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Dielectric Properties of Ethyleneglycot-1,4-Dioxane Mixtures Using TDR Method
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Complex permittivity has been determined for mixtures of ethyleneglytd-dioxane (EG DX) with various
concentrations in the frequency range from 100 MHz to 30 GHz at@%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-diox&ne= 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 EGG (pair 1) and the other between EGX (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 the cluster size for pure water and methanol obtained from the

. . . . . results of the dielectric measurement for watend methanet
Dielectric studies have been carried out extensively on DX mixtures22

polyalcohol (molecule 1) and its water (molecule 2) mixtures
to understand intra- and intermolecular interactions through
hydrogen bondindg-° 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, 1-2, and 2-2).
The Luzar model has been used to estimate the number of thes
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?~18 The dipole moment of the DX
molecule is very small? and it is no pair formation between
two DX molecules® The interaction between DX molecules
can be neglected for the DXalcohol mixtureg? and the DX
molecule induces hydrogen-bonded cleavage between alcoho
molecules by adding DX to alcohol. Therefore, we can assume
for the DX—alcohol mixture that two kinds of intermolecular The EG and DX were purchased from Aldrich. EG had more
hydrogen bonds exist: one is the hydrogen bond betweenthan 99.8% purity and contained less than 0.003% water. DX
alcohol molecules (pair 1) and the other is the hydrogen bond had more than 99.8% purity and contained less than 0.005%
between alcohol and DX molecules (pair 2). In our earlier works, water. EG-DX mixtures with concentrations in the range from
we performed dielectric measurements for 1-propaidX 100 to O wt % at 10 wt % intervals were prepared. The dielectric
mixtures in the GHz region and discussed the cooperative complex permittivity of the mixtures was measured by time
motion of alcohol molecule®. Furthermore, we also reported  domain reflectometry (TDR) in the frequency range between
100 MHz and 30 GHz at 28C. Details of the apparatus and
* Corresponding author. the procedures of the TDR have been reported previddsIy.
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The Kirkwood correlation factor determined from the dielec-
tric constant gives information on the collective orientational
correlation between moleculésThe 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.

uzar suggested a new theoretical model based on the mean
field approximation for a hydrogen-bonded mixtéfeand the
theory gives a good qualitative agreement with the experimental
results for dimethylsulphoxidewater mixtures. However, no
further work has been carried out so far on alcohol systems
using the Luzar model. In this work, ethyleneglyedl4-
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@5The
dynamic behavior of the structure of the EG-DX mixtures is
discussed on the basis of on the Luzar model.

LExperiments
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Figure 1. Frequency dependences of the dielectric constant and 10Ss jgjcate the low- and high-frequency processes, respectively.
for ethyleneglycot-1,4-dioxane mixtures at various concentrations at
25 °C. Solid lines were calculated from the sum of the KWW and
Debye equations.

Results

The frequency dependence of the dielectric constant and los
for 0, 20, 40, 60, 80, and 100 wt % E@®X 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 (KWWY829 and Debye equations

o) =€, + Aq [ [— dq;t(t)] exp(—jwt) dt + ﬁi’;rh
)
Here
o) = ex;{— (i)ﬁK] 2
T

wheree, is the limiting high-frequency permittivityAe is the
relaxation strengthy is the relaxation timeg is the angular
frequency, andfk (0 < Bk =< 1) is a parameter for the

S
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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 Z5. Closed and open circles

0.7

Discussion

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

The amplitudes of these high-frequency processes are much
lower than that of the primary process. The relaxation times of
these high-frequency processes are2ldecades 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 &OH bond and non-hydrogen-bonded alcohol
molecules’®3! Our experimental results for the EM®X
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 EGEG 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

asymmetrical broadness of the loss peak. The subscripts in ecthe local structure of the EEDX mixtures using a cooperative

1 indicate the KWW:-type low-frequency (l) and Debye-type

domain model, which explains the local structure for alcehol

high-frequency (h) processes. The static dielectric constant iswater mixtures. Furthermore, the number of hydrogen bonds

written aseg = A€ + Aén + €w.

