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Abstract. The complex permittivity, static dielectric constant and relaxation time for 1,3-
propanediol, 1,4-dioxane and their mixtures have been studied using time domain reflectometry
(TDR). The excess permittivity, excess inverse relaxation time and Kirkwood correlation factor
have also been determined at various concentrations of dioxane. Hydrogen bonded theory was
applied to compute the correlation terms for the mixtures. The Bruggeman model for the nonlinear
case has been fitted to the dielectric data for mixtures.
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1. Introduction

1,3-propanediol is an aliphatic dihydric alcohol which is a useful industrial solvent having
an electric dipole moment around 2.5 D. The hydroxyl groups of 1,3-propanediol are
on the carbon atoms at both terminals. 1,3-propanediol is used in the pharmaceutical
industry and clinically for curing many diseases. The self-association network in the 1,3-
propanediol is formed due to hydrogen bonding. Hydrogen bonding plays a great role
in physics and chemistry and is one of the most important intermolecular interactions. It
plays a huge role in various chemical and biological processes [1–3]. The intermolecular
interaction of 1,3-propanediol in various chemical processes is greatly effected by
the solvent. The local structure of hydrogen bonding of 1,3-propanediol is compli-
cated due to molecular clusters and network structures through hydrogen bonds. Many
methods have been used to study the hydrogen bonding behaviour in 1,3-propanediol.
Hydrogen bonding coorperativity factor for alcohol has been investigated by infrared
spectroscopy and nuclear magnetic resonance spectroscopy methods [4–16]. Hydrogen
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bonding in pure aliphatic alcohol is also investigated using a calorimetric approach [17].
Lampre et al reported the absorption spectra of the solvated electron in 1,3-propanediol
(1,3-DL) at different temperatures [18]. Excess molar volumes and partial molar vol-
umes were determined for dilute aqueous solutions of 1,3-propanediol by Romero
et al [19].

The pioneering work by Cole and others has given long-standing attention to dielec-
tric spectrometry of associating liquids. To find hydrogen bond concentration, dielectric
relaxation studies have been performed on alcohol–alcohol mixtures and on mixtures of
alcohols with water [20–37]. Crossely [38] had studied the dielectric permittivity and loss
for a series of diols and concluded that the relaxation times for the diols are almost inde-
pendent of alkyl chain length. Hanna et al [28] had studied dielectric relaxation of diol
mixtures and also dielectric spectra of binary mixtures of propanediamine and propane-
diol using time domain reflectometry method. The observed dielectric relaxation time has
a maximum at around 0.7 mole fraction of 1,3-propanediol.

This work reports the dielectric relaxation study of 1,3-propanediol–dioxane mix-
tures over a wide concentration and frequency range using time domain reflectometry
technique. The static dielectric constant, relaxation time, excess properties, Kirk-
wood correlation factor and the number of hydrogen bonds for 1,3-propanediol–dioxane
mixture have been determined.

2. Experimental procedure

1,3-propanediol (1,3-DL) and 1,4-dioxane (1,4-Dx) are purchased from Aldrich Chem-
icals and used without purification. The complex permittivity of the solutions was
measured in the frequency range of 10 MHz to 20 GHz at 25◦C using time domain reflec-
tometry (TDR) method [33,39]. The Tektronix DSA8200 sampling oscilloscope with
30 GHz bandwidth and TDR module 80E08 with step generator unit was used.
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Figure 1. The Cole–Cole plot for 1,3-propanediol–Dx mixture at 25◦C.
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3. Result and discussion

The Cole–Cole (ε′ vs. ε′′) plot for different concentrations of 1,3-propanediol in 1,3-
DL–Dx mixture is shown in figure 1. To calculate static dielectric constant (ε0),
relaxation time (τ) and distribution parameters (α and β) the complex permittivity ε*(ω)

data were fitted by the non-linear least squares fit method to the Harviliak–Negami
expression [40].

