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Complex permittivity has been determined for mixtures of ethyleneglycol-1,4-dioxane (EG-DX) with various
concentrations in the frequency range from 100 MHz to 30 GHz at 25°C by time domain reflectometry
(TDR). A primary process with an asymmetric shape and a Debye-type small-amplitude high-frequency process
are observed for each mixture. The deviation of the relaxation time for the primary process from that of the
ideal mixture shows a maximum value at a mole fraction of 1,4-dioxane,xDX = 0.8. The static permittivity
for the mixtures can be explained using the Luzar model by assuming the formation of two types of hydrogen-
bonded dimers, one between EG-EG (pair 1) and the other between EG-DX (pair 2). The number of these
pairs is also estimated as a function of concentration. These results of the relaxation time and static permittivity
are interpreted on the basis of a model of two kinds of cooperative domains coexisting in the mixtures.

Introduction

Dielectric studies have been carried out extensively on
polyalcohol (molecule 1) and its water (molecule 2) mixtures
to understand intra- and intermolecular interactions through
hydrogen bonding.1-9 The dielectric parameters provide infor-
mation about molecular dimers formed inside as a results of
hydrogen bonding. In these systems, both components of the
mixtures are polar and form hydrogen-bonded pairs. In principle,
there will be three types of pairs (i.e., 1-1, 1-2, and 2-2).
The Luzar model has been used to estimate the number of these
dimers in the systems, in spite of the limitation that the model
can only deal with two kinds of pairs. Therefore, this estimation
will be more appropriate, if one component of the mixture is
taken as a non-hydrogen-bonded liquid such as 1,4-dioxane
(DX).

DX-alcohol mixtures have been investigated extensively by
various techniques, such as those involving dielectrics, calo-
rimetry, and viscosity.10-18 The dipole moment of the DX
molecule is very small,19 and it is no pair formation between
two DX molecules.20 The interaction between DX molecules
can be neglected for the DX-alcohol mixtures,20 and the DX
molecule induces hydrogen-bonded cleavage between alcohol
molecules by adding DX to alcohol. Therefore, we can assume
for the DX-alcohol mixture that two kinds of intermolecular
hydrogen bonds exist: one is the hydrogen bond between
alcohol molecules (pair 1) and the other is the hydrogen bond
between alcohol and DX molecules (pair 2). In our earlier works,
we performed dielectric measurements for 1-propanol-DX
mixtures in the GHz region and discussed the cooperative
motion of alcohol molecules.21 Furthermore, we also reported

the cluster size for pure water and methanol obtained from the
results of the dielectric measurement for water- and methanol-
DX mixtures.22

The Kirkwood correlation factor determined from the dielec-
tric constant gives information on the collective orientational
correlation between molecules.23 The deviation of the Kirkwood
correlation factor from unity is a measure of the extent of
intermolecular hydrogen bonding. The calculation of the
theoretical dielectric constant using the Kirkwood correlation
factor provides a more detailed theoretical model for mixtures.
Luzar suggested a new theoretical model based on the mean
field approximation for a hydrogen-bonded mixture,24 and the
theory gives a good qualitative agreement with the experimental
results for dimethylsulphoxide-water mixtures. However, no
further work has been carried out so far on alcohol systems
using the Luzar model. In this work, ethyleneglycol-1,4-
dioxane (EG-DX) mixtures with various concentrations are
investigated by time domain reflectometory (TDR) in the
frequency range between 100 MHz and 30 GHz at 25°C. The
dynamic behavior of the structure of the EG-DX mixtures is
discussed on the basis of on the Luzar model.

Experiments

The EG and DX were purchased from Aldrich. EG had more
than 99.8% purity and contained less than 0.003% water. DX
had more than 99.8% purity and contained less than 0.005%
water. EG-DX mixtures with concentrations in the range from
100 to 0 wt % at 10 wt % intervals were prepared. The dielectric
complex permittivity of the mixtures was measured by time
domain reflectometry (TDR) in the frequency range between
100 MHz and 30 GHz at 25°C. Details of the apparatus and
the procedures of the TDR have been reported previously.5,26,27* Corresponding author.

