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Temperature and frequency dependent complex permittivity spectra (CPS) of n-Butyl Acetate (n-BA) with Xylene were 
measured in the range of 0.1<ν/GHz<50. Dielectric relaxation parameter was measured over a wide range of frequency that 
confers information regarding the dielectric dispersion, relaxation behavior, molecular dynamics, molecular association, and 
interfacial polarization. The least squares fit method has been used to obtain dielectric relaxation parameters which are 
obtained from an analysis of Debye relaxation process and is the time taken by relaxing molecules involved in dynamics, is 
explicated very well with cooperative domains (CDs) among n-BA-n-BA and n-BA-Xylene,which is being validated with 
the help of geff through bonding between them. Molecular relation in hydrogen bonding that causes variations in Kirkwood 
correlation value from unity is the measure of degree of short-range dipolar ordering.The Luzar model employed for n-BA-
Xylene mixtures to determine molecular association. Thermodynamic parameters have been obtained to get the information 
about molecular ordering. 

Keywords: Time Domain Reflectometry (TDR), Static dielectric parameters, Co-operative domains (CDs), Kirkwood 
correlation factor, Luzar model, Thermodynamic parameters, Bruggeman factor 

Broadband dielectric relaxation spectroscopy, FTIR, 
NMR, UV-Vis, X-ray and Raman are very useful 
spectroscopic techniques, which gives precious 
information concerning materials’ physical and 
chemical properties. Dielectric relaxation spectroscopy 
(DRS) is able to monitor co-operative processes at 
microwave frequency in range of 0.1<ν/GHz<50. This 
technique is very useful and sensitive to investigate 
different phenomena in binary liquid mixtures 
which give information such as strength of molecular 
relaxation, intermolecular hydrogen bonding, 
intermolecular rotations, formation of monomers and 
multimers in polar-non-polar molecules1-3. Hydrogen 
bonding in polar and non-polar molecules plays a vital 
role in many applications like molecular biology, 
pharmaceutical industries, and chemical factories3. 
Molecular relaxation study of polar esters with non-
polar aromatic hydrocarbons gives significant 
information regarding molecular association due to 
internal rotations, temperature variation and bonding 
between n-Butyl Acetate and Xylene molecules. 

n-Butyl Acetate [C6H12O2] is also called as Butyl
Ethanoate, is colorless, sweet odoured, flammable 
liquid at room temperature, used as a flavor in ice-

creams, cheese, baked foods, candies4, etc. Xylene 
[C8H10] is an aromatic hydrocarbon, colorless, 
flammable liquid5,6, used in industries for cleaning 
steel, in wafers of silicon and widely used in 
adhesives, varnishes, inks and paints. 

Dielectric relaxation behavior of esters like Methyl 
Acetate (MA), Ethyl Acetate (EA) and Butyl Acetate 
(n-BA) with different alcohols has been studied 
previously to investigate molecular behavior of O-H 
group with oxygen atom of ester molecule under 
different temperatures and concentrations of mixtures. 
Chaudhari et al.7 investigated dielectric properties of 
n-butyl acetate with methanol, ethanol, 1-propanol
binary mixtures and concluded that the parameters
show systematic changes in dielectric relaxation
parameter. Thenappan et al.8 studied dielectric
parameters of esters such as butyl acetate, ethyl
acetate, etc. with propanoic acid, and revealed that in
the studied binary mixture, cyclic and α-multimers
were formed. Meenachi et al.9 studied dielectric
relaxation parameters of esters with Xylene isomers.

The objective of this work is to investigate 
and provide more relevant data concerning to 
dielectric relaxation, Kirkwood correlation factor, 
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thermodynamicproperties, Bruggeman factor of n-BA-
Xylene solutions and to know CDs which is explained 
thereby relating values of theoretical relaxation  
time (τtheo) with experimentally observed relaxation time 
(τobs) and their ratio (τratio) at different temperatures  
and concentrations over a frequency range of 
0.1<ν/GHz<50. 
 
