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Abstract

Glass transition phenomena is one of the most important problem of physics. Investigation

of supercooled liquids is useful to clarify phenomena related to glass transitions. It has been

pointed out in several literatures that dielectric α process doesn’t follow the Vogel-Fulcher-

Tammann (VFT) equation near Tg even the experiments had been performed under the

condition where the sample system is well relaxed to thermodynamic equilibrium state. It is

necessary to investigate whether the glass transition is simply a relaxation phenomenon due

to the finite observation time, or it is some kind of transition where a change in dynamics

occurs. It is considered that such claims have been increased after accessible frequency

range of dielectric spectroscopy had attained low frequencies such as sub-milli Hz region. In

this case, it is concerned that the thermodynamical condition meets well-relaxed equilibrium

state. In this study, we re-examine the behavior of the α process using typical glass formers

sorbitol, xylitol and glycerol in an extremely wide frequency from 110 MHz down to 10 µHz

paying attention to the thermal history of the sample during the entire measurements to

precise measurement. It is found that the behavior of the α process in sorbitol depends on

the thermal history. Near Tg, the α process doesn ’t follow the VFT equation derived from

experimental data well above Tg. This indicates that theα process cannot be represented by

a simple function from high temperature to low temperature just above the glass transition

temperature. However, the divergence manner of the α relaxation frequency at a finite

temperature is kept even near Tg. The results suggest that the glass transition is not just a

relaxation phenomenon but some kind of transition with a changing dynamics.

This article is devided into five chapters. In chapter 1, we will give you an overview of

reserch on supercooled liquids and glass transitions, and the motivation for this study will

be presented. In chapter 2, we recall the basic knowledge of dielectric relaxation phenomena

to helping discussions in following chapters. In chapter 3, the effect of electrode structure on

relaxation frequency is examined. In chapter 4, we will discuss the effect of thermal history

on the relaxation frequency. Chapter 5 contains the conclusion of this thesis.



Chapter 1

Introduction

1.1 Glass transition and supercooled liquids

Glass transition phenomena is one of the most important problem of physics. Despite the

long-term efforts of many researchers, that is still not understood well. We have addressed

the question of whether the glass transition phenomenon is an apparent transition due to the

finite observation time or a true transition by precisely measuring the α process of under-

cooled liquids using dielectric spectroscopy.

The glass transition phenomenon occurs when a liquid is cooled. Here, we review liquids,

crystals and glasses. Figure 1.1 shows the schematic picture of the glass transition. Nor-

mally, when a liquid is cooled down, it will crystallize at the melting point Tm. However,

when the cooling rate is set higher, the liquid may not crystallize even below Tm. Such liquids

are called supercooled liquids. When the temperature of the super cooled liquid is further

lowered, the rate of volume change decreases at a certain temperature Tg, and the liquid will

solidify. At the same time, the viscosity of the supercooled liquid increases drastically. Such

a change of state that occurs after Tg is called glass transition, and Tg is called the glass

transition temperature. If the glass transition occurs at Tg1 when a liquid is cooled at a cer-

tain cooling rate, a glass transition occurs at lower temperature Tg2 when the liquid is cooled

at slower cooling rate. The supercooled state is quasi-equilibrium state, the glass transition

phenomenon depends on the thermal history, such as cooling rate, therefore the glassy state

is thermodynamically nonequilibrium. In addition, glass transition is different from crystal-
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lization. Crystallization is a phase transition with a well defined thermodynamic transition

temperature, while glass transition is a dynamical phenomenon in which the timescale of

molecular motion is longer than the experimental timescale. Furthermore, from a molecular

perspective, glass is an amorphous solid and does not have the long-range order like crystals.

����������������

log
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η

Figure 1.1: Schematic picture of the glass transition. The upper figure shows the temperature

dependence of the volume of a material. The glass transition temperature is generally defined

by the point at which the slope changes. In the lower figure, the vertical axis is the logarithm

of the inverse of the viscosity. The viscosity of a supercooled liquid increases dramatically

with decreasing temperature.
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1.2 α relaxation near the glass transition temperature

Whenever a liquid vitrifies, it passes through a supercooled liquid which is a sub-equilibrium

state, and the vitrification can be regarded as the glass transition of the supercooled liquid.

Therefore, investigating the behavior of supercooled liquids near the glass transition temper-

ature is a useful tool for studying glass transitions. Since the glass transition phenomenon

is related to viscosity, it is possible to measure it directly.However, this approach has the

disadvantage of a narrow frequency range that can be observed. The time scales of molecular

motions related to the glass transition are wide, so that Broadband Dielectric Spectroscopy

(BDS) is one of the most suitable techniques to investigate such phenomena. Figure 1.2

shows a typical frequency dependence of the dielectric loss of a glass forming material ob-

tained by BDS. From the low frequency side, several relaxation processes are observed: α

process, JG-β process. In particular, the dielectric α relaxation is sensitive to temperature,

so that it is considered that it corresponds to the drastic increase in viscosity associated with

the glass transition.

α process(����) α process(� � ��)

JG-β process(����)

JG-β process(� � ��)

frequency [Hz]
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�
�
��
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Figure 1.2: Schematic picture of dielectric dispersion. The α process appears on the high-

frequency side if the temperature is sufficiently higher than Tg and drastically shifts to the

low-frequency side as the temperature decreases.

The frequency at which dielectric loss peak is called the dielectric relaxation frequencyfm.

The temperature dependence of the dielectric relaxation frequency is shown in Figure 1.3.

The relaxation process is divided into two processes at temperature TM, that is, α and JG-β
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processes. Relaxation frequency of β process shows Arrhenius type temperature dependence

and α process shows non-Arrhenius type one.

Such a non-Arrhenius behavior is often represented by use of empirical formulas Vogel-

Figure 1.3: Schematic relaxation map. The horizontal axis is the reciprocal temperature.

This is so-called Arrhenius plot. The behavior following the Arrhenius formula is represented

by a straight line in the figure.

Fulcher-Tammann (VFT) equation [1–3] or Williams-Landel-Ferry (WLF) equation [4]. The

VFT equation is given as

log fα
m = A− B

T − T0

, (1.1)

where fα
m is relaxation frequency of the α process, A, B and T0 are parameters. The character-

istic feature of this equation is that the relaxation frequency diverges at a finite temperature

T0. This equation is explained by Adam-Gibbs theory which is described in the next section.

1.3 Adam-Gibbs theory

In this section, we introduce the Adam-Gibbs theory (AG theory) [5], which is one of the

theories to explain the increase of viscosity at low temperatures. This theory can provide

the VFT feature. In this theory, cooperatively rearranging region (CRR) is defined as a

microscopic origin of the α relaxation. The CRR corresponds the smallest region in which

molecules move cooperatively. A schematic image of CRR is shown in Figure 1.4 [6]. Size
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of the CRR increases as temperature decreases toward Tg as shown in Figure 1.5. Using

this concept, we can derive a theoretical equation that is identical to the experimental VFT

equation.

Figure 1.4: Schematic picture of CRR. [6]

Figure 1.5: Schematic picture of temperature dependence of CRR size.

The potential energy barrier Ea for all z molecules in a CRR to rearrange can be written

as

Ea = z∆µ (1.2)

using the potential energy of single molecule hindering rearrangement, ∆µ.

Here, the probability of the transition of the CRR, W0(T ) is given by

W0(T ) = A exp

(
−z∆µ

kT

)
. (1.3)

Let z∗ be the number of molecules in the smallest CRR, the average transition probability

can be discribe as

W̄0(T ) = Ā exp

(
−z∗∆µ

kT

)
. (1.4)
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Using Sc for the configurational entropy of a macroscopic sample, NA for the Avogadro

number, and S∗
c for the configurational entropy of the smallest CRR, we can obtain the

following relationship with Z∗. The schematic picture about the configurational entropy is

shown in Figure 1.6.

