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Abstract

The heat capacities of the glassy, liquid and crystalline 3-
bromopentane were measured with an adiabatic calorimeter in the
temperature range 7-300 K. From these data, the configurational
entropy Sc o©of the liguid and undercooled liguid states was
evaluated in the temperature range of 107 - 298 K. The relation
between the configurational entropy and dielectric relaxation
time reported by Berberian and Cole was reproduced well by the
Adam-Gibbs theory over the entire temperature range covering the
relaxation time from 10 ps to 1 ks. The configurational entropy
of 'a cooperative domain, the number of molecules in a
cooperative domain, and the molar activation free energy were
determined in the framework of the Adam-Gibbs theory.

The heat capacities of 1-propanocl and 3-methylpentane were
measured in the temperature range 50 - 180 K (50 - 130 K for the
latter) and at three different pressures (0, 108, 198 MPa) by
using an adiabatic high-pressure calorimeter. For both
substances, the glassy states were readily realized by cooling
their liguids and the respective glass transitions were observed
calorimetrically at every pressure. Thermodynamic quantities
associated with the fusion of the crystalline phase were
measured at the three pressures for 1-propanol and at 108 MPa
for 3-methylpentane. The pressure dependences of the glass
transition and fusion were accurately determined. Experimental
data for the entropy of fusion and the heat capacity difference
between the glass and the liguid were combined to calculate the
temperature dependence of the configurational entropy Sc at each

pressure. The pressure dependence of the Kauzmann temperature



To, at which S¢ tends to vanish, was also determined. It was
found that thé gquantity 7TSc was constant at Tg for different
pressures, indicating the validity of the entropy theory
proposed by Adam and Gibbs.

A novel adiabatic calorimeter was constructed for the
simultaneous measurement of enthalpy4and.volume under high
pressure. This calorimeter works under constant pressure up to
100 MPa and in the temperature range between 80 and 380 K. The
sample is pressurized hydrostatically using liguid pressure
transmitting medium (e.g., 3-methylpentane, Fluorinert and 1-
butanol) . The sample volume is measured with a new type of
volume measurement system using a bellows installed in the cell.
As the calibration and test experiments, the heat capacities and
volumes (in the low resolution mode) o©of toluene, water and
Fluorinert were measured at atmospheric pressure in the
temperature range between 275 and 380 K._ The accuracies of heat
capacity and thermal expansivity (in the low resolution mode)
were 0.2 % of total sample heat capacity and +2x10-5 K-1,
respectively. The test of the volume measurement in the high
resolution mode showed that the resolution was #1072 % of total
sample volume, which is more than 10 times improvement over that
of the best previous dilatometer.

The enthalpy and volume of atactic polystyrene were measured
simultaneously around the glass transition (Tg = 350 K) at 0.7
MPa and 21 MPa with the above apparatus. The heat capacity gap
ACp, thermal expansivity gap Aa, the isothermal compressibility
gap Ax at Tg and the pressure dependence of the glass transition
temperature dTqg/dP were determined to be 0.33 J k-1 g-1, 0.34

kk~1, 0.17 Ggpa~1, and 0.34 K MPa~ 1, respectively. It was found



that TVAa/ACp agreed with dTg/dP within the experimental error,
indicating that the entropy theory is much better than the free
volume theory to describe the pressure dependence of Tg.
Prigogine-Defay ratio (IYEACPA%/TV(Aa)Z) was calculated to be
1.6, indicating that more than one internal parameters are
required to describe the glassy state thermodynamically. The
relaxation rates of configurational enthalpy and volume near the
glass transition were measured simultaneously as functions of
temperature. The temperature dependences of the two relaxation
rates were different from each other. This result indicates
that the relaxation functions of the enthalpy and volume differ
from each other at states far from the equilibrium.

The structural relaxation of atactic polystyrene was
investigated around the glass transition temperature by the
simultaneous measurement of enthalpy and volume for long time
(ca. 80 h). The initial state of the relaxation was prepared by

cooling the liquid rapidly to the glass transition region.

These data provided the relaxation path in the AHc-AVc plane

(AHe: the departure from the equilibrium configurational
enthalpy, AVe: the departure from the eqguilibrium
configurational volume). The relaxation path was reproduced by

a straight line which is significantly different from the
equilibrium line. This result indicates that the relaxation
functions of AH: and AV are similar to each other in a vicinity
‘of equilibrium but the fictive temperature concept is invalid in

the structural relaxation of polystyrene. The relaxation path

was discussed also on the AGe contour map as functions of AEc
and AVe (AGe: the departure from the equilibrium Gibbs free

energy, AEqc: the departure from the equilibrium internal
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energy). It was found that the coupling coefficient between AE-

and AVe relaxations is quite significant in the structural

relaxation of polystyrene.

iv



Contents

Chapter 1 General Introduction

1-1 Thermodynamic Aspect of Glass Transition
1-2 Structural Relaxation

1-3 The Purpose of the Present Study

References to Chapter 1

Chapter 2 Heat Capacity of 3-Bromopentane:

Correlation between the Structural Relaxation

Time and Configurational Entropy
2-1 Introduction
2-2 Experimental
2-3 Results and Discussion
2-3-1 Heat Capacity
2-3-2 Configurational Entropy
2-3-3 Examination of Adam-Gibbs Theory

References to Chapter 2

Chapter 3 Heat Capacity of 3-Methylpentane and
1-Propanol under High Pressure:
Pressure Dependence of the Configurational
Entropy and Glass Transition Temperature
3-1 Introduction
3-2 Experimental
3-2-1 Samples
3-2-2 Heat Capacity Measurement
3-2-3 Calculation of Molar Heat Capacity

under High Pressure

11

12

12

16

18

23

25

25

30

30

30

32



3-3 Results and Discussion
3-3-1 Heat capacity
3-3-2 Pressure Dependences of Glass Transition
and Fusion
3-3-3 Configurational Entropy
3-3-4 Examination of the Entropy Theory

References to Chapter 3

Chapter 4 Development of an Adiabatic Calorimeter for
Simultaneous Measurement of Enthalpy and
Volume under High Pressure
4-1 Introduction
4-2 Construction of the Apparatus
4-2-1 Principle
4-2-2 Cryostat and Adiabatic Control System
4-2-3 Sample Cell
4-2-4 Volume Measurement System
4-2-5 Calorimetric System
4-2-6 High~Pressure System
4-3 Determination of Thermodynamic Quantities
4-3-1 Volume |
4-3-2 Heat Capacity
4-4 Calibration and Test Experiment
4-4-1 Heat Capacity of the Empty Cell
4-4-2 Calibration Experiment Using Toluene
4-4-3 Heat Capacity and Thermal Expansivity of Water
4-4-4 Heat Capacity and Thermal Expansivity
of Fluorinert

4-4-5 Heat Capacity of 1-Butanol

33

33

41

44

45

49

52

52

54

54

55

57

61

63

64

66

66

69

70

70

73

80

85

91



4-4-6 Volume Measurement in High Precision Mode 94

References to Chapter 4 96

Chapter 5 Heat Capacity, Thermal Expansivity and

Compressibility of Atactic Polystyrene

around Glass Transition under Pressure 98

5-1 Introduction 98

5-2 Experimental 100

5-2~1 Sample and Pressure Transmitting Liquid 100

5-2-2 Heat Capacity and Thermal Expansivity 100

5-2-3 Compressibility 103

5-3 Results and Discussion 104

5-3-1 Heat Capacity and Thermal Expansivity 104

5-3-2 Compressibility Gap at Ty 104

5-3-3 Structural Relaxation below Ty 111
5-3-1 Pressure Dependence of Ty and

Prigogine-Defay Ratio 114

References to Chapter 5 116

Chapter 6 Enthalpy and Volume Relaxation in Glassy

Atactic Polystyrene 117

6-1 Introductiocon 117
6-2 Experimental 118
6-3 Results 120
6-4 Discussion 122
6-4-1 Examination of the Fictive Temperature Concept 122

6-4-3 Gibbs Free Energy Surface and Relaxation Path 125

References to Chapter 6 129

vii



Chapter 1

General Introduction

1-1 Thermodynamic Aspect of Glass Transition

It is well known that the glassy state is a non-egquilibrium
state of a liquid and that the glass transition occurs as a result
of freezing of its microscopic structure. The relation between
the eguilibrium 1liguid, glass and crystal is described
schematically in the entropy diagram shown in Fig. 1-1. As the
temperature decreases, the structural relaxation time 1 of the
liguid increases and the short range order develops in its
structure. The entropy of the liquid decreases because of the
development of the structural order. If the crystallization does
not occur and the liquid supercools far below Tfus, then below a
certain temperature Tg the relaxation time 7 may become longer than
a typical experimental time (ca. 103 s) of a thermodynamic
measurement. The ligquid structure is then frozen in an immobile
state. The temperature Tg is known as a glass transition
temperature. On further cooling the liguid deviates further from
the equilibrium line. The abrupt change of the slope of the
entropy corresponds to a step-like change of the heat capacity.

The entropy of a liquid consists of the vibrational entropy
Svipb and the configurational entropy Sc. The latter does not
change below Tg. Since the entropy of the crystal Scr usually

consists only of Syipb, Sc is given by



Equilibrium
Liquid

T

Fig. 1-1. A schematic entropy diagram of a glass-forming system.



Sc = Slig - Scr- (1-1)

Configurational parts of the enthalpy, volume and other
thermodynamic quantities are given by relations similar to eqg. 1-

1. The temperature at which S¢ vanishes is known as Kauzmann

temperature 7o [1].

1-2 Structural Relaxation

The structural relaxation in the undercooled liquid and the
glass is one of the current topics on condensed-matter physics
[2]. The important properties of the structural relaxation are
the non-Arrhenius temperature dependence of the structural
relaxation time and the non-exponential (non-Debye) nature of the
relaxation function. The origin and mechanism of these properties
have not Dbeen explained coherently, although a number of
experimental and theoretical studies have been performed. The
entropy theory [3-7] and free volume theory [8-10], which will be
discussed in this thesis, were proposed to explain the non-
Arrhenius temperature dependence of the structural relaxation
time. These theories have been applied also to the pressure
dependence of the structural relaxation time and glass transition
temperature [5,11-17].

By definition the structural relaxation time near the glass

transition temperature is comparable with the experimental time



scale of thermodynamic measurements. The structural relaxation is
observed as the relaxations of the wvarious physical quantities
(e.g., enthalpy and volume) in the time domain experiments. This
is because the glass i1s in the non-equilibrium state far from the
equilibrium and its structure changes significantly with the
progress of the relaxation. Since such a changing structure
itself dominates the following relaxation, the relaxation function
depends on the sign and magnitude of the initial departure from
the equilibrium state.

In eguilibrium thermodynamics, a homogeneous isotropic liquid
is described by a surface representing its equation of state in
the p-T-V space. A point on this surface corresponds to a point
on a surface representing the Gibbs free energy as a function of p
and T. The enthalpy and entropy may be represented similarly as
surfaces in the p-T-H and p-T-S space, respectively. Non-
equilibrium states cannot be represented in this way, because they
are situated off the surface of the egquation of state. However,
one can imagine, for a given T and p, a space spanned by three
axes representing the deviations, AV and AH, of the volume and
enthalpy from their equilibrium values and the Gibbs energy. In
this apace a non-equilibrium state is represented by any point in
the AV-AH plane other than the origin. The origin represents the
equilibrium Gibbs energy of the liguid at p and T. The Gibbs
energy surface is at a minimum at the origin. It is important to
distinguish the surfaces representing the Gibbs energy (or any
other equilibrium thermodynamic quantities) as a function of p and

T and the surface representing the Gibbs energy as a function of



AV and AH. Any point on the former surface corresponds to an

equilibrium state, whereas on the latter only the origin
represents one. Relaxation of a liguid to an equilibrium state
may be represented as a trajectory approaching the origin in the
AV~AH plane. It is first necessary to determined the entropy
(enthalpy) and volume as functions of temperature and pressure to
construct the Gibbs free energy surface both in the glassy and
liguid states. It is then required to determine the enthalpy and
volume during the relaxation as a function of time to obtain the
relaxation path on the Gibbs energy surface. This type of
experiment has not been performed before because of the difficulty

of the experimental technigues.

1-3 The Purpose of the Present Study

The present study has two purposes roughly divided. The first
one is to examine the validity of the entropy theory (especially
the Adam-Gibbs theory [7]) and free volume theory. The second is
to investigate the structural relaxation in glassy state through
the comparison between the enthalpy and volume relaxations.

The following three experiments were performed to attain the
first purpose. In Chapter 2, the heat capacity of 3-bromopentane
was measured at atmospheric pressure. The Adam-Gibbs theory was
examined over a wide temperature range using the configurational
entropy and the dielectric relaxation time reported before. In

Chapter 3, the heat capacities of 3-methylpentane and 1-propanol



were measured under high pressure. Two entropy theories were
examined through the pressure dependence of Tg and the
configurational entropy under high pressure. In Chapter 5, the
gaps of heat capacity, thermal expansivity, and isothermal
compressibility at Tg were determined in polystyrene under
pressure. Using these data and the pressure dependence of Tg, the
entropy theory and the free volume theory were examined. The
Prigogine-Defay ratio was also discussed.

For the second purpose, the simultaneous measurement of
enthalpy and volume is essential since the same non-equilibrium
state can not be realized in separate experiments. In Chapter 4,
construction of a new type of adiabatic calorimeter is desired
which enabled simultaneous measurement of enthalpy and volume
under high pressure. Chapters 5 and 6 describe an investigation
of the structural relaxation of glassy polystyrene by the use of

this apparatus.
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Chapter 2
Heat Capacity of 3-Bromopentane: Correlation between the

Structural Relaxation Time and Configurational Entropy

2-1 Introduction

One of the important properties of the structural relaxation
of the undercooled liguid is the non-Arrhenius temperature
dependence of the structural relaxation time 7. This is prominent
especially in the slow relaxation regime as discussed in Chapter 1
[1,2]1. A number of theoretical models [1-61, including the Adam-
Gibbs (AG) theory [7]1, have been proposed to explain this feature.

The AG theory is based on the existence of cooperatively
rearranging assemblies of molecules, which is called "domains' in
this thesis. The most important prediction of this theory is that

T is related to the molar configurational entropy Sc and

temperature T, by the equation
T = 10 exp(Ausc”/kTSc) . (2-1)

Here, 10 is the frequency factor, Au the molar activation free

energy, k the Boltzmann constant and sc* the configurational

entropy of a domain. Eq. 2-1 implies that t diverges at the
Kauzmann temperature T) where Sc vanishes [8]. The number of the

molecules in a domain, z, is related to Sc by the equation

z = Sc*Na/Sc, (2-2)



where N 1s the Avogadro constant. According to eg. 2-2, Sc tends
to sc*Na in the high-temperature limit where z tends to 1.

A number of studies ([9-17] have been performed to test the
validity of the AG theory. It is now believed that the AG theory
gives a qualitatively adequate description of the fragility of
undercooled ligquids [9]. Among the predictions by the AG theory,
one relevant to the present study is that the fragile liquids
exhibit large heat capacity jump at Tg, corresponding to strong
temperature dependence of Sc [9,11]. The guantitative approaches
were also successful for polymers [18]. For molecular liquids,
however, the situation is less conclusive, even though both
experimental and theoretical studies have been abundantly devoted
to the dynamics of molecular systems.

