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Organic molecular ferroelectric diisopropylammonium chloride (dipaCl) was successfully synthesized using diisopropylamine, 
hydrochloric acid (57%) and methanol solution.  Dielectric permittivity, impedance, modulus spectroscopy and conductivity were 
systematically studied by Capacitance–Conductance (CP – G) measurements in the temperature range of 373–445 K. Dielectric 
property tests clearly show that the organic molecular ferroelectric dipaCl obeys Curies–Weiss law 1/e = (T–T0)/C. The real 
(Z′) and imaginary (Z″) parts of the electrical modulus were calculated from the various values of e′ and e″. It is shown that AC 
 conductivity satisfies the relation s(w) ∞ wn, where the power exponent n depends on temperature and frequency. From Arrhenius 
equation, the activation energies Es and Eh are also calculated which describes the complete conduction mechanism of dipaCl.
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1. Introduction

Molecular ferroelectrics have been recently developed as 
an important complementary for the traditional inorganic 
counterparts as they have numerous advantages includ-
ing multi-functionality, low density, low cost and solution 
processability which will make them suitable candidates 
for the development of all-organic electronics. In the past 
decades, organic ferroelectrics have attracted increasing 
attention because of their large number of potential appli-
cations, including memory chip, sensing, actuation, energy 
harvesting and fast switchable data storage, especially with 
respect to bionic devices.1–7 Inorganic ferroelectric ionic per-
ovskite oxides barium titanate and lead zirconate titanate are 
mainly used in numerous potential applications due to their 
high dielectric constant, high spontaneous polarization (PS) 
and high ferroelectric–paraelectric transition temperature 
(TC). But the limitations of having heavyweight, containing 
toxic lead and high-temperature processing lead the scien-
tists to synthesize new organic ferroelectrics comparable to 
the high spontaneous polarization of perovskite oxides, high 
dielectric constant and with the transition temperature (TC) 
well above room temperature processing. Recently,  various 
room temperature organic ferroelectric materials such as 
diiso propylammonium chloride (dipaCl),8–11 diisopropyl-
ammonium bromide (dipaBr)12–17 and diiso propylammonium 

iodide (dipaI)18–20 reveal high Curie temperatures (Tc) of 
440  K, 425 K and 415  K, respectively, and possess large 
 spontaneous polarization (Ps) of 8.9 mC/cm2, 23 mC/cm2 and 
33 mC/cm2, respectively, close to that of PVDF i.e., 8 mC/
cm2 and  inorganic barium titanate (BaTiO3) i.e., 26 mC/cm2. 
However, there is some experimental controversy over dipaI 
about polarization and transition temperature.18,21 Amongst 
them, dipaCl exhibits the highest transition  temperature 
 useful for practical applications such as in nonvolatile  random 
access memory devices, automotive electronic devices, aero-
space and  power-generating industries which usually work 
under severe thermal conditions. In previous works, Fu et al. 
showed the study carried out on the structural, thermal and 
dielectric properties of dipaCl.8 Looking at its application 
potential, it is imperative to investigate the electrical behav-
ior including ac conductivity and dielectric properties with 
a view to understand the conduction mechanism involved in 
dipaCl in a wide frequency and temperature range. 

2. Material and Methods

Diisopropylamine and hydrochloric acid (57%) were pur-
chased from available sources. The solvent, methanol used 
for synthesis and recrystallization is of AR grade and used 
without further purification.
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The crystalline samples of dipaCl were grown by slow 
evaporation of methanol solution containing equal molar 
amounts of diisopropylamine and hydrochloric acid. Small 
transparent crystals were formed after few days. The obtained 
polycrystalline material was further recrystallized in metha-
nol solution at room temperature. The dielectric studies are 
performed on the pellet sample using an impedance analyzer 
Keysight E4990A.

3. Results and Discussion

3.1. Dielectric studies

Dielectric behavior of the material has been investigated by 
an impedance analyzer over a wide range of temperatures and 
frequencies. The dielectric permittivity was determined from 
the measured values of capacitance and conductance using 
the following relation22

e w e w e w= +′ ′′( ) ( ) ( ).j  (1)

Physically, e′ and e″ represent the charging and the loss 
 current, respectively, that are frequency and temperature- 
dependent.23,24 The real part of the complex dielectric per-
mittivity, the dielectric constant (e′), of dipaCl was calculated 
using the relation25,26

w
e w

e
=′

0

( )
( ) ,pC d

A
 (2)

where Cp is the measured value of capacitance in the strong 
accumulation region, corresponding to the material capaci-
tance, A is the contact area of the pellet, d is the thickness and e0 
is the permittivity of free space charge (e0 = 8.85 × 10-14 F/cm).

