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Abstract:  
 
The temperature dependence of the relaxation time of imidazolium perchlorate (Im-
ClO4) was calculated from the pseudospin-phonon coupled (PS) and the energy 
fluctuation (EF) models close to the first-order phase transition temperature of 247 
K. This calculation was performed in terms of the proton second moment !! that 
was associated with the order parameter which was predicted from the mean-field 
theory. Our results were in good agreement with the observed data. In addition, 
values of the activation energy were deduced in terms of the Arrhenius plot using 
our calculated values of the relaxation time from both PS and EF models. Timeline: 
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INTRODUCTION  

Imidazolium salts (IMSs) are derivatives of imidazole 
rings that are ubiquitous and can bond to metals as a 
ligand and to form hydrogen bonds with drugs and 
proteins [1]. Differently from their parent's imidazoles, 
IMSs can interact electrostatically with biological 
systems since they lose the ability to bond both metals 
and hydrogen [2]. Imidazolium salts are known as room 
temperature ionic liquids (RTILs) consisting of large 
organic cations and inorganic anions that can be used 
as electrolytes as they have wide chemical stability [3] 
and unusual catalytic properties [4,5]. They are also 
used to extract metal ions from aqueous solutions and 
coat metal nanoparticles [6], dissolve carbohydrates 
[7], and create polyelectrolyte brushes on surfaces [8]. 
Organic-inorganic molecular ferroelectrics have come 
to prominence in comparison to the ferroelectric oxides 
since their advantageous characteristics, namely being 
environment-friendly (especially lead-free structure), 
having both low-cost and mechanically flexible 
structure [9,10]. In particular, as a member of organic-
inorganic molecular ferroelectrics, imidazolium 
perchlorate (C3N2H5ClO4 or Im-ClO4) can be used as 
an effective 3D printed metamaterial that produces 
rapid-prototype for reducing the manufacturing time of 
ferroelectrics from hours to minutes, as pointed out 
previously [11]. In addition, the thin film of Im-ClO4 is 
reported [12] to exhibit superior electromechanical 
coupling exceeding that of PZT films, making them an 
attractive lead-free alternative for a variety of 
applications in sensor technology and electro-optics.  

The performance of a system is significant in the field 
of solar energy for sustainable development. Organic-
inorganic hybrid metal-halide perovskite solar cells 
(PSCs) are considered the next-generation 
photovoltaic technology. However, surface defects 
have been a major limitation for perovskite 
photovoltaics. Imidazolium-based ionic liquids have 
been reported [13] to be an excellent candidate for 
surface passivation and for reducing the energy barrier 
between the perovskite and hole transport layer (higher 
electron mobility) leading to high-efficiency perovskite 
solar cells. 

Im-ClO4 has been reported [14] to undergo three 
successive solid-solid phase transitions, namely, at 
487, 373, and 247 K. The crystal structure of Im-ClO4 is 
given [14] to be trigonal at room temperature with a 
space group R3m, Z=1, and the lattice parameter ! = 
5.484(1) Å with ! = 95.18(2)º. Also, cations are strongly 
disordered where the perchlorate ions are ordered at 

room temperature, as reported earlier [14]. Above the 
room temperature, the crystal structure is also trigonal 
with a space group R3m, ! = 5.554(1) Å and ! = 
95.30(2)º, however all ionic sublattices are disordered 
[14]. The dielectric and optical properties of Im-ClO4 

have been declared by Czapla et al. [15] by studying 
the x-ray diffraction, dielectric, and birefringence 
measurements. The precise measurements of the 
specific heat changes of this crystal have been 
performed by Przeslawski and Czapla [16] using an ac 
calorimeter. The polymorphic phase transitions, the 
appearance of the ferroelectricity, molecular structure, 
and molecular dynamics of Im-ClO4 have been 
investigated by Pajak et. al. [14] using differential 
scanning calorimetry (DSC), proton NMR relaxation, 
and the second moment, x-ray diffraction and dielectric 
spectroscopy measurements.  

