
observed in the low-frequency range, relating to the grain
boundaries’ impact.

Z-view software was applied to explore impedance data using
a standard equivalent circuit model. This circuit consisted of the
series connection of two cells with each cell formed by a parallel
arrangement of a resistor (R) and a fractal capacitance (CPE)
(Figure 15). Here, the impedance of the capacitance at the
fractal interface (CPE) is represented by the equation:

v
Q,(jw)*

where the capacitance value of the CPE element is Q, and the
fractal constant is a. The previous calculation shows that
,Z(CPE) = 1/jQw and if @ = 1, the CPE contains pure
capacitance. In contrast, if @ = 0, then Z(CPE) = 1/Q and the
CPE has a pure resistance. At different temperatures, Figure 16

Zepg =

Debye’s behavior.

demonstrates that @ = 0.26. To determine the real (Z’) and
imaginary (Z”) components of the impedance, the following
formulas were applied:

B R+ Qa)%os(i—”)
B (R—l + Q(o”’cos(%))2 + (Cw + Q(l)"‘sin(ﬂ[—;))2

R'+ Qwasin(‘%ﬂ)

] R'+ (Q_(omcos(%))2 + Cw + (Cwasin(u;—”)>2

Figure 17(a) provides a graph showing the connection
between the real component of impedance (Z') and frequency
at various temperatures. At lower temperatures, the Z’
amplitude is greater in the low-frequency range, gradually
decreasing as both frequency and temperature rise, leading to an
increase in the material’s AC conductivity. Beyond 5 Hz, all the
curves converge, making Z' frequency independent. Addition-
ally, as Z’ decreases, the relaxation frequency shifts to a higher
frequency.

Figure 17(b) depicts the correlation between the imaginary
portion of impedance (Z”) and frequency at various temper-
atures. As frequency and temperature increase, the magnitude of
Z' ax decreases. The shift of the Z” ., peaks to higher
frequencies with increased temperature indicates a relaxation
event in the system, suggesting a loss in resistive character-
istics.”” The merging of all curves at high frequencies suggests a
potential release of space charge.

Furthermore, the plots in Figure 17(a),(b) demonstrates a
significant connection between both theoretical and exper-
imental data, implying that the suggested equivalent circuit
effectively represents the pellet-electrolyte interface.

Figure 18 illustrates the changes in Z' and —Z” with varying
angular frequency at 343 K. The proposed equivalent circuit
demonstrates a good fit between the observed and calculated
impedances. Z' decreases with increasing frequency, while —Z"
increases, peaking at a specific frequency where it intersects with
Z'. Above this frequency, both Z" and —Z" reduce and approach
the x-axis, suggesting the presence of a relaxation process.*®

The resistance values (R) resulting from fitting the impedance
spectra were utilized to calculate the o4, conductivity using the
relevant formula:
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Figure 18. Variation of Z’' and —Z” with frequency at 343 K of
(C3HgNg),ZnCl,2Cl compound.

R s the resistance suggested from the impedance spectra fitting,
S is the sample area, and e is the sample thickness.

Figure 19 displays the evolution of log(cy.) as a function of
1000/T. The plot illustrates that the conductivity of the
compound rises with temperature, implying that conduction in
the compound is regulated by the Arrhenius equation:

O-dcT = 0y exp(_Ea/kBT)

The change in slope at T} = 343 Kand T, = 373 K proves the
presence of a conduction phase transition in the studied
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Figure 19. Variation of the log(cy.) versus 1000/T of the
(C3HgNg),ZnCl,-2Cl compound.

compound, which was further supported by identifying three
regions (I), (II) and (III) through the linear fit of the graph’s
conductivity as shown in Figure 19. The activation energies
calculated for regions (I), (II), and (III) are E,; = 0.17 eV, E,, =
0.36 eV, and E 3 = 0.99 eV, respectively.

The conductivity curve indicates that the studied compound
demonstrates super ionic-protonic conduction phenomena.
This behavior is related to the disruption of N—H---Cl and
N—H---N hydrogen bonds, along with a substantial restructuring
of the crystal lattice resulting from a chemical transformation.”
This leads the proton to oscillate between the potential wells.

