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Abstract. Time domain reflectometry method has been used in the frequency range of
10 MHz to 10 GHz to determine dielectric properties of aqueous sucrose in ethanol. The
dielectric parameters, i.e., static dielectric constant and relaxation time were obtained from
the complex permittivity spectra using the non-linear least squares fit method. The Luzar
theory is applied to compute the cross-correlation terms for the mixtures. It adequately
reproduces the experimental values of static dielectric constants. The Bruggeman model
for the non-linear case has been fitted to the dielectric data for mixtures.
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1. Introduction

Alcohols are compounds in which hydroxyl (~OH) group is attached to saturated
hydrogen atom. The hydroxyl group is a functional group of alcohols. Their general
formula is R-OH and these are classified as monohydric, dihydric, trihydric, and
polyhydric alcohols. The O-H bond in alcohol is highly polar, because oxygen is
highly electronegative. The oxygen carries partial negative charge (0—) and the
hydrogen carries partial positive charge (6+). The polarity of O—H bond gives rise
to attraction of partially positive hydrogen atom of other molecules. Due to this,
hydrogen bonding requires a great deal of energy in the form of heat to overcome
these attractive forces, and hence the boiling point of alcohols is on the higher side.
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Ethanol is the simplest alcohol of this class. It is the prime constituent of all
types of beverages. It is traditionally prepared from starchy materials such as
potatoes, maize, barley etc. by fermentation (fervre-to boil) by enzyme known as
yeast, which is a single-celled living plant. It is also prepared from glucose, fructose,
and sucrose, by catalytic action of enzymes molasses.

Water has a permanent dipole moment, that is, its electrical properties might be
simulated to first order as arising from a fixed positive charge and a fixed negative
charge, separated by a certain distance. The molecule also possesses a polarizability,
that is, an additional dipole is induced by an electric field, and is proportional to its
magnitude. The water molecule is non-linear, and the mean HOH angle is known
from the infra-red absorption spectrum [1] to be 104.474°; the mean O-H distances
are each 0.95718 A, but these free molecule values are not maintained in the liquid.
The oxygen atom is considered to be more electronegative than the hydrogen atom.
When they are bonded, dipole moment will exist with the negative oxygen. From
symmetry considerations, it would appear probable that the dipole moment vector
bisects the HOH angle, and points from negative oxygen atom to the positive region
between the hydrogen atoms. A number of point charge models of the water dipole
have been constructed; but to attempt to reproduce the observed permanent dipole
moment by a wave function which completely describes the electron density is also
important [2-8].

For the water dipole to be able to undergo considerable rotation about one of its
hydrogen bonds, the breakage of its other bonds is necessary. Unbounded molecules,
or molecules making only one bond, can rotate without breakage, whilst molecules
bonded to three or four neighbours require more than one bond. If the ‘two bonded’
molecules which reorient with the breakage and remaking of one only, and which
because the activation enthalpy is of this order, can be regarded as playing the
dominant role in the principle relaxation process. Continued bond breakage re-
plenishes this species from other species. The faster bond-breaking processes make
slower (high-energy) processes very rare, so that the three and four bonded species
do not contribute any appreciable relaxation, even though they are present in large
proportions [2-8]. The dipolar properties of water molecules affect the interaction
between water and other molecules that dissolve in water. Water is the most impor-
tant liquid of the biosphere because it is a major component of living system, and it
interacts with many biomolecules [2-8]. The dielectric study has extensively been
done on alcohol-water mixture [9-19] because this system has interesting behaviour
with reference to hydrogen bonding. Mashimo et al [13] gave dielectric relaxation
parameters of mixtures of water and primary alcohols over a frequency range of 10
MHz to 15 GHz using time domain reflectometry (TDR) technique at 25°C in the
concentration range 0—-1 mole fraction of water. Bertolini et al [14] have reported
dielectric properties of ethanol in water using coaxial resonator spectrometer in
the frequency range 0.47 to 4 GHz at temperatures from —43°C to 30°C, in the
concentration range 0V to 0.5V, where V' is the mole fraction of water.

