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This paper presents the results of an experimental study of the complex dielectric permittivity (ε' and ε") of 

bromobenzene-benzene and bromobenzene-hexane binary systems in the microwave range (λ = 12.8 mm) at temperatures 
from 293 K to 193 K. The aim of the study is to establish the relationship between molecular dynamics, thermodynamic 
parameters, and the nature of the solvent in the process of dielectric relaxation. The temperature dependence of the dielectric 
relaxation time (τ) for each system was determined. It was found that an increase in the size of the halogen substituent leads 
to an increase in τ. Based on the theory of absolute reaction rates, the thermodynamic parameters of relaxation process 
activation were calculated: free energy (ΔF), enthalpy (ΔH), and entropy (ΔS). The influence of intermolecular interactions 
and solvent structure on energy barriers and system order in the process of dipole reorientation is shown.   
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1. INTRODUCTION 

  
The study of the dielectric properties of polar 

liquids and solutions is an important tool for 
understanding molecular dynamics and intermolecular 
interactions [1,2]. Dielectric relaxation, caused by the 
reorientation of molecular dipole moments in an 
alternating electric field, provides valuable 
information about the structure and dynamic processes 
in condensed media [3,4]. 

The theoretical consideration of dielectric 
relaxation is traditionally based on two main 
approaches: Debye theory [5] and the theory of 
absolute reaction rates [6,7]. Debye theory relates the 
relaxation time to the size of the molecule and the 
viscosity of the environment. The theory of absolute 
reaction rates considers relaxation as a kinetic process, 
expressing the relaxation time through thermodynamic 
activation parameters. To apply the latter approach, it 
is necessary to know the temperature dependence of 
the relaxation time [8-10]. 

Despite a large number of studies, the influence 
of the nature of the solvent on the thermodynamic 
parameters of dielectric relaxation and the mechanism 
of intermolecular interactions in binary systems 
requires further study. 

The scientific novelty of this work lies in 
establishing a correlation between the thermodynamic 
parameters of bromobenzene dielectric relaxation and 
the molecular properties of solvents (benzene and 
hexane). The applied significance lies in obtaining 
fundamental data for the development of new 
materials with specified dielectric properties and 
optimization of technological processes using 
microwave radiation. 

2. MATERIALS AND METHODS 
 

The experimental methodology is described in 
[11]. Measurements of the dielectric permittivity (ε') 
and dielectric loss tangent (ε") of the solutions under 
study were performed using a R2-66 panoramic 
standing wave ratio meter and a indicator device 
Ya2R – 67 indicator device in the microwave range at 
a wavelength λ = 12.8 mm. The temperature of the 
samples was controlled with an accuracy of ±0.1 K. 
The objects of study were placed in a specially 
designed short-circuited measuring waveguide cell at 
the end. The measuring cell was placed in a thermostat 
and contained a device for smooth adjustment of the 
solution layer thickness. The research results were 
obtained during continuous cooling at a rate of 0.1–0.2 
degrees/min. The spread of measurement results for ε' 
is less than 1%, and for ε" less than 4%.  

Bromobenzene, benzene, and hexane were 
thoroughly purified by rectification to achieve a high 
degree of purity – chemically pure. Double systems 
were prepared by mixing the components in specific 
molar ratios. 

The relaxation time was determined using the 
formula [12-13]:  

 

𝜏𝜏 =
1
𝜔𝜔

 
𝜀𝜀″

𝜀𝜀′ − 𝜀𝜀∞
 

 
3. RESULTS AND DISCUSSION  

 
Tables 1 and 2 present the results of 

measurements of dielectric permittivity (ε') and 
dielectric loss tangent (ε") for bromobenzene-benzene 
and bromobenzene-hexane systems as a function of 
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temperature and concentration. These results were 
obtained during continuous cooling at a rate of 

approximately 0.1–0.2 degrees/min. In most cases, a 
sharp decrease in ε′ and ε″ is observed at the

 
 

Table 1 
 

Bromobenzene – benzene 

t,0C х2 = 0,459 х2 = 0,560 х2 = 0,718 х2 = 1,000 
𝜺𝜺′ 𝜺𝜺″ 𝜺𝜺′ 𝜺𝜺″ 𝜺𝜺′ 𝜺𝜺″ 𝜺𝜺′ 𝜺𝜺″ 

Liquid state 

20 3,98 0,33 4,27 0,40 4,66 0,52 5,25 0,73 
10 4,02 0,37 4,32 0,45 4,74 0,58 5,35 0,83 
0 4,06 0,43 4,39 0,52 4,82 0,69 5,39 0,97 

