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Abstract 

A new organic–inorganic hybrid compound [C7H16N2][ZnCl4] was synthesized by hydrothermal 

method and characterized by single-crystal X-ray diffraction, IR and Raman spectroscopy, optical 

absorption, differential scanning calorimetry and dielectric measurements. Single crystal diffraction 

results showed that [C7H16N2][ZnCl4] crystallizes in the monoclinic system, space group P21/c at 

room temperature. In the molecular arrangement, the tetrachlorozincate anions are connected to 

organic cations through N-H...Cl hydrogen bonds. The Raman and IR analyses confirm the presence 

of the organic groups and the anionic entities. UV–Visible absorption spectrum revealed the energy 

of the optical band gap. DSC measurements indicated that [C7H16N2][ZnCl4] undergoes three 

sequential phase transitions at 287, 338 and 356 K. The dielectric study proved the ferroelectric 

properties below the 338K and indicates their classical character for this compound. The analysis of 

Nyquist plots revealed the contribution of the bulk mechanism and the grain boundaries. 

 

Keywords: Hybrid material, Crystal structure, Optical absorption, Phase transitions, Ferroelectric 

properties, Conduction mechanism. 
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1. Introduction 

For the last decades, organic-inorganic metal halides have attracted intensive interest because of 

their technological aspects and potential applications in various areas such as magnetic [1-3], 

optoelectronics, memory devices [4-6], ferroelectrics and electrical [7-11] properties, etc. These 

types of materials have also received much attention owing their interesting molecular shapes. 

Moreover, the hybrid compounds have stimulated modern-day materials science research due to 

their innumerable characteristics such as non toxicity, flexibility, potential phase transition 

materials and lightness [12-14]. Recently, inorganic–organic phase transition materials with 

molecular formula AMX4 have been synthesized, in which M is a metal cation that coordinated by 

four (X) anions to form an AX4 tetrahedron, and A is a organic cation. Especially, metal-halide 

compounds including 1,4-diazabicyclo [2.2.2] octane (dabco) and quinuclidine have made great 

progress [15-20]. For example, [quinuclidinium][ReO4][16]; (H2dabco-CH2-Cl)[MCl4] [18] and 

(H2dabco-C2H5)[MCl4]  (M = Co, Zn) [20] contain an independent organic cations and a discrete 

[MX 4]
n− (M = Co, Zn) anions. Quinuclidinium  perrhenate (I) compound, exhibits ferroelectricity 

above room temperature and undergoes a phase transition to a plastic crystal phase at a higher 

temperature [16]. Eventually, these hybrid compounds containing the quinuclidinium or their 

derivatives can be considered as potential switchable dielectric materials which lead to the para-

ferroelectric phase transitions. In this context, 3-aminoquinuclidine as the derivative of dabco, was 

protonated and combined with metal halides, forming a new hybrid compound [C7H16N2][ZnCl4]. 

This synthesized compound was characterized by single crystal X-ray diffraction, optical studies, 

differential scanning calorimetric analysis, electric and dielectric measurements as a function of 

temperature in order to confirm its purity, to investigate the ferroelectric properties and to study the 

optical and electrical properties. 

2. Experimental section 

2.1. Materials 

Zinc (II) chloride (ZnCl2), hydrochloric acid (HCl; 37%), 3-aminoquinuclidine dihydrochloride 

(C7H14N2 
.2HCl) were purchased from Sigma-Aldrich and used without further purification.  

2.2. Synthesis 

The synthesis of 3-aminoquinuclidinediium tetrachlorozincate (II) complex was carried out in 

home-built Teflon-lined stainless steel pressure bombs of 120 mL maximum capacity. 1 mmol of 

ZnCl2 and 2 mmol of 3-aminoquinuclidine dihydrochloride were dissolved together in 20 mL of 

deionized water and hydrochloric acid (pH ≈ 3). The mixture was placed in a Teflon-lined autoclave 

that was then sealed and heated to 110°C for 2 days. It was then allowed to cool to room 

temperature in a cold water bath. Autoclaves were opened in air, and products were recovered 

through filtration. White stick-shaped crystals with suitable dimensions for crystallographic study 
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were recovered. The crystals were washed several times with distilled water and dried in open air. 

Reaction yields ranged between 60-70% based on Zn. No additional reaction products other than 

that described below, crystalline or amorphous were observed. Elem. microanal. Obsd for 

[C7H16N2][ZnCl4] (calcd): C, 26.28 (25.04); H, 4.17 (4.77); N, 8.14 (8.34). 