Sucrose is a disaccharide and commonly known as carbohydrate, moreover it is
ordinary table sugar. It is obtained from sugar cane juice and sugar beets. It
is composed of a-D glucose unit and S-D fructose unit. These units are joined
by a, f-glycosidic linkage between C-1 of the glucose unit and C-2 of the fructose
unit. Carbohydrates constitute most of the organic matter in the biosphere and
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contribute to almost all forms of life on the Earth. Carbohydrate solutions are
most interesting in basic research and have large applications in biochemical and
biophysical research [20-22]. Carbohydrate serves as a main energy source, used to
maintain the structural and functional properties of the cells. Hence carbohydrates
play diverse roles in biology as metabolic intermediates, as important components
of nucleic acids, glycoproteins, and glycolipids, and as prime polymeric contributors
to the structure and function of the extra cellular matrix. Recently, attention has
been paid, in particular, to the rich conformational variety of carbohydrates [20-22].
The ability of carbohydrates to substitute water in the hydrogen network is essen-
tial for their role in bimolecular stabilization and protection [20]. The hydration
properties of carbohydrates are thus a key feature in determining their structural
and functional properties [20-22]. Fuchs and Kaatze [22] had studied some sac-
charides in aqueous solutions using dielectric relaxation technique. The dielectric
spectra showed unusual characteristics as compared to other molecules [22].

We have reported the dielectric properties of aqueous sucrose in ethanol solutions
using TDR technique in the frequency range 10 MHz to 10 GHz and the temperature
range of 15°C to 45°C.

2. Experimental
2.1 Materials

Sucrose and ethanol were obtained commercially and used without further purifi-
cation. The mixtures of various compositions were prepared by dissolving sugars
in de-ionised glass distilled water. The complex permittivity spectra were studied
using time domain reflectometry method [17-19]. Tektronix 7854 sampling oscillo-
scope with 7512 TDR unit was used. A fast rising step voltage pulse of 25 psec-rise
time generated by a tunnel diode was propagated through a coaxial line system.
The sample cell was placed at the end of coaxial line in a standard military ap-
plication (SMA) coaxial cell of 3.5 mm outer diameter. All measurements were
done under open load condition. The sampling oscilloscope monitored the change
in the pulse after reflection from the sample placed in the cell. The reflected pulses
without sample and with the sample were digitized in 1024 sampling points in the
window of 5 ns. For the experiment, a SMA cell with 1.35 mm effective pin length
was used. The reflected pulses were transferred to PC/XT system for Fourier trans-
formation as well as data processing [17-19]. The processing of the data was carried
out to yield complex reflection coefficient spectra p*(w) over a frequency range from
10 MHz to 10 GHz [17-19]. The complex permittivity spectra e*(w) was obtained
from reflection coefficient spectra p*(w) by applying the least squares fit method
[23] as described in our earlier publications [17-19].

3. Results and discussions

The values of static dielectric constant (g9) and relaxation time (7) at different
temperatures have been determined by fitting the complex permittivity spectra
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[e*(w)] with the Havriliak-Negami equation [24],

(50 _EOO) (1)

e (w) = €00 + W,

with €g,€00,7,@ and S as fitting parameters in eq. (1). The Havriliak-Negami
function includes the Cole-Cole (8 = 1), the Davidson Cole (o = 0) and the Debye
(a =0 and 8 =1). For the systems studied here, the values of « and /8 are found
to be 0 and 1 respectively within the experimental error. The dielectric parameters
of aqueous sucrose at various mole fraction of ethanol are also reported in table 1.
It can be seen from table 1 that the static permittivity decreases with increasing
mole fraction of ethanol in aqueous sucrose, whereas the relaxation time increases
with increasing mole fraction of ethanol in aqueous sucrose. Thus, the decrease
in static dielectric constant indicates complete association of large amount of su-
crose solution. The change in the variation of relaxation time provides information
regarding hydrophilic character of the solute particle.

To understand the significance of association effect due to the hydrogen bonding,
it is useful to compute the values of the Kirkwood correlation factor g and it can
be expressed as [8]

Z 47N 3 p; g = (€0i — Ec0i) (2€0i — Ecoi) 2)
T2 9kT M; ! 501’(5001' + 2)2 ’
where ¢ = 1,2 represents water and ethanol respectively, u; is the dipole moment in
gas phase, M; is the molecular weight, p; is the density, k is the Boltzmann constant,
N is the Avogadro’s number, €g; and £,; are the static dielectric constant and
dielectric constant at high frequency, respectively and g; is the correlation factor.
It is impossible to determine g; and g from a single value of the static dielectric
constant without some assumption. We have considered that the mixture can be
represented by one correlation factor g% as [18]

