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The values of complex permittivity for alcohol—1,4-dioxane (DX) mixtures with various concentrations have
been determined in the frequency range 10 MHz to 20 GHz using the time domain reflectometry (TDR)
method. Numbers of hydrogen bonds between alcohol—alcohol and alcohol—dioxane pairs are estimated
from the values of the static dielectric constant by using the Luzar model. The model provides a satisfactory
explanation of the experimental results related to the static dielectric constant. The binding energies for
alcohol—alcohol (pair 11) and alcohol—DX (pair 12) are estimated to be —13.98 and —16.25 kJ/mol,
respectively. The results have also been compared with previous results of the ethyleneglycol—DX system.
Introduction

Over the past few years, extensive experimental and theoreti-
cal studies concerning the dielectric behavior of alcohols have
been reported.'”!! The main thrusts of these studies were to
understand (a) the structure of polar liquids in terms of hydrogen
bonding and (b) modification of hydrogen bonding due to the
presence of other polar or nonpolar molecules. Hydrogen
bonding is a complex phenomenon in the liquid state due to
uncertainty in identifying the particular bonds and the number
of molecules involved. The local structures of hydrogen-bonding
liquids are complicated due to molecular clusters and network
structures through hydrogen bonds. The importance of hydrogen
bonding as a force governing the structure and dynamics of
chemical and biological systems has been pointed out in a
plethora of papers.'~16

The dielectric properties have been studied as a function of
—OH group and number of carbon atoms in alcohol in order to
understand the significance of hydrogen-bond interaction in
alcohol.! " The study of the dielectric properties of alcohols
on addition of nonpolar solute (like dioxane) provides informa-
tion about breaking of the molecular multimer structures in the
systems. The dipole moment of dioxane is very small (« = 0.45
D). Mixtures of alcohol—1,4-dioxane (DX) have been exten-
sively studied by dielectric spectroscopic techniques. The
relaxation process is explained by a microscopic heterogeneous
structure based on three kinds of pairs formed in the mixtures.
Pair 1 is formed due to interaction between alcohol molecules
(solute—solute). Pair 2 is due to interaction between dioxane
and alcohol molecules (solvent—solute). Pair 3, which formation
of this is not probable due to the nonpolar structure, is due to
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interaction between two dioxane molecules (solvent—solvent).
However, the structure for the alcohol—dioxane mixtures is
complex and is not clear yet. In our ealier work,'" we have
reported results of dielectric relaxation measurements for
ethyleneglycol—1,4-dioxane mixtures with various concentra-
tions by using the time domain reflectometry (TDR) method in
the frequency range 100 MHz to 20 GHz. The concentration
dependence of the population of two kinds of cooperative
domains for the ethyleneglycol—1,4-dioxane mixtures was also
discussed. In a dioxane—alcohol mixture with a value of 0.8,
the average size of ethyleneglycol—1,4-dioxane and the average
number of hydrogen bonds between ethyleneglycol and 1,4-
dioxane molecules are found to be maximum. It seems that one
ethyleneglycol molecule bonds with about two 1,4-dioxane
molecules at this concentration.

In the present work, a study related to dielectric measurements
of the mixtures of 1,4-dioxane (DX) and aliphatic alcohols using
the TDR method is reported. The aliphatic alcohols used in the
present study are l-propanol, 2-propanol, 1,2-propandiol, and
1,3-propandiol. These mixtures form interesting systems because
all of these alcohols have three carbon atoms, whereas the
number of hydroxyl groups and their position in the structures
are different. The experimental results of static dielectric
constants have been used to estimate the numbers of pairs 1
and 2 formed in mixtures. This provides molecular parameters
related to solute—solvent interaction. These are also compared
with earlier reported work.'!

Experiments

The alcohols used in these experiments are 1-propanol
(1PrOH), 2-propanol (2PrOH), 1,2-propyleneglycol (12PG), and
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Figure 1. Frequency dependences of the dielectric constant and loss
for 1,2-propyleneglycol—1,4-dioxane mixtures at various concentrations
at 25 °C. The solid lines were calculated from the sum of the KWW
and Debye equations.