Complexity of the structural relaxation in molecular liquids
arises from, among other things, the existence of the overall and
intramolecular rotations. For polymers, only the latter need be
considered. A single glass transition is observed in most of the
molecular liquids in spite of the difference in the activation
energy between the intramolecular and overall rotations. This
indicates that two types of the rotation are coupled in the
dynamics of the configurational rearrangement. Therefore, sc*
should be related to the combined number of the intramolecular and
intermolecular configurations and be larger than k In 3 multiplied
by the number of C-C bonds. This value is usually assumed in the
AG analysis of polymers. Actually, the molar entropy of fusion,
which is equal to Se at the fusion point, is usually much larger

than R 1In 3 multiplied by the number of C-C bonds. Therefor the



experimental values of sec* (= Sc/Na at T = ) pertain both to the
intra- and intermolecular configurational degrees of freedom. 1In
most of the previous studies on molecular liguids [12-15],
however, sc* was assumed to be equal to k ln 2. This assumption
is invalid since the entropy of fusion alone exceeds this wvalue
for practically all the molecular crystals. The sc* values must
be evaluated experimentally. Au should be also associated with
the coupled motion of the intramolecular and intermolecular
degrees of freedom. For 3-bromopentane, the barrier to the
overall molecular rotation is 11.5 kJ mol~! from the dielectric
data [19], whereas the barrier to internal rotation is not known.
However, for some hydrocarbons, the internal barrier height has
been calculated (13-15 kJ mol~! for butane [20]). These inter-
and intramolecular barrier heights may be compared with the
outcome of the analysis based on the AG theory.

The purpose of the present study is to make a guantitative
test for the validity of the AG theory in molecular liquids. The
heat capacity of 3-bromopentane was measured with an adiabatic
calorimeter to determine the temperature dependence of Ss. This
substance was chosen for the experiment because the relaxation
time has been determined in a wide frequency interval [19]. The
parameter scg* was estimated from Sc data at high temperatures.
Using the calorimetric data and the temperature dependence of 7
reported by Berberian and Cole [19], the validity of the AG theory
was demonstrated over the wide temperature and time ranges. The

values of Ap and z obtained by comparison between the theory and

experiment were also examined.
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2-2 Experimental

Commercial reagent of 3-bromopentane, whose purity was stated
to be 97 %, were purchased from Aldrich Chemical Company, Inc.
The sample was dehydrated with Molecular Sieves 3A 1/16 (Wako Pure
Chemical Industries, Ltd.) and fractionally distilled twice under
reduced pressure (ca. 16 kPa) with a concentric type of rectifier
HC-5500-F (Shibata Kagakukikai KXogyo Co., Ltd.). The main
distillate was degassed and distilled again in vacuo with a home-
made vacuum-line. The final purity of the sample was checked by
gas chromatography (Perkin-Elmer F21) and no trace of organic
impurity was detected. 2 Karl-Fischer test was also carried out
and the amount of water in the sample was found to be sufficiently
small (0.03 mol%).

The quantity of the sample loaded in the calorimeter cell was
19.3725 g (0.128255 mol). Helium gas (2.06x10"4 mol) was charged
into the dead space (4.96 cm3) of the sample cell to enhance the
thermal equilibration between the sample and the cell.

The heat capacity measurement was carried out by an
intermittent heating mode with the adiabatic calorimeter described
elsewhere [21]. The imprecision of the heat capacity was within 1
% in the temperature region T < 15 K, 0.3 % in 15 K < T < 30 K,
and 0.1 % in T > 30 K. The temperature was measured with a Rh-Fe
resistance thermometer calibrated on the temperature scale EPT76
(T < 30 K) and IPTS68 (T > 30 K). The heat capacity difference

caused by the conversion to the new temperature scale ITSS0 [22]

11



was estimated to be smaller than 0.05 % over the temperature range
7-300 K.

The heat capacities of the sample in the liquid, glassy and
crystalline states were determined. A sample in which 99 % of the
material was crystalline was formed by annealing the undercooled
liquid for 5 days. The contribution from the remaining liguid (1
%) was small enough to be neglected in the following discussion.
The heat capacities of the glassy and undercooled ligquid states
were obtained from the heat capacity of a rapidly cooled liquid
sample (cooled at 3-4 K min~1). The sample was 68.8 % crystalline
as determined from the heat capacity of the crystalline state, the
enthalpy of crystallization, and the enthalpy of fusion. The heat
capacities of a fully glassy sample were calculated from those of

the mixture by assuming an additivity.

2-3 Results and Discussion

2~3-1 Heat Capacity

Molar heat capacities of the glassy-liquid (open triangles and
circles) and crystalline (closed circles) states of 3-bromopentane
are summarized in Table 2-1 and plotted in Fig. 2-1. In the
glassy-liquid states, a large heat capacity jump (ACp,g = 76.4 J
K- mol~1) due to the glass transition was observed at 107.4 K.
Crystallization occurred above the glass transition so that the
heat capacity data of the undercooled liquid are missing between

119 and 160 K. 1In the crystalline state (closed circles), a large

12



Table 2-1. Molar heat capacity of 3-bromopentane.

T o T % T % T % T %
K JX 'mol™! K JKmol™ K JK mol™! X JTxTmol™! K JK mol™
62.28  59.93 265.60 182.0 40.32  42.13
crystal 63.72 61.04 Liquid 267.91 182.5 41,62 43.19
65.17 62.06 270.25 183.0 42,93 44.13
7.05  1.377 66.562  63.06 160.39 168.3 272.60 183.6 44.25 45.25
7.42  2.180 63.08  64.08 161.99 163.9 274.97 184.2 45.56  46.39
7.83 2.536 69.54 65.11 163.61 168.9 Z277.35 184.7 46.88  47.45
3.25  2.946 71.01  66.13 165.24 163.9 279.75 185.1 43.21  48.54
8.69  3.391 72.49  67.10 166.90 169.0 282.17 185.3 49.53  49.82
9.18  3.913 73.97  68.12 168.57 169.1 284.51 186.5 50.86  50.67
9.72  4.532 75.46  69.06 170.25 169.1 287.05 186.9 52.19  51.78
10.30  5.219 76.95  70.00 171.96  169.2 289.52 187.6 53.52  52.86
10.89  5.960 78.45  70.99 173.68 169.2 21.95 188.2 54.86  53.84
11.50  6.752 79.96  71.96 175,42 169.3 294.49 188.6 55.65  54.31
1213 7.584 81.47 72.94 177.18  169.4 297.00 189.4 56.81  55.19
12.76  8.441 82.99 73.88 178.95 169.6 299.53 189.3 58.17  56.13
13.42 9.338 84.52  74.80 180.74 169.7 59.54 57.14
1411 10.30 86.07  75.75 182.55 169.8 60.91  58.43
14.82  11.30 87.65 76.69 184.37 169.5 glass ard liquid 62.29 59.32
15.54  12.33 89.25 77.59 186.21 170.1 63.66 60.37
16.29  13.39 9.35 78.56 188.07 170.2 7.15  3.870 65.09 61.33
17.06  14.49 92.48  79.47 189.95. 170.3 7.50  4.355 $6.55 62.38
17.85  15.61 94.11  80.38 191.84 170.5 7.88  4.909 68.03 63.44
18.65 16.76 95.76 81.28 193.75 170.7 3.29  5.494 69.52 64.50
19.48  17.92 97.42  82.22 195.67 170.9 3.74  6.119 71.03  65.53
20.33  19.11 99.10  83.13 197.61 171.1 9.24  6.844 72.55  66.61
21.23  20.33 100.79  84.05 199.57 171.2 9.79  7.581 74.09 67.71 -
22.24  21.70 102.49  84.95 201.65 171.4 10.36  8.379 75.63  68.87
23.31 23.11 104.21  85.89 203.59 171.6 10.95  9.164 77.19  70.04
24.38  24.47 105.94  86.83 205.54 171.9 11.56  10.05 78.77 7.20
25.46  25.80 107.68 87.86 207.51 172.1 12.18  11.00 80.35 72.48
26.60 27.16 109.43  89.07 209.49 172.3 12.83  11.85 81.95 73.67
27.84 28.65 111.19  90.01 211.49 172.6 13.51  12.77 83.56 75.04
29.13  30.21 112.96  90.83 213.50 172.9 14.21  13.72 85.18 76.34
30.35  31.63 114,71 91.73 215.53 173.2 14.93  14.69 86.82 77.66
31.66  32.98 116.51  92.63 217.57 173.5 15.68 15.75 88.46  79.12
33.01  34.43 118.33  93.50 219.63 173.7 16.45 16.80 90.12  80.60
34.37  35.96 120.66  $4.60 221.71 174.0 17.23  17.84 91.80 82.13
35.70  37.32 122.78  95.63 223,79 174.3 18.04 18.%9 93.48  83.62
37.04  38.66 124.92  96.68 225.90 174.6 18.88  20.09 95.18  85.13
38.40  39.94 127.07  97.76 228.02 175.0 19.73  21.25 96.89  86.96
39.77 41.29 128.23  99.02 230.15 175.3 20.64 22.46 98.62 88.34
41,15 42.53 131.40 100.4 232.30 175.7 21.66 23.73 100.37  91.07
42.53  43.79 133.58 101.6 234.46 176.1 22.74  24.95 102.13  93.77
43.91  45.04 135.78 102.8 236.64 176.5 23.82  26.14 103.90  97.45
45.30 46.28 137.99 104.2 238.83 176.9 24.91  27.37 105.67 104.2
46.70  47.52 140.21 105.6 241.03 177.2 26.06 28.48 107.39 124.7
45.10  48.69 142.44 107.0 243.25 177.6 27.32  29.65 108.97 163.3
49.50 49.85 144.67 108.9 245.48 178.0 28.63 31.14 110.55 164.7
50.90  51.07 146.39 111.5 247.69 178.4 29.93  32.67 112,14 165.0
52.31  52.26 149,11 114.3 249.86 173.3 31.24  33.83 113.74 164.9
53.72  53.38 151.33 117.3 252.06 179.3 32.54  35.34 115.37 164.9
55.14  54.53 153.53 121.9 254.27 179.7 33.34 .26 117.01 164.3
56.56  55.66 155.70 127.9 256.50 180.2 35.14  37.55 118.67 164.3
57.98  56.76 157.80 138.0 253.75 130.4 36.43 38.74
59.41 57.34 156.79 156.0 261.01 131.7 37.73  39.97
60.35 53.87 161.6C 189.4 263.29 131.5 39.02  41.09
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Fig. 2-1. Heat capacities of liquid (open circles), glassy-undercooled liquid (open triangles) and
crystalline (closed circles) states of 3-bromopentane. The solid curves represent the extrapolations

of the heat capacities used for the determination of the configurational entropy as a function of

temperature (see text for the details).
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heat capacity peak due to the fusion occurred at 167.3 K. The
enthalpy AfusH = 8.398 kJ mol~1 and the entropy of fusion AfysS =
50.19 J K~1 mol-! were determined by the standard method of
adiabatic calorimetry.

To evaluate the configurational entropy as a function of
temperature, the heat capacities of both liguid and crystalline
states are needed over the whole temperature range above the
Kauzmann temperature Tgo. The heat capacities of the liquid state
in the temperature range 112-119 K and 160-175 K were expressed by
a straight line and used for the extrapolation down to Tp (see the
solid line in Fig. 2-1). A model function was fitted to the heat
capacities of the crystalline state as described below and used

for extrapolation to above Tfus:
Cp = Clat + Crot * Cvib + ACcorr (2-3)

where Clat, Crot and Cyip are the heat capacities due to the
lattice wvibration, rotational vibration (libration) and
intramolecular vibration, respectively. The last term in eq. 2-3
gives the correction for the difference between Cp and Cy. Clat
was approximated by a Debye function and Crot by an Einstein
function, each having 3 degrees of freedom. From the Raman and
infrared spectroscopic data for 3-bromopentane [23] and the
related compounds [24,25], it was found that 3-bromopentane has 10
intramolecular vibrational modes which contribute to Cyip in the
present temperature range (7 < 300 K). Cyvipb was therefore
approximated by two Einstein functions having 4 and 6 degrees of

freedom. Other combinations of the weights were also possible but
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the final result did not change significantly within a reasonable

range of the change in the functional form. The Cp-Cy correction

term was represented as usual by

ACcorr = ACpZT (2-4)

where A 1s a constant and T the temperature. The Debye

temperature 6p(3) and the Einstein temperatures 95(3), Br(4), 6g(6)
and the correction coefficient A, where the numbers in the
parentheses represent the degrees of freedom, were determined by

the least-squares fitting to the experimental heat capacities in

the temperature range 7-136 K. The optimum values were 6p(3) =
69.6 K, 6r(3) = 102.9 K, 6g(4) = 209.3 K, Og(6) = 475.9 K and A =
4.79%107¢ mol J-1. The fitting was satisfactory as shown by the
solid curve in Fig. 2-1. The extrapolations of the ligquid and
crystalline heat capacities thus calculated were sufficiently

accurate for the following discussion.

2-3-2 Configurational Entropy
The temperature dependence of the configurational entropy was

calculated by the egquation

fus
Sc(T) = Afuss —JI [Cp(l) - Cp(Cr>] / T dT. (2-5)
T

Here, Tfus and AfygS are the temperature and entropy of fusion,
respectively, and Cp(l) and Cp(cr) are the heat capacities of the

liquid and crystalline states, respectively. Fig. 2-2 shows the

temperature dependence of the configurational entropy calculated
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Fig. 2-2. Temperature dependence of the configurational entropy of 3-bromopentane.
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by eg. 2-5 and the heat capacity functions described above. 70
(Kauzmann temperature) was determined to be 82.5 K by
extrapolating Sc vs. T curve to Sc = 0.

Fig. 2-2 shows that Sc became constant below Ty, corresponding
to the freezing of the structure and the resulting residual
entropy in the glassy state. At high enough temperature, 5S¢
should approach a constant value sc*Ny according to the AG theory.
This value was estimated to be 80-100 JK~ 'mol~! from the Sc vs. T
curve. It is noteworthy that sc*Ny is much larger than R 1ln 2 (=
5.76 JK™1 mol‘1), in agreement with the argument in Section 2-1;
i.e., Sc¢* » k 1ln 2. It is known from IR spectroscopic study [23]
that 3-bromopentane molecule has four conformers. If the energy
difference among these conformers is neglected, the entropy due to
the intramolecular rotation is R 1ln 4 (= 11.6 J K~! mol~1). The
entropy due to the overall rotation is therefore 70-90 J K~1 mol-l
(= Sc*N3a - R 1ln 4), corresponding to R 1n (4000-40000). For the
simplest model of an Ising type, the number of the available
orientations is 2. The large number (4000-40000) obtained here
indicates that the molecules have a large variety of orientations

in the disordered environment formed by adjacent molecules.

2-3-3 Examination of the Adam-Gibbs Theory

Fig. 2-3 shows log 7 plotted against (SCT)‘1 for the

equilibrium liquid of 3-bromopentane. The structural relaxation

times 1t were obtained from the dielectric permittivity data

reported by Berberian and Cole [19]. The data points are

reproduced very well by a straight line, indicating the validity
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Fig. 2-3. Log v versus (Sc)-1 plot for the equilibrium liquid of 3-bromopentane. The 7 data

were taken from the dielectric study [19].
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of the AG theory. The AG theory 1is thus confirmed over wide

temperature (107-298 K) and time (10 ps - 1 ks) ranges.