Figure 2 shows the dependence of the mole fraction of DX,
Xpx, on the dielectric relaxation parameters for the-H®X
mixtures. The dielectric relaxation time of the low-frequency
process decreases with increasiag, and it does not depend
linearly on xpx. The relaxation time of the high-frequency
process is independent ghx. The relaxation strength of the
low-frequency process decreases with increasipg. The

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 discuss&d.

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

relaxation strength of the high-frequency process is independentof the size of the domain results in the asymmetric shape of the

of xpx for xpx < 0.6, and decreases with increasixig for
xpx > 0.6. The value oBx decreases with increasimgyx over
the whole concentration range measured.

loss peak®We have already reported that the asymmetric shape
of the loss peak for alcohelwater mixtures is due to the
heterogeneous structure, reflecting the variation of the size and
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the dynamical structure of a cooperative domains (CDA&). T '
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?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 2r ]
three kinds of CDs leads to the asymmetric shape of the loss
peak for the alcohetwater mixtures. The populations of the

T(s)

Tratio

CDs under the three kinds of interactions strongly depend on 1 . ‘ :

the concentration, and the coexistence of the three kinds of CDs 0 02 04 06 08 1

can be used to explain the concentration dependence of the Xox

relaxation time and its distribution for the alcohalater Figure 3. (a) Mole fraction dependence of the relaxation time of the
mixtures. We assumed that the interaction between DX mol- low-frequency process,ns for ethyleneglycol-1,4-dioxane mixtures
ecules can also be neglected for the-HBX mixtures; thus, at 25°C. The dashed line shows the behavior for the ideal mixture. (b)

two kinds of CDs exist in the EGDX mixtures. We discuss Mole fraction dependence of.i, for ethyleneglycol-1,4-dioxane

th trati d d f the diel : tri | ti mixtures.trio is defined as the ratio of the observed relaxation time to
e concentration dependence of the dielectric relaxation y .. rejaxation time of the ideal mixturege

parameters on basis of the coexistence of the two kinds of CDs.

CDegg includes only EG molecules, and €B.px includes both o )

EG and DX molecules. are the apparent activation free energies of the rearrangements
Relaxation Time. The relaxation time is related to the ©f CDox and Clxg, respectively. The plots of the logarithm of

apparent activation free energy of the rearrangement of dipolesZideai2gainst the mole fraction of DX show a linear dependence,
by the Eyring formuld according to this equation, when the EGX mixtures are ideal.

We must estimate the relaxation time of pure DX to calculate

_h AG Tideal fOr EG—DX mixtures, because the relaxation process of
= @- ex ﬁ) @) pure DX was not observed. The early Debye theory, in which
a relaxation process is explained as being due to the hindered
Here, h is Planck constantks is the Boltzmann constant, reorientation of spherical polar molecules, predicts the propor-
is the absolute temperaturB,is the gas constant, amG is tionality between the relaxation time and the viscosit{f as

the apparent activation free energy. Assuming an ideal mixture 3
of liquid 1 and liquid 2, in which the dynamical structure of r= 4‘77_6‘,7
each pure liquid is retained in a mixed environment and the kg T
free energy of the mixed environment is equal to the arithmetical

mean of the free energies of the pure liquids, the apparentHere,ais the radius of a single molecule ands the viscosity.

(6)

activation free energyAGnix, is given by® We performed the dielectric measurement for 1,3-dioxane
(13DX) using a TDR measuring system and the viscosimetry
AGi=XAG; + (1 — x)AG, (4) for 13DX and DX using an Ubbelohde capillary viscosimeter

at 25°C. The dielectric relaxation time for 13DX is 9.0 ps.
where AG; and AG; are the apparent activation free energies The viscosity of 13DX is 1.083740.008) cp, and that of DX
for liquid 1 and liquid 2, respectively, and is the mole fraction is 1.1971 ¢0.0004) cp at 25C. Assuming that the radius of

of liquid 1. Then, the ideal behavior of the relaxation timgsa a DX molecule equals that of a 13DX molecule, the relaxation
for the mixture is given by time for pure DX is estimated asx = 7.2 ps by eq 6. This
value agrees with the extrapolation of the relaxation time of
_h AGui) o the primary process for the E@X mixtures, as shown in
Tideal — ﬁ_ex RT /|~ Lt ®) Figure 2a. The values dfigea for the EG-DX mixtures are