The ((C,H;)NH,),ZnCl,” material has the same inorganic
part as the title compound and exhibits activation energies of
E,(I) =0.28 eV, E,(II) = 1.05 eV, and E,(III) = 1.03 eV. These
activation energies are higher than those of the title compound,
suggesting stronger hydrogen bonds in ((C,H;)NH;),ZnCl,.
When the 64, conductivity of the two compounds is compared, it
seems that the synthesized compound has higher conductivity,
which correlates with its lower activation energy.

4.5.2. AC Electrical Conductivity. AC conductivity provides
valuable insights into the electrical behavior of a material,
encompassing conductivity, capacitance, and loss factor
dynamics. It aids in discerning the type of conduction present
within a sample and is derived from complex impedance data by
using specific equations.

e z
S Z/Z + Z//Z

Figure 20 depicts the fluctuation in AC conductivity with
frequency at several temperatures. The curves for the examined
samples show two distinctive zones.

At low frequencies, the AC conductivity is constant, while at
high frequencies, it shows dispersion. Increasing the frequency
enhances the hopping frequency of charge carriers, thereby
improving the conduction process and resulting in an overall
increase in the conductivity. This feature implies a thermally
activated process caused by the energy levels of the charge
carriers.

At lower frequencies, the applied electric field drives charge
carriers to move over longer distances, resulting in decreased
charge carrier mobility as the frequency increases.”*”’

4.6. Dielectric Studies. Dielectric materials are essential in
the advancement of sophisticated electronic technologies,
providing critical insights into their properties through measure-

ac
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are highly sought after for potential uses in integrated circuits
and high-frequency printed circuit boards.”"

4.6.1. Real and Imaginary Permittivity. The study of
dielectric groperties offers detailed insights into conduction
processes,”~ electrical and dipolar relaxation times, and
activation energies.”> A non-Debye model defines dielectric
relaxation by describing the frequency-dependent complex
permittivity using the following equation:

e =¢ —je’

The real portion &’ of the dielectric constant suggests the
stored energy and is described by the relation: &'= 1/wCy[—Z"/
(27+2%)]

Figure 21(a) highlights the frequency dependence of the real
component of the dielectric constant. It shows a decrease in the
dielectric constant as the frequency increases, with a tendency to
stabilize at higher frequencies across all temperatures. The
pronounced variation of & at lower frequencies indicates
significant conductivity contributions in the material. The high
€’ values at low frequencies are likely due to lattice vibrations
and macroscopic distortions in the crystal structure, while the
lower values at higher frequencies suggest a gradual attenuation
of these vibrations.

The following relation is utilized to define the imaginary
portion &” of the dielectric constant, which specifies the
dissipated energy:

NI i}
wCy|Z* + 7%

The dielectric constant &' (Figure 21(a)) and the dielectric
loss £” as a function of temperature and frequency (Figure
21(b)) vary similarly. The dielectric constants at low frequencies
have a dispersive tendency as the temperature increases. Non-
Debye dependence is confirmed by the significant increase in
dielectric loss, which verifies the gresence of electrode
polarization and space charge impacts.”” As demonstrated, no
significant relaxation peaks were detected in the frequency range

LOx10°1 % & —#—313K—e— 323 K—4—333K
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Figure 21. (a) Frequency dependence of the real part &', (b) imaginary
part &” of the permittivity at different temperatures for
(C;HgN¢),ZnCl,-2CL

studied. High & values may suggest charge accumulation at the
sample—electrode contact.

Figure 22(a),(b) depict the temperature dependence of the
real component (¢') and imaginary part (¢”) of permittivity at
chosen frequencies. 20, 25, 32, 40, and 50 Hz.

Figure 22(a) shows that ¢’ decreases as frequency increases
and increases with rising temperature. Prior to the phase
transition, a slight depression is observed, followed by a
relatively stable stage. This behavior is likely due to the
restricted reorientational motion of the cationic part, which
struggles to align with the applied electric field direction.