Figure 1.6: Consept of the configurational entropy.

z∗ =
NAs

∗
c

Sc

(1.5)

Using this formula, the average transition probability can be written as

W̄0(T ) = Ā exp

(
−s∗cNA∆µ

TSc

)
. (1.6)

The Sc can be calculated by ∆Cp = Cp(liquid) − Cp(glass). That is,

Sc =

∫ T

T0

∆Cp

T
dT. (1.7)

Where, T0 is the temperature such that Sc = 0. Experimental facts support the approxima-

tion with a constant α, ∆Cp = α/T . Therefore,

Sc =
α(T − T0)

T0T
(1.8)

and finally we can obtain

W̄ (T ) = Ā exp

(
−DT

T − T0

)
. (1.9)

Where D = C/α. This is consistent with empirical VFT equation describing the temperature

dependence of the α relaxation frequency.
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1.4 α relaxation near Tg

Although the VFT equation has succeed in many glass forming materials in the temperature

region well above Tg, there are reports finding that the temperature dependence of the α

process near Tg ( T > Tg) deviates from the VFT equation which is determined by high

temperature range. We have studied dielectric relaxation behavior of many supercooled

liquids by employing experimental setups of broad-band dielectric spectroscopy essentially

developed by our research group [7–14].

We have already reported that the temperature dependence of fα
m of poly (vinyl acetate)

(PVAc) near Tg deviates from the VFT equation obtained from data well above Tg [15]

(Figure 1.7). In that report, there is deviations of the relaxation frequency to the lower

frequency side than predicted by the VFT near Tg. It was noted that that could be described

by the Arrhenius equation.

On the other hand, the other study of the dielectric measurement for PVAc also suggests a

deviation of the shift factor (aT) which corresponds to relaxation time from the VFT equation

near Tg [16] (Figure 1.8). However, these deviations from the VFT equation reported there

are found to be in opposite directions. Contradictory results were obtained even for the same

material.

We have also reported similar dielectric measurements on sorbitol [14] (Figure 1.9). In

this report, deviation of the temperature dependence of fα
m from the VFT feature was found

near Tg. The direction of data deviation is lower frequency side than VFT prediction using

data well above Tg.

Several other studies [18–20] suggest that the experimental data of the α process which is

closely related to the glass transition does not follow the VFT equation near Tg. An example

of that is shown in Figure 1.10. It is considered that clarifying this break of the VFT feature is

important for understanding the mechanism of the glass transition. Novikov and Sokolov [21]

pointed out that it is important question that whether there is a divergence of the structural

relaxation time scale at a finite temperature below Tg and the current experimental data do
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Figure 1.7: Temperature dependence of relaxation time of PVAc. Dots are measured values,

line A shows VFT fitting at high temperature, and line B shows Arrhenius fitting below Tg.

Figure 1.8: Temperature dependence of relaxation time of PVAc. Squares indicate relaxation

times above Tg, triangles indicate T relaxation times below g, solid lines indicate VFT fitting

above Tg, and dotted lines indicate Arrhenius fitting below Tg.
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Figure 1.9: Sorbitol relaxation map. Black squares indicate log fα
m, black triangles indicate

log fβ
m, black circles indicate log fαβ

m , white squares indicate data The white squares indicate

the data of [17]

not provide an unambiguous answer, and the theoretical models suggest both scenarios.

Some reports indicate that fitting is possible using multiple VFT equations from high to

low temperatures [22, 23]. So-called stickel plot of the viscosity data of TNB (Figure 1.11)

shows that the data represented by an Arrhenius type equation and two VFT equations

which have different parameters.

1.5 Motivation of this study

As described above, in recent years, more and more reports have suggested that the glass

transition may be some kind of transition rather than the apparent transition due to the

finite observation time. On the other hand, the reproducibility of the results is not sufficient.

It is necessary to measure samples in a quasi-equilibrium state, however, previous studies

have not paid sufficient attention to this point.

From the experimental point of view, there are several things which can be cause of such dis-

crepancies. One is that polymers may not be suitable materials to investigate the α dynamics
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Figure 1.10: Relaxation data as shift factors aT for polystyrene [19]. In this figure, the

horizontal axis is set to 1000/(T − T∞) so that the behavior following the VFT is linear.

Figure 1.11: Stickel plot of the viscosity data of TNB [22,23].
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near Tg. While polymers are often used for such experiments in order to investigate molecular

dynamics of supercooled materials because atactic polymers don ’t undergo crystallization

with variety of thermal history. However, there is concern about unexpected effects due to

entanglement especially in the glass transition temperature region [24].

The second, this is the most important point, is thermal history during dielectric measure-

ments. As has been indicated in the volume relaxation experiments by Kovacs et al. [25, 26]

(Figure 1.12 and 1.13), careful control of the thermal history is required to attain thermal

equilibrium conditions, and such experiments are time-consuming especially near Tg. It is

important to observe behavior of the α process of supercooled liquids under thermodynami-

cally relaxed conditions.

Figure 1.12: Volume relaxation for PVAc. Samples with different cooling rates have different

glass transition temperatures. Compare samples cooled from high temperature for 0.02 hours

to samples cooled for 100 hours, smaller cooling rate results lower Tg.

The third one is on mechanical condition of the sample being measured in a dielectric cell.

Generally, in the case of the measurement for a sample which have high fluidity when that is
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Figure 1.13: Volume relaxation for polystyrene. Samples isothermally annealed 2.1, 25, 256

hours at 80◦ after cooling from high temperature for 0.02 hours below Tg show relaxation

toward a quasi-equilibrium state. In addition, each reheated sample becomes an equilibrium

liquid through different paths.
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installed in a measurement cell, the experiment performed using a cell with fixed electrode

spacing. In this case, the volume reduction of the sample with temperature decreasing may

be prohibited. There is concern that cooling a liquid sample in such rigid cell with no change

in spacing may cause negative pressure. This may restrict change of density and can be cause

of large error in estimating the value of fα
m.

In this study, we performed dielectric measurement of supercooled poly-hydric alcohols

(sorbitol, xylitol and glycerol) in the frequency range 10 µHz to 110 MHz to investigate the

temperature dependence of the α relaxation frequency in wide temperature range including

near Tg under the experimental condition paying sufficient attention to the thermal history

to precise measurement.

The results show that the difference in thermal history has a large effect to the α relaxation

frequency. We found that fα
m of sorbitol strongly depends on cooling rate in lower temperature

range especially near Tg. In contrast to this effect, the difference from the electrode condition

is very small. On the other hand, the α process of well relaxed supercooled sorbitol doesn ’
t follow the VFT equation derived from the experimental data well above Tg. In other

words, the α process cannot be described by a single function over the entire temperature

range, including just above the glass transition temperature. Even in this case, however, the

divergence manner of the α relaxation frequency in a finite temperature is kept even near Tg.

These results suggest the divergence feature of the relaxation frequency is essential, however,

the fα
m feature is not so simple as is explained by simple theory such as classical AG theory.

Furthermore, the change in the fα
m(T ) may indicate that the glass transition is not just a

relaxation phenomenon but a transition involves some change in dynamics.
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Chapter 2

Experiment

2.1 Dielectric relaxation and complex dielectric con-

stant

For the discussion in following chapters, we recall the basic knowledge of dielectric relaxation

phenomena in this section. Some books [27–29] are helpful so that we summarize the dielectric

relaxation phenomenon and BDS refering them.

2.1.1 Dielectric constant

When we apply a voltage V for a capacitor consists of two parallel conductive plates filled

with a dielectric, a charge of +Q is placed on one plate and −Q on the other plate and the

capacitance C is defined as

Q =
C

V
. (2.1)

Generally, C can be described as

C = εK, (2.2)

where, K is a constant which can be calculated from the geometric arrangement of the

electrodes and ε is the permittivity. When the dielectric is replaced with a vacuum,

C0 = ε0K, (2.3)
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where, the permittivity of vacuum, ε0 = 8.855×10−12[F/m] and the capacitance with vacuum,

C0. Here, we define the dielectric constant, εr as

ε

ε0
= εr. (2.4)

Here, we consider a parallel plate cell as an example. We can obtain K in the equation(2.2).

