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The complex dielectric spectra of 2-butoxyethanol with aniline and substituted anilines like aniline, o-chloroaniline, m-
chloroaniline, o-anisidine and m-anisidine binary mixtures in the composition of different volumes of percent (0%, 25%, 50%,
75%, and 100%) have been measured as a function of frequency between 10MHz and 30GHz at 298.15 K.The dielectric parameters
like static dielectric constant (𝜀

0
) and relaxation time (𝜏) have been obtained by using least square fit method. By using these

parameters (𝜀
0
, 𝜏), effective Kirkwood correlation factor (𝑔eff), corrective Kirkwood correlation factor (𝑔

𝑓
), Bruggeman factor (𝑓

𝐵
),

excess dielectric constant (𝜀𝐸), and excess inverse relaxation time (1/𝜏)𝐸 values are calculated and discussed to yield information on
the dipolar alignment and molecular rotation of the binary liquid mixtures. From all the derived dielectric parameters, molecular
interactions are interpreted through hydrogen bonding.

1. Introduction

Time domain reflectometry technique is the powerful tool to
identify the inter- and intramolecular rotations of the liquid
and liquid mixtures. Dielectric studies on mixtures of polar
liquids either in the pure state or in the inert solvents have
been a subject of interest because they provide useful infor-
mation regarding molecular complex formation in solution
[1]. A significance of the intermolecular interactions in the
dynamics of molecules, as revealed in dielectric relaxation
spectroscopy, is one of the most important and still open
problems of molecular physics of the liquid state [2]. Anilines
are the prototypical aromatic amine. Being a precursor to
many industrial chemicals, their main use is in the manu-
facture of precursors to polyurethane. 2-Alkoxyethanols are
the combinations of ether, alcohol, and hydrocarbon chain
in one molecule, providing versatile solvency characteristics
with both polar and nonpolar properties [3]. In the series
of 2-alkoxyethanols, ethylene glycol monobutyl ether (2-
butoxyethanol) was selected for the present investigation,

because 2-BE is a commercial liquid that is mainly used for
the cleaning purpose. The dipole moment value of 2-BE is
2.08 Debye and is having high pKa for OH group. Rana et al.
[4] carried out the dielectric relaxation study of 1-propanol
with 2-chloroaniline and 3-chloroanilines over the entire
range of concentration at frequency ranging from 10MHz to
10GHz using time domain reflectometry (TDR) technique at
four different temperatures. They found strong intermolec-
ular association between the anilines in 1-propanol. Krishna
and Sastry [5] studied the dielectric and thermodynamic
properties of aniline in isopropyl alcohol at five different
temperatures. So many attempts have been made in the study
of dielectric properties of aniline and alcohols [6–11]. But no
attempt has been taken for the dielectric study of anilines like
aniline, o-chloroaniline (o-CA), m-chloroaniline (m-CA), o-
anisidine (o-A), andm-anisidine (m-A)with 2-butoxyethanol
(2-BE). The complex dielectric permittivity in the frequency
range from 10MHz to 30GHz has been determined by
using Tektronix Digital Serial Analyzer. The aim of our
present investigation is to describe the molecular association
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of anilines with 2-butoxyethanol binary mixtures through
dielectric properties. It has been measured by using different
dielectric parameters like static dielectric constant, relaxation
time, Bruggeman factor, Kirkwood correlation factors, excess
dielectric permittivity, and excess inverse relaxation time at
298.15 K.

2. Material and Methods

2.1. Chemicals. All compounds used in this work were sup-
plied by Loba (purity≫99%) chemicals and were used as
suchwithout further purification.Thepurity of chemicalswas
checked by comparing their densities with literature values.
The binary mixtures were prepared using airtight stoppered
bottles (to avoid evaporation) and themixtureswere prepared
at an interval of 25% anilines.