Experimental Section 

n-Butyl Acetate obtained from Thermo Fisher 
Scientific Pvt. Ltd. Mumbai, India with 98.0% of 
purity and Xylene obtained from Merk Specialties 
Private Ltd. Mumbai, India with 99.0%, are used 
without further purification. Dielectric relaxation 
parameters were measured in relaxation frequency 
range by means of TDR as shown in Fig. 1. Analysis 
of raw data with procedure of TDR system was 
systematically explicated formerly10-12. 
 
Results and Discussion 

Experimentally obtained CPS is fitted using non-
linear least square fit method to Havriliak-Negami13 
equation, 

 

ε∗ ൌ  εஶ ൅ க౥ିகಮ
ሾଵାሺ୨னதሻభషಉሿಊ

 …(1) 

 

where, εo is the static dielectric permittivity, ε∞ is 
high frequency permittivity, τ is relaxation time and α, 
β are parameters of distribution. Debye (α = 0 & β=1) 
relaxation model14 is used for present system to fit the 
raw data. 

A frequency dependent CPS for n-BA-Xylene 
mixture at 25° C is shown in Fig. 2. In CPS, ε׳ 
increases with increase in concentration indicates 
increase polarization effect in the mixture with 
concentration of n-BA.Value of ε׳ decreases with 
frequency indicates the decrease in molecular 
orientation with increase in frequency15. Value of ε∞ is 
the square of refractive index and is used to fit raw 
data. 

Values of εo and τ increase with increase in Vn-BA 

thereby indicating increase in electric dipoles density 
within the mixture. εovalue changes owing to 
interactions between dissimilar molecules, which may 
create structural variations and also indicates change 
in molecular aggregation from spherical to linear with 
increase in Vn-BA

16. Effect of temperature on dielectric 
constant is also observed for n-BA-Xylene mixtures, 
which suggests increase in orientation polarization 
with decreasing temperature16. As ε∞is the square of 
refractive index at highest frequency and should be 
greater than unity unless approaching resonance 
absorption with a very narrow absorption. So there is 
possibility of occurrence of this resonance for the 
0.3 n-BA in present system. 

The variations in εo and τ with Vn-BAat different 
temperatures is shown in Fig. 3 (a) and (b) 
respectively. The dielectric relaxation properties are 
listed in Table 1. It can be seen from Table 1 that the 
values of τ increases with Vn-BA such that at 0.3 
volume fraction, the value of τ suddenly increases, 
which may be due to increase in molecular size17,18 
such that hetero-molecular entities with higher value 
of τ are due to weak intermolecular attachment and 
smaller value of τ is caused due to strong bonding 
affection between them19 and dependent on viscosity, 
temperature and molecule chain length20. 

Theoretical relaxation time for n-BA-Xylene 
binary solutions is assessed by the relation as21, 

 

τ୲୦ୣ୭୰ ൌ  τଡ଼୷୪Vଡ଼୷୪ ൅ τ୬ି୆୅ ሺ1 െ Vଡ଼୷୪ሻ …(2) 
 

where, τXyl ,τn-BA are the relaxation time of Xylene 
and n-BA, VXyl and Vn-BA is volume fraction of 
Xylene, n-BA respectively. 

 
Fig. 1 — (a) Block Diagram (b) Experimental setup of TDR with
temperature controller bath. 

 
 

Fig. 2 — Frequency dependent dielectric permittivity (ε’) and loss 
(ε”) for n-BA-Xylene mixtures at 25° C. 
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Molecular size difference in n-BA and Xylene 
confirms presence of self-associated heterogeneous 
structure due to greater value of geff than that of 
xylene such that intermolecular interactions between 
them gives rise to a dynamics with molecular 
reorientation, revealing CDs21. 