2.3. Single-crystal data collection and structure determination 

Suitable crystals were mounted on an APEX II AXS-Bruker area detector 4-circles diffractometer. 

Intensity data sets were collected using Mo Kα radiation (λ = 0.71073 Å) through the Bruker AXS 

APEX2 Software Suite [21]. Frame integration and data reduction were carried out with the 

program SAINT [22]. The program SADABS [23] was then employed for multiscan-type 

absorption corrections. The crystal structure was solved in the monoclinic symmetry, space group 

P21/c, according to the automated search for space group available in Wingx [24]. Zinc and chloride 

atoms were located using the direct methods with the program SIR-2014 [25]. C and N atoms from 

the amine were found from successive difference Fourier calculations using SHELXL-2014 [26]. 

Their positions were validated from geometrical considerations as well as from the examination of 

possible hydrogen bonds. H atoms were positioned geometrically and allowed to ride on their 

parent atoms, with C–H = 0.97 Å and N–H = 0.89 Å. When the nitrogen is the protonated tertiary 

one, N(3) and N(1), the distance was fixed to 0.98 Å. Structure drawings have been made with 

Olex2 [27] program. Crystallographic data are given in Table 1. 

2.4. Spectroscopies studies 

The Raman spectra were excited by the 514.5 nm wavelength radiation of an Ar/Kr laser, and 

collected with a T64000 Raman spectrometer in the 180–3500 cm-1 range. The spectrum was 

collected in all polarizations, but only the obtained in the Z(XX)Z polarization is presented with 

regard to their best signal-to-noise ratio. 

IR absorption spectrum of the crystallized powders in KBr was recorded on a Perkin- Elmer FT-IR 

1000 spectrometer in the 400–4000 cm-1 range.  

Optical properties are measured at room temperature using a Shimadzu-type 3101PC UV 

spectrophotometer that has a dual-beam monochromator, covers a spectrum from 200 nm to 2400 

nm and uses two sources: (i) Xenon lamp for the UV-Visible domain, (ii) Halogen lamp for the 

infrared range. This technique makes it possible to determine the absorbance (A) and the reflectance 

(R). The optical absorption spectrum of the [C7H16N2][ZnCl4] compound was recorded at room 

temperature in powder used in the form of films. 

2.5. Thermal measurements 

TGA measurements were performed on raw powders with a TGA ‘SETSYS Evolution’ under a N2 

atmosphere of [C7H16N2][ZnCl4]. The thermogram was collected on 12.5 mg sample in the RT-

650K range (heating rate of 5°C/min).  
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DSC measurements were recorded on raw powders with NETZCSCH DSC 200 F3 instrument (Pt 

crucibles, Al2O3 as a reference) under nitrogen atmosphere. The thermograms were collected on      

8 mg sample in the temperature range from 258 to 423 K with heating and cooling rate of 5 °C/min. 

2.6. Impedance spectroscopy 

The electrical measurements of the real and imaginary components of the impedance parameters    

(Z’ and Z”) were measured on pellet disks of about 8 mm in diameter and 1.2 mm in thickness in 

the frequency range of 1–106 Hz, with the SOLARTRON SI 1260 impedance coupled to a dielectric 

interface 1296  in the temperature range of 280–480K. 

3. Results and discussion 

3.1. Crystal Structure  

[C7H16N2][ZnCl4]. The structure of the 3-aminoquinuclidinediium tetrachlorozincate (II) was 

determined by X-ray diffraction analysis. At room temperature, data were consistent with the P21/c 

space group with unit cell parameters a = 21.3562(13) Å, b =7.4060(4) Å, c = 17.3938(12) Å, β = 

105.777(3)° and Z= 4. The asymmetric unit of the structure, as shown in Figure 1, was found to 

contain two types of [ZnCl4]
2- tetrahedra and two symmetrically independent                                        

3-aminoquinuclidinediium cations, [C7H16N2]
2+. The organic species interact with the inorganic 

entities via N–H…Cl hydrogen bonds. Selected bond lengths and angles are given in Table 2.            