In the present study, the proton spin-lattice relaxation 
time (SLRT), denoted as T1 (s) has been calculated as 
a function of temperature in the vicinity of the solid-
solid phase transition temperature (TC = 247 K), by 
using both the pseudospin-phonon (PS) coupled and 
the energy fluctuation (EF) models. This calculation 
has been performed by using the observed [14] proton 
second moment (M2) as an order parameter below TC 
and as a disorder parameter above TC according to 
both models. Moreover, the fitting procedure was 
implemented for the calculated data of SLRT, by 
obtaining the fitting parameters at first, then the attitude 
of the observed values of SLRT was denoted around 
the transition temperature. Finally, the activation energy 
values were computed from the correlation of the 
damping constant concerning the reciprocal of 
temperature. We used these two models (PS and EF) 
in our previous studies to calculate some 
thermodynamic quantities such as the damping 
constant, frequency, relaxation time and the activation 
energy for Cd2Nb2O7 [17], BaTiO3[18,19], PbTiO3 [20], 
KH2PO4 [21], PZT [22], SrZrO3 [23], and very recently 
for SrTiO3 [24] and LiTaO3 [25]. 

Below, “Theory” was given in section 2. In section 3, 
the “Calculation and results” were given. The 
“Discussion” and “Conclusions” parts were given in 
sections 4 and 5, respectively. 

2. THEORY 

The damping constant !!"(!!,!!) due to the 
pseudospin-phonon interaction is given by the 
imaginary part of the self-energy which reads as [26] 
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!!" !!,!! ≃ ! !
!"

!,!
! !!

! ! + 1
+ 1 !!!

+ !  #(2.1) 

In Eq. (2.1) the integral is taken over all the wavevector 
! in the Brillouin Zone (BZ). A and B are constants, ! is 
the wavevector of the !!! phonon, !! is the peak 
frequency and S is the dynamic scattering function of 
the pseudospins that describes the anomalous 
behavior of the damping constant close to the transition 
temperature (TC) according to [27] 

! !,! =    ! ! + 1
! !, 0 !!!
1 + !!!

!   # 2.2  

where ! is the dielectric susceptibility, !! is the 
relaxation time of the order parameter with the 
wavevector q. Eq. (2.2) can be expressed as follows 
(Eq. 2.3) by using the approximations ! ! +   1 =  (kT/ℏ
ω), (!!!)! ≪ 1 and !(!!)/[! ! + 1] ≪ 1 for ! ≃ 0, 

Γ!" ≈
!"#
ℏ

! !, 0 !!  !!! + !
!"

  # 2.3  

In their study, Laulicht and Luknar [26] have reported 
the following expression using the random phase 
approximation which reads as  

! !, 0 !! =
!   1 − !!

!
!!!

!
  # 2.4  

Here C is the Curie constant, P is the fractional 
spontaneous polarization (order parameter), ! is the 
proton flipping time. Lahajnar et. al. [28] have 
calculated the integration of Eq. (2.3) using Eq. (2.4) for 
KDP crystal given by 

Γ!" ∝
1
!!
  ∝ 1 − !! !"

!!
! − !!(1 − !!)

  # 2.5  

where T1 represents the proton spin-lattice relaxation 
time. Eq (2.5) defines the temperature dependence of 
the damping constant (or relaxation time) for the 
pseudospin-phonon coupled (PS) model. On the other 
hand, the damping constant (relaxation time) is related 
to the fluctuation of the frequencies at zero 
wavevectors [29] given by 

Γ!"!   ∝   
!"# 0
!

  # 2.6  

where V is the volume of the crystal. Schaack and 
Winterfeldt [29] have reported the following expression  
 

for the damping constant by inserting Eq. (2.4) in Eq. 
(2.6) that reads as 

Γ!" ∝
1
!!
  ∝   

! 1 − !!

! − !! 1 − !!

!
!
# 2.7  

So, that Eq. (2.7) defines the critical broadening of the 
damping constant due to the energy fluctuation (EF 
model). 

