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Calorimetric and thermoanalytical studies of the glass
trahsition and related structural relaxation were carried out by
use of simple straight-chain hydrocarbons as samples. The re-
sults are summarized as follows.

A new apparatus of the differential thermal analysis (DTA)
for vapor-deposited samples was constructed in order to measure
the simple molecular substances which readily crystallize on
liquid quenching. This apparatus made it possible to deposit
sample vapor at liquid helium temperature (4.2 K). It possesses
a high'performance to detect small thermal anomély such as glass
transitions by using eight pairs of (Au+0.7%Fe)-(Chromel-P)
thermopilé connected in series.

DTA measurements of the vapor-deposited samples were carried
out for some n-alkanes and l-alkenes of carbon number 2 to 6. A
glass transition was observed for propane and for all of l-alkene
studied here. For propane and l-pentene, glass transitions were
found out for the first time at 45.5 K and 71.7 K, respectively.
Vapor-deposited ethene and ethane crystallized during the deposi-
tion at 4.2 K. For all n-alkanes but ethane and propane, the
glass transition was not observed ahead ofkthe crystallization.
A study of the binary system of (n-butane) ,(1-butene) _, eluci-
dated that the crystallization took place below Tg in pure n-
butane. It is supposed that the crystallization took place below
Tg also in other n-alkanes for which the glass transition was not
observed. Thus it is clear that the crystallization rates of n-

alkanes are much faster than those of 1-alkenes. A possible



reason was discussed from the viewpoint of the symmetry of the
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ous radiothermoluminescence (RTL) peaks with those of the present
thermal anomalies, the RTL peaks in the vapor-deposited hydrocar-
bons were concluded not to be due to the glass transition but to
the phase transition.

The glass transitions in binary systems of propene-propane,
propene-l-butene, propene-l-pentene and l-butene-l-pentene were
studied by means of DTA techniques. The composition dependence
of Tg was analyzed in terms of the entropy theory (GRGR theory)
based on the regular solution model. The theoretical prediction
could not fully reproduce the experimental results other than 1-
butene-l-peﬁtene system. This disagreement is considered to be
due to slight deviation of the real system from the model. The
excess configurational entropy SCE of the real system was evalu-
ated inversely from the GRGR theory. For propene-propane systenm,
an extremely large SCE (= 2.2 J K} mol™l) was obtained at medium
composition range, whereas those of propene-l-butene and 1-bu-
tene-1-pentene were nearly zero. Possible reason of the large
SCE was discussed.

Enthalpy relaxation process of the vapor-quenched (VQ) and
the liquid-quenched (LQ) glasses was studied by using an adiabat-
ic calorimeter. The enthalpy relaxation was observed far below
Ty for the VQ glass of l-pentene. Such a low-temperature en-
thalpy relaxation was confirmed to be a common feature of the
glass formed by an extremely high cooling rate. The enthalpy
relaxation processes were pursued in the éame temperature region

(around 69 K). The enthalpy relaxation function ¢ was fitted to
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the Kohlrausch-Williams-Watts (KWW) function. The parameter B
of tho wWh functicen s detergined to be 0,000 wvd G40 for 1hs
and LQ sampleé, respectively. The deviation of B8 from unity
indicates blearly the non-exponential nature of the structural
relaxation process. Plot of log(7z ,¢s) against (SCT)—1 (Adam-
Gibbs plot) showed a good linearity for every relaxation process.
The successful application of the AG equation clarified the
importance of configurational entropy for the structural relaxa-
tion processes. The AG plot for the VQ glass showed smaller
slope than that of the LQ glass. This difference in the slope
was qualitatively explained based on possible dissimilar micro-
scopic structures of the glass.

Thermodynanmic étudy of 1-butene has revealed the existence
of a metastable crystalline phase for the first time. The en-
thalpy and entropy of fusion of the fully stabilized crystalline
sample were 3.959 kJ mol™! and 45.09 J K™! mol”l, respectively.
Standard thermodynamic functions were calculated by using the new
heat capacity data of the stable crystal. Endothermic and exo-
thermic enthalpy relaxation processes were pursued at the same
temperature. By fitting the relaxation functions to the KWW
function, the non-exponential nature of both processes was found
out (B = 0.56 and 0.84 for the exothermic and endothermic proc-
esses, respectively). The slope of the AG plot for the exother-
mic process was positive, whereas that of endothermic process was
negative. The negative slope is not acceptable from the physical
meanings of the parameters Apx and Sc* of the Adam-Gibbs equa-

tion. Some factors other that the configurational entropy might

be important in the structural relaxation of liquid near the
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equilibriurh state.
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GENERAL INTRODUCTION

1-1 Historical Background

Glass is one of the most familiar materials in our life.
Mankind has been using it since the era of ancient Egypt as
practical materials of tableware, windows, jewels, etc. Many of
scientific instruments including chemical appliance, Dewar flask
and optical glass were also made of glass. Characteristic
properties of‘élass such as its transparency, poor thermal con-
ductivity, and amorphism are effectively utilized for various
purposes. |

In spite of its familiarity, however, the nature of the
glass had not been investigated until the middle of 19th century,
when a drastic heat capacity Jjump in undercooled selenium was
first discovered by Regnault. This phenomenon was referred to as
glass transition later. Thereafter, investigations on the nature
of the glass started at the beginning of this century, as the X-
ray diffraction technique was developed. The structural analyses
of glasses revealed a very important feature that the glass does
not have a structure of the crystal but one of the liquid. This
is apparently contrary to the solid-like mechanical property of
the glass. Zachariasen suggested a famous structural model for
covalent systems known as the random network structure [1,2],
which involves ingeniously the directional properties of the

covalent bond. This model is still available with slight modifi-



cation for most of the covalent systenms. However, the model
connot he apylied to the o sveilic aud van der Woinls sryoiens
because of the non-directional nature of the intermolecular
binding forces in these systems. A well-recognized structural
nodel for the metallic and molecular glasses is the dense randonm
packing model of hard spheres proposed by Bernal [3,4]: He
classified local structure of the glass into five types by con-
sidering the manner by which the hard spheres are packed random-
ly. | |

Earnest thermodynamic investigations on the glass and glass
transition were also started in the first half of this century.
Gibson et al.- [5] found calorimetrically the existence of a
finite amount of entropy at zero kelvin that could not been
removed in the glassy glycerol. This phenomenon could not be
understood in the framework of classical thermodynémics. Thus
the discovery of the existence of residual entropy was the first
experimental access to the non-equilibrium character of the
glass. Most investigations on condensed systems in those days
were made in relation to the confirmation of the third law of
thermodynamics.

The development of polymer science and technology in early
1950's accelerated the research activity in glass science. There
was a heated discussion as to whether the glass transition is the
second order transition in the truly thermodynamic meaning.
After all, scientists have recognized firmly that the glass
transition is a time-dependent phenomenon. Volume or enthalpy
recovery phenomenon was regarded as a relaxation process from a

non-equilibrium to the equilibrium state. Dynamical processes of



many synthetic polymers were investigated through mechanical and

dielecuric relaxations aa rosponses Lo soolled enterzal fields
that change sinusoidally with time. The polymer dynamics is very
complicated because of the superposition of many intramolecular
modes of the polymer chain, and the resultant broad distribution
of relaxation times. Nevertheless, some theories of the polymer
dynamics in the liquid phase were also developed, e.g. ones
developed by Rouse et a/. [6] and Doi and Edwards [7]. They
succeeded to some extent in describing semi-quantitatively such
complicated dynamics.

Several theories describing the glass transition were also
developed. The free volume theory and the entropy theory were
the most significant ones. These theories are important because
they paid attention to the thermodynamic properties of the glass-
es. The non-equilibrium state can be defined only in terms of
thermodynamics. A brief description of these two concepts will
be made in the next section.

Current activity in the research of amorphous state was
directed to the metallic glasses. This is relatively new trend
because the formation of metallic glasses requires extraordinari-
ly high quenching rate with special techniques. Metallic glasses
have been developed mainly for the industrial products of semi-
conducting and magnetic materials. Therefore, the structural
relaxation and crystallization phenomena were very important
subjects from the viewpoint of quality control of the products.

In the last decade, non-linear nature governing the dynamics

of glasses and undercooled liquids has become a main interest in

the field of amorphous physics. Many theories on this subject



have been proposed by Ngai et al/ [8], Palmer et al [9]), Goetze
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however, no theory can give a satisfactory description about the

glass transition and dynamics of viscous liquids.

1-2 Formation of Glassy State

In order to clarify the concept of the glass formation, the
entropy of a system as a function of temperature is schematically
illustrated in Fig. 1-1. The volume vs. temperature diagram is
also available for this purpose. As shown in Fig. 1-1, the
entropy of the equilibrium liquid decreases on cooling, and its
gradient becomes smaller at a certain temperature. This is the
glass transition temperature Tg, below which the sample is in
glassy state. The entfopy of liquid consists of vibrational and
configurational parts, while that of crystal consist of only the
vibrational part. The departure of entropy from the equilibriunm
line is caused by freezing of the configurational mode, and
occurs at Tg at which the configurational motion becomes slower
than the cooling rate. The temperature dependence of the entropy
of the glassy state is similar to that of crystal, though, to be
exact, a slight difference exists between them. This means that
the configurational part is frozen in at the glass transition
temperature. The frozen configurational entropy of liquid,
therefore, remains down to zero kelvin, and the corresponding
entropy associated with the frozen-in disorder is called residual

entropy S The existence of the residual entropy which is

res’

commonly observed for glasses is a manifestation of the non-

ergodicity.
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Fig. 1-1. The entropy vs. temperature diagram around the glass

transition temperature.



It was pointed out by Kauzmann [12] that, unless the glass
irensition couid ccour, the extrapolaticn of Lhe .ntropy
equilibrium liquid would reach that of crystal at a finite tem-
perature Ty which is called the Kauzmann temperature. Below this
temperature, a strange situation occurs: the entropy of liquid is
smaller than that of crystal. What is the structure of a liquid
with no configurational disorder? This question is known as the
Kauzmann paradox which remains still unresolved.

Formation of glass is a synonym for a process of avoiding
the crystallization for classical liquids. Therefore, the glassy
state is usually realized by quenching the liquid by evading the
crystallization. .In this classical technique, some substances
are easily undercooled to give their glassy states, whereas the
others, such as water and simple molecular liquids crystallize
readily above Tg. Especially in the case of water, it is be-
lieved that there exists a critical point of undercooled liquid
at about 230 K at which crystallization occurs by homogeneous
nucleation. This means that we can not vitrify bulk water
through the path of the equilibrium liquid,.

In order to obtain the glassy state of such readily crystal-
lizable matefial, spécial hyper-quenching techniques have been
developed. They are, for example vapor-deposition, sputtering,
melt spinning, etc. The sputtering and melt spinning are rela-
tively new techniques which are usually employed for the forma-
tion of metallic glasses. Although the vapor-deposition tech-
nique is rather old-fashioned method, it is very powerful and
convenient for simple substances. Cooling rate of vapor-deposi-

tion reaches 1014 K s_1 according to the estimation used by



Kouchi et a/. [13], whereas the melt spinning is at most 108
-1 [43.  The high perforzance in cooling rote savaes 14 possi-
ble to vitrify very simple molecular substances. hActually,
Kouchi et al/. [13] succeeded in vitrifying argon by means of a
o-11 -1

m s in the rate of growth of sample thick-

very slow (3 x 1
ness) vapor-deposition onto a substrate kept at 10 K. The glassy
argon is quite an important material as a model of theoretical
and computer simulation study. The accumulation of the experi-
mental data of such simple molecules must be necessary for the
development of the amorphous science.

Here, I will refer to the terminology. The terms non-crys-
talline solid and amorphous solid are general designations repre-
senting the solid which lacks the three-dimensional periodicity
of the constituents with respect to their center of mass. On the
other hand, the term glass has been conventionally used for the
solid formed by undercooling a liquid below the glass transition
temperature. The glass definitely shows the glass transition
phenomenon. Nowadays, however, the concept of glass has been
extended to more general cases. The non-equilibrium solids with
frozen-in disordered configurations, such as glassy crystals and
glassy liquid crystals, are given adjective glassy irrespective
of the existence of liquid-like structure. It has been estab-
lished that the glass transition phenomenon is widely observed
for samples prepared by other glass-forming techniqueé. The word
glassy is, therefore, synonymous to non-equilibrium in the ther-
modynamic sense. Taking these situations into consideration, the
term glassy statevwill be used in this thesis independently of

the vitrification technique unless otherwise noted.



1-3 Kinetic Theories of Viscous Liquids and Glasses
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out in the glass transition region, where the rate of the molecu-
lar motions required for the establishment of new equilibrium
liguid becomes comparable with our experimental time scale. In
this temperature region, we can observe relaxation phenomena in
various thermodynamic quantities, such as enthalpy and volunme.
This relaxation phenomenon is interesting in the sense that they
reflects the molecular rearrangement in the viscous liquid.
Therefore, this relaxation phenomena is referred to as structural
relaxation.

One of the important characters of the structural relaxation
is its non-linearity and non-exponentiality. The non-linearity
of the viscous flow of the undercooled liquid was already noticed
in the 19th century [14]. There are two classical kinetic theo-
ries which can describe the non-linear relaxation of the viséous
liquid and the glass. They are termed the free volume theory
[15] and the entropy theory [16,17]. These are rather phenomeno-
logical, but intuitively take‘the features of glass into consid-
eration. The free volume theory asserts that the decrease of
excess volume in the liquid, which is termed free volume, pro-
vokes the slowing down of molecular rearrangement. It is sup-
posed that the transition probability of a molecular orientation
and position is proportional to the free volume vy and the dis-
tribution of free volume is proportional to (1/ve)exp(-ve/ve).
In addition, the transition of a molecule 'is assumed to happen
only when the free volume is larger than some critical value v..

c

Then the transition probability of molecule in the supercooled



liquid is [18]
B = (1/vg) exp(-vy/ve). | (1-1)

This relation implies that the transition probability vanishes
under the condition that v, tends to infinity.

In the liquid phase, the orientation and position of a
molecule are correlated closely with those of neighboring mole-
cules and so the molecular rearrangement can take place in a
highly cooperative manner. These characters become remarkable
especially near the glass transition region. The configurational
entropy.is_ammeasure of the correlation between molecules in the
liquid. The éﬁtropy theory formulates the molecular dynamics in
~the liquid by means of the configurational entropy.

According to the discussion made by Adam and Gibbs, the
molecular rearrangement is possible to occur cooperatively in a
subsystem containing an appropriate number of molecules. The
transition probability of a subsystem is proportional to exp(-
AG/kgT), where AG denotes the activation free energy of the
subsystem, and is proportional to the number of constituent
molecules z. There is a critical lower limit z* to the size of
the cooperative unit that can yield non-zero probability. Then,
the average probability of the rearrangement is obtained by
summing up the terms exp(-Apuz/kgT) for z fronm z¥ to infinity.
Here, Ap is the free energy of activation per molecule and kp
the Boltzmann constant. After an appropriate approximation, the

probability is



¥ = 4 exp( -Apn z*/kB T, (1-2)

where 4 is a constant. From the assumption of equivalence and

*

independence of the subsystems, the parameter z" can be connected

to the molar configurational entropy SC of the system as

¥ = Ny Sc* / 8o (1-3)
where NA is the Avogadro constant and sc* the entropy of the
critical-sized subsysten. Substituting this expression for z*

into Eq. (1-2), the final form of the transition probability for

the structural relaxation can be given as
¥ =Aexp( -Au s.*/ ky TS, ). (1-4)

Equation (1-4), known as the Adam-Gibbs (AG) equation, is the
most important result derived from the entropy theory.

The entropy theory contains less unjustified assumptions
than the free volume theory. Moreover, the AG equation predicts
the Vogel;Tammann-Fulcher (VIF) type temperature dependence of
the relaxation time in the form which can avoid the Kauzmann
paradox [12] described above. Above all, the numerical value of
the configurational entropy can be calculated from the enthalpy
data obtained by means of the adiabatic calorimetry. Because of
these reasons, the entropy theory will play a principal role of

the analysis in the present study.



