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Broadband dielectric measurements for triethyleneglycol �3EG�-water mixtures with various concentrations
were performed in the frequency range of 10 �Hz–10 GHz and in the temperature range of 130–298 K. For
each mixture, the separation of the primary ��� and secondary processes is observed below the crossover
temperature, TC. In the case of 80–100 wt % 3EG-water mixtures, the Kohlrausch-Williams-Watts–type pri-
mary process above TC continues to the � process below TC, and an additional secondary process is observed
in the frequency range higher than that of the � process below TC. On the other hand, the primary process for
65 and 70 wt % 3EG-water mixtures above TC continues to the higher-frequency secondary process below TC,
and an additional � process appears at a frequency lower than that of the secondary process. The contribution
of water to relaxation processes is discussed, to clarify the molecular mechanism of the separation behavior.
The characteristic separation behavior of the relaxation processes for high-water-content 3EG-water mixtures
is due to the existence of excess water, which cannot move cooperatively with solute 3EG molecules below TC.
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I. INTRODUCTION

When a liquid is rapidly supercooled below the melting
point, its structural relaxation time increases over 13 decades
with decreasing temperature. This relaxation time becomes
larger than the laboratory time scale below the glass transi-
tion temperature, Tg, and the system becomes a glass. Glass-
forming polymers and supercooled liquids have been inten-
sively investigated at temperature below Tg by dielectric
spectroscopies, to clearly understand the molecular dynamics
related to glass transition �1,2�. According to the results for
many glass formers, a primary process, i.e., the structural �
process, is observed. Then, Tg has often been defined as the
temperature at which the relaxation time of the � process is
100 s �3–5�. The temperature dependence of the relaxation
time of the � process generally obeys the Vogel-Fulcher
�VF� law �6,7�, and the dielectric loss spectrum is asymmet-
ric, as described by the Kohlrausch-Williams-Watts �KWW�
�8,9� or Davidson-Cole equations �10�. The molecular dy-
namics of the � process is generally interpreted on the basis
of the molecular motion of a cooperative region �11�. An
additional relaxation process, i.e., the secondary ��� process,
is observed at frequencies higher than those of the � process
below the crossover temperature, TC, even for glass-forming
polymer and some small molecular liquids �1,2�. It is gener-
ally shown that the temperature dependence of the relaxation
time of the � process obeys the Arrhenius law, and the loss
spectrum is symmetric, as described by the Cole-Cole equa-
tion. The � process is found to be universal for glass-forming
liquids and polymers; hence, it is generally believed to be
characteristic of “glass transition.”

Various aqueous solutions, such as molecular liquids,
polymers, sugar, and biopolymers, have been investigated by
dielectric spectroscopy, to clarify the relaxation phenomena

in the supercooled and glassy state of the aqueous solutions
�12–23�. For some aqueous solutions in water rich regions,
the � and � processes are observed around Tg. The relaxation
times of the � process usually follow a VF-type temperature
dependence, and it was considered to be due to the coopera-
tive rearrangement of the water and solute molecules. The �
process has usually been associated with the motion of water
molecules in solution. The temperature dependence of the
relaxation time of the �-process is usually Arrhenius-like
below Tg. In our early work, we have carried out broadband
dielectric measurements for 65 wt % ethyleneglycol oligo-
mer �EGO�- and polyethyleneglycol-water mixtures with
various repeat units of a solute molecule �nEGO� in the tem-
perature range of 130–300 K and in the frequency range of
1 �Hz–10 GHz �16,17�. For each mixture, only one relax-
ation process, called the a process �1�, is observed above TC,
and the � and � processes are observed below TC. For
nEGO�2, the a process continues to the � process below TC,
and the additional � process is observed below TC. In con-
trast, for nEGO�3, the a process continues to the � process
below TC, and the additional � process is observed at fre-
quencies lower than the � process below TC. These results
indicate that the �-� separation behavior markedly changes
at nEGO=3 for 65 wt % EGO-water mixtures with various
nEGO, and the EGO-water mixtures with nEGO�3 can be
considered as a suitable example of the large solute-water
mixtures that exhibit glass transition.