ε∗(ω) = ε∞ + ε0 − ε∞
[[

(1 + jwτ)1−α
]]β

, (1)

where ε0, ε∞, τ , α and β are the fitting parameters. The Harviliak–Negami function
includes the Cole–Cole (β = 1), Davidson–Cole (α = 0) and Debye (α = 0, β = 1)
relaxation spectral functions in the limiting form. In general, the dielectric loss spectrum
of polyalcohol is an asymmetric shape, and it is described by Havriliak–Negami equation.
Here these fitting parameters, α is kept to 0 and β is varied such that 0 ≤ β ≤ 1. β

indicates the asymmetrical broadness of the loss peak. Figure 2 shows β vs. conc. of
1,3-DL in which the value of β goes on decreasing on addition of dioxane in pure 1,3-
DL. It can be seen from figure 2 that the dielectric relaxation in these mixtures can be
represented by Cole–Davidson relaxation. The change in β values may reflect a variation
in the relaxing species or a perturbation of the molecular structure of the system. The
decreases of β suggest that the structure of the mixtures deviates significantly from that
of pure alcohol.

Due to cooperative motion of solute–solute and solute–solvent molecules through
hydrogen bond, the dielectric relaxation parameters of the primary process strongly
depend on the 1,3-DL concentration in the whole concentration range. Change in static
permittivity (ε0) with the volume fraction of 1,3-DL in dioxane is shown in figure 3.
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Figure 2. Plot of relaxation time distribution (β) of the Davidson–Cole function
displayed as a function of volume fraction of 1,3-DL.
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Figure 3. Plot of static dielectric constant vs. volume fraction of 1,3-DL.

Figure 4 shows the concentration dependence of relaxation time (τ) of 1,3-
propanediol–dioxane mixtures. The relaxation time (τ) increases with increasing 1,3-
propanediol concentration in dioxane. When dioxane is added to 1,3-DL, the number
of hydrogen bonds decreases. The distribution of hydrogen bonds would affect the
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Figure 4. Relaxation time vs. volume fraction of 1,3-DL.
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Figure 5. Excess dielectric permittivity for 1,3-propanediol +1,4-dioxane mixture.

concentration dependence of the relaxation time. Sudo et al determined the dielectric
relaxation time for various alcohols and water mixtures. The relaxation time of alcohol–
water system increases monotonically with increasing alcohol concentration [41–44].

4. Excess dielectric permittivity

The excess permittivity
(
εE

0

)
may provide structural information. This is determined for

the 1,3-DL–Dx solution as follows [43,45,46]:
(
εE

0

) = (ε0)m − [
(ε0)D XD + (ε0)A(1 − XD)

]
(2)

where (ε0)m, (ε0)D and (ε0)A represent values of static dielectric constant corresponding
to the mixture, 1,4-dioxane and 1,3-propanediol, respectively and XD is the mole fraction
of Dx. The resulting excess dielectric constants of Dx–1,3-DL mixture are as shown
in figure 5. Negative values of excess permittivity are observed. Negative values of
excess permittivity suggested that the addition of 1,3-propanediol to dioxane might create
polymeric structure due to hydrogen bonding in the mixture.

5. Excess relaxation time

The information regarding the dynamics of liquid 1,3-DL and Dx can be obtained from
the excess inverse relaxation time (1/τ)E [44,47,48] as follows:

(
1

τ

)E

=
(

1

τ

)

m

−
[(

1

τ

)

D

XD +
(

1

τ

)

A

(1 − XD)

]
, (3)

Pramana – J. Phys., Vol. 78, No. 2, February 2012 301



Madhukar N Shinde et al

0.0 0.2 0.4 0.6 0.8 1.0

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

(1
/τ

)E
 (

p
s-1

)

Vol. fraction of 1,3-DL

Figure 6. Excess inverse relaxation time for 1,3-propanediol + 1,4-dioxane mixture.

where m, D and A correspond to mixture, dioxane and 1,3-propanediol, respectively.

(i) When (1/τ)E = 0 there is no change in the dynamics of liquid Dx and 1,3-DL
interaction.

(ii) When (1/τ)E < 0 the liquid Dx and 1,3-DL interaction produces a field such that
the effective dipoles rotate slowly.

(iii) When (1/τ)E > 0 the liquid Dx and 1,3-DL interaction produces a field such that
the effective dipoles rotate faster, i.e. the field will cooperate in the rotation of
dipoles.