calculated from the observed value ©fg and the estimated

If AGnix is given by the three kinds of free energi®6;, AG, value oftpx. The observed relaxation timey,s and the ideal
and AGi,, whereAG;; is the apparent activation free energy relaxation time obtained from eq 6gea, are shown by closed
of the mixed environment of molecules of liquid 1 and liquid circles and a dashed line in Figure 3a, respectivEhe tops
2, andAGa»is equal to the arithmetical mean of the free energies does not agree withigeq Over the entire concentration range.
of the pure liquids. Then, the relaxation time can be described 7410 is defined as the ratioondTidea to discuss the deviation of
using eq 5. WherAGy, is not equal to the arithmetical mean of  7ops from 7igear Figure 3b shows the plots ofaic againstxpx.
the free energies of the pure liquids, the observed relaxation The value Oftraio Shows a maximum atpx = 0.8.
time disagrees with eq 5. The disagreement betweeg,s andrigeq reflects the apparent

According to eq 5, the ideal behavior of the relaxation time, activation free energy for the rearrangement ofggx. The
Tigeas fOr the EG-DX mixtures is calculated. Here, the subscripts existence of the CBs;—px leads to the deviation of thgpx
1and2ineq4 and5 denote DX and EG, &f@px andAGegg dependence of the relaxation time from linearity. The maximum
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value of traio at Xpx = 0.8 indicates that the population of
CDec-px is @ maximum at this concentration.

Dielectric Constant. The Kirkwood correlation factog; for
a mixture can be expressedas

(EO - 600)(260 + eoo)
9,

4o 2

kT £

gipiﬂiz (7)

wherei = 1 and 2 represent EG and DX, respectively. Here,

is the dipole moment of an EG or DX molecuggijs the density,
and g; is the Kirkwood correlation factor for théh 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 factoggandg, from a single value of
the static dielectric constant without any assumptions. Kirk-
wood-Frohlich theory must be applied to media containing two
species of molecules, and the cross-correlation terms must b
taken into account to separaggandg, when considering only
the hydrogen-bond contribution to the dipeldipole correlation.

In the present approach, the Kirkwood correlation factors for
individual species = 1 and 2 are modified, and these new
correlations are described by the following relatiéfs:

)
©)

wherezy; = 2E0) Z1, = A0 andZy = Mis0(1 — Xox)/
Xpx are the average numbers of hydrogen bonds between EG
EG, EG-DX, and DX—EG pairs, respectivelypi1, @12, and
@21 are the average angles between neighboring dipoles ef EG
EG, EG-DX, and DX—EG pairs, respectively, and cqs is
taken to bé/s. The average number of hydrogen bonig;§[J
&[] and M50 per EG molecule for ilpairs { = 1 or 2) has
been determined using to the following relat®n:

0,= 1+ Z;;, CoS@q,+ Z;,C08¢, (ot

0, = 1+ Z,; cos@yy(uyu,)

s 0= nyw/ng (10)
wherewl = 1/[1+ ol expBEY)] is the probability of bond

formation between EG and DX is the number density of

EG molecules = 1kT, anda® are the statistical volume ratios

of the two subvolumes of the phase space related to the non-
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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.

e

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

dipole moment of EG in Debye =2.38D

dipole moment of DX in Debyey, =0.97D
polarizability for EG in A& =5.90
polarizability of DX in A3 =2.84

bonding energy for EGEG, E* = —15.80 kJ/mol
bonding energy for EG-DX, B = —16.79 kJ/mol
statistical volume ratio for EGEG, a** =28

statistical volume ratio for EG-DXq*? =28

number of hydrogen bonds of EG =2

obtained are nearly the same as those for DMS@ter
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 E®X molecules

(12 pairs) per EG molecule againsik for the EG-DX mixtures.