CD size changes with variation in interactions, 
such that stronger interactions create large CD22,23. 
The τratio is maximum at Vn-BA = 0.3 and minimum at 
Vn-BA= 0.1 suggesting that the population of CDn-BA-

XYL is maximum at these concentrations such that 

CDn-BA-XYL size is more heterogeneous due to 
coexistence of CDn-BA, CDn-BA-XYL and CDXYL in 
definite proportions as shown in Fig. 4(b). The 
equation (2) is applied in case of steric hindrances in a 
homogeneous mixture, deviations from the above 
equation implies molecular association is retained to 
some extent during the relaxation, e.g. as a super 
molecule. Also from Fig. 4(a), the strong deviation 
from equation (2) is observed at 0.3 Vn-BA implying 
that the assumption of a sequence of independent 
relaxations does not hold for this composition. 

 
 

Fig. 3 — (a) Static dielectric constant (εo) and (b)Relaxation time (τ) vs. Vn-BA. 
 

Table 1 — Dielectric relaxation parameters for n-BA-Xylene binary solutions at different temperatures. 
Vn-BA εo τ (ps) ε∞ εo τ (ps) ε∞ 

25° C  20° C 

0.0 2.23 (6)* 2.75 (6) 1.74 (1) 2.40 (1) 3.58 (1) 2.02 (2) 
0.1 2.44 (4) 3.69 (9) 1.23 (5) 2.66 (4) 4.32 (9) 1.93 (3) 
0.2 2.67 (2) 4.47 (9) 1.93 (3) 2.85 (3) 4.97 (9) 1.99 (3) 
0.3 2.94 (7) 7.13 (1) 0.59 (6) 3.24 (1) 7.22 (6) 0.83 (5) 
0.4 3.26 (8) 5.54 (7) 0.92 (8) 3.59 (8) 6.22 (7) 1.10 (7) 
0.5 3.75 (4) 6.13 (6) 2.13 (3) 3.98 (5) 6.79 (6) 2.14 (4) 
0.6 4.07 (6) 6.75 (3) 1.53 (3) 4.32 (4) 7.15 (4) 2.09 (3) 
0.7 4.37 (7) 7.31 (6) 1.93 (5) 4.61 (7) 7.51 (6) 2.10 (6) 
0.8 4.69 (9) 7.84 (7) 1.57 (7) 4.84 (1) 8.11 (5) 1.08 (6) 
1.0 5.55 (9) 8.04 (5) 1.35 (6) 5.76 (7) 8.23 (4) 2.03 (4) 

15° C  10° C 

0.0 2.81 (3) 4.20 (2) 2.57 (4) 3.50 (1) 4.33 (5) 2.75 (2) 
0.1 3.10 (3) 4.50 (2) 2.04 (4) 3.80 (3) 5.05 (9) 2.98 (3) 
0.2 3.47 (4) 5.35 (8) 2.34(4) 4.12 (3) 5.96 (7) 2.99 (2) 
0.3 3.73 (7) 7.30 (6) 1.81 (4) 4.27 (3) 7.78 (6) 2.90 (2) 
0.4 3.98 (7) 7.16 (6) 1.21 (6) 4.41 (6) 7.28 (5) 1.91 (5) 
0.5 4.33 (4) 7.35 (5) 2.27 (3) 4.85 (2) 7.41 (5) 3.45 (2) 
0.6 4.65 (3) 7.67 (3) 2.44 (2) 5.08 (1) 7.75 (2) 3.45 (2) 
0.7 4.90 (6) 7.93 (5) 2.26 (4) 5.33 (7) 8.14 (6) 2.59 (5) 
0.8 5.14 (1) 8.38 (5) 1.18 (6) 5.62 (1) 8.50 (6) 2.18 (7) 
1.0 5.97 (7) 8.50 (4) 2.20 (4) 6.18 (7) 8.65 (4) 2.63 (4) 

*Numbers in the bracket denotes uncertainties in least significant digit obtained by using least square fit method eg.2.23 (6) means 
2.23 ± 0.06. 
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Usual information regarding orientation of electric 
dipoles in pure liquids and molecular interactions 
between two unlike polar-non-polar molecules is 
described by effective Kirkwood correlation factor 
‘geff and is obtained by using modified Kirkwood 
equation24,25. As tabulated in Table 2, using Luzar 
model26 the average correlation factors g1 and g2 were 
obtained from a single value of static dielectric 
constant such that, for separate class i = 1 and 2, using 
the following equations as27,28,  