The intercept and slope of the straight line are log(rp/s) =
-12.6 and Ausc*/k = 79.6 kJ mol~!, respectively. The slope

combined with the value of sc*Ny estimated above gives Au (molar

activation free energy) = 6.6-8.2 kJ mol~1, while the intercept
gives 1) (frequency factor) = 0.25 ps. The frequency factor
corresponds to 6.4x10117 Hz (= 21 ecm™ 1), a likely wvalue for

rotational vibration of a molecule in a condensed phase. The Au
value obtained from the fit is comparable with but smaller than
the intramolecular activation barrier of a hydrocarbon chain (13-
15 kJ mol~! for butane ([201). This result 1is reasonable
considering that both the intra- and intermolecular processes are
involved in the actual relaxation mechanism and that the latter
process will be less hindered for a molecule of this size. It is
worth pointing out that the activation energy reported previously,
11.5 kJ mol~1, is comparable with the Au value, but it is based on
a traditional Arrhenius analysis while the present value was
arrived at in an entirely different method involving experimental
evaluation of the configurational entropy as a function of the
temperature. Thus the fregquency and energetic parameters obtained
from the present data and the dielectric relaxation times using
eq. 2-1 are both of physically reasonable magnitude as a
description of the elementary process in a liquid. This, in turn,
supports the AG theory as a theory of the relaxation time in the

liquid state.
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Fig. 2-4 shows the temperature dependence of z (the number of
molecules in a cooperative domain). These values were calculated
from Se and sc*Ny (= 80 J K™V mol™1) by using eq. 2-2. The solid
and dashed curves denote z of the equilibrium liguids above and
below Tg (hypothetical), respectively. As shown in Fig. 2-4, z of
the equilibrium liguid approaches 1 at high temperatures as it
should and diverges at Tp. The magnitude of z is ~ 4 at Tg. This
result means that a cooperative domain contains at most first
nearest-neighbor molecules even at Tg. This is consistent with
the fact that domain structure has never been found in glassy

states by small angle diffraction experiments.
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Fig. 2-4. Temperature dependence of the number (z) of molecules in a cooperative domain. The
solid and dashed curves represent z of the equilibrium liquids above and below T, g (hypothetical),

respectively.
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Chapter 3
Heat Capacities of 3-Methylpentane and 1-Propanol under High
Pressure: Pressure Dependence of the Configurational Entropy

and Glass Transition Temperature

3-1 Introduction

The non-Arrhenius temperature dependence of the structural
relaxation time 1s one of the important properties of the
structural relaxation in the undercooled liquid ([1]. In 1950s,
two important theories were proposed to explain this property from
the thermodynamic point of view. They are called the '"entropy
theory" [2-6] and the '"free-volume theory" [7-9]. A number of
experiments have been performed to investigate their validity but
no clear conclusion has been obtained to date.

The entropy theory states that the relaxation time, 7, for the
configurational change in the undercooled liquid is determined by

the configurational entropy. Bestul and Chang [5] proposed a

relation for =z

T=Aexp ( B/ S ), (3-1)

where A and B are temperature- and pressure-independent constants,

and Sec 1is the configurational entropy defined as the entropy

component of the liquid other than those arising from the intra-

and intermolecular vibrations. The value of S- can be obtained
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from the entropy of fusion and the heat capacity difference
between the glass and undercooled liquid. The configurational
entropy thus determined vanishes at a temperature below the glass
transition temperature, Tg- This predicts divergence of 7 and is
consistent with experimental observation represented by the Vogel-
Tammann-Fulcher (VTF) equation [10,11]. The temperature where Sc
tends to zero is called the Kauzmann temperature [12].

Adam and Gibbs [6] proposed a .more advanced form of the

entropy theory based on a model. In their theory,

T=Aexp ( B/ TSc ), (3~2)

Here, A 1is a pressure- and temperature-independent constant. B
contains a term of activation free energy and, in general, depends
on both pressure and temperature. In the undercooled regime,
however, pressure- and temperature-dependence of B are usually
very small comparing with those of Sc and was neglected in the
following discussion.

In the free volume theory [7], T is related to the free volume

V£ by the equation

T=Aexp ( B/ V), (3-3)

where A and B are constants independent of T and P. The free
volume is defined as the space through which the configurational
change of the liguid molecules can take place. It roughly

corresponds to the volume difference between the liquid and the
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crystal. The free volume also tends to zero at a temperature
below Tg.

The main subject of this chapter is to examine these theories
through the pressure dependence of Tg. A direct approach for this
examination is to determine Tg at various pressures where Sc and
VF can be obtained experimentally. If eq. 3-1, 3-2, or 3-3 is
valid, the corresponding thermodynamic quantity S¢, 7S¢, or V£
should be constant at Tg- However, the measurements of the
absolute wvalues of S and Vf, especially the former, are
technically very difficult at high pressures. Many reports on the
measurements of volume at high pressures have been published [13-
161, while the relation between 7 and Vf has never been discussed.
The entropy determination under pressure has never been reported.

Another approach, though indirect, is to investigate the
gradient of Tg curve on the P-T plane (dTg/dP), which is usually
constant in the low pressure region. The slope dTg/dP can be
related to the volume, V, configurational entropy, Sc, heat

capacity gap, ACp, thermal expansivity gap, Aa, and isothermal

compressibility gap, Ax, at Tg under atmospheric pressure in
different ways depending on the prediction of the different

theories:

dTg/dP = (dT/9P)g. = TV Aa /ACp, (3-4)

if eqg. 3-1 is valid [4];

ATg/dP = (dT/8P) s = TV Aa/(ACp + Sc), (3-5)
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if eg. 3-2 is valid [17,18]1;

dTg/dP = (3T/3P)ye = Ax /Aa , (3-6)

if eg. 3-3 is wvalid [4]. Here, the temperature and pressure

dependences of A and B are assumed to be negligible.

Since the measurements of V, Sc, ACp, Aa, and Ax under
atmospheric pressure are much easier than those of Sz and Vf under
pressure, most of the previous studies have been devoted to the
check of the validities of egs. 3-4 - 3-6. For many substances
including 1-propanol [4,19-21], it has been pointed out that eqg.

| 3-4 is more appropriate than eg. 3-6 and the relation

dTg/dP = TV Aa /ACp < Ax /Aa (3-7)

holds in place of eqg. 3-6. These observations indicate that the
glass transition occurs at an iso-configurational-entropy state
rather than an iso-free-volume state. Several authors
[17,18,22,23] have discussed some guantitative test of eg. 3-5,
but any definite conclusions have not been reached as to whether
the glass transition point corresponds to 1so-Se or 1so-TSc
condition.

The method using dTg/dP data has several disadvantages. This

method requires many thermodynamic parameters which should be

determined in separate experiments and the accuracy of ACp, Aa and

Ax are usually not high because they are derivatives of measured
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gquantities H and V. The experimental uncertainty involved in each
gquantity is accumulated in the application of egs. 3-4 - 3-6 and
this makes the test for the wvalidity ambiguous. Uncertainty
invelved in the right-hand side of egs. 3-4 - 3-6 is 10-20 % in
the most reliable cases. This method becomes useless when dTg/dP
is strongly pressure-dependent in the low pressure region.

In the present study, the direct approach have been taken.
The heat capacities of 1-propanol and 3-methylpentane were
measured in the pressure range 0-200 MPa using an adiabatic high-
pressure calorimeter to directly determine Sc under pressure.
This method makes it possible to examine Egs. 3.1 and 3.2 more

clearly. The method based on egs. 3-4 and 3-5, using newly

obtained (dTgy/dP), ACp, and Se values, was useless because of the
lack of the reliable values of Aa for both samples. We also
determined the pressure dependence of the Kauzmann temperature T(Q.
Both 1-propanol and 3-methylpentane are good glass—-forming
materials. At the same time they crystallize upon long annealing
at temperatures above Tg. This property is very important because
all the guantities including the entropy of fusion as well as the
heat capacities of glass, undercooled liquid, and crystal are
required for the determination of St as a function of temperature.
The heat capacity of 1-propanol has already been measured at
atmospheric pressure [24], and that of 3-methylpentane at
atmospheric pressure [25,26] and at 108 MPa (for liquid state)
[271. The pressure dependence of Tg of 1-propanol has been

estimated by a high-pressure dielectric measurement [28].
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3-2 Experimental
3-2-1 Samples

Commercial reagents of 1-propanol and 3-methylpentane, which
were claimed to be better than 99 mol% pure, were purchased from
Tokyo Kasei Kogyo Co. Ltd. They were purified by the fractional
distillation with a concentric type of rectifier HC-5500-F
(Shibata Kagakukikai Kogyo Co. Ltd.). The distillate was
carefully degassed and dehydrated with Molecular Sieves 3A 1/16
(Wako Pure Chemical Industries, Ltd.). The final product was
distilled in vacuo with a home-made vacuum-line. The purities of
the samples were investigated by a gas chromatograph (Perkin-Elmer
F21). No trace of organic impurity was detected in either sample.
A Karl-Fischer test was carried out for 1-propanocl which is quite
hygroscopic. The amount of water found in the calorimetric sample
was determined to be 0.040 mol%. The quantity of the sample
loaded in the calorimeter cell was 16.160 g (0.26889 mol) for 1-

propanol and 12.851 g (0.14912 mol) for 3-methylpentane.

3-2-2 Heat Capacity Measurement

The heat capacity measurement was carried out by an inter-
mittent heating mode with the adiabatic high-pressure calorimeter
described elsewhere [29]. The heat capacities of the liquid,
glassy and crystalline 1-propanol were measured in the temperature
range 50-180 K at 0.1 MPa, 108.4 MPa, and 198.6 MPa. Those of 3-
methylpentane were also measured in the temperature range 50-130 K
at 0.1, 108.1 and 198.5 MPa. The glassy samples were formed by

rapid cooling of the liquid sample under a prescribed constant
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pressure. The cooling rates around Tg were 0.2-0.4 K min~! for
1-propanol and 0.5-0.7 K min~1 for 3-methylpentane.

The temperature step of single heat-capacity determination was
1.0-2.0 K for the heating period of 200-1000 s. The time required
for attaining the thermal eguilibrium after each energy input
increased from about 10 min at the lowest temperature to about 30
min at the highest temperature. The equilibration time was much
longer than usual (5-10 min), reflecting very poor thermal
conductivity of the present materials. The precision of the heat
capacity was 0.5 % around the lowest temperatures and 1 % around
the highest temperatures under high pressures.

As the sample temperature was increased from below Tg, sponta-
neous temperature drift of the sample was observed indicating that
the structural relaxation rate became appreciable. The average
drift rate around Tg was determined for a 10 min periods between
20 and 30 min after each energy input. The heat capacity datum
was calculated by employing the temperatures extrapolated to the
mid-point of each energizing period. Therefore, the gquantity
corresponded to "instantaneous" or "iso-configurational' heat
capacity, which represents the vibrational heat capacity of the
sample in glassy state.

In the present experimental set-up the helium gas 1is in
contact with the sample in the sample cell. However, the amount
of the dissolved helium was considered to be small enough to be
neglected in this study. This is because the heat capacity of 3-
methylpentane at 108 MPa agreed with the reliable literature data

[27], which were determined by using 3-methylpentane as pressure-
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transmitting medium. Also the heat capacity value of liguid 3-
methylpentane obtained just after pressurization to 198.5 MPa was

the same as for more than 1 month.

3-2-3 Calculation of Molar Heat Capacity under High Pressure

The molar heat capacity of the sample, Cp,m, was calculated

from the equation [29]
Co,m = [ dQ/AT - Ce - CH ( Ve - nVm ) 1 / n, _ (3-8)

where dQ/dT is the gross heat capacity determined experimentally,
Ce is the heat capacity of the empty cell, Cyq is the heat capacity
of helium gas per unit volume, Ve is the inner volume of the empty
cell, Vqn is the molar volume of the sample, and n is the amount of
the sample. The guantity Ce was measured with the present
calorimeter at 0.1 MPa. Its pressure dependence (about 0.1 %) was
neglected. The numerical value of Cyg at 198 MPa was also measured
with the present calorimeter and Cyg at 108 MPa was estimated by
extrapolation of the data obtained in the pressure range 0-100 MPa
[32]. The accuracy of CH was estimated to be * 0.5 %. The
quantity Ve at room temperature was measured by a gravimetric
method with degassed water and its temperature and pressure
dependences were estimated by using the thermal expansion [33] and
mechanical data [34] of the copper-beryllium alloy. The
uncertainty in the estimation of Ve at 198 MPa was < 0.2 %. The
magnitude Vyn of ligquid 1-propanol was obtained by extfapolation of

the literature wvalues for the pressure range 0-100 MPa and
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temperature range 130-300 K [28]. The value of Vn for liguid 3-
methylpentane at 198 MPa was estimated by using the data measured
in the pressure range 0-108 MPa and 110-300 K ([27]. The
uncertainty involved in the calculations of the data at 108 MPa
and 198 MPa was about *0.5 % and 2 %, respectively. For both
samples, Vqn of crystalline state was estimated using the present
dTfus/dP and AfusS data in conjunction with the Clausius-Clapeyron
equation and thermal expansivity of 1x10~4 k-1 which is typical
for organic solids at atmospheric pressure. The magnitude of Vp
for glassy state, which is continuous at Ty, was also estimated by
using the thermal expansion of the crystalline state. The
probable error in Vp is estimated to be £1.5 % at 108 MPa and 3 %
at 198 MPa. Consequently, the accuracy of heat capacity
determined in the present experiment was about 0.5 % at 0.1 MPa,
+1 % (ligquid) and *4 % (glass and crystal) at 108 MPa, and *2 %

(ligquid) and 6 % (glass and crystal) at 198 MPa.