– 10 4,10 0,51 4,45 0,63 4,90 0,82 5,43 1,12 
– 20 4,13 0,60 4,50 0,75 4,94 0,98 5,38 1,31 
– 30 4,15 0,70 4,52 0,88 4,93 1,16 5,29 1,49 
– 33 4,16 0,74 4,53 0,94 4,92 1,21 – – 
– 40 – – 4,54 1,04 4,90 1,32 – – 
– 42 – – 4,54 1,07 4,88 1,35 – – 
– 47 – – – – 4,84 1,43 – – 

Solid state 

–31 – – – – – – 3,12 0,31 
–34 3,38 0,52 – – – – 2,98 0,16 
–38 3,00 0,22 – – – – 2,87 0,08 
–43 2,63 0,07 3,25 0,40 – – 2,84 0,02 
–48 2,57 0,02 2,81 0,12 3,17 0,34 2,83 – 
–50 2,56 – 2,69 0,06 2,90 0,19 2,83 – 
–52 2,55 – 2,64 0,03 2,79 0,15 2,83 – 
–58 2,55 – 2,63 0,01 2,74 0,04 2,83 – 
–60 2,55 – 2,62 – 2,72 0,02 2,83 – 
–70 2,55 – 2,62 – 2,71 – 2,83 – 
–80 2,55 – 2,62 – 2,71 – 2,83 – 

 
Table 2 

 
Bromobenzene - hexane 

t,0C х2 = 0,300 х2 = 0,562 х2 = 0,794 х2 = 1,000 
𝜺𝜺′ 𝜺𝜺″ 𝜺𝜺′ 𝜺𝜺″ 𝜺𝜺′ 𝜺𝜺″ 𝜺𝜺′ 𝜺𝜺″ 

Liquid state 

20 2,80 0,10 3,60 0,23 4,34 0,40 5,25 0,73 
10 2,84 0,11 3,65 0,25 4,42 0,45 5,35 0,83 
0 2,88 0,13 3,69 0,29 4,49 0,53 5,39 0,97 

– 10 2,92 0,15 3,72 0,34 4,53 0,62 5,43 1,12 
– 20 2,95 0,17 3,75 0,39 4,52 0,71 5,38 1,31 
– 30 2,99 0,20 3,75 0,44 4,49 0,81 5,29 1,49 
– 34 3,00 0,21 3,75 0,48 4,46 0,86 – – 
– 40 3,02 0,24 3,75 0,51 – – – – 
– 50 3,04 0,29 – – – – – – 
– 55 3,04 0,32 – – – – – – 

Solid state 

–31 – – – – – – 3,12 0,31 
–35 – – – – 3,52 0,57 2,96 0,15 
–38 – – – – 3,19 0,32 2,87 0,08 
–41 – – 3,58 0,42 2,96 0,20 2,85 0,06 
–45 – – 3,02 0,21 2,75 0,11 2,84 0,01 
–51 – – 2,79 0,09 2,70 0,04 2,83 – 
–53 – – 2,66 0,05 2,67 0,01 2,83 – 
–56 2,92 0,24 2,55 0,03 2,65 – 2,83 – 
–58 2,77 0,14 2,52 0,01 2,65 – 2,83 – 
–60 2,62 0,11 2,50 – 2,65 – 2,83 – 
–65 2,45 0,04 2,50 – 2,65 – 2,83 – 
–70 2,33 0,02 2,50 – 2,65 – 2,83 – 
–80 2,32 – 2,50 – 2,65 – 2,83 – 
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solidification point. At the same time, it was noted 
that at the onset of solidification, the wave number q = 
Emin/Emax (E – electric field strength) passes 
through a sharply pronounced maximum. The wave 
number is not reflected in the values of ε", since at the 
same time there is a very rapid and significant shift of 
the standing wave node. It is possible that in this case, 
in order to obtain more complete information, it is 
necessary to take a larger number of experimental 
points in a very narrow temperature range near the 
solidification point. After the jump, there is a further 
decrease in ε' and a drop in ε" to zero. This behavior  

has already been noted for pure polar components and 
attributed to the existence of individual “free” 
molecules in liquids along with clusters [14-17]. 
These, in turn, contribute to the orientation 
polarization in a small temperature range below the 
solidification point. This point of view is confirmed to 
a certain extent in the case of hexane solutions, where 
such a transition is noticeably prolonged compared to 
a pure polar component (Fig. 1, 2). In benzene 
solutions, this is less pronounced. 
Figures 1 and 2 show the temperature dependences of 
the dielectric constant for the bromobenzene – hexane 
system. 

