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Abstract 

The hydrogen-bonded polymorph diisopropylammonium trichloroacetate (dipaTCA) exhibits 

intriguing electrical properties influenced by frequency-dependent behavior. dipaTCA are 

generally grown in the bulk by hydrothermal crystallization which produces several high-

quality crystals. Frequency and temperature dependence of impedance and modulus 

spectroscopy, dielectric and ac conductivity are studied in the ranges of 1 kHz-20 MHz at 

325-400K respectively. The measurements revealed significant frequency dispersion in both 

the real and imaginary components of the dielectric constant. The result of the Nyquist plot is 

found to be fitted with the theoretical Maxwell–Wegner capacitor model. The modulus data 

suggest that a hopping type mechanism of the system is present here. From the dielectric 

spectra the maximum value of permittivity (𝜀′)max is nearly 20 at temperature 387K and 

frequency 10 kHz. The activation energy (𝐸𝑎) from the Arrhenius plot is also studied for the 

conduction mechanism of the material. These findings provide insights into the fundamental 

electrical properties of dipaTCA, positioning it as a candidate for applications in organic 

electronics and energy storage devices. 
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1. Introduction 

 

Recently green organic molecular ferroelectric takes the place of inorganic materials, due 

to its several technological applications in capacitors and electronic devices [1-4]. In the 

ferroelectric family, the inorganic oxides KH2PO4 (KDP) and perovskite-type compounds 

PbTiO3, BaTiO3, Pb(ZrTiO3) are widely used in our daily life but have many disadvantages 

like expensive heavy metal as a constituent, contain toxic lead element, unsuitable for 

flexible electronics etc. [5-8]. As a result researchers was searching for anew  non-toxic 

ferroelectrics which can be a good alternative of an inorganic one. In the process of 

searching for new non-toxic ferroelectrics, there are many novel molecular ferroelectrics 

such as thiourea (CH4N2S) [9,10], squaric acid (C4H2O4) [11,12], croconic acid [13,14], 
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TCAA(CCl3CONH2) [15,16] etc. have been discovered and studied. However, their low 

polarization value restricts their application also. But in the year 2011, the first 

diisopropylammonium based organic molecular ferroelectrics diisopropylammonium 

chloride (dipaCl) was discovered with high spontaneous polarization 8.2 μC/cm2 [17-20]. 

Two years later, in 2013 another new organic molecular ferroelectric diisopropylammonium 

bromide (dipaBr) was reported with spontaneous polarization 23 μC/cm2 which is 

comparable to BaTiO3 [21-23]. In the year 2017, a research group from India reported that 

the spontaneous polarization of another halogen family compound diisopropylammonium 

iodide (dipaI) is 33 μC/cm2 (highest among all organic ferroelectric materials) [24]. 

This dipa-family forms an interesting group of materials characterized by the presence 

of hydrogen bonding between dipa+ and X− (X=Cl−, Br−, I− etc.). These types of hydrogen 

bonds are also responsible for high conductivity [25-27].  In the recent year, an extensive 

survey of crystal structure was performed on a new organic hydrogen-bonded polymorph 

diisopropylammonium trichloroacetate (C8H16Cl3NO2) (dipaTCA) by a German group [28]. 

Its hydrogen-bonded network and tunable dielectric behavior suggest its utility in the design 

of organic materials for flexible electronic devices, such as non-volatile memory storage 

and sensors. Additionally, dipaTCA's structural adaptability and phase-transition 

characteristics could make it a candidate for thermal and pressure-sensitive materials in 

actuators and energy-harvesting systems. Further exploration of its crystallographic 

properties may also contribute to advancements in supramolecular chemistry and self-

assembled nanostructures for targeted functional applications. But no attempt has been 

made so far to understand the dielectric, impedance, modulus spectroscopy, and ac 

conductivity in dipaTCA by using impedance or modulus spectroscopy technique. Keeping 

this in mind, an attempt has been made in this paper for the first time to explain the electrical 

and dielectric properties of dipaTCA compound as a function of frequency and temperature. 

 

2. Experimental Section 

 

Hydrogen bonded polymers are generally grown in the bulk by hydrothermal crystallization 

which produces several high-quality crystals. The dipaTCA material was synthesized by 

using a wet chemical method technique carrying out the reaction between the equal molar 

amounts of trichloroacetic acid (TCA) and diisopropylamine (dipa) which were purchased 

from available sources.  