3-3 Results and Discussion

3-3-1 Heat Capacity

Tables 3-1 and 3-2 collect the molar heat capacities of 1-
propanol and 3-methylpentane, respectively, as a function of
temperature in their glassy, liguid, and crystalline states under
the three pressures. The data for the glassy and liquid states
are plotted in Fig. 3-1 for both substances. The heat capacity

curves of 3-methylpentane are shifted by 30 JK"Tmol~1 for the sake
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Table 3-1. Heat capacities of 1-propanol.

l C, _T_ Cp _T_ C, l C, l C, 1 Cy T c,
K JIK'mol? K JK'mo' K JK'mo' K JK'mot K JK'mol'! K JK'mol? K IK'mol!
133.65 6930  149.62 1064 11453 6144 11057 1104 89.46 5139 67.40 4639
0.1 MPa 13529 70.18 15125 106.5 116.02 6273 11197 1103 90.74 51.92 68.62 47.02
13693 71.00  152.89 106.6 117.52 6275  113.37 1100 92.04 5237  69.85 47.83
crystal 13859 7196  154.54 106.8 119.04 6347 11479 1093 9335 52.92  71.09 4837
14025 72.88 15621 106.8 120.56 63.84 11622 109.2 94.66 53.53 7234 4920

5408 3377 14193 7377  157.68 107.1 122.10 6438  150.09 1082 95.99 54.07 73.59 4997
35509 34.16 14362 7486 15938 1072 123.64° 6507 151.62 1075 9733 54.52 7485 50.68

56.09 34.87 161.10 1072 125.20 6569  153.16 108.7 98.68 55.05 76.12 5135
57.10 3549 glass and liquid  162.84 107.6 126.76  65.83 154.71 108.0 100.03 5542 77.39 5207
58.14 36.01 164.58 107.6 128.34  66.66 15627 108.4 10140 55.93 78.68 52.64

5919 3671 60.27 40.10 16634 1079 12993 6754  157.834 108.1 102.78 56.38 79.97 3326
6130 37.79 61.39 40.83 163.11 108.1 13153 67.83 15941 1083 104.17 56.97 8127 34.00
6240 3831 62.52 4155 169.89 108.5 133.14 68.03 161.00 108.7 105.57 37.51 82.58 54.70

6351 38.90 63.65 4227 13476  69.41 162.60 108.4 106.98 58.05 83.89 3353
64.63 3943 64.82 4305 13639 69.39 164.21 108.8 10840 58.58 8522 36.14
65.77  40.00 66.06 43.34 108.4 MPa 138.03 70.04 165.82 108.6 109.84 58.90 86.55 5693
6691 40.70 67.33 44.76 139.68 71.05 167.45 109.1 111.28 59.62 87.86 57.64
68.07 4137 68.61 45.61 crystal 14135 71.80 169.09 109.6 112,73 60.13 89.24 5848
69.24 4191 69.90 46.40 143.02 71.79 170.73 109.7 11439 60.55 90.60 39.16

7042 4241 71.19 47.23 5934 3990 14470 71.48 172.39 1092 11587 61.20 9196 59.78
71.61 42.89 7249 48.03 60.34 40.63 146.34 7243 174,05 109.2 117.35 61.63 93.34 6051
72.81 4346 73.80 48.75 6135 41.17 14799 73.03 175.73 109.3 118.85 62.26 9472 6138
74.02 4401 75.11 49,60 6237 4137 149.65 72.58 17741 109.9 12035 62.75 96.11 62.09
7524 4452 7642 5044 6341 4212 151.33  74.07 179.10 109.6 121.87 63.15 9751 63.07
7647 45.10 77.74 51.29 64.47 4256 153.01 75.23 180.81 1094 123.39  63.79 98.92 64.00

7771 45.63 79.07 52.12 65.54 43.05 12493 64.19 10034 64.34
7896 46.23 80.41 53.02 65.54 43.06 glass and liquid 12648 64.74 101.77 65.81
8022 46.76 81.75 53.98 66.62 4351 168.6 MPa 128.04 65.41 103.20 67.13
8149 47.39 83.10 5495 6772 4401 64.86 46.95 129.61 66.06  104.65 68.77
8277 47.95 8445 56.01 68.83 44.55 6594 4739 crystal 131.19 66.63 106.11  70.69
84.06 48.57 85.82 57.13 69.95 45.02 67.05 48.09 13278 67.04  107.57 73.60

8536 49.07 87.19 58.36 71.09 45.64 68.17 48.70 52.74 3289 13438 6740  109.03 79.16
86.66 49.65 88.56 59.68 7224 46.10 69.30 49.38 53.66 3337 13599 67.73 110.47 9247
8798 50.26 89.95 60.91 7339 4648 70.45 49.95 5460 3405 13762 68.61 111.88 1115
8931 50.73 9134 63.03 7456 47.07 71.60 50.62 55.55 3473 13925 69.13 11331 1110
90.64 51.31 92.74 65.29 75.74 47.43 72.77 5131 56.53 3523 140.90 69.91 11475 111.3
9199 51.74 94,15 68.09 76.94 48.06 73.94 51.86 5753 3588 14255 7052 11620 116
9335 5231 95.22 7038 78.14 48.53 75.13 5252 35854 3645 14422 7114 11766 1117
94.71 5291 9594 72.61 7935 49.26 7633 53.16 5957 3695 14590 7153 119.13 (116
96.09 5346 96.68 7641 80.58 4951 77.54 53.74 60.61 3748 14759 7232  120.61 1115
97.47 54.00 9742 8348 81.81 50.17 78.76 54.10 61.66 38.11 14926 7281 122.11 1114
98.86 54.63 98.50 106.0 83.06 50.38 79.99 54.87 62.73 3877 151.00 73.51 123.61 1112
10027 55.13 10045 1073 8431 51.15 8122 55.66 63.82 3929 15273 7426 12513 1110
101.68 55.66  101.80 107.3 85.58 51.05 82.47 56.36 6491 39.81 15446 7496  126.66 111.2
103.10 56.23 103.17 1072 86.85 5240 83.73 56.94 66.02 40.66 15620 7570 12820 11038
10454 56.84 10454 107.0 88.14 52.02 85.00 57.50 67.12 4105 16094 78.02 13821 11035

‘10598 57.39 105.93 106.9 89.44 52.78 86.27 58.23 6821 41.63 162.71  79.15 159.57 1106
10743 58.05 107.33 106.7 90.74 53.73 87.56 59.05 69.29 42.15 160.94 1103
108.89 58.61 108.74 106.6 92.06 353.56 88.86 59.71 70.38 42.63 glass and liquid  162.32 110.7
11036 59.27 110.16 1065 93.39 34.07 90.16 60.43 7148 43.12 163.72 110.9
111.35 60.01 111.60 1064 94.73 55.31 91.48 61.14 72.60 43.84 5223 37.11 165.13 1109

11334  60.43 113.04 106.3 96.07 55.28 92.81 62.13 73.73 4453 52.89 37.59 166.56 111.0
114.34 61.03 114.50 106.3 97.43  55.63 94.14 6294 7487 44.33 53.85 38.14 168.00 111.2
11635 61.92 11597 106.2 98.80 56.62 95.49 63.84 76.03 4543 54.87 38.86 169.46 111.2
117.87 6235 117.45 106.2 100.18 56.26 96.85 64.47 77.19 4596 5591 39.68 17093 1114
11941  62.98 118.94 106.1 101.57 57.48 98.21 66.42 78.37 4633 56.98 40.20 17241 1116
12095 63.73 120.44 106.0 10297 57.77 99.58 67.67 79.56 4733 58.08 40.90 17391 1117
12250 6434 121.96 106.0 10437 57.85 100.97 68.71 80.76 47.63 59.20 41.57 17542 1119
12406 65.04 140.11 105.9 105.79 58.88 102.36 72.28 81.97 48.15 60.32 42.13 176.94 111.6
125.64 65.71 141.66 106.0 10722 58.75 103.76  76.67 83.19 48.72 6146 42.84 178.48 111.6
12722 66.42 143.23 105.9 108.66 59.86 105.13 89.45 8442 49.12 62.61 4357
128.81 67.09 14481 106.0 110.11  60.40 106.47 1109 35.67 49.38 63.78 44.14
13042  67.79 146.40 106.1 111.57 60.53 107.82 110.2 36.92 5035 64.98 4495
132.03 68.38 143.00 106.2 113.05 61.72 109.19 110.2 38.18 30.7% 66.19 45.69
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Table 3-2. Heat capacities of 3-methylpentane.

T [of T C, T c, T c, T c, T C, T o
K JK'mo® K JK'ma! K JK'mol! K JK'mol' K JK'mol? K JK'mo? K IK'mol®
58.15 56.17  107.19 143.6 9281 7730 7388 69.84 12832 143.0 86.24 7931
0.1 MPa 5923 57.17  108.57 1434 94.14 73.84  75.14 7166  129.89 149.1 87.57 8177
6032 58.01  109.97 1444 95.48 7855 7641 7272 8391 8497
glass and liquid ~ 61.40 58.87  111.37 143.6 96.83 80.65 77.69 73.95 90.26 89.09
63.56 6092 11278 1433 98.19 81.21 7898 75.50 198.5 MPa 91.30 92.08
2329 20.48 64.65 61.77 11420 1435 9956 81.84 8028 7172 92.05 99.22
2395 2137 6576 6290 11563 1445 100.94 82.01 81.59 79.80  glass and ligquid  93.08 1234
2467 2232 6687 6427 11707 145.1 10233 82.89 8291 83.42 94.37 144.6
2547 2335 6799 65.55 11851 144.7 103.74 84.66 8423 88.94  48.81 4652 9568 1456
2634 2440  69.13 66.81 105.15 85.87  85.13 9451 4976 4735  97.00 1452
2727 2552 7027 6823 106.57  85.06 85.75 105.9 50.76 48.19 98.34 143.8
2822 2664 7142 70.14 108.1 MPa 108.01 86.56 86.76 1413 5177 49.07 99.68 146.0
29.13 2772 7258 71.84 109.45 8828 88.03 144.7 5280 4993  101.04 1456
30.07 28.88 7375 74.29 crystal 11091 8922  89.31 143.8 5385 5091 10241 1462
31.04 2994 7493 7791 11237 90.64  90.61 1436 5491 5176  103.79 146.4
3196 3099  76.11 8297 6131 5937 113.85 91.80 9191 1442 5598 5270  105.19 1457
3292 3202 7728 96.17 62.49 6027 9324 1436 5707 5351 10659 146.6
3390 33.17 7840 1335 63.67 61.02  glassandliquid 94.56 144.2 58.17 3443  108.00 1462
3490 3422 7952 1395 6487 6159 95.90 1438 5628 3521 10943 1463

3593 3528 80.65 140.7 66.07 62.57 48.68 52.15 97.26 1442 6040 56.03 110.87 1474
36.95 36.37 81.79 140.8 67.29 6345 49.68 52.99 98.62 143.6 6154 57.17 11231 1476
3796 3747 82.95 141.0 68.51 64.01 50.71 33.79 99.99 1445 62.68 57.82 11377 1478
38.96 3847 84.11 1409 69.74 6471 51.75 54.58 101.38 144.6 63.84 58.64 11524 1476
35.99 39.50 8529 1416 70.98 64.93 52.81 5526  102.77 1436 65.00 59.55 116.73 147.6
41.04 40.62 86.46 142.1 7223 6572 53.89 5622  104.18 1449 66.18 60.48 11822 1482
42.07 41.61 87.63 141.7 7348 66.87 54.98 56.89 105.60 1443 6736 6156 11973 1487
43.10 4246 38.82 1415 7475 67.06 56.08 5794  107.02 1459 68.56 62.50 121.24 1479
44.14 4360 90.01 142.1 76.01 68.07 57.20 5850 10847 145.1 69.76 63.42 122,78 1473

45.19 4463 91.25 142.1 77.26 68.68 5832 59.14 10992 1441 7097 64.35 12432 14738
4624 4559 92.53 1422 78.52 68.97 59.46 60.02 11138 1449 7220 gggg %%’573;/ %Zg(l)

4730 46.59 93.82 142.0 79.79 69.16 60.61 60.74  112.85 146.6 73.43

4836 47.44 95.11 1425 81.08 70.18 61.77 6154 11433 1464 74.67 66.96 129.01 149.7
4942 4848 96.41 142.4 8237 71.51 62.94 6239 11583 1464 7592 68.34
5049 4944 97.72 1439 83.67 7228 64.12 6295 117.33 1465 77.17 68.85
51.57 5046 99.05 143.1 8498 7234 6530 63.87 118.85 1479 7844 70.26
52.65 51.21 100.38 1423 86.28 7326 66.50 6448 120.38 1472 79.72 71.85
53.74 52.48 101.73 143.0 8759 74.64 6771 6534 12192 1478 81.00 7248
5485 53.39 103.08 1433 88.839 7592 70.15 67.38 12347 1478 8230 74.12
5595 54.29 104.44 1434 90.18 75.59 7138 68.14  125.03 1479 83.60 75.70
5705 55.17 105.81 143.2 91.49 77.06 72.63 68.96 126.75 1483 8491 7730
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Fig. 3-1. Heat capacities of glassy and liquid states of 1-propanol at 0.1 (circles), 108.4
(triangles), and 198.6 MPa (squares) and those of 3-methylpentane at 0.1 (circles), 108.1
(triangles), and 198.5 MPa (squares). The heat capacity curves of 3-methylpentane are shifted by
every 30 JK-lmol-1 for clarity. The data of 1-propanol are missing owing to irreversible

crystallization in the temperature range shown by the dashed line.
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of clarity. A large heat-capacity jump due to the glass
transition occurred in all curves. The heat capacity values and
glass transition temperatures of both samples at 0.1 MPa agreed
well with the literature values [24,26]. Agreement with the
previous high-pressure data [27] was also satisfactory (with =1
%) .

The crystallization of 1-propanol occurred spontaneously when
the undercooled liquid was warmed in the course of the heat
capacity measurement. Thus Cp data are missing in the temperature
region shown by the dashed lines in Fig. 3-1. The interpolation
in this region was performed in terms of second order polynomials
in T. The crystallization took about 12 h for the completion.
The heat capacities of crystalline 1-propanol were then measured
at 0.1, 108.4 and 198.5 MPa. The crystallization of 3-
methylpentane has been reported to be extremely sluggish [26]. In
the present study, however, the 3-methylpentane sample
crystallized by chance in the course of the measurement. This
occurred when the sample which had been kept at 108.1 MPa and
depressuized to 0.1 MPa at 50 K was warmed to 88 K. Completion of
crystallization required about 6 days. The crystalline sample was
then pressurized to 108.1 MPa, and the heat capacity was measured
from 50 K. Curiously, crystallization of 3-methylpentane never
occurred again after this measurement; thus the heat capacities of
crystalline 3-methylpentane at 0.1 MPa and 198.5 MPa are missing
in the present study.

Figs. 3-2 and 3-3 show the heat capacities of glass-ligquid and

crystalline 1-propanol at 108.4 MPa and 3-methylpentane at 108.1
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Fig. 3-2. Heat capacities of glassy-liquid (open circles), and crystalline (closed circles) states of 1-
propanol at 108.4 MPa. The dashed lines represent the extrapolation of the heat capacities

determined by the least-squares method (see text for the details).
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Fig. 3-3. Heat capacities of glassy-liquid (open circles) and crystalline (closed circles) states of 3-
methylpentane at 108.1 MPa. The dashed lines represent the extrapolation of the heat capacities

determined by the least-squares method (see text for the details).
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MPa, respectively. The heat capacities of the crystalline
states, especially of 1-propanol, were smaller than those of the
glassy states as usually observed at ambient pressure. A large
heat capacity peak was observed at fusion temperature, Tfus, for
both samples.

In Figs. 3-2 and 3-3, the dashed curves represent the
extrapolations of the heat capacities, which were used for the
estimation of Sc. The heat capacity of the glass was extrapolated
by the following method so as to minimize the ambiguity of the
process. First, the heat capacities of the crystal at each

pressure were fitted by the second order polynomials:
Cplcr) = A + BT + CT2. (3-9)

Then, the heat capacities of the glass at temperatures between Tg-

20 K and Tg-15 K were fitted by the equation

Cp(gl) = A + B(fT) + C(fT)2. (3-10)

Here, the temperature dependence of the heat capacity of the glass
was assumed to be given by the same equation as that of the
crystal with the temperature rescaled by a factor f. The scaling
factor f was left as an adjustable parameter to be optimized by
the least-sqguares fitting. The heat capacity of 3-methylpentane
at 198.5 MPa, which was missing in this study, was substituted
from literature data at 0.1 MPa [26]. The liquid heat capacity

was extrapolated by the linear least-squares fit of the data at
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temperatures between Tg+5 K and Tg+15 K. The error introduced by
this method will not be very serious because the heat capacity
depends on the temperature only weakly in this region and the
lowest temperature of the extrapolation (Kauzmann temperature TQ)

was not far from Ty (about 20 K below Tg) .