In our previous work, 65–100 wt % triethyleneglycol
�3EG�-water mixtures were investigated by broadband di-
electric measurement �18�. Two relaxation processes are
clearly observed below about 180 K for all materials. For
65–80 wt %, the � process is brought about by the coopera-
tive motion of solute and water molecules. The high-
frequency � process is brought about by the motion of water
molecules. For 90–100 wt % 3EG-water mixtures, the low-
frequency � process is brought about by the cooperative mo-
tion of solute and water molecules, and its molecular mecha-*Corresponding author.

PHYSICAL REVIEW E 78, 011501 �2008�

1539-3755/2008/78�1�/011501�7� ©2008 The American Physical Society011501-1

http://dx.doi.org/10.1103/PhysRevE.78.011501


nism is similar to that of the 65–80 wt % 3EG-water
mixtures. The high-frequency secondary process is a Johari-
Goldstein ��JG� process of the 3EG molecules based on a
coupling model proposed by Ngai and coworkers �23–28�.
The characteristics of the secondary processes are different
between the 65–80 wt % and 90–100 wt % 3EG-water mix-
tures. However, the relationship between the molecular dy-
namics above TC and molecular mechanism of the �-� sepa-
ration behavior for the 3EG-water mixtures is not clear yet.

The a process of the aqueous solutions above TC reflects
the molecular interaction based on the molecular structure of
solute and water content. When the temperature decreases,
the a process separates into the � and � processes below TC.
Thus, the molecular mechanism of the �-� separation behav-
ior relates to the microscopic molecular environments above
TC, and the �-� separation behavior offers important bind-
ings to understand the relaxation phenomena in the super-
cooled and glassy state of the aqueous solutions. In this
work, the separation behavior for the 3EG-water mixtures as
an example of the large solute-water mixtures is investigated,
and the relationships between the molecular dynamics above
TC and the �-� separation behavior is discussed.

II. EXPERIMENT

The 3EG used in this experiment was purchased from
Aldrich. Distilled and deionized water with an electric con-
ductivity lower than 18.3 �S /m was obtained from ultrapure
water products �Millipore, MILLI-Q Lab�. Aqueous solu-
tions of 65, 70, 80, 90, 94, and 100 wt % 3EG were pre-
pared.

We used four dielectric measurement systems in order to
cover the frequency range of 1 �Hz–10 GHz. From
1 MHz to 10 GHz, time domain reflectometry �TDR� mea-
surements were performed �29,30�. An LCR meter �HP
4284A� was used from 20 Hz to 1 MHz. We used an im-
proved ac phase analysis �ACPA� method for the frequency
range of 10 �Hz–1 kHz �31�. For the range of
1 �Hz–10 mHz, a dc transient current �DCTC� method was
also improved using a subfemtoamp remote source meter
�KEITHLEY 6430� �31�. The sample cell used for the TDR
measurement in the frequency range of 1 MHz–1 GHz was
a coaxial cylindrical electrode �air capacitance was 100 fF�.
For the TDR measurement in the frequency range higher
than 1 GHz, the sample was placed at the end of the coaxial
line �the diameters of center and outer conductors were 0.5
and 2.2 mm, respectively�, and the end of the coaxial line
acted as the electrode �the air capacitance was 10.0 fF�. For
TDR measurement, the temperature was controlled within an
accuracy of �0.05 °C using a water bath. The sample cell
used for the LCR meter, ACPA, and DCTC measurements in
the frequency range below 1 MHz was a three-terminal co-
axial cylindrical electrode �the air capacitance was
18.00 pF�. The temperature of the sample cell was controlled
at an accuracy of �0.1 °C using a cryostat �IWATANI GAS,
CRT-006-6000�.

III. RESULTS

Figure 1 shows the dielectric loss spectra for the 65 wt %
and 80 wt % 3EG-water mixtures, and pure 3EG at various

temperatures. For each mixture, a single loss peak is ob-
served in the high-temperature range, and two loss peaks are
clearly observed in the low-temperature range.