1-4 Purposes of the Present Study
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as a probe for the relaxation phenomena. The enthalpy can be
measured precisely and sensitively by a low-temperature adiabatic
calorimetry. The method provides valuable information on the
ultra-slow aspect of the relaxation dynamics. This is because of
its long time-scale of the measurement compared with other physi-
co-chemical techniques which usually use an alternating external
fields in the range 1071 to 106 Haz. The enthalpy can be related
to the entropy of the system. The adiabatic calorimetry has long
been improved to a highly sophisticated level and has nowadays a
long-tern stability of the adiabatic condition and high resolu-
tion of the temperaturé measurement. The high quality of the
calorimetry enables us to follow, with high fidelity, the en-
thalpy relaxation process that takes generally over days or
months.

To understand the mechanism of the glass transition with a
microscopic model, the experiment should be done for substances
as simple as possible. So far, however, the experimental studies
of the glass transition and the structural relaxation have been
done mainly for polymer, metallic and silicate glasses fronm
practical purpose. Such substances possess rather complex struc-
tures and/or interaction to be modeled theoretically. There have
been a few numbers of research for simple molecular glasses
possessing low glass transition temperature and readily cfystal-
lizing property. In the present study, a series of straight-
chain hydrocarbons were chosen as the samples. The vapor-deposi-

tion technique was used for the samples which are crystallizable

11



readily. The hydrocarbons belong to one group of simple com-
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energy, and the similarity of molecular structures would make a
systematical discussion possible.

The purposes of the present study are roughly divided into
two parts. The first is to determine the glass transition tem-
peratures of some simple hydrocarbons that have not been reported
so far. The second, which is the main purpose of this stiddy, is
to investigate the structural relaxation phenomena from the
thermodynamic point of view, focusing attention to its non-lfn—
earity and cooperativity. The entropy theory was utilized to
analyze the experimental déta, and the verification of the valid-
ity of the théory is included in the second purpose.

For the first purpose, the glass transition temperatures
were determined for the vapor-deposited samples of several simple
hydrocarbons. The interrelation between the crystallization and
the glass transition is examined as well. These experiments and
discussions are described in Chapter 3. For the second purpose,
calorimetric nmeasurements of the enthalpy relaxation processes
were carried out for l-pentene (Chapter 5) and l-butene (Chapter
6) on the basis of the following two interests. One is to clari-
fy any possible differences in the relaxation phenomena between
the vapor-deposited and liquid-quenched glasses. The other is
whether the configurational entropy of glass is really a physical
property governing the enthalpy relaxation processes. To inves-
tigate the significance of the configurational entropy in the
mixing process, the composition dependence of the glass transi-

tion temperature was studied for several binary systems of hydro-

12



carbons (Chapter 4).
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APPARATUSES USED IN THE PRESENT STUDY

2-1 Introduction

Thermal behavior of material at low temperature is one of
the principal interests in solid state science, and many thermal
techniques have been developed since the previous century [1].
For the study of the glassy state, especially, therhodynamic
investigations seem to be the most significant because the glass
is in thermodynamically non-equilibrium state. The study on
relaxatioﬁ phenomena of thermodynamic quantities, such as en-
thalpy and volume, directly provides us with the non-equilibrium
nature of the glassy state and the rate of approaching towards
the equilibrium values. Thermal methods to investigate the
properties of materials can be divided into two classes. The
first one is of the calorimetry, for example, heat capacity
calorimetry and reaction calorimetry. The calorimetric methods
provide quantitative information on the thermodynamic properties
of the materials. Especially, the adiabatic calorimetry, which
gives accurate entropy and heat capacity data, enables us to
discuss about the microscopic mebhanismsvof the interesting
phenomena in solid state physics such as phase transition and
structural relaxations. However, they have some shortcoming:
they usually require long time for measurements, and complex and
large-scaled apparatuses. The second class is of the thermal

analyses, such as differential thermal analysis (DTA) and thermo-
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gravimetry (TG). Although these are qualitative methods in
copperison 1o those bolonzing Yo the Tirst cluvs, thevy havae
simple operations of measurement and often come to quite conven-
ient techniques for the purposes such as the determination of the
temperatures of phase transition and glass transition.

In the present study, the techniques of both classes were
properly used, so as to make the most of their advantage of each
technique. The determination of glass transition temperatures in
Chapter 3 and 4 was carried out by means of DTA technique. On
the other hand, low temperature adiabatic»calorimetry was applied
to the quahtitative analysis of the enthalpy relaxation processes
in Chapter 5 and 6. In this chapter, the structurevof the DTA
apparatus for vapor-deposited sample, which is constructed for
the present study, will be described in section 2-2, and the out-
lines of the other apparatuses used in this study will be given

in 2-3.

2-2 DTA Apparatus for Vapor-deposited Samples (Type I DTA)

The experimental study of simple molecular compounds is sig-
nificant for the glass transition and related structural relaxa-
tion phenomena because they have not been understood completely
even for the rare gases. The simpler the molecular structure and
interaction are, the easier the theoretical treatment beconmes.
On the other hand, the vitrification of a simple molecular com-
pound is very difficult, because they are easy to crystallize.
The vapor-deposition is a powerful method to vitrify such materi-
als, owing to its prominent ability in cooling rate (108 - 1014

K s”1) [2,3]. The former value was estimated from the geometry



of the present apparatus described below, and the latter from the
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In the present study, a new DTA apparatus for vapor-deposit-
ed sample was constructed. This apparatus is aiming at the de-
termination of Tg of simple compounds. Nearly twenty years ago,
Haida et al. reported thermal analyses of the simple molecular
glasses formed by the vapor-deposition at liquid hydrogen temper-
ature (20 K) [4]. The present apparatus made it possible to de-
posit sample vapor at liquid helium temperature (4.2 X). It is
expected that the vitrification would be easier as the deposition
temperature is lowered. This apparatus is called type I DTA4
hereaftery.

A schematic‘crbss section of the cryostat is shown in Fig.
2-1. The cryostat is divided into two portions with different
roles. The upper portion, of doubly reentrant shape, is a Pyrex
Dewar used for producing and maintaining cryogenic temperatures.
The outer reentrant space (E) is filled with liquid nitrogen, and
the inner space (D) with liquid helium or hydrogen depending on
the desired temperature of vapor deposition of sample. Tempera-
tures as low as 10 K can be produced by pumping on liquid hydro-
gen through the outlet tube (B). The glass Dewar has a complex
structure so that it may be broken by a rapid temperature varia-
tion during transfer of the refrigerant. In order to relax such
potential strain, a thin copper plate (H), 0.1 mm in thfckness,
was used as the bottom of the outer refrigerant vessel and a
glass-bellows (F) was incorporated at the center of the Dewar.
The connection between the copper plate and the glass tubes was

realized by soldering through Kovar-Pyrex seals.



Fig. 2-1. Schematic cross section of a cryostat of the DTA
apparatus for vapor-deposited samples. - Alrefrigerant inlet,
Birefrigerant outlet, C:electrical wire, D:inner refrigerant
vessel, Elouter refrigerant vessel, F:glass-bellows, G:ground
glass joint, H:copper plate, I:copper block, J:sample-depositing
substrate, Kiadiabatic shield, L:radiation shield, M:sample

inlet.



The lower portion, (I) - (M), is for sample deposition and

peasurarent. Aocopper block (1), which io Tixec itk ¥ood':
alloy to the bottom of the inner vessel of Dewar through another
Kovar-Pyrex seal, is kept at the temperature of the refrigerant
(D). Two cold substrates (J), each for sample deposition and
reference, are attached on the copper block. A thermal shield
(K) is mechanically fixed to the copper block. An outer shield
(L) is pinned with screws at the bottom of the outer vessel of
Dewar through the Kovar seal. Both of the shields provide stable
conditions for the deposition and subsequent DTA experiment.
Fig. 2-2 illustrates the details around the sample plate on an

2 copper substrates, 0.1 mm

enlarged scale. A pair of 1 x 1 cm
thick, wére fixed symmetrically on both sides of the copper block
(B) by pressing.them with brass pieces (G) and thin mica plates
(H) for electrical isolation. One is used for vapor-deposition
and the other is for reference without any deposited material.
The sample vapor is introduced through the sample inlet (I) and
condensed in vacuo on the substrate (E), which is cooled down in
advance to a desired low temperature. The sample inlet is made
of copper tube of 2 mm outer diameter and its tip is around 1 cm
away from the substrate. The entire inner space is evacuated to
about 0.1 mPa by an oil diffusion pump.

The absolute value of temperature of the reference plate is
monitored by a Chromel-P-(Au+0.07%Fe) thermocouple in conjunction
"with a digital multimeter (Model 195; Keithley Instruments,
Inc.). Its thermoelectromotive force (EMF) against the ice point

installed outside the cryostat was calibrated at five fixed

points; the melting point of ice, the boiling points of helium



FPig. 2-2. Magnified sketch around the measurement part. A:inner
refrigerant vessel, B:copper block, C:adiabatic shield, D:thermo-
pile and thermocouple, E:sample-depositing substrate, F:heater

wire, G:brass-fixer, H:mica plate, I:sample inlet.
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and hydrogen, and the triple points of hydrogen and nitrogen.
These Ca-o wore used 1o corracy Lhoe DEP tobie praviy  ;~:'; vorapoertoed
by the NBS [5]. Eight pairs of Chromel-P-(Au+0.07%Fe) thermocou-
ples arranged in series are spanning the reference and sample
substrates in order to detect sensitively the temperature differ-
ences between then. Each junction of the thermocouples was
inserted into a copper tube (0.6 mm 0.D., 0.4 mm I.D., 2 mm L)
with epoxy resin (Stycast; Grace Japan) for electrical isolation.
The copper tubes were then fixed with Wood's alloy onto the
substrates. The thermocouple signals are amplified with a micro-
volt meter (Model AM-1001; Ohkura Electric Co. Ltd.) and recorded
on a strip chart. |

The rate of vapor deposition is controlled with a microvalve
installed on the way of the sample inlet, in such é way to keep
the temperature difference between the sample and reference sub-
strates in the range 0.01 to 0.05 K which corresponds to 2 - 10
uV in EMF. The volume of sample deposited over a few hours is
0.001 - 0.0l cm3. After the deposition, the refrigerant remain-
ing in the inner Dewar vessel (D in Fig. 2-1) is evaporated by a
heater wound around the copper block (F in Fig. 2-2) and the DTA

experiment is started.

2-3 Other Apparatuses
2-3-1 Conventional Type of DTA (Type II DTA)

Conventional type of DTA apparatus for low temperature was
used for the samples which can be vitrified by liquid quenching.
This DTA apparatus will be called type II DTA apparatus. The

3

sample liquid of about 1 cmY was charged into a conventional DTA
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tube made of Pyrex glass along with helium gas of 3 kPa at 77 K.

3
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This DYA Lubte and nes DA tube vilkh enbel-
ded into wells drilled in a copper block around which heater wire
is wound. The block was suspended inside a brass vessel into
which 3 kPa of helium gas was introduced as heat transmitting
medium. The lowest temperature, 20 K, was achieved by immersing
the brass vessel in liquid hydrogen. The temperature difference
between the sample and the reference and the absolute value of
temperature were monitored with Chromel-P-Constantan thermocou-
ples inserted in the reentrant wells of the DTA tubes. Further
description of this apparatus is given elsewhere [6].

The sensitivities anq base-line stabilities of the two DTA
apparatuses descriﬁed above will be shown in Chapter 4. Both ap-

paratuses were sensitive enough to determine glass transition

temperatures with the error of 0.1 - 0.3 K.

2-3-2 Adiabatic Calorimeter for Vapor-deposited Samples (VD)

In Chapter 5, the enthalpy relaxation process in the glassy
state prepared by the vapor-deposition was measured by means of a
special type of adiabatic calorimeter [7]. In this section, the
feature of this apparatus will be outlined. Henceforth, it will
be called VD calorimeter.

The VD calorimeter is essentially filling-tube type [8].
The sample vapor is introduced from the outside of the cryostat
into the calorimeter cell set in advance inside the cryostat. 1In
the present case, a copper tube of 1 mm 0.D. is connected to the
cell through which the sample vapor is deposited onto the wall of

the cell kept at a temperature lower than Tg. Multifold reen-
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trant-structured stainless tube incorporates the tube and the
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co in order to redece 2 heat Tlow Trom the tube inte
during the vapor deposition. Adiabatic condition of the cell can
be achieved by controlling the temperatures of the copper tube
and the inner adiabatic shields at the same temperature of the
cell with thermocouples and heater wires as usual.

The low temperature down to 10 K is realized by a built-in
cryorefrigerator manufactured by Cryo-Mech. Co. Ltd. On deposit-
ing the sample, the calorimeter cell is mechanically brought into
contact with the refrigerant tank, in which liquid hydrogen is
stored. The sample transfer tube has to be kept at higher tem-
perature than the cell, typically at 150 - 200 K, so that the
sample vapor does not condense on the way. The lowest tempera-
ture available for the vapor-deposition is around 40 - 50 K. It
takes about 1 week to deposit the sample of 1 g. Such a slow
rate of the deposition is required to prevent a possible crystal-
lization or structural relaxation by the temperature increase
arising from the heat of condensation of the sample vapor. After
thevdeposition, the mechanical contact between the cell and the
refrigerant tank is switched off and the heat capacity and en-
thalpy relaxation measurements are started from 10 K.

A Rh-Fe resistance thermometer was used for the temperature
measurement. The precision and accuracy of temperature measure-
ment are 0.1 mK and 10 mK, respectively. Heat capacities of
empty cell are shown in Fig. 2-3. The precision of heat capacity
measurement is estimated within 0.5 % [7] for the sample of about
1l g. The large imprecision compared with that of usual calorime-

ter is due to the small amount of the sample and the heat leakage
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Fig. 2-3. Heat capacity of the empty cell for VD calorimeter.
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through the sample transfer tube. For the measurement of en-
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because the amount of enthalpy relaxed was very large for the

vapor-deposited samples.

2-3-3 Adiabatic Calorimeters for Bulk Samples (BS I. BS 1

The VD calorimeter is not useful for the liquid quenched
samples since the enthalpy relaxation of liquid-quenched sample
is much smaller than that of vapor-deposited sample [7]. Hence,
the liquid-quenched sample was measured with two types of adia-
batic calorimeters for bulk samples, BS / and BS I1.

The_BS:I calorimeter has a built-in cryoréfrigerator of
Cryo-Mech Co. Ltd. similar to the VD calorimeter. It is unique
that this calorimeter can liquefy hydrogen gas, which is supplied
from the hydrogen storage, in the refrigerant tank. The low
temperature experiment from about 10 K can be achieved by the
forced evaporation of liquefied hydrogen.

The BS Il calorimeter can provide low temperature down to 5
K with liquid helium as coolant. This make it possible to
determine the residual entropy of vitreous sample with high
precision as described in Chapter 6.

With these instruments, heat capacity measurement can be
performed with the imprecision and inaccuracy of 0.1 % and 0.2 %,
respectively. More detailed descriptions about these calorime-

ters are described in Refs. [9,10].

2-3-4 Calorimetric Sample Cell for Bulk Samples

To measure heat capacity of l1-butene (Chapter 6) and pentene
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(Chapter 5) which have rather high vapor-pressure at room temper-
ctura, the szuple colil ol the high prezau cnleoripotier vog usog
with slight modification. Fig. 2-4 shows the cross section of
the modified calorimeter cell. The original version of the cell
is connected to the high pressure generator through the pressure
transmitting tube [11], while the present version is suspended
with Nylon strings attached at the screw cap (D). The sample
liquid is distilled into the cell through a copper tube of 1.2 mm
0.D. (C), which is pinched off with soldering after the distilla-
tion. This sample cell is made of Cu-Be alloy, and designed to
bear the pressure of 10 MPa. The inside volume is 12.3 cmS and
the mass was 50.8 g.  The temperature of the cell is measured
with the séme type of Rh-Fe resisiance thermometer as used in the
VD calorimeter.