4T N /Lgpe(l - V) n H%VPWV eff _ (SOm - Soom)(QEOm - Eoom)
OKT M, M, )Y Com (Eoom + 2)2

) (3)

where p, and uy are the dipole moments of ethanol and water respectively and
pe and py are their corresponding densities, V' is the volume fraction of water and
m indicates the binary mixture. To calculate ¢*T values, we have taken dipole
moments of ethanol and water as 1.69D and 1.84D, respectively. The high values
of ¢g° indicate parallel orientation of electric dipoles in a molecule [8]. It can be
seen that, as water is added in ethanol at regular steps in the mixture, the values
of ¢°% increase. The increase of correlation in ethanol and ethanol-water mixtures
may be due to association effects.

In the above model, no cross-correlation terms were included. Luzar and cowork-
ers have suggested a model in which the cross-correlation terms have been taken
into account [25-27]. The correlation factor ¢g; and g», were computed in the mean
field approximation. We have used the same model to explain the static permit-
tivity of the mixture. The different parameters required in the Luzar model are
dipole moments, polarizabilities, energies, ethalpies, and possible number of hydro-
gen bonding.
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Table 1. Temperature-dependent dielectric parameters for aqueous sucrose

in ethanol mixtures.

Mole fraction 15°C 25°C 35°C
of ethanol €s 7 (ps) €s 7 (ps) €s 7 (ps) €s 7 (ps)
Water
0.000 83.9 10.7 79.5 8.8 75.9 6.5 71.3 5.5
0.072 71.8 18.9 70.1 15.7 68.0 12.7 65.8 10.4
0.173 63.3 26.9 59.5 24.1 53.2 20.3 49.2 15.6
0.318 50.2 42.7 48.1 35.0 45.8 28.2 42.5 20.8
0.2 M Sucrose
0.000 82.6 17.6 77.5 15.3 73.8 14.4 70.6 13.1
0.072 72.0 27.1 71.2 22.3 68.7 17.4 66.5 12.5
0.173 64.6 40.9 61.2 32.4 55.2 28.0 51.4 22.6
0.318 50.7 54.9 48.9 47.8 46.8 40.7 44.3 32.6
0.4 M Sucrose
0.000 78.2 19.8 74.8 17.6 71.5 16.1 68.7 14.2
0.072 73.5 33.4 72.3 26.5 70.2 20.9 67.6 17.7
0.173 66.9 43.1 63.8 35.3 57.6 30.5 54.5 26.0
0.318 51.3 58.0 50.2 53.5 48.5 45.4 46.5 38.3
0.6 M Sucrose
0.000 76.3 21.3 73.1 18.9 69.4 17.2 66.9 15.5
0.072 69.7 35.3 73.5 29.2 71.5 23.5 68.2 21.1
0.173 68.4 49.1 65.9 40.3 61.4 33.4 56.5 30.1
0.318 51.8 65.9 51.0 58.4 50.6 48.3 48.4 40.0
0.8 M Sucrose
0.000 75.2 26.3 72.0 22.5 68.2 19.6 65.0 18.0
0.072 79.8 38.3 67.8 31.1 65.2 26.2 61.4 23.5
0.173 64.5 51.3 61.6 43.8 57.3 37.7 53.6 33.8
0.318 48.7 72.5 47.2 63.7 46.4 52.6 44.8 45.7
Sucrose
0.000 74.7 30.4 71.6 25.8 67.8 23.1 64.7 21.1
0.072 68.2 42.2 64.5 34.5 61.8 29.5 57.9 25.3
0.173 61.2 55.4 51.8 47.9 53.5 41.2 51.8 37.5
0.318 46.8 82.5 45.0 74.7 44.2 60.2 43.5 52.0

In our analysis, the best possible values of the above molecular parameters for
which experimental and theoretical static permittivity values give reasonably sat-

isfactory agreement are as follows:

Dipole moment of water = 2.14D

Dipole moment of ethanol = 3.04D

Polarizability of water = 1.96A4%

Polarizability of ethanol = 5.1A4%

Bonding energy for water—water pair = —13.4 kJ/mol
Bonding energy for water—ethanol pair = —15.5 kJ/mol
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Statistical volume ratio for the water-water pair = 284°3
Statistical volume ratio for the water—ethanol pair = 46A4°
Number of ethanol molecule interacting with water = 2
Average direction cosine angles between dipoles = 1/3

The values of permittivity obtained from Luzar model using the above parameters
are given in table 2 along with the experimental values. It can be seen from table 2
that the theoretical values are in reasonable agreement with experimental values.
It should also be noted that the values of dipole moments of water and ethanol
molecule are taken to be 14% and 10 % higher than the corresponding values of
dipole moments in the gas phase. The values of ¢g°%, g; and g» are also given in
table 3.