 

gଵ ൌ 1 ൅ ZଵଵCOS Φଵଵ ൅  ZଵଶCOS Φଵଶ ቀ
ఓమ
ఓభ
ቁ …(3) 

 

gଶ ൌ 1 ൅ ZଶଵCOS Φଶଵ ቀ
ఓభ
ఓమ
ቁ …(4) 

 

where, Z11 =2 <n11
HB>, Z12=2 <n12

HB> and Z21 =2 
<n21

HB> (1-Vx)/Vx are average number of hydrogen 
bonds with n-BA-n-BA and n-BA-Xylene pairs 
respectively. Φ11, Φ12 and Φ21 signify angles among 
adjacent dipoles of diverse molecules.  

Formation of average number of hydrogen bonds 
i.e. (n11

HB) and (n12
HB) per n-BA molecule for 1i pairs 

(i =1 or 2) has been derived using the equation as27,28, 
 

nୌ୆
ଵ୧ ൌ  nୌ୆

ଵ୧ nଵ୧ωଵ୧/nଵ …(5) 
 

where, ω1i = 1/[1+ α1iexp(βE1i)] signifies the 
chance of formation of bonding between the molecule 
of n-BA and Xylene. n1 is density of n-BA molecule, 
β =1/kT and α1i are statistical volume ratios of two 
sub-volumes of phase space related to hydrogen-
bonded and hydrogen non-bonded pairs. E11 and E12 
are energy levels for 11 and 12 pairs. 

Increasing Vn-BA cause increase in n11
HB with 

decreasing n12
HB

28,29, as shown in Fig. 5 (a). Feasible 
values of molecular parameters bids good qualitative 

values of dielectric permittivity such that theoretical 
and experimentally calculated εo values using Luzar 
model found to be good in agreement, as tabulated in 
Table 3 and shown in Fig. 5 (b). 

Temperature dependent τ value described and 

analyzed by Arrhenius30-32, as shown in Fig. 6 and the 

chemical rate theory in relation with dielectric 

relaxation was explained by Eyring, given by 

equation as30-33, 
 

 
 

Fig. 4 — (a) τobs and τtheo (b) τratiovs. Vn-BA at different temperatures. 
 

Table 2 — Kirkwood correlation factors g1 and g2 for n-BA-
Xylene binary solutions at 25°C. 

Vn-BA g1 g2 
0.0 - 1.00 
0.1 1.08 1.16 
0.2 1.12 1.32 
0.3 1.16 1.50 
0.4 1.20 1.67 
0.5 1.24 1.85 
0.6 1.29 2.04 
0.7 1.33 2.23 
0.8 1.38 2.41 
1.0 1.48 - 

 

Table 3 — Molecular parameters used in computation of static 
dielectric constant (εo) at 25°C. 

Molecular Parameters 

Effective dipole momenta of n-BA 1.88 
Effective dipole momenta of Xylene 0.34 
Polarizabilityb of n-BA 6.2 
Polarizabilityb of Xylene 13 
Binding energyc of n-BA-n-BA −7 
Binding energyc of n-BA-Xylene −9 
Enthalpyc of n-BA-n-BA 30 
Enthalpyc of n-BA-Xylene 45 
Number of Hydrogen Bond 03 
aUnit : Debye; bUnit : A03; cUnit: kJ/mol 
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τ ൌ ቀ ୦
୩୘
ቁ exp ቀ

୼ୌ

ୖ୘
ቁ exp ቀ

ି୼ୗ

ୖ
ቁ …(6) 

 

The Gibb’s free energy (∆G) is related to enthalpy 
(∆H) and entropy (∆S) of activation by the relation, 
∆G ൌ  ∆H െ T ∗ ∆S    …(7) 

where, ∆S is entropy, ∆H is enthalpy of activation, 
τ is relaxation time, T is temperature, k is the 
Boltzmann’s constant and h is Planck’s constant. 