2993J. Phys. Chem. A2007,111,2993-2998

10.1021/jp068222s CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/03/2007



Results

The frequency dependence of the dielectric constant and loss
for 0, 20, 40, 60, 80, and 100 wt % EG-DX mixtures at 25°C
are shown in Figure 1. A single loss peak is clearly observed
in the entire concentration range excepting pure DX. The loss-
peak frequency of the EG-DX mixtures shifts to a lower
frequency with increasing EG concentration and eventually
reaches that for pure EG. The dielectric spectrum of the EG-
DX mixtures shows good agreement with the relaxation curve
obtained by the simple summation of the Kohlrausch-
Williams-Watts (KWW)28,29 and Debye equations

Here

whereε∞ is the limiting high-frequency permittivity,∆ε is the
relaxation strength,τ is the relaxation time,ω is the angular
frequency, andâK (0 < âK e 1) is a parameter for the
asymmetrical broadness of the loss peak. The subscripts in eq
1 indicate the KWW-type low-frequency (l) and Debye-type
high-frequency (h) processes. The static dielectric constant is
written asε0 ) ∆εl + ∆εh + ε∞.

Figure 2 shows the dependence of the mole fraction of DX,
xDX, on the dielectric relaxation parameters for the EG-DX
mixtures. The dielectric relaxation time of the low-frequency
process decreases with increasingxDX, and it does not depend
linearly on xDX. The relaxation time of the high-frequency
process is independent ofxDX. The relaxation strength of the
low-frequency process decreases with increasingxDX. The
relaxation strength of the high-frequency process is independent
of xDX for xDX < 0.6, and decreases with increasingxDX for
xDX > 0.6. The value ofâK decreases with increasingxDX over
the whole concentration range measured.

Discussion

Dielectric measurements up to the sub-THz and THz regions
have been performed for water, monohydric alcohol, ethylene-
glycol, and alcohol-water mixtures around room temperature,
and some relaxation processes have been observed in the
frequency range higher than the primary loss-peak frequency.30-35

The amplitudes of these high-frequency processes are much
lower than that of the primary process. The relaxation times of
these high-frequency processes are 1-2 decades smaller than
that of the primary process. In one of the models of the
molecular mechanism, the high- and middle-frequency processes
are due to the rotation of non-hydrogen-bonded OH groups
around the C-OH bond and non-hydrogen-bonded alcohol
molecules.30,31 Our experimental results for the EG-DX
mixtures suggest that the KWW-type primary and the small-
amplitude Debye-type high-frequency processes are observed
in the whole frequency range measured. The dielectric relaxation
parameters of the primary process strongly depend on the EG
concentration. It is expected that this primary process is due to
the cooperative motion of EG-EG and/or EG-DX molecules
through hydrogen bonds. On the other hand, our results for the
dielectric parameters of the Debye-type high-frequency process
have large errors, because of the occurrence of relaxation
processes above the high-frequency limit of our measurement.
Therefore, we mainly focus on the concentration dependence
of the dielectric parameters of the primary process and discuss
the local structure of the EG-DX mixtures using a cooperative
domain model, which explains the local structure for alcohol-
water mixtures.9 Furthermore, the number of hydrogen bonds
of EG-EG and EG-DX molecules are calculated using the
Luzar model, and the local structure, based on the number of
hydrogen bonds, is discussed.24

Generally, the primary process observed for various glass-
forming polymers, associated liquids, and those water mixtures
exhibits an asymmetric loss peak. In a theoretical study, it has
been suggested that the motional units in the correlated domains
cooperatively move and the heterogeneity of the distribution
of the size of the domain results in the asymmetric shape of the
loss peak.33 We have already reported that the asymmetric shape
of the loss peak for alcohol-water mixtures is due to the
heterogeneous structure, reflecting the variation of the size and

Figure 1. Frequency dependences of the dielectric constant and loss
for ethyleneglycol-1,4-dioxane mixtures at various concentrations at
25 °C. Solid lines were calculated from the sum of the KWW and
Debye equations.