The heat capacity of the empty cell is shown in Fig. 2-5.
The larger heat capacity data measured by the BS I calorimeter
compared to those of BS Il are derived from an extra copper belt
used for the fixing of the thermocouple. The relatively large
heat capacity, which is 2 - 3 times of the usual cell for the
same amount of sample (ca. 10 cm3), is disadvantageous in the
sense that it reduces the precision of the measurement, but is
rather advantageous in the sense that itvrepresses too much
temperature variation due to the enthalpy relaxation at glass
transition‘region. Isothermal measurement is ideal to investi-
gate time-dependence of the enthalpy relaxation rate though it

is, in principle, impossible in the adiabatic calorimetry.
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Fig. 2-4. Schematic cross section of the calorimeter cell.

A:Suspending Nylon string, B:soldered seal, C:sample inlet copper
tube, D:screw cap, E:plug, F:body (upper), G:silver solder,
H:heater wire, I:thermocouple, J:body (upper), K:ceil cover,

L:thermometer holder, M:Rh-Fe resistance thermometer.
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Fig. 2-5. Heat capacities of the empty cell for the bulk sample
measured by BS I (filled circle) and BS Il (open circle) calorim-
eters. Solid lines denote the calculated curves optimized to

polynomial function.
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GLASS TREANSITION AND CRYSTALLIZATION OF SOME SIMPLE HYDROCAEBOKNS

3-1 Introduction

The formation of glass by the liquid-undercooling method is
always a process accompanied by potential crystallization. If
the crystallization could be by-passed successfully, a glass
transition will be observed on the way of cooling at a finite
temperature. On the other hand, behavior of a substance ohce
vitrified is not universal. Most of them show both the glass
transitidh and the crystallization successively. However, some
good glass formers such as glycerol and 3-methylpentane do not
exhibit any anomaly other than a glass transition. For some
inorganic materials such as Fe, Nigg_,P14Bg [1] and Ca(P0gq) o [2],
crystallization can be observed even below their glass transition
temperatures.

n-Alkanes are one of the compound groups whose glassy states
have been rarely studied so far. Aside from rare gases, they are
the simplest class of compounds whose intermolecular interaction
is just the dispersion energy. Actually, simple n-alkanes crys-
tallize very quickly on cooling, because of the simplicity of
their intermolecular interaction. This is the reason why very
little study of glass transition has been carried out for n-
alkanes so far. In contrast, some of l-alkenes can be easily
vitrified. For example, 1-butene is known as one of the best

glass former among the molecular liquids, whereas n-butane is a
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very hard glass former. It is expected from the structural
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of molecular interaction are also similar and the physical
properties resemble each other. What is a significant factor
which induces large difference in glass-forming ability (or
crystallization tendency) between n-alkanes and l-alkenes ? This
question awakes our interest.

In the present chapter, the vapor-deposition technique was
used to vitrify n-alkanes and l-alkenes, and thermal characteri-
zation of their amorphous state was carried out by using differ-
ential thermal analysis (DTA). Principal interest here is on the
glass transition and crystallization phenomena, and interrelation
of then.

The vapor-deposition technique has already been applied to
some simple hydrocarbons by Sugawara and Tabata [3]. They re-
ported some correlations between Tg and radiothermoluminescence
(RTL) peaks of the vapor-deposited samples. The present results

were compared with their data, and the origin of RTL peaks will

be discussed.

3-2 Experimental

The commercial materials of ethene, ethane, propene, propane
(> 99.5%). n-butane, n-pentane (> 99.0%), n-hexane (> 99.9%), 1-
butene (> 98.5%) and l-pentene (> 99.8%) were used as samples.
The first four material are from Gasukuro Kogyo Inc. and the
others from Tokyo Kasei Kogyo Co. Ltd. The value in bracket
behind each sample denotes purities claimed by them. The first

four substances, n-pentane and n-hexane were used after degassing
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without further purification. 1-Pentene and n-butane were puri-
Tlad by the fractionesl <Zietilloilion under roduced rrassura. Calh
sample was stored in a glass container (nearly 150 cm3) with a
polytetrafluoroethylene (PTFE) cock and a glass joint through
which the sample is transferred into the cryostat. The deposi-
tion temperatures were 4.2 K for ethene and ethane, 63.1 K for
l1-pentene and 20.4 K for the remaining samples, respectively.
The mass of sample deposited during a few hours was about 10 mg.

The DTA experiment was carried out with the type | apparatus
at the heating rate of 1.5 - 2.5 K min~! in the range from the
deposition temperature to the temperature at which the sample was
completely vaporized. The vapor deposition was performed twice
for propane, propene, n-butane and n-pentane to examine the
effect of thermal histories as described later. For the first
deposit, the temperature was raised continuously over the whole
temperature range to examine the overall thermal anomalies (Run
1). For the second, the sample was cooled to the lowest tempera-
ture from just above or below the temperature at which some anom-
alies were observed in Run 1, and the next heating experiment was
started (Run 2, 3, ...). For l-pentene, DTA was made also with
the type Il DTA apparatus using the sample of 0.5 cm3 in the
temperature range above 63.5 K.

A binary mixture between n-butane and l-butene was also
studied with the type I DTA. The samples were prepared in the
following manner. First, the n-butane gas of known pressure was
filled in a specified space on a hand-made vacuum-line with a
pressure gauge at robm temperature, and the gas was condensed in

the sample container kept at liquid nitrogen temperature. Next,
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the same space was filled with the l-butene gas of desired pres-
sure, ¢4 Lne gRS wes frain condensed 1o the sapo oonveiner,
Since tne pressures of sample gases were low enough to be regard-
‘ed as the ideal -gas at room temperature and the vapor pressures
of the condensed substances were negligibly small at liquid

nitrogen temperature, it is believed that the ratio of the ini-

tial pressures give the correct composition of the mixture.

3-3 Results of Measurement
3-3-1 Ethene and Ethane

The upper portion of Fig. 3-1 schematically shows the DTA .
signal observed during the vapor deposition of ethene at 4.2 K.
The temperature was kept constant and the base line of the signal
also showed good stability throughout the deposition process.
Many spike-like exothermic peaks, however, appeared in the case
of this substance. The lower portion of Fig. 3-1 shows the DTA
signal observed in the heating run. Any anomaly was not observed
below 70 K, above which a large endothermic peak due to vaporiza-
tion was observed. This leads to the conclusion that the above
mentioned peaks observed during the deposition originated from
intermittent crystallization. Accumulation of the condensation
heat at the deposited surface of the sample is considered to in-
duce quasi-periodically local devitrification even at the sub-
strate temperature of 4.2 K.

The result of DTA experiment for ethane is reproduced in
Fig. 3-2. Exothermic peaks appeared above 23.9 K. These would
not, however, be due to crystallization but to stabilization be-

tween some crystalline modifications, because spike-like peaks
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Fig. 3-1. Schematic DTA signals of ethene detected in the
vapor-deposition procedure at 4.2 K (upper portion) and heating

run (lower portion).
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Fig. 3-2. Schematic DTA signal of vapor-deposited ethane.
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similar to those observed for ethene were observed during the
cengoition, Itole censidered that the sample crvenaitisen during
the deposition.

For other substances studied here, no peaks were observed

during the deposition process.

3-3-2 1-Pentene

The results of the DTA experiments of l-pentene are summa-
rized in Fig. 3-3. The upper curve was obtained for the liquid-
quenched sample by using the type Il DTA apparatus, and the lower
one for the vapor-deposited sample using the type 1 apparatus.
The ekbthermic‘and subsequent endothermic péaks around 100 K cor-
respond to crystallization and fusion, respectively. Apparent
partition of the crystallization into two peaks in the vapor-
deposited sample wduld be caused by the difference in the homoge-
neous and heterogeneous nucleation rates in various parts of the
sample. The nucleation rate of the sample near the substrate may
be affected more or less by the nature and quality of the materi-
al. Examination of the crystallization behavior with different
substrate deserves further study. Base-line shifts due to the
glass transitions were observed at 71.2 and 71.7 K for the lig-
uid-quenched and vapor-deposited samples, respectively. It is
the first time that the glass transition was observed in this
substance. The glass transition temperatures in the two experi-
ments can be regarded as coincident values in view of the differ-
ence in the employed apparatuses. This gives another example of
the fact that the glass transition takes place at essentially the

same temperature irrespective of the method of the glass forma-
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Fig. 3-3. Schehatic DTA curve of glassy l-pentene. Liquid-
quenched sample was measured with the type Il DTA apparatus, and

vapor-deposited one with the type I apparatus.
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tion for the same substance.

3-3-3 Propane and Propene

DTA curves of vapor-deposited propane are shown in Fig. 3-4.
The glass transition was found at 45.5 K and the crystallization
at 48.7 K. Another exothermic peak at 63.5 K would be due to
irreversible transformation from an unidentified to the stable
crystalline modifications. An endothermic peak at 85.4 K is due
to fusion, which agrees with the literature value [4]. The broad
exothermic peak at the initial stage of heating in Run 1 would
result from an exothermic relaxation phenomenon characteristic of
the vapor-deposited glasses [5]. The observation of this effect
shows a successful vitrification of the sample on deposition.
This kind of low-temperature enthalpy stabilization was not ob-
served by the previous DTA apparatus [6]. Improvement of thermal
stability and sensitivity made it possible to observe clearly, in
agreement with the observation by an adiabatic calorimeter for
vapor-deposited sample. Non-existence of the low temperature
enthalpy relaxation for the vapor-deposited l-pentene described
in the previous section is due to the deposition temperature
which is high enough to terminate the relaxation during the
deposition process.

Runs 2, 3 and 4 are the reheating curves obtained after
thermal treatments indicated by the broken lines. The glass
transition was observed at the same temperature of 45.5 K for the
samples that had not experienced crystallization at 48.7 K (Runs
2 and 3).

Figure 3-5 shows the results for propene. A broad exother-
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Fig. 3-4. Schematic DTA curves of vapor-deposited propane.

Broken lines represent the thermal history of each sample.
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Fig. 3-5. Schematic DTA curves of vapor-deposited propene.

Broken lines represent the thermal history of each sample.
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mic effect due to the low-temperature relaxation was observed
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tion at 56.0 K and crystallization at 62.9 K can be seen as in
~the case of propane. The endothermic effect around 87 K is a
superposition of the fusion and evaporation. The glass transi-
tion temperature of this substance roughly agreed with previous

value 55 K which was reported by Haida et a/ [6].

3-3-4 Qther n-Alkanes

DTA curves of n-butane, n-pentane and n-hexane are shown in
Figs. 3-6 to 3-8, respectively. All the samples exhibited the
following common features. The first is a low-temperature exo-
thermic effect which could be observed only in the initial period
of the first heating experiment of the deposit. These phenomena
are the same kind of effects as what was observed for propane or
propene, and therefore, they confirm that the samples were suc-
cessfully deposited to be glassy states as described before.

The second is that no indications of the glass transitions
were observed on heating before the crystallization. Since most
of n-alkanes belong to the fragile liquid [7], the heat capacity
differences between their liquid and crystal at the melting point
of the present n-alkanes are as large as that of propane, for
which the glass transition was observed as described before.
This means that the present DTA apparatus has enough sensitivity
to detect the glass transitions of the present n-alkanes if ever.
Therefore, we can conclude that the crystallization took place
before the deposits reached hypothetical glass-transition temper-

atures for n-butane, n-pentane and n-hexane.
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Fig. 3-6.- DTA curves of vapor-deposited n-butane. Broken curves
denote thermal histories experienced before runs 2, 3 and 4.
The endothermic peak observed at 107.3 K is due to a solid-solid

phase transition‘[4].
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Fig. 3-T. DTA curves of vapor-deposited n-pentane. Broken

curves denote thermal histories experienced_before runs 2 and 3.

43



I J ) L) I

Hexane

Endo.«<—Exo0
N

20 60 100

Fig. 3-8. DTA curve of vapor-deposited n-hexane.
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-3-5 Binar stem Between n-Butane and 1-Butene
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systems (C4lyg) 4(CyHg){_, with several values of x in the range x
> 0.5. The glass transition phenomena were observed for all the
samples of x = 0.50, 0.74 and 0.84 at 59.5, 62.0 and 61.9 K,
respectively. Large exothermic anomalies above the glass transi-
tions were due to crystallization. What should be noted here is
that small exothermic effects were observed just below the glass
transition points for x = 0.74 and 0.84. More detailed discus-

sion will be given in the next section.

3-4 Discussion
3-4-1 Crystallization below Glass Transition Temperature
The glass transition is usually considered to be a

freezing-in phenomenon of molecular configurations in the liquid
state. According to this understanding, it is difficult to
imagine the occurrence of microscopic molecular rearrangement
below the glass transition temperature Tg, and still more diffi-
cult to expect there the crystallization which requires grand-
scale molecular-ordering. The conclusion by Sugawara and Tabata
as described later seems to be drawn based on such understanding.
Confirmation of polymerization reaction of a y-ray irradiated
vinyl acetate [8] oécurring just above its glass transition
temperature supports also such a classical view.

On the other hand, there is an increased number of evidences
which show the existence of residual atomic or molecular mobility
within the overall frozen structure. The residual mobility in

metallic glasses leads to some peculiar properties in these
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Fig. 3-9. DTA curves of the binary system of n-butane and

butene. Mole fraction of butane is indicated by x.
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materials far below their Tg [9]. Certain alkali oxide glasses
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Change in structure of some chalcogenide glasses induced by light
irradiation arises from mobility of certain constituting elements
below their Tg [11]. These observations can give an appropriate
interpretation to the present result that there was no anomalous
base-line shift due to glass transition in every DTA curve of the
present n-alkanes before the crystallization took place. The
classical view that the molecules in the glassy state are firmly
immobilized is clearly inconsistent with present results.

The results of DTA experiments on (C4H;q) ,(C4Hg) _, with x =
0.74 and 0.84 could be interpreted in two ways. One is that the
small exothermib phenomena below the glass transitions are due to
a partial crystallization or a kind of its precursor. In this
case, we would conclude that the vapor-deposited sample is able
to crystallize even below the glaés transition point. Another is
that, neglecting the exothermic phenomena ahead of the glass
transitions, the large anomalies above the glass transition
points are regarded as due to the global crystallization. In
this case, it can be seen from Fig. 3-9 that the crystallization
temperature decreased with the mole fraction x of n-butane. The
observed glass-transition and crystallization temperatures were
plotted against x in Fig. 3-10. The crystallization temperature
decreased linearly and intersects the glass-transition line
around x = 0.87. Extrapolating Tg line to x = 1.0, we obtain the
hypothetical T, for n-butane to be 63.5 K, which is definitely

g
higher than its crystallization temperature T 59.5 K.

cryst

This allows us to conclude that the vapor-deposited n-butane

47



80 T | | 1 |

T /K

50 |

] ]
0.4 0.6 0.8 1.0
X in (C4HIO)x (C4H3)|_x

Fig. 3-10. Temperatures of crystallization T t and glass-

crys
transition Tg plotted against mole fraction of n-butane.
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crystallized below Tg. In both cases, anyway, we reached the
sore conzlusion thet some vapor-doposities sepnies moy cilive
even below Tg. In this way, the present binary system provides
an interesting example in that the vapor-deposited mixture crys-
tallizes before or after the glass transition temperature depend-
ing on the composition. The threshold composition may depend on
the experimental time scalé.

Angell [10] has reviewed the competition problem between the
glass transition and crystallization process in terms of two time
The former is a characteristic time for

scales, 7 and 7

in out*
the structural relaxation in the metastable phase and the latter
a kinetic parameter governing the crystallization into the stable
phase. He cited ah'interesting binary system Na20-8203 in which
the compositional change produced bartial masking of endothermic
glass transition by the immediately-followed exothermic crystal-
lization in otherwise well-separated peaks. This phenomenon can
be interpreted by the intersection of temperature dependence of
The thermal behavior will be controlled deli-

T and 7

in out:
cately by a complex combination of nucleation at low temperature
and crystal growth at high temperature. There is an analogy
between the system cited above and the present system of
(C4Hyg) 4, (Cqlig) In the case of crystallization below Ty
however, the effect of the enthalpy relaxation should be taken
into consideration. The vapor-deposited sample shows the low-
temperature enthalpy relaxation associated with the lowering of
the fictive temperature which characterizes a non-equilibrium

structure of glass. Since these characteristic times might be

determined by the fluctuational change of the structure, their
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values would be governed more or less by the fictive temperature.
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even below Tg if the fictive temperature of the system happens to
reach some value at which z;, and 7 .4 intersect with each
other.