K =
A

d
, (2.5)

where, the area of the electrode is A, and the distance between the electrodes is d. Substitute

equations (2.2) and (2.5) into equation (2.1),

Q

A
= ε

V

d
. (2.6)

Here, q is the surface density of the electrode charge and E is the strength of the electric

field,

q = εE. (2.7)

2.1.2 Polarization

When a dielectric is placed in an electrostatic field, the positive charges in the atoms and

molecules of the dielectric material are displaced in the direction of the electric field and the

negative charges in the opposite direction, and inducing dipole moments. This state is called

the polarization of an electron or molecule, and the dipole moment induced by the electric

field is called the induced dipole moment. When atoms or molecules in the dielectric are

polarized, charges have the opposite sign that of the electrode appears on the surface of the

dielectric. This state is called dielectrics are polarized, and the charge is called polarized

charge or bound charge. On the other hand, the charges that are originally present in the

electrode is called true charge, and the charge that is responsible for the formation of the

electric field is called free charge. The vector P , whose magnitude is equal to the amount of

charge passing through a unit area perpendicular to the electric field E in a dielectric material

and whose direction is the same as the electric field, is called the polarization. Polarization

is closely related to dielectric constant.
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We consider an electric flux density D. Its direction coincides with that of the electric field

and its magnitude is equal to the true charge, D = q. The relation

D = εrε0E = ε0E + P (2.8)

is established between the dielectric constant and the polarization. That is,

εr − 1 =
P

ε0E
≡ χ. (2.9)

The χ is called the electrosensitivity. The larger the electrosensitivity, the larger the dielec-

tric constant.

Polarization phenomena in homogeneous dielectrics can be roughly classified into three types

based on the behavior of atoms or molecules: electronic polarization, atomic polarization,

and dipole polarization. Electronic polarization is a polarization based on the change in the

relative position of the electron cloud of an atom with respect to the nucleus. Atomic polar-

ization is based on the change in the relative positions of positively charged and negatively

charged atoms, such as positive and negative ions in an ionic crystal. Dipole polarization is

a polarization based on the orientation of dipole moments of polar molecules. Without an

electric field, the dipole moments of polar molecules in a material would be oriented in differ-

ent directions due to thermal motion, and there would be no polarization of the material as a

whole. However, when an electric field acts on the dipole moments, the dipole moments are

torqued and tend to change their orientation in the direction of the electric field against the

thermal motion. As a result, the dipole moment is induced in the electric field direction and

polarization occurs for the whole substance. Electron polarization and atomic polarization

are called displacement polarization because they are caused by the displacement of positive

and negative charge, and dipole polarization is also called orientation polarization because it

is caused by the orientation of dipole moments in the electric field direction.

It takes a certain amount of time for the polarization to reach an equilibrium state when an

electric field actually acts on the material. The speed of polarization formation corresponds

to the speed of electronic and atomic oscillation in the case of electronic and atomic polar-

ization, respectively, so that polarization is formed almost instantaneously. Therefore, these

polarizations are also called instantaneous polarizations. When the electric field is removed,
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they disappear through the reverse process. In the case of dipolar polarization, on the other

hand, it takes a relatively long time for the polarization to reach an equilibrium state because

the action of an electric field causes the surrounding molecules to prevent the dipole moment

from moving in an oriented manner. On the contrary, when the electric field is removed, the

polarization gradually disappears. This phenomenon is called dielectric relaxation. When

the electric field is not strong, the polarization change during discharge is consistent with the

reverse of that during charging. This property is called reversible property, and a dielectric

with this property is called a linear dielectric. The time required for the polarization to de-

crease to 1/e of the equilibrium state after the electric field is removed is called the relaxation

time.

Since actual polarized materials exhibit both of the above polarizations, the time variation of

polarization is as shown in Fig.2.1. Since the polarization changes with time after an electric

field is applied, we must consider that the dielectric permittivity also changes with time.

Figure 2.1: Time variation of polarization. When an electric field is applied to the dielectric

at time t1, instantaneous polarization P∞ occurs, and further orientation polarization occurs,

approaching P0 asymptotically. If the dielectric is a linear dielectric, removing the electric

field at time t2 causes the polarization to become zero by the reverse process.

2.1.3 Complex permittivity

When an alternating voltage

V = V0e
iωt (2.10)
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of the angular frequency ω = 2πf (where f is the frequency) is applied to a vacuum capacitor

which has the capacitance C0, a charging current

Ic0 = iωC0V (2.11)

flows with a phase advance of 90 degrees relative to the applied voltage. Next, we consider

the case where a dielectric is filled instead of a vacuum. Since there is a time delay in

polarization, the total current I flowing through this dielectric capacitor is delayed in phase

by δ than Ic0. Therefore, we can discribe

I = Il + Ic = GV + iωCV = (G+ iωC)V (2.12)

as the sum of the charging current component Ic and the loss current component Il (see figure

2.2). A capacitor containing a dielectric can be replaced by an equivalent parallel circuit (see

�

�� � ��� �

���

�� � ��

�

Figure 2.2: Relation between voltage and current.

figure 2.3), where G is called the equivalent parallel conductance and C the equivalent parallel

capacitance. Here, using

C = ε′rC0 (2.13)

and

tan δ =
|Il|
|Ic|

=
G

ωC
, (2.14)

18



C G

Figure 2.3: Equivalent parallel circuit.

we obtain

I = (iωε′rC0 + ωε′rC0 tan δ)V (2.15)

and applying following equations

ε∗ = ε′ − jε′′, (2.16)

ε∗r =
ε∗

ε′
= ε′r − iε′′r , (2.17)

and

tan δ ≡ ε′′

ε′
=

ε′′r
ε′r
, (2.18)

the relation

I = (iωε′r + ωε′′r )C0V = iωε∗rC0V (2.19)

is lead. And then

Y =
I

V
= iωε∗rC0. (2.20)

The complex permittivity ε∗r is obtained from the admittance Y . This is the principle of

the method of the experimental apparatuses used in this study. Here, ε∗ is the complex

permittivity, ε∗r is the complex relative permittivity (in case of no confusion, this may be

simply called the permittivity), ε′′ is the dielectric loss, ε′′r is the relative dielectric loss (in

case of no confusion, this may be simply called the dielectric loss).

2.1.4 Relaxation phenomena and complex permittivity

The relation between dielectric relaxation and dielectric loss in an AC electric field is dis-

cussed here for linear dielectrics. A voltage is applied to the capacitor as shown in figure 2.4.
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Then, the charge stored in the capacitor becomes as shown in Figure 2.5.

The charge Q1 that changes instantaneously during charging and discharging is called in-

Figure 2.4: Time variation of applied voltage

Figure 2.5: Time variation of charging charge

stantaneous charge, the charge that increases with time during charging is called absorbed

charge, and the charge that decreases with time during discharging is called residual charge.

Absorbed charge and residual charge are the charges due to polarization with dielectric re-

laxation. Let Qd(t) be the absorbed charge, and

Q = Q1 +Qd(t) (2.21)

20



be the total charge when charging. Let C1 be the capacitance corresponding to the in-

stantaneous charge Q1 and εr∞ be the relative permittivity, and let C2 be the capacitance

corresponding to the total charge Q2 after polarization formation and εr0 be the relative

permittivity, then

Q1 = C1V = εr∞C0V (2.22)

Q2 = C2V = εr0C0V. (2.23)

Qd(t) can written as

Qd(t) = (C2 − C1)f(t)V

= (εr0 − εr∞)C0f(t)V. (2.24)

Here, C0 is the capacitance, f(t) is a function (f(0) = 0, f(∞) = 1) that varies monotonically

from 0 to 1 with increasing t.

Corresponding to such a time variation of charge, a current flows in the dielectric as shown

in Figure. 2.6. The currents that flow instantaneously immediately after charging and

Figure 2.6: Time variation of current

discharging are called instantaneous charge current and instantaneous discharge current,

respectively. The currents that decay with time in the charging or discharge process are

called absorption currents. Let I1 denote the instantaneous charging current and dV/dt

denote the rate of voltage rise immediately after the voltage is applied at t = t1, then

I1 = C1
dV

dt
= εr∞C0

dV

dt
. (2.25)
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Let Id(t) be the absorbed current, and let

Id(t) =
dQd(t)S

dt
= (C2 − C1)

df

dt
· V = (C2 − C1)ϕ(t)V = (εr0 − εr∞)C0ϕ(t)V (2.26)

correspond to the (2.24) equation. Where ϕ(t) = df(t)/dt. Therefore, the total current I

during charging is

I = C1
dV

dt
+ (C2 − C1)ϕ(t)V. (2.27)

For linear dielectrics, the total current during discharge is equal to the expression (2.27) with

only the sign changed.