3-3-2 Pressure Dependences of Glass Transition and Fusion

Table 3-3 gives the thermodynamic quantities associated with
glass transition and fusion at different pressures. The
temperature and entropy of fusion for 3-methylpentane at 198.5
MPa, where the crystalline state could not be obtained, were
estimated by a linear extrapolation of the data at 0.1 and 108.1
MPa. This extrapolation could be a gocd approximation in view of
the fact that Tfuys vs. P and AfysS vs. P data can be reproduced
well by straight lines in the pressure range 0-200 MPa for 1-
propanol. The glass transition temperature, Ty, was determined as
that at which the temperature drift rate became zero, i.e., the
sample enthalpy was apparently on the equilibrium value during the
course of heat-capacity measurements. The Tg value determined in
this way corresponds roughly to the time scale of 1 ks. The
determination of the Kauzmann temperature Tgp will be described in
section 3-4-1.

Fig. 3-4 shows the pressure dependence of Tfuys, Tg, and Tp for
1-propanol and 3-methylpentane. The dashed lines for 3-
methylpentane represent the extrapolation of the data taken at 0.1
and 108.17 MPa as described above. All the guantities linearly

increased with pressure in the present pressure range 0-200 MPa.
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Table 3-3. Thermodynamic quantities associated with the glass transition and the fusion

at each pressure.

l-propanol
P Teus Bpustl BeusS Ty AC, To
MPa K Jmol1-t JK 'mo171 K JK lmo17? K
0.1 148.81 5399 36.25 96.2 47.0 78.4
108.4 160.52 5663 35.30 103.8 45.14 85.4
198.6 168.76 5878 34.83 109.1 45.4 92.1
3-methylpentane
!mwx Tius Byl BeusS “mw ac, _ .wm
MPa K Jmol ™1 JK 1mo1~? K JK Imo1™? K
0.1 110.25% 53032 48.12% 77.0 69.4 58.4
108.1 122.35 5598 45.80 85.3 66.2 65.1
198.5 132.47P —_ 43.85P 91.8 65.3 72.2

3 Obtained by Finke et al. [26].

b Estimated by the extrapolation

which is described in the text.
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Fig. 3-4. Pressure dependence of the temperatures of fusion (squares), glass transition (triangles)
and Kauzmann temperature (circles) of 1-propanol and 3-methylpentane. The curves were drawn
by the least squares methods. For 3-methylpentane, the value of Tfys at 198.5 MPa was

determined by the extrapolation shown by the dashed line, and T( at 198.5 MPa was calculated

using the extrapolated quantities (see text for the details).
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The gradients of Tg vs. P lines for 1-propancl and 3-methylpentane
were 65 and 75 K Gpa~1, respectively. The former value agreed
with that estimated by high-pressure dielectric measurement (70 K

Gra~1) [28].

3-3-3 Configurational Entropy
The configurational entropy as a function of temperature was

calculated from the experimental data by

Tfus Tfus
Sc = AfusS - [Cp(g) - Cplcr)l/T AT - (Cp(l)~ Cp(g)]/T AT,

0] T
(3-11)
where Cp(l), Cp(g), and Cpl(cr) are the heat capacities of liquid,
glass, and crystal, respectively.

The first and third terms in the right-hand side of eg. 3-11
were obtained with high accuracy from the present data at each
pressure. The quantity Cp(l)-Cp(g) was obtained for the first
time by the present adiabatic method while the previous
calorimetric study under high pressure [35,36] employed mainly
hot-wire and AC methods, both being unsuitable for determination
of accurate heat capacities. The extrapolations of Cp(l) to Tp
and Cp(g) to Tfus were performed as described before.

The second term of eqg. 3-11 represents the correction for the
difference in vibrational entropies at Tfys between the glassy and
crystalline states. Unfortunately, it was not easy to estimate
this term from our data, because the lowest temperature of
measurement was about 50 K for every pressure. Hence, this term

was evaluated by using the data at atmospheric pressure [24,26]
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neglecting their pressure dependence. The correction was less
than 1 % of the total heat capacity in the case of 3-methylpentane
[27]. The estimated value of the second term at 108 MPa was 11.0
JK Tmol-1 for 1-propanol and 5.98 JK-Tmol-1 for 3-methylpentane.
These values correspond to 31 % and 13 % of the AfysS,
respectively. The vibrational correction to the determination of
configurational entropy has usually been neglected.

The Kauzmann temperature, 7T, was determined as the
temperature at which Sg vanishes. The value thus obtained at each
pressure is tabulated in the last columns of Table 3-3 and is
graphically shown in Fig. 3.4. The gradients of Tg vs. P lines
for 1-propanol and 3-methylpentane were both 69 K Ggra~l. The

pressure dependence of Tp was determined for the first time.

3-3-4 Examination of the Entropy Theory

In order to examine the validity of the entropy theory (egs.
3-2 and 3-3), the temperature dependence of Sc at each pressure
was calculated in terms of eg. 3-11. Fig. 3-5 shows the
temperature dependence of Sc for 1-propanol and 3-methylpentane.
The numerical value of S at Tfys corresponds to the first and
second terms of eg. 3-11, which can be evaluated accurately. The
decrease in Sc below Tfus corresponds to the third term of eq. 3-
11, which is obtained by using extrapolations of the Cp data shown
in Figs. 3-2 and 3-3. The decrease in Sc¢ between Tfuys and Tg and
that between Tg and T0 are shown by solid and broken curves,
respectively. The magnitude of Sc at Tp was taken to be zero

according to the definition. The value of Sc at Tg decreased
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Fig. 3-5. Temperature dependence of the configurational entropy of 1-propanol at 0.1, 108.4, and
198.6 MPa and that of 3-methylpentane at 0.1, 108.1, and 198.5 MPa. The quantities at Tfys, Tg,
and 7 are represented by squares, triangles, and circles, respectively. See text for the procedure

1o obtain the solid and dashed curves.
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Fig. 3-6. Temperature dependence of the configurational entropy multiplied by the temperature for
1-propanol at 0.1, 108.4, and 198.6 MPa and that for 3-methylpentane at 0.1, 108.1, and 198.5

MPa. The quantities at Tfys, T'g, and T( are represented by squares, triangles, and circles,

respectively. See text for the procedure to obtain the solid and dashed curves.
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systematically with increasing pressure against the prediction

from eq. 3-1.

Fig. 3-6 shows the temperature dependence of TSc at three
pressure for 1-propanol and 3-methylpentane. The procedures of
the calculation were similar toc those of Fig. 3-5. It was shown
that TS- at each pressure is almost constant at the corresponding
Tg. This clearly indicates that the Adam-Gibbs theory (eq. 3-2)
is wvalid within the accuracy of the present experiment and it
reproduces the experimental data better than the simple entropy
theory (eg. 3-1) does both for 1-propanol and 3-methylpentane.
Thus the glass transition can be regarded to occur at constant TSe
rather than at constant Se in both cases.

In the Adam-Gibbs theory, the configurational entropy, Sc, is
related to the size of the "domain" in which the molecules are
able to change their configurations cooperatively. The larger the
domain size, the smaller the configurational entropy is. In the
case of molecular ligquids such as 1-propanol and 3-methylpentane,
it is considered that a decrease in S¢ 1is readily achieved by
applying pressure as well as by lowering temperature. This is
because the applied pressure decreases the intermolecular distance
and increases intermolecular interaction, causing stronger
cooperativity both for the segmental (methyl and methylene) and
overall rotations of the molecules and resulting in formation of
larger domains. The decrease in Sc due to the pressure increase
to 198 MPa around Tg was quite large both for 1-propanol (8 JK™
mol~? at 109 K) and 3-methylpentane (15 JK Tmol~1 at 92 K). These

magnitudes correspond to the Sc changes due to the temperature
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decreases of 17 K and 19 K, respectively. The large pressure

dependence of Sc reflects the large pressure dependence of Tg; 65

K GpPa~! for 1-propanol and 75 K Gpa~! for 3-methylpentane.
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Chapter 4
Development of an Adiabatic Calorimeter for Simultaneous

Measurement of Enthalpy and Volume under High Pressure

4-1 Introduction

The Gibbs energy (G) surface against temperature (T) and
pressure (P) contains all the information about the thermodynamic
properties of a substance. This surface can be constructed from
the experimental data of the heat capacity, thermal expansivity
and compressibility as functions of T and P. Hence, calorimetry
(enthalpy measurement) and dilatometry (volume measurement) under
pressure are the most important experiment methods in the
equilibrium thermodynamic study.

The enthalpy (H) and volume (V) measurements under pressure
provide important information also for the non-equilibrium
problems. When the external parameters such as T and P of the
liguid are changed rapidly, the structural relaxation is observed
to a new equilibrium one. It is of interest to observe such
relaxation phenomena in the two different thermodynamic guantities
H and V as functions of time (t). The relaxation process can be
characterized by a locus in the three dimensional space (H - V -
t). A simultaneous measurement of H and V is a potent method of
investigation of non-equilibrium processes since the same non-
equilibrium state can not be realized in separate experiments.

High-resolution experiments are also regquired when the magnitude
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of the relaxation in H and V is very small near the equilibrium
state.

At atmospheric pressure, H and V are measured separately with
high precision over a wide temperature range. The V measurements
[1-6] have Dbeen extended to high pressures but only a few
apparatus [7,8] have been reported for the precise H measurements
under high pressure. An apparatus for simultaneous measurement of
H and V was reported by Oguni et al. [7]. This apparatus worked
under adiabatic condition at hydrostatic constant pressures up to
110 MPa and in the temperature range between 100 and 370 K. The
imprecisions of the measurements were 0.5 % in the heat capacity
and 0.01 % in the volume, the compared with those of the separate
measurements, 0.71-0.2 % in the heat capacity and ca. 10-3 % in the
volume.

In the present study, an adiabatic calorimeter was constructed
for simultaneous and high-precision measurements of H and V under
high pressure. The basic design of the present apparatus follows
that of the previous calorimeter by Oguni et al. but a great
improvement was attained for the dilatometric measurement. The
precision of the present V measurement is ca. 1075 %, which is ca.
103 times better than those of the previous one. The increased
precision made it possible to investigate the structural
relaxation with small volume change as described in Chapter 6.

The design and construction of the apparatus, calculation of H
and V from the raw data, and calibration and test experiments will
be described in sections 4-2, 4-3, 4-4, respectively. The

calibration and test experiments were performed at atmospheric

53



pressure since the pressure dependence of the calibration data is
negligible or easily calculated as described in the experiments of

polystyrene in Chapters 5 and 6.

4-2 Construction of the Apparatus

4-2-1 Principle

The calorimetric measurement is based on the adiabatic method.
The heat capacity (Cp) is measured by determining the temperature
increment (AT) of the sample caused by electrically supplied
energy (AE) under adiabatic condition; i.e., Cp = AE/AT. Enthalpy
relaxation (AH(t)) is measured by monitoring the spontaneocus
temperature change (AT(t)) of the cell as a function of time (t)
under adiabatic condition; i.e., AH(t) = CpAT(t).

The sample is pressurized hydrostatically using pressure
transmitting liquids (PTL). The applied pressure is regulated at
a constant value by permitting the flow of PTL into or out of the
cell through the pressure transmitting tube connecting the sample
cell and the pressure control system. The effect of PTL on the
calorimetric measurement is corrected for as described below.

The dilatometric measurement is performed by a method similar
to that of Quach and Simha [1]. Their method was based on the
traditional Bridgman's bellows method [(9]. The liguid sample or
the solid sample with PTL is confined in the cell capped with the
flexible metal bellows which is exposed to external hydrostatic

pressure from the high-pressure system. The bellows expands or
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contract so as to balance the pressure of the sample with the
applied pressure. The volume change 1s obtained from magnetic
detection of the change in length of the bellows. Each part of

the apparatus will be described in the following sections.

4~2-2 Cryostat and Adiabatic Control System

Fig. 4-1 shows a schematic drawing of the cryostat. It is
based on the principle of adiabatic calorimetry with provisions
for measurement wunder high pressure. These are pressure
transmitting tubes C1-C3 and the volume measurement system A. The
pressure transmitting tubes connect the inner space of the cell N
and the high pressure system. They are made of stainless steel
and have the size of 2.7 mm I.D. and 6.4 mm O.D. C3 is joined to
C2 by the couplings (H1, H2) and the thermal anchor G2. They are
made of copper-beryllium alloy which has high thermal conductivity
and sufficient mechanical strength. The cell N is dismountable at
H2.

Adiabatic condition between the cell and its environment is
achieved by evacuating the space inside the wvacuum jacket P to
104 Pa and by regulating the temperatures of the parts
surrounding the cell. The inner adiabatic shield M and the tube
C3 are controlled at the same temperature as the cell. The outer
adiabatic shield J and the thermal anchor G2 are held a few
kelvins lower than the cell to assist the control of M and C3.
The temperature of the tube C2 is usually kept slightly higher
than that of G2. The tube C1 is controlled at around the room

temperature. The adiabatic shield E for the tube C2 is controlled
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Fig. 4-1. Schematic drawing of the cryostat. (A) Volume measurement system, (B) flange for
lead wires, (C1-C3) pressure transmitting tubes, (D) pumping tube, (E) adiabatic shield for the
tube C2, (F) refrigerant, (G1,G2) thermal anchors, (H1,H2) couplings, (J) outer adiabatic shield,
(K) heater wires, (L) thermocouples, (M) inner adiabatic shield, (N) sample cell, (P) vacuum

jacket, (Q) Dewar flask.
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at the same temperature as G2 to reduce the temperature
distribution in C2. All of the adiabatic shields are made of
copper for i1its high thermal conductivity. The temperature
controls described above are performed by negative-feedback
circuits using the temperature difference signals from the
Chromel-Constantan thermocouples L and the heater wires K placed
on the surface of the regulated parts. The heater wires are wound
pair-wise to reduce inductive interference. The leads of the
thermocouples and the heater wires are wound around the inner
adiabatic shield M and thermal anchors G1 and G2 for heat exchange
and taken out of the cryostat through the flange B. The vacuum
seal between the leads and the flange B is made by epoxy-resin
(Araldite, Chiba-Geigy). The cryosfat is immersed in the
refrigerant (liguid nitrogen or ice water) F filled in the Dewar
flask Q. The sample cell is cooled with the help of He gas of
about 10 kPa introduced into the jacket P. The cryostat, the
volume measurement system, and the high-pressure system are all
located in a room whose temperature is kept constant within *0.5

°C.

4-2-3 Sample cell

Fig. 4-2 shows a sectional drawing of the sample cell. The
main parts of the cell (D1-D3, E2, E3 and F) are made of copper-
beryllium alloy. The surface of the cell is gold-plated for the
reduction of radiative heat transfer and for protection against
corrosion. The cell was designed so as to withstand the applied

pressure up to 100 MPa, resulting in the increase of mass of the
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Fig. 4-2. Sectional drawing of the sample cell. (A) Pressure transmitting tube, (B) heater wires,
(C) thermocouples, (D) gland nuts, (E) plugs, (F) main body of the cell, (G) displacement
transmitting rod, (H) bellows, (J) cell cover, (K) Rh-Fe resistance thermometer, (L) thermometer

holder, (M) sample room, (N) thermal anchor.
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cell (651.46 g) and decrease in the ratio of the sample heat
capacity to that of the empty cell (SE ratio). The small SE ratio
makes the imprecision of the calorimetric measurement larger than
that of a conventional adiabatic calorimeter. The maximum
pressure can be increased up to 200 MPa by increasing the
thickness of F at the expense of the SE ratio.

