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INTRODUCTION

Exploring the dielectric properties of binary polar liquids
is crucial for obtaining the information regarding the inter-
action between the solute and the solvent. Several researchers
have used various methods to study the dielectric character-
istics of liquids [1-8]. The dielectric constant of mixed solvents
is necessary in the analytical and pharmaceutical sciences to
predict the drug’s solubility and chemical stability [9]. One of
the chemicals used for this study is ethyl acetate which is mostly
employed as a solvent and diluent due to its affordability, low
toxicity and pleasing smell. Solutions containing ethyl acetate
are often used in laboratories for extractions and column
chromatography. Propylene glycol, which is utilized in the food
sector, cosmetics, plastic, paint and pharmaceuticals, is the
second most used chemicals. Propylene glycol and ethyl acetate
have a wide variety of uses, so it is important to understand
their structural and dynamical characteristics. Therefore, from
this view, the dielectric relaxation behavior of the binary mixture
of ethyl acetate and propylene glycol has been investigated
using time domain reflectometry technique.
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EXPERIMENTAL

The ethyl acetate and propylene glycol were procured from
Qualigens, India with purity 99% and 98%, respectively and
used without further purification. Using 1 mL micropipette, the
concentrations were accurately prepared for a 5 mL solution
with a 99.5% accuracy.

Characterization: Complex permittivity spectra were
studied using time domain reflectometry. The Hewlett Packard
HP54750A sampling oscilloscope with HP54754A TDR plug
in module was used. A fast-rising step voltage pulse of about
39 ps rise time generated by a pulse generator was propagated
through a flexible coaxial cable with characteristics impedance
of 50 Ω. The sample was placed at the end of the coaxial line
in the standard military application (SMA) coaxial cell coaxial
connector with 3.5 mm outer diameter and 1.35 mm effective
pin length. At four different temperatures (288 K, 298 K, 308 K
and 318 K), data was collected for 15 different concentrations.
All measurements were performed under open load conditions
and the time window was kept to 5 ns. The time dependent
response waveform without sample R1(t) and with sample Rx(t)
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were digitized in1024 points in the memory of the oscilloscope.
The temperature dependent dielectric measurements were done
using temperature bath. The temperature of sample was main-
tained at desired value, within accuracy limit of ± 1 ºC, by circu-
lating constant water through heat insulating jacket surrounding
sample cell.

Data analysis: The time domain data is converted into
frequency domain data in frequency range of 10 MHz to 20 GHz.
The frequency domain data obtained from Fourier Transform
is further used to calculate frequency dependent complex refle-
ction coefficient ρ*(ω) given by eqn. 1:

* C p( )
( )

i d q( )

ωρ ω =
ω ω (1)

where p(ω) and q(ω) are Fourier transforms of R1(t) – Rx(t)
and R1(t) + Rx(t), respectively, C is the velocity of light; ω is
angular frequency; d is the effective pin length and i = √–1.
The complex permittivity spectra ε*(ω) [10] were obtained from
reflection coefficient spectra ρ*(ω) by applying a bilinear
calibration method [11]. Using the complex permittivity spectrum,
static dielectric permittivity constant (εs), dielectric constants
at infinite frequency (ε∞) and relaxation time (τ) can be calcu-
lated by using Havriliak-Negami expression [12].
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where ε*(ω) is the complex permittivity at an angular frequency
ω; ε∞ is the permittivity at high frequency, εs is the static
permittivity, τ is the relaxation time of the system, α is the
shape parameter representing symmetrical distribution of
relaxation time and β is the shape parameter of an asymmetric
relaxation curve. The value of ε∞ was taken to be 3.2, for the
frequency range considered here, ε* is not sensitive to ε∞. Eqn. 2
includes Cole-Cole [13] (β = 1), Davidson-Cole [14] (α = 0)
and Debye [15] (α = 0, β = 1) relaxation models. The dielectric
model for fitting dielectric parameters suitable for present system
is Davidson-Cole model.