ϕ(t) is a function that has the property of∫ ∞

0

ϕ(t)dt =

∫ ∞

0

df

dt
· dt = 1 (2.28)

as described in (2.24), and that decays with time to zero at the end. This is called the

aftereffect function, which is a quantity that characterizes the relaxation phenomenon.

Next, we consider the relationship between time-varying voltage and current. A voltage that

varies with time in the form of a staircase is applied to the capacitor as shown in Figure

refstepdenatu. In this case, the absorbed current is the sum of all the absorbed currents

Figure 2.7: step voltage

that flow according to the voltages applied one after another, such as ∆V (t1) at t = t1 and

∆V (t2) at t = t2 as shown in Figure refstepdenatubunkai. Therefore, the absorbed current

22



Figure 2.8: Decomposed step voltage

at a certain time t(t > ti) when a voltage such as figure.2.7 is applied can be written as

Id(t) = (C2 − C1)
i∑

i=1

∆V (ti)ϕ(t− ti) (2.29)

The fact that the absorbed current can be obtained by such a superposition method is called

Hopkinson’s superposition principle.

Furthermore, consider the case shich a voltage that varies continuously with time is applied.

In this case, since it can be considered equivalent to applying minute voltages dV (u) one

after another at every infinitesimally small time interval du, we can rewrite the expression

(2.29) in the integral form. Therefore, we have

Id(t) = (C2 − C1)

∫ t

−∞

dV (u)

du
ϕ(t− u)du. (2.30)

Here, we set

t− u ≡ x, (2.31)

The formula (2.30) eventually becomes

Id(t) = (C2 − C1)

∫ ∞

0

dV (t− x)

dt
ϕ(x)dx. (2.32)

On the other hand, since the charging current corresponding to Eq. (2.25) exists over the all

time range of the applied voltage, the total current I eventually becomes

I = C1
dV (T )

dt
+ (C2 − C1)

∫ ∞

0

dV (t− x)

dt
ϕ(x)dx. (2.33)
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2.1.5 Relation between complex permittivity and response func-

tion

In equation (2.33), if V (t) is the AC voltage V (t) = V0e
iωt, the total current is as follows

I = iωV

{
(C2 − C1)

∫ ∞

0

e−iωxϕ(x)dx

}
(2.34)

= iωV

{
(C2 − C1)

∫ ∞

0

ϕ(x) cos(ωx)dx

}
+ ωV (C2 − C1)

∫ ∞

0

ϕ(x) sin(ωx)dx.(2.35)

Substituting equations (2.22) and (2.23) into equations (2.34) and (2.35), we obtain

I = iωC0V

{
εr∞ + (εr0 − εr∞)

∫ ∞

0

e−iωxϕ(x)dx

}
(2.36)

= iωC0V

{
εr∞ + (εr0 − εr∞)

∫ ∞

0

ϕ(x) cos(ωx)dx

}
+ ωC0V (εr0 − εr∞)

∫ ∞

0

ϕ(x) sin(ωx)dx.

(2.37)

On the other hand, since the relationship between the voltage and current of the dielectric

capacitor in AC can also be expressed by the equation (2.19), the following relationship can

be obtained by comparing with the equations (2.36) and (2.37).

ε∗r (ω) = εr∞ + (εr0 − εr∞)

∫ ∞

0

ϕ(x)e−iωxdx (2.38)

or

ε′r(ω)− εr∞
εr0 − εr∞

=

∫ ∞

0

ϕ(x) cos(ωx)dx (2.39)

ε′′r(ω)

εr0 − εr∞
=

∫ ∞

0

ϕ(x) sin(ωx)dx (2.40)

These equations express the relationship between the complex permittivity and the aftereffect

function, and if the aftereffect function is known, the pattern of variation of the complex

permittivity with frequency can be determined. Applying the Fourier transform to these

equations yields the inverse relation

ϕ(x) =
2

π

∫ ∞

0

ε′r(ω)− εr∞
εr0 − εr∞

cos(ωx)dω (2.41)

ϕ(x) =
2

π

∫ ∞

0

ε′′r (ω)

εr0 − εr∞
sin(ωx)dω (2.42)

then, If the frequency variation of dielectric constant and dielectric loss are known, the

pattern of time variation of the aftereffect function can be determined.
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2.1.6 Principle of complex permittivity measurement

For measurement in the frequency range that can be treated as a concentrated constant circuit

(approx. 100 MHz or lower), the equivalent parallel capacitance C and equivalent parallel

conductance G of the sample are measured using a parallel plate capacitor, and the dielectric

constant and relative dielectric constant are calculated from the equations (2.13) and (2.14).

Although it is difficult to measure AC in the very low frequency region below 0.1Hz, the

absorbed current Id(t) under DC voltage can be measured and the dielectric constant and

dielectric loss can be calculated based on the theory described in the previous sections. That

is, if the capacitance of the electrode with a sample is C0 and the applied voltage is V , the

aftereffect function ϕ(t) is

ϕ(t) =
Id(t)

(εr0 − εr∞)C0V
(2.43)

from the equation (2.26). Substituting this into equations (2.39) and (2.40) yields

ε′r(ω)− εr∞ =
1

C0V

∫ ∞

0

Id(t) cos(ωt)dt (2.44)

ε′′r (ω) =
1

C0V

∫ ∞

0

Id(t) sin(ωt)dt (2.45)

and ε′r(ω)− εr∞ and ε′′r (ω) are obtained from the absorbed current.

2.1.7 Debye’s theory

In a polar liquid or solution, when no electric field acts, the dipole moments of individual polar

molecules take disordered directions due to Brownian motion, and the whole solution shows

no dipole moment. When an electric field acts, the force to rotate the polar molecules due

to the frictional resistance between them and the surrounding molecules and the Brownian

motion form a statistical equilibrium state and induce dipole moments in the direction of the

electric field as a whole. Debye’s theory deals with polarization phenomena under the action

of time-varying electric field based on this idea. The complex permittivity ε∗r at angular

frequency ω is given by the following equation, called Debye’s function

ε∗r = εr∞ +
εr0 − εr∞
1 + iωτ0

. (2.46)
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Where, εr0 and εr∞ are the dielectric constants at very low (εr0) and high (εr∞) frequencies

compared to εr0 and εr∞, respectively, τ0 is

τ0 =
εr0 + 2

εr∞ + 2
τ. (2.47)

Where τ is the relaxation time, which can be regarded as the time required for the rotation of

the dipole. Let ζ be the magnitude of the frictional resistance of the dipole to the surrounding

molecules during its rotation, k be Boltzmann’s constant, and T be the absolute temperature,

then

τ =
ζ

2kT
. (2.48)

If a molecule forming a dipole is regarded as a rigid sphere of radius a and rotates at a

constant angular velocity in a medium of viscosity eta, the relaxation time is given by

ζ = 8πa3η (2.49)

and

τ =
8πa3η

2kT
(2.50)

by Stokes’ law, and the relaxation time is proportional to the viscosity.

Decomposing both sides of the equation (2.46) into real and imaginary parts and rearrang-

ing them, we obtain the following expressions for the frequency dependence of dielectric

permittivity and dielectric loss.

ε′r = εr∞ +
εr0 − εr∞
1 + ω2τ 2o

(2.51)

ε′′r =
(εr0 − εr∞)ωτ0

1 + ω2τ 2o
(2.52)

Also, using the relationship in equation (2.18), tan δ becomes

tan δ =
(εr0 − εr∞)ωτ0
εr0 + εr∞ω2τ 20

. (2.53)

2.1.8 Relaxation functions

Experimentally, obtaind data by dielectric measurements often show deviation from the De-

bye function. Several empirical formulas for describing such data will help us to analyze
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them. Namely, Cole-Cole (CC) function [30]:

ε∗ =
∆ε

1 + (iωτ)δ
, (2.54)

Davidson-Cole (DC) function [31]:

ε∗ =
∆ε

(1 + (iωτ)δ)γ
. (2.55)

and Havriliak-Negami (HN) function [32]:

ε∗ =
∆ε

(1 + (iωτ)δ)γ
. (2.56)

The exponents δ and γ take values in the range of 0 < δ ≤ 1 and 0 < γ ≤ 1. Since they

represent symmetric or asymmetric deviations from the Debye-type dielectric dispersion,

they are called symmetric and asymmetric parameters, respectively. HN formula is the most

general form and is consistent with the DC formula if γ ̸= 1, δ = 1, the CC formula if

γ = 1, δ ̸= 1, and the Debye formula if γ = 1, δ = 1. The frequency dependences of the

complex permittivity of some empirical equations are shown in figure 2.9.