The pressure transmitting tube A is connected to the stainless
steel plug E1 by screw and silver soldered. The cylindrical body
F (20 mm I.D., 24~28'mm 0.D.) of the cell is closed on the both
ends by the plugs E1-E3 and the gland nuts D1-D3. The plugs EI1
and E2 are pressed against the both edges of the inner wall of J
by driving the screw of the gland nuts D1 and D2, respectively.
The plug E3 is pressed against the edge of the hole (1.2 mm¢)
drilled at the center of E2 by driving the screw of the gland nut
D3. The pressure inside the cell is sealed by these metallic cone
connections. This sealing method is the same as those used in the
adiabatic high-pressure calorimeter reported by Yamamuro et al.
[8], 1s superior to the traditional Bridgman method in that it
does not require any packing material, thus avoiding complicated
pressure and temperature dependence of the cell volume due to
shrinkage of the packing.

The phosphorus-copper bellows H fixed to E1 with silver solder
divides the inner space of the cell into two. The liquid sample
or the solid sample with PTL is placed in the sample room M (ca.
22 cm3). The solid sample is usually shaped into a rod and loaded
in M after removing the plug E2. The liguid sample or PTL for the

solid sample is introduced through the hole of E2 by pouring in
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vacuo and then sealed with the plug E3 and the gland nut D3. The
inner space of the bellows (ca. 10 cm3) and the pressure
transmitting tube A are filled with PTL. The bellows expands or
contracts by pressure difference of less than 0.1 MPa. The inner
wall of the body F is fitted well to the bellows and plays a role
of the guide for the movement of the bellows. The stainless steel
rod G is soldered to the closed end of the bellows to transmit the
displacement of the bellows to the outside of the cryostat. The
rod G passes through inside the tube A and reaches to the volume
measurement system described in the next section.

The PTL in the sample room and the PTL in the bellows are
selected taking the fusion temperature and the solubility of the
sample into consideration. For low temperature experiments, 3-
methylpentane or 1-propanol have usually been used as PTL, because
they are liguid at room temperature and undergo neither
crystallization nor glass transition down to 100 K. If the sample
is dissolved in PTL, it must be confined in a thin plastic cup
which can deform accommodating the volume change. For high
temperature experiments, various type of materials (water,
silicone oil, Hg etc.) have been used as PTL. In the present
study, 1-butanol (184 < T/K < 390) and Fluorinert (170 < T/K <
400) were used as PTL. Fluorinert (Sumitomo 3M Co. Ltd.) is a
mixture completely fluorinated alkanes and so it is chemically
inert and dissolves in neither water nor hydrocarbon oils.

Electrical energy is supplied into the cell by the manganin
heater wire B2. The thin cell-cover J made of copper is installed

to minimize heat leak by radiation from B2. The thermocouple C2
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for the temperature control between the cell and the inner shield,
the holder L for the Rh-Fe resistance thermometer K and the
thermal anchor N for the heater wire B2 are all soldered on the

outer surface of J.

4-2-4 Volume Measurement System

Fig. 4-3 shows a schematic drawing of the volume measurement
system. The strong and discoidal magnet F (Coremax, Sumitomo
Special Metal Co. Ltd.) is fixed on the top of the rod J which is
connected to the bellows inside the cell. The magnet moves up and
down smoothly in the c¢ylinder E made of diamagnetic stainless
steel (SUS310S). The inner bore of E is fitted well to the magnet
F so as to prevent its horizontal shift. The I.D. and 0.D. of E
are 5.7 and 10 mm, respectively. E is connected to the pressure
transmitting tubes A1 and AZ by using the gland nuts B1 and B2 and
plug C1 and C2, respectively. The pressure seal of these parts
are similar to that in the sample cell. The total length of the
rod J 1s so long (ca. 60 cm) that its temperature dependence is
considerable in magnitude (ca. 8 um/K). However, this effect is
canceled by the temperature dependence of the pressure
transmitting tubes since the material (stainless steel) and the
temperature of J and A2 are same.

The displacement of the magnet F 1is measured with the
Magnesensors G and the Magnescale M (Sény Magnescale Inc.). The
two Magnesensors G are fixed symmetrically on the supporting arm H
which can be moved up and down by manual operation of the

cathetometer P. The Magnesensors measure the wvertical

61



To pressure system

!

3 cm

Fig. 4-3. Schematic drawing of the volume measurement system. (A) Pressure transmitting tubes,
(B) gland nuts, (C) plugs, (D) supporting arm, (E) diamagnetic cylinder, (F) magnet, (G) .
Magnesensors, (H) Magnesensor holder, (J) displacement transmitting rod, (K) volume

measurement stage, (L) cryostat, (M) Magnescale, (N) Magnescale holder, (P) cathetometer.
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displacement of the center of the magnet against the center of the
Magnesensor by use of the magnetic field from the magnet. The
output signal of Magnesensor (electrical potential) 1is
proportional to the displacement of the magnet in the range of

+0.2 mm. The imprecision of the displacement measurement was ca.

+0.01 pm (see section 4—3—5). The height of the Magnesensors is
measured by the Magnescale M which has ayprecision of £+ 1 .
There are two modes with different resolution to measure the
displacement of the magnet. The low resolution mode is used for
large volume change of the sample such as that due to the large
temperature change. 1In this mode, the Magnesensor is used as the
zero-point detector and its height is read with the Magnescale.
The high resolution mode is used for small volume change such as
that due to an isothermal structural relaxation of the sample. In
this mode, the height bf thé-Magnesensors is fixed, and their
output signal is recordedbwith the digital multimeter (Kéithley
1954) . The precision of the measurement with the high resolution
mode is estimated to be ca. 1072 % of the sample volume, which is
much better than that of the conventional dilatometer (ca. 1073

%) .

4-2-5 Calorimetric System
The electrical energy supply and the temperature measurement
are carried out with the calorimetric measurement system which has

been constructed before [8]. The temperature of the cell is

measured with a Rh-Fe resistance thermometer (27 & at 273 K;

Oxford Instrument Ltd.) calibrated on the temperature scale EPT76
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(T < 30 K) and IPTS68 (30 < T < 300 K). For the temperature range
300 ~ 380 K, the calibration was made by the present author
against the standard platinum resistance thermometer (R800-0,
Chino Corp.), which had been calibrated to the IPTS68. The heat
capacity difference caused by the conversion to the new
temperature scale ITS90 [10] was estimated to be smaller than 0.05

% over the temperature range 100 - 380 K.

4-2-6 High-Pressure System

The high-~pressure system of the previous calorimeter [7] was
modified for the present purpose. Fig. 4-4 shows the block
diagram of the system. Two PTL's in the high-pressure system are
separated by the flexible metal bellows in the pressure media
separator F. The pressure generation side (right-hand side) of F
is filled with liquid kerosene, while the cryostat side (left-hand
side) with ligquid 3-methylpentane or 1-butanol. The liquid 3-
methylpentane or butanol in the glass bulb D is charged into the
high pressure system through the valve G1 by pouring in vacuum.
Liguid kerosene is also charged by the same manner through the
valve G5.

The pressure generator H can generate pressure up to 200 MPa.
The applied pressure can be regulated within *100 kPa by the
method developed by Oguni et al [7]. The deviatibn from the
preset pressure is detected as the change in resistance of the
stain-free Manganin coil L in the vessel K. This is converted to
an electrical signal by the Wheatstone Bridge and used for the

negative-feedback circuit M to control the current of the heater
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Fig. 4-4. Block diagram of the high pressure system. (A) Sample cell, (B) cryostat, (C) volume
measurement system, (D) glass bulb, (E) PTFE cock, (F) pressure-transmitting-liquid separator,
(G) high-pressure valves, (H) pressure generator, (J) Heise pressure gauge, (K) pressure sensor
vessel, (L) Manganin pressure sensor, (M) pressure control circuit, (N} kerosene reservoir, (P)

heater wire, (Q) thermostats, (R) pressure transmitting tubes.
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wire P in the kerosene reservoir N. The pressure deviation is
thus compensated by the temperature change of the kerosene in N.
To reduce the fluctuation due to the temperature change, both K
and N are placed in the thermostats Q1 and Q2, respectively. The
pressure i1s read with the Heise gauge J calibrated within the
error of £0.1 MPa. The pressure can also be determined with high
precision (*10 kPa) by measuring the resistance of the Manganin
coil with the high-precision a.c. resistance bridge (ASL. F17).
In this method, the calibration function for the transformation
from resistance to pressure is determined by using the Heise gauge
and so the accuracy of the pressure is the same as that of the

Heise gauge.

4-3 Determination of Thermodynamic Quantities

4-3-1 Volume
The volume of the sample is derived from the displacement L of
the magnet measured by Magnesensor and Magnescale. L 1is given by

the sum of two terms,

L = Lgc + Ege(dL/dE) (4-1)

where, Lge and Ege represent the digital reading of the
displacement by Magnescale and the analog output signal by

Magnesensor, respectively. (dL/dE) is the sensitivity coefficient

relating Ege to L and was evaluated to be 0.125 um/mv from a
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calibration experiment. In the high resolution mode, L 1is
determined from eg. 4-1 for a fixed Lse. The resolution in this
modes is 10 nm corresponding to 2x1076 cm3. The region where
(dL/dE) is constant is *1.5 V corresponding to *200 um and so the
high resolution mode was used for determination of small volume
changes accompanying isothermal was structural relaxation. In the
low resclution mode, the dial of the cathetmeter is adjusted so as
to make the second term of eq. 4.1 zero and the displacement of
the Magnesenser i1is read by Magnescale. The resolution 1is
therefore that of the Magnescale (1 um) but a larger displacement
(upto 25 mm) can be measured in this mode. It has to be pointed
out that the accuracy of the L measurement depends on that of Lg¢
in both modes.

The molar volume of the sample Vs is related to the sample

room Vsr by

Vs(T,P) = [Vsr(T,P) - nptlsVptls(T,P)] / ns (4-2)

where Vptls is the volume of the PTL in the sample room. The
pressure transmitting liguid in the bellows (PLSb) may be

different from PTLS (the pressure transmitting liquid in the

sample room). nptls and ns are the amounts of PTL and the sample,
respectively. The symbols 1in the parentheses represent
independent variables; T is the temperature of the cell and P the

pressure inside the cell. Vgr 1s related to the experimental data

L{T,P) by the equation
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(T, P)
Vesr(T,P) = Vsr(TQ,Pp) + f A(L) dL + AVcor (T, P) (4-~3)
L(Tp, Po)

where A is the effective cross-sectional area of the bellows in
the cell. Tp and Pp represent the reference points of temperature
and pressure; To = 30 °C and Pg = 0.1 MPa. AVeor represents the
correction term for the temperature and pressure dependence of the
volume of the sample room. Vsr (T0,Pp) is determined from the
values of Vg and Vpﬁls at (To,Po) which is individually determined
by other dilatometers for absolute volume measurement (picnometer
etc.). The difference in thermal expansivities between the

stainless steel rod and the phosphorus-copper bellows gives rise

to the error of (L-Lg), which is estimated to be less than 0.5 %.

AVcor 1s given by

T L(T, P)
AVeor (T, P) = J ae(T) [Vsr (To,PO)+ I A(L) dL ] 47T
To L(To, PQ)

+ AVeor (P, T0) (4-4)

where, ae 1s the thermal expansivity of the cell, which is

effectively equal to that of copper at atmospheric pressure. The
second term corresponds the expansion of the cell owing to the
inside pressure and so should be zero at atmospheric pressure.
Consequently, A(L), AVeor(P,T0) and Vptls(T,P) should be
determined by the calibration experiments where only a standard
reference liquid or PTL are confined in the sample room. A(L) is

evaluated from the volume measurement of a standard liquid at
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atmospheric pressure using egs. 4-2 - 4-4 without the terms of

Vptls (T, P) and AVeor (P, TQ) - The thermal expansivity of the
standard liguid should be large and known as a function of

temperature to allow determination of A(L) for a large change of

L. AVeor(P,7Tg) can be determined from the volume measurement of

the liquid, whose volume is known as a function of pressure at 30
°C, at various pressures and 30 °C by using egs. 4-2 - 4-4 with

A(L) determined above. Vptls(T,P) should be determined in the P

and T ranges of interest for the present study.

4-3-2 Heat Capacity
The molar heat capacity of the sample at constant pressures

(Cs) 1is obtained from the equation

Cs(T,P) = [Ctot(T,P) - Ce(T,L) - nptlsCptls(T,P)

- Vo{L(T,P)}Cptlb(T,P)] / ns. (4-5)

Here, Ctot 1s the gross heat capacity. Ce, Cptls and Cptlp denote

the heat capacities of the empty cell, a mole of PTL (in the

sample room), and a unit wvolume of PTL (in the bellows),
regspectively. Vb represents the volume of the inside space of

bellows. Ce, Ccl, Ctr and Vp should be determined by the

following calibration experiments.
The stainless-steel rod inside the bellows is included in Ce.

Ce(T,L) is therefore determined from experimental data of the

empty cell corrected for the heat capacity of the rod. Pressure
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dependence of Ce is given by (dCe/dP)7 / Ce ~ 1075 MPa~!, which is
negligible in the present pressure range (ca. 102 MPa).

Vb (L) can be obtained from two series of heat capacity
measurements of 1-butanol. The inside space of the bellows is
empty in the first series while it is filled with 1-butanol in the
second ocne; the sample room is filled with 1-butanol in both
series. Vb (L) was calculated from the difference between the
total heat capacities of the two series. The molar heat capacity
of 1-butanol was in advance measured at atmospheric pressure with
a conventional type of adiabatic calorimeter as described in
Section 4-4-5. The volume data of 1-butanol were taken from ref.

(11]. Vb(L) thus determined is as follows:

L/cm
Vb/cm3 = 8.642 + _[A(L)/sz drL. (4-6)
1.8532

Cpotlb(T,P) can be obtained by the heat capacity and volume
measurement under high pressure in which both sample room and

bellows are filled with the same PTL.

4-4 Calibration and Test Experiments

4-4-1 Heat Capacity of the Empty Cell
The heat capacity of the empty cell was measured in the
temperature range 280-370 K at atmospheric pressure. Both of the

sample room and the inner space of the bellows were filled with
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Fig. 4-5. Heat capacity of the empty cell. Solid line represents the curve smoothed by the least-

squares fit.
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Fig. 4-6. Deviation plot of the observed heat capacities of the empty cell.
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air at atmospheric pressure. The heat capacity contribution from
the air is small (0.017 % of the total heat capacity) and
neglected. The temperature step of a cycle of the heat capacity
measurement was about 2.5 K with a heating period of 1500-2000 s.
The time required for thermal equilibration after each energy
input was about 5 min. The displacement of the magnet was
stationary to within 0.2 mm all through the experiment.