2.2.Measurements. Thedielectric spectra have been obtained
by the time domain reflectometry (TDR) technique.The Tek-
tronix model no. DSA8200 Digital Serial Analyzer sampling
mainframe along with the sampling module 80E08 has been
used for the measurement. A repetitive fast rising voltage
pulsewith 18 ps incident rise timewas fed through coaxial line
system of 50Ω impedance. Sampling oscilloscope monitors
changes in step pulse after reflection from the end of line.
Reflected pulse without sample 𝑅

1
(𝑡) and with sample 𝑅

𝑥
(𝑡)

were recorded in the time window of 2 ns and digitized
in 2000 points. The Fourier transformation of the pulses
and data analysis were done earlier to determine complex
permittivity spectra 𝜀∗(𝜔) using nonlinear least squares fit
method [12–14]. The experimental values of 𝜀∗(𝜔) are fitted
with Debye equation [15–17]:

𝜀
∗
(𝜔) = 𝜀∞ +

(𝜀
0
− 𝜀
∞
)

1 + 𝑗𝜔𝜏
, (1)

where (𝜀
0
), (𝜀
∞
), and (𝜏) are fitting parameters. In (1), (𝜀

0
) is

the static permittivity, (𝜏) is the relaxation time, and (𝜀
∞
) is

the permittivity at high frequency.

3. Result and Discussion

Figures 1(a), 1(b), 2(a) and 2(b) show the complex permittivity
(dielectric permittivity and loss) spectra of aniline and m-
anisidine with 2-butoxyethanol binary mixtures at 298.15 K.
In the case of aniline, o-chloroaniline, and o-anisidine with
2-butoxyethanol systems, the position of the peak in the
plot of dielectric loss versus log𝐹 shifts towards higher fre-
quency with increasing volume percent of anilines. But inm-
chloroaniline andm-anisidine with 2-butoxyethanol systems
the position of the peak in the plot of dielectric loss versus
log𝐹 shifts towards lower frequency with increasing volume
percent ofm-chloroaniline andm-anisidine. This shows that
the relaxation time decreases with the increasing volume
percent of aniline, o-chloroaniline, and o-anisidine systems
and the relaxation time increases for the volume percent of
m-chloroaniline andm-anisidine systems [18].Themolecular
interaction taking place in the binary liquid mixtures can be
explained by the measured values of static dielectric constant

(𝜀
0
) and relaxation time (𝜏). A perusal Table 1 contains the

experimental values of static dielectric constant and relax-
ation time of anilines with 2-butoxyethanol binary systems at
298.15 K.The static dielectric constant values decrease for ani-
line, o-chloroaniline, o-anisidine, and m-anisidine systems
and increase for m-chloroaniline system. The nonlinearity
behaviour of static dielectric constant values in each studied
system can be attributed to the appearance of aggregates
in solutions. The dielectric constant at an optical frequency
(𝜀
∞
) values increases with increasing concentration of solutes

(anilines) for all the studied systems. The relaxation time
depends critically on the nature of functional groups and
volume of molecule. Functional groups that are able to form
hydrogen bonding have a strong influence on relaxation time
[19]. Aniline has the free NH

2
group in the benzene ring.

But in the case of substituted anilines (o-chloroaniline, m-
chloroaniline, o-anisidine, and m-anisidine) the functional
group is added to the isomers of benzene ring with respective
NH
2
group. The relaxation times of aniline, o-chloroaniline,

m-chloroaniline, o-anisidine, andm-anisidine at 298.15 K are
16.20 ps, 24.22 ps, 50.89 ps, 9.89 ps, and 124.27 ps, respectively.
This shows that there is a systematic increase in relaxation
time, when chlorine and methoxy groups shift from o-
to m-position with respect to the amino group. From the
studied systems more relaxation effects appear in the form of
Maxwell-Wagner-Sillars relaxation peaks. Similar behaviour
was observed by Srivastava andVij [20] in their study of three
chloroanilines in dilute benzene solution. A regular variation
in relaxation time values may be due to the change in the
molecular volume or change in the effective length of the
dipole involved in the orientation process.

The structural information about the liquids from the
dielectric relaxation parameter may be obtained by using
the Kirkwood correlation parameter “𝑔” [21]. This parameter
is useful for obtaining information regarding orientation
of electric dipoles in polar liquids. The structural informa-
tion on the interacting species is obtained by corrective
correlation factor (𝑔

𝑓
). The (𝑔

𝑓
) values are deviated from

unity, indicating strong intermolecular interactions between
components of the studied systems [22, 23]. This significant
deviation from unity in the (𝑔

𝑓
) values of the studied systems

confirms that the effective dipoles in the mixture will be less
than the corresponding average value in pure liquids and the
clustering due to dipole-dipole interaction between the two
hetero molecules. Modified forms of corrective correlation
factor have been used to study the orientation of electric
dipoles in binary mixture of anilines with 2-BE named as the
effective Kirkwood correlation factor (𝑔eff) [24–26].

