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ABSTRACT: A dielectric relaxation study on alcohol–
acrylic ester binary mixtures has been carried out at differ-
ent concentrations using time domain reflectometry (TDR).
The least-squares fit method has been used to obtain the
dielectric parameters (the static dielectric constant e0 and
the relaxation time s). By using these parameters, the Brug-
geman factor, the Kirkwood correlation factor, and excess
inverse relaxation time were determined and discussed to
yield information on the molecular structure and dynamics

of the mixture. The e0 and s values decreased with an
increase in the percent of acrylic ester in alcohol for all the
systems. The value of t increased with an increase in chain
length of both the alcohol and acrylic ester, whereas the
reverse trend is observed for e0. � 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 107: 2312–2316, 2008
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INTRODUCTION

Dielectric relaxation studies on binary mixtures are
important for understanding the hydrogen bonding
and intermolecular interactions in the mixture. A sig-
nificance of the intermolecular interactions in the dy-
namics of molecules, as revealed in dielectric relaxa-
tion spectroscopy, is one of the most important and
still open problems of molecular physics of the liq-
uid state. Acrylic esters are important industrial
chemicals and are widely used as precursors in the
production of technically important high polymeric
and latex systems.1 Alcohols play an important role
in many chemical reactions because of the ability to
undergo self-association with manifold internal
structures and are in wide use in industry and sci-
ence as reagents, solvents, and fuels and attract great
attention as useful solvents in the green technology.2

Dielectric parameters for methyl acetate–alcohol,
ethyl acetate–alcohol, butyl acetate–alcohol, pyri-
dine–alcohol, and aniline–alcohol binary systems
were reported earlier by Shirke et al.,3 Chaudhari
et al.,4 Shirke et al.,5 Chaudhari and Mehrotra,6 Patil
et al.,7 and Balamurugan et al.8 All the aforemen-
tioned systems showed systematic change in the

dielectric parameters with concentration and chain
length of alcohols.

Recently, our research group has investigated the
complex formation of alkyl methacrylates with pri-
mary alcohols using FTIR spectroscopic9-16 and fre-
quency domain17 techniques.

The aim of this article is to report a dielectric
study on alcohol–acrylic ester mixtures conducted
using time domain reflectometry (TDR) for the fre-
quency range of 10 MHz to 10 GHz. The dielectric
parameters, viz. the static dielectric constant e0 and
relaxation time s, were determined. The Kirkwood
correlation factor and excess inverse relaxation time
were also obtained in order to obtain structural in-
formation about the binary mixtures.

EXPERIMENTAL

Materials

Methyl methacrylate (MMA), ethyl methacrylate
(EMA), and butyl methacrylate (BMA) were pur-
chased from Aldrich with purity >99% and used as
received. AR grade alcohols were purified by stand-
ard methods.18 The mixtures of various compositions
(0–100%) were prepared by volume before mixing.

Methods

The complex permittivity spectra were studied
using TDR. The Hewlett-Packard HP 54750 sampling
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oscilloscope with HP 54754 A 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 coaxial line system of charac-
teristic impedence 50 O. Transmission line system
under test was placed at the end of the coaxial line
in the standard military application coaxial cell
coaxial connector with 3.5 mm outer diameter and
1.35 mm effective pin length.

All measurements were done under open load
conditions. The change in the pulse after reflection
from the sample placed in the cell was monitored by
the sampling oscilloscope. In this experiment, a time
window of 5 ns was used. The reflected pulses with-
out sample R1(t) and with sample Rx(t) were digi-
tized in 1024 points in the memory of the oscillo-
scope and transferred to a PC through 1.44-MB
floppy diskette drive.

A temperature controller system with a water bath
and thermostat has been used to maintain the con-
stant temperature within the accuracy limit of 618C.
The sample cell was surrounded by a heat-insulating
container through which the water of constant tem-
perature using a temperature controller system was
circulated. The temperature at the cell is checked
using the electronic thermometer.