Figure 6 gives the variation of excess inverse relaxation time with vol. fraction of 1,3-DL.
The excess inverse relaxation has found to be maximum at 0.7 volume fraction of dioxane
in 1,3-propanediol. This further confirmed that the distribution of hydrogen bonding in
the 1,3-DL–Dx mixture is maximum.

6. Bruggeman dielectric theory

The static permittivity of a mixture with the volume fraction of solute is given by
Bruggeman mixture formula [47–50]

fB =
[
(ε0m − ε02)

(ε01 − ε02)

] (
ε01

ε0m

)1/3

= 1 − V2, (4)

where ( fB) is the Bruggeman dielectric factor. ε0m, ε01 and ε02 are the static dielectric
constants corresponding to the mixture, 1,3-propanediol and dioxane respectively and V2
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Figure 7. Plot of Bruggeman factor as a function of volume fraction of 1,3-
propanediol.

is the volume fraction of dioxane. From the above equation, a linear relation is expected
from a plot ( fB) vs. (V2). From figure 7, it can be seen that fB is not a linear of volume
fraction of 1,3-DL as predicted by Bruggeman equation. The Bruggeman equation may
be modified for binary liquids [47–50] as

fB =
[
(ε0m − ε02)

(ε01 − ε02)

] (
ε01

ε0m

)1/3

= 1 − [a − (a − 1)V2]V2. (5)

In this equation, volume fraction (V2) is changed by a factor [a− (a−1) V2] of the mixture
where a = 1 corresponds to Bruggeman equation. The value of a is determined by the
least squares fit method and found to be 1.60 and deviation of a from unity indicates the
molecular interaction in the mixture.

7. The Kirkwood correlation

The Kirkwood correlations factor g for a mixture, can be expressed as [39,43,46] follows:

[
(ε0i − ε∞i ) (2ε0i + ε∞i )

9ε0i

]
= 4π Nμ2

i ρi

9kT Mi
gi , (6)

where i = 1, 2 represent 1,3-propanediol and dioxane, respectively; μi is the correspond-
ing dipole moment in gas phase, ρi is the density, k is the Boltzmann constant, T is the
temperature, ε0i and ε∞i are the static dielectric constant and dielectric constant at high
frequency and gi is the Kirkwood correlation factor for the ith liquid system.
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Figure 8. Plot of geff against volume fraction of 1,3-DL.

The interpretation of the dielectric phenomena in terms of the Kirkwood correlation
factor is very difficult for a mixture of associating compounds. We have considered
Kirkwood models as follows:

(i) In the first model, we have assumed that the mixture can be represented by one
correlation factor geff as follows [49]:

[
(ε0i − ε∞i ) (2ε0i + ε∞i )

9ε0i

]
= 4π N

9kT

[
μ2

AρA

MA
XA + μ2

DρD

MD
(1 − XA)

]
geff.

(7)

To calculate geff values, we have taken dipole moments of 1,3-propanediol and dioxane
as 2.50 D [51] and 0.45 D [52], respectively. The value (ε∞i ) is taken as the square of the
refractive index (RI = 1.439) [51]. Figure 8 shows the geff values for 1,3-propanediol–
dioxane systems. The value of geff > 1 indicates average parallel orientation of electric
dipole in a molecule.

(ii) In the second model, the Kirkwood correlation factors for individual species i =
1, 2 are modified by assuming for 1,3-propanediol–dioxane mixture, two kinds
of intermolecular hydrogen bonds exist. One is the hydrogen bond between the
1,3-propanediol and 1,3-propanediol molecules; the other is the hydrogen bond
between the 1,3-propanediol and dioxane molecules. These new correlations (g1

and g2) are described by the relation as follows [46]:

g1 = 1 + Z11 cos φ11 + Z12 cos φ12

(
μ2

μ1

)
, (8)
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g2 = 1 + Z21 cos φ21

(
μ1

μ2

)
, (9)

where Z11 = 2
〈
n11

HB

〉
, Z12 = 2

〈
n12

HB

〉
and Z21 = 2

〈
n21

HB

〉
V2/1 − V2 are the

average number of particles forming the hydrogen bond with 1,3-propanediol–
1,3-propanediol and 1,3-propanediol–dioxane pairs, respectively. V2 is the mole
fraction of 1,3-propanediol. φ11 and φ21 are the angles between the neighbouring
dipoles of 1,3-propanediol and dioxane molecules. The values of g1 and g2 depend
on the concentration of dioxane in 1,3-propanediol–dioxane mixtures.