The molecular arrangement of [C7H16N2][ZnCl4] is shown in Figure 2. The crystal structure can be 

described as alternating of 3-aminoquinuclidinediium cations and layers of anions, the latter are 

built up of tetrahedra of tetrachlorozincate ZnCl4 alternated with different organic cations forming 

infinite zigzag chains that run parallel to the a-axis. The anionic sub lattice is constructed of two 

independent distorted tetrahedra [Zn(1)Cl4] and [Zn(2)Cl4]. Within anionic layers (Figure 3), the 

distances between Zn atoms are 7.51 Å, 6.64 Å, and 5.92 Å, respectively. The Zn–Cl bonds are in 

the range 2.2317(9) –2.3056(9) Å. The Cl-Zn-Cl angle values vary from 101.29 (4) to 119.00(4)° 

with a mean of 109.48(2)°. The geometrical features of ZnCl4 entities agree well with those 

reported by other Zn(II) salts containing isolated tetrahedra [28-29]. Organic cations neutralize the 

negative charge of the anionic part. The C–C bond lengths vary from 1.517(5) to 1.535(5) Å and the 

C-C-C angle values are in the range 106.2(3)–111.0 (3)°. The selected bond lengths and bond 

angles within the cationic part indicating that the N-C, C-C distances and the N-C-C, C-N-C, C-C-C 

angles are comparable with those observed in other similar hybrid metal-halides with the same 

organic cation [30-31]. The structure is stabilized by intermolecular hydrogen-bonding interactions 

leading to layers that are parallel to b and c axes. These layers are stabilized through extensive N–

H⋯Cl hydrogen bonding between the inorganic and organic moieties. Indeed, the N-H. . .Cl bonds 

vary from 3.157(3) to 3.583(3) Å. These interactions play a significant role in the formation of 
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three-dimensional architectures and stabilizing the supramolecular structure. The hydrogen bond 

parameters are given in Table 3. 

3.2. Vibrational frequencies 

Raman and IR complementary techniques are used to identify the presence of all molecular groups 

for the synthesized compound. These spectra are recorded in Figure 4 (a) and (b). The Raman 

spectrum shows three frequency regions: the first under 350 cm-1 corresponding to the Zn-Cl 

vibration modes and indicates the presence of the ZnCl4
2- anion, the second region between 350 and 

1600 cm-1 corresponds to the NC4, CH2, NH3 and C-N-H vibrations modes, the third region above 

the 2500 cm-1 indicate the C-H stretching vibration. All vibrations modes of the organic cation 

above 350 cm-1 appears with a small difference in frequency in the IR spectrum (Table 4). This 

result confirms the presence of the inorganic and organic entities proved by the X-ray diffraction 

analysis. 

3.3. Optical energy gap analysis of [C7H16N2][ZnCl 4] 

Figure 5 (A) showed the UV–vis spectrum of [C7H16N2][ZnCl4] at room temperature with four 

distinct absorption peaks at 200, 286, 400, 615 and 686 nm which is very similar to those found in 

the (C5H7N2)2CuCl4
.H2O and (C8H10NO)2CdCl4 compounds [32-34]. The lowest energy absorption 

peak at 200 nm is due to band gap absorption and it is assigned to the excitation of free electron–

hole pairs within the [ZnCl4]
2- inorganic anion. It is due mainly to the absorption between Cl (3p) 

and Zn (4s). In fact an electron is excited from the valence band (VB) to a permit level in the gap 

leaving a hole in the (VB).  The other peaks can be assigned for transitions between energetic levels 

in the same bands or from (VB) band to conduction band (CB) [34]. The absorption coefficient (α) 

(cm-1) is deduced from the absorbance by the following relation: 

2.303 /A dα =         (1)(1)(1)(1)    

Where d (cm) and A represent the thickness and the absorbance respectively. 

This coefficient is used to determinate the optical band gap value using Tauc's expression for direct 

and indirect band transition [35]: 

  (2) 

 

where B is a constant, Eg is optical Band gap, n = ½ for direct allowed transition and n = 2 for 

indirect allowed transition. 

The dependence of (αhυ)2 and (αhυ)1/2 on the photon energy are shown in Figure 5 (B) and (C).                  

The values of the optical band gap �� are obtained by extrapolating the linear part of the curve to 

intersect the X-axis [36]. The allowed direct and indirect optical band gaps of the samples are 5.27 
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and 4.90 eV. These values are close to the similar compounds such as [(CH3)3NH]CdCl3 and 

[N(CH3)3H]CoCl3.2H2O [37], [C2H5NH3]2ZnCl4 [29] and can indicate the insulating or 

semiconductor nature for the titled compound [29, 37]. 