Figure 2.9: Example of relaxation functions. Debye: γ = 1, δ = 1, CC: γ = 1, δ = 0.5, DC:

γ = 0.5, δ = 1, HN: γ = 0.3, δ = 0.7.
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2.2 Broadband dielectric spectroscopy

Since the dielectric dispersion of glass-forming materials is observed over a wide range of

frequencies, we performed measurements over a wide frequency range by combining several

devices such as Figure 2.10.

In this study, we apply this method, so-called Broadband Dielectric Spectroscopy (BDS)

Figure 2.10: Frequency range covered by each experimental technique.

from 10µHz to 110MHz.

2.2.1 LF-TDS

It can be measured from 10−6 to 10−1[Hz]. In this frequency region, α relaxation near the glass

transition temperature is observed, so that this is the most important method in this study.

The devices were connected as shown in figure 2.11. DC voltage of 10 V was applied for 0.8 s

with an A/D converter (MCI Engineering DAM-702GPC). The charge and discharge currents

were measured with an oscilloscope (Tektronix TDS210) and an amperometer (Keithley

6512).

In the low frequency range, parallel plate dielectric cell(see Figure 2.12) is used. This

capacitor has a diameter of 50 mm and the standard capacitance of 174 pF. The capacitor

is charged for a time corresponding to the measurement frequency and then discharged for

the same time. Although both charging and discharging currents can be measured, the

discharging current is used for the analysis phase because the charging current includes DC

conductivity. For example, the discharge current after charging grycerol at 193K for 105
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Figure 2.11: System block of LF-TDS

seconds is as shown in Figure 2.13.

Figure 2.12: Dielectric cell for low-frequency range.

The complex permittivity is calculated as

ε∗(ω) =
F i

iωC0Fv
(2.57)

using F i and Fv, which are Fourier transforms of the current i and voltage v obtained in

this way, respectively.

As a result, we obtain complex permittivities in the range shown in Figure 2.14.
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Figure 2.13: Example of applyed voltage and discharging current. The sample is grycerol at

193 K.

2.2.2 LF-IV

It can measure from 10−1 to 80[Hz]. Each device was connected as shown in figure 2.15, AC

voltage was applied using a function generator (Yokogawa FG110), and the response current

was measured using an oscilloscope (model number) and a current amplifier (Keithley 428).

In this measurement method, the same sample cell as the LF-TDS is used. The obtained

current I and voltage V are used to calculate the complex permittivity as

ε∗(ω) =
I

iωC0V
. (2.58)

As a result, we obtain complex permittivities in the range shown in Figure 2.16.

2.2.3 Impedance analyzer

The complex admittance can be measured from 40Hz to 110MHz using an impedance analyzer

(Keysight 4294A). And calculate the complex permittivity using the formula (2.59).

Z =
1

iωC0ε∗(ω)
(2.59)

Sample cell is used OPPC(Outward Parallel Plate Cell) cell [33] developed by us. The

capacitor with a diameter of 50 mm and an inner diameter of 7 mm with a hole in the center

and the standard capacitance of 170 pF.
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Figure 2.14: Frequency range for the LF-TDS. The red area is the corresponding frequency

range.
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Figure 2.15: System block of LF-IV
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Figure 2.16: Frequency range for the LF-IV. The red area is the corresponding frequency

range.
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Figure 2.17: System block of Impetance Analyzer
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Figure 2.18: Dielectric cell for Impetance Analyzer [33]. (i) upper supporting plate, (ii) upper

electrode, (III) movable center pin, (iv) micrometer head, (v) lower supporting plate, (vi)

lower electrode, (vii) APC7 connector, (viii) spacer.

As a result, we obtain complex permittivities in the range shown in Figure 2.19.

2.3 Samples

The sample of sorbitol (CH2OH(CHOH)4CH2OH) and glycerol (CH2OH(CHOH)CH2OH)

was purchased from Kishida Chemical and xylitol (CH2OH(CHOH)3CH2OH) was purchased

from Acros Organics. Before loading the samples into the dielectric cell, each sample were

placed in a vacuum chamber at 308 K for more than 12 hours to remove adsorbed moisture.

The loaded sample was annealed at a temperature above the melting points. Temperature

of the dielectric cell was set to be the one below Tg for time period more than 28 hours. All

the measurement procedure were proceeded during heating process. Dielectric measurements

were performed at constant temperatures with pre-measurement waiting time period more

than 10 times of the expected dielectric relaxation time of the sample being measured during

heating process.
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Figure 2.19: Frequency range for the Impedance Analyzer. The red area is the corresponding

frequency range.

Figure 2.20: Structural formula of sorbitol.
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Figure 2.21: Structural formula of xylitol.

Figure 2.22: Structural formula of grycerol.

2.4 Evaluation of dielectric dispersion

All the dispersion data of complex permittivity in this study show one or two dielectric

relaxation process corresponding to the α and JG-β processes. Therefore, we analyzed the

dispersions using a superposition of two Havriliak-Negami (HN) equations [32], that is,

ε∗ = ε∞ +
∆εα

(1 + (iωταHN)
δα)γα +

∆εβ

1 + (iωτβCC)
δβ

(2.60)

where, ε∗ = ε′−iε” is the complex permittivity with the dielectric loss, ∆ε is the dielectric

strength, τ is the dielectric relaxation time, ω is the angular frequency, δ and γ are symmetric

and non-symmetric parameters and ε∞ is the high-frequency limiting permittivity. Super-

suffix α and β correspond to the α and the JG-β processes. Finally, it was found that the

α process can be well described by using the HN function and the JG-β process by the

Cole-Cole (CC) function [30] (HN function with γ = 1). An example of the fitting is shown

in figure 2.23.

Values of the α relaxation frequency (fα
m) were given as a frequency with the maximum

dielectric loss of the HN loss curve. fα
m is calculated by following equation [34].
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Figure 2.23: Dielectric constant (A) and loss (B) of sorbitol at 265 K (after 1075 hours

annealing at this temperature). (C) Corresponding Cole-Cole plot. Plots are experimental

data and the curves are given by equation (1).
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fα
m =

1

2πταHN

[
tan

(
π

2(γα + 1)

)] 1
δα

(2.61)
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Chapter 3

Cell condition

3.1 Cell condition

First, we examined effect of dielectric cells with different mechanical features. We prepared

two types of sample cells: one has fixed electrode gap (rigid-gap cell) and the other has

movable gap which can change the gap with sample volume (movable-gap cell). The former

is the parallel plate capacitor shown in figure 2.12 in the previous section, with the electrode

spacing fixed at 100 µm by a brass ring. In the latter, Teflon sheets were used as spacers

instead of brass rings as shown in figure 3.1. The spacers are squares 3 mm on a side and

have initial thickness is 100 µm. Four spacers are placed to be rotationally symmetrical.

We used these cells to perform dielectric spectroscopy experiments with sorbitol at 265 K,

electrodessample

Teflon sheet

Figure 3.1: Schematic picture of the movable-gap cell.

near the glass transition temperature.

The frequency dependence of the dielectric loss obtained with each cell is shown in figure 3.2.

Figure 3.3 shows the α relaxation frequencies fα
m given by different cell conditions. The value

of fα
m by the movable-gap cell slightly larger than that by rigid-gal cell. On the other hand,
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Figure 3.2: Normalized complex permittivity for sorbitol at 265 K. The rigid-gap cell is

indicated by diamonds and movable-gap cell is indicated by crosses. Note that the maximum

dielectric losses are normalized because the gap of electrodes varies in use of movable-gap

cells. Samples were cooled at 0.7 K. from above the melting point to below 265 K and we

waited more than 28 hours before starting our measurements.

it is also found that all data of this study have clearly smaller fα
m than that of our previous

study at 265 K with a rigid-gap cell.