01 andg, decrease with increasingx, whereasnﬁlB decreases
andng increases with increasingx. The value o/ is 1.91
atxpx = 0, and that of'3 is 1.93 atxpx = 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 H& pairs,
[niklv, and EG-DX pairs, [nglv, per unit volume (/cr)
usin

hydrogen-bonded and hydrogen-bonded pairs. These hydrogen-

bonded pairs have only two energy levetd! andE*?, for 11
and 12 pair-formed bonds, respectively. The values of
M50 and M50 depend on the number densities of the
hydrogen-bonded pairs between EG and Di)(and between
EG molecules rfi;= 2n; — nyp), respectievly. These can be
calculated, during which EGEG (11 pair) and EGDX (12
pair) are formed?

The concentration dependence of the static dielectric constants

is calculated using eqs—710 and is compared with experimental
data. Here, the parameters required in eg4(Q are the dipole
moments of molecules EGeg, and DX, upx, calculated from
the Onsagar relatioff,and the refractive indexy, calculated
from the Lorenz-Lorenz equatio”*2>The polarizability, static

CeaPmixN
[nii], = —EG“'; A I (o)
EG
and
CeaPmixN
[l = S22 02 (o) an
EG

Here, Cec is the weight fraction of EGpmix (g/cn?¥) is the
density of the mixtured\la is the Avogadro number, as 6.62
10?3 (/mol), andMgg is the molecular weight of EG. Figure 6
shows plots of fil;5]y and i3]y againstxpx. The value of

volume ratio, number of hydrogen bonds, and bonding energy [n,ﬂls]v decreases with increasingy, and that of {1&'25]\, has a
are the fitting parameters. The model gives a good qualitative maximum atxpx = 0.8; this concentration agrees with the

account of the dielectric constant of the EGX mixtures. In

concentration at whichyai, Shows a maximum value.

our analysis, the best possible values of molecular parameters Local Structure of EG—DX Mixtures. We discuss the

with which the theoretical static dielectric constant values are

concentration dependence of the population of two kinds of CDs

in reasonable agreement with the experimental values, shownfor the EG-DX mixtures. According to the cooperative domain

in Figure 4, are given in Table 1, and the fitting parameters

model, the pure EG must contain only B because no DX
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Figure 5. Plots of (a) the correlation factor and (b) the number of
hydrogen-bonded per ethyleneglycol molecule against mole fraction
of 1,4-dioxane for ethyleneglycell,4-dioxane mixtures.
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Figure 6. Plots of the number of hydrogen bonds per unit volume
against mole fraction of 1,4-dioxane for ethyleneglyebj4-dioxane
mixtures.

molecules are added. In this case, thevalue is not unity,
which is reflected in the microscopic relaxation time distribution
of CDgg, and the size of CRs is heterogeneous. At 8 xpx <

0.8, DX molecules interact with surrounding EG molecules by
hydrogen bonding, and these molecules formggBRx. The
fraction of CD:g-px increases, and that of GBdecreases with
increasing ¥x. Then, the increase in the population of €Ppx

44
brings about an increase in the heterogeneity of the CD size,

which leads to a decrease fix. At aroundxpx = 0.8, the
average size of CE-px and the average number of hydrogen
bonds between EG and DX molecules are maximum, becaus
Tratio and ni5]v are maximum. For 0.8 xpx, the decrease in
the number of EG molecules with increasirgk leads to a
decrease in the average number of hydrogen bonds betwee
EG and DX molecules, which reflected in the decrease in the
fraction of CD:c-px. The concentratiorxpx = 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 oneg€DRx at this
concentration, becausgg = 2. The value ofng at xpx = 1
implies that one EG molecule in a DX environment forms
hydrogen bonding with about two DX molecules, an&;f3
cannot exceed 2 in a mixed environment of DX and EG.

€
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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 which!Z shows a maximum obtained using
the Luzar model is in good agreement with the concentration
at whichtai 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 CBs-px leads to this deviation of relaxation time,
which shows a maximum abx = 0.8. On the other hand, the
numbers of hydrogen bonds of E&G 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 xx = 0.8. The hydrogen
bonds between EG and DX molecules results in the formation
of CDes-px. The concentration ofpx = 0.8 agrees precisely
with the concentration at which the relaxation time deviates most
from that of the ideal mixture.
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