Positive values of enthalpy (ΔH) reveal 
endothermic reaction33,34 i.e. heat is absorbed during 
dipole reorientation. To reorient dipoles, Xylene 
requires 18.806 kJ mol−1 of energy and n-BA requires 
1.111 kJ mol−1 of energy as tabulated in Table 4. 
Other meaning of these values is stated that a positive 
ΔH means that energy has to be taken to achieve the 
activated state along the relaxation coordinate. As for 
0.3 n-BA the relaxation is close to that of a single 
entity with only a very little alteration required in its 
surroundings. The small value of ΔH indicates that 
there may be a proton moving between two minima in 

a hydrogen bond as it might be expected of pure  
n-BA. 

Entropy (ΔS) is measure of ordered nature of 
system, found to be positive for all mixtures 
representing that the system is less ordered which point 
outs non-cooperative environment33,34. Positive ΔS 
means that the activated state has higher entropy than 
the ground state, i.e. it is more disordered than the 
ground state. Large values of positive ΔS refer to a 
large disordering in the achievement of the activated 
state. Thus there are a large number of alternative 
routes to enter this state from the ground state, i.e. there 
is no preferred order in the sequence of molecular 
movements required to enter the activated state. 

Equilibrium state of an activated system is described 
using Gibb’s free energy of activation (ΔG)35. With 
increasing Vn-BA, molecular interaction in the binary 
mixture decreases such that ΔG for n-BA is found to be 
0.788. The plot of Log τ*T versus 1000/T for n-BA-
Xylene mixture is shown in Fig. 6.  

Bruggeman provides information concerning to 
static permittivity of binary mixture using the relation 
as36, 

 

𝑓஻ ൌ ቂ
ሺε౥ౣିε౥౔ሻ

ሺε౥ ౤షాఽିε౥౔ሻ
ቃ ቂε౥ ౤షాఽ

ε౥ౣ
ቃ
భ
య ൌ 1 െ V୬ି୆୅ …(8) 

 

The Bruggeman equation has been modified for 
binary liquid mixtures37 as, 

 

𝑓஻ ൌ ቂ
ሺε౥ౣିε౥౔ሻ

ሺε౥ ౤షాఽିε౥౔ሻ
ቃ ቂ

ε౥ ౤షాఽ

ε౥౥
ቃ
భ
య ൌ 1 െ ሾa െ ሺa െ 1ሻV୬ି୆୅ሿV୬ି୆୅  

 …(9) 
 

where, fBis Bruggeman factor, εom, εon-BA, εoX are 
static dielectric constants corresponding to mixture, n-
BA and Xylene respectively, Vn-BA is volume fraction 
of n-BA and ‘a’ is interaction parameter.  

 
 

Fig. 5 — (a) Plots of the average number of hydrogen bonds per unit volume (b) Experimental and theoretical values of εovs.Vn-BA. 
 

 
 
Fig. 6 — Plot of (Log τT) versus 1000 / T for n-BA-Xylene
mixture. 
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Bruggeman factor (fB) for n-BA-Xylene mixture is 
quite linear as predicted38,39 and is shown in Fig. 7. 
Interaction parameter ‘a’ obtained experimentally and 
is found to be 1.03 at 25°C. 
 

Conclusions 
The present study concluded with CPS of n-BA-

Xylene mixture using TDR technique in 
0.1<ν/GHz<50 frequency range. Increasing Vn-BA 

causes εoand τ to increases slowly. Presence of CDnBA, 
CDn-BA-XYL and CDXYL in a definite proportion is 
confirmed and geff reveals impact of CDs through 
hydrogen bonding with diverse interactions between 
n-BA and Xylene molecules. Correlation factors g1 

and g2 rises with increasing Vn-BA. Theoretical 
εovalues are well in accordance with the measured 
experimental εo values such that Luzar model provides 
a theoretical basis for the computation of molecular 
parameters. Molecules of n-BA-Xylene in the mixture 
show positive values of enthalpy and entropy for all 
concentrations. Bruggeman factor confirms the quite 
linear nature as predicted. 
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