This kind of crystallization below the glass transition has
been observed in metallic glasses and Ca(POg)y as mentioned in
the introduction of this chapter. The classical view that the
crystallization of liquid-cooled glass is not likely to take
place below the glass transition comes from the Einstein-Stokes

relation,
7D = kgT / 6=z, (3-1)

where 7, D and r are viscosity of liquid, diffusion constant and
radius of constituent molecules, respectively. With the increase
in 7 up to the order of 1013 pa s, all the diffusional motions
of molecules in liquid are virtually still. The physical basis
of this equation is that the force hindering the motion of a
molecule in liquid is a viscous drag due to coupling of the mo-
lécular motion to that of other molecules. The residual and mas-
sive mobility below the glass transition therefore implies a sﬁb-
stantial breakdown of the Einstein-Stokes relation as the temper-
ature approaches the glass transition region.

It was pointed out that decoupling between self-diffusion of
constituent molecules and viscous flow of liquid took place far
below T [12] and that the above relation was valid above Ty but

not below Tg [13]. In addition, self-diffusional molecular-
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motion played an important role in the crystallization process

bolow T?, cithouzh wviscous Tlow was lapertons shove . fn the
case that the constituent of the glass possesses enough diffusiv-
ity crystallization would be able to occur even below_Tg. For
the metallic glasses, ultra-fast quenching with the rate ranging
at least 106 - 108 ¥ s7! was necessary for avoiding the nuclea-
tion and growth in the undercooled liquid region. For the molec-
ular glasses, vapor-condensation technique was efficient for
rapid extraction of the thermal energy during the transformation
from the original liquid to the final non-crystalline state. In
addition to the diffusional process, overall and internal rota-
tional degrees of freedom must take into account in the micro-
mechanism of the crystallization of the present molecular glass.
These additional motions will give better glass-forming ability
to the n-alkanes compared to the metallic liquids.

Since the glass transition is a kinematic phenomenon charac-
terized by the interrelation of time scales between molecular
motions and experimental observation, the behavior of glass in
the glaés transition region is strongly dependent on the cooling
and/or heating rate. For instance, the molecular-dynamics simu-
lation of the Lennard-Jones liquids showed that the microscopic
structure of the glass is conspicuously dependent on the cooling
rate [14]. Namely, the lower the cooling rate becomes, the
larger the scale of short- and/or medium-range order is developed
in the glass. In such situation, the molecular diffusivity would
be decreased. In the present vapor-deposition technique, the

kinetic energy of the depositing molecules was dissipated so

rapidly that the molecules did not have sufficient opportunity to
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organize themselves into ordered array before the kinetic energy
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Jow o threshoic velus for thas Consiceration of
geometry of the present DTA apparatus gives an estimate of the
corresponding quench rate at higher than 108 x s Thus, con-
stituents of the vapor-deposited glasses would possess considera-
bly high molecular diffusivity in its nature. On the other hand,
the heating rate in the present study was less than 0.05 K s1.
Under such a low heating rate, crystallization would be able to
start and proceed in some substances. Generally speaking, if the
glass was prepared under extremely high cooling rate and heated
at much lower rate, crystallization may take place below the
temperafure of glass transition which depends on the heating
rate. In the case reported by Luborsky, the glassy state was
prepared by melt-spinning technique in which the cooling rate
achieves 106 - 108 ¢ s™l, and therefore the above-mentioned
condition is still held.

According to this understanding, it is supposed that crys-
tallization is not likely to occur below Tg in the ordinary
experimental time scale for the glassy sample which is prepared
by the conventional liquid-cooling method. But if annealed for
an extraordinary long time, a liquid-cooled sample would crystal-
lize as well even below Tg. This is naturally consistent with
the fact that the glass is a metastable state. The liquid-
cooled glass would have a possibility to crystallize below the
conventionally determined glass transition temperature, provided
the ratio of cooling to heating rates, nearly 108 as in the
present study, could be hold. The heating rate in this case

1

comes to around 10'8 K s *, which corresponds to 103 days anneal-
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ing during the traverse of temperature interval of 1 K.
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concerning the way avoiding possible entropy catastrophe in an
equilibrium liquid that occurs below a critical temperature, re-
ferred to as the Kauzmann temperature Ty or the ideal glass-
transition temperature [16]. In order to keep the equilibrium
liquid structure at a temperature below its Tg conventionally
defined, we must wait a long time by the prolonged relaxation
time for reorganization of the molecular arrangement. The lower
the temperature to which equilibrium is maintained, the longer it
takes to reach the state. Kauzmann pointed out the possibility
of instability for the liquid phase in the sense thét relaxation
out of the glassy state to the corresponding crystalline phase
occurs likely during waiting for the internal equilibrium within
it. However, Angell et al. negatively discussed the possibility
of the equilibrium instability in supercooled liquid below Tg
[17]. From the calculation of nucleation induction time for
Lig0-28i09, they concluded that, at least in the equilibrium
state, the nucleation induction time of this substance does not
necessarily shorten with decreasing temperature, and thus the
instability of liquid would not occur above Tg. According to
this conclusion, it seems valid that crystallization does not
proceed by fluctuation within the equilibrium sfructure but by
that under the non-equilibrium structure. Namely, the fundamen-
tal processes of structural relaxation may promote the crystalli-

zation. .
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3-4-2 Tendencies of Glass Formation and Crystallization

Figure 3-11 ghows tho cuverimentsl resuisis of uho ;'wc:":-'s;t
and Tb/Tfus plotted against carbon number n for n-alkanes and 1-
alkenes, where T, and T;,  denotes the normal boiling and fusion
temperatures, respectively. With failure in the vitrification of
ethane and ethene, n = 2, the following discussion will be limit-
ed to n > 3. The glass transition was observed for propane and
all the l-alkenes, whose Tb/Tfus values are 2.5 or larger, but
not for the substances with Tb/Tfus around 2.0. The latter ones
are considered to have crystallized below Tg, as described above.
Such a correlation between observability of glass transition and
the ratio is just the same as has been pointed out in relation to
the ability of glass formation by the liquid-cooling method [18].
Thus the ratio of Tb/rfus can be regarded as a measure of appear-
ance of the glass transition phenomenon irrespective of the
method for glass formation, though there exists no definite value
of the critical ratio. In other words, the substance with poor
glass-forming ability has likely a tendency to crystallize below
the glass transition temperature during warming of the vapor-
deposited state. This is interpreted in terms of the concept of
fictive temperature Ty as follows. The glass formed by the vapor
deposition at lower temperature has higher fictive temperature in
the molecular configuration, and short- or medium-range order
develops with increasing the temperature of vapor deposition,
resulting in the decrease of the fictive temperature. Namely,
the effect of heating of vapor-deposited glass corresponds more

or less to that of decreasing the fictive temperature of the

equilibrium liquid down to the so-called crystallization-danger-
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Fig. 3-11. Variations of glass transition temperature g, crys-

tallization temperature Tcryst and ratio Tb/Tfus with carbon

number of aliphatic hydrocarbons.

55



ous region.
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and l-alkenes is noted in the present study. This demonstrates
an important role of the presence of a double C=C bond in the
molecule for the hindrance to crystallization. The replacement
of the single with the double bond at a molecular end seems to
bring into the properties of molecule the following two main
effects; loss of the rotational degree of freedom about the bond
axis and asymmetrization of the molecule as a whole. These two
factors would not cause significant Gibbs energy change in their
liquid states at high temperatures, as implied by the similar
values of ‘their boiling temperatures of the corresponding n-
alkanes and l-alkenes. However nucleation and growth processes
require additional head-to-tail ordering of l-alkene molecules
compared to the case of n-alkanes. The fluctuational reorienta-
tion of the l-alkene molecules required for the head-to-tail
ordering is not believed to happen easily in a viscous state. In
addjtion, Gibbs energy of l-alkene would be affected largely by
poor molecular packing in the crystal arising from the above
factors. The last problem has discussed quantitatively by Wong
and Angell [19] from the thermodynamic point of view in the case
of fluorotoluene isomers. Both the kinetic and thermodynamic
aspects will enhance much the glass-forming ability of 1-alkenes.

Figure 3-12 shows the carbon number dependence of the ratios
of Tg and Tcryst to T¢ys- The ratios Tg/Tfus for 1-alkenes are
all distributed around 2/3 indicated by the broken line. This
agrees quite well with the ehpirical relation which has been

observed in other systems [20], although there exists no rigorous
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theoretical basis. But values of the ratio for some simple
substences becone puch erpaller Yhan thet voiue, o.g. Lhen of
propane, for which the glass transition was observed uniquely
among n-alkanes, is 0.53, and that of tetrachloromethane CCly 1is

0.24 [21]. On the other hand, the values of T of

cryst/Tfus
vapor-deposited n-alkanes are found to be around 0.5 except for
ethane. Although the real temperatures of the sample during the
crystallization might be higher than 4.2 X owing to the heat of
condensation, their Tcryst/rfus values should be smaller than 0.5

which corresponds to about 35 K of T Thus the properties

cryst:
of such simple substances can not be easily predicted from those

of larger molecules.

3-4-3 Comparison with RTL Data

A study on the low temperature property of vapor-deposited
hydrocarbons has been carried out by Sugawara and Tabata [3] by
using the RTL technique. They observed two types of spectrunm
peaks which they called unstable and stabl/e peaks. They empha-
sized the existence of correlation between phase transitions and
RTL peaks, and concluded that the unstable peak temperature
Tunstable 18 related to Tg in the manner that Tg is a few Kelvin

lower than 7T In Table 3-1, RTL peak temperatures were

unstable:
summarized with our results of Tg, Tcryst and so on. They ob-
served unstable peaks for all substances except for ethene, and
estimated Tg for each substance. In the present work, however,
all alkanes but for propane did not exhibit the glass transition

phenomena. In particular, in the case of ethane the vitrifica-

tion was failed and only the stabilizations between crystalline
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Table 3-1. Comparison of temperatures at which some anomalies
were observed in DTA and RTL experiments.

* . present work; ** : after Sugawara and Tabata [3].

DTA* RTL**
Compounds
Tg/K Tcryst/K Ttrs/K Tunstable/K Tstable/K
ethane - - 23.9 30.6
29.0
propane 45.5 48.17 63.5 48.6 85.9
n-butane - 59.5 75.0 65.1 110
79.1
n-pentane - 71.8 (74.7) 76.2 143.5
propene 56.0 62.9 69.17 61.4 89.7
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phases were observed at 23.9 and 29.0 K. Considering the differ-

b . N 1 il 1 e - . i & PR
Lo Ty b : SV oy e o | oyt b st v (SRR Qe e o eyt iy
[SRE R in CaLAUT P L vd HIRGARUIS RO SINEIN [ RS I ) PRI 4 Lisine [ b odd Ay e wioed 5 43

peak of ethane at 30.6 K corresponds to either of these irre-
versible transformations. For other substances, Tunstable
roughly agree with the crystallization temperature observed in
the present work. Considering these results, we can conclude as
follows. Firstly, the RTL unstable peaks are correlated with
irreversible phase changes including crystallization. Secondly,
their assertion that Tg is given as the temperature a few Kelvin

lower than the T is reasonable only for the substances

unstable
which can be captured in the vitreous states by the vapor depo-
sition and do not crystallize below the conventionally defined
Tg. Thus the correlation would not be observed in general as

the substance becomes simpler.
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GLASS TRANSITIONS OF BINARY MIXTURES OF HYDROCARBONS

4-1 Introduction

One of the most interesting subjects in the solution is the
dynamics of the constituent molecules, in which the intramolecu-
lar mode-mode coupling and intermolecular correlation are argued
along with the local structure around each molecule. The glass
transition of binary mixtures can be accounted for as the.dynami~
cal property of the molecular motions in the ultra-slow regime.
From such interests, some experimental studies on the composition
dependence of the glass transition temperatures have been carried
out for ionic solutions [1], alcohols [2] and organic halides
[3].

The configurational entropy is the thermodynamic quantity
related to the correlation between molecules and is expected to
play an important role in describing the kinetic properties of
liquid near the glass transition temperature. It is also an
interesting problem how the entropy of mixing is included in the
configurational entropy. Based on the entropy theory, a phenome-
nological treatment about the glass transition temperatures of
binary systems was developed by Gordon et a/. [4] (GRGR theory).
The GRGR theory is interesting in the sense that it has estab-
lished the method to predict the composition dependence of Tg
only from the thermodynamic quantities of both pure components

with no adjustable parameter within the framework of their model.
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The basic idea is that the glass transition is a kinetic manifes-
tetion ol the underiying secend-order phese troneition thot noy
occur at Ty in an equilibrium liquid as suggested by Adam and
Gibbs [5].

In this chapter, composition dependence of the glass transi-
tion temperatures was investigated for the binary mixtures of
simple hydrocarbons. The DTA technique was utilized to defermine
the glass transition temperatures. Compared with the binary
systems previously studied, the present systems have simple
molecular structures and intermolecular interactions. The glassy
states were obtained by vapor-deposition so as not to allow phase
separation and/or crystallization during preparation. The pur-
pose of the present experiment is to understand the composition
dependence of the glass transition temperature from the entropic
point of view. The GRGR theory was used to analyze the data.
The validity of the GRGR theory was argued and sight extension of

the theory was made.

4-2 Entropy Theory of Binary Glass
The composition dependence of Tg is known to be reproducible
empirically by the hyperbolic form [4]
X Tgl + C(I‘X) ng

Tg(x) = , (4-1)
x + C(1-x)

where x is the mole fraction of component 1, and Tgl and ng are
the glass transition temperatures of the component 1 and 2,
respectively. The constant C is only one adjustable parameter in

this expression. It has been theoretically confirmed by Gordon
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et al. that the composition dependence of Ty is also reproducible
by L[a. (4-1). Thoy susnosed thet 1he cornooition depondence of
Tg is similar to that of the Kauzmann température Tx. Practical-
ly speaking, the composition dependence of TK was assumed to have
the same functional form as Eq. (4-1) with identical value of the
parameter (. The composition dependence of Tg is predictable
from that of Ty.

The next step is to determine the composition dependence of
Tx. Since Ty is the temperature at which the configurational
entropy vanishes, the Ty can be evaluated from the data of heat
capacity and the entropy of fusion by use of the relation

A= [ GG (4-2)
T T

The thermodynamic data of the mixture have seldom been measured
so that the Ty value is approximately estimated by means of the

thermodynamic data of pure substances as follows.

In general, the entropy of mixing AmixS is given by

_ - _ E _
ALiyS = B [xlInx+ (1-x) In (1-x)] + ApigS (4-3)
where the last term is excess entropy of mixing. Gordon et al.
treated the mixture as the regular solution in which the excess
entropy of mixing AmixSE is assumed to be zero independently of
temperature. Then Eq. (4-3) becomes

A S=-F[xInx+ (1-x) In (1-x]. - (4-4)

mix
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In the case of binary system, its solid solution is taken as
vhe reflerence stete Tor the evsluaticr of ithe configuraticne)

entropy. The entropies of liquid solution (LS) and solid solu-

tion (SS) are given by

S = x5 MU + (1m0 s
- R [ xInx+ (1-x)'In (1-x) ] (4-5)
and
S8a 1 = x 5CTV(D) + (1-x) 8,°TV(D)

- R [ xInx+ (1-x) In (1-x) ], (4-6)

respectively. Here, the expression Si“ was used for the entropy
of pure component i in the phase a. Subtraction of Eq. (4-86)

~from (4-5) gives simply,
Se(x, 1) = x S (1) + (1-x) S,9(D). (4-7)

This result indicates that the configurational entropy of the
regular solution is additive as a function of the mole fraction
of pure components.

The Kauzmann temperature Ty at a given mole fraction is ob-

tained by the following equation
S, (x, 1) = 0, (4-8)
where S§,(x,Ty) is calculated by using Eqs. (4-5) to (4-7) with
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the heat capacities of pure components. Then the parameter C’of
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squares method, and the composition dependence of Tg can be

calculated by using Eq. (4-1) and the common value of C.

