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We have developed and established the TDR technique that pro-
vides information about the dielectric permittivity in the frequency
range from 10 MHz to 30 GHz. The dielectric permittivity for
the aqueous solutions can be explained by using a hydrogen-bond
model by assuming the formation of hydrogen bonds between water-
water and water-solute pairs.
tween neighbouring molecules due to hydrogen bonds is deter-

The orientational correlation be-

mined in terms of the Kirkwood correlation factor. The number

of hydrogen bonds in some aqueous solutions is computed.

1. Introduction

Importance of measuring the dielectric constant of a lig-
uid lies in the fact that it provides valuable information
about the ordering of the molecules in the liquid state.
Water is a hydrogen bonded liquid. Hydrogen bonding
is a complex phenomenon in the liquid state due to the
uncertainty in identifying the particular bonds and the
number of molecules involved. The local structures of
hydrogen bonded liquids are complicated due to molec-
ular clusters and network structures through hydrogen
bonds. The importance of hydrogen bonding as a force
governing the structure and the dynamics of chemical
and biological systems has been pointed out in a lot of
papers [1-7]. A water molecule has permanent dipole
moment = 1.85 D and possesses a polarizability which
is an additional dipole induced by an electric field and
is proportional to its magnitude. The dipole moment of
water undergoes a considerable rotation about one of its
hydrogen bonds by breaking its other bond. The wa-
ter structure is easily changed, if an organic compound
having an acceptor or donor for the hydrogen bond is
added. The molecular network formed by the hydrogen
bonding of a non-hydrogen molecule with neighboring
molecules exhibits many important properties due to its
three-dimensional tetrahedral structure. The structure
of water is one of the interesting subjects in the variety of
scientific fields in chemistry, physics, biology, electronics
engineering, and civil engineering [8-10].
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Many dielectric studies have been reported on aque-
ous solutions in order to investigate the hydrogen bond
structures in mixtures. Dielectric relaxation measure-
ments present information on the water structure in
aqueous solutions [11-14]. Microwave dielectric relax-
ation spectroscopy is a powerful tool for measuring the
broadband dielectric behavior at microwave frequencies
[15-21]. Time Domain reflectometry (TDR) [1,7,17] has
been proven to be a very effective and accurate method
for the determination of a dielectric constant and losses
in the wide frequency range in the single measurement.
In this work, we performed TDR measurements with
flat-end sample cells for aqueous systems of acetone, al-
cohols, and dioxane in the frequency range 10 MHz to 30
GHz. The static dielectric constant and the Kirkwood
correlation factors for aqueous solutions have been de-
termined using the hydrogen bonded model as suggested
by Luzar [22]

2. Experimental Method

The dielectric spectra were obtained by the time domain
reflectometry (TDR) technique [1,6,7]. A Tektronix dig-
ital analyzer DSA8200 with the sampling module 80E08
has been used, and this module provides the accurate
oscilloscopic measurement with a selectable bandwidth
of 20 GHz or 30 GHz. Figure 1 shows the experimental
setup based on the time domain reflectometry technique.
A repetitive fast rising 250 mv voltage pulse of 200 KHz
with 18 ps incident rise time was fed through a coax-
ial line system with the impedance of 50 Ohm. The
coaxial semirigid copper cable EZ86M17 (Huber, Suh-
ner Electronics Pvt. Ltd.) with flat end was used. The
dimensions of the used cable are: inner diameter of the
outer conductor — 2.2 mm, outer diameter of the central
conductor — 0.51 mm, and the diameter of a dielectric
— 1.68 mm, respectively. A sampling oscilloscope mon-
itors changes in pulse after the reflection from the line
end. Reflected pulse amplitudes without sample, R (t),
and with sample, R, (t), were recorded in a time win-
dow of 2 ns and digitized in the 2000 record length. The

811



A.C. KUMBHARKHANE

Diigital Signal Analyzer DS AE200

(=

Ryt | 22250

Oscilloscope Display 1 -

CH1 CHZ |CHE CcHY L

lcuicH2 [cH3cH4! [cmscHS| [cHTcHE | -

Fig. 1. Block Digram of TDR
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Fig. 2. Complex permittivity (¢’ and &”) vs the frequency for

different volume % of acetone in water at 25 °C

Fourier transformations of the pulses and the data anal-
ysis were done to determine the complex permittivity
spectra in the frequency range 10 MHz to 30 GHz [6, 7].
Figure 2 gives an example of frequency-dependent com-
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plex permittivity spectra (real (¢/) and imaginary (¢”))
for acetone-water mixtures at 25 °C.

3. Results and Discussion

We have performed a non-linear least squares fit proce-
dure for the dielectric spectrum of the aqueous solution,
in order to determine the dielectric relaxation parame-
ters. Generally, the dielectric spectrum for water can
be described using the Debye equation. Therefore, the
complex permittivity spectrum of aqueous solutions was
fitted to the Harviliak—-Negami equation [18].