These raw materials were mixed with ethanol and on complete dissolution, the solution 

was left to evaporate to obtain the synthesized salt. After six days a fine transparent colorless 

needle-like crystals of dipaTCA was obtained by employing slow evaporation of solution 

growth technique as shown in Fig. 1a-b. Re-crystallizations was done to obtain the single 

crystal of dipaTCA. These fresh crystals were crushed in an agat mortar, and compressed 

into tablets of 8 mm in diameter with 1 mm thickness which is shown in Fig. 1c. The pressed 

pellet sample was subjected to a number of characterizations to study the structural, 

electrical properties (frequency range 1 kHz-20 MHz and temperature range 325K-400K) 

and the dielectric studies are performed by using an impedance analyzer. 
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Fig. 1. Formation of dipaTCA at (a) Day-1 and (b) Day-5, (c) Pallet form of the material. 

3. Results and Discussion 

 

3.1. Impedance analysis 

The complex impedance analysis at different temperatures is a powerful approach to 

analyze the microstructure, electrode effects on the charge transport phenomenon, and 

various electrical properties. The complex impedance may be explained with the help of an 

equivalent circuit with resistance and capacitance for the grain and grain boundary 

according to Maxwell–Wegner capacitor model [29-31]. 

Fig. 2 shows the Nyquist plot (imaginary part Z′′ vs real part Z′ of complex impedance) 

for dipaTCA compound at several temperatures. From this plot, it is clear that the radius of 

the semicircle decreases with increase in temperature, indicating the existence of activated 

conduction mechanism [32]. When the temperature is increased, Z′′ vs Z′ curve changes 

significantly and at temperature below 350K, there is no semicircle. These plots are fitted 

with Z-View software and the complex impedance spectrum can be interpreted by an 

equivalent circuit when the best fit is obtained. We have modeled those spectra by an 

equivalent circuit made up of a parallel combination of RC circuits connected in series. The 

RC parameters are extracted from the fitted curve as shown in Fig. 2. The extracted fitted 

RC parameters at different temperatures are shown in Table 1. 
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Fig. 2.  (color online) Fitted Nyquist plot (Z' vs Z'') of dipaTCA at different temperatures with 

equivalent circuit. 

 
Table 1. The values of RC parameters at different temperatures. 
 

Temp 

T(K) 
R1 × 105 

(Ω) 
C1 

(pf) 
R2 × 107 

(Ω) 
C2 

(pf) 

399 5.81 2.32 6.35 13.32 

369 6.56 1.99 10.13 8.99 

359 7.42 1.16 11.78 7.16 

 

Fig. 3a shows the variation of 𝑍′ with frequency at different temperatures. From this 

figure, it is obvious that the magnitude of 𝑍′ decreases with the increase in temperature and 

frequency, which indicates that there is a probability to increase ac conductivity with 

increasing temperature and frequency [33]. And at higher frequencies all the plots of 𝑍′ 

coincide, indicating a possible release of space charge [34,35]. The variation of 𝑍′′ with 

frequency at different temperatures is shown in Fig. 3(b). From this figure, it is seen that all 

𝑍′′ merge at higher frequency due to the accession of space charge polarization effect in 

dipaTCA [36,37]. 

 
 

Fig. 3. (color online) (a) Frequency dependence of real part of impedance (Z') of dipaTCA at various 

temperatures, (b) Frequency dependence of imaginary part of impedance (Z'') of dipaTCA at various 

temperatures. 

a b
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3.2. Complex modulus analysis  

 

Complex impedance analysis gives more emphasis on the higher resistance elements 

whereas complex modulus plots highlight on smaller capacitance. Complex modulus 

spectroscopy is an alternative approach to understand the electrical transport process 

(relaxation time, ion/carrier hopping rate etc.) as well as it can differentiate electrode 

polarization from grain boundary conduction processes [38,39]. Hence, it is an important 

and convenient tool to analyze the dynamic properties of the material. Fig. 4a,b shows the 

variation of real part of complex modulus 𝑀′ and imaginary part of complex modulus 𝑀′′ 

with frequency at different temperaturesranging from 329K to 399K. In Fig. 4a, 𝑀′ has low 

magnitude at lower frequency region, and when frequency increases, the value of 

𝑀′increases until it reaches almost a constant value at higher temperatures. Also, the value 

of 𝑀′ decreases with increasing temperature. Almost similar behavior is shown for all 

𝑀′(𝑓) plots within experimental temperatures. This indicates that the test material shows a 

negligible electrode polarization phenomenon [40,41]. As shown in Fig. 4b, the peak height 

increases with increasing temperatures. With the increasing frequency, the position of the 

peak shifts to higher temperatures. The peak region indicates the transition from long-range 

to short-range mobility with increasing frequency. This type of behavior is known as 

temperature-dependent hopping type mechanism of the system [42-46]. So, the result of the 

modulus spectrum suggests that at an elevated temperature, there exists a hopping 

mechanism due to the difference in the charge carriers, that leads to the electrical 

conductivity. 

 

 
Fig. 4. (color online) (a) Frequency dependence of real part of modulus (𝑴′) at different temperatures, 

(b) Frequency dependence of imaginary part of modulus (𝑴′′) at different temperatures. 