Figure 2 shows the dielectric loss spectra for the 65, 80,
and 100 wt % 3EG-water mixtures at 233.2 K in order to
show the shape of the primary process called the a process
�1� in the temperature range at which only one loss peak is
observed. The loss spectra for the 80–100 wt % 3EG-water
mixtures agrees well with the relaxation curve calculated us-
ing the KWW equation within the frequency range of �1.5
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FIG. 1. Dielectric loss spectra for �a� 65 and �b� 80 wt %
triethylenelglycol-water mixtures, and �c� pure triethyleneglycol at
various temperatures. The solid line indicates the simple summation
of the KWW and two Cole-Cole equations. The arrows indicate the
deviation of the relaxation curve calculated from the experimental
results.
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FIG. 2. Dielectric loss spectra for �a� and �b� 100, �c� and �d� 80,
and �e� and �f� 65 wt % triethyleneglycol-water mixtures at 233 K.
The solid and dotted lines indicate the results calculated using the
KWW and HN equations, respectively.
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decades around the loss peak frequency. The KWW equation
is given by �8,9�

�*��� = �	 + ��S − �	��
0

	 �−
d
�t�

dt
�exp�− j�t�dt . �1�

Here,


�t� = exp�− � t

�
	�KWW� , �2�

where t is the time, j is the imaginary unit, �S is the limiting
low-frequency permittivity, �	 is the limiting high-frequency
permittivity, � is the relaxation time, � is the angular fre-
quency, and �KWW �0��KWW�1� quantifies the asymmetric
broadening of a loss spectrum. Equation �2� with �KWW=1
corresponds to the Debye-type relaxation. The �KWW value of
the 80–100 wt % 3EG-water mixtures is not unity. These
results indicate that the loss spectrum for the 80–100 wt %
3EG-water mixtures shows a KWW-type asymmetric shape.

On the other hand, the dielectric loss spectra of the 65 and
70 wt % 3EG-water mixtures cannot be described by the
KWW equation, showing a systematic deviation as shown in
Figs. 2�e� and 2�f�. This can be described well by the
Havriliak-Negami �HN� equation within the frequency range
of �1.5 decades around the loss peak frequency. The HN
equation is given by

�*��� = �	 +
�S − �	

�1 + �j����HN��HN
, �3�

where �HN�0��HN�1� and �HN�0��HN�1� quantify the
asymmetric and symmetric broadenings of a loss spectrum,
respectively. Equation �3� with �HN=1 and that with �HN
=1 correspond to the Cole-Cole-type and Devidson-Cole-
type relaxations, respectively. The shape parameters of the
loss spectrum obtained by curve fitting for the 65 wt % 3EG-
water mixture are �HN=0.82 and �HN=0.88 �then �HN�HN
=0.72�. The dielectric spectra for the pure 3EG and 80 wt %
3EG-water mixture can also be described well by the HN
equation. The shape parameters obtained by curve fitting are
�HN=0.73 and �HN=0.92 ��HN�HN=0.67� for the 80 wt %
3EG-water mixture, and �HN=0.65 and �HN=0.94 ��HN�HN
=0.61� for the pure 3EG. These results indicate that �HN
increases and �HN�HN approaches the �HN with increasing
water concentration. The limiting behaviors of the loss spec-
tra at the low- and high-frequency wings are characterized as
�32�

� log �����
� log �

= �HN ��  �−1� �4�

and

� log �����
� log �

= − �HN�HN �� � �−1� , �5�

respectively. When �HN�HN agrees with �HN, the loss spectra
show a Cole-Cole-type symmetric shape. The values of the

shape parameters indicate that the loss spectra of the
65–70 wt % 3EG-water mixtures are more symmetric than
those of the 80–100 wt % 3EG-water mixtures.