The effective Kirkwood correlation factor (𝑔eff) that is
calculated using (3) is given in Table 2 at 298.15 K. The 𝑔eff
values will change from 𝑔

1
to 𝑔
2
as concentration of molecule

2 will increase from 0% to 100%. The information on dipole-
dipole correlation in associating polar liquid can be derived
from effective correlation factor [22]. If the 𝑔eff values are
greater than unity which indicates the parallel orientation of
dipoles and if less than unity which indicates the antiparallel
orientation of dipoles. In pure state the 𝑔eff value of 2-
butoxyethanol (1.939) is greater than unity, indicating parallel
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Figure 1: (a) The dielectric permittivity spectra of aniline + 2-butoxyethanol binary mixtures. (b) The dielectric loss spectra of aniline + 2-
butoxyethanol binary mixtures.
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Figure 2: (a) The dielectric permittivity spectra of m-anisidine + 2-butoxyethanol binary mixtures. (b) The dielectric loss spectra of m-
anisidine + 2-butoxyethanol binary mixtures.

orientation of electric dipoles.The 𝑔eff values of pure anilines
like aniline (0.898), o-chloroaniline (0.742), m-chloroaniline
(0.632), and o-anisidine (0.568) are less than unity, indicating
antiparallel orientation of electric dipoles, in the case of m-
anisidine the 𝑔eff value is greater than unity (1.168). As the
volume% of solute (anilines) increases, the 𝑔eff values are
decreasing. It is interesting to note that the 𝑔eff values are
more deviated from unity and are found to be larger. This
confirms the greater ability of 2-BE to form hydrogen bonds
with aniline molecules.

The Bruggeman factor which is the ratio of theoret-
ical values of static dielectric constant computed from
Bruggeman mixture formula and practically obtained values
has been obtained (Figure 3)[23]. A linear relationship is
expected from the Bruggeman factor values, which gives
a straight line when 𝑓

𝐵
plotted against 𝜙

2
. However here

the experimental values of (𝑓
𝐵
) were found to deviate

from the linear relations. The nonlinear relation of (𝑓
𝐵
) 2-

butoxyethanol with aniline systems suggests an intermolec-
ular interaction taking place in the mixed components. It
is assumed that the volume fraction (𝜙

2
) in the mixture is

modified by a factor [𝑎 − (𝑎 − 1)𝜙]. This modification may
be due to the structural rearrangement of solute (anilines)
molecule in the mixtures [27]. The values of “𝑎” contain
information regarding the change in the orientation of the
solute molecules (anilines) in the mixture. The values of
“𝑎” are determined from the least square fit method, for all
the studied systems. The value of “𝑎 = 1 corresponds to the
ideal Bruggeman mixture formula. The deviation from unity
relates to corresponding solute-solute interaction.The values
of “𝑎” are 1.514 (aniline), 2.562 (o-CA), 2.843 (m-CA), 3.164
(o-A), and 0.934 (m-A), respectively.

The excess properties like excess dielectric constant (𝜀𝐸)
and excess inverse relaxation time (1/𝜏)𝐸 provide valuable
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Table 1: Values of static dielectric constant (𝜀
0
) and relaxation time (𝜏) of aniline + 2-butoxyethanol binary mixtures at 298.15 K.