Data analysis

The time-dependent data were processed to obtain
complex reflection coefficient spectra q*(x) over
the frequency range from 10 MHz to 10 GHz using
Fourier transformation19,20 as

r�ðoÞ ¼ ðc=jodÞ½pðoÞ=qðoÞ� (1)

where p(x) and q(x) are Fourier transforms of
(R1(t) 2 Rx(t)) and (R1(t) 1 Rx(t)), respectively, c is
the velocity of light, x is angular frequency, and d is
the effective pin length and j 5 H21.

The complex permittivity spectra e*(x) were
obtained from reflection coefficient spectra q*(x) by
applying a bilinear calibration method.21

The experimental values of e* are fitted with the
Debye equation22

e�ðoÞ ¼ e1þ e0 � e1
1þ jot

(2)

with e0, e?, and s as fitting parameters. A nonlinear
least-squares fit method23 was used to determine the
values of dielectric parameters.

RESULTS AND DISCUSSION

The static dielectric constant (e0) and relaxation time
(s) obtained by fitting experimental data to the

Debye equation are plotted in Figures 1 and 2. For
all the systems, the static dielectric constant and
relaxation time value decrease as the percent of
acrylic ester in the alcohol increases. This trend sug-
gests that the intermolecular association takes place
between alcohol and acrylic ester in all these sys-
tems. Similar conclusions were drawn by Shirke
et al.3,5 for alkyl acetate–alcohol systems.

From Figures 1 and 2, it is clear that the value of
static dielectric constant decreases with increasing
chain length of both the alcohol and acrylic ester for
all the systems. The increase in relaxation time with
chain length is to be expected in view of the fact
that the hydroxyl group reorientation depends to
some extent on the length of the alkyl group and the
viscosity of the liquid. The relaxation time increases
with increasing alkyl chain length, which indicates
that the degree of cooperativity for reorientation of
the molecules increases with increasing length and
the bulk of the cluster increases. The relaxation time
increases with increasing chain length, in agreement

Figure 1 Static permittivity versus vol % of (a) MMA for
MMA-1-alcohol, (b) EMA for EMA-1-alcohol, and (c) BMA
for BMA-1-alcohol systems, respectively.
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with the fact that the relaxation time is directly
related to the size of the molecules.24

According to the Bruggeman mixture formula of
static permittivity, the Bruggeman dielectric factor
FBM is given by,25

FBM ¼ ðe0m � e01Þ
ðe02 � e01Þ

e02
e0m

� �1=3

¼ 1� X2 (3)

where the mole fraction X2 is used in place of vol-
ume fraction. In fact, mole fraction X2 is a qualitative
measure of volume fraction of the solute. e0m, e01,
and e02, respectively, are the values of static permit-
tivity corresponding to mixture, solvent, and solute.
This Bruggeman equation assumes that orientation
of the solvent molecules does not change in the mix-
ture. This is only true for the nonpolar solvent.
When both the solvent and the solute happen to be
polar liquids, the Bruggeman equation has to be
modified as

FBM¼ 1� a� ða� 1ÞX2½ �X2 (4)

where a is the interaction parameter.

The Bruggeman plots of volume fraction of alcohol
versus FBM for alcohol–acrylic ester mixtures are
given in Figure 3. It can be seen from these figures
that FBM is not a linear function of volume fraction
of alcohol. The nonlinearity of the curves indicates
heterointeraction, which may be due to hydrogen
bonding of the ��OH group of alcohol with C¼¼O of
the acrylic ester. Similar interpretations were given
by Sivagurunathan et al.24

The structural information about the liquids from
the dielectric relaxation parameter may be obtained
using the Kirkwood correlation parameter g.26 This
factor is also a parameter for obtaining information
regarding orientation of electric dipoles in polar
liquids. The g for the pure liquid may be obtained
using the expression

4pNm2r
9kT

g ¼ ðe0 � e1Þð2e0 þ e1Þ
e0ðe1 þ 2Þ2 (5)

where l is the dipole moment, q the density at tem-
perature T, M the molecular weight, k the Boltzman

Figure 2 Relaxation time versus vol % of (a) MMA for
MMA-1-alcohol, (b) EMA for EMA-1-alcohol, and (c) BMA
for BMA-1-alcohol systems, respectively.