In Figure 22(b), &” increases notably with temperature above
T, =373 K. This increase can be attributed to factors such as the
reorientation of (C3;HgNg) groups and enhanced mobility of
charge carriers, contributing to increased dissipation of energy.”®

4.6.2. Complex Modulus Analysis. The concept of complex
modulus provides essential insights into how materials transport
charges and undergo relaxation processes, especially in relation
to electrode polarization conductivity and relaxation phenom-
ena.”* The electric modulus (M*) is defined as

M* =M + M’

where M’ = —wCyZ", M"= wCyZ’, and w represents the angular
frequency (27f).
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Figure 22. Temperature dependence of the (a) real and (b) imaginary
parts of dielectric permittivity of (C3;HgN,),ZnCl,2Cl, at different
frequencies.

Figure 23(a),(b) depicts the real component (M’) and the
normalized imaginary component (M”/M” ...) of the electrical
modulus as a function of frequency at various temperatures.

In Figure 23(a), M’ exhibits frequency dependence across
different temperatures. At higher frequencies, M’ stabilizes to a

1N g . .
constant value (M’ ~ —), indicating minimal resistance to
o0 £
©

the move of charge carriers under an induced electric field. Thus,
the conduction mechanism likely involves long-range mobility
of charge carriers.”’

Moreover, Figure 23(b) shows M"/M”,.. spectra for a
specific temperature, characterized by an asymmetric peak. As
temperature rises, the peak maximum shifts to higher
frequencies. The left side of the spectra corresponds to the
long-range movement of charge carriers, predominantly H",
over extended distances, while the right side reflects their
confinement within potential wells. The migration from long-
range to short-range mobility as the frequency decreases occurs
near the relaxation frequency, defined by wz = 1. 7 is defined as
the most predicted ion relaxation time”®

The temperature dependence of log (fp) is shown in Figure
24, where the frequency in relation to the M’ ,, peak associated
with bulk relaxation is represented by fp = 1/2xtf.

The graph adheres to an Arrhenius-type law (6T = o,
exp(—E,/kgT)), indicating parallel behavior between log
(04.T) conductivity and log(fp) modulus peak maxima over
the observed temperature range. Consequently, the activation
energies obtained from impedance (E,) and modulus (E,)
spectra are closely aligned, suggesting that H" ion transport in
the material likely occurs via a hopping mechanism.”

Figure 23. Variation of M’ (a) and M"/M" ., (b) as a function of the
log (f) at various temperatures in (C3HgN,),ZnCl,-2Cl
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Figure 24. Temperature dependences of log(c, T) and log fp of
(C3H,Nj),ZnCl,-2CL.

B CONCLUSION

In summary, we successfully synthesized single crystals of
(C3HgNg),ZnCl,-2Cl by using the slow evaporation method.
These crystals adopt a monoclinic crystal structure in the P2,/c
space group, as confirmed by scanning electron microscopy
(SEM), energy-dispersive X-ray analysis (EDX), and X-ray
diffraction (XRD) for purity and crystallinity assessment. The
crystal structure features alternating layers of (C;HgN4)>*
cations, [ZnCl,]*~ anionic tetrahedra, and isolated chloride
anions, stabilized by N—H:--Cl and N—H:--N hydrogen bonds.
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Our analysis included Hirshfeld surface studies, revealing
predominant hydrogen bond interactions such as H---Cl/Cl---H
and N--H/H-N within the crystal lattice. IR and Raman
spectroscopy confirmed the existence of the two organic and
inorganic components. Differential scanning calorimetry (DSC)
identified two phase transitions: one at T} = 343 K and another
of the order—disorder type at T, = 358 K, corroborated by
subsequent dielectric and electrical property investigations.

Complex impedance analysis provided insights into the
material’s electrical behavior across varying temperatures and
frequencies, revealing it as an excellent protonic conductor.
Dielectric studies indicated a characteristic relaxation behavior
typical of such materials.
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