1,3-propyleneglycol (13PG). All have been purchased from
Aldrich. The mixtures of these alcohols and 1,4-dioxane were
prepared with concentrations ranging from 100 to 0 wt % in
the interval of 10% by weight. The complex permittivity of the
mixtures was determined in the frequency range 10 MHz to 20
GHz at 25 °C. In order to cover the wide frequency range from
10 MHz to 20 GHz, we used two dielectric measurement
systems. From 1 to 20 GHz, a time domain reflectometry (TDR)
method was employed,'”'® and an RF impedance/material
analyzer (HP 4291A) was used for the frequency range 10 MHz
to 1.8 GHz.

Results

The values of the permittivity parameters for alcohol—DX
mixtures as a function of frequency are shown in Figure 1 for
12PG—DX mixtures with various values of concentration (0,
20, 40, 60, 80, and 100 wt % 12PG) at 25 °C. A peak in the
plot of the imaginary part of permittivity vs frequency is
observed in the entire concentration range. It can be seen from
Figure 1 that the position of the peak shifts toward lower
frequency with increasing alcohol concentration. This shows
that the relaxation time decreases with an increase of alcohol
in the mixture.

We performed a curve-fitting procedure for the dielectric
spectrum of the alcohol—DX mixture, in order to determine the
dielectric relaxation parameters. In general, the dielectric loss
spectrum of the polyalcohol is an asymmetric shape, and it is
described by the Kohlrausch—Williams—Watts (KWW) equa-
tion or the Havriliak—Negami equation.'®~?? Recently, dielectric
measurements up to the sub-THz and THz regions have been
performed for water, monohydric alcohol, ethyleneglycol, and
alcohol—water mixtures around room temperature, and some
relaxation processes have been observed in the frequency range
higher than the observed loss-peak frequency.?* 2% The ampli-
tudes of these high-frequency processes are much lower than
that of the primary process, and the relaxation times are 1—2
decades smaller than that of the primary process. Then, the loss
peak of these high-frequency processes is hidden by the primary
process, and these processes behave as a high-frequency wing
of the primary process. Therefore, the dielectric spectrum of
the alcohol—DX mixtures is simulated in a satisfactory manner
by the simple summation of the KWW and Debye equations as
follows:
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where Ace is the relaxation strength, which is in proportion to
the dielectric susceptibility. 7 is the relaxation time, which is
the time constant of the relaxation. &.. is the limiting high-
frequency permittivity, @ is the angular frequency, and Sk (0 <
Px = 1) is a parameter for the asymmetrical broadness of the
loss peak. The subscripts in eq 1 indicate the KWW-type low
(1)- and Debye-type high (h)-frequency processes. The static
dielectric constant is written as &y = Ag + Ag, + €. As an
example of the results of the curve fitting, Figure 2 shows the
loss spectrum of the 60 wt % 12PG—DX mixtures. The
relaxation curve calculated from the curve fitting procedure is
in good agreement with the experimental results in the entire
frequency range measured.

Figure 3 shows a plot of the dielectric relaxation time as a
function of the mole fraction of DX, xpx, for the alcohol—DX
mixtures. The dielectric relaxation time of the low-frequency
process decreases with increasing xpx, and it does not depend
linearly on xpx. The relaxation time of the high-frequency
process slightly decreases with increasing xpx.

Figure 4 shows a plot of the dielectric relaxation strength as
a function of the mole fraction of DX, xpx, for the alcohol—DX
mixtures. The relaxation strength of the low-frequency process
decreases with increasing xpx. It can be seen from the plot that
the relaxation strength of the high-frequency process is inde-
pendent of xpx for xpx < 0.6 and decreases with increasing xpx
for xpx > 0.6.