Qualitatively, the movable-gap cell is expected to increase the sample density with decreas-

ing temperature and decrease the relaxation frequency. From Figure 3.3, contrary to our

expectation, the relaxation frequencies for the movable-gap cell are larger than that for the

rigid-gap cell. It has been reported that the α relaxation frequency is quite sensitive to

water content. This may cause such unexpected result. From Figure 3.3, compared to our

previous study, the relaxation frequencies for both cells were small. As is discussed below,

it is considered that the sample obtained in our previous study was not well relaxed at the

lower temperatures including near Tg. Therefore, these results suggest that the effect of the

cell condition on the relaxation frequency is very small compared to that due to the thermal

history.
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Figure 3.3: Plots of log fα
m of sorbitol against 1000/T . Open diamonds and cross markers

indicate data with 0.7 K. cooling using rigid-gap cell and soft-gap cell respectively. Solid

diamonds indicate data with about 50 K/min. cooling taken from the previous study [11]
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Chapter 4

Effect of the thermal history

4.1 Effect of the thermal history

We prepared supercooled sorbitol, xylitol and glycerol as samples as is described in Method

section. T0 investigate the change in relaxation frequency with cooling rate, two samples with

different cooling rates were prepared for each material. We classify dielectric measurements

of samples into group-A and group-B according to cooling rate in decreasing temperature

before starting measurement procedure. The cooling rate of group-A glycerol, xylitol and

sorbitol is 0.7 K/min. and the measured temperature range are 193 K to 273 K, 267 K to

293 K and 265 K to 343 K respectively. The cooling rate of group-B glycerol is 3.8 K/min.

and group-B sorbitol is 7.2 K/min. For the group-B, the measurement temperature is 193 K

and 265 K to 295 K respectively. For group-A sorbitol, measurements were performed five

times at 265 K with pre-measurement waiting time of 142 h, 379 h, 816 h, 1075 h and 1585

h. All these measurements were performed by using the rigid-gap cell.

We obtained frequency dependence of the complex permittivity for each sample at different

temperatures corresponding to supercooled liquid and they are shown in Figure 4.14.24.34.44.5.

For xylitol, only group-A data between 267 K and 293 K were available due to the crystal-

lization. Group-B glycerol was measured only at 193 K which is the lower limit of this

experimental system.

As explained in the previous part, we performed fitting on the data and were able to

represent all of them well with the superposition of the HN and CC formulas. Continuously,
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Figure 4.1: Dielectric constant and loss of group-A sorbitol. Samples were cooled at 0.7

K/min. from above the melting point to below 265 K and we waited more than 142 hours

before starting our measurements.

Figure 4.2: Complex permittivity for group-B sorbitol
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Figure 4.3: Complex permittivity for group-A xylitol

Figure 4.4: Complex permittivity for group-A grycerol
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Figure 4.5: Complex permittivity for group-B grycerol

we obtained the temperature dependence of the HN and CC parameters: ∆ε, δ, γ and the α

relaxation frequency: fα
m.

The Arrhenius diagram is shown in Figure 4.6. Note that, we were able to obtain only 267

K to 293 K data for group-A xylitol due to the difficulty of avoiding crystallization when we

set the cooling rate to 0.7 K/min. The Arrhenius diagram is shown in Figure 4.6. For all

samples, the data show the VFT-like behavior and consist with previous studies [11, 35] at

high temperature region well above Tg. However, compared to the previous studies, the data

in this study tend to have smaller relaxation frequency at low temperature region near the

glass transition temperature. We consider that this difference comes from the difference of

thermal history.

Focusing on the differences between group-A and B to consider the cooling rate, both

groups show similar temperature dependence. However, compared to the data from the pre-

vious study with rapid cooling　 (estimated to be 50 K/min), the data obtained in this
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Figure 4.6: Relaxation map for glycerol and sorbitol at different cooling rates. Open triangles,

squares and diamonds show group-A glycerol, xylitol and sorbitol with K/min.. cooling

respectively. Asterisk and plus symbols show group-B glycerol and sorbitol with 3.8 K/min..

and 7.2 K/min. cooling respectively. Solid diamonds, squares and triangles are referred data

of sorbitol [11], xylitol [11] and glycerol [35] respectively.
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study clearly show a smaller relaxation frequency. The volume relaxation experiments on

polymers [25] suggested that smaller cooling rates result in lower glass transition temper-

atures, and longer waiting times below the glass transition temperature bring the specific

volume closer to the extrapolated line of quasi-equilibrium. It is natural that such differences

in cooling rates and thermal history seems to have also affected to the dielectric relaxation

frequency of the sugar alcohols.

Temperature dependence of dielectric parameters of HN and CC functions are indicated in

Figure 4.7, 4.8 and 4.9. For the group-A sorbitol data, a discontinuity in the strength of

α relaxation was observed. This would be caused by different sample preparation due to

crystallization. The other parameters vary continuously with temperature. Although the

measurement error or the analysis error may be included, there are few anomalies even in the

region of T ∗
g . Here, T

∗
g is determined as the temperature at which fα

m=0.01. It is considered

that all the samples show no drastic change in nature in the temperature range of this study.

We tried to evaluate the temperature dependence of fα
m of sorbitol using VFT equation.

Figure 4.10 and 4.11 shows α relaxation frequency of group-A sorbitol and corresponding line

given by the fitting procedure. In figure 4.11, to linearize the VFT expression, the horizontal

axis is set to be 1/(T − T0) with T0 = 234K. It is clear that entire data of fα
m is difficult to

be well described by using a single VFT equation. Figure 4.12 shows the result of fitting

with two VFT equations. They are considered to reproduce the data well. In other words, in

sorbitol, the α process cannot be described by a single function over the entire temperature

range, including just above the glass transition temperature.

Therefore, we have tried to determine the VFT equation for sorbitol using data above

273K. In this case, the data on the high temperature region are well described by the VFT

equation. Finally, we found that fα
m plots of sorbitol deviate from the VFT equation at

temperatures lower than 269 K including near Tg

Figure 4.13 shows final results of 1/(T − T0) analysis for f
α
m. Under the present conditions,

glycerol and xylitol could be well represented by a single VFT function. On the other hand,

values of fα
m for sorbitol near Tg are deviate from the VFT equation determined using the

higher temperatures. This suggests that the temperature dependence of fα
m of sorbitol in the
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Figure 4.7: Fitting parameters of sorbitol. Solid circles indicate data with 0.7 K/min. cooling.

Open squares indicate data with 7.2 K/min. cooling. The dashed line is drawn as a guide

for the eye.

47



Figure 4.8: HN and CC parameters for xylitol. Open squares indicate data with 0.7 K/min.

cooling.
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Figure 4.9: HN and CC parameters for grycerol. Open squares indicate data with 0.7 K/min.

cooling.
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Figure 4.10: Arrhenius plot for solbitol. Fitting for group-A sorbitol with single VFT with

A = 12.2, B = 502 and T0 = 234.

Figure 4.11: T-T0 for solbitol. Fitting for group-A sorbitol with single VFT. T0 = 234.
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Figure 4.12: Arrhenius plot for solbitol. VFT fitting for group-A sorbitol with A = 12.3, B =

515 and T0 = 233 for high temperature side and A = 12.3, B = 460 and T0 = 237 for low

temperature side.

entire temperature range investigated in this study is not represented only by using single

VFT equation even if the sample is well relaxed to the sub-equilibrium state.

Experimental VFT parameters for all the samples are indicated in table 4.1. The VFT

parameters obtained in this study change systematically with their characteristic quantities

such as the carbon number NC (3, 5 and 6 for glycerol, xylitol and sorbitol respectively) or

T ∗
g (192 K, 248 K and 269 K for glycerol, xylitol and sorbitol respectively). These results are

considered to be very reasonable from the point of material natures.