3. CALCULATIONS AND RESULTS 

The temperature dependence of the spin-lattice 
relaxation time (τ1) for the Im-ClO4 crystal has been 
calculated from the pseudospin-phonon (PS) coupled 
(Eq.2.5) and the energy fluctuation (EF) model (Eq 2.7) 
in the vicinity of the phase transition temperature of 
!! = 247  !. For this calculation, the observed [14] 
proton second moment (!!)  has been associated with 
the order parameter (!) and the disorder parameter 
(1 − !!) below and above !!, respectively. Our 
calculated !!"# from both models (PS and EF) were 
then fitted to the observed data !!"# [14] according to 

1 !!"# = !! + !! 1 ! !"#! + !! 1 ! !"#!
! # 3.1  

Our calculated (Eqs. 2.5 and 2.7) values of τ1 were 
fitted to the measured data [14], as given in Figure 1. 
The fitting parameters !!, !!and !! were tabulated in 
Table 1. Figure 2 gives our calculated (Eqs. 2.5 and 
2.7) and measured data [14] of the spin-lattice 
relaxation time as a function of temperature.  The 
activation energy U can also be calculated from the 
SLRT according to [30] 

ln(1 !) = ln! − ! !!!     # 3.2  

Our calculated !!! from both PS (Eq 2.5) and EF (Eq 
2.7) models were plotted as a function of !!! according 
to Eq. (3.2) as given in Figure 3. The activation energy 
U and the constant C were then extracted below and 
above !! for Im-ClO4, as given in Table 2.  

4. DISCUSSION 

Im-ClO4 exhibits three successive phase transitions as 
the temperature at 487, 373, and 247 K, as indicated 
previously. In the present study, we considered 
particularly the lower phase transition (TC= 247 K) to 
explain the mechanism of the first-order transition since 
the inverse spin relaxation time (!!!!) shows anomalous 
transition at TC (Figure 2), as observed experimentally 
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Figure 1: The inverse spin lattice relaxation for the experimental [14] and calculated (Eqs. 2.5 and 2.7) at various temperatures. 
The solid curves represent the best fit to the experimental data. 

 

Table 1: Values of the Coefficients !!, !! and !! according to Eq. (3.1) below and above the Transition Temperature 
(TC= 247 K) of Im-ClO4 

Crystal Model !! x 10-2 (s-1) !! x 10-2  !! x 10-2 (s-1) Temperature Interval 

ImClO4 

PS 
(Eq. 2.5) 

1.5 38.6 -213.3 142.9 < T (K) < 236.0 

PS 
(Eq. 2.5) 

16.2 644.7 15776.0 251.0 < T (K) < 357.4 

EF 
(Eq. 2.7) 

1.3 5.1 -3.1 142.9 < T (K) < 236.0 

EF 
(Eq. 2.7) 

39.0 -261.6 587.3 251.0 < T (K) < 357.4 

 

[14]. This is accompanied by the proton second 
moment (M2) as an order parameter, which also shows 
discontinuous behavior at TC (Figure 4), as observed 
experimentally. These are the basic criteria we used to 
describe the lower phase transition (T= 247 K) in Im-
ClO4 

Although it is difficult to explain the physical 
mechanism without knowledge of the low-temperature 

crystal structure of Im-ClO4, the proton second moment 
M2 below TC = 247 K can be considered as an order 
parameter P, as pointed out previously for pyridinium 
periodate [31] and pyridinium flurosulfonate [32]. The 
molecular field theory provides the temperature 
dependence of the order parameter P below the phase 
transition given as  
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! ≈   

1 − exp
−2!!
!   ! ≪ !!

   3   1 −
!
!!

!
!
  0 < (!! − !) < !!

  0  !! < !

# 4.1  

For the lower phase transition (TC= 247 K) in Im-ClO4 
we considered the proton second moment (M2) as an 
order parameter as stated above, about the 
spontaneous polarization (!) according to  

!! !!!"# =   !! + !!!  # 4.2  

which was used in the PS (Eq. 2.4) and EF (Eq. 2.7) 
models. Since the spontaneous polarization (!) was 
used as an order parameter for both models (PS and 
EF) to study the phase transitions in the KDP type 
crystals [26-28], the temperature dependence of the 

proton second moment (M2) was then considered to 
govern the mechanism of the order-disorder transition 
at T= 247 K in Im-ClO4. The temperature dependence 
of M2 is defined as an order parameter below TC, 
1 −   !! !!!"# (normalized) as a disorder parameter 
above TC, were calculated from the molecular field 
theory (Eq. 4.1). Thus, in analogy with the M2, the 
temperature dependence of the spontaneous 
polarization was the preliminary parameter in our 
treatment given here. 