Discussion

The significance of hydrogen bonds to the dielectric properties
of the mixture can be studied using the Luzar model.?’ It is
based on the statistical behavior of solute—solvent interaction
assuming that only solute—solute and solute—solvent pairs are
formed in the mixture. Thus, it is applicable for a polar—nonpolar
mixture. The model is successfully applied to a water—dimethyl-
sulfoxide (DMSO) system.?” We have used the same model to
explain the static dielectric permittivity of the mixture. The static
dielectric permittivity in terms of the Kirkwood correlation factor
“g;” for a mixture can be expressed as follows?’

2
[(eo — €.)Qey + .)/9,] = 47T/9KT Y. gipuu
i=1

3)

where i = 1 and 2 represent alcohol and dioxane, respectively;
u; is the corresponding dipole moment in the gas phase, p; is
the density, k is the Boltzmann constant, 7 is the temperature,
an &y; and e..; are the static dielectric constant and dielectric
constant at high frequency. g; is the Kirkwood correlation factor
for the ith liquid system. The Kirkwood correlation factor “g”
is a parameter affording information regarding the orientation
of electric dipoles in polar liquids. The correlation factors g,
and g, were computed using the Luzar model by considering
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Figure 2. Dielectric loss spectrum of 60 wt % 1,2-propylenegly-
col—1,4-dioxane at 25 °C. The dashed and dotted lines were calculated
from the KWW and Debye equations, respectively. The solid line was
calculated from the sum of the KWW and Debye equations.

Figure 3. Mole fraction of 1,4-dioxane dependence of the relaxation
time. Closed and open circles indicate the low- and high-frequency
processes, respectively. @, 1-propanol; @, 2-propanol; A, 1,2-propy-
leneglycol; ¥, 1,3-propyleneglycol.

only the hydrogen-bond contribution to the dipole—dipole
correlation and are described by the relation®’

g =1+ Zcos @ t Z,cos @ (uy/ut,) “)

8 = 1+ 2y cos ¢y (u/uy) ®)

where Z,; = 2nlls), Z1» = 2(nifs), and Z,, = 2ns)Vo/l — V,
are the average number of particles forming the hydrogen bond
with alcohol—alcohol and alcohol—dioxane pairs, respectively.
V, is the mole fraction of alcohol. ¢, and ¢, are the angles
between the neighboring dipoles of alcohol and dioxane
molecules. The values of g, and g, for different alcohol—DX
mixtures are computed by using the parameters given in Table
1 and are shown in Figure 5. The values of g, and g, depend
on the concentration of DX in alcohol—DX mixtures.

The average number of hydrogen bonds (nifs), (nif), and {nfls
per alcohol molecule for 1 pairs (i = 1, 2) has been determined
according to the following relation®’

<”EB> = nywy/ny (6)
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Figure 4. Mole fraction of 1,4-dioxane dependence of the relaxation
strength. Closed and open circles indicate the low- and high-frequency
processes, respectively. @, 1-propanol; @, 2-propanol; A, 1,2-propy-
leneglycol; v, 1,3-propyleneglycol.

TABLE 1: Molecular Parameters Used in Computation of
the Static Dielectric Constants

molecular parameter 1IPrOH 2PrOH  12PG 13PG

dipole moment of alcohol 226D 220D 265D 295D
in debyes, u;

dipole moment of DX 097D 097D 097D 097D
in debyes, u,

polarizability for alcohol 4.94 4.94 4.94 4.94
in A%

polarizibility for DX 2.80 2.80 2.80 2.80
in A®

binding energy for alcohol— —13.98 —13.98 —13.98 —13.98
alcohol (E') (kJ/mol)

binding energy for alcohol— —16.25 —16.25 —16.25 —16.25
DX (E™) (kJ/mol)

where o' = 1/(1 + a'e ") is the probability of bond
formation between alcohol and 1,4-dioxane. n; is the number
density of 1,4-dioxane molecules. The value of f = 1/kT and
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Figure 5. Mole fraction of 1,4-dioxane dependence of the g; (closed
symbols) and g, (open symbols): @, 1-propanol; €, 2-propanol; A,
1,2-propanediol; ¥, 1,3-propanediol.
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Figure 6. Mole fraction of 1,4-dioxane dependence of the n'! (closed
symbols) and n'> (open symbols): @, 1-propanol; @, 2-propanol; A,
1,2-propanediol; ¥, 1,3-propanediol; O, ethyleneglycol.