ε*(ω) ) ε∞ + ∆εl ∫0
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τl
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Figure 2. Mole fraction dependence of (a) relaxation time, (b)
relaxation strength, and (c) broadness of the relaxation curve for
ethyleneglycol-1,4-dioxane mixtures at 25°C. Closed and open circles
indicate the low- and high-frequency processes, respectively.
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the dynamical structure of a cooperative domains (CDs).9 A
CD is defined as a domain in which the reorientation of
molecules cooperatively occurs with dipole correlations. Then,
the cooperative motion is characterized by the size and the
structure of the CD. Stronger interactions among moving units
can yield a large CD, and a variation of the size of the CD
results in a corresponding variation of the microscopic relaxation
time; this variation of microscopic relaxation time causes an
asymmetric dielectric loss peak. We assumed that three kinds
of intermolecular interactions existed in the alcohol-water
mixtures.9,34-37 One is the interaction between the alcohol
molecules. The second is the interaction between the water
molecules. The last one is the interaction between the alcohol
and water molecules. The molecules form CDs based on the
three kinds of molecular interactions, and the coexistence of
three kinds of CDs leads to the asymmetric shape of the loss
peak for the alcohol-water mixtures. The populations of the
CDs under the three kinds of interactions strongly depend on
the concentration, and the coexistence of the three kinds of CDs
can be used to explain the concentration dependence of the
relaxation time and its distribution for the alcohol-water
mixtures. We assumed that the interaction between DX mol-
ecules can also be neglected for the EG-DX mixtures; thus,
two kinds of CDs exist in the EG-DX mixtures. We discuss
the concentration dependence of the dielectric relaxation
parameters on basis of the coexistence of the two kinds of CDs.
CDEG includes only EG molecules, and CDEG-DX includes both
EG and DX molecules.

Relaxation Time. The relaxation time is related to the
apparent activation free energy of the rearrangement of dipoles
by the Eyring formula38

Here, h is Planck constant,kB is the Boltzmann constant,T
is the absolute temperature,R is the gas constant, and∆G is
the apparent activation free energy. Assuming an ideal mixture
of liquid 1 and liquid 2, in which the dynamical structure of
each pure liquid is retained in a mixed environment and the
free energy of the mixed environment is equal to the arithmetical
mean of the free energies of the pure liquids, the apparent
activation free energy,∆Gmix, is given by39

where∆G1 and∆G2 are the apparent activation free energies
for liquid 1 and liquid 2, respectively, andx1 is the mole fraction
of liquid 1. Then, the ideal behavior of the relaxation time,τideal,
for the mixture is given by

If ∆Gmix is given by the three kinds of free energies∆G1, ∆G2,
and ∆G12, where∆G12 is the apparent activation free energy
of the mixed environment of molecules of liquid 1 and liquid
2, and∆G12 is equal to the arithmetical mean of the free energies
of the pure liquids. Then, the relaxation time can be described
using eq 5. When∆G12 is not equal to the arithmetical mean of
the free energies of the pure liquids, the observed relaxation
time disagrees with eq 5.