 

 
Fig. 1. Temperature dependence of the dielectric constant ε' for the bromobenzene – hexane system, at a bromobenzene 

concentration in mole fractions: 1 – 0.294; 2 – 0.556; 3 – 0.745; 4 – 1.000 
 

 
Fig. 2. Temperature dependence of dielectric losses ε" for the bromobenzene – n-hexane system, at bromobenzene   
            concentration in mole fractions: 1 – 0.294; 2 – 0.556; 3 – 0.745; 4 – 1.000 

 

  
Fig. 3. Dependence of εsolid′ – n2 for the bromobenzene – benzene (1) and bromobenzene – hexane (2) systems on the 

concentration expressed in mole fractions. 
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Thus, at these concentrations, the solid state is 
characterized by the presence of two phases – an 
intermediate metastable phase, which transitions to a 
stable low-temperature phase with further cooling. 

When the temperature reaches approximately –
60°C, the dielectric permittivity ceases to change in 
almost all cases, and the contribution of orientation 
polarization can be considered negligible. However, as 
can be seen in Fig. 3, the dielectric permittivity εsolid′ 
in the solid state greatly exceeds the corresponding 
value of the square of the refractive index n2 at 20°C. 
Since the change in density with temperature is 
insignificant, the difference εsolid′ – n2 should be 
explained by the contribution of infrared polarization.   

It is interesting to note that the high-frequency 
dielectric permittivity ε∞ at 20°C, obtained from the 
circular diagram, also exceeds the value n2 at all 
concentrations [18-20].  

On the other hand, εsolid′ is slightly greater than 
ε∞. This confirms the assumption made in [21-23] that 
the difference between ε∞ and n2 is mainly due to 
additional resonance-type dispersion.  

 

Interpreting dielectric relaxation as a kinetic 
process makes it possible to reveal new details of the 
mechanism of this phenomenon. The relaxation time 
is expressed by the Arrhenius equation:  

 

          𝜏𝜏 = ℎ
𝑘𝑘𝑘𝑘

 𝑒𝑒𝑒𝑒𝑒𝑒�∆𝐹𝐹 𝑅𝑅𝑅𝑅� �               (1) 
 

where ΔF is the free activation energy, defined as: 
 

          ∆F= ∆H – T∆S                       (2) 
 

where ΔH is the activation enthalpy, ΔS is the 
activation entropy, h is Planck's constant, k is 
Boltzmann's constant, R is the universal gas constant, 
and T is the absolute temperature. The value of ΔH 
was calculated from the slope of the dependence of 
ln(Tτ) on 1/T, and ΔS was calculated using equation 
(2).  

Table 3 shows the results of the corresponding 
calculations. It was assumed that ε∞ in solution 
changes additively. 

 

Table 3 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
4. CONCLUSIONS 

 
Measurements of dielectric permittivity ε' and 

dielectric loss tangent ε" were performed in 
bromobenzene-benzene and bromobenzene-hexane 
double systems at a wavelength λ = 12.8 mm in the 
temperature range from 293 K to 193 K. It was found 
that the phase transition is accompanied by a sharp 

decrease in ε' and ε". Based on the temperature 
dependence of the relaxation time, the thermodynamic 
parameters of the dielectric relaxation process 
activation were determined: ΔF, ΔH, and ΔS. It has 
been shown that the nature of the solvent affects the 
magnitude of the potential barrier separating the two 
equilibrium positions of the polar bromobenzene 
molecule and the degree of order in the system. 

_______________ 
 

 [1] C.J.F. Böttcher, P. Bordwijk, Theory of electric 
polarization, Amsterdam 2 (1978), 
https://doi.org/10.1002/bbpc.19800841128. 

 [2] H. Yu Yao, Y. Ch. Wang, T.H. Chang. 
Investigation of dielectric spectrums, relaxation 
processes, and intermolecular interactions of 
primary alcohols, carboxylic acids, and their 
binary mixtures, Journal of Molecular Liquids, v 
353,  (2022) 118755, 
https://doi.org/10.1016/j.molliq.2022.118755  

 [3] R.H. Cole. Dielectric polarization and relaxation, 
Mol. Liq., NATO ASI Ser. C 135 (1984) 59-110, 
https://doi.org/10.1007/978-94-009-6463-1_3. 