The experimental data are plotted in Fig. 4-5. The smoothed
curve (see a curve in Fig. 4-5) was obtained by fitting the data
to a 6th order polynomial. Fig. 4-6 gives the percent deviation
plot from the smoothed curve. The deviations are within #0.02 %
over the whole temperature range. This result is satisfactory

considering the massive and complicated structure of the cell.

4-4-2 Calibration Experiment Using Toluene

The heat capacity and volume of toluene were measured
simultaneously in the temperature range between 280 and 370 K at
atmospheric pressure. The purpose of this measurement was to
evaluate the effective cross-sectional area of the bellows in the
cell using the literature volume data of toluene [12]. The
precision of the volume measurement is also discussed.

Commercial reagent of toluene, whose purity was claimed to be
better than 99 mol%, was purchased from Tokyo Kasei Kogyo Co. Ltd.
The sample was purified by the fractional distillation with a
concentric type of rectifier HC-5500-F (Shibata Kagakukikai Kogyo
Co. Ltd.). The final purity of the sample was checked by gas

chromatography (Perkin-Elmer F21) and no trace of organic impurity
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was detected. After repeated degassing, the main distillate was
poured into the sample room of the cell in vacuo. The mass of the
sample loaded was 18.544 g (0.20126 mol). The inner space of the
bellows was filled with air at atmospheric pressure.

The displacement of the magnet (L) was measured in the low
resolution mode. The temperature step of a cycle of the heat
capacity measurement was about 2.5 K with heating period of 1500-
2000 s. The time required for thermal equilibration after each
energy input was about 10 min. The longer equilibration time
(compared with that of the empty cell) is aneffect of the sample
heat capacity.

The experimental heat capacities of toluene are summarized in
Table 4-1 and plotted in Fig. 4-7. The observed values of L are
also plotted in Fig. 4-8. The solid curve in Fig. 4-8 1is the
best-fit 5th order polynomial in T. The corresponding deviation
plot are shown in Fig. 4-9. Over the whole temperature range, the
deviations were within #*2 um corresponding to *0.02 % .of the
maximum L-Lo (ca. 10 mm) value. This uncertainty of L corresponds
to an error of +4x10~4 cm3 (£2x10~3 % of the total sample volume)
in the volume measurement.

Fig. 4-10 shows the L dependence of the effective cross-
sectional area of the bellows A, in which each point was
calculated from the two adjacent V vs. L data using eg. 4-3. A
second order polynomial was fitted to these data. The optimum

function was
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Table 4-1. Molar heat capacity of toluene.

T Com T Cp.m T Cp.m

K JK-1mol-1 K JK-1mot-1 K JK-1mol-1
277.92 152.0 310.78 160.3 342.48 170.6
280.23 152.5 313.17 160.8 344.99 171.6
282.55 153.0 315.57 161.3 347.50 172.6
284.86 153.4 317.98 161.9 350.02 174.0
287.18 153.8 320.39 162.6 352.55 174.8
289.51 154.3 322.81 163.3 355.09 175.8
291.85 154.7 325.23 163.8 357.64 176.3
294.20 156.1 327.67 164.7 360.20 178.2
296.55 156.8 330.12 165.7 362.76 179.0
298.90 157.1 332.58 166.4 365.34 180.3
303.64 158.3 335.03 167.7 367.92 181.7
306.02 158.9 337.50 168.4 370.51 182.2
308.39 159.6 339.99 169.2 373.10 182.9
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Fig. 4-8. Temperature dependence of the displacement of the bellows in the volume measurement
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A(L)/cm? = 1.486 + 6.385x1072 (L/mm) - 1.974x10~3 (L/mm)2,

(4-7)

which is shown by the solid line in Fig. 4-10. The deviations of
the experimental values from this function were within *0.015 cm

(0.8 % of A).

4-4-3 Heat Capacity and Thermal Expansivity of Water

The heat capacity and volume of water were measured
simultaneously in the temperature range 280-370 K at atmospheric
pressure. The accuracy of the heat capacity and volume
measurement is discussed using the literature values of the heat
capacity [13] and volume [(14] of water.

Water was purified by distillation followed by deionization.
The resistivity of the purified sample was 18.3 MQ-1 cm~1. After
repeated degassing, the purified water was introduced into the
sample room in vacuo. The mass of thé sample loaded was 21.449 g
(1.1906 mol). The inner space of the bellows was filled with air
at atmospheric pressure. The procedure of the measurement was the
same as that for toluene.

The experimental heat capacities of water are tabulated in
Table 4-2 and plotted in Fig. 4-11. The solid line‘in Fig. 4-11
represents the literature wvalue ([13]. The deviations of the
experimental values from the literature curve were within 0.2 %
over the whole temperature range. This accuracy of the heat
capacity measurement is as good as that of the ordinary adiabatic

calorimeters. This result is rather amazingly good considering
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Table 4-2. Molar heat capacites of water.

T Cp,m T Cp,m T Cp.m
K J K1 mol-1 K JK-1 mol-1 K JK-1 mol-!
Series 1
278.92 75.55 312,51 75.13 344,12 75.42
281.26 75.54 314.41 75.18 346.69 75.49
283.61 75.40 316.33 75.29 349.28 75.54
285.97 75.35 318.81 75.24 351.87 75.57
288.33 75.39 321.31 75.23 354.48 75.58
290.71 75.36 323.81 75.19 ¢ 357.08 75.72
293.10 75.30 326.32 75.19 359.70 75.76
295.49 75.22 328.83 75.18 362.33 75.92
297.89 75.17 331.36 75.17 364.97 75.99
300.31 75.28 333.90 75.25 367.61 76.03
305.17 75.15 336.44 75.32 370.26 76.04
307.60 75.11 338.99 75.35 372.93 76.06
310.05 75.07 341.55 75.40
Series 2

278.31 75.63 311.91 75.14 344.63 75.37
280.65 75.47 314.38 75.13 347.20 75.47
283.00 75.42 316.85 75.08 349.79 75.61
285.36 75.39 319.34 75.13 352.38 75.68
287.73 75.30 321.83 75.08 354.98 75.72
290.11 75.26 324.33 75.10 357.59 75.75
292.49 75.21 326.83 75.11 360.21 75.83
294.89 75.19 329.35 75.11 362.84 75.97
297.29 75.16 331.87 75.18 365.47 76.03
299.71 75.21 334.41 75.18 368.12 76.10
304.57 75.13 336.95 75.22 370.77 76.16
307.01 75.15 339.50 75.30
309.46 75.18 342.06 75.34
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Fig. 4-11. Molar heat capacities of water. Circles and triangles denote the data in series 1 and 2,
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Table 4-3. Molar volume of water. Vp /cm3mol-l = 18.0940 + AV / cm3mol-1L.

T AV T AV T AV
K cm3mol-1 K cm3mol-1 K cm3mol-1
Series 1
275.43 -0.0799 306.38 0.0192 340.27 0.3053
277.76 -0.0803 308.83 0.0343 342.83 0.3327
280.09 -0.0792 311.28 0.0507 347.98 0.3905
282.43 -0.0766 313.74 0.0679 350.57 0.4202
287.15 -0.0666 315.10 0.0782 353.17 0.4510
289.52 -0.0600 317.57 0.0969 355.78 0.4828
291.90 -0.0523 320.06 0.1164 358.39 0.5152
294.29 -0.0427 325.06 0.1584 361.02 0.5486
296.69 -0.0329 327.57 0.1806 363.65 0.5828
299.10 -0.0211 332.63 0.2282 368.93 0.6539
301.51 -0.0092 335.17 0.2529 371.59 0.6907
303.95 0.0044 337.71 0.2789 374.26 0.7284
Series 2

275.39 -0.0798 308.23 0.0305 343.34 0.3389
277.14 -0.0804 310.68 0.0465 345.91 0.3669
279.48 -0.0795 313.14 0.0638 348.49 0.3966
281.82 -0.0774 315.61 0.0820 351.08 0.4263
284.18 -0.0736 318.09 0.1010 353.68 0.4572
286.54 -0.0686 320.58 0.1208 356.28 0.4895
288.92 -0.0617 323.08 0.1414 358.90 0.5225
291.30 -0.0542 325.58 0.1630 361.52 0.5558
293.69 -0.0453 328.08 0.1854 366.79 0.6252
296.09 -0.0352 330.61 0.2089 369.44 0.6612
298.50 -0.0244 333.14 0.2333 372.09 0.6984
300.92 -0.0120 335.68 0.2581 374.76 0.7365
303.35 0.0015 338.22 0.2845

305.79 0.0152 340.78 0.3107
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84



the fact that the SE ratio (see section 4-3-2) of the present
calorimeter is about 10 times less favorable than that of the
ordinary calorimeters.

The experimental molar volumes of water are tabulated in Table
4-3. The literature value of 18.0940 cm3 mol~ [14] was used as
the molar volume at the reference point (30 °C, 0.1 MPa). The
thermal expansivities of water calculated from the volume data in
Table 4-3 are plotted in Fig. 4-12. The solid line in Fig. 4-12
represents the value calculated from the literature data [14].
The deviations of the experimental values from the literature
curve were within +2x10-5 K=1 over the measured temperature range.
This result indicate that the volumetric part of the present
apparatus is as good as the best dilatometers even in the low

resolution mode.

4-4-4 Heat Capacity and Thermal Expansivity of Fluorinert

The heat capacity and the volume of Fluorinert (Sumitomo 3M
Co. Ltd., FC-40) were simultaneously measured in the temperature
range between 280 and 370 K. This material was used as PTL for
the sample room in the experiments of polystyrene described in
Chapters 5 and 6.

In this measurement, the sample room of the cell was filled
with Fluorinert and a copper rod because, writtn only Fluorinert
filled in the cell, the volume would exceed the calibrated range
of the bellows owing to the large thermal expansivity of the
liguid. The copper rod whose purity was claimed to be 99.994

mol%, was purchased from Nilaco Co. The size of the rod loaded
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Table 4-4. Heat capacity of Fluorinert FC40.

T Cp T Cp T Cp

K JK- g1 K JKlgl K JK1lgl
277.86 1.009 308.52 1.052 346.20 1.110
280.10 1.014 311.40 1.055 349.32 1.116
282.35 1.016 314.29 1.058 351.99 1.121
284.60 1.020 317.18 1.063 354.24 1.128
286.87 1.023 320.09 1.067 356.94 1.134
289.18 1.028 ©323.00 1.070 360.07 1.141
291.53 1.028 325.92 1.072 363.21 1.147
294.19 1.035 329.43 1.080 366.34 1.152
297.05 1.038 336.89 1.092 369.49 1.154
299.91 1.039 339.99 1.098 372.63 1.162
305.65 1.048 343.09 1.104
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Table 4-5. Volume of Fluorinert FC40. V/cm3g-1 =0.53839 + AV /cm3g-1,

T AV T AV T AV

K cm3g‘1 K cm3g‘1 K cm3g'1
27517 -0.01795 301.34 -0.00119 341.54 0.02751
275.56 -0.01770 304.21 0.00071 344.64 0.029%4
276.75 -0.01697 307.08 0.00265 347.75 0.03236
278.98 -0.01558 309.96 0.00459 350.88 0.03486
281.22 -0.01418 312.84 0.00658 353.76 0.03717
283.47 -0.01276 318.63 0.01063 356.70 0.03959
285.73 -0.01134 321.54 0.01269 359.84 0.04220
288.01 -0.00990 324.45 0.01479 362.99 0.04483
290.35 -0.00840 327.38 0.01690 365.84 0.04724
292.71 -0.00688 327.45 0.01696 368.74 0.04975
295.62 -0.00499 330.95 0.01952 371.68 0.05232
298.48 -0.00310 338.44 0.02514 374.64 0.054%4
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was 12.7 mm¢ X 41.6 mm and its mass was 47.031 g. The effects of
the rod were subtracted by using the literature data of the heat
capacity [15] and volume [16] of copper. Fluorinert was degassed
and poured intco the sample room in vacuo. The mass of the
Fluorinert was 30.514 g. The specific volume of Fluorinert at the
reference point (30 °C, 0.1 MPa) was determined to be
0.53839+£0.00003 cm3g‘1 with a pycnometer of the Lipkin-Davison
type which was calibrated in advance by water. The inner space of
the bellows was filled with air at atmospheric pressure.. The
procedure of the measurement was the same as that for toluene.
The experimental heat capacities and volumes of Fluorinert are
tabulated in Tables 4-4 and 4-5, respectively. They are plotted
in Figs. 4-13 and 4-14, respectively. The thermal expansivity of
the Fluorinert calculated from the volume data is also plotted in

Fig. 4-15.

4-4-5 Heat Capacity of 1-Butanol

The heat capacity of 1-butanol was measured in the temperature
range 280-370 K with an adiabatic calorimeter described elsewhere
(171. This materiel was used as PTL in the experiments of
polystyrene described in Chapter 5. The heat capacity of 1-
butanol has already been measured in the temperature range 90-294
K [18]. The pressure of the present measurement was to extend the
temperature region of the data. The volume of 1-butanol has
already been reported in the temperature range 279-381 K [11].

Commercial reagent of 1-butanol, whose purity was claimed to

be better than 99 mocl%, was purchased from Tokyco Kasei Kogyo Co.
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Table 4-6. Molar heat capacity of 1-butanol.

T Cp.m T Cp,m T Cp.m

K JK-lmol-1 K JK-1mol-1 K JK-1mol-1
275.67 163.3 309.91 185.8 345.26 215.5
278.12 164.5 312.78 188.0 348.24 218.1
281.41 166.5 315.65 190.3 35121 220.6
284.46 168.4 318.56 192.6 354.23 2232
287.25 170.0 321.53 195.1 357.28 225.8
290.05 171.9 324.48 197.6 360.32 228.4
292.84 173.6 327.43 200.0 363.36 230.8
295.62 175.4 330.36 202.6 366.38 233.3
298.40 177.3 333.28 205.1 369.39 2358
301.24 179.4 336.25 207.6 372.45 238.2
304.14 181.5 339.27 210.2
307.03 183.5 342.27 212.9
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Ltd. The sample was purified by the fractional distillation with
a concentric type of rectifier HC-5500-F (Shibata Kagakukikai
Kogyo Co. Ltd.). The main distillate of 3.3081 g (4.4630x1072
mol) was loaded in the calorimeter cell. Helium gas was charged
into the dead space (0.92 cm3) of the calorimeter cell to enhance
the thermal equilibration between the sample and the cell. The
heat capacity was measured by an intermittent heating mode. The
temperature step of a cycle of the heat capacity measurement was
ca. 3 K with a heating period of ca. 1000 s. The time required
for thermal equilibration after each energy input was about 7 min.
The experimental heat capacities of 1-butanol are tabulated in
Table 4-6 and plotted in Fig. 4-16. The heat capacities obtained
in this experiment coincided with the literature wvalues [18]
around 275 K within the probable error of the previous experiment

(0.2 %).

4-4-6 Volume Measurement in the High Resolution Mode

To test the precision of the volume measurement in the high
resolution mode, the small volume change accompanying thermal
equilibration after each energy input was monitored in the course
of the experiment of water described above.