(50 — <€<>o)
[+ Gor)1— )" .

where g¢ is the static permittivity, e is the permittiv-
ity at high frequency, 7 is the relaxation time, « and 3
are the empirical parameters for the distribution of relax-
ation times with values between 0 and 1. The Havriliak—
Negami equation includes three relaxation models. The
Debye model (« = 0 and 8 = 1) suggests a single re-
laxation time, while the Cole—Cole (0 < a < 0 and f)
and Cole-Davidson (o« =0 and 0 < 8 < 1) models both
suggest a distribution of relaxation times. The values
of o and ( indicate the width of the distribution. The
significance of hydrogen bonds for the dielectric prop-
erties of the mixture can be studied using the Luzar
model [22]. The model is successfully applied to a water-
dimethylsulfoxide system [15]. It is based on the statis-
tical behavior of solute-solvent interaction, by assum-
ing that only solute-solute and solute-solvent pairs are

e¥(w) = e +
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Molecular Parameter for the Computation of Static Dielectric Constant

Molecular Parameter 25 °C 25 °C 15 °C 10 °C 5°C 0°C —6 °C
Dipole moment of water (1) 2.09D 2.09 D 2.09 D 2.09 D 2.09D 2.09D 2.09 D
Dipole moment of acetone (u2) 2.90 D 2.90 D 2.90 D 2.90 D 2.90 D 2.90 D 2.90 D
Polarizability for water (a1) in A%3 1.48 1.48 1.48 1.49 1.49 1.49 1.54
Polarizability for acetone (az) in A03 7.51 7.65 7.88 8.81 10.10 10.48 11.72
Binding energy of water—water (E12) (KJ/mol) -13.45 -13.50 -13.50 -13.50 -13.98 -13.98 -13.98
Binding energy of water—acetone (E11) (KJ/mol) -8.08 -7.98 -7.98 -7.98 -6.18 —-6.08 -5.08
Enthalpy of water—water (a11) (KJ/mol) 28 28 28 28 28 28 28
Enthalpy of water -acetone (a11) (KJ/mol) 41 41 41 41 41 41 41
Number fo hydrogen bonds (m) 3 3 3 3 3 3 3

formed in the mixture. We have used the same model to
explain the static dielectric permittivity of water-acetone
and water-dioxane solutions. The static dielectric con-
stant in terms of the Kirkwood correlation factor g; for a
mixture can be determined using the Kirkwood—Frohlich
equation [22].

(0 — €cci) (2€0; — 5002')] gl (2)

2
_ o
o = KT ;gmzuz,

where ¢ = 1, 2 represent water and solute, respectively;
is the corresponding dipole moment in the gas phase, p;
is the density, k is the Boltzmann constant, T is the tem-
perature, and g; is the Kirkwood correlation factor for
the i-th liquid system. The Kirkwood correlation factor
is a parameter affording information regarding the orien-
tation of electric dipoles in the aqueous system. The cor-
relation factors g; and go were computed using the Luzar
model by considering only the hydrogen bond contribu-
tion to the dipole-dipole correlation and are described
by the relations [22]

g1 =14 Zyicospi1 + Zizpr2(p2/ 1), (3)

(4)

where Z11 = 2(nijg); Zi2 = 2(ni) and Zy =
2(n?ly) =5 are the average number of particles forming
the hydrogen bond with water-water and water-solute
pairs, respectively. X is the mole fraction of water. ¢1;
and @12 are the angles between the neighboring dipoles
of water and solute molecules. The values of g; and g for
water-solute mixtures are computed by using the molec-
ular parameters given in Table. The values of ¢g; and
g2 depend on the concentration of a solute in aqueous
solutions.

g2 = 1+ Zo1pa1(pa/12),

The average numbers of hydrogen bonds (ni),

(niZ), and (n2;) per water molecule for 1i pairs
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Fig. 3. Volume fraction of n1; and ni2: —B, n11; —o—, nio

(i = 1,2) have been determined according to the re-
lation [18,19].
(5)

<”11Hi13> = nywii/ni,

where
i _ 1
1 + alie_ﬁliEli

is the probability of bond formation between water and a
solute, and n; is the number density of water molecules.
The value of § = ﬁ, and o' is the ratio of the two sub-
volumes of the phase space related to the non-hydrogen
bonded and hydrogen bonded pairs. These hydrogen-
bonded pairs have only two energy levels, E'! and E'2,
for water-water and water-solute pair formed bonds, re-
spectively.

The values of (nijs) and (nj?;) depend on the num-
ber of densities of hydrogen bonding pairs between wa-
ter and acetone, n12, and those between water molecules
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Fig. 4. Static dielectric constant vs the volume fraction of water:
B exp.; e, theor.

are ny; = 2n1; — ni2. Figure 3 shows a plot of the av-
erage number of hydrogen bonds between water-water
molecules (11 pairs) and water-solute (12 pairs) against
the volume fraction of water. It can be seen from the
values that ny; and nio depend on the concentration
of water in a solute-water mixture. The different pa-
rameters are required to explain the hydrogen bonding
model, such as the dipole moments (1) of water (1) and
solute (2) molecules, polarizabilities of molecules 1 and
2, energies and enthalpies of (1,1) and (1,2) pairs, and
a possible number of bonding with molecule 2. In our
analysis, the best possible values of the molecular param-
eters, for which the theoretical static dielectric constants
are in agreement with experimental values, are given in
Table. The theoretical values of static dielectric con-
stants at 25 °C determined from the hydrogen bonding
model along with the experimental values obtained by
the TDR technique are shown in Figure 4.

4. Conclusions

The complex dielectric permittivities for aqueous solu-
tions are determined with the use of the TDR method.
The dielectric constant for the mixtures can be explained
using the hydrogen bonded model by assuming the for-
mation of hydrogen bonds between water-water and
water-solute pairs. The orientational correlations be-
tween neighboring molecules due to the hydrogen bond-
ing interaction are determined in terms of the Kirkwood
factors. The numbers of hydrogen bonds of water—water
and water-solute molecules are also computed. The
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temperature-dependent dielectric relaxation parameters
and the Kirkwood correlation factors have been reported
for aqueous solutions. The hydrogen bonded model as
suggested by Luzar can explain the static dielectric con-
stant of mixtures.
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