 [4] H. Sato, T. Koshii, H. Takahashi, K. Higasi. 
Dielectric relaxation and molecular structure. 
XIV. The dielectric behavior of six isomeric 
pentyl alcohols, Bull. Chem. Soc. Jpn. 48 (1975) 
1317–1318, 
https://doi.org/10.1246/bcsj.48.1317. 

х2 ∆𝐹𝐹 𝑇𝑇∆𝑆𝑆 ∆𝐻𝐻 
200 00 -200 -400 200 00 -200 -400 

Bromobenzene – benzene 

0,459 2,61 2,52 2,44 – 1,18 1,09 1,01 – 1,43 

0,560 2,64 2,53 2,47 2,38 1,15 1,04 0,98 0,89 1,49 

0,718 2,70 2,60 2,52 2,44 1,14 1,04 0,96 0,88 1,56 
1,000 2,76 2,70 2,61 – 1,11 1,05 0,96 – 1,65 

Bromobenzene - hexane 

0,294 2,36 2,26 2,16 2,08 1,30 1,20 1,10 1,02 1,06 

0,556 2,49 2,38 2,31 2,23 1,24 1,13 1,06 0,98 1,25 

0,745 2,60 2,50 2,43 – 1,18 1,08 1,01 – 1,42 
1,000 2,76 2,70 2,61 – 1,11 1,05 0,96 – 1,65 

https://doi.org/10.1002/bbpc.19800841128
https://www.sciencedirect.com/author/7404724942/tsunhsu-chang
https://www.sciencedirect.com/journal/journal-of-molecular-liquids
https://www.sciencedirect.com/journal/journal-of-molecular-liquids/vol/353/suppl/C
https://www.sciencedirect.com/journal/journal-of-molecular-liquids/vol/353/suppl/C
https://doi.org/10.1016/j.molliq.2022.118755
https://doi.org/10.1007/978-94-009-6463-1_3
https://doi.org/10.1246/bcsj.48.1317


S.T. AZIZOV, S.A. NABIEVA, V.M. HAJIYEVA, S.I. QULIEVA 

20 

 [5] P. Debye. Polar Molecules. Chemical Catalog 
Company. (1929). 
 https://doi.org/10.1002/jctb.5000484320 

 [6] H. Eyring. The Activated Complex in Chemical 
Reactions. The Journal of Chemical Physics, 
(1935).3(2), 107-115. 

 [7] S.K. Kim, L. Onsager. The integral 
representation of the relaxation effects in mixed 
strong electrolytes in the limiting law region, J. 
Phys. Chem. 81 (1977) 1211-1213, 
https://doi.org/10.1021/j100527a019 

 [8] J.Ph. Poley. Microwave dispersion of some polar 
liquids, Appl. Sci. Res. B 4 (1955) 337-387, 
https://doi.org/10.1007/BF02920014. 

 [9] C. Zhang, M. Sprik. Computing the dielectric 
constant of liquid water at constant dielectric 
displacement, Phys. Rev. B 93 (2016) 144201, 
https://doi.org/10.1103/PhysRevB.93.144201. 

 [10] M. Nagasaka, H. Yuzawa, N. Kosugi. 
Microheterogeneity in aqueous acetonitrile 
solution probed by soft x-ray absorption 
spectroscopy, J. Phys. Chem. B 124 (2020) 
1259-1265, 
https://doi.org/10.1021/acs.jpcb.0c00551. 

 [11] S.R. Cohen, M. Plazanet, St. Rols,  
D.J. Voneshen, J.T. Fourkas et al., Structure and 
dynamics of acetonitrile: molecular simulation 
and neutron scattering, J. Mol. Liq. 348 (2022) 
118423, 
https://doi.org/10.1016/j.molliq.2021.118423. 

 [12] S.D. Deshmukh, K.L. Pattebahadur, A.G. Mohod, 
P.W. Khirade. Dielectric and spectroscopic study 
of binary mixture of acrylonitrile with 
chlorobenzene, AIP Conf. Proc. 1953 (2018) 
050039, 
https://doi.org/10.1063/1.5032694. 

 [13] V.P. Pawar, S.C. Mehrotra. Dielectric relaxation 
study of liquids having chloro group with 
associated liquids. I. Chlorobenzene with 
methanol, ethanol, and 1-propanol, J. Solut. 
Chem. 31 (2002) 559-576, 
https://doi.org/10.1023/A:1020293629513. 