The static permittivity of the mixtures can be related using Bruggeman’s mixture
formula, with volume fraction V of water. The Bruggeman mixture formula is given
by the expression [28]

€om — €ow €0e 1/
fum (Bt (20) Ty (4
€0e — Eow €0m
where fp is the Bruggeman dielectric factor. eom, €pe and oy are the values of
static dielectric constant corresponding to mixture, ethanol and water respectively,
and V is the volume fraction of the solvent. The experimental values of fg vs.
volume fraction is shown in figure 1. The Bruggeman equation predicted a linear
relationship between fp and volume fraction V of water, whereas it can be seen

from figure 1, the experimental values of fg shows non-linear behaviour. Therefore,
the Bruggeman equation is modified by assuming non-linear behaviour as equation

fo = %(EOe/é‘Om)l/3 =1- [(J, - (a - I)V]V (5)

Table 2. Comparison of experimental values of static dielectric constant with
theoretical values obtained from Luzar model.

Volume . . . .
fraction 0°C 10°C 25°C 40°C

of water Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor.

0.0 26.70 27.14 26.31 26.22 24.95 24.96 2241 23.81
0.1 32.16 35.61 30.53 34.29 29.27 32.41 25.13 30.67
0.2 37.86 42.80 36.85 41.13 35.42 38.78 32.00 36.81
0.3 49.19 49.55 45.99 47.56 41.15 44.73 40.51 42.02
0.4 52.10 55.89 52.86 53.59 47.56 50.31 45.36 47.17
0.5 61.04 61.93 60.08 59.34 55.07 55.62 46.57 52.05
0.6 66.17 67.75 64.41 64.86 59.67 60.73 47.88 56.73
0.7 68.26 73.37 66.49 70.20 66.08 65.66 59.48 61.25
0.8 73.09 78.84 71.04 75.40 70.23 70.46 66.96 65.54
0.9 76.19 84.17 74.60 80.46 73.73 75.13 67.26 69.92
1.0 86.20 89.38 85.60 85.41 79.50 79.70 70.50 74.09
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Table 3. Temperature-dependent Kirkwood factor for ethanol-water mix-

ture.

Volume . . . .
fenction 0°C 10°C 25°C 40°C
of water ¢ g g2 ¢ @ e ¢ g e ¢ g g
0.0 2.96 1.00 3.02 1.00 3.02 1.00 2.82 1.00
0.1 283 197 1.13 278 195 1.13 280 194 1.12 251 196 1.12
0.2 277 2.05 1.20 279 204 120 2.82 2.01 1.19 267 202 1.21
0.3 3.10 2.10 1.26 3.00 2.08 1.26 2.82 2.05 1.25 292 205 124
0.4 288 2.13 131 3.03 212 130 287 2.09 129 287 208 1.29
0.5 3.02 216 134 3.08 214 1.34 297 211 133 263 210 1.32
0.6 2.97 2.18 137 3.00 2.16 137 292 213 136 245 211 1.35
0.7 280 2.20 1.40 283 218 139 292 215 138 280 213 1.37
0.8 278 222 142 280 220 141 296 2.16 1.40 291 214 1.39
0.9 269 223 143 273 221 143 284 2.18 1.42 272 215 141
1.0 2.86 2.24 2.95 2.22 2.88 2.19 2.68 2.15
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Figure 1. Bruggeman dielectric factor (fg) vs. volume fraction (V') of water
in ethanol at 25°C. Dashed line represents theoretical curve according to the
Bruggman model (eq. (5)).

The value of a equal to 1 corresponds to an ideal mixture with no additional inter-
action between two liquids and leads to the Bruggeman equation (4). The modified
Bruggeman equation fits the experimental values within 4%. The value of a has
been found by least squares to be 0.5 in ethanol-water mixtures.