In the low-temperature range, the primary � process and
the �JG process are observed for the 90–100 wt % 3EG-
water mixtures as shown in Fig. 1�c�. The � process and �
process, whose strength is much larger than that of the �JG
process, are observed for the 65–80 wt % 3EG-water mix-
tures. The dielectric spectra for the 65–100 wt % 3EG-water
mixtures can be described by the simple summation of the
KWW and Cole-Cole equations, and in terms of the dc con-
ductivity,

�*��� = �	 + ����
0

	 �−
d
�t�

dt
�exp�− j�t�dt

+
���

1 + �j�����CC
+

�

j��0
, �6�

and


�t� = exp�− � t

��
	�KWW� .

Here, �� is the relaxation strength and �CC �0��CC�1�
quantifies the symmetric broadening of a loss spectrum. � is
the dc conductivity, and �0 is the permittivity of free space.
The subscripts � and � indicate the primary � process and
secondary � or �JG processes, respectively. In the frequency
range +2 decades higher than the � process for 65 and
80 wt % 3EG-water mixtures, the deviation of the relaxation
curve calculated from Eq. �6� from the experimental results
is observed as indicated arrows in Figs. 1�a� and 1�b�. This
deviation is a contribution of an excess-wing or a high-
frequency flank discussed tail of another relaxation process
�33–36�. This work does not focus on the high-frequency
process.

Figure 3 shows plots of relaxation time for the 65 and
80 wt % 3EG-water mixtures and pure 3EG against recipro-
cal temperature. The relaxation time of the a process, �a, for
the 80–100 wt % 3EG-water mixtures continues to �� below
the crossover temperature, TC. On the other hand, �a for the
65–70 wt % 3EG-water mixtures seems to continue to ��

below TC. Here, the TC of the pure 3EG is defined as the
temperature at which the extrapolation from ��JG below Tg
agrees with ��. The TC of the 65–80 wt % 3EG-water mix-
tures cannot be defined from the Arrhenius diagram, because
�� does not merge with ��. Thus, TC is defined from the
relaxation strengths of the 65–80 wt % 3EG-water mixtures
as follows. The ��� for the 80 wt % 3EG-water mixture and
��� for the 65 wt % 3EG-water mixture decrease with in-
creasing temperature and become zero, as shown in Fig. 4.
The TC of the 65 wt % 3EG-water mixture is defined as the
temperature at which ��� becomes zero, and that of the
80 wt % 3EG-water mixture is defined as the temperature at
which ��� becomes zero. The temperature dependence of ��

for each mixture is described by the Vogel-Fulcher �VF�
equation
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log �� = log �	VF +
A

T − T0
, �7�

where T is the temperature, and �	VF, A, and T0 are empirical
VF parameters. The temperature dependence of ��JG for
90–100 wt % 3EG-water mixtures and �� for the

65–80 wt % 3EG-water mixtures below Tg is described by
the Arrhenius equation

log �� = log �	Arr +
�E

RT
, �8�

where �	Arr is the pre-exponential factor, R is the gas con-
stant, and �E is the apparent molar activation energy.

Figures 4�a�–4�c� show plots of relaxation strength for the
65, 80, and 100 wt % 3EG-water mixtures against reciprocal
temperature. For the pure 3EG below TC, the ��� increases
and ���JG slightly decreases with decreasing temperature.
For the 80 wt % 3EG-water mixture immediately below TC,
��� decreases when ��� increases with decreasing tempera-
ture, and it increases when ��� decreases with decreasing
temperature. For the 65 wt % 3EG-water mixture, ��� is ob-
served at TC, and it monotonically increases with decreasing
temperature, and then ��� decreases. Cross symbols in Figs.
4�a� and 4�b� indicate the summation of ��� and ���. The
values of these parameters agree with the extrapolated values
of the relaxation strength for the a process, ��a, above TC.

IV. DISCUSSION

For the results of the 80–100 wt % �low-water-content�
3EG-water mixtures, the a process above TC continues to the
� process below TC, and additional secondary process is ob-
served below TC. On the other hand, for the 65–70 wt %
�high-water-content� 3EG-water mixtures, the a process
above TC continues to the � process below TC, and an addi-
tional � process is observed below TC. These results indicate
that the separation behavior clearly depends on the water
content. First, we discuss the contribution of water to the a
process for the 3EG-water mixtures on the basis of the water
content dependences of the relaxation strength.