 [14] G. Chahi, D. Bradai, I. Belabbas. Hydrogen 
bonds and elastic anisotropy of nitrile molecular 
crystals: an investigation from first-principles, 
Mol. Simul. 50 (2024) 696-709, 
https://doi.org/10.1080/08927022.2024.2342971. 

 [15] A.A. Basha, F.L.A. Khan, B.H.K. Hussain. 
Dielectric relaxation and thermodynamical 
parameters of hydrogen bonded complexes for 

heptanamide and pentanamide with halogenated 
phenols in benzene, J. Mol. Liq. 363 (2022) 
119853, 
https://doi.org/10.1016/j.molliq.2022.119853. 

 [16] S.T. Azizov. Dielectric relaxation in solutions 
chlorobenzene-benzene and chlorobenzene-
hexane, Mod. Phys. Lett. B 38 (2024) 2450167,  

         https://doi.org/10.1142/S0217984924501677. 
 [17] S.T. Azizov. Investigation of the temperature 

dependence of the dielectric relaxation of 
chlorobenzene, bromobenzene and iodobenzene, 
Bull. Karaganda Univ. Phys. 29 (2024) 36-42, 
https://doi.org/10.31489/2024ph2/36-42. 

 [18] E. Salaev, S. Azizov, E. Gasimov, J. Qajar. 
Resonant reflectionless absorption of 
electromagnetic waves in solutions, Turk. J. 
Phys. 22 (1998) 389-394. 
https://journals.tubitak.gov.tr/physics/vol22/iss5/
4/ 

 [19] S.T. Azizov. Temperature dependence of 
dielectric relaxation of absorption spectra in the 
chlorobenzene–iodobenzene system, East Eur. J. 
Phys. 1 (2024) 453-459,  
https://doi.org/10.26565/2312-4334-2024-1-50. 

 [20]  S.T. Azizov, O.A. Aliyev, Kh.Kh. Hashimov. 
Dielectric relaxation and molecular interactions 
in acetic acid, East Eur. J. Phys. 3 (2025) 483-
489, 
https://doi.org/10.26565/2312-4334-2025-3-53. 

 [21] S.T. Azizov. Investigation of the dielectric 
properties of solutions of bromobenzene–
benzene, bromobenzene–n-hexane, Trans. Azerb. 
Natl. Acad. Sci. Phys. Astron. 40 (2020) 118-
121, 
http://physics.gov.az/Transactions/2020/journal2
020(5).pdf. 

 [22] N.A. Chaudhary, C.R. Vaja, K.J. Agheda, K.N. 
Shah, V.A. Rana, A.N. Prajapati. Insights into 
molecular interactions: dielectric relaxation and 
DFT-based studies on n-hexanol/N,N-
dimethylformamide binary mixtures, J. Mol. Liq. 
425 (2024) 126675, 
https://doi.org/10.1016/j.molliq.2024.126675. 

 [23] S.T. Azizov, G.M. Askerov. Investigation of the 
equilibrium and dynamic characteristics of the 
dielectric polarization of a chlorobenzene-n-butyl 
solution, AJP Fizika 26 (2020) 15-17, 
http://physics.gov.az/physart/250_2020_02_17_e
n.pdf. 

 
 
 
 

Received: 08.01.2026 
 
 
 

https://doi.org/10.1002/jctb.5000484320
https://doi.org/10.1021/j100527a019
https://doi.org/10.1007/BF02920014
https://doi.org/10.1103/PhysRevB.93.144201
https://doi.org/10.1021/acs.jpcb.0c00551
https://doi.org/10.1016/j.molliq.2021.118423
https://doi.org/10.1063/1.5032694
https://doi.org/10.1023/A:1020293629513
https://doi.org/10.1080/08927022.2024.2342971
https://doi.org/10.1016/j.molliq.2022.119853
https://doi.org/10.1142/S0217984924501677
https://doi.org/10.31489/2024ph2/36-42
https://journals.tubitak.gov.tr/physics/vol22/iss5/4/
https://journals.tubitak.gov.tr/physics/vol22/iss5/4/
https://doi.org/10.26565/2312-4334-2024-1-50
https://doi.org/10.26565/2312-4334-2025-3-53
http://physics.gov.az/Transactions/2020/journal2020(5).pdf
http://physics.gov.az/Transactions/2020/journal2020(5).pdf
https://doi.org/10.1016/j.molliq.2024.126675
http://physics.gov.az/physart/250_2020_02_17_en.pdf
http://physics.gov.az/physart/250_2020_02_17_en.pdf