% Aniline Aniline + 2-BE o-CA + 2-BE m-CA + 2-BE o-A + 2-BE m-A + 2-BE
Static dielectric constant (𝜀

0
)

0% 9.99 (4) 9.99 (4) 09.99 (4) 9.99 (4) 9.99 (4)
25% 9.09 (1) 9.45 (5) 10.43 (7) 9.37 (4) 9.78 (1)
50% 8.30 (6) 8.98 (7) 11.05 (3) 8.02 (4) 9.57 (1)
75% 7.48 (2) 8.16 (3) 11.96 (8) 5.94 (4) 9.36 (3)
100% 6.59 (1) 7.78 (4) 12.94 (6) 4.45 (4) 9.21 (4)

Dielectric constant at optical frequency (𝜀
∞
)

0% 1.719 (2) 1.719 (2) 1.719 (2) 1.719 (2) 1.719 (2)
25% 2.196 (2) 2.299 (3) 2.342 (1) 2.323 (4) 2.325 (1)
50% 2.469 (1) 2.364 (2) 2.506 (4) 2.414 (4) 2.421 (1)
75% 2.742 (1) 2.512 (1) 2.747 (3) 2.502 (4) 2.635 (3)
100% 2.826 (1) 2.814 (1) 3.043 (1) 2.652 (4) 2.794 (2)

Relaxation time (𝜏) ps
0% 47.86 (9) 47.86 (9) 47.86 (9) 47.86 (9) 47.86 (9)
25% 40.12 (7) 42.54 (6) 48.36 (9) 38.36 (11) 63.78 (13)
50% 28.12 (4) 37.35 (3) 48.89 (6) 28.87 (6) 89.08 (7)
75% 21.25 (6) 30.49 (4) 49.78 (5) 19.38 (7) 101.12 (11)
100% 16.20 (8) 24.22 (8) 50.89 (7) 10.45 (8) 124.27 (15)
The number in bracket represents error in least significant digit of the corresponding value as obtained by the least squares fit method; for example, 9.99 (1)
means 9.99 ± 0.01.
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Figure 3: Bruggeman factor versus volume fraction of anilines.

information about the formation ofmultimers in themixture.
The excess permittivity is defined as [28–30]. In an ideal
mixture of polar liquids if the molecules are interacting,
a nonlinear variation in dielectric constant and relaxation
time occurs. This confirms that the intermolecular asso-
ciation is taking place in the system. The excess property
related to permittivity and relaxation time provides signif-
icant information regarding interaction between the polar-
polar liquid mixtures. The values of (𝜀𝐸) are negative for

the whole composition for m-chloroaniline and m-anisidine
with 2-butoxyethanol (Table 3) systems. The negative values
indicate the formation of multimer structures which leads to
decrease in the total number of dipoles in the systems. In the
case of aniline + 2-butoxyethanol system the excess dielectric
constant values are initially negative and the volume fraction
of aniline that increases the values of (𝜀𝐸) goes to positive. But
in the case of o-chloroaniline + 2-butoxyethanol system the
values of (𝜀𝐸) are positive at the lower volume fraction of ani-
lines and negative at the higher volume fraction of anilines.
The (𝜀𝐸) values are positive for the whole composition of o-
anisidine + 2-butoxyethanol systems. Positive values of (𝜀𝐸)
indicate the formation of monomeric, dimeric, or polymeric
structures which increase the total number of dipoles in the
system.

Excess inverse relaxation time (1/𝜏)𝐸 values are negative
for all the studied systems except m-chloroaniline with 2-
butoxyethanol system, which are listed in Table 2. Negative
values of (1/𝜏)𝐸 indicate the formation of structures rotating
slowly which may be probably due to dimeric structure
of anilines, that is, the anilines creating a hindering field
and hence the effective dipoles rotate slowly due to the
formation of hydrogen bonded structures. But in the case
of m-chloroaniline with 2-butoxyethanol system the excess
inverse relaxation time values are positive for the whole
composition range. The positive trend of (1/𝜏)𝐸 suggests
the fast rotation of dipoles in the systems. This may be due
to the formation of monomeric structure in this region.
The negative trend of (1/𝜏)𝐸 suggests that the solute-solvent
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Table 2: Values of effective and corrective Kirkwood correlation factor (𝑔eff, 𝑔
𝑓
), Bruggeman factor (𝑓

𝐵
), excess dielectric constant (𝜀𝐸), and

excess inverse relaxation time (1/𝜏)𝐸 of anilines with 2-butoxyethanol binary mixtures 298.15 K.