 
3.3. Dielectric studies 

 

Complex dielectric permittivity is another important root of information to investigate about 

electrical and dielectric properties. Physically, the real part (𝜀′) and imaginary part (𝜀′′) of 

permittivity represent the charging and the loss current respectively [47-49]. Here 𝜀′ 

a b
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identifies the energy stored in the material from the applied electric field and also the 

strength of alignment of dipoles. The term 𝜀′′ (or loss factor) is the energy dissipated in the 

material associated with the frictional damping. 

The variation of 𝜀′ and 𝜀′′ as a function of frequency with different temperatures are 

shown in Fig. 5. It is observed that at lower frequencies both 𝜀′ and 𝜀′′ have large values 

that decrease with increase in frequency and attains a constant limiting value due to free 

dipole swing in a dielectric medium in the presence of an alternating electric field [50]. It 

can also be concluded from the graph that when the temperature is high and frequency is 

low both 𝜀′ and 𝜀′′ have strong temperature variation. At lower frequency all the dipoles 

follow the electric field and the high value of 𝜀′  arises due to the accumulation of charges 

at the interfaces between the material and the electrode and at grain boundaries, it follows 

the Maxwell-Wagner (M-W) model [51-53]. When frequency increases, all dipoles begin 

to lag behind the field and 𝜀′ slightly decreases. At very higher frequencies the dipoles can 

no longer follow the electric field.  A typical plot of  𝜀′ versus temperature at various 

frequencies is shown in Fig. 6. From this figure, it can be observed that at temperature 373K 

the dielectric permittivity is 15.5 and the maximum value of permittivity (𝜀′)max at 

temperature 

 
Fig. 5. (color online) (a) Frequency dependence of real part of permittivity (ɛ′)  of dipaTCA at various 

temperatures, (b) Frequency dependence of Imaginary part of permittivity (ɛ′′) of dipaTCA at various 

temperatures. 

 
Fig. 6. (color online) Temperature dependence of dielectric permittivity at different frequency. 

a b
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3.4. Conductivity analysis  

 

Frequency and temperature-dependent conductivity is a well-known method for 

characterizing the hopping dynamics of dipaTCA. To explain the mechanism, the frequency 

dependence of conductivity at different temperatures is depicted in Fig. 7. The temperature 

variation of ac conductivity is shown in Fig. 8. From the frequency-dependent ac 

conductivity curve it is clear that σac increases with increasing temperature due to the 

presence of impurities or dislocations at metal-semiconductor interface and these impurities 

lie below the bottom of the conduction band, resulting in small activation energy (𝐸𝑎) [54-

58]. At strongly frequency- dependent region, the hopping of the charge carriers among the 

trap level in the band gap dominated the transport [59-63]. By an empirical relation ac 

conductivity is related to 𝐸𝑎 and the inverse absolute temperature (T): 

𝜎𝑎𝑐 = 𝜎0𝑒𝑥𝑝 (−
𝐸𝑎

𝐾𝐵𝑇
)                                (1)  

Where  𝜎0 is the pre-exponential factor of ac conductivity, 𝐾𝐵=Boltzman constant and 𝐸𝑎 

is the activation energy. From the Arrhenius plot (log 𝜎𝑎𝑐vs. 1000/T) of ac conductivity, 𝐸𝑎 

is calculated by fitting the straight line and the value is found to be 0.28 eV. This low value 

of 𝐸𝑎 suggests that the conduction mechanism may be due to the hopping of electrons [64-

66]. 

 

 
Fig. 7. (color online) Experimental curve of ac conductivity as a function of frequency at different 

temperatures. 
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Fig. 8. (color online) Variation of ac conductivity with temperature. 

 

4. Conclusion 

 

Frequency and temperature-dependent electrical parameters e.g impedance, modulus, 

dielectric constant and ac conductivity have been investigated within a broad range of 

frequency. The Nyquist plot can be interpreted from well- fitted RC parameters with the 

help of an equivalent circuit model with resistance and capacitance for the grain and grain 

boundary in consonance with Maxwell–Wegner capacitor model. Furthermore, the value of 

𝑀′ decreases with increasing temperature, indicates that the material shows a negligible 

electrode polarization phenomenon. The frequency-dependent 𝑀′′ suggest that there is a 

transition from long range to short-range mobility, indicating a hopping mechanism of the 

system. From the dielectric spectra, it is seen that at temperature 373K the dielectric 

permittivity is 15.5 and the maximum value of permittivity (𝜀′)max at temperature 387K 

reaches ≈ 20 (both measured at frequency 10kHz). The activation energy (𝐸𝑎) is calculated 

by fitting the Arrhenius plot of ac conductivity and it is 0.28eV, which suggests that the 

conduction mechanism may be due to the hopping of electrons. 
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