Figure 5 shows plots of relaxation strength for the 3EG-
water mixtures against the water content, cwater �g /cm3�, at
25 °C, as an example that explains physical insights into the
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equations.
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a process, in order to estimate the contributions of water and
3EG molecules to the relaxation strength of the a process.
The relaxation strength increases with increasing cwater, and
this increase is not linear. The straight dashed line connects
the relaxation strength of 73.2 for pure water at cwater
=0.994 and that of 0 at cwater=0. The dotted line connects the
relaxation strength of 19.8 for pure 3EG at cwater=0 and that
of 0 at cwater=0.994. The dashed-dotted line connects the
relaxation strength of 73.2 for pure water and that of 19.8 for
pure 3EG. The dashed and dotted lines are assumed to indi-
cate the contribution of water, ��water, and that of 3EG,
��3EG. The calculated ��water increases and ��3EG decreases
with increasing cwater caused by an increase in the number of
water molecules per unit volume. The ratio of ��water to
��3EG is unity at cwater
0.2 �80 wt % �, and ��water is larger
than ��3EG in the high-water-content 3EG-water mixtures,
cwater�0.2. The ��water+��3EG deviates from the relaxation
strength observed, and this deviation, ��dev, is small,
��dev /���10%. If ��dev is divided into the contribution of
water and 3EG, the ratio of ��water to ��3EG is also unity at
cwater
0.2. These results suggest that the contribution of the
water molecules to the a process is smaller than that of the
3EG molecules in the low-water-content �i.e., cwater�0.2�
3EG-water mixtures, and it becomes predominant in the
high-water-content �i.e., cwater�0.2� 3EG-water mixtures.

It is noted that the a process for the low-water-content
3EG-water mixtures is the KWW-type asymmetric relaxation
process. On the other hand, the a process for the high-water-
content 3EG-water mixtures deviates from the KWW-type
relaxation process, as shown in Fig. 2. The difference of the
shape of loss spectrum can be discussed based on the contri-
bution of water to the relaxation process. Generally, the �
process for the various glass-forming materials shows the
asymmetric shape of loss spectrum �1,2�. The primary loss
spectrum of the water mixture of small associated liquids
also shows the asymmetric shape �37,38�. These loss spectra
are in good agreement with the relaxation curve calculated
from the KWW equation. Convincing interpretations of the
asymmetric loss spectrum for these kinds of materials are
based on the cooperative motion of moving units. On the
other hand, the symmetric loss spectrum has been observed
for the relaxation process of water in the synthetic polymers-
and biopolymers-water mixtures �20,37–43� and for the re-
laxation process of molecular liquids confined in porous sys-
tems �44,45�. The common feature of the molecules contrib-
uting to the relaxation process in these systems is that they
are spatially confined and exist under a geometrical con-
straint. For the experimental results of the dielectric relax-
ation process of polymer-water mixtures, the relaxation time
and the symmetric broadening of the relaxation process of
water increases with increasing polymer concentration, and it
can be explained by the geometrical self-similarity of the
polymer network �40�. Therefore, the spatially restricted mo-
tion of water molecules under the geometrical constraint
causes the symmetric broadening of the loss spectrum. For
the results of the high-water-content 3EG-water mixtures
�37�, the water molecules can move cooperatively with
around water molecules by hydrogen bonds. However, the
3EG molecules are too large to move cooperatively with wa-
ter molecules, and then, the large 3EG molecule behaves as a

geometrical constraint to the motion of water molecules.
Therefore, the a process with deviation from the KWW-type
relaxation process is caused by the contribution of uncoop-
erative water molecules with the 3EG, predominantly. For
the low-water-content 3EG-water mixtures, the water mol-
ecules also cannot move cooperatively with the 3EG mol-
ecules, but the contribution of the water molecules to the a
process is much smaller than that of the 3EG. Then, the
contribution of 3EG to the a process is predominant, and the
cooperative motion of 3EG molecules leads to the KWW-
type asymmetric loss spectrum. Therefore, the a process for
the high-water-content 3EG-water mixtures is more symmet-
ric than those of the low-water-content 3EG-water mixtures
caused by the contribution of water to the a process, pre-
dominantly.