4-3 Experimental

The commercial materials of propane (Gasukuro Kogyo Inc.;
99.5 %), propene (Gasukuro Kogyo Inc.; 99.5 %), l-butene (Tokyo
Kasei Kogyo Co. Ltd.; 98.5 %) and l-pentene (Tokyo Kasei Kogyo
Co. Ltd.: 98.5 %) were used without further purification. Four
binary systems of propene-propane, propene-l-butene, propene-1-
pentene, and l-butene-l-pentene were prepared. Preparation of a
mixture was done in the same way as described in chapter 3 for
the system between n-butane and l-butene. Special caution was
taken so that the sample mixture was not partially on a wall of
the sample container in order to guarantee the uniform composi-
tion of the sample gas throughout the deposition. The heating
rates of subsequent DTA experiments were about 2 K min~! and 1

1 in the type I and type Il apparatuses, respectively.

K min~

The experimental DTA Curves of 1-butene obtained by both the
apparatuses were shown in Fig. 4-1. The glass transition temper-
ature was determined as an intersection of the extrapolations of
base-line and rising part of the base-line shift. The precision

of the determined temperature was within + 0.3 K.

4-4 Results and Discussion

4-4-1 Results of DTA Experiment

Figures 4-2 to 4-5 show the schematic drawings of the DTA
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1-Butene

I 60.2K
2uV =~ 0.1K

Liquid Quenched

600K

Endo. <— Exo.

Vapor Deposited

Izuv = 15mK
' ' TYPE 1

Fig. 4-1. Experimental DTA curves around the glass transition
temperature of 1l-butene. The upper is for the liquid-quenched

sample measurted by the type Il apparatus, and the lower the

vapor-deposited sample by type I.
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Fig. 4-2. Schematic DTA curves for vapor-deposited samples of

(propene) ,(propane) |_, system measured by the type I apparatus.
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Fig. 4-3. Schematic DTA curves for vapor-deposited

samples of

(propene)X(l-butene)l_X system measured by the type | apparatus.



] | | I
( Propene ), ( 1-Pentene )i-x
. x=0.0 71.3K
2 N —
6a)
AN 0.25 67.1K
0.50 63.5K
0.75 599K
v
o
=
84|
| | ] ]
50 60 70 80
T/ K
Fig. 4-4. Schematic DTA curves for vapor-deposited samples of

(pr‘opene)X(l-pentene)l_x system measured by the type | apparatus.
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Fig. 4-5. Schematic DTA curves of liquid-quenched samples of
(1-butene)x(1—pentene)l_X system measured by the type Il appara-

tus.
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curves. For all the systems, a step-like anomaly due to the
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temperatures were shown in each figure.

In the cases of the pure propene and the propene-propane
system, some exothermic peaks were observed following to the
glass transition. These effects are due to the crystallization
and stabilizations from an unidentified metastable to the stable
crystal. The endothermic peak observed in the higher temperature
region is due to the fusion process. The fusion for x = 0.25 was
clearly split into a sharp and a broad peaks. This type of
fusion phenomenon is observed for systems exhibiting a ‘eutectic
point.‘&n the present system, the phase separation could take
place on crystallization. No indications of the eutectic melting
for the x = 0.5 and 0.75 samples are probably due to the fact
that temperature difference between the eutectic point and the
liquidus line is too small to be detected separately by DTA.

The observed Tg data were plofted against the mole fraction
in Figs. 4-6 to 4-9. In all the systenms, Tg changed monotonously
against the composition. The solid lines are the best curves of
Tg fitted to Eq. (4-1). Each value of the parameter ( determined

by the least squares method is shown in Table 4-1.

4-4-2 Analyses in Terms of the GRGR Theory

The configufational entropies of the pure substances were
evaluated from the data of the heat capacity and entropy of
fusion by using Eq. (4-2). The extrapolations of the heat capac-
ities of the equilibrium liquid and crystal were carried out by

the least squares fitting to polynomial functions. The deter-
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(Propene), (Propane);.,

Fig. 4-6. The composition dependence of the glass transition
temperature in (propene)x(propane)l_x system. The solid curve
denotes ‘the optimized curve fitted to Eq. (4-1), and the broken

curve is predicted Tg variation by the GRGR theory.
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(Propene), (1-Butene);.«

55 .

Fig. 4-T. The composition dependence of the glass transition
teﬁperature in (propene)X(l-butené)l_X systen. The solid curve
denotes the optimized curve fitted to Eq. (4-1), and the broken

curve is predicted Tg variation by the GRGR theory.
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(Propene), (1-Pentene);.,

T,/ K

Pig.  .4-8, ‘The composition dependence of the glass transition
teinperature in (propene)X(l-pentene)l_X systenm. The solid curve
denotes the optimized curve fitted to Eq. (4-1), and the broken

curve is predicted Tg variation by the GRGR theory.
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60

Fig. 4-9,. The composition dependence of the glass transition
temperature in (l-butene)x(l-pentene)I_X system. The solid curve
denotes the optimized curve fitted to Eq. (4-1), and the broken

curve is predicted Tg variation by the GRGR theory.
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Table 4-1. Determined parameter C of Eq. (4-1).

Systey; Cexp ctheory
(propene)x(propane)l_x 1.71 0.976
(propene)x(l-butene)l_x | 0.472 1.30
(propene) ,(1-pentene)_, 1.03 1.40
(1-butene) ,(1-pentene) _, 1.04 1.08

Cexp: obtained by fitting Tg: ctheory: obtained by fitting TK.
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mined coefficients of the polynomials are tabulated in Table 4-2
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composition dependence of TK was evaluated for every 10 mole % of
composition. The composition dependence of Tg was reproduced by
using Eq. (4-1) and the best-fit value of the parameter ( ob-
tained for Ty as tabulated in Table 4-1. |

The broken curves drawn in Figs. 4-6 to 4-9 are the Tg
curves reproduced as described above. For the system of (1-
butene) ,(1-pentene) _,, the calculated Ty curve gives a good
agreement with the experimental data. On the other hand, defi-
nite deviations were found for other systems. These deviations
indicatefprobabiy the invalidity of GRGR model for the present
systeﬁs. A possible extension of the GRGR theory will be dis-

cussed in the following section.

4-4-3 Estimation of Excess Configurational Entropy

In the GRGR theory, both the liquid and solid solutions are
assumed to be regular solutions. This assumption makes it easy
to estimate the configurational thermodynamic quantities. The
disagreement between the theoretical and experimental results can
be explained phenomenologically by allowing the existence of
excess configurational entropy.

In a real solution, A st in Eq. (4-3) is not zero.

mix

Therefore, the entropy of binary mixture is

S = x s v -0 syl
=R [ xlInx+ (1-x) In (1-%) ]
b A, SE LS, (4-9)
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for the liquid solution, and

S5 (a1 = x SETY(D) 4 (1-x) 85CTV(D)
-R[xlInx+ (1-x) In (1-x) ]
E,SS -
AL S , (4-10)

SE'LS and A _: SE’SS are the

for the solid solution. Here, Amix nix

excess entropies of mixing for the liquid and solid solutions,

respectively. Thus the configurational entropy is given by

Sc(x 1) = x S, (1) + (1-x) S q9(n + 8E, (-1

O GBULS 4 E.SS

E _
where SC = Amlx - nix

is the excess configurational
entropy. The existence of this term means that the intermolecu-
lar correlation of each component is affected more or less by the
mixing. This quantity depends on the temperature in general. It
is necessary to estimate SCE for the determination of Ty by use
of Eq. (4-11).

The excess configurational entropy SCE is usually obtained
from the precise data of heat of mixing and vapor pressure of the
mixture in the interested temperature range. In the present case,
however, there have been no experimental data probably due to
difficulty caused by low temperature problens. Therefore, the
inverse operations to obtain Ty and ScE were tried from the
experimental Tg data. The Kauzmann temperature can be estimated
inversely from the composition dependence of Tg by using Eq. (4-

1). Assuming that SCE is independent of temperature, the quanti-

ty can be evaluated as a residual configurational entropy at TK
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obtained by the regular solution model! by reversing its sign.
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was shown as a Tunction of the composition. The error of SCE
value is estimated to be about + 0.5 J k! mo17! in the interme-
diate composition range. This error arises mainly from the
inaccuracy inherent in the extrapolation of the liquid heat
capacity towards Ty. The SCE values of the (l-butene),(I-pen-
tene)l_X systems were zero within the error of the eétimation.
However, the SCE values beyond the error were found for other two
systems. Especially for (propene)X(propane)l_X system, the
obtained SCE value (2.2 J K™ mol™! at x = 0.5) is almost half of
the ideal mixing entfopy of £ 1n2 (= 5.76 J k™! mol™l). The
literature value of the excess entropy for the liquid solution of
the related system is 0.077 J K™! mol™! at 208.15 K for (n-hex-
ane)y g(n-decane)y ¢ [8], and 0.032J k™! mo1”l at 255.4 K for
(ethane)o's(propane)o.s [9]. One idea to explain this unexpect-
edly large SCE in the propene-propane system is to consider the
effect of temperature; i.e., in the undercooled liquid at low
temperature, the correlation between the molecules is increased
and so the configurational entropy S, of the system will change
significantly by the mixing. Actually, the excess entropy of the
(ethane)o.s(propane)o.s system at 112 K is three times larger
than the value at 255.4 K though all of the excess entropy can
not be attributed to the configurational part. It is desired to
make a direct measurement of the excess entropy at low tempera-
tures. It is also possible to explain the large SCE value by the
invalidity of the assumptions in the GRGR theory; e.g., the

composition dependence of Tg and TK can be expressed with the
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1

SE / T K morl

Fig. 4-10. Estimated excess configurational entropy SCE.
(propene)x(propane)l_x : open circle,
(propene)x(l-butene)l_x : solid circle,
(propene)X(l—pentene)l_X : solid triangle,

(l-butene)X(l-pentene)l_X : open triangle.
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identical value of the parameter ( in Eq. (4-1). It is also
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GRGR theory further by both theoretical and experimental ap-

proaches.
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Chipter §
CALORIMETRIC STUDY OF 1-PENTENE
ENTHALPY RELAXATION IN VAPOR-DEPOSITED AND LIQUID-QUENCHED SAMPLES

5-1 Introduction

It has been confirmed in.many cases that an amorphous solid
exhibits a glass transition phenomenon at an identical tempera-
ture irrespective of the method 6f preparation. For example, the
vapor-deposited (VQ) and liquid-quenched (LQ) glasses of 1-pen- -~
tene have essentially the same glass transition temperature as
described in Chapter - 3. This coincidence of Tg indicates that
the two glassy states are thermodynamically similar to each other
just below Tg, because the equilibrium liquid above Tg should be
a unique state defined in terms of minimum Gibbs energy in a
metastable phase. However, it is also believed that glasses
produced by different methods have different structures at tem-
peratures much lower than Tg. This suggests that the non-equi-
librium structures of the VQ and LQ glasses are different fronm
each other, and thus their dynamic properties at low temperatures
should not be identical. Actually, it has been sometimes ob-
served that the VQ glasses exhibited structural relaxation phe-
nomena accompanied with large exothermic effects at temperatures
far below T, [1,2].

Recently, Oguni et al/. have made a calorimetric measurement
of the VQ glass of butyronitrile and analyzed its enthalpy relax-

ation process quantitatively [3,4]. They elucidated that the
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relaxation process of the VQ glass bears a non-exponential char-
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releyation time exhibnlits a non-Y01F Lennerciure
dependence. Application of the Adam-Gibbs (AG) equation ciari-
fied the important role of configurational entropy as a parameter
in describing the structural relaxation process in the VQ glass
of butyronitrile. '

In this chapter, the héat capacities and the enthalpy relax-
ation processes of the VQ and LQ samples of l-pentene as studied
by an adiabatic calorimetry are described. At temperature by a
few kelvin lower than Tg. the enthalpy relaxations of the VQ and
LQ glasses were compared quantitatively. Characterizations of
the relaxation processes in the VQ and LQ glasses were analyzed
in termsubf the Kohlrausch-Williams-Watts function and the Adanm-
Gibbs equation. The present experiments were motivated by the
following questions: Is the relaxation phenomenon occurring far
below Tg a universal feature of the VQ glass independent of
materjials? Does the LQ glass relax in the same way as the VQ
glass in the same temperature region ? Some difference is ex-

pected to be observed because the difference in non-equilibrium

structure may influence the relaxation process even just below
Tg.
5-2 Theoretical Bases for the Analyses of Relaxation Processes
In the present and next chapters, the experimental data were
analyzed in the same way. It is appropriate, therefore, to
summarize first the theoretical bases and the practical technique

of the analyses of the experimental data.
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5-2-1 Evaluatjon of the Configurational Enthalpy
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vibrational and configurational parts. In response to any fluc-
tuation in the external parameters like temperature and pressure,
the vibrational mode can regain its equilibrium immediately while
the configurational mode regains its equilibrium with a definite
time constant (relaxation time) governed by the external parame-
ters. Slow equilibration in the configurational mode causes
temperature difference between the two modes and provokes them to
exchange energy. The temperature drift observable in the glass
transition region is regarded as the variation of the vibrational
temperature. Therefore, the enthalpy relaxed in the‘récovery
process can‘Be evaluated from the observed temperature drift rate
in the following procedure. The configurational enthalpy relaxa-
tion rate dHc/dt is given by the product of the spontaneous
temperature drift rate d7/dt and the vibrational heat capacity
Cyip of the system including the sample cell. The spontaneous
temperature drift is obtained by subtracting the natural drift
rate, due to the slight imperfection of the adiabatic control
from the total observed drift rate. Thus the configurational

enthalpy Hc relaxed in a period of time At is

di{c drT
At = CVlb At. ) (5'1)
dt dt
In the case of long-time relaxation processes (2 - 3 days), the

enthalpy at any instance can be obtained by summing up the quan-

tity (dHE/dt)-At from the origin of H,. The values dHC/dt and
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cvib change with time during the relaxation so that At is usual-
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ally defined to be the point at which the sumple reacned the
equilibrium value of enthalpy. This point corresponds to the

temperature where the spontaneous temperature drift disappears.

5-2-2 Kohlrausch-Williams-Watts Function

Any relaxation process of a physical quantity can be charac-
terized by a functional form of the tinme evolution of the quanti-

ty. The relaxation function ¢ for the enthalpy is defined as
¢ (t) = AH ()/1AH,(0)1, (56-2)

where A/X, denotes the departure of configurational enthalpy from
the equilibrium value.

Many physico-chemical phenomena have been described by a
linear response relation in which the relaxation rate of a physi-
cal quantity is proportional to the departure from its equilibri-
um value. Using the relaxation function ¢, this relaxation is
described in the following form.

d¢ ¢

—_ = . (5-3)
dt T

where T s a time constant called relaxation time. For a con-
stant 7 (= TD), the unique solution of Eq. (5-3) is the simple

exponential (Debye type) relaxation function,

¢ (1) = exp(-t/Tp). (5-4)
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However, this relaxation function is usually not applicable
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because the structural relaxation takes place in a highly cooper-
ative manner; the constituent molecules are strongly coupled each
other in the liquid. It is known that the following Kohlrausch-
Williams-Watts (KWW) function (stretched exponential form) is a
good empirical expression to reproduce the structural relaxation

process in the undercooled liquids [5,6].
¢ = exp ["(t/Twa)B]. (5"5)

where Tyyy is a characteristic time constant, roughly corre-
sponding to = in Eq. (5-4). A new parameter B, ranging between
0 and 1, is introduced here. This parameter B is a measure of
the deviation from the simple exponential relaxation, since Eq.
(5-5) is identical to Eq. (5-3) when B = 1. Relaxation func-
tions of the KWW type is drawn in Fig. 5-1 for various values of
B. The long-time tail grows up with decreasing value of §8.
The theoretical basis for the validity of the KWW function has
not been established yet, although some authors have tried to

derive the KWW function in terms of the statistical mechanics

[7,8].