o7 is the ratio of the two sub volume 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", for alcohol—alcohol and alcohol—dioxane pair formed
bonds, respectively. The values of (ni{z) and {n{%) depend on
the densities of the hydrogen-bonding pairs between alcohol—1,4-
dioxane n'? and those between alcohol—alcohol molecule, i.e.,
n'! = 2n, — n'2. This can be calculated when alcohol—alcohol
(pair 1) and alcohol—1,4-dioxane (pair 2) are formed.?’ Figure
6 shows a plot of the average number of hydrogen bonds
between alcohol—alcohol molecules (11 pairs) and alcohol—1,4-
dioxane (12 pairs) against the mole fraction of 1,4-dioxane. It
can be seen from the values that (ni{z) and (n{%) depend on the
concentration of DX in alcohol—DX mixtures.

The average number of hydrogen-bonded alcohol—alcohol,
[nif]y, and alcohol—DX, [ni{f]y, per unit volume (cm?) are
computed as follows:!!

CaPmixNallon 11

[nih], = n (/em®)
HBlV MA HB
and
C APVl
(i1, = —2Lmaon, o) 7

n
HB
M DX

Here, C, is the weight fraction of alcohol, pui, (g/cm?®) is
the density of the mixtures, N, is the Avogadro number as
6.02 x 10?* (/mol), noy is the number of OH groups in a
molecule, and M, and Mpx are the molecular weight of
alcohol and DX molecules, respectively. Figure 7 shows plots
of [nlfs]v and [nig]y vs xpx. The value of [nh]y decreases
linearly with increasing xpyx, up to xpx = 0.7, and it appears
to change the slope at xpx = 0.7, tending to zero. The value
of [nif]y has a maximum at xpx = 0.7 in the alcohol—DX
mixture. These results provide information regarding the
interaction of the alcohol—alcohol and alcohol—DX molecules.

The concentration dependence of the dielectric permittivity
is calculated using eqs 3—6 and is compared with experi-
mental data. The model gives a good qualitative account of
the dielectric permittivity of the alcohol—1,4-dioxane mix-
tures. In our analysis, the best possible values of molecular
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Figure 7. Mole fraction of the 1,4-dioxane dependence of the number
of hydrogen bonds per unit volume (a) n''/Na (closed symbols) and
(b) n'*/Na (open symbols): @, l-propanol; 4, 2-propanol; A, 1,2-
propanediol; ¥, 1,3-propanediol; O, ethyleneglycol.

parameters with which the theoretical dielectric permittivity
values are in agreement with experimental values are shown
in Table 1. All parameters used in the calculations are the
same as those given in ref 27. The dipole moment arrange-
ment around one OH group is independent of the number
and position of OH groups in polar molecules from the results
of n'! and n'? but strongly depends on the number of carbon
atoms, as shown in Figures 6 and 7. These results indicate
that the hydrogen bonding in the alcohol—DX mixtures is
satisfied by the carbon atoms of the alcohol molecules.

In previous work, we discussed the cooperative region in
which the reorientation of molecules cooperatively occurs by
hydrogen bonding for the ethyleneglycol—DX mixtures.'! The
relaxation time is related to the apparent activation free energy
of the rearrangement of dipoles by the Eyring formula®

" exp( 2] ®)

Here, h is the Planck constant, kg is the Boltzmann constant, 7" is
the absolute temperature, R is the gas constant, and AG is the
apparent activation free energy, which relates to the relaxation rate
in the molecular environment. When the alcohol—DX mixture can
be treated as the ideal mixture, the free energy of the mixed
environment is equal to the arithmetical mean of the free energies
of the pure liquids, and the apparent activation free energy, AGyix,
is given by?