Next, the relationships between the molecular mechanism
of the a process and the �-� separation behavior of the 3EG-
water mixtures is discussed based on the contribution of wa-
ter to the relaxation processes above and below TC. We pre-
viously reported the water content dependence of the
relaxation strengths for the 3EG-water mixtures below TC
�18�. For the low-water-content 3EG-water mixtures, ���

increases with increasing cwater and reaches maximum at
cwater
0.2 �=80 wt % �, and ���JG is maintained constant.
For the high-water-content 3EG-water mixtures, ��� in-
creases with increasing cwater, and then ��� decreases. These
results can also be interpreted based on the cooperative mo-
tion of the water molecules with the 3EG molecules. For the
low-water-content 3EG-water mixtures, the water molecules
become able to move cooperatively with surrounding 3EG
molecules below TC, and this cooperative motion leads to the
� process. It is noted that the local motions of 3EG lead to
the �JG process, because the �JG process is observed at pure
3EG. For the high-water content 3EG-water mixtures, the
number of water molecules, which cannot move coopera-
tively with the 3EG molecules, increases with decreasing
3EG molecules. Such uncooperative water molecules with
3EG molecules behave as “excess water molecules.” The co-
operative motion of water and 3EG molecules leads to the �
process, and the motion of these excess water molecules
leads to the � process. There results suggest that the molecu-
lar mechanism of the � and � processes is different between
the low- and high-water-content 3EG-water mixtures. Ac-
cording to these results, the molecular mechanism of the �-�
separation behaviors is discussed.

In particular, it is well known that the temperature depen-
dence of the � process for most glasses shows the VF curve.
According to Adam and Gibbs’s theory, the VF curvature for
the � process is related to the increase of size of the coop-
erative region, in which the reorientation of moving units
occurred cooperatively, with decreasing temperature �11�.
For the results of the Arrhenius diagram for the low-water-
content 3EG-water mixtures in Fig. 3, the plotted curve from
the a process at high temperature to the � process down to Tg
is the VF type. Below TC, some water molecules begin to
move cooperatively with 3EG molecules and the cooperative
motion of the water and 3EG molecules leads to the � pro-
cess. On the other hand, for the high-water-content 3EG-
water mixtures, the plotted curve from the a process at high
temperature to the � process down to Tg is the VF type. This
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result indicates that the size cooperative region of water in-
creases with decreasing temperature. Below TC, some water
molecules also begin to move cooperatively with 3EG mol-
ecules and the cooperative motion of the water and 3EG
molecules leads to the additional low-frequency � process.
However, the excess water molecules are confined from the
3EG molecules and still contribute to the � process down to
Tg. Therefore, the a process continuing to the � process is a
result of the keep to contribute the water molecules.

It is already noted that the 3EG-water mixtures can be
considered as an example of the large solute-water mixtures.
Thus, the �-� separation behavior of the 3EG-water mix-
tures is compared with that of the small solute-water mix-
tures. Figure 6 shows schematically the �-� separation be-
havior depending on the molecular size and water content for
alcohol-water mixtures reported �13–18�. The right-hand side
of Fig. 6 corresponds to water mixtures with large solute
molecules �large EGO- and polyethleneglyocol-water mix-
tures�. In the low-water-content mixtures, the a process
caused by the cooperative motion of solute molecules mainly
is observed above TC. This a process above TC continues to
the � process below TC and additional �JG processes are
observed below TC. It is also observed for many glass-
forming polymers, such as polycarbonate, polyvinyl chlo-
ride, polychloroprene, and poly�ethylene terephthalate�, and
each polymer has a main dipole moment rigidly attached to
the main chain. It is generally accepted that the cooperative
motion of moving units in a main chain leads to the � pro-
cess �1,2�. The �JG process is brought about by the local
motion of the main chain, and the relaxation strength of the
�JG process is much smaller than that of the � process in the
whole temperature range observed �1,2�. For the high-water-
content mixtures, the a process caused by the restricted mo-