5-2-3 Adam-Gibbs Equation

Gibbs and his co-workers [9,10] developed the concept of
configurational entropy in the liquid. Adam and Gibbs [11] then
expressed the relaxation time of kinetic property related to the

configurational entropy of static one by the following equation
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Fig. 5-1. KWW type relaxation functions for various values of 8
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(see Chapter 1).
T = T exp ( Au Sc$ / kB T SC). (5-6)

where Au denotes the free energy barrier for the activation
process of relaxation, sc* the configurational entropy of a
critical size subsystem that can perform a cooperative molecular

rearrangement, kB the Boltzmann constant and SC the configura-

E 3

tional entropy of the macrosystenm. The values Aux and Sg

are
practically independent of time if the temperature change is
small enough during the relaxation. Therefore, a plot of loga-
rithmic relaxation time against reciprocal of the SC T should
give a straight line. We may call hereafter this plot as Adam-
Gibbs plot. In the present study, the relaxation time 7 is
supposed to be evaluated as the effective relaxation time Toff
derived from Eq. (5-3). This quantity is first proposed by
Kovacs et al. [12].

The configurational entropy Sc. can be evaluated from the
configurational part of the heat capacity which is given by sub-
tracting the vibrational part from the total heat capacity of the
liquid.

Ti C:

Se = dr, . -
[ 5 (5-7)

or equivalently,

T:
Sc=Sc(fZ}us)+/ %dT. (5-8)
fus

80



Here, CC is the configurational heat capacity. The parameter Tf
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former is defined as the temperature at which the equilibrium
liquid has the same enthalpy as that of the respective non-equi-
librium state [13,14], and the latter is defined as the tempera-
ture at which the configurational entropy of the equilibrium
liquid disappears [15]. The configurational entropy at the
fusion point Sc(Tfus) is obtained by subtracting the vibrational
entropy of the glass at Teys from the third-law entropy of liquid
at the fusion point S(T; ). This is identical with ApusH/ Tsys
if the vibrational heat capacity of the crystal is the same as
that of the glassy state. In the present calcﬁlation, Eq. (5-8)

was used for the evaluation of the configurational entropy.

5-3 Experimental

5-3-1 Preparation of Samples

In the present study, the heat capacities of VQ and LQ
glasses were measured by different calorimeters because the LQ
glass requires a large amount of sample to obtain sufficient
accuracy of the enthalpy measurement as described in Chapter 2.
Hereafter, the sampleé for the VQ and LQ glasses will be called
VQ sample and L sample, respectively.

A commercial sample of l-pentene, whose purity was claimed
to be more than 99.8 mol %, was purchased from Tokyo Kasei Kogyo
Inc. For the LQ sample, the sample was purified once by the
vacuum distillation technique, and stored.in the sample-container
which is made of Pyrex glass equipped with a polytetrafluoroeth-

ylene (PTFE) cock. The volume capacity of the container is about
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150 cm3. The sample of 0.09715 mol was distilled through a
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500 Pa at 78 K and then the transfer tube was pinched off with
soldering at the tip. The BS I type cryostat was utilized for
the calorimetric measurement as described in Chapter 2.

For the VQ sample, the sample was purified in the same man-
ner as that for the LQ sample. A sample container of 4 cmS was
connected to the vapor-deposition line of the VD calorimeter.
The sample vapor wasvdeposited onto the substrate controlled at
a temperature between 38 and 47 K. The amount of the sample
deposited within 50 h was 0.01462 mol, which was determined by
comparing the values of the heat capacities with those of the LQ
sample between 110 and 120 K.

The purities of the samples were determined by the fraction-
.al melting method to be 99.2 mol % and 99.1 mol % for the VQ

sanple and the LQ samples, respectively.

-3-2 Calorimetric Measurement

Heat capacities of the VQ and LQ samples were measured by
means of the adiabatic calorimeters described before in the
temperature range of 12 - 120 K for the VQ sample and 12 - 300 K
for the LQ'sample. The LQ glass was prepared by cooling the
supercooled liquid of the LQ sample from 78 K with the rate of 3
K min~!. The crystalline phase was obtained by annealing the LQ
sample at several temperatures between the glass transition (Tg =
70 K) and the melting (Teys = 107.8 K) points.

For the VQ glass, exothermic effect due to the enthalpy

relaxation was pursued for a long time at 53, 58, 62 and 69 X on
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the way of the heat capacity measurement. The enthalpy relaxa-

tion ol tne LY slass wes purcues 2zt 52,0 YN irn o3 se LAt
ment from ihe heat capacity measurement. The relaxation was
observed by heating at 2 K min'1 from 20 K to reproduce a condij-

tion similar to that of VQ glass.

5-4 Results and Discussion

5-4-1 Heat Capacity

Exothermic effect due to the enthalpy relaxation was ob-
served during the heat capacity measurement for the VQ and LQ
samples. The observed enthalpy relaxation rate df,/dt was plot-
ted against temperature in Fig. 5-2. For the LQ glass, exother-
mic followed by endothermic temperature drift was observed as
usual. The drift .rate gradually increased with increasing tem-
perature and had a maximum just below Tg. On the other hand, for
the VQ glass, the exothermic effect started just above the depo-
sition temperature and was accelerated rapidly by warming.
Broken lines drawn for the VQ samples represent slowing down of
the temperature drift rate at each step of a long-time annealing
of the sample. Further heating, however, enhanced the exothermic
effect again. This cycle of exothermic effect was repeated up to
Tg. This strange exothermic effect is Jjust the same as that
observed in butyronitrile [3,4] and is concluded to be a univer-
sal property of the vapor-deposited glass.

Since the exothermic rate was nearly constant within a
period of temperature measurement, the heat capacity was evaluat-
ed by regarding this effect as a sort of heat leakage from sur-

roundings. Therefore, the heat capacities of the VQ and LQ
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Fig. 5-2.

Rate of configurational enthalpy relaxation observed
on the way of heat capacity measurement for the VQ (closed cir-
cle) and LQ (open circle) samples. Broken lines indicate the
slowing dowh of relaxation rate by a long-time annealing at each
particular temperature.
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samples below Tg correspond to the instantaneous values due to
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effects observed just above Tg are included into the heat capaci-
ty., since the sample equilibrated within 30 min or so after each
energy supply. Accordingly, the heat capacity obtained in this
temperature region is the sum of the vibrational and configura-
tional contributions.

In the high temperature region (7 > 250 K), slight heat
capacity contribution from the heat of vaporization is not negli-
gible because of high vapor pressure of the sample. By subtract-
ing this effect from the apparent value, the heat capacity under

the saturated vapor pressure, (g, was obtained. The correction

g*
for the heat of vaporization amounted nearly 0.3 % of the heat
capacity of the sample.around 300 K. The molar heat capacities
under saturated vapor pressure are plotted in Fig. 5-3 for VQ, LQ
‘and crystalline (CR) samples and tabulated in Table 5-1. For
both vitreous samples VQ and LQ, é glass transition was observed
at essentially the identical temperature around 70 K. This
result is consistent with the observation in DTA study described
in Chapter 3.

The crystalline sample fused at 107.8 K. The enthalpy and
entropy of fusion were 5.846 kJ mol™! and 54.48 J K°! no1~1,
respectively. The enthalpy value was about 0.7 % larger than the
literature value 5.807 kJ mol™! [16], and this difference is
beyond the experimental error. Since l-pentene is difficult to

crystallize fully, the previous author possibly measured the heat

capacity of a mixture of liquid and crystal.
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Fig. 5-3. Molar heat capacities of l-pentene under the saturated

vapor pressure.
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Table 5-1. Heat <capacities of l-pentene under saturated vapor pressure.

- ~ . ¢
[ ! ~ : I . w
: Y, « Py . . IS

- A = [N o

SR A e _-M-t_] e e

K Klmol™h Kk K hmor ! K JK 'mol K JK

mol

CRYSTAL Series 2 64. 63 52.35 107. 856 73500

Series 1 15. 01 5. 306 65. 76 53.13 107. 87 22260
37.08 29. 49 15. 46 5. 706 66. 89 53.85 108. 73 170. 2
37. 84 30. 27 16. 08 6. 291 68.03 54,64 108. 99 129. 3
38. 74 31. 16 16. 80 7. 009 69.17 55.35 110. 92 129, 2
39. 66 32. 07 17. 69 7.918 70. 32 56.12 111.97 129. 1
40. 57 32. 96 18. 69 8. 967 71. 47 56. 88 113.02 129. 2
41. 47 33. 80 19. 72 10. 11 72.62 57. 64
42. 42 34. 71 20. 75 11.28 73.78 58. 46 YQ Glass
43. 42 35. 65 21. 82 12. 49 74.98 58.12 12, 568 6.679
44, 41 36. 65 22. 89 13. 71 76. 25 59. 94 13. 29 7.234
45, 44 37. 45 23. 93 14, 89 77.54 60. 67 14. 15 8.328"
46. 49 38. 40 24. 97 16. 06 78. 84 61. 40 15. 08 9.178
47.54 39. 34 26. 02 17. 22 80. 16 62.13 15. 94 9. 897
48,58 40. 21 27. 04 18. 38 81.49 62. 90 16. 81 10. 78
49. 64 41. 11 28. 04 18. 57 17. 73 11.73
50. 71 42. 04 29. 02 20. 87 Series 3 18. 64 12. 64
51.79 42. 88 30. 03 21. 94 81.90 62. 84 18. 54 12.80
52. 87 43. 77 . 31.10 23. 04 82. 96 63. 35 20. 48 14,76
53. 95 44. 64 32. 15 24, 22 84. 03 63. 91 21. 47 15. 80
556. 04 45, 45 33. 20 25. 37 85. 09 64, 46 22. 48 17.13
56. 13 46. 30 34, 23 26. 49 86.15 64. 98 23. 52 18. 31
57. 23 47. 14 35. 26 27. 61 87. 21 65. 52 24. 60 1. 58
58. 32 47. 94 36. 30 28. 74 - 88. 26 66. 05 25, 68 20. 71
59. 43 48.75 37. 34 29. 76 88. 32 66. 56 26.76 21. 80
60. 63 49. 50 38. 40 30. 82 90. 37 67.19 27. 84 23. 00
61. 64 50. 32 39. 45 31. 88 91.42 67. 90 28. 89 24. 06
62. 75 51. 11 40. 52 32. 91 92. 46 68. 59 29. 93 26. 19
63. 87 51. 84 41, 59 33. 91 93. 52 69. 61 30. 98 26. 68
64. 99 52. 64 42, 66 34. 93 84.57 71.02 32. 02 27. 81
66. 11 53. 38 43. 73 35. 95 85. 62 72.94 33.05 28. 05
67. 24 54. 10 44, 81 36. 93 86. 68 74. 48 34. 09 30. 25
68. 37 54, 85 45. 89 37. 88 87.74 76. 08 35.17 31.37
69. 51 55. 68 46. 97 38. 85 88. 80 78. 11 36. 21 32. 72
70. 65 56. 39 48. 06 39.78 88. 85 81.09 37. 31 33.72
71.80 57.15 49, 15 40. 69 100. 90 86. 04 38. 46 34,75
72. 95 57.95 50. 23 41. 63 101. 92 85. 02 39. 67 36. 04
74.10 58.70 51. 33 42. 63 102. 90 105.5 40. 69 37.04
75. 26 58. 39 52. 42 43. 42 103. 82 143. 8 41. 80 38. 03
76. 42 60. 08 53. 52 44, 31 104. 62 169.5 42. 92 39.16
77.59 60. 74 54. 61 45. 14 105. 68 254.0 44, 03 40. 46
78.76 61.43 55. 71 45. 99 106. 71 642, 8 45. 16 41. 07
79. 94 62. 08 56. 82 46. 85 107.23 1549 46. 30 42. 63
81.13 62.72 57. 82 47. 63 107.48 3067 : 49. 58 46. 10
82. 31 63. 45 59. 03 48. 48 107.62 5218 50. 67 46. 62
83.51 64. 09 60. 15 49. 29 107. 71 7932 51.78 48. 08
84. 71 64. 85 61. 26 50. 02 107.76 11360 54. 84 51.17
85. 81 65. 58 62. 38 50. 84 107.81 15780 55. 88 52. 23
87.12 66. 31 63. 50 51. 58 107. 84 24340 56. 96 52. 85
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Table 5-1. Continued.

- o - o P -~ .
s
P .

[ ol oy o &Yy

K JK 'motr™! K JK Tmol™! K JK imol™! K JK imol™!

58. 30 56. 02 Series 3 71.53: 131.9 70. 81 133. 8
60. 37 57. 37 27. 90 23. 00 72,22 134. 6 71.49 138. 8
61. 47 58. 83 28. 84 24. 24 73.13 134.9 72. 35 135. 3
63. 22 62. 00 29. 82 25. 42 14. 14 135.0 73. 22 135. 1
64. 30 64. 16 30. 78 26. 23 75. 37 134.5 74.10 134. 8
65. 38 64. 86 31.73 27. 42 76. 39 134. 3 75. 00 134. 4
66. 49 68. 27 75. 92 134, 2
67. 61 66. 47 Series 4 Series § 76. 84 134. 1
70. 12 120. 3 33. 18 29. 06 72.02 135. 4 77.78 133. 7
72. 11 136.0 34,12 30. 11 73.02 135. 3 78.73 133. 6
74. 10 133. 6 35. 05 31. 11 74.04 134.8 79. 70 133. 4
75. 16 133.0 36. 03 32.18 75. 08 134. 7
76. 22 132. 9 37. 05 33. 25 76.13 134. 3 Series 8
7. 29 133.0 38. 07 34. 30 77.19 134. 1 110. 16 129. 3
78. 35 133.5 39. 08 35. 35 78. 27 133. 9 111. 45 129. 4
79. 43 132. 7 40. 10 36. 37 79. 36 133.6 112. 75 129. 8
80. 51 132. 2 41.10 37. 39 80. 46 133. 3 114, 05 129. 1
81.59 134. 4 42. 11 38. 34 81.57 133.0 115, 36 129. 2
» 43. 11 39. 31 82. 69 132. 8 116. 68 127.0
LQ Glass - 44,11 40. 27 83. 83 132.6 118. 00 128. 8
Series | 45, 11 41, 21 -~ 84.98 132.5 119. 33 128. 6
12. 34 5, 284 46. 10 42. 16 120.66 128.8
12.78 5. 668 47, 09 43, 09 Series 6 122. 00 128. 6
13. 25 6. 137 48, 08 44, 03 89.19 132. 1 123. 35 128. 0
13. 77 6. 682 49, 07 44, 93 80. 39 131.6 124. 70 128. 8
14, 33 7. 291 50. 06 45. 85 91.57 131.6 126. 06 128. 4
14. 95 1. 946 51.05 46. 78 82.55 131. 4 127. 43 128. 4
15. 61 8. 650 52. 03 47. 70 97.61 130. 4 128. 80 128. 6
16. 42 8. 553 53. 02 48, 85 98. 82 130.2 130. 18 128. 5
17. 40 10. 68 54. 00 49, 64 100. 05 130. 1 131.56 128. 5
18. 41 11. 85 54, 99 50. 51 101. 28 130. 2 132. 85 128. 5
20. 21 13. 97 b5. 98 51. 47 102. 51 130.0 134, 35 128. 6
21.07 15. 01 56. 96 52. 44 103. 76 129. 9 135. 76 128. 3
21.94 16.07 57. 95 53. 41 105. 00 129. 8 137. 16 128. 4
22. 85 17.15 58. 94 54, 45 106. 26 129.7 138. 68 128. 5
23. 80 18.18 bg. 94 55. 49 108. 78 129. 6 140. 00 128. 3
24,76 19.36 60. 94 56. 59 110. 06 128. 3 141. 43 128. 4
25. 74 20.45 - 61. 94 57. 77 111.34 128. 9 142, 87 128. 3
26.72 21.58 62.85 - 59.25 112. 62 129. 1 144, 31 128. 7
27.72 22. 83 63. 98 60. 41 113. 91 129.0 145. 76 128. 6
28.77. 24. 17 656. 02 62. 04 115, 21 128.0
66. 07 63. 85 116.51 129. 1 Series 9
Series 2 67. 14 66. 38 117. 82 128.9 141. 24 128.5
17. 35 10. 64 68, 21 69. 88 119. 14 128. 8 143. 83 128. 6
17. 91 11,27 69. 03 72. 51 120. 46 128. 8 146. 45 128. 6
18.62 12. 10 68. 58 77.10 123.13 128.5 148. 09 128. 8
19. 39 13. 04 70. 10 84. 73 151. 76 128. 9
20. 20 13. 88 70. 57 97. 87 Series 7 154. 46 129. 1}
21.10 15. 05 71. 02 119. 1 69. 86 77. 65 157. 17 129. 1
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Table 5-1. Continued.