Excess dielectric constant and excess inverse relaxation
time: The structural formation, their rotation and to understand
the role of hydrogen bonding, the excess dielectric properties
such as excess dielectric permittivity (ε)E and excess inverse
relaxation time (1/τ)E are obtained. The excess permittivity is
given as follows:

( )E
m A A B BX Xε = ε − ε + ε (3)

where X is the mole fraction and suffices m, A, B represents
mixtures, liquid A (EA) and liquid B (PG), respectively. Since,
the permittivity includes static dielectric permittivity and
permittivity at infinite frequency above equation can be written
as:

[ ]E
s m s A A s B B( ) ( ) X ( ) X∞ ∞ ∞ε = ε − ε − ε − ε + ε − ε

where εS, ε∞ are static permittivity and permittivity at infinite
frequency. The excess permittivity values provide the quanti-
tative information regarding the solute-solvent interaction as
follows:

(i) εE = 0: This means the liquid A and liquid B do not
interact at all.

(ii) εE < 0: This means the solute and solvent interact in
such a way that the effective dipole moment gets reduced. Solute
and solvent interactions lead to the less effective dipoles.

(iii) εE > 0: It indicates that the solute and solvent interact
in such a way that the effective dipole moment increases.

Similarly, the excess inverse relaxation time is given by:
E

A B
m A B

1 1 1 1
X X

        = − +        τ τ τ τ        
(4)

where (1/τ)E is the excess inverse relaxation time.
The quantitative information regarding the dynamics of

solute-solvent interaction obtained from excess inverse relaxa-
tion time is as follows:

(i) (1/τττττ)E = 0: This indicates that there is negligible change
in the dynamics of the solute-solvent interaction.

(ii) (1/τττττ)E < 0: This indicates that the solute-solvent inter-
action produces a field such that the effective dipoles rotate
slowly.

(iii) (1/τττττ)E > 0: This indicates that the solute-solvent inter-
action produces a field such that the effective dipoles rotate
faster i.e., the field will cooperate in rotation of dipoles. The
experimental values of both the excess parameters were fitted
to the Redlich-Kister [16] equation:

n
E j

A B j A B
j 0

P x .x . B .(x x )
=

= −∑ (5)

where PE is either εE or (1/τ)E, xA and xB are the mole fractions
of ethyl acetate and propylene glycol, respectively, using these
Bj values excess parameters at various concentration were cal-
culated and used to draw the smooth curves.

Bruggeman factor: The static permittivity of two comp-
onent mixtures must lie somewhere between two extremes
corresponding to static permittivity of two liquids. Many mixture
formulae have been proposed to explain the dipole interaction
in the mixture of two liquids [14,15].

Bruggeman factor [17] can be used as first evidence of
molecular interactions in binary mixture. This formula states
that static permittivity of binary mixture (εsm), solute A (εsA)
and solvent B (εsB) can be related to volume fraction of solvent
(V), ethyl acetate in mixture as:

1/3

sm sB sA
B

sA sB sm

f 1 V
  ε − ε ε= = −  ε − ε ε  

(6)

Kirkwood correlation factor: The Kirkwood correlation
factor ‘g’ is another measure that defines the electric dipole
orientation in polar liquids [18]. The factor ‘g’ for pure liquid
is given by the following expression:

2
s s

2
s

( )(2 )4 N
g

9KTM ( 2)
∞ ∞

∞

ε − ε ε − επ µ ρ =
ε ε + (7)

where µ is the dipole moment in gas phase; ρ is the density at
temperature T; M is the molecular weight; K is the Boltzmann
constant and N is the Avogadro’s number. The corresponding
equation for binary mixtures is not available in literature. How-
ever, for mixture of two polar liquids say A (EA) and B (PG),
above equation can be modified using some assumptions.

2636  Kolhe et al. Asian J. Chem.



Assume that (g) for mixture is expressed by an effective
averaged correlation factor (geff) such that Kirkwood equation
for the mixture can be expressed as:

2 2
eff sm m sm mA A B B

A B 2
A B sm m

( )(2 )4
X X g

9KT M M ( 2)
∞ ∞

∞

  ε − ε ε − εµ ρ µ ρπ + =  ε ε + 
(8)

where XA and XB the volume fractions of liquids A (EA) and
B (PG) respectively.