 The behavior of the EU can describe the degree of disorder and the defects of the structural 

connection of this material [38, 39]. The Urbach energy (Eu) tailing is used based on the equation 

(3):  

0 uln( ) ln( ) h / Eα α ν= +   (3) 

The inverse of the slope of the straight line (ln (α)) versus (hν) deduced from the Figure 5 (D), leads 

to the calculated value of Eu which equals to 0.21eV. This weak value of EU confirms the structural 

result and indicates that this compound is ordered. 

3.4. Thermal behavior 

The TG curve of the compound [C7H16N2][ZnCl4], carried out with a heating rate of 5°C/min from 

298 to 650K, is depicted in Figure. S1 (See Supporting Information). The TG analyses indicates 

that [C7H16N2][ZnCl4] is stable unto 450 K.                                                          

DSC measurements were recorded on heating and cooling (Figure 6) in the 258 to 423 K 

temperature ranges in order to determinate the phase transitions. This study shows three anomalies 

at 287, 388 and 356K, that can lead to interesting physical properties as it was reported in earlier 

studies for similar hybrid metal halide salts [7-9, 20].  

3.5. Electrical properties and phase transitions 

3.5.1. Ferroelectric properties 

The variation of the real and imaginary part of the relative permittivity as a function of the 

temperature at various frequencies (Figure 7 (a) and (b)). This temperature dependence of ε' and ε'' 

displays a sharp peak at Tc = 338K, characteristic of ferroelectric transitions which is related to the 

peak observed in the DSC curve. The ferroelectric-paraelectric temperature transition is 

independent with frequency which proves that this compound is a classic ferroelectric [40]. 

For the classical ferroelectric materials, the order of Tc transition is determined based in the Curie–

Weiss law: 

 

 (4) 

 

where C is the Curie–Weiss constant and T0 (K) is the Curie–Weiss temperature. 
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The Curie–Weiss plot 1/ε’ versus temperature gives a straight line with the X-axis intercept at T0. 

This temperature equal to 326K (Figure 7 (c)) is different of Tc indicating that this transition is of 

the first order [41]. 

 

3.5.2. Nyquist diagram and equivalent circuit 

Electrical measurements as function of the temperature were mode to study the properties of this 

material such as the conductivity and to characterize the transition phases detected by the 

calorimetric study. Nyquist diagram spectra of [C7H16N2][ZnCl4] at different temperatures are 

shown in the Figure 8 (A) and (C).  The radius of the semi-circles decreasing with increasing 

temperature indicates that the conductivity is thermally activated. The some depression observed in 

these spectra indicates a non-Debye type relaxation [40]. Two regions can be described in the 

Nyquist diagram spectra: (i) the first one between 280K and 382K consists in a single semi-circular 

due to the consequence of the grain conduction in this material and modeled by a parallel R//CPE 

circuit where CPE is the fractal capacitance; (ii) the second one between 389K and 480K shows 

double semicircular arcs due to the grain (in the high frequency domain) and grain boundary (in the 

low frequency domain) conduction and modeled by a combination series of parallel R//CPE and 

R//C//CPE. The good conformity of the calculated lines and the experimental data (Figure 8 (B) and 

(D)) indicates that the suggested equivalent circuit describes well the behavior of this material. The 

extracted resistance (R) values by the Nyquist diagram simulation are used to calculate the grain 

conduction based on the following equation: 

   (5) 

 

Where e (cm) and S (cm2) are the thickness and surface of a pellet, σg (Ω-1cm-1) is the conductivity 

of grain. 

The variation of Ln(σg) versus temperature shown in Figure 9 is described by the Arrhenius law.  

Furthermore, a change of the slope curve near each transition is observed in the calorimetric study. 

This can confirm these transitions and prove the dependence of the electrical and structural 

properties of this compound. The calculated activation energies of the conduction process for all 

phase are EaI=0.14eV, EaII= 1.42eV, EaIII=0.42eV and EaIV=0.75eV. 

3.5.3. Ac conductivity and conduction mechanism 

The frequency dependence of the electrical conductivity at various temperatures (Figure 10) shows 

weak temperature dependence and a strong frequency dependence effects. Two regions appear in 

these spectra: the first at low frequency with a plateau representing the total conductivity, the 
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second at high frequency where the grain contribution relaxes in the dispersion region. This 

behavior suggests that electrical conductivity is described by the Jonscher’s power law [42-43]: 
 

=  +        (6) 

 

where σac and σdc (Ω-1cm-1) are  the AC and DC conductivity, respectively, A is a constant and S is 

the frequency exponent in the range of 0< S<1. 