On the other hand, the imaginary part of the complex 
dielectric permittivity i.e., dielectric loss (e″) was calculated 
using the measured conductance G(w) values from the relation

w
e

w e
=′′

0

( )
.

G d

A
 (3)

The loss tangent (tanδ) can be expressed as follows:25–27

e
δ

e
′′=
′

tan .  (4)

The frequency dependence of the real (e′) and imaginary (e″) 
part of the dielectric constant at different temperatures has 
been shown in Figs. 1(a) and 1(b). It is clear that e′ follows an 
inverse dependence of frequency i.e., the dielectric constant 
decreases with the increase in frequency which is normally 
followed by all dielectrics and/or ferroelectrics materials. In 
the low-frequency region dispersion with a high dielectric 
constant can be seen and in the high-frequency region, dielec-
tric constant decreases very sharply.28–30 Similar to the behav-
ior of dielectric constant with frequency is shown in e″-log f 
graph (Fig. 1(b)). The frequency dependences of the e′ and e″ 

are probably related to the presence of an interfacial  surface, 
resulting in an undesirable Maxwell–Wagner-type dispersion 
in the dielectric data. As the frequency is raised, the interfa-
cial dipoles have less time to orient themselves in the direc-
tion of the alternating field and thus results in decrease in e′ 
and e″ with the increasing frequency. The charges can no lon-
ger follow the field with the increase in frequency and their 
contribution to the dielectric constant ceases.31–36 

A varying field will alter this energy difference thus pro-
ducing a net polarization. This part of the polarization, which 
is not in phase with the applied electric field, is defined as 
dielectric loss.37 In this study of dielectric loss, it is famil-
iar that at low frequencies, the high dielectric loss occurs 
due to the space charge polarization and at higher frequen-
cies, the dielectric loss decreases, as a result, the electrical 

Fig. 1.  (a) Frequency dependence of real part of permitti vity 
(e′) of dipaCl at various temperatures. (b) Frequency depen-
dence imaginary part of permittivity (e″) of dipaCl at various 
 temperatures.

(a)

(b)
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conductivity of the sample increases. From this figure, it can 
also be concluded that with the rise in temperature, dielectric 
loss also increases. 

Previous dielectric studies8 of the material reported that 
the transition temperature (TC) is 442 K which is in good 
agreement with our experimental result and also 1/e′ – T data 
are well fitted with the curie-Weiss law which is shown in 
Fig. 2.

3.2. Complex impedance analysis

The electrical properties of the material have been inves-
tigated by impedance spectroscopy in a wide range of fre-
quencies and temperatures. To analyze the microstructure 
and properties relationship of the material, impedance spec-
troscopy is a very powerful technique. The real part and 
the imaginary part of complex impedance are given by the 
 following relations:

w= +′ 2 2 2/( ),PZ G G C  (5)

and

w w= +′′ 2 2 2/( ).P PZ C G C  (6)

The variation of real (Z′) and imaginary (Z″) part of imped-
ance with frequency (f ) at different temperatures are plotted 
in Figs. 3(a) and 3(b). It is observed from Figs. 3(a) and 3(b) 
that the magnitude of Z′ and Z″ decreases with increasing 
frequency and temperature and also merges at high fre-
quency (>100 kHz). From the close investigation of these 
two curves, it can be concluded that with the increase in fre-
quency and temperature in the higher frequency region, the 
two curves achieve a very low constant value, and the ac 
conductivity increases due to the removal of space charge. 
At lower frequency region, the values of both Z′ and Z″ 

decrease with the increase in temperature which indicates 
negative temperature coefficient resistance similar to that 
of semiconductors.38,39 The impedance spectroscopy analy-
sis result which is performed at different temperatures on 
dipaCl is presented in Fig. 4. From this figure, it can be seen 
that for lower temperature measurements, there is no semi-
circular curve but at higher temperature, Z″ versus Z′ curve 
changes and it comprises of semicircular arcs indicating 
that the conductivity increases with the rise of temperature. 
Here, the relaxation mechanism of dipaCl is due to only the 
grain (bulk) effect because the single semicircular arc pass-
ing through the origin of the entire frequency region of all 
temperatures. These figures also indicate that the endpoints 
of the semicircular arcs lie on the real Z-axis and the center 
lies below this axis reveals that the relaxations in dipaCl is 
of nondebye type.