According to eq 5, the ideal behavior of the relaxation time,
τideal, for the EG-DX mixtures is calculated. Here, the subscripts
1 and 2 in eq 4 and 5 denote DX and EG, and∆GDX and∆GEG

are the apparent activation free energies of the rearrangements
of CDDX and CDEG, respectively. The plots of the logarithm of
τideal against the mole fraction of DX show a linear dependence,
according to this equation, when the EG-DX mixtures are ideal.
We must estimate the relaxation time of pure DX to calculate
τideal for EG-DX mixtures, because the relaxation process of
pure DX was not observed. The early Debye theory, in which
a relaxation process is explained as being due to the hindered
reorientation of spherical polar molecules, predicts the propor-
tionality between the relaxation time and the viscosity as40

Here,a is the radius of a single molecule andη is the viscosity.
We performed the dielectric measurement for 1,3-dioxane
(13DX) using a TDR measuring system and the viscosimetry
for 13DX and DX using an Ubbelohde capillary viscosimeter
at 25 °C. The dielectric relaxation time for 13DX is 9.0 ps.
The viscosity of 13DX is 1.0837 ((0.008) cp, and that of DX
is 1.1971 ((0.0004) cp at 25°C. Assuming that the radius of
a DX molecule equals that of a 13DX molecule, the relaxation
time for pure DX is estimated asτDX ) 7.2 ps by eq 6. This
value agrees with the extrapolation of the relaxation time of
the primary process for the EG-DX mixtures, as shown in
Figure 2a. The values ofτideal for the EG-DX mixtures are
calculated from the observed value ofτEG and the estimated
value ofτDX. The observed relaxation time,τobs, and the ideal
relaxation time obtained from eq 6,τideal, are shown by closed
circles and a dashed line in Figure 3a, respectively. The τobs

does not agree withτideal over the entire concentration range.
τratio is defined as the ratioτobs/τideal to discuss the deviation of
τobs from τideal. Figure 3b shows the plots ofτratio againstxDX.
The value ofτratio shows a maximum atxDX = 0.8.

The disagreement betweenτobsandτideal reflects the apparent
activation free energy for the rearrangement of CDEG-DX. The
existence of the CDEG-DX leads to the deviation of thexDX

dependence of the relaxation time from linearity. The maximum

Figure 3. (a) Mole fraction dependence of the relaxation time of the
low-frequency process,τobs, for ethyleneglycol-1,4-dioxane mixtures
at 25°C. The dashed line shows the behavior for the ideal mixture. (b)
Mole fraction dependence ofτratio for ethyleneglycol-1,4-dioxane
mixtures.τratio is defined as the ratio of the observed relaxation time to
that relaxation time of the ideal mixture,τideal.

τ ) 4πa3

kBT
η (6)

τ ) h
kBT

exp(∆G
RT) (3)

∆Gmix ) x1∆G1 + (1 - x1)∆G2 (4)

τideal )
h
kT

exp(∆Gmix

RT ) ) τ1
x1τ2

(1-x1) (5)
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value of τratio at xDX = 0.8 indicates that the population of
CDEG-DX is a maximum at this concentration.

Dielectric Constant.The Kirkwood correlation factorgi for
a mixture can be expressed as24

wherei ) 1 and 2 represent EG and DX, respectively. Here,µi

is the dipole moment of an EG or DX molecule,Fi is the density,
and gi is the Kirkwood correlation factor for theith liquid
component. The interpretation of the dielectric phenomena in
terms of the Kirkwood correlation factor is very difficult for a
mixture of associated compounds. It is impossible to separate
the average correlation factorsg1 andg2 from a single value of
the static dielectric constant without any assumptions. Kirk-
wood-Fröhlich theory must be applied to media containing two
species of molecules, and the cross-correlation terms must be
taken into account to separateg1 andg2 when considering only
the hydrogen-bond contribution to the dipole-dipole correlation.
In the present approach, the Kirkwood correlation factors for
individual speciesi ) 1 and 2 are modified, and these new
correlations are described by the following relations:24

whereZ11 ) 2〈nHB
11 〉, Z12 ) 〈nHB

12 〉, andZ21 ) 〈nHB
12 〉 (1 - xDX)/

xDX are the average numbers of hydrogen bonds between EG-
EG, EG-DX, and DX-EG pairs, respectively.æ11, æ12, and
æ21 are the average angles between neighboring dipoles of EG-
EG, EG-DX, and DX-EG pairs, respectively, and cosæij is
taken to be1/3. The average number of hydrogen bonds [〈nHB