The average number of hydrogen bonds
〈
n11

HB

〉
,

〈
n12

HB

〉
and

〈
n21

HB

〉
per 1,3-propanediol

molecule for 1i pairs (i = 1,2) have been determined according to the following
relation [46]:

〈
n1i

HB

〉 = n1iω1i

n1
, (10)

where ω1i = 1/
(
1 + α1i e−βE1i )

is the probability of bond formation between 1,3-
propanediol and dioxane and n1 is the number density of dioxane molecules. β = 1/kT
and α1i is the ratio of the two subvolumes of the phase space, related to the non-hydrogen
bonded and hydrogen bonded pairs. These hydrogen-bonded pairs have only two energy
levels, E11 and E12, for 1,3-propanediol–1,3-propanediol and 1,3-propanediol–dioxane
pair formed bonds, respectively. The values of

〈
n11

HB

〉
and

〈
n12

HB

〉
depend on the number

of densities of hydrogen bonding pairs between 1,3-propanediol–dioxane, n12 and those
between 1,3-propanediol–1,3-propanediol molecule, i.e. n11 = 2n1−n12. This can be cal-
culated during 1,3-propanediol–1,3-propanediol (pair 11) and 1,3-propanediol–dioxane

Figure 9. Plot of average number of hydrogen bonds in 1,3-propanediol–1,3-
propanediol molecules (n11 pair) and 1,3-propanediol–dioxane (n12 pair) against
volume fraction of 1,3-DL.
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Table 1. Molecular parameters used in the computation of the static dielectric constant.

Molecular parameters 1,3-propanediol 1,4-dioxane

Dipole moment (μ1, μ2) 2.95 D 0.97 D
Polarizibilty (α1, α2) 4.94 2.79
Bonding energy (E11, E12) (kJ/mol) −13.98 −16.25
Molecular weight (g/mol) 76.11 88.11
Density (g/cm3) 1.049 1.028
Enthalpy (α11, α12) (kJ/mol) 40 28

11 – 1,3-propanediol pair, 12 – 1,3-propanediol–dioxane pair.

(pair 12) formation [46]. Figure 9 shows plot of the average number of hydrogen bonds
between 1,3-propanediol and 1,3-propanediol molecules (11 pairs) and 1,3-propanediol
and dioxane (12 pairs) against volume fraction of 1,3-propanediol.

It can be seen from figure 9 that the average number of hydrogen bonds increases in
1,3-propanediol–1,3-propanediol, whereas it decreases in 1,3-propanediol–dioxane as the
concentration of 1,3-propanediol increases in dioxane. The Luzar model [46] gives a
good qualitative account of the dielectric constant for 1,3-propanediol–dioxane mixture
at 25◦C. The different parameters required in the Luzar model [46] are dipole moments,
polarizabilities, possible number of hydrogen bonds and angles between dipoles cos φ11

and cos φ12 for the 1,3-propanediol and dioxane. The best possible values of molecular
parameters in our analysis for which static dielectric constant values are in reasonable
agreement with the experimental values are given in table 1.

8. Conclusion

The complex permittivities for 1,3-propanediol–1,4-dioxane mixture are determined
using TDR method. The dielectric constant for the mixtures can be explained using
hydrogen-bonded model by assuming the formation of hydrogen bonds between 1,3-
propanediol–1,3-propanediol and 1,3-propanediol–1,4-dioxane pairs. The orientation
correlations between neighbouring molecules due to hydrogen bonding interaction are
determined in terms of Kirkwood factors. The average number of hydrogen bonds in
1,3-propanediol–1,3-propanediol and 1,3-propanediol–1,4-dioxane molecules are also
computed. The Bruggeman model for the nonlinear case has been fitted to the dielectric
data for mixtures.
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