- o e ~ - - -
i o e : . R
falts et av = Y & FRY

K 9K 'mor™! K JK lmor™! K JK 'mot™] K JK 'mol™!
159.91  129. 4 194.64 132.7 231.46 138.8 269.01 147.4
162.69  129. 4 197.68  133. 1 234.56  139.5 272.15  148.2
165.46 129, 7 200.72 133.5 237.67  140. 1 275.29  148.8
168.28 129.9 203.77 134.0 240.79  140.6 278.42  149.7
171.11 130 1 206.82 134. 4 243.81  141.4 281.55 150, 6
173.97  130. 4 209.88 134.8 247.04 142, 1 284.68 151.6
176.86  130.6 212.94 135. 4 250.17 142.6 287.81 152.3
179.76  131.0 216.01 185.9 253.31 143.4 280.94 153, 1|
182.68 131.3 219.08 136. 4 256.45  144.2 284.07 154 |
185.65 131.6 222.17 137.0 259.50  144.9 297.20 155.0
188.62 132.0 225.26 137.6 262.73  145.6 300.33 155.9
181.62 132, 2 228.35 138, | 265.78  146.5 303.45 156. 7

99



5-4-2 Enthalpy Relaxation Phenomenon in VQ and LQ Samples

Im Pig. 5-4, Qe coniiguravionat enthelinioy ovoleuted by {he
method described in Section 5-2-1 are shown as a function of
temperature. The total enthalpy of the VQ glass relaxed below Tg
is more than 1 kJ mol™! while that of the LQ glass is about 0.15
kJ mol 1, Accordingly, the enthalpy of the VQ sample is much
higher than that of the LQ sample at low temperature. This
indicates that a highly strained local structure is frozen in the
VQ glass.

The LQ sample does not show any significant enthalpy relaxa-
tion compared to the VQ sample at low temperature. Therefore,
comparison of the relaxation process between the VQ and LQ sam-
ples is possibfé"to nake only at one temperature just below the
glass transition point. Figure 5-5 shows plots of the configura-
tional enthalpies against temperature for the VQ and LQ samples.
The solid line represents the equilibrium and extrapolated en-
thalpy values. It is remarkable that the VQ sample possesses
higher enthalpy than the LQ sample even around Tg.

Time dependence of the configurational enthalpy is shown in
Fig. 5-6. AH, denotes the enthalpy departure from the equilib-
rium value. . Applications of the KWW function to the AH, vs. t
curve of the LQ and VQ samples are also shown as solid curves in
this figure. Both values of B (0.84 for VQ and 0.45 for LQ
samples) are clearly smaller than unity and they are definitely
different from each other. The deviation from unity shows non-
exponentiality of the relaxatioh function, which is one of the

universal character of the structural relaxation. The difference

of B between the LQ and VQ samples is an important information

100



1200 ———t
900 |- 4
T, 600 i
o)
g
—
300} Equilibrium
T LQ sample
of _
=300 |- _
]
40 50 60 70 80 90
T/ K
Fig. 5-4. The configurational enthalpy vs temperature diagram

for the VQ and LQ samples in the whole temperature range.
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Fig. 5-6. Time dependence of configurational enthalpy of the VQ

and LQ samples observed around 69 K. The solid lines indicate

the best fit curve of the KWW type relaxation function.
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which is revealed for the first time by the present study. This
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scopic structures of the two samples. Unfortunately, it is not
possible to discuss further, because the KWW function is an

empirical function and the physical meaning of 8 1is not clear.

5-4-3 Application of the Adam-Gibbs Theory

AG plots for the VQ sample at variousvtemperatures are shown
in Fig. 5-T7. Every plot shows good linearity and their slopes
slightly tend to decrease with temperature. These results are in
good agreement with the case of butyronitrile.

| As shown in Eq. 5-6, the slope of the AG plot is proportion-

al to the two parameters s * and A;Z, both being related to the

c

microscopic structure of liquid. The quantity sc*, ‘the configu-
rational entropy of the smallest cooperative unit, would be
rather insensitive to the changes of the size of the cooperative

unit and the external parameters (e.g. temperature). The order

*

c can be estimated by regarding the

of magnitude of the entropy s
cooperative rearrangement of the molecules as an overall reorien-
tation of the cooperative unit in which orientation of each
molecule is nearly fixed. As the medium order develops, each

cluster of the unit grows its size keeping the shape, and the

relative molecular configurations inside the cluster are essen-

¥

° with ever-

tially unchanged. It is this constant entropy s
increasing size of the cooperative unit that brings about a
decrease of the confiéurational entropy ofbthe systenm. On the
other hand, the quantity Apu, the molar activation free energy

of the cooperative rearrangement, may be influenced by various
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environments in which the molecule is located. It is decomposed

into the Toilovirg forn.
Ap = AU+ pAV - TAS. (5-9)

The decrease of the slope with increasing temperature can be
explained by the decrease in the third term since AS should be
positive.

Figure 5-8 gives the comparison of the AG plots between the
VQ@ and LQ glasses observed in almost the same temperature region.
Both data can be well reproduced by straight lines, confirming
the validity of the application of the AG equation. It was found
that the slope of the VQ sample is smaller than that of the LQ
sample. According to the above discussion, the effect due to the
difference in the external parameters p and T is not significant
in this case. As shown in Fig. 5-8, the VQ glass has larger
configurational enthalpy and resulting larger local molecular
strain and smaller density than the LQ giass. Though the magni-
tude of a total thermodynamic quantity does not always influence
the corresponding activation value, it is not difficult to image
that the VQ glass has larger activation enthalpy and then the
larger activation free energy Au than the LQ sample.

Thus the difference in the structural relaxation between the
VQ and LQ glasses was found for the first time and the qualita-
tive discussion on the basis of the AG equation was successful 
A more microscopic and qualitative treatments, e.g., using appro-
priate intermolecular interaction including the knowledge of the

molecular shape, would make the next step toward the better
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understanding of the structural relaxation.
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CALORIMETRIC STUDY OF ENTHALPY RELAXATION IN 1-BUTENE
EXOTHERMIC AND ENDOTHERMIC RELAXATION PROCESSES

6-1 Introduction

The significant non-linearity of relaxation process in
vapor-deposited sample was mainly caused by the large departure
from the equilibrium state relative to liquid-quenched sample as
described in the previous chapter. Even in the liquid-quenched
samplé;“however, the non-linearity is an essential property of
the relaxation of the glass. The strong coupling between molecu-
lar motions in the supercooled liquid leads to an essential
deviation from the linear response in various dynamic properties.
The non-linearity is typically observed as an asymmetric relaxa-
tion behavior, that is, the rate of the recovery of any physical
property toward the equilibrium state is not symmetrical for two
initial states with opposite sign and essentially the same depar-
ture of the property from the equilibrium. This phenomenon has
been observed for the volume recovery experiments of various
kinds of glass after the abrupt temperature change around the
glass transition temperature [1-4]. Quantitative analysis of
them has also been made by Kovacs et a/ [5], although their
theory included some physically ambiguous parameters as pointed
out by Rendell et a/ [6]. Any other experiment on the asymmetric
relaxation of the glass has not been done as far as we are con-

cerned.
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On the other hand, the entropy theory potentially predicts
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ess is an entropy-decreasing process in contrast to the endother-
mic process as an entropy-increasing one. According to the
Adam-Gibbs theory [7], opposite departure of the initial state
corresponding to different configurational entropy would make
some effects on the time dependence of the relaxation time.

In the present chapter, the characterization of the asymmet-
ric nature of enthalpy relaxation processes was studied by means
of adiabatic calorimetry. The enthalpy is an important thermody-
namic quantity as well as the volume. Nevertheless, asymmetric
nature has not been_examihed for the ehthalpy relaxation éo far.
The adiabatic calotimetry is the most precise experimental tech-
nique to detect directly the quasi-isothermal enthalpy relaxation
process. Moreover, this would be the only technique to elucidate
the entropic aspect of the asymmetry that has rarely been inves-
tigated. The examination of the entropy theory will be discussed
in this chapter.

The sample used here is l-butene whose thermodynamic study
has already been carried out by Aston et a/ [8]. They reported
that 1-butene is such a good glass-former that it hardly crystal-
lizes just above Tg. Therefore, we can detect the endothermic
relaxation at relatively high temperature without disturbance by

crystallization for a long time.
6-2 Experimental
A commercial sample of l-butene, which was claimed to be

more than 99 mol %, was purchased from Tokyo Kasei Kogyo Co. Ltd.
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and purified by a vacuum distillation. The purity of the sample
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as described later. Since l-butene has rather high vapor pres-
sure, the calorimeter cell for high pressure experiment was used
as described in Chapter 2. The purified sample of 50.816 g (=
0.10069 mol) was introduced into the cell by vacuum distillation
with helium gas of 2 x 10°% mol to facilitate thermal contact
between the cell and the sample. The BS II calorimeter was used
for the measurements of the heat capacity and the enthalpy relax-

ation,

6-3 Results and Discussion

6-3-1 Heat Capacity and Standard Thermodynamic Functions

Prior to the comparison of relaxation processes, brief
description of presence of the stable crystalline phase which was
discovered in the course of the heat capacity measurement is
given here. Realization of the stable phase is important because
the absolute entropy of crystal is required to derive the abso-
lute configurational entropy of the liquid.

Two crystalline samples were prepared by different means of
annealing. The first sample (CR1) was crystallized by annealing
the undercooled liquid between 65 and 85 K for 3 days, with re-
peated heating-and-cooling cycles. The second (CR2) was obtained
by further annealing the CRl sample for 9‘days between 85 and
87.5 K and cooling very slowly (0.2 - 10 mK min 1) down to 80 K.
The heat capacity measurements of both samples were performed af-
ter confirming that no exothermic effect due to the crystalliza-

tion was observed.
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Figure 6-1 shows the heat capacfties of the CR1l and CR2 sam-
cles arouna the meliing poin®. SUOTLe Ui esrnple, o ospaly oundo-
thermic peak appeared about 2 K below the main peak of the fu-
sion. An exothermic effect was observed just above the first
peak, overlapping the steeply rising peak due to the main fusion.
These complicated phenomena can be interpreted by considering the
Gibbs energy diagram shown in Fig. 6-2. The arrow shows the path
through which the CR1 sample went. The metastable phase M melts
at its fusion point TfusM (the first peak), and then crystallizes
into the stable phase S with the exothermic effect. Finally, the
stable phase melts at Tfuss (the main peak). Taking the en-
thalpies of the two peaks info consideration, the sample CR1
should be a mixture of a minor part of the metastable crystal and
a major part of the stable crystal.

On the other hand, the CR2 sample exhibited only a large
endothermic peak at Tfuss (= 87.8 K). This guarantees that the
CR2 sample was composed of a single phase without involving any
trace of the metastable crystal. The enthalpy of fusion was de-
termined to be 3.959 kJ mol”l. The value reported by Aston
et al. [8] was 3.847 kJ mol™!, which was about 3 % smaller than
the present value. The difference is obviously beyond the accu-
racies of both data. They did not mention the existence of the
metastable phase. Their sample was crystallized by annealing
only for 2 days above 72 K., and the purity of their sample (99.5
%) was not different much from ours (99.78 %). These facts
suggest that they measured possibly the heat capacity of a mix-
ture of the stable and metastable crystals as in the case of our

CR1 sample.
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80 85 90 95

Fig. 6-1. Observed heat capacity data around the fusion point of
l-butene for CR1 (broken curve) and CR2 (solid curve) samples.
The heat capacity of CRl1 has a subpeak just below the main peak

of fusion.
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Fig. 6-2. Conceptual drawing of Gibbs energy around the fusion
point of l-butene. Existence of a metastable crystalline phase
is proposed to explain the experimental results. The arrovw
represents a supposedbpathway for the metastable phase to undergo

on heating.
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For the determination of the temperature of fusion and the
periiy oof the sanple, 2 Tracticnnt molting erporipont wos corried
out. The equilibrium temperatures I'(f) were observed at several
fractions f of the sample already fused at the temperature. The
equilibrium temperature was determined as the temperature at the
time of two hours after each energy supply. These data are
summarized in Table 6-1, along with the values of hypothetical
temperature of fusion for pure l-butene and the mole fraction of
impurities based on the analysislof the liquid-soluble, solid-
insoluble impurity scheme.

Molar heat capacities of the stable crystal (CR2), glass and
Iiquid of 1-butene were tabulated in Table 6-2. For the tempera-
ture range aﬁéve 200 K. the vaporization effect of the sample
into the dead space of the calorimetric cell was corrected for by
using the vapor pressure data given by Aston et al/ [8]. Heat
capacities under the saturated pressure, (g, were plotted against
temperature in Fig. 6-3. Heat capacity jump due to the glass
transition was observed at around 60 K, which agreed well witH
that reported by Aston et a/. The heat capacity above the glass
transition temperature amounts to almost twice of the value of
the crystal at the same temperature. Unusually large increase in
the heat capacity at the glass transition means that the present
material belongs to fragile Iliquid according to the classifica-
tion proposed by Angell et al/ [9]. Weak van der Waals force
acting on the molecules leads to a high configurational degenera-
cy and a rapid degradation of the short- or medium-range order in

the liquid as the temperature is raised. Asymmetrization of

molecule due to the double bond at one molecular end will enhance
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Table 6-1. Fraction of melt and equilibrium temperature.

T(r)
f

K
0.0682 87.3296
0.1671 87.6296
0. 2759 . 87.7116
0. 3866 : 87. 7511
0. 4981 87. 7730
0.6100 87. 7861
0.7222 87. 7937
0. 8346 87.7981
0. 9466 87.8102

Hypothetical melting point of pure sample
™ = 87.8724 K
Mole fraction of impurity

x = 0.0022
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Table 6-2. Molar heat capacity under the saturated vapor-pres-
sure of l-butene.

7., C . C. 7o .
?5'«”«157?"3;‘3 . e - i
Crystal 50. 84 37.26 8.29 1.572
6.01 . 1608 52.02 38.11 9.04 1.973
6.53 . 2256 53.19 38.95 9.81 2.474
7.11 . 3069 54.36 39.76 10.55 2.956
7.62 . 4056 55.52 40.53 11.28 3.560
8.12 .5156 56.68 41. 30" 12.02 4,150
9.26 . 8338 57.86 42.05 12.81 4. 768
9.68 . 9770 59.00 42.178 - 13.23 5.070
11.25 1.648 60.46 43.71 13. 88 5. 729
11.58 1.807 61.79 44.50 14.46 6.267
11.96 2.012 63.00 45.28 15.12 6.901
12.39 2.251 64.19 45.97 15.83 7.593
12.86 2.530 65.39 46.58 16.64 8.413
13.41 2.874 66.58 47. 30 17.53 9.322
14.08 3.318 67.77 47.96 18.41 10. 25
14.85 3.870 68.95 48.58 19.29 11.18
15. 64 4.467 70.14 49.23 , 20.16 12.14
16.42 5. 080 71.32 49. 87 21.03 13.09
17.17 5.713 72.53 50.47 21.89 14.02
17.93 6.370 73.71 51.07 22.74 14.94
18.70 7.076 74.90 51.63 23.58 15. 84
19.50 7.822 76.08  52.19 24.58 16. 89
20.29 8.591 77.26 52.74 25.61 17.96
21.08 9.365 78.45 53.28 26.62 19.01
21.88 10.18 79.64 53.90 27.62 20.07
22.171 11.03 80.82 54.75 28.60 21.21
23.55 11.89 82.01 56.13 29.57 22. 34
24.41 12.76 83.18 59.71 30. 60 23.18
25.36 13.72 84.85 85. 89 31.70 24.28
26. 37 14.76 86.63 198.0 32.78 25. 317
27.35 15. 77 33.84 26. 46
28.33  16.88 Teys = 87.807 K 34.88  27.48
30. 32 18.96 35.95 28.52
31.38 20.05 Liquid 37.03 29.53
32.46 21.16 89.77 109.0 38.10 30.58
33.56 22.29 91.33 108.8 39.19 31.57
34.67 23.38 92.54 108.6 40.29 32.57
35.79 24.53 93.76 108.5 41.38 33.56
36.91 25.61 94.99  108.3 42.47 34.56
38.05 26.65 96.22 108.2 43.57 35.59
39.18 27.69 97.46  108.0 44.67 36. 60
40. 32 28.70 98.70  107.8 45. 77 37.48
41.47 29. 71 99.95 107.7 46. 86 38.57
42.61 30.70 A 47.96 39.71
43.76 31.63 Glass & Liquid 49.05 40. 80
44.91 32.59 5.10 . 3195 50.14 42.00
46.08 33.59 5.67 . 4609 51.24 43.13
47.27 34.54 6.10 . 5837 52.33 44.41
48. 46 35.46 6.74 . 8058 53.43 45. 80
49.65 36. 37 7.57 1.194 54.54 47. 47
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Table 6-2. Continued.