Thermodynamic parameters: The relationship between
activation enthalpy, entropy, and relaxation time is given by
the Eyring rate equation [19]:

h ( H T S)
exp

KT RT

∆ − ∆   τ =    
   

(9)

where ∆H is the molar enthalpy of activation and ∆S is the molar
entropy of activation for the dipole reorientation process and
h is Planck’s constant. ∆H is obtained from the slope of ln(τT)
versus T–1. It follows from this equation that if ∆H and ∆S are
independent of temperature, the plot of ln(τT) versus T–1 is linear.

h
H T S RT(ln ) RT ln

KT

  ∆ − ∆ = τ −     
(10)

The order of magnitude of the enthalpy of activation and
entropy of activation can give some clue to the molecular energy
and order of molecules engaged in the relaxation process.

RESULTS AND DISCUSSION

The values of the static dielectric constant and relaxation
time for binary mixture of ethyl acetate + propylene glycol is
reported in Table-1, which indicate that static permittivity values
decrease with increase in volume fraction of ethyl acetate in
the mixture also with increase in temperature. This trend may
be attributed to decrease in the degree of polarization of the
dipoles [20]. Moreover, the relaxation time also decreases with
increase in volume fraction of ethyl acetate in the mixture with
increase in temperature. This trend may be attributed to greater
size of ethyl acetate molecules than propylene glycol mole-

cules. The decrease of relaxation time values with temperature
rise may be due breakage of a greater number of hydrogen bonds
in the liquid mixtures due to the thermal vibrations [21].

From Fig. 1, it is observed that excess permittivity (εE)
values for ethyl acetate + propylene glycol binary system are
positive upto 0.71 and 0.74 mole fraction of ethyl acetate in
the mixture at temperatures 288 K and 298 K, respectively.
Beyond 0.71 and 0.74 mole fraction of ethyl acetate in the
mixture, these values are negative for 288 K and 298 K tempera-
tures, respectively. Also, it is seen from Fig. 1 that εE values
for this binary system are positive upto 0.30 and 0.37 mole
fraction of ethyl acetate in the mixture at temperatures 308 K
and 318 K, respectively. Beyond 0.30 and 0.37 mole fraction
of ethyl acetate in the mixture, these values are negative for
temperatures 308 K and 318 K respectively. Positive εE values
show a rise in the total number of dipoles in the binary mixture
under study, which is initiated by parallel alignment of dipoles
of the interacting molecules. The negative εE values indicate
that the total number of dipoles in the mixture decreases which
is due to opposite alignments of the dipoles of interacting mole-
cules in the mixture [22].
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Fig. 1. Excess permittivity (εs
E) for ethyl acetate + propylene glycol binary

system

TABLE-1 
STATIC DIELECTRIC CONSTANT (εs) AND RELAXATION TIME (τ) VALUES  

FOR BINARY MIXTURE OF ETHYL ACETATE + PROPYLENE GLYCOL 

288 K 298 K 308 K 318 K Volume fraction 
of ethyl acetate εs τ (ps) εs τ (ps) εs τ (ps) εs τ (ps) 

0.00 29.00 309.64 28.00 258.87 27.49 200.76 27.01 185.95 
0.05 28.31 297.56 27.48 229.63 26.41 186.18 26.20 166.52 
0.10 27.31 283.28 26.62 207.36 25.39 165.76 25.29 150.25 
0.15 26.24 262.63 25.57 187.74 24.3 147.09 24.27 137.23 
0.20 25.01 240.27 24.51 165.87 23.25 135.83 23.18 126.54 
0.30 23.02 194.83 22.34 134.62 21.02 111.03 20.83 104.11 
0.40 20.64 156.21 20.04 107.53 18.66 90.10 18.42 85.84 
0.50 18.19 124.82 17.77 84.79 16.4 71.72 16.02 69.38 
0.60 15.76 103.66 15.39 65.83 14.12 55.85 13.84 54.59 
0.70 13.05 73.44 12.83 50.35 11.79 42.09 11.60 40.74 
0.80 10.19 47.11 10.14 32.58 9.63 28.58 9.44 26.76 
0.85 9.21 35.60 8.67 23.48 8.53 22.84 8.38 22.23 
0.90 7.85 21.00 7.57 19.50 7.51 14.21 7.35 14.04 
0.95 6.80 16.10 6.62 11.43 6.52 11.35 6.34 11.25 
1.00 6.02 6.37 5.91 6.06 5.68 5.79 5.46 5.07 
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Fig. 2 shows excess inverse relaxation time values (1/τ)E