Using impedance spectra, the physical process which 
occurs inside the material can be modeled as an equivalent 

Fig. 2.  Plot of 1/e versus temperature, fitted curve satisfied  Curie–
Weiss law.

Fig. 3.  (a) Frequency dependence of real part of impedance (Z′) of 
dipaCl at various temperatures. (b) Frequency dependence of imagi-
nary part of impedance (Z″) of dipaCl at various temperatures.

(a)

(b)
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circuit. After a careful investigation, by fitting the impedance 
data from the complex impedance spectra, one can obtain 
an appropriate equivalent circuit with information about the 
resistance and capacitance of the component. This simple 

common model comprising of two parallel RC circuits is 
connected in the series. The representation of any material 
through an electrical circuit analog is very helpful in repre-
senting the electrical features of the material. The real part 

Fig. 4.  (a) Nyquist plot (Z′ versus Z″) of dipaCl  at different temperatures, (b) Equivalent circuit, (c) Fitted Nyquist plot at temperature 
439 K, (d) Fitted Nyquist plot at temperature 433 K, (e) Fitted Nyquist plot at temperature 413 K and (f) Fitted Nyquist plot at temper-
ature 429 K.
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and complex part of the impedance can be obtained from the 
equivalent circuit by the following relations:40

w w
= +′

+ +
1 2

2 2
1 1 2 2

,
1 ( ) 1 ( )

R R
Z

R C R C
 (7)

and

w w
w w

= +′′
+ +

1

2 2
1 2 1

2 2
1 1 2 2

.
1 ( ) 1 ( )

R C R C
Z

R C R C
 (8)

From the micro-structural point of view, a ferroelectric material 
is composed of grains and grain boundaries, exhibiting different 
dielectric permittivity (e). So, here, R1 and C1 correspond to the 
resistance and capacitance of the grain, while R2 and C2 are the 
resistance and capacitance of the grain boundary, respectively.

In Table 1, the RC parameters which are obtained from 
fitting the complex impedance plot are shown. 

3.3. Complex modulus analysis

At first, the dielectric modulus formalism was introduced to 
study the dielectric response of nonconducting materials, but 
afterward, it was also used in polymers and polymers composite 
materials.  The modulus presents the real dielectric relaxation 
process and the relaxation behavior has been demonstrated by 
using the modulus formalism.41–43 The electric modulus M is 
expressed in the complex modulus formulism as follows:

w e
e

= = + =′ ′′ 0

1
,M M jM j Z  (9)

where M′ = wC0Z″ and M″ = wC0Z′ (w = angular frequency 
(2πf )), C0 = Geometrical capacitance = e0 (A/d).

The real part (M′) and the imaginary part (M″) of the com-
plex electric modulus (M) can be expressed as follows:

e
e e

′=′
+′ ′′2 2

,
( ) ( )

M  (10)

and

e
e e

′′=′′
+′ ′′2 2

.
( ) ( )

M  (11)

The real component M′ and the imaginary component M″ 
were calculated from e′ and e″.

Figures 5(a) and 5(b) show the variation of real (M′) and 
imaginary (M″) part of modulus with frequency at differ-
ent temperatures. It is clear from the figure that the value of 
M′ rises gradually with the rise in temperature and at low 
frequency M′ attains a very lower value but increases very 
sharply with the rise in frequency and attains a saturated 
value which increases with increase in temperature. This 
confirms the nonexistence of a substantial electrode polariza-
tion which is related to the frequency-independent electrical 
properties of the dielectric materials. The graph M″ – log f 
indicates that below peak frequency (fmax) range, the charge 
carriers are mobile over the long distances and the peaks are 
shifted towards higher frequency sides with increasing tem-
peratures. Here, the variation of modulus peak (M″max) and 

Fig. 5.  (a) Frequency dependence of real part of modulus (M′) at 
different temperatures. (b) Frequency dependence of imaginary part 
of modulus (M″) at different temperatures.

(a)

(b)

Table 1.  The resistance and capacitance values of the equivalent 
circuit at different temperatures.