tion of water from the polymer molecules mainly is observed
above TC. The a process above TC continues to the � process
below TC, and the additional low-frequency � processes are
observed below TC. The temperature dependence of the re-
laxation parameters of the high-water-content large-solute
mixtures is similar to that for Poly�n-alkyl-methacrylate�s
and polyepoxy compounds �1,2,46�. The characteristic �-�
separation behavior for the high-water-content large-solute
mixtures is brought about by the following facts: �i� the a
process is dominated by the main dipoles with high mobility,
i.e., the water molecules. �ii� The water molecules begin to
move cooperatively with the solute molecules below TC. The
uncooperative motion of the water with the solute molecules
leads to the more symmetric shape of the a process. Imme-
diately below TC, the large � process continuing to the a
process is caused by the contribution of many water mol-
ecules, and the cooperative motion of some water and 3EG
molecules leads to the � process.

On the other hand, the left-hand side of the Fig. 6 corre-
sponds to water mixtures with small solute molecules, such
as ethyeleglycol and glycerol �13–16�. In the case of the
low-water-content mixtures, the a process is observed in the
whole temperature range measured, and the loss spectrum of
the a process is the KWW-type asymmetric shape. Some
decades above the loss peak frequency, an excess wing �also
called “high-frequency wing” or “tail”� shows up as a high-
frequency excess contribution to the power law �33–36�. Re-
cently, the excess wing has been discussed as the tail of the
�JG process �26�. For the high-water content mixtures, the
KWW-type asymmetric a process caused by the cooperative
motion of alcohol and water molecules is also observed
above TC. The KWW-type asymmetric a process above TC
continues to the � process below TC, and the additional �
process with large relaxation strength are observed below TC.
For the high-water-content small-solute mixtures, the coop-
erative motion of some alcohol and solute molecules mainly
contributes to the a process. The uncooperative water mol-
ecules with the solute are also coexistent, and these water
molecules behave as the excess water molecules. Below TC,
the contribution of the excess water molecules separated
from the � process is observed as the � process.

It is concluded that the molecular mechanism of the � and
� processes for the high-water content large-solute mixtures
is similar to that for the high-water-content small-solute mix-
tures. However, the separation behaviors for these water-
mixtures are different caused by the difference in the mo-
lecular mechanism of the a process.

V. CONCLUSION

We performed broadband dielectric measurements for
3EG-water mixtures with various water contents in the fre-
quency range of 1 �Hz–10 GHz and in the temperature
range of 130–298 K. In the water concentration range at
which the contribution of the 3EG molecules to the a process
is predominant, the a process continues to the � process
below TC, and the additional � process is observed at the
frequencies higher than that of the � process below TC. On
the other hand, in the water concentration range at which the

FIG. 6. Schematic representations of the �-� separation behav-
ior for the small solute-water mixtures �left-hand side� large solute-
water mixtures �right-hand side�. �a� The results of the
ethyleneglycol- and glycerol-water mixtures with various water
content �13–15�. �b� The results of the 65 wt % ethyleneglycol
oligomer-water mixtures �14,16�. �c� The results of the
triethyleneglycol-water mixtures with various water content �this
work�.
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contribution of the water molecules to the a process is pre-
dominant, the a process continues to the � process below TC,
and the additional � process is observed at the frequencies
lower than that of the � process below TC. In this water
concentration range, some water molecules begin to move
cooperatively with the 3EG molecules below TC, and this
cooperative motion leads to the � process. The motion of the
excess water molecules, which cannot move cooperatively
with 3EG, leads to the � process. The difference in the �-�
separation scenario in the low-temperature range between the
high- and low-water-content 3EG-water mixtures is brought

about by the dominance of the water and 3EG molecules
above TC.
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