The simulated spectra of AC conductivity by the equation 6 allow determining the DC conductivity 

and the exponent (S) for all the temperatures. Figure 11 shows the variation of the DC conductivity 

as function of the temperature and confirmed the changes observed near the phase transitions of this 

compound. All the behaviors are described by the Arrhenius low and the activation energies are: 

EaI=0.15eV, EaII= 0.87eV, EaIII=0.42eV and EaIV=0.60eV. 

The behavior of the exponent (S) (Figure 12) as a function of the temperature can be used to 

determine the origin of the conduction mechanism. Different theoretical models related to the 

variation of the exponent (S) such as the quantum mechanical tunneling (QMT) model [44], the 

non-overlapping small Polarons (NSPT) model [45], the overlapping-large polaron tunneling 

(OLPT) model [46]  and the correlated barrier hopping (CBH) model [47] have been reported. 

Based on the variation of the exponent (S) (Figure 12), the first phase is described by NSPT model 

where the exponent S increase with increasing temperature, in the second phase the exponent S 

decreases with increasing temperature up to a minimum and then increases suggesting that OLPT 

model is suitable for the conduction, in the third and fourth phases the exponent S decreases with 

increasing temperature which indicates that the CBH model described the conduction. To confirm 

these attributions, we used the equations of each mechanism based on Elliot's theory [48] and we 

performed a fitting of the variation σac as a function of the temperature (Figure 13): 

• NSPT model 

The exponent S increases as T increases and given by [48]: 

   

The σac and the exponent S are given by Long [49] as: 

( ) ( ) ( )

(422 1

12FE

R
e kT N T ωσ ω π α ω−  =    

 

where ωH is energy of polaron hopping, α-1 (A°) is the spatial extension of the polaron, Rω is 

the tunneling distance, τ0 represents the characteristic relaxations time its value is in the 

(7) 

(8) 
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order of an atom vibrational period (1E-13s).and N (EF) is the density of states near the Fermi 

level. 

• OLPT model 

The ac conductivity expected from a model in which tunneling of polarons is still the 

dominant mechanism, but where an appreciable overlap of the polaron distortion clouds 

occurs. 

The ac conductivity was given by [49] as: 

 

( ) ( )
44

22 2

0
2

( )
12

2
ac F

H p

R
e kT N E

r
kT

R

ω

ω

ωπσ ω ω
α

=
+  

 

where rp is the polaron radius 

 

• CBH model 

In this model, Long [49] has calculated the ac conductivity to be: 

(2 ' 6

24
p

ac

n NN Rωπ ε ω
σ =

 

 

Where n is the number of polaron for the hopping process, NNp is the states density and    

is the dielectric constant.
 

As indicated in this figure 13, we have come to realize good adjustments of experimental 

curves, the extracted parameters by this adjustment are listed in the table 5. We notice that 

an increase in the frequency causes an increase in the states density localizes.
 

 

4. Conclusion 

In conclusion, we have prepared a novel hybrid metal-halide material [C7H16N2][ZnCl4], which 

exhibits a three sequential phase transitions at about 287, 338 and 356K, being confirmed by the 

DSC measurements together with dielectric anomalies. The compound crystallizes in the 

monoclinic P21/c space group at room temperature having isolated [ZnCl4]
2- anions and 3-

aminoquinuclidinediium cations. They are connected each other through N-H…Cl hydrogen bonds 

(9) 

(10) 
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to form cation-anion-cation molecular units. All vibrational modes of molecular group are 

confirmed by the IR and Raman techniques. A first order type phase transition observed at 338K 

and confirmed by Curie–Weiss law, proves that this compound is a classic ferroelectric. The optical 

properties at the absorption edge of [C7H16N2][ZnCl4] showed four distinct peaks at 200, 286, 400 

and 680 nm, respectively. The values of the band gap energies direct and indirect are 5.27 and 4.90 

eV. The equivalent circuit was determined and the impedance spectra have revealed the 

contributions of grain and grain boundary in the conduction for this material. The conduction 

mechanisms have been discussed in each phase based on Elliott’s theory. 

 

Appendix         

Supplementary crystallographic data for this article in CIF format are available as Electronic 

Supplementary Publication from Cambridge Crystallographic Data Centre (CCDC 1553738). This 

data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from 

the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: 

(international): +44 1223/336033; e-mail: deposit@ccdc.cam.ac.uk). 
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Figure captions 

Figure 1: Asymmetric unit of [C7H16N2][ZnCl4] showing the atom-numbering scheme involving N-
H···Cl hydrogen bonding. 
 