Figure 3 Bruggeman plot for (a) MMA-1-alcohol, (b)
EMA-1-alcohol, and (c) BMA-1-alcohol systems, respec-
tively.
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constant, N the Avogadro’s number, e0 the static
dielectric constant, and e? is the dielectric constant
at high frequency.

For the mixture of two polar liquids (1) and (2),
Eq. (5) is modified by Kumbharkhane et al. with the
following assumption.27

Assuming that for the mixture, geff is the effective
Kirkwood correlation factor in the mixture, the
Kirkwood equation for the mixture may be expres-
sed as

4pN
9kT

m21r1
M1

X1 þ m22r2
M2

X2

� �
geff ¼ ðe0m � e1mÞð2e0m þ e1mÞ

e0mðe1m þ 2Þ2
ð6Þ

X1 and X2 are mole fractions of liquids (1) and (2),
respectively, in the mixture. The suffixes m, 1, and 2
represent mixture, liquid 1 (the respective alcohol),
and liquid 2 (the respective acrylic ester), respectively.
geff changes from g1 to g2 as X2 increases from 0 to 1.

The calculated values of the Kirkwood correlation
factor, geff, which provides valuable information

about ordering of the molecules in the liquid-state;
that is, it quantifies the extent of polarization of the
medium that are plotted in Figure 4. The value of
geff increases from the g of respective acrylic ester to
that of respective alcohol. The value of g for acrylic
ester is close to unity for all the temperatures, indi-
cating no dipole correlations, whereas higher values
of g for alcohols indicate parallel alignment of the
electric dipoles. The value of geff decreases, for all
the systems, as the percent of acrylic ester in the
alcohol molecules decreases.

The information related to dynamics of the
solute–solvent interaction may be obtained by
excess properties6 related to the relaxation time in
the mixture. The excess inverse relaxation time is
defined as

ð1=tÞE ¼ ð1=tÞm � ½ðð1=tÞAxA þ ð1=tÞBxBÞ� (7)

where ð1=sÞE is the excess inverse relaxation time,
which represents the average broading of dielec-
tric spectra. The information regarding the dynamics

Figure 4 Kirkwood correlation factor versus vol % of (a)
MMA for MMA-1-alcohol, (b) EMA for EMA-1-alcohol,
and (c) BMA for BMA-1-alcohol systems, respectively.

Figure 5 Excess inverse relaxation time versus vol % of
(a) MMA for MMA-1-alcohol, (b) EMA for EMA-1-alcohol,
and (c) BMA for BMA-1-alcohol systems, respectively.
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of solute–solvent interaction from this excess prop-
erty is as follows:

(i) ð1=sÞE 5 0: There is no change in the dynamics
of solute–solvent interaction.

(ii) ð1=sÞE < 0: The solute–solvent interaction
produces a field such that the effective
dipoles rotate slowly.

(iii) ð1=sÞE > 0: The solute–solvent interaction
produces a field such that the effective
dipoles rotate quickly, i.e., the field cooperates
in the rotation of the dipoles.

The variation of (1/s)E with volume percentage of
acrylic ester in alcohols is shown in Figure 5. The
value of (1/s)E is negative for all the concentrations,
and all systems indicate the formation of multimer
structures, which lead to the slower rotation of the
dipoles in the system.

CONCLUSION

Dielectric relaxation parameters and Kirkwood corre-
lation factor have been reported for alcohol–acrylic
ester mixtures for various concentrations. The dielec-
tric constant and relaxation time decrease with an
increase in the percent of acrylic ester molecules.
The dielectric parameters show a systematic change
with concentration and chain length. These data pro-
vide information about the interaction of the mole-
cules in the system.
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