𝜙
2

𝑔eff 𝑔
𝑓

𝑓
𝐵

𝜀𝐸 (1/𝜏)𝐸 ps
Aniline + 2-butoxyethanol

0 1.939 (1) 1.000 1.000 0.000 0.0000
0.25 1.555 (0) 0.818 0.759 −0.051 −0.0067
0.5 1.284 (1) 0.793 0.534 0.007 −0.0062
0.75 1.040 (3) 0.806 0.288 0.038 −0.0043
1 0.898 (2) 1.000 0.000 0.000 0.0000

o-Chloroaniline + 2-butoxyethanol
0 1.939 (1) 1.000 1.000 0.000 0.0000
0.25 1.290 (3) 0.789 0.770 0.014 −0.0026
0.5 1.164 (1) 0.871 0.563 0.097 −0.0043
0.75 0.944 (1) 0.909 0.186 −0.169 −0.0037
1 0.742 (3) 1.000 0.000 0.000 0.0000

m-Chloroaniline + 2-butoxyethanol
0 1.939 (1) 1.000 1.000 0.000 0.0000
0.25 1.128 (2) 0.802 0.839 −0.297 0.0001
0.5 0.920 (1) 0.868 0.619 −0.415 0.0002
0.75 0.761 (3) 0.934 0.313 −0.243 0.0001
1 0.632 (0) 1.000 0.000 0.000 0.0000

o-Anisidine + 2-butoxyethanol
0 1.939 (1) 1.000 1.000 0.000 0.0000
0.25 1.419 (1) 0.824 0.907 0.765 −0.0143
0.5 1.264 (3) 0.876 0.693 0.800 −0.0246
0.75 0.907 (0) 0.844 0.320 0.105 −0.0251
1 0.568 (1) 1.000 0.000 0.000 0.0000

m-Anisidine + 2-butoxyethanol
0 1.939 (1) 1.000 1.000 0.000 0.0000
0.25 1.394 (3) 0.786 0.736 −0.015 −0.0020
0.5 1.350 (2) 0.849 0.468 −0.030 −0.0030
0.75 1.230 (1) 0.885 0.197 −0.045 −0.0010
1 1.168 (3) 1.000 0.000 0.000 0.0000
The number in bracket represents error in least significant digit of the corresponding value as obtained by the least squares fit method; for example, 1.939 (1)
means 1.939 ± 0.01.

interaction produces a field such that the effective dipoles
rotate slowly. Krishna and MadhuMohan [31] have reported
the negative and positive values (1/𝜏)𝐸 in N-methylaniline
with alcohols.

The excess Helmholtz free energy (Δ𝐹𝐸) is a parameter
to evaluate the interaction between the components in the
mixture through breaking mechanism of hydrogen bond and
is expressed [32–35] as

Δ𝐹
𝐸
= Δ𝐹
𝐸

0
+ Δ𝐹
𝐸

𝑟𝑟
+ Δ𝐹
𝐸

12
, (2)

where (Δ𝐹𝐸
0
) represents the excess dipolar energy due to

long range electrostatic interaction, (Δ𝐹𝐸
𝑟𝑟
) represents the

excess dipolar energy due to short range interaction between
identical molecules, and (Δ𝐹𝐸

12
) represents the excess free

energy due to short range interaction between dissimilar
molecules. The above terms are given in detail in (2):

Δ𝐹
𝐸
= − [

𝑁
𝐴

2
]{[ ∑
𝑟=1,2

𝜙
2

𝑟
𝜇
2

𝑟
(𝑅
𝑓𝑟
− 𝑅
0

𝑓𝑟
)]

+ [ ∑
𝑟=1,2

𝜙
2

𝑟
𝜇
2

𝑟
(𝑔
𝑟𝑟
− 1)

× (𝑅
𝑓𝑟
− 𝑅
0

𝑓𝑟
) ]

+ [𝜙
1
𝜙
2
𝜇
1
𝜇
2
(𝑔
12
− 1)

× (𝑅
𝑓1
+ 𝑅
𝑓2
− 𝑅
0

𝑓1
− 𝑅
0

𝑓2
)]} ,
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Table 3: Values of excess Helmholtz free energy of mixing for anilines + 2-butoxyethanol binary mixtures at 298.15 K.