Figure 2: View of [C7H16N2][ZnCl4] along the b-axis. The dotted lines indicate the hydrogen 
bonds. 

Figure 3: Zn....Zn distances between the anions layers in [C7H16N2][ZnCl4]. 

Figure 4 (a) and (b): Experimental Raman and IR spectra of [C7H16N2][ZnCl4]. 

Figure 5 A, B, C and D: Variation of the absorbance with wavelength (A), (αhν)2 vs. hν (B), 
(αhν)1/2 vs. hν (C),  and determination of Urbach energy (D) for [C7H16N2][ZnCl4]. 

Figure 6: Differential scanning calorimetric of the [C7H16N2][ZnCl4].  
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Figure 7 (a) and (b) : Temperature dependence of the real and imaginary dielectric constant,              

(c) Temperature dependence of the dielectric constant 1/e’ for [C7H16N2][ZnCl4].  

Figure 8 A, B, C and D: Nyquist diagram spectra as a function of temperature with electrical 

equivalent circuit for [C7H16N2][ZnCl4]. 

Figure 9: Variation of the Ln (σg) versus 1000/T for [C7H16N2][ZnCl4]. 

Figure 10: Frequency dependence of AC conductivity at various temperatures for 
[C7H16N2][ZnCl4]. 

Figure 11: Variation of the Ln(σdc ) versus 1000/T for [C7H16N2][ZnCl4]. 

Figure 12: Variation of universal exponent (S) as a function of temperature for [C7H16N2][ZnCl4]. 

Figure 13: Temperature dependence of AC conductivity for [C7H16N2][ZnCl4]. 

 

 

Table captions 

Table 1: Crystallographic data and structure refinement parameters for [C7H16N2][ZnCl4]. 
 
Table 2: Selected bond distances (Å) and angles (°) for [C7H16N2][ZnCl4]. 
 
Table 3: Hydrogen-bonding geometry (Å, °) for [C7H16N2][ZnCl4]. 
 
Table 4: Experimental Raman and IR frequencies (cm-1) for [C7H16N2][ZnCl4]. 
 
Table 5: Parameters for NSPT, OLPT and CBH models fitting in phases I, II, III and IV. 
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Figure 1: The asymmetric unit of [C7H16N2][ZnCl4] showing the atom-numbering scheme 
involving N-H···Cl hydrogen bonding. 
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Figure 2: View of [C7H16N2][ZnCl4] along the b-axis. The dotted lines indicate hydrogen bonds. 

 

Figure 3: Zn....Zn distances between the anions layers in [C7H16N2][ZnCl4]. 
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Figure 4 (a) and (b): Experimental Raman and IR spectra of [C7H16N2][ZnCl4]. 
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Figure 5 A, B, C and D: Variation of the absorbance with wavelength (A), (αhν)2 vs. hν (B), 
(αhν)1/2 vs. hν (C), and determination of Urbach energy (D) at room temperature for 

[C7H16N2][ZnCl4]. 
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Figure 6: Differential scanning calorimetric of the [C7H16N2][ZnCl4].  
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Figure 7 (a) and (b) : Temperature dependence of the real and imaginary dielectric constant,             

(c) Temperature dependence of the dielectric constant 1/ε’ for [C7H16N2][ZnCl4].  
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Figure 8 A, B, C and D: Nyquist diagram spectra as a function of temperature with electrical 

equivalent circuit for [C7H16N2][ZnCl4]. 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 22

 

Figure 9: Variation of Ln (σg) versus 1000/T for [C7H16N2][ZnCl4]. 

 

 

Figure 10: Frequency dependence of AC conductivity at various temperatures for 
[C7H16N2][ZnCl4]. 
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Figure 11: Variation of Ln(σdc ) versus 1000/T for [C7H16N2][ZnCl4]. 

 

Figure 12: Variation of universal exponent (S) as a function of temperature for [C7H16N2][ZnCl4]. 
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Figure 13: Temperature dependence of AC conductivity for [C7H16N2][ZnCl4]. 
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Table 1: Crystallographic data and structure refinement parameters for [C7H16N2][ZnCl4]. 
 