11 〉,
〈nHB

12 〉, and〈nHB
21 〉] per EG molecule for 1i pairs (i ) 1 or 2) has

been determined using to the following relation:24

whereω1i ) 1/[1+ R1i exp(âE1i)] is the probability of bond
formation between EG and DX.n1 is the number density of
EG molecules,â ) 1/kT, andR1i are the statistical volume ratios
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 andE12, for 11
and 12 pair-formed bonds, respectively. The values of
〈nHB

12 〉 and 〈nHB
11 〉 depend on the number densities of the

hydrogen-bonded pairs between EG and DX (n12) and between
EG molecules (n11) 2n1 - n12), respectievly. These can be
calculated, during which EG-EG (11 pair) and EG-DX (12
pair) are formed.24

The concentration dependence of the static dielectric constants
is calculated using eqs 7-10 and is compared with experimental
data. Here, the parameters required in eqs 7-10 are the dipole
moments of molecules EG,µEG, and DX,µDX, calculated from
the Onsagar relation,24 and the refractive index,n, calculated
from the Lorenz-Lorenz equation.24,25The polarizability, static
volume ratio, number of hydrogen bonds, and bonding energy
are the fitting parameters. The model gives a good qualitative
account of the dielectric constant of the EG-DX mixtures. In
our analysis, the best possible values of molecular parameters
with which the theoretical static dielectric constant values are
in reasonable agreement with the experimental values, shown
in Figure 4, are given in Table 1, and the fitting parameters

obtained are nearly the same as those for DMSO-water
mixtures given in ref 24. Figure 5, panels a and b, shows plots
of the correlation factor and the average number of hydrogen
bonds of EG-EG molecules (11 pairs) and EG-DX molecules
(12 pairs) per EG molecule againstxDX for the EG-DX mixtures.
g1 andg2 decrease with increasingxDX, whereasnHB

11 decreases
andnHB

12 increases with increasingxDX. The value ofnHB
11 is 1.91

at xDX ) 0, and that ofnHB
12 is 1.93 atxDX ) 1. These results

suggest that one EG molecule interacts with 1.9 surrounding
EG molecules by hydrogen bonding in pure EG. We calculated
the average number of hydrogen-bonded EG-EG pairs,
[nHB

11 ]V, and EG-DX pairs, [nHB
12 ]V, per unit volume (/cm3)

using

and

Here, CEG is the weight fraction of EG,Fmix (g/cm3) is the
density of the mixtures,NA is the Avogadro number, as 6.02×
1023 (/mol), andMEG is the molecular weight of EG. Figure 6
shows plots of [nHB

11 ]V and [nHB
12 ]V againstxDX. The value of

[nHB
11 ]V decreases with increasingxDX, and that of [nHB

12 ]V has a
maximum atxDX = 0.8; this concentration agrees with the
concentration at whichτratio shows a maximum value.

Local Structure of EG-DX Mixtures. We discuss the
concentration dependence of the population of two kinds of CDs
for the EG-DX mixtures. According to the cooperative domain
model, the pure EG must contain only CDEG, because no DX

(ε0 - ε∞)(2ε0 + ε∞)

9ε0

)
4π

9kT
∑
i)1

2

giFiµi
2 (7)

g1 ) 1 + Z11 cosæ11+ Z12cosæ12(µ2/µ1) (8)

g2 ) 1 + Z21 cosæ21(µ1/µ2) (9)

〈nHB
1i 〉 ) n1iω

1i/n1 (10)

Figure 4. Plots of the static dielectric constant against concentration
of ethyleneglycol for ethyleneglycol-1,4-dioxane mixtures. The solid
line is calculated by eq 7, and here, Kirkwood correlation factors are
calculated from the Luzar model.