AG,;, = xpxAGpx + (1 — xpx)AG, )

where AGpx and AG, are the apparent activation free energies
for pure DX and alcohol, respectively. Then, the relaxation time
in the ideal case, Tigeq, for the mixture is given by

h AGmix)

Teat = k—Texp(—RT = 1px 7, 7Y (10)

where 7px and 7, are the relaxation time for pure DX and
alcohol, respectively. This equation gives a linear dependence
of the plots of the logarithm of 74, VS xpx. In our results,
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Figure 8. Mole fraction of 1,4-dioxane dependence of the relaxation
time for 1,3-propanediol—1,4-dioxane. Open symbols indicate the ratio
of the observed relaxation time to the relaxation time of the ideal
mixtures.
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Figure 9. Mole fraction of the 1,4-dioxane dependence of the T
@, 1-propanol; @, 2-propanol; A, 1,2-propanediol; ¥, 1,3-propanediol;
0O, ethyleneglycol.!!

as shown in Figure 3, the observed relaxation time of the
three carbon atoms in alcohol—DX mixtures (7,,) deviates
from 7;4¢, in the entire concentration range. Ty, is defined
as the ratio Tope/Tigea to discuss the deviation of 7., from
Tigeal, a8 shown in Figure 8. This value reflects the deviation
from the ideal case, i.e., the contribution of the cooperative
region of the alcohol and DX molecules by hydrogen bonds.

Figure 9 shows the plots of 7., against xpx for the
alcohol—DX mixtures. The value of 7., clearly shows a
maximum at xpx = 0.7 in 12PD—DX and 13PD—DX
mixtures. In the case of 1PrOH—DX and 2PrOH—DX
mixtures, it is seen that the value of 7,4, also shows
a maximum around xpx = 0.7. This concentration agrees well
with the concentration at which [n}%]y shows a maximum.
These results indicate that [n{f]y increases with increasing
xpx, when DX is added in the pure alcohol. At xpx = 0.7,
[nifs]y reaches a maximum, and the size of the cooperative
region of the alcohol—DX molecules shows the maximum.
It is noted that the maximum of the To, [Tratiolmaxs Of
12PG—DX and 13PG—DX mixtures is larger than that
of the 1IPrOH—DX and 2PrOH—DX mixtures, and [T ao]max
of the alcohol—DX mixtures with three carbon atoms is
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smaller than that of the ethylenelgycol—DX mixtures, as
shown in Figure 9. These results indicated that two OH
groups in 12PG and 13PG molecules can interact indepen-
dently with DX molecules, and the size of the cooperative
region for the 12PG and 13PG mixtures is larger than that
for IPrOH—DX and 2PrOH—DX mixtures. The cooperativity
of the alcohol and DX molecules strongly depends on the
number of carbons, and the size of the cooperative region of
alcohol—DX mixtures with three carbon atoms is smaller than
that of the ethyleneglycol—DX mixture.

Conclusion

The concentration dependent loss vs frequency plot reveals
a peak which shifts toward lower frequency with increase of
alcohol in the mixtures. The permittivity spectra can well be
described by summation of the Kohlrausch—Williams—Watts
(KWW) and Debye equations. The mixtures contain two types
of hydrogen bonds, one with alcohol—alcohol and the other
with alcohol—DX. The Luzar model indicates that the
bonding energy of the second pair is found to be 16% smaller
than the corresponding value of the first pair. This value was
6% for the ethyleneneglycol (EG)—DX system. The number
of hydrogen-bonded second pair in the mixture is maximum
at xpx = 0.7, whereas this value was 0.8 for EG—DX mixture.
The hydrogen-bond density between the alcohol and DX
molecules depends on not only the number OH groups in
polar molecules but also the number of carbons.
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