𝜙
2

Δ𝐹𝐸
0𝑟

J/mol
Δ𝐹𝐸
𝑟𝑟

J/mol
Δ𝐹𝐸
12

J/mol
Δ𝐹𝐸

J/mol
Aniline + 2-butoxyethanol

0 0.000 0.000 0.000 0.000
0.25 12.667 1.195 −24.375 −10.513
0.5 −12.462 3.531 −9.455 −18.385
0.75 −35.202 4.514 −0.070 −30.758
1 0.000 0.000 0.000 0.000

o-Chloroaniline + 2-butoxyethanol
0 0.000 0.000 0.000 0.000
0.25 5.315 2.646 −8.528 −0.567
0.50 −17.290 7.956 −3.584 −12.918
0.75 −17.337 6.199 −0.525 −11.663
1 0.000 0.000 0.000 0.000

m-Chloroaniline + 2-butoxyethanol
0 0.000 0.000 0.000 0.000
0.25 8.096 −7.248 5.254 6.102
0.5 44.607 −20.755 −2.314 21.538
0.75 56.248 −22.579 0.869 34.538
1 0.000 0.000 0.000 0.000

o-Anisidine + 2-butoxyethanol
0 0.000 0.000 0.000 0.000
0.25 −7.335 10.956 −43.957 −40.336
0.5 −54.914 36.394 −26.484 −45.004
0.75 −82.072 43.962 0.696 −37.414
1 0.000 0.000 0.000 0.000

m-Anisidine + 2-butoxyethanol
0 0.000 0.000 0.000 0.000
0.25 3.515 −0.395 −2.680 0.440
0.5 −0.741 −1.016 −0.980 −2.737
0.75 −3.759 −0.971 0.646 −4.085
1 0.000 0.000 0.000 0.000

𝑅
0

𝑓𝑟
= (

8𝜋𝑁
𝐴

9𝑉
𝑟

)
(𝜀
𝑟
− 1) (𝜀

∞𝑟
+ 2)

(2𝜀
𝑟
+ 𝜀
∞𝑟
)

,

𝑅
𝑓𝑟
= (

8𝜋𝑁
𝐴

9𝑉
𝑟

)
(𝜀
𝑚
− 1) (𝜀

∞𝑟
+ 2)

(2𝜀
𝑚
+ 𝜀
∞𝑟
)

.

(3)
In the case of aniline, o-chloroaniline, o-anisidine, and

m-anisidine with 2-butoxyethanol systems the values of
(Δ𝐹𝐸
0𝑟
) are positive and less negative for o-anisidine + 2-

butoxyethanol at lower concentrations of anilines and neg-
ative at higher concentrations of anilines. It means that
at initial concentration of anilines there is the existence
of attractive force between the dipoles, while at higher
concentrations of anilines there exists repulsive force between
the dipoles. In the case of m-chloroaniline 2-butoxyethanol
system the (Δ𝐹𝐸

0𝑟
) values are positive for the whole com-

position range. This shows the existence of attractive force

between the dipoles. The (Δ𝐹𝐸
𝑟𝑟
) predicts the information of

the short range interaction and self-association between like
molecules. Increase of (Δ𝐹𝐸

𝑟𝑟
) with volume fraction of the

aniline molecules suggests that the strength of the homoint-
eraction between aniline molecules increases.The maximum
values of (Δ𝐹𝐸

𝑟𝑟
) for the studied systems indicate the strong

short range interaction through hydrogen bonding. In our
systems, o-anisidine with 2-butoxyethanol has the maximum
value of (Δ𝐹𝐸

𝑟𝑟
).

The magnitude of (Δ𝐹𝐸
12
) gives information on the

strength of interactions between unlike molecules. Accord-
ing to Swain and Roy [36] antiparallel alignment leads
to the destruction of angular correlation between dissim-
ilar molecules decreasing internal energy and results in
the increase of (Δ𝐹𝐸

12
) values. The (Δ𝐹𝐸

12
) values, aniline,

and o-chloroaniline with 2-butoxyethanol systems are com-
pletely negative. In the case of o-anisidine + 2-butoxyethanol
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Table 4: Values of adjustable parameters (𝐵
𝑘
) and the corresponding standard deviations (𝜎), for excess dielectric constant and excess inverse

relaxation time of anilines + 2-butoxyethanol binary mixtures at 298.15 K.