Temp T(K) R1 × 104 (W) C1 (pf) R2 × 106 (W) C2 (pf)

439 4.83 3.57 0.39 45.43

433 5.29 2.78 2.76 21.78

429 6.95 2.61 39.40 16.15

413 16.40 2.14 41.70 8.54
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fmax indicates that the variation is due to the capacitance (C). 
On increasing frequency, with the increase in the modulus 
peak indicates that at higher frequency range, the capacitance 
value decreases. The ions are capable of moving long dis-
tances at the low-frequency side but at the high-frequency 
side, the ions are confined to their potential wells.44,45

3.4. Electrical conductivity analysis 

The frequency-dependent ac conductivity (sac) can be 
obtained from the dielectric losses according to the following 
relation36,46–51:

s e w e e w e e e w e e w e= = - = -′ ′′ ′′ ′0 0 0 0( ) .j j j j  (12)

The real part of complex conductivity (sac) is calculated using 
the relation

s w e e δ w e e= =′ ′′ac 0 0tan .  (13)

Figure 6 illustrates the frequency dependence of ac conduc-
tivity at different temperatures. In the lower frequency region 
(w < wh), the conductivity is found to be frequency indepen-
dent which suggests that the ions move in forward–backward 
direction.52 Conductivity increases with frequency obey-
ing the power dispersion law s(w) ∞ wn when the frequency 
exceeds hopping frequency (wh). The ac conductivity behav-
ior can be explained by Jonscher’s power law equation i.e., 
universal power law (UPL)53:

s w s w= + < <dc( ) A (0 1),n n  (14)

w
s

w

  
 = + 1+     

dc .

n

p

 (15)

Here, n is the power of exponent, A and n are the thermally 
activated quantities. AC conductivity spectra at different tem-
peratures are fitted (continuous line is shown in the figure) 
with the power-law equation and extracted the several param-
eters sdc, wh and n which are shown in Table 2. 

Here, n represents the information about the type of 
conduction mechanism of the material and the values of 
exponent n are always less than 1 for different tempera-
tures and decreases with increase in temperature as shown 
in Fig. 7.

This model is based on hopping of charge carriers over the 
potential barrier (predicts a decrease of the value of n with 
an increase in temperature) and this is consistent with the 
experimental results.54–56 The variation of sdc, wh and n with 
temperature is shown in Fig. 8. Usually, the parameters sdc 

and wh are strongly temperature-dependent. Such dependency 
is fitted with the Arrhenius equation57,58

ss s
 

= -  dc 0 exp ,
B

E

K T
 (16)

Fig. 6.  Experimental and fitted curve of AC conductivity as a func-
tion of frequency for different temperatures. Fig. 7.  Variation of n with temperature.

Table 2.  Comparison of electrical parameters of dipaCl at different 
temperatures.

Temperature (K) DC conductivity (sdc) n Hopping  
frequency (wh)

409 1.88 × 10-5 0.89 4644.1

429 5.74 × 10-5 0.83 26392.89

433 1.70 × 10-4 0.79 77494.40

435 5.40 × 10-4 0.74 132788.97

439 9.60 × 10-4 0.70 400271.532
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and

w w
 

= -  0exp .h
h h

B

E

K T
 (17)

Here, s0 is the dc conductivity pre-exponential factor, KB 
denotes the Boltzman constant, Es denotes the dc conduc-
tivity activation energy, wh0 denotes the pre-exponential of 
hopping frequency and Eh denotes the activation energy for 
hopping frequency. From the fitted curve, we get the activa-
tion energy Es = 1.02 eV and Eh = 1.13 eV. From the value 
of activation energies, it is clear that the activation energies 
are very close to each other within experimental error due to 
the fact that the charge carriers have to overcome the same 
energy barrier while conducting as well as relaxing.

4. Conclusions 

In conclusion, this work has demonstrated that the new novel 
organic molecular ferroelectric dipaCl is a very interest-
ing candidate with high spontaneous polarization and high 
dielectric constant. This paper summarizes the temperature 
and frequency dependence of the dielectric modulus, dielec-
tric permittivity, complex impedance and ac conductivity of 
this green ferroelectric material. From the dielectric analysis, 
it can be concluded that at the higher frequency zone, the 
dielectric loss decreases and simultaneously the conductivity 
of the sample increases. The frequency dependences of the 
e′ and e″ are probably related to the presence of an interfa-
cial surface, resulting in an undesirable Maxwell–Wagner-
type dispersion in the dielectric data. From Nyquist plot, it is 
concluded that the relaxations in dipaCl is of nondebye type.  
With increasing frequency and temperatures, the value of 
ac conductivity increases. Here, the conduction mechanism 
was suggested to be hopping type of conduction due to the 

 presence of a very small value of activation energies (Es = 
1.02 eV and Eh = 1.13 eV). From the conductivity measure-
ment, it is clear that the activation energies are very close 
to each other within experimental error due to the fact that 
the charge carriers have to overcome the same energy bar-
rier while conducting as well as relaxing. Here, the ac con-
ductivity is found to follow the universal power-law which 
can be explained by the correlated barrier hopping model 
(CBM). 
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