Empirical formula C7 H16 N2 Cl4 Zn 
Formula weight (g.mol-1) 335.41 
Temperature (K) 296 
Crystal system Monoclinic 
Space group P21/c 
a (Å) 21.3562(13) 
b (Å) 7.4060(4) 
c (Å) 17.3938(12) 
α (°) 90 
β (°) 105.777(3) 
γ (°) 90 
V (Å3) 2647.4(3) 
Z 
λ (MoKα) (Å) 

4 
0.71073 

ρcal (g.cm-1) 
Absorption correction 

1.683   
Multi-scan 

µ(mm-1) 2.630 
Crystal size (mm3) 1 × 0.18 × 0.11 
Crystal color/shape 
hkl range 

Stick colourless 
-27≤ h ≤ 27 ; -9 ≤ k ≤ 9 ; -22 ≤ l ≤ 20 

θ range for data collection (deg) 
Refinement method 
No. of collected reflections  
No. of independent reflections 
Observed reflections / restrains / parameters / 
refined parameters 

0.991 – 27.594 
Full-matrix least-squares on F2 
24699 
6128 
4455/ 0 / 253 

Rint 

F(000) 
Goodness of fit 
Transmission factors 
R indices 

0.053 
1360.0 
1.018 
Tmin = 0.4569, Tmax = 0.7456 
R1 = 0.039, wR2 = 0.095 

Largest difference map hole (e Å−3) ∆ρmax =  0.97, ∆ρmin = -0.85 
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Table 2: Selected bond distances (Å) and angles (°) for [C7H16N2][ZnCl4]. 
  

Zn1—Cl4 2.2323 (11) N3—C14 1.490 (4) 
Zn1—Cl1 2.2581 (10) N3—C12 1.501 (4) 
Zn1—Cl3 2.2788 (10) N3—C8 1.497 (4) 
Zn1—Cl2 2.2848 (9) N1—C7 1.494 (4) 
Zn2—Cl7 2.2317 (9) N1—C5 1.492 (4) 
Zn2—Cl6 2.2664 (10) N1—C1 1.493 (4) 
Zn2—Cl8 2.2927 (10) N4—C13 1.493 (4) 
Zn2—Cl5 2.3056 (9) N2—C4 1.497 (4) 
Cl4—Zn1—Cl1 108.78 (5) C14—C13 1.527 (4) 
Cl4—Zn1—Cl3 111.23 (4) C3—C6 1.520 (5) 
Cl1—Zn1—Cl3 112.84 (4) C3—C2 1.523 (5) 
Cl4—Zn1—Cl2 115.84 (4) C3—C4 1.528 (5) 
Cl1—Zn1—Cl2 105.57 (4) C13—C10 1.522 (5) 
Cl3—Zn1—Cl2 102.46 (4) C4—C5 1.529 (5) 
Cl7—Zn2—Cl6 110.42 (4) C10—C11 1.528 (5) 
Cl7—Zn2—Cl8 107.00 (4) C10—C9 1.535 (5) 
Cl6—Zn2—Cl8 117.33 (5) C11—C12 1.522 (5) 
Cl7—Zn2—Cl5 119.00 (4) C8—C9 1.517 (5) 
Cl6—Zn2—Cl5 101.29 (4) C1—C2 1.523 (5) 
Cl8—Zn2—Cl5 102.07 (4) C7—C6 1.521 (5) 
N1—C7—C6 108.4 (3) C14—N3—C12 109.9 (3) 
C8—C9—C10 109.6 (3) C14—N3—C8 110.2 (3) 
C3—C6—C7 110.1 (3) C12—N3—C8 110.9 (3) 
N1—C5—C4 108.9 (3) C7—N1—C5 110.5 (3) 
N3—C12—C11 109.3 (3) C7—N1—C1 110.4 (3) 
N1—C1—C2 108.8 (3) C5—N1—C1 110.8 (3) 
C3—C2—C1 109.7 (3) N3—C14—C13 108.7 (3) 
C11—C10—C13 111.0 (3) C6—C3—C2 109.4 (3) 
C11—C10—C9 108.5 (3) C6—C3—C4 110.0 (3) 
C13—C10—C9 106.2 (3) C2—C3—C4 106.8 (3) 
C12—C11—C10 109.6 (3) N4—C13—C10 113.3 (3) 
N3—C8—C9 109.4 (3) N4—C13—C14 109.8 (3) 
N2—C4—C5 110.1 (3) C10—C13—C14 110.0 (3) 
C3—C4—C5 109.0 (3) N2—C4—C3 112.1 (3) 
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Table 3: Hydrogen-bonding geometry (Å, °) for [C7H16N2][ZnCl4]. 
 