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

dipole moment of EG in Debye,µ1 ) 2.38 D
dipole moment of DX in Debye,µ2 ) 0.97 D
polarizability for EG in Å3 ) 5.90
polarizability of DX in Å3 ) 2.84
bonding energy for EGsEG, E11 ) -15.80 kJ/mol
bonding energy for EG-DX, E12 ) -16.79 kJ/mol
statistical volume ratio for EGsEG,R11 ) 28
statistical volume ratio for EG-DX,R12 ) 28
number of hydrogen bonds of EG ) 2

[nHB
11 ]V )

CEGFmixNA

MEG
nHB

11 (/cm3)

[nHB
12 ]V )

CEGFmixNA

MEG
nHB

12 (/cm3) (11)
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molecules are added. In this case, theâK value is not unity,
which is reflected in the microscopic relaxation time distribution
of CDEG, and the size of CDEG is heterogeneous. At 0< xDX <
0.8, DX molecules interact with surrounding EG molecules by
hydrogen bonding, and these molecules form CDEG-DX. The
fraction of CDEG-DX increases, and that of CDEG decreases with
increasing xDX. Then, the increase in the population of CDEG-DX

brings about an increase in the heterogeneity of the CD size,
which leads to a decrease inâK. At aroundxDX ) 0.8, the
average size of CDEG-DX and the average number of hydrogen
bonds between EG and DX molecules are maximum, because
τratio and [nHB

12 ]V are maximum. For 0.8< xDX, the decrease in
the number of EG molecules with increasingxDX leads to a
decrease in the average number of hydrogen bonds between
EG and DX molecules, which reflected in the decrease in the
fraction of CDEG-DX. The concentrationxDX = 1 can be
interpreted as the environment of infinitely diluted EG. One
EG molecule forms hydrogen bonds with about two DX
molecules, and these molecules form one CDEG-DX at this
concentration, becausenHB

12 = 2. The value ofnHB
12 at xDX = 1

implies that one EG molecule in a DX environment forms
hydrogen bonding with about two DX molecules, andnHB

12

cannot exceed 2 in a mixed environment of DX and EG.
Thermal analysis measurements of EG-DX mixtures have been
performed, and the excess activation free energy of the EG-
DX mixtures compared with the ideal mixture shows a minimum
at xDX = 0.6, and this concentration corresponds to the binary
composition of a 1 EG-2 DX complex.16 This description

corresponds with our results for the size of the cooperative
domain in infinitely diluted EG.

Finally, the application of the Luzar model is discussed. The
concentration at whichnHB

12 shows a maximum obtained using
the Luzar model is in good agreement with the concentration
at whichτratio shows a maximum. This agreement suggests that
the physical picture obtained from the Luzar model using the
dielectric constant does not contradict that obtained from the
cooperative domain model using the relaxation time. Therefore,
the Luzar model provides a theoretical basis for the computation
of the molecular parameters, as listed in Table 1, with the help
of experimental values of the static dielectric constant in the
binary liquid mixture. There is no other theory available that
provides these molecular parameters.

Conclusion

The asymmetric shape of the loss peak is observed for the
EG-DX mixtures over the entire concentration range. The
concentration dependence of the relaxation time of the primary
process deviates from that expected for the ideal mixture. The
existence of CDEG-DX leads to this deviation of relaxation time,
which shows a maximum atxDX = 0.8. On the other hand, the
numbers of hydrogen bonds of EG-EG and EG-DX molecules
are obtained from the dielectric constant using the Luzar model.
On average, one EG molecule forms hydrogen bonds 1.9
surrounding EG molecules in pure EG. The number of hydrogen
bonds of EG-DX molecules increases with increasing DX
concentration and is a maximum atxDX = 0.8. The hydrogen
bonds between EG and DX molecules results in the formation
of CDEG-DX. The concentration ofxDX = 0.8 agrees precisely
with the concentration at which the relaxation time deviates most
from that of the ideal mixture.
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