for ethyl acetate + propylene glycol binary system. The values
of excess inverse relaxation time are negative for all concen-
trations and temperatures under study, which shows newly
formed effective dipoles rotate slowly under the impact of an
external varying field. At all temperatures these values become
more negative at around 0.8 mole fraction of ethyl acetate.
This shows that the addition of ethyl acetate to propylene glycol
triggered the newly formed dipoles to rotate slowly [23].
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Fig. 2. Excess inverse relaxation time (1/τ)E for ethyl acetate + propylene
glycol binary system

Fig. 3 gives Bruggeman factor (fB) plot for ethyl acetate +
propylene glycol binary mixture. For all temperature ranges
and concentrations, the Bruggeman factor deviates above linear
values. Positive shift in Bruggeman factor suggests a decrease
in the complex’s effective volume. Additionally, it shows a
strong intermolecular interaction between the molecules of
propylene glycol and ethyl acetate [24].
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Fig. 3. Bruggeman factor for ethyl acetate + propylene glycol binary system

The value of effective correlation factor (geff) for ethyl
acetate + propylene glycol binary mixture has been reported
in Table-2. The values of geff increase up to 0.5 volume fraction
of ethyl acetate in the mixture and then decreases with increase
in volume fraction of ethyl acetate in the mixture. This suggests
better molecular dipole alignment up to a volume fraction of
0.5 ethyl acetate in the mixture. The geff values less than unity

TABLE-2 
KIRKWOOD CORRELATION FACTOR (geff) FOR ETHYL 
ACETATE + PROPYLENE GLYCOL BINARY SYSTEM 

Volume fraction 
of ethyl acetate 

288 K 298 K 308 K 318 K 

0.00 0.86 0.86 0.87 0.88 
0.05 0.88 0.88 0.87 0.89 
0.10 0.89 0.89 0.88 0.90 
0.15 0.89 0.90 0.88 0.91 
0.20 0.89 0.91 0.88 0.91 
0.30 0.91 0.92 0.89 0.91 
0.40 0.92 0.92 0.88 0.90 
0.50 0.92 0.93 0.88 0.89 
0.60 0.92 0.93 0.87 0.88 
0.70 0.90 0.91 0.85 0.87 
0.80 0.84 0.86 0.84 0.85 
0.85 0.84 0.81 0.82 0.83 
0.90 0.80 0.79 0.81 0.81 
0.95 0.79 0.79 0.80 0.79 
1.00 0.82 0.82 0.80 0.78 

 
indicates antiparallel alignments of dipoles which reduces
dipole rotation [25].

Molar enthalpy of activation values (∆H) and molar entropy
of activation values (∆S) for ethyl acetate + propylene glycol
binary system are shown in Fig. 4. All concentrations have
positive values for the molar enthalpy of activation (∆H). The
positive values of ∆H confirm that heat is absorbed during the
molecular reorientation process [26]. For all concentrations, the
molar entropy of activation (∆S) values are negative, which
demonstrates that there is highly ordered group dipole reorien-
tation in the mixture [27].
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Fig. 4. Variation of enthalpy of activation and entropy of activation for
ethyl acetate + propylene glycol binary system

Conclusion

The dielectric constant (εs), relaxation time (τ) values show
a decreasing trend for all concentrations and temperatures.
The εE values are positive and also negative and (1/τ)E values
are negative for all concentrations and temperatures. The geff

values less than unity indicate effective dipolar ordering due to
heterointeraction between ethyl acetate and propylene glycol
molecules. Bruggeman factor for this system confirms the
decrease in volume during intermolecular interaction. The ∆H
values indicates endothermic interaction between ethyl acetate
and propylene glycol and ∆S shows more ordered activated
state.
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