Table 4.1: VFT parameters and characteristic quantities. A,B and T0 are VFT parameters,

NC is carbon number and T ∗
g is glass transition temperature which is determined by fα

m =

0.01.

sample A B T0 NC T ∗
g

glycerol 14.0 939 133 3 192

xylitol 12.4 617 205 5 248

sorbitol 12.3 515 233 6 269

The inset of figure 4.14 shows the temperature dependence of the α relaxation frequency

of group-A sorbitol at low temperatures near Tg. We analyzed the temperature dependence

using both the VFT equation and the Arrhenius equation. Obtained values of VFT param-

eters are A = 12.3, B = 460, T0 = 237 and those of Arrhenius equation

log fα
m = C − D

T
× 104 (4.1)

are C = 126 and D = 3.447. Note that these analyses are only for checking the curvature in

the Arrhenius plots and the parameters themselves don ’t have any meaning connecting to

material nature. Comparing values of residual squared sum for the two equations, the VFT

manner is reasonable for this temperature region. This suggests that diverging feature of fα
m

is still essential even in the temperature region including near Tg.
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Figure 4.13: Relaxation map with fitting linees. Fitting for each materials. The parameters

are shown in table 4.1. Sorbitol with a cooling rate of 0.7 K/min. is indicated by red symbols

above 273 K and yellow symbols below 271 K.

Figure 4.14: Fitting by arrhenius and VFT. This figure shows group-A sorbitol below 271 K

with VFT and Arrhenius fitting curves. The solid line shows the fitting by the VFT equation

with A = 12.3, B = 460, T0 = 237 and Arrhenius type equation with C = 126, D = 3.447.

The sum of squared residuals are 0.001 and 0.013 respectively.
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From these results, we conclude that although theα process has divergent nature with

respect to temperature, it is not so simple as fα
m can be described by a single VFT equation.

This suggests that slow dynamics such as α relaxation process near Tg requires somewhat

new concepts in physics theories describing molecular motion. This may include a modified

CRR development in AG theory. However, the required theories may have to affect to general

slow dynamics including other that supercooled liquids.

Further investigation about this anomaly near Tg is necessary to understanding of the glass

transition phenomena. We believe that measuring the quasi-equilibrium state of other sam-

ples or mixtures will help address this issue. In addition, when discussing the behavior of the

α process near the glass transition temperature, it is necessary to clearly state the thermal

history, such as cooling rate and waiting time after cooling.
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Chapter 5

Conclusion and Summary

In this study, we focused on the α process, which is directly related to the glass transition

phenomenon. It is known that the temperature dependence of the α process can be expressed

by a non-arrhenius VFT equation. However, with the progress of measurement techniques,

deviation of α relaxation frequency (or relaxation time) from the VFT equation near the

glass transition temperature have been reported. This leads to the question of whether the

glass transition is simply a relaxation phenomenon due to the finite observation time or some

kind of transition.

On the other hand, these reports contain contradictory results. In order to measure quasi-

equilibrium samples, it is necessary to pay attention to thermal history and other factors.

However, previous studies have paid insufficient attention to such points. Therefore, we have

performed dielectric spectroscopy over a wide frequency range using samples kept in quasi-

equilibrium with sufficient attention to thermal history and so on for a precise discussion.

Although cells with fixed electrode spacing are commonly used to measure liquids, there is

concern that negative pressure may occur as the temperature decreases. By using a movable

cell, it was expected that the sample density would increase and the relaxation frequency

would decrease compared to using a rigid-gap cell. The results of experiments with the

movable-gap cell did not show the expected reduction in relaxation frequency and it had a

large relaxation frequency compared to using the rigid-gap cell. The increase in relaxation

frequency in movable-gap cell may be due to impurities. In addition, the effect of thermal

history may have more influence on the relaxation frequency than the mobility of the cell.
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It is known that the behavior of materials near the glass transition temperature changes

depending on the thermal history. To measure samples in quasi-equilibrium, we used three

types of sugar alcohols with low cooling rates and sufficiently long waiting times below the

glass transition temperature as samples. The study was conducted on groups of samples with

two different cooling rates, but no change in relaxation frequency was found between them.

On the other hand, when we compared to the data with a cooling rate of 50 K/min., the

samples with smaller cooling rates tend to have smaller relaxation frequency. Furthermore,

all data for sorbitol could not be represented by a single VFT equation determined at the

high temperature region, and data deviations from that equation were observed near the glass

transition temperature. The results show a more drastic divergence trend than predicted by

the VFT equation. The deviated data near the glass transition temperature were fitted with

an Arrhenius-type equation and a VFT equation with different parameters. As a result,

the VFT seems to represent the data better. This indicates that the divergence trend of

relaxation frequency is still maintained near the glass transition temperature. These results

suggest the requirement for a new physical theory to describe molecular motion such that it

includes the modified CRR in AG theory. Furthermore, it is implied that glass transition is

not simple relaxation phenomena and the dynamics may change near glass transition tem-

perature.

Finally, we discuss future research directions. First, it would be useful to consider similarities

or differences in deviations from the VFT in materials other than pure sorbitol. In the case

of xylitol, there is the issue of difficulty in avoiding crystallization, but this may be solvable

by measuring mixtures. Second, it may be useful to consider the molecular dynamics struc-

tural relaxation dynamics of molecular statistical ensemble which is introduced themolecular

motion speed.
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Chapter 6

Appendix

6.1 Relaxation parameters

Table 6.1: Relaxation parameters of 265 K sorbitol mea-

sured using different type of cells. Two measurements

were made in each of these two cells.

Cell type (Measurement No.) γα δα ∆εα log fα
m δβ ∆εβ log fβ

m ε∞

rigid-gap cell(1) 0.6089 0.6662 37.65 -3.918 0.2731 7.251 3.840 3.243

rigid-gap cell(2) 0.5435 0.7022 36.64 -3.958 0.2992 6.636 3.927 3.507

movable-gap cell(1) 0.4588 0.7905 44.28 -3.827 0.2956 6.903 4.094 3.523

movable-gap cell(2) 0.5192 0.7762 46.84 -3.873 0.2525 8.125 4.125 2.902

Table 6.2: Relaxation parameters of group-A sorbitol.

At 265 K, sample was measured five times with different

pre-measurement waiting time.

Temp. [K] γα δα ∆εα log fα
m δβ ∆εβ log fβ

m ε∞

265 (142 h) 0.4600 0.8300 38.63 -4.093 0.3000 5.820 3.955 3.250

265 (379 h) 0.4600 0.8300 39.24 -4.138 0.3000 5.800 3.979 3.250

265 (816 h) 0.4600 0.8300 40.88 -4.100 0.3000 5.800 3.979 3.250
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Temp. [K] γα δα ∆εα log fα
m δβ ∆εβ log fβ

m ε∞

265 (1075 h) 0.4600 0.8300 35.97 -4.095 0.3000 5.800 3.979 3.250

265 (1585 h) 0.4600 0.8300 38.12 -4.134 0.3000 5.800 3.979 3.250

267 0.4110 0.8070 33.29 -3.023 0.3150 6.140 4.063 3.250

269 0.4070 0.7850 33.89 -2.103 0.3290 6.540 4.132 3.250

271 0.4000 0.7850 33.42 -1.239 0.3600 6.280 4.285 3.600

273 0.3930 0.7760 34.14 -0.574 0.3740 6.900 4.359 3.600

275 0.4010 0.7620 30.03 0.100 0.3770 7.080 4.505 3.600

277 0.3940 0.7930 29.04 0.599 0.3880 7.800 4.567 3.600

279 0.3900 0.7920 30.22 1.169 0.3990 8.010 4.673 3.600

281 0.3950 0.8060 27.91 1.635 0.4150 8.010 4.858 3.600

283 0.3880 0.7930 28.68 2.062 0.4260 8.170 4.982 3.600

285 0.4020 0.7930 27.59 2.353 0.4340 8.870 5.005 3.600

287 0.3720 0.8000 27.67 2.758 0.4640 8.640 5.012 3.600

289 0.3610 0.8140 27.30 3.070 0.4730 8.450 5.071 3.600

291 0.3560 0.8000 27.18 3.435 0.4850 8.270 5.240 3.600

293 0.3450 0.8140 26.97 3.661 0.4920 8.060 5.384 3.600

295 0.3450 0.8290 26.47 3.926 0.5110 7.510 5.537 3.600

297 0.3260 0.8130 35.44 4.292 0.5630 7.71 5.776 2.500

299 0.3260 0.8130 35.05 4.531 0.6040 7.42 5.834 2.500

301 0.3390 0.8180 34.09 4.728 0.6200 7.29 6.006 3.000

303 0.3550 0.8000 33.16 4.951 0.6770 6.41 6.064 3.320

305 0.3450 0.8180 32.45 5.124 0.6770 6.31 6.119 3.320

307 0.3570 0.8080 33.33 5.344 0.6800 6.58 6.182 3.320

309 0.3770 0.8000 25.29 5.502 0.6840 6.410 6.320 3.320

311 0.4150 0.7400 29.81 5.737 0.6950 3.730 6.672 3.320

315 0.5690 0.6940 22.34 6.025 0.9180 2.100 6.727 5.050

317 0.5800 0.7770 22.45 6.067 0.8700 4.140 6.995 6.050

319 0.6450 0.7490 25.45 6.305 0.9440 2.720 7.349 6.050

321 0.7070 0.5770 19.02 6.497 5.250
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Temp. [K] γα δα ∆εα log fα
m δβ ∆εβ log fβ