Tav Cs Tav Cs Tay ¢
55.65 49.57 97.40 107.8 184.61 108. 4
56.77 52.55 98.46  107.7 186.00 108.7
57.88 57.84 99.73 107.7 189.41 109.1
58.79 69.02 101.00 107.6 192.82 109.5
59.48 103.1 102.28 107.5 196.23 109.8
60.17 114.5 - 103.57 107.3 199. 65 110.2
60.87 115.9 104.87 107.3 203.07 110. 6
61.73 115.7 106.17  107.2 206. 49 111.1
62.75 115.5 107.47 107.1 209.91 111.5
63.78 115.3 108.79  107.0 213.34  111.9
64.83 114.8 110.11 106. 9 216.77 112.4
65.88 114.4 111.43 106.9 220.21 113.0
67.00 114.2 112.77 106.8 223. 65 113.6
68.21 113.7 114.11 106. 7 227.10 114.1
69.43 113.3 115.45 106.6 230.54 114.7
70.65 113.0 116.80 106.5 234.00 115. 3
71.86 112. 6 118.16  106.4 237. 45 115. 9
72.44 . 112.5 120. 41 106. 4 240.91  116.4
73.65 112.1 123.43  106.3 244. 38 117.1
74.87 111.8 126.47 106.3 247. 84 117.7
76.08 111.5 129.52 106.2 2561.31 118. 4
77.29 111.3 132.59  106.2 254. 77 119.0
78.51 111.0 135.68  106.1 258. 24 119. 7
79.73 110.7 138.79  106.2 261.70 120. 4
80.95 110.5 141.91 106. 2 265.17 121.1
82.17 110.2 145. 06 106. 3 268. 64 121. 6
83.72 109.8 148.22 106.3 272.10 122.5
84.91 109.7 151.40 106. 4 275.57  123.4
86.11 109.5 154.60 106.6 279.04 124. 2
87.32 109.3 157.83  106.7 282.50 124.9
88.53 109.2 161.07 106.9 285.97 125. 8
89.75 109.0 162.69 106.9 289.43 126. 6
90.98 108.8 165. 96 107.1 - 292. 89 127.6
92.21 108.7 169. 25 107. 3 296. 36 128. 4
93. 45 108.5 172.56  107.6 299.83 129.3
94.69 108. 2 175.89  107.9 :

95.94 108.0 179.24 108.1
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Fig. 6-3. Molar heat capacities of l-butene. Open circles show
those of glassy and liquid samples, and solid ones of crystalline
sample. Optimized curves are drawn as solid curves by which the

standard thermodynamic functions were evaluated.
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the configurational degeneracy of l-butene compared to n-butane.
Stendurd thernmodynacic Tunciions bt o ounded tegperatures
were evaluated from the heat capacity data, and are summarized in
Table 6-3. On calculating these quantities, the heat capacities
were fitted to some polynomial functions. The extrapolation down
to 0 K was performed by using odd-order polynomials from 3 to 11

for crystalline and from 3 to 13 for glassy samples, respective-

ly. The actual functional form of each polynomial is as follows.

Cs/d K lno1™! = 3.58162x1074(7/K)3 + 1.35398x1075(1/K)®
8.02854x10°8(r/K)7 + 2.09736x10710(7/K)9
2.14756x10"13 (7/5) 11

for the crystal, and

Cs/d K lmo1™1 = 1.81589x1073(2/k) % + 3.52671x1075 (1/K) 5
4.69896x10°7(r/K)7 + 2.56407x10°9(7/K) 9
6.62360x10"12(7/Kk) 11 + 6.61863x1015 (/K) 13

for the glass.

The third-law entropy of l-butene at 298.15 K in the ideal
gas state was evaluated to be 306.8 J K~ ! mol™l. Table 6-4 shows
the actual calculation of the entropy. The spectroscopic entropy
was 305.6 J K1 mo1™! [10] and 306.2 J k7! mo1”! [9]. The dif-
ference between the two spectroscopic data arises from ambiguity
in the estimation of the barrier height for internal rotation of
the methyl group around the C-C axis. Taking the error of the

measurement into consideration, it is safely concluded that the
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Table 6-4. Evaluation of entropy of l-butene in the ideal gas
state, :

T iy
_E_ J K lno1™1
Present Study J. G. Aston et al.a)
0 - 20 2.937 2.987
20 - 87.8 45. 77 45. 89
Fusion at 87.8 K 44. 97 43.81
87.8 - 266.91 121.56 121.11

Third-law entropy at

the normal boiling point 215, 24 213.80
266.91 K
Entropy of vaporization at 266.91 K 82.11 J K lnor~! a)
Gas imperfection correction at 266.91 K 0.59 J K lpo1~! 2)
Entropy of ideal gas 266.91 - 298.15 K 8.84 J K~ lmo1™! P
Third-law entropy

at 298.15 K 306.78 + 0.5 305.34 + 0.88

305.6 J K- lmo1~! ©

Spectroscopic entropy at 298.15 K -1 -1 a)
306.2 J K *mol

a) Ref. [8]. b) Evaluated from the heat capacity of the ideal gas
state given in Ref. [10]. <c¢) Ref. [10].
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stable crystal is the completely ordered phase. Based on these
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al entropy amounting to 12.76 J K~1mol"i. ihe molar entropy of
various states of l-butene is piotted in Fig. 6-4 as a function

of temperature.

6-3-2 Enthalpy Relaxation and the KWW Type Relaxation Function

The enthalpy relaxation around the glass transition was mea-
sured by two different manners of the temperature jump method.
vIn BC series, the equilibrium liquid at 90 K was rapidly cooled
(1 K min—;) down to 57 K and the temperature drift rate due to
structufal relaxation was observed under the adiabatic condition.
On the other hand, in R4 series, the sample was equilibrated by
annealing at lower temperature than Tg (between 63 and 55 K for a
week and at 54.8 K for 21 hours), and then was rapidly heated up
to the same temperature region as that in RC series. The initial
equilibration process is neceésary in order to erase the previous
thermal history (memory effect). The samples in the RC and RH
series should have larger and smaller enthalpies than that in the
equilibrium state at 58 K, respectively. The experiment aims at
clarification of non-linear nature of the enthalpy relaxation
rates starting from the positive and negative excess enthalpies
towards almost the same equilibrium liquid.

An exothermic temperature drift was observed in the RC ser-
ies and an endothermic one in the RH series. These are both
caused by the configurational enthalpy relaxation towards the
equilibrium state. Figure 6-5 shows the reduced enthalpy relaxa-

tion function ¢ defined in the previous chapter. As the func-

124



250 T T i I i

200

S 7/ JK-'mol!

100

50

0 100 200 300

Fig. 6-4. Molar entropy of crystalline (solid circles), and

glassy and liquid (open circles) 1-butene.
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Exothermic Process

® 0
Endothermic Process
- o°°°° 1 1
2 3 4 5
log(?1/s)
Fig. 6-5. Time dependence of the enthalpy relaxation function

for the exothermic (upper) and endothermic (lower) processes of

1-butene.
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tion is defined by denominating the absolute value of the en-
thalpy differcnce 2t the origin of time, ¢{2) changas Tror | to
0 for the positive departure and from -1 to 0 for the negative
departure experiment as the relaxation proceeds. The quality of
the data is based on the high temperature resolution and the high
temperature stability of the calorimetric cell under a good
adiabatic condition. A correction due to natural heat leakage
was done in the analysis of the relaxation rate. It is clearly
shown that the relaxation process was quite asymmetric with
respect to the sign of the initial departure. This is the first
case that the asymmetry was explicitly shown in the enthalpy
relaxatfdn process{

Solid curves ih Fig. 6-5 show the those optimized to the KWW
function. The best fit values of Txyy @nd B are tabulated in
Table 6-5. The KWW function successfully reproduced the exother-
mic refaxation consistent with the previous results, but did not
.for the endothermic process. In addition, the best fit values of
B is definitely different from each other. In an ideal experi-
ment of infinitesimal departure, the parameters determined fronm
both sides should be coincident. The parameter will be an in-
trinsic property of the equilibrium structure. The initial
departures of the present sample from the equilibrium state is
too large to guarantee the correct application of the KWW func-
tion with uniquely determined parameter values. Some phenomeno-
logical models describing thé asymmetric and non-linear relaxa-
tions near the glass transition were proposed by Moynihan et al.
[12] and Kovacs et a/ [5]. However, their model functions in-

volve parameters whose physical meanings are not clear as noted
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Table 6-5. Best fit parameters of the KWW function.

T
K
WW 8
ks
Exothermic process (RC series) 6.52 0.56
Endothermic process (RH series) 5.96 0.84
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in Section 6-1. Hence, in the next section, the analysis of the
pregent fato o lernc oof the Adan-Clobs thoooy w ol ohe leoorlibad

Their theory implicitly accounts for the asymmetric and non-
exponential relaxation through the change in configurational

entropy of the system during the enthalpy recovery process.

-3-3 Analysis in Terms of the Adam-Gibbs Equation

Figures 6-6 and 6-7 show the plots of effective relaxation
times 7 ,p¢ based on the Adam-Gibbs equation. The values Toff
and SC were calculated by using the equations described in the
previous Chapter. Each point should lie on a straight line if
the AG equation is valid. A good linearity is shown for the
exothermic process, whereas not for the endothermic one. What is
more strange is that the slope is negative for the endothermic
one, because the slope of the plot corresponding to the product
A;zsc*/kB has to be positive.

The temperature dependence of structural relaxation times
for fragile liquids can be uéually described by the Vogel-Tam-

mann-Fulcher (VTF) equation [12].
T = Ty-exp [ EO / (T"Tz) ] (6-1)

where Ty EO and Tz are temperature-independent constants which
vary from material to material. The equation describes well the
non-Arrhenius behavior of the effective relaxation time which is
observed frequently in the fragile liquids. It predicts also
that the relaxation time becomes infinity at To. The AG equation

reproduces likely the non-Arrhenius temperature dependence of
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linear response data. The AG equation is successful to describe

the e,er-decransing rate of
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the relaxation time with the ever-decreasing entropy as the
temperature is lowered along the equilibrium line. The theory
also takes into account ingeniously the cooperative nature of
molecular rearrangement in the glass transition region. It
predicts again that the relaxation time becomes infinity at the
temperature Ty at which the configurational entropy is zero. It
was suggested [7,13] that the VTF and AG equations take the same
functional form with Ty = Tg9, if a hyperbolic expression for the
temperature dependence of the configurational heat capacity ié
assumed. - This expression for the excess heat capacity and the
coincidence of Ty and T, values are consistent with some experi-
mental observations [13,14,15]. The AG equation was also suc-
cessful in describing quantitatively the volume [16] and enthalpy
[17] relaxation data of glasses located far from equilibriunm.

In the present experiment, the enthalpy relaxation data for
the exothermic direction were faithfully reproduced by the AG
equation. For the relaxation of opposite direction, however, the
direct application to the experimental data produces a physically
unreasonable results with negative value of A;zsc*. This situa-
tion imposes a limitation of applicability of the AG equation to
entropy-decreasing structural relaxation process. Some exten-
sions of the AG theory, such as taking the distribution of relax-
ation times into consideration, is highly desiderative in order
that the theory is made applicable for both positive and negative

departure reginme.
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CONCLUDING REMARKS

In the present thesis, the thermodynamic study of glass
transition was carried out from the interest of kinematics in
viscous liquids and glasses. The glassy state has two thermody-
namic characters;i.e., the metastability against the stable
crystal and the non-equilibrium nature against the equilibriunm
liquid. Boph characters vividly appeared in the simple hydrocar-
bons. The significance of the configurational enthalpy was
clarified from the various types of glass transition and enthalpy
relaxation phenomena.

The metastability was typically observed as a crystalliza-
tion as described in Chapter 3. It was the first time that the
crystallization was found below Tg for the molecular glasses. It
was confirmed that the glass transition phenomenon is the process
competing with the crystallization not only in the cooling exper-
iment (vitrification) but also in the heating experiment (devi-
trification).

In Chapter 4, the composition dependence of the glass tran-
sition temperature in binary mixtures of hydrocarbon disclosed
- that the configurational entropy plays an important role even in
the mixture and that the excess configurational entropy of mixing
is not negligible. The configurational part of the excess entro-
py is insignificant at high temperature but should become impor-

tant in the undercooled liquid where the molecular correlation is
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highly developed. The excess configurational entropy will be a
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in the mixture, if its direct measurement becomes possible.

The enthalpy relaxation around the glass transition region
was observed by an adiabatic calorimeter employed as a time-
domain spectrometer. The experiment on the vapor-deposited 1-
pentene (Chapter 5) confirmed that the anomalously excess en-
thalpy far below the glass transition temperature is a universal
phenomenon for the glasses produced at an extremely high cooling
rate such as vapor vapor-deposition. The enthalpy relaxation
process of the vapor-quenched glass was compared with that of
liquid-quenched sample in the same temperature region. Both
relaxations could be analyzed by means of the entropy theory
(Adam-Gibbs theory). Comparison of the parameters included in
the Adam-Gibbs equation showed some difference in the microscopic
structures between the two glassy state. The configurational
entropy was confirmed again to be an important physical quantity
and the related entropy theory was recognized to be hopeful to
understand the structural relaxation phenomena of the viscous
liquids and glasses. It is noteworthy that the configurational
entropy is a measure of the molecular correlation in the wide
range from a pair to fairly large size of cluster. The present
diffraction techniques in liquids provide information only for a
short-range molecular correlation.

The limitation of the entropy theory was also disclosed in
this study. The two glassy states of l1-butene with higher and
lower enthalpies than the equilibrium value were prepared at the

same temperature region (Chapter 6). The application of the
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Adam-Gibbs theory was done for both recovery processes to the
couilinbrive stete but recoived in Toliure in decorining the
behavior of the entropy increasing (endothermic) process. This
result suggests an existence of some parameter governing the
relaxation phenomenon eother than the configurational entropy.
This parameter would be significant near the equilibrium state
where the effect of the configurational entropy becomes relative-
ly small. The development of the modified entropy theory includ-
ing the new parameters is a subject of future study.

As emphasized in Chapter 1, the sample material should be as
simple as possible for the purpose of investigation of the basic
nature of the structural relaxation. So far, a small number of
experimental work has_been done for such simple molecular com-
pounds. The present samples, the straight-chain hydrocarbons,
are one of the most simple substances for which the glass transi-
tion can be observed by the thermodynamic techniques at the
present stage. The present results will hopefully provoke new
theoretical and computer simulation studies. The next target of
the experimental study is the vitreous argon which was recently
prepared for the first time. In the present stage of experimen-
tal technique, however, many practical difficulties must be
overcome in order to employ vitreous argon as a calorimetric
sample.

In these days, the main stream of the investigation on the
liquid dynamics is carried out by using the spectroscopic tech-
nique. However, the present study showed the applicability of
rather classical technique, calorimetry. In addition, it 1is

known that the very slow dynamics in the glass transition region
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is essentially different from that in the higher temperature
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detect such a slow dynamics. In this sense, the calorimetric
study will enhance the role in the study of non-equilibrium state

at present and in the future.
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