The thermodynamic parameters evaluated using Eyring equation are as follows

[8]:

7 = (h/kT) exp(AH/RT) exp(—AS/R), (6)
where AS is the entropy of activation, AH is the activation energy in kJ/mol,
respectively. 7 is the relaxation time, T is the temperature in degree Kelvin and h
is the Planck’s constant. The temperature dependence of relaxation time, described
by Arrhenius plot of log (7) vs. 1000/T, is shown in figure 2 for aqueous sucrose in
ethanol.
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Figure 2. Temperature dependence of relaxation time for aqueous sucrose
in 0.3 M ethanol.

4. Conclusions

The temperature-dependent dielectric parameters and the Kirkwood correlation
factor have been reported in this paper. The Luzar model reproduces the static
dielectric constants of the mixture. Luzar model is also used to calculate Kirk-
wood factors g; and g, in the mixture. A modification in the Bruggeman equation
provides a better description of dielectric behaviour in the mixture.

Acknowledgements

Necessary facilities provided by the Department of Physics, Dr. B.A.M. University,
Aurangabad and School of Physical Sciences, S.R.T.M. University, Nanded, are
thankfully acknowledged. The authors thanks P B Patil and G S Raju for discussion
and helpful suggestions. The financial support from the Department of Science and
Technology, New Delhi is thankfully acknowledged.

References

[1] B Bahl and Arun Bahl, A text book of organic chemistry, S. Chand & Co., 4th ed.
(1995)

[2] D Eisenberg and W Kauzzmann, The structure and properties of water (Oxford Uni-
versity Press, 1969)

[3] Christian Baar, R Buchner and W Kunz, J. Phys. Chem. B105, 2906 (2001)

[4] S Mashimo, J. Non-Crystalline Solids 172-174, 1117 (1994)

980 Pramana — J. Phys., Vol. 62, No. 4, April 2004



Dielectric relaxation studies of aqueous sucrose

[6] N Shinyashiki, S Yagihara, I Arita and S Mashimo, J. Phys. Chem. B102, 3242
(1998)

]

]

]

]

| E Tombri, G Chryssiko, B Gestblom and R H Cole, J. Mol. Liq. 43, 53 (1989)

] D B Fenneman, J. Appl. Phys. 53-12, 8961 (1982)

] B Gestblom, E L Samahy and J Sjoblom, J. Solution Chem. 14, 375 (1985)

] S Mashimo, S Kuwabara, S Yagihara and K J Higasi Chem. Phys. 90, 3292 (1989)

] D Bertolini, M Cassettari and G Salvetti, J. Chem. Phys. 78, 365 (1983)

] J P Peri, D T Wasan, P Winsor and R H Cole, J. Mol. Lig. 43, 53 (1984)

] Gestblom and J Sjoblom, Acta. Chem. Scand. A38, 575 (1984)

] S M Puranik, A C Kumbharkhane and S C Mehrotra. Proc. Natl. Acad. Sci. India

63(A), II (1993)

[18] A C Kumbharkhane, S N Helambe, S Doraiswamy and S C Mehrotra, J. Chem. Phys.
99(4), 2405 (1993)

[19] A C Kumbharkhane, S M Puranik and S C Mehrotra, J. Mol. Lig. 51, 307 (1991)

[20] M Cowman, F Eggers, E M Eyring, D Horoszewsti, U Kaatze, R Kreitner, S Petrucci,
M Kloppel-Riech and J Stenger, J. Phys. Chem. B103, 239 (1990)

[21] P Petong, R Pottel and U Kaatze, J. Phys. Chemn. A104, 7420 (2000)

[22] K Funchs and U Kaatze, J. Phys. Chem. 105, 2036 (2001)

[23] P R Bevington, Data reduction and error analysis for physical sciences (McGraw Hill,
New York, 1969)

24] S Havriliak and S Negami, J. Polym. Sci. 14, 91 (1996)

] A Luzar, S Swetina and B Zeks, Chem. Phys. Lett. 96, 485 (1983)

] A Luzar, S Swetina and B Zeks, J. Chem. Phys. 82, 5146 (1985)

]

]

[
[
[
[
1
1
[1
1
1
[1
1
1

A Luzar, J. Mol. Liq. 46, 221 (1990)

[
[2
[2
[2
[28] D A G Bruggeman, Ann. Phys. (Leipzig) 5, 636 (1935)

5
6
7
8

Pramana — J. Phys., Vol. 62, No. 4, April 2004 981