Adjustable parameters
𝜎 % Error

𝐵
0

𝐵
1

𝐵
2

𝐵
3

𝐵
4

Aniline 𝜀𝐸 0.026 −0.629 −0.314 0.629 0.288 2.47 × 10−05 0.008
(1/𝜏)𝐸 −0.045 0.020 −0.024 −0.020 0.069 1.14 × 10

−05 0.004

o-CA 𝜀𝐸 0.388 1.301 −4.158 −1.301 3.770 2.10 × 10−05 0.005
(1/𝜏)𝐸 −0.017 0.006 0.002 −0.006 0.014 3.66 × 10−05 0.009

m-CA 𝜀𝐸 −1.660 −0.391 0.620 0.391 1.040 4.94 × 10−06 0.001
(1/𝜏)𝐸 0.001 0.000 0.000 0.000 0.000 4.67 × 10−08 0.006

o-A 𝜀
𝐸 3.200 4.693 −3.626 −4.693 0.426 2.10 × 10

−05 0.008
(1/𝜏)𝐸 −0.094 0.084 −0.080 −0.084 0.175 1.12 × 10−04 0.007

m-A 𝜀𝐸 −0.120 0.213 −0.253 −0.213 0.373 1.66 × 10−05 0.002
(1/𝜏)𝐸 −0.013 −0.004 0.016 0.004 −0.003 3.22 × 10−05 0.005

and m-anisidine + 2-butoxyethanol systems the (Δ𝐹𝐸
12
) val-

ues are initially negative and the volume fraction of ani-
line that increases the (Δ𝐹𝐸

12
) values goes to positive. It

indicates that the dipoles have parallel orientation in 2-
alkoxyethanol rich region and the dipoles have antiparallel
orientation in anilines rich region, where as in the case of
m-chloroaniline + 2-butoxyethanol system the (Δ𝐹𝐸

12
) values

are positive for m-chloroaniline and 2-butoxyethanol rich
region and negative for equimolar ratio. This shows that
the conversion of multimers leads to the internal energy.
The (Δ𝐹𝐸

12
) values are very small at all concentrations. This

shows that interaction does not result in a structure breaking
mechanism between dissimilar molecules. Hence it may
be concluded that hydrogen bonds between the dissimilar
molecules are not broken by change in the composition of the
mixture.

Finally the total excess Helmholtz free energy (Δ𝐹𝐸)
values are negative for aniline, o-chloroaniline, o-anisidine,
and m-anisidine and positive for m-chloroaniline systems.
The negative values of (Δ𝐹𝐸) indicate the formation of 𝛼-
clusters. Due to the formation of these 𝛼-clusters the effective
dipole moment will be increased which increases the internal
energy. The positive values of (Δ𝐹𝐸) are due to the formation
of 𝛽-clusters and hence the effective dipole moment will be
decreased when compared to the sum of individual systems
and thereby it destructs the angular correlation between
nonideal molecules which may decrease its internal energy.
Hence the dipolar excess free energy or excess Helmholtz
free energy can be considered to be a reflection of the inter-
action between the islands of anilines in 2-alkoxyethanols
(Figure 4). The excess values are fitted with Redlich-Kister
[37] polynomial equation and the average standard deviation
values are calculated. These values are listed in Table 4. The
derived dielectric parameters and excess functions from the
measured properties suggest the presence of strongmolecular
interactions in the solution to obtain binary coefficients
and the standard errors in the Redlich-Kister polynomial
equation at 298.15 K as a function of composition of the
mixture.

(a)

F = CH3CH2CH2CH2

(b)

X, Y = Cl, OCH3

(c)

Figure 4: Interaction behaviour of anilines + 2-butoxyethanol.

4. Conclusion

The complex permittivity spectra of 2-butoxyethanol in
anilines have been studied using time domain reflectometry
technique in the frequency range 10MHz to 30GHz. A
nonlinear variation of static dielectric constant and relaxation
time values suggests the heterogeneous interaction between
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the unlike molecules. The calculated values like Kirkwood
correlation factors, Bruggeman factor, and excess dielectric
constant values confirm the hydrogen bond interaction
between 2-BE with anilines. The negative total excess free
energies Δ𝐹𝐸may be attributed to the H-bonding interaction
between unlike molecules over the depolymerization of 2-BE
by anilines.
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