By fitting the order parameter from the mean-field 
theory (Eq. 4.1) to the experimental M2/M2max data [14] 
for Im-ClO4, the coefficients a0 and a1 were determined 
as given in Table 3. Figure 3 gives our calculated (Eq. 
4.2) proton second moment M2 normalized concerning 
the order parameter as a function of temperature for 
Im-ClO4. The experimental data [14] were also given in 

 
Figure 2: The temperature dependence of the spin lattice relaxation time T1 calculated from the PS and EF models both below 
and above the solid-solid phase transition temperature of TC = 247 K in ImClO4.  
 
Table 2: Values of the Activation Energy ! and the Constant ! according to Eq. (3.2) for the Cation Reorientation in 

Im-ClO4 

Crystal Model !(!"/!"#) !  x 10-3 (s-1) Temperature Interval 

ImClO4 

PS 
(Eq. 2.5) 

2.4 107.7 142.9 < T (K) < 236.0 

PS 
(Eq. 2.5) 

13.5 0.4 251.0 < T (K) < 285.9 

EF 
(Eq. 2.7) 

4.9 650.9 142.9 < T (K) < 236.0 

EF 
(Eq. 2.7) 

9.8 2.5 251.0 < T (K) < 285.9 
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Figure 3 for comparison. Above TC, on the other hand, 
the observed M2 [14] decreases very rapidly as the 
temperature increases due to the infrequent 
reorientation of the cation between the non-equivalent 
potential wells. So that, the observed [14] M2 was taken 
to associate with the disorder parameter (1-P2) above 
TC for Im-ClO4.  

The temperature dependence of the spin-lattice 
relaxation time was then calculated from the PS (Eq 
2.5) and EF (Eq 2.7) models below and above TC for 
Im-ClO4, as given in Figure 2. Our results indicate that 
the inverse spin-lattice relaxation time increases very 
slightly as the temperature increases below the 
transition temperature of TC= 247 K. At the transition 

temperature TC, it increases anomalously and reaches 
its maximum value. Above TC, it decreases very rapidly 
up to the 300 K and it is almost constant above 300 K. 
Although both models (PS and EF) were in good 
agreement with the observed data [14], the PS model 
seems to describe it better than the EF model (Figure 
2) with the fitting parameters of Eq. (3.1) as given in 
Table 1. These calculated values of the spin-lattice 
relaxation time from both models were then used to 
deduce the activation energy U according to Eq. (3.2) 
as given in Figure 3. A significant deviation of !"Γ from 
linearity above the transition temperature of 247 K 
(Figure 3), occurs starting from about 320 K (104/T= 
31.25 K-1). A similar deviation is observed at about 320 

 
Figure 3: The damping constant ΓSP calculated from Eqs. 2.5 (PS) and Eqs. 2.7 (EF) as a function of the reciprocal temperature 
to extract the activation energy for the cation reorientation in ImClO4. 

 

Table 3: Values of the Coefficients !! and !! according to Eq. (4.2) below the Transition Temperature (TC= 247 K) of 
Im-ClO4 

Crystal !!,!"# !!  !! 

ImClO4 7.50 G 0.76 0.27 
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K in the unit cell volume of Im-ClO4, so that this 
illustrates the pretransition effects well pronounced in 
the DSC experiments, as pointed out previously [14]. 
Our extracted values of U from the PS model 2.4 and 
13.5kJ/mol (Table 2) below and above TC, respectively, 
are very close to those reported [14] values of 3.0 and 
16.0 kJ/mol.  

5. CONCLUSIONS 

The phase transition mechanism in Im-ClO4 was 
investigated by calculating the relaxation time and the 
activation energy of this crystal close to the phase 
transition at the lower temperature TC (247 K). The 
calculated values of the relaxation time from the 
pseudospin-phonon (PS) and the energy fluctuation 
(EF) models fit the observed data well. The PS and EF 
models can be used to predict the mechanism of phase 
transition for some other molecular ferroelectrics.  
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