m ε∞

323 0.5470 0.7000 28.64 6.676 4.500

325 0.5150 0.7210 26.24 6.787 4.250

327 0.6120 0.7560 33.23 6.942 6.800

329 0.6240 0.7280 35.19 7.014 6.800

331 0.7310 0.7280 31.27 7.111 8.500

333 0.6700 0.8070 30.02 7.168 11.75

335 0.6700 0.7780 29.18 7.279 9.000

337 0.7010 0.7620 28.65 7.351 9.500

339 0.7010 0.7790 27.47 7.443 10.50

341 0.7180 0.7730 26.68 7.516 11.15

343 0.7430 0.7760 25.21 7.616 12.70

Table 6.3: Relaxation parameters of group-B sorbitol.

Temp. [K] γα δα ∆εα log fα
m δβ ∆εβ log fβ

m ε∞

265 0.5000 0.7920 39.77 -4.163 0.2950 6.090 3.892 3.000

267 0.4830 0.7350 34.08 -3.069 0.3180 5.900 4.081 3.000

269 0.4820 0.7360 33.66 -2.097 0.3180 6.880 4.106 3.200

271 0.4430 0.7610 32.89 -1.274 0.3600 6.630 4.320 3.700

273 0.4600 0.7560 32.81 -0.590 0.3300 3.710 4.337 3.700

275 0.4600 0.7380 30.06 -0.006 0.3610 8.370 4.349 3.700

277 0.4600 0.7380 28.86 0.645 0.3800 8.370 4.519 3.700

279 0.4600 0.7380 29.61 1.121 0.3800 9.160 4.551 3.700

281 0.4600 0.7380 28.36 1.614 0.3980 8.770 4.749 3.700

283 0.4600 0.7380 28.11 2.069 0.3980 -0.470 4.933 3.700

285 0.4600 0.7490 26.91 2.379 0.4300 9.470 4.976 3.700

287 0.4600 0.7490 26.29 2.801 0.4300 10.070 5.063 3.700
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Table 6.4: Relaxation parameters of group-A xylitol.

Temp. [K] γα δα ∆εα log fα
m δβ ∆εβ log fβ

m ε∞

267 0.3757 0.8695 31.98 2.541 0.2387 115.083 -1.933 3.395

269 0.4627 0.7953 34.64 2.787 0.2844 18.052 2.683 3.544

271 0.3377 0.8776 34.39 3.123 0.4412 13.820 2.914 3.468

273 0.2848 0.9659 28.88 3.375 0.5005 17.382 3.468 3.267

275 0.3577 0.8638 38.10 3.604 0.5667 5.927 4.151 3.376

277 0.3460 0.8846 37.15 3.839 0.6138 6.145 4.438 3.217

279 0.3378 0.9000 35.87 4.068 0.6371 6.805 4.662 3.071

281 0.3257 0.9159 34.31 4.293 0.6538 7.821 4.848 2.856

283 0.3169 0.9243 32.53 4.503 0.6550 9.118 4.996 2.651

285 0.3094 0.9297 32.55 4.706 0.6893 8.496 5.197 2.284

287 0.3120 0.9231 30.79 4.910 0.6728 9.543 5.323 2.160

289 0.3043 0.9284 31.04 5.095 0.7080 8.395 5.514 1.703

291 0.3301 0.8941 31.43 5.286 0.7160 6.859 5.673 1.599

293 0.2726 0.9399 27.59 5.458 0.7005 9.921 5.734 0.574

Table 6.5: Relaxation parameters of group-A grycerol.

Temp. [K] γα δα ∆εα log fα
m δβ ∆εβ log fβ

m ε∞

193 0.9440 0.9580 43.68 -1.493 0.5280 3.690 0.5858 2.000

195 0.8950 0.9580 42.22 -1.052 0.6190 5.040 0.5858 2.000

197 0.8950 0.8840 43.07 -0.569 0.5590 5.040 0.9108 2.000

199 0.8950 0.8710 43.07 -0.205 0.5210 5.040 1.2938 2.000

201 0.8950 0.8980 39.92 0.215 0.5210 5.040 1.5378 2.000

203 0.8950 0.8980 39.92 0.599 0.5210 6.460 1.7198 2.000

205 0.7680 0.8630 39.45 0.929 0.6980 5.110 2.0171 2.500

207 0.7490 0.8400 28.95 1.354 0.3880 1.440 2.1218 2.500

209 0.9140 0.8080 31.96 1.639 0.4940 3.460 2.9648 2.500
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Temp. [K] γα δα ∆εα log fα
m δβ ∆εβ log fβ

m ε∞

211 0.9140 0.8080 27.04 2.103 0.4940 3.180 3.1378 2.500

213 0.9140 0.8080 26.80 2.400 0.4940 3.570 3.2328 2.500

215 0.9300 0.8340 25.18 2.660 0.4940 3.780 3.4628 2.500

217 0.9300 0.8520 24.37 2.908 0.6070 3.780 3.9418 2.500

219 0.9300 0.8520 24.14 3.147 0.6070 3.780 4.1908 2.500

221 0.9540 0.8650 23.67 3.400 0.5690 3.530 4.6118 2.500

223 0.9000 0.8880 23.41 3.604 0.5920 3.530 4.8808 2.500

225 0.8390 0.8920 24.17 3.813 0.6270 2.450 5.2738 2.500

227 0.8390 0.8920 23.89 4.019 0.5220 2.330 5.4458 2.500

229 0.8390 0.8970 23.44 4.230 0.5220 2.330 5.3498 2.500

231 0.8390 0.8970 23.32 4.431 0.5220 2.330 5.5318 2.500

233 0.8390 0.9030 22.88 4.617 0.5220 2.330 5.7238 2.500

235 0.6810 0.9250 24.99 4.798 2.500

237 0.6810 0.9250 24.74 4.952 2.500

239 0.6810 0.9350 24.12 5.122 2.500

241 0.6810 0.9350 23.63 5.266 2.500

243 0.6910 0.9350 22.88 5.433 2.500

245 0.6910 0.9350 22.14 5.567 2.500

247 0.6910 0.9350 21.02 5.725 2.500

249 0.6910 0.9350 19.66 5.888 2.500

251 0.6910 0.9350 17.83 6.029 2.500

253 0.6910 0.9350 15.74 6.168 2.500

255 0.6910 0.9350 13.44 6.302 2.500

257 0.6820 0.9350 10.95 6.427 2.500

259 0.6680 0.9450 9.03 6.554 2.500

261 0.5800 0.9450 7.55 6.716 2.100

263 0.5800 0.9450 6.29 6.852 2.200

265 0.5380 0.9450 5.03 7.006 2.200

267 0.5160 0.9450 4.32 7.168 2.200
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Temp. [K] γα δα ∆εα log fα
m δβ ∆εβ log fβ

m ε∞

269 0.5210 0.9450 4.14 7.284 2.200

271 0.4770 0.9450 4.38 7.432 1.950

273 0.4770 0.9450 4.65 7.537 1.850

Table 6.6: Relaxation parameters of group-B grycerol.

Temp. [K] γα δα ∆εα log fα
m δβ ∆εβ log fβ

m ε∞

193 0.6110 0.9460 63.71 -1.506 0.2460 0.647 2.304 2.485
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