D-H···A D-H H···A D···A D-H···A 

N3—H3···Cl2 0.98 2.65 3.372 (3) 131 

N3—H3···Cl1 0.98 2.62 3.338 (3) 130 
N1—H1···Cl2 (i) 0.98 2.58 3.388 (3) 140 

N1—H1···Cl3 (i) 0.98 2.58 3.316 (3) 132 
N4—H4A···Cl5 0.89 2.68 3.445 (3) 144 

N4—H4B···Cl6 0.89 2.77 3.229 (3) 114 

N4—H4B···Cl6 (ii ) 0.89 2.48 3.157 (3) 133 
N4—H4C···Cl8 (iii ) 0.89 2.36 3.217 (3) 163 

N2—H2A···Cl1 (iii ) 0.89 2.71 3.294 (3) 125 

N2—H2A···Cl4 (iii ) 0.89 2.77 3.583 (3) 152 

N2—H2B···Cl2 0.89 2.44 3.255 (3) 153 

N2—H2C···Cl3 (iv) 0.89 2.42 3.268 (3) 159 

Symmetry codes : (i) x, -y-3/2, z-1/2; (ii) -x+2, y-1/2, -z+3/2; (iii)  x, y-1, z; (iv) –x+1, y-1/2, -z+3/2.  

 

Table 4 : Experimental Raman and IR frequencies (cm-1) for [C7H16N2][ZnCl4]. 
 

Experimental 
Infrared frequencies 

(cm-1) 
Experimental Raman 

frequencies (cm-1) Attribution 

 

 

inactive 

230 υ4(ZnCl4) 

263 υ1(ZnCl4) 

278/306 υ3 (ZnCl4) 

379 (CH2) 

452 402 (NH2) 

573 450 δ(C-N-H) 

617 612 δ(NH3) 

760 760 υ(N-C) 

805 792 υ(N-C) 

827 830 δ(C-N-C) 
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856 862 δ(C-N-C) 

940 952 δ(H-C-C-H) 

962 975 δ(H-C-C-H) 

1003 Inactive δ(NH3) 

1014 1019 δ(NH3) 

1047 1033 δ(NH3) 

Inactive 1048 δ(NH3) 

1109 1100 δ(NH2+CH2) 

1131 1135 δ(NH2+CH2) 

1160 1155 (NH2+CH2) 

1179 1182 (NH2+CH2) 

Inactive 1200 (NH2+CH2) 

1223 1225 (NH2+CH2) 

1241 1243 (NH2+CH2) 

1263 1263 (NH2+CH2) 

Inactive 1277 δ(C-H) 

1296 1307 δS(CH2+NH) 

1322 1321 δs(CH2) 

1362 1347 δas(CH2) 

1392 1397 δas(CH2) 

1427 1446 δas(CH2) 

1467 1469 δas(CH2) 

1495 1494 δs(NH2) 

1588  δas(NH2) 

Inactive 2888 υ(N-H) 
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Inactive 2907 υs(CH2) 

2932 2949 υs(CH2) 

Inactive 2963 υs(CH2) 

Inactive 2977 υs(CH2) 

3019 3015 υas(CH2) 

3065 3070 υas(CH2) 

3139 3131 υ(N-H) 

 

 

Table 5 : Parameters for NSPT, OLPT and CBH  models fitting in phases I, II, III and IV. 

 

 

 Phase I : 
NSPT  

PhaseI I : OLPT Phase III: 
CBH 

Phase IV: CBH 

Frequence 
(Hz) 

N(E18) WH N(E18) WH rp(E-
10) 

N(E18) WH N(E18) WH 

100000 33.5 1.438 5.78 0.305 0.021 23.78 0.716 7.59 1.045 

10000 11 1.277 1.68 0.411 0.014 8.71 0.737 5.59 1.061 

1000 1.56 1.067 1.22 0.463 0.443 2.74 0.746 5.33 1.019 

100 0.91 1.012 0.9 0.522 0.614 0.47 0.828 4.01 1.09 
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Highlights 

 
• A new compound “[C7H16N2][ZnCl4]” was synthesized at room temperature                     

and crystallizes in the monoclinic system with P21/c space group. 
 

• The DSC shows three sequential phase transitions at 287, 338 and 356 K. 
 

• The dielectric study proved the ferroelectric properties at 338K. 
 

• The optical absorption reveals four bands at 200, 286, 400 and 680 nm. 
 

• Equivalent circuit was discussed and a detailed analysis of the arcs reveals the 
presence of a grains and grains boundary. 

 