Fig. 4-17 shows the output signal of Magnesensor FEge (the
upper panel) and the temperature of the cell T (the lower panel)
after energy input. During this measurement, Lsc was fixed to
12.390 mm corresponding to 21.5187 cm3 of water volume. The
abscissa of Fig. 4-17 is the time t and its origin is the time at

which the energy input was finished. The times required for the
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thermal equilibration were ca. 10 min for Ege and ca. 20 min for
T, respectively. From these data, the precision of Ege was
estimated to be 0.1 mV corresponding to ca. 10 nm in L and
+2%x10"% cm3 (21072 % of total) in the volume. On the other hand,
the precision of T was estimated to be #100 uK. These precisions
are good enough for the apparatus to Dbe employed for the
investigation o©f the structural relaxation with small volume
change as described in Chapter 6. The resolution of the volume
measurement attained by the apparatus is more than 10 times

important over that of the best previous dilatometer.
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Chapter 5
Heat Capacity, Thermal Expansivity and Compressibility of

Atactic Polystyrene around Glass Transition under Pressure

5-1 Introduction

As described in Chapters 1, 3 and 4, the enthalpy and volume
measurements under pressure, especially the simultaneous
measurement of these quantities, provides important information on
the dynamics of the undercooled liquid and the glass transition.
However, the simultaneous measurement has never been performed for
any materials. In the study in this chapter, the enthalpy and
volume of atactic polystyrene were measured simultaneously around
the glass transitions at 0.1 MPa and 21 MPa with the apparatus
described in Chapter 4. Polystyrene was chosen as sample material
since it has a glass transition temperature at 350 K which is
suitable for the present apparatus and it is completely insoluble
into Fluorinert which was the present pressure transmitting ligquid
(PTL). So far, some reports have been published on the enthalpy
and volume measurements (not simultaneous) of polystyrene with
different molecular weight. However, the accuracy of the
literature data are not so high and their values differ from each
other.

The first aim of the study in this chapter is to precisely
determine the heat capacity gap ACp, thermal expansivity gap A«,

the isothermal compressibility gap Ax at Tg and the pressure
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dependence of the glass transition temperature dTg/dP. These
gquantities were used for the indirect method to examine the
validity of the entropy and free volume theories (see Chapter 3).
If the configuraticnal entropy Sc is»cénstant'at Tg of deferent
pressures then eg. 3-4 holds, while if the free volume Vf is
constant then eg. 3-6 holds. The direct method described in
Chapter 3 cannot be used in polystyrene because polystyrene does
not crystallize and so Sc and_V% cannot be determined
experimentally. ACp, Aa, and Ax are used also to evaluate the
Prigogine-Defay ratio Il = ACpA%/TV(Aa)Z [1]. This gquantity gives
the information for the number of the internal parameters required
to specify the glassy state thermodynamically [1,2]; i.e., if II =
1 then one internal parameter is sufficient, and if II > 1 then
more than two internal parameters are necessary.

The second aim of the study in this chapter is to compare the
temperature dependence of the enthalpy and volume relaxation rates
below Tg. As the temperature of a glass increases, the structural
relaxation time becomes shorter and the glassy state relaxes to
the equilibrium state. This relaxation is observed as the
exothermic effect (enthalpy decrease) in the calorimetric
measurement and volume contraction 1in the dilatometric
measurement. The relaxation data thus obtained contain the
informations about the structural relaxation at the state far from
equilibrium. The comparison between the temperature dependences
of these relaxations have not been performed before.

The third aims of the study in this chapter is to demonstrate

the performance of the apparatus described in Chapter 4 and
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accumulate the thermodynamic data which will be used in the data

analysis in Chapter 6.

5-2 Experimental

5-2-1 Sample and Pressure Transmitting Liguid

Atactic polystyrene with low (My = 5.97x1073) and narrowly-
distributed (Myw/Mp = 1.02) molecular weight was purchased from
Tosoh Co. The sample (11.350 g) was dried under vacuum at 420 K
for 36 h and molded in a cylindrical cup.  This cup was made of
poly(chloro~-trifluoroethylene) (Neoflon; Daikin Kogyo Ltd.) and
can deform allqwing the sample to change its volume. The mass of
the cup was 3.2231 g and the dimension was as follows; height: 47
mm, outer diameter: 19 mm, thickness: 0.3 mm. The cup filled with
the sample was placed in the sample room of the cell together with
PTL (Fluorinert). The mass of the Fluorinert was 17.330 g. The
inner space of the bellows of the cell was filled with air in the
experiments at atmospheric pressure and with 1-butanol in the
experiments under high pressure. The methods to charge Fluorinert

and butanol into the cell have been described in Chapter 4.

5-2-2 Heat Capacity and Thermal Expansivity

Heat capacity (Cp) and thermal expansivity {(a) were measured

simultaneously at atmospheric pressure (0.1 MPa) in the
temperature range between 280 and 380 K and at 21 MPa between 320

and 380 K. The displacement of the magnet L, was measured in the
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low resolution mode. The temperature step of a cycle of the heat
capacity and thermal expansivity measurement was about 2.5 XK with
heating period of 1500-2000 s. The time required for thermal
equilibration after each energy input was abéut 30 min.

The glassy sample were prepared by cooling the ligquid rapidly

(ca. 2 K min~') under the pressure at which the Cp and a were

measured. Since the main interest of this study was the
evaluation of Tg and Acp and Aa at Tg, the applied pressure inside
the cell was not controlled and so varied between 19.1 to 21.3 MPa
during the measurement owing to the thermal expansion of the
sample and the PTL's (Fluorinert and 1-butanol). At Ty (360.3 K),
the pressure was 20.8 MPa. The heat caéacity and thermal
expansivity of the glassy state were calculated by assuming the
temperature and volume drifts due to the structural relaxation as
if they were d&e%t0~the effects of heat leakage and employing the
temperatﬁregandfvolumenextrapolated to the mid-point of each
-energizing periéd. Therefore, the obtained gquantities
corresponded to "instantaneous'" or "iso-configurational' heat
capacity and thermal expansivity, respectively

The heat capacity and thermal expansivity of the sample were
evaluated from the raw data by using the meﬁhod described in
Section 4-3. The specific volume of the polystyrene at the
reference point (30 °C, 0.1 MPa) was determined to be 0.956%x0.003
cm3/g with a pycnometer.which was 1in advance calibrated against
the volume of water. The values tabulated in Tables 4-5 - 4-7
were used for the heat capacity and volume of Fluorinert and heat

capacity of 1-butancl. The molar volume of 1-butanol was taken
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from the literaturé [3]; The heat capacity and the thermal
expansivity of the Neoflon;wegé‘measured at atmospheric pressure
with the present apparatds;'kThe_sbecific volgme of Neoflon at the
vreference point (30 °C, 0;11MPa) was determined to be 0.4673 cm3
g‘1 by measuring the-dimeﬁSiqns apd the mass of a Neoflon rod.
The pressure dependences of the heaf capacities and the thermal
expansivities of PTL's and the_sample cup was estimated from their
volume and compressibility data at atmospheric pressure. The
errors of the data of Cp and a at 21 MPa, which were caused by the
uncertainties of the above estimations and the pressure change
during the measurement, were éstimated to be 2 % and 10 %,
respectively.

The drift rates of the temperature and volume were measured
simultaneously in the course of the measurement of the heaf
capacity and thermal expansivity. (dT/dt) and (dv/dt) were
determined by least-squares fitting using the data between 30 and
45 min after each energy ihéut. The rate of the change in the
configurational enthalpy due to the structural relaxation was

calculated by
dHe/dt = Crot [(dT/dt)-(dT/dt)nat]/w, (5-2)
where Ctot 1s the total heat capacity excluding the

configurational part of the sample, T the observed temperature of

the cell, (dT/dt)pnat the temperature-drift rate due to the slight

incompleteness of the adiabatic control and w the mass of the
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sample. The drift rate of the change in the configurational

volume due to the structural relaxation was calculated by

dVe/dt = (av/dt)/w -(dT/dt) (dVsy */4AT) /w, (5-3)

where V and Vgr® are the observed volume of the sample room and
the volume of the sample room excluding the configurational part
of the sample, respectively. The second term in the right-hand
side of eqg. 5-3 corresponds to the correction for the thermal
expansion caused by the temperature change due to the enthalpy
relaxation. The magnitude of this term was ca. 10 % of the first

term through the measurement.

5-2-3 Compressibility

The sample volume was measured isothermally at several
pressures (ca. every 2 MPa) between 0.1 and 10 MPa at several
temperatures between 320 and 380 K. The glassy sample was
prepared by cooling the liquid rapidly (ca. 3 K min~1) at

atmospheric pressure. The values of (dV/0P)p were obtained as a

function of pressure using the volume difference between each
successive pressures. The values of (8V/0P)¢ at atmospheric
pressure were determined by the extrapolation of these data. The
data thus obtained contain the contributions from all of the
materials inside the sample room (sample, Fluorinert, sample cup).
The compressibility of the sample cannot be determined because of

lack of the compressibility data of Fluorinert and sample cup.

However, its gap (Ax) at Tg can be determined because the
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compressibility of Fluorinert and sample cup change continuously

with temperature.

5-3 Results and Discussion

5-3-1 Heat Capacity and Thermal Expansivity

The numerical data of the heat capacity and wvolume of
polystyrene at 0.1 MPa are tabulated in Tables 5-1 and 5-2,
respectively. Figures 5-1 and 5-2 show the plots of the heat
capacities and thermal expansivities, respectively. In these
figures, the data at 21 MPa are shifted upward by 0.5 JK"1g"1 (Cp)
and 0.5 kK~1 (a) for the sake of clarity. At both pressures, the
precisions of the heat capacity and thermal expansivity data were
0.3 % and 3 %, respectively. A large jump due to the glass
transition occurred in all of the curves. The solid straight
lines represent the extrapolations of the data, which were used
for the estimation of ACp and Aa at Tg. ACp and Aa thus
determined are tabulated in Table 5-3 with their probable error.
These values at 0.1 MPa agreed satisfactory with the most reliable

literature values [4] shown in the brackets in Table 5-3.

5-3-2 Compressibility Gap at Tg
Fig. 5-3 shows the temperature dependence of (dV/9P)p at 0.1
MPa. A jump due to the glass transition was observed at 353 K.

The solid straight lines represent the extrapolations of the data

used for the estimation of Ax at Tg. The value of Ax was
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Table 5-1. Heat capacity of atactic polystyrene.

T Cp T Cp T Cp

K JK-1lgl K JK1gl K JKlgl
279.98  1.155 314.21 1.318 346.81 1.482
282.71 1.168 316.71 1.326 349.34 1508
285.44 1.181 319.20 1.342 351.86 1.555
288.22 1.198 321.70 1.345 354.38 1.652
290.95 1.208 324.20 1.357 356.88 1.806
293.68 1.219 326.71 1.366 359.40 1.821
296.41 1.237 329.21 1.376 361.91 1.839
299.14 1.249 334.23 1.398 364.42 1.860
304.24 1.263 336.74 1.417 366.94 1.868
306.73 1.265 339.26 1.435 369.46 1.866
309.22 1.288 341.78 1.439 371.98 1.871
311.72 1.301 344.29 1.461
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Table 5-2. Volume of atactic polystyrene. V/ cm3g'1 =0.956 + AV /cm3g‘1.

T AV T AV T AV

K cm3g‘1 K cm3g‘1 K cm3g'1
286.80 -0.00348 . 317.95 0.00334 348.07 0.01027
289.58 -0.00292 320.45 0.00388 350.60 0.01099
292.31 -0.00235 322.95 0.00450 353.12 0.01195
295.04 -0.00176 325.45 0.00504 355.64 0.01309
297.77 -0.00108 327.96 0.00554 358.14 0.01470
300.50 -0.00047 330.47 0.00606 360.65 0.01613
303.00 0.00007 332.98 0.00664 363.17 0.01758
305.48 0.00061 335.49 0.00723 365.68 0.01901
307.98 0.00116 338.00 0.00776 368.20 0.02046
310.47 0.00169 340.51 0.00832 370.72 0.02189
312.96 0.00223 343.03 0.00898 373.25 0.02334
315.46 0.00277 345.55 0.00951
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Fig. 5-1. Molar heat capacities of glassy and liquid atactic polystyrene at 0.1 MPa (open circles)
and 21 MPa (closed circles). The data at 21 MPa are shifted upward by 0.5 JK-1g-1 for the sake
of clarity. The solid straight lines represent the extrapolations of the data used for the determination

of ACp at Tg
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Fig. 5-2. Thermal expansivities of glassy and liquid atactic polystyrene at 0.1 MPa (open circles)
and 21 MPa (closed circles). The data at 21 MPa are shifted upward by 0.5 kK-1 for the sake of

clarity. The solid straight lines represent the extrapolations of the data used for the determination of

Aa at Tg.
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Fig. 5-3. Temperature dependence of (3V/3P)7 of atactic polystyrene at 0.1 MPa. The data
contain the contributions from the sample, Fluorinert and the sample cup. The solid straight lines

represent the extrapolations of the data used for the determination of Ax at Tg.
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Table 5-3. Thermodynamic quantities associated with the glass transition of atactic

polystyrene.
MPa K JK1lg-1 kK-1 GPa-1 cm3g-l
0.1 353.3+0.3 0.33+£0.03 0.34+0.02 017+0.10 0.968+0.003
(0.30) 2 (0.36) 2 (0.19) b
20.8+0.1 360.3£0.3 0.34+0.02 0.33+£0.03 — —

a The most reliable literature value [4].
b The most reliable literature value [5].



determined to be 0.174#0.10 GPa~! by using the specific volume data
shown in Table 5-1 (0.968 cm3g"1 at Tg). Unexpected large

temperature dependence of Fluorinert obstructed the precise

extrapolation and made the uncertainty of Ax much larger than that

of most reliable literature data [5]. Hence, the literature value
of Ax (0.19 GPa“T) was used in the discussion in Section 5-3-4.
5-3-3 Structural Relaxation below Ty

Fig. 5-4 shows the temperature dependence of the spontaneous
temperature drift rates recorded during the heat capacity
measurement at 0.1 and 21 MPa. The exothermic effect followed by
endothermic one is a clear indication of the glass transition as
described in Section 5-1. The glass transition temperatures
(353.3 K and 360 K) were determined as the temperature at which
the sign of the spontaneous temperature drift rate changed from
positive to negative. The slope of the glass transition line
(dTg/dP) was 0.382 K MPa~!.

Fig. 5-5 shows the rates of configurational enthalpy and
volume change determined simultaneously at 0.1 MPa between 30 and
45 min. after the heating. The temperature dependence of the
volume relaxation rates was measured for the first time. Géneral
temperature dependence of the two curves in Fig. 5-5 is similar,
but they are different in finer details. This result indicates
that the relaxation functions of the enthalpy and volume differ
from each other at the state investigated here ,i.e., the state

far from equilibrium. The direct comparison between the
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Fig. 5-4. Spontaneous temperature drift rates recorded during the heat capacity measurement of

atactic polystyrene at 0.1 MPa (upper) and 21 MPa (lower).
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Fig. 5-5. Temperature dependence of the drift rates of configurational enthalpy (open circles) and

volume (closed circles) in the simultaneous measurement of atactic polystyrene.
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relaxation functions of the enthalpy and volume, though just near

the equilibrium, will be performed in Chapter 6.

5-3-4 Pressure Dependence of Tg and Prigogine-Defay Ratio

To examine the validity of the entropy theory (eqg. 3-4) and
the free volume theory (eg. 3-6) through the pressure dependence
of Ty, the guantities of (TVAa/ACp) and (Ax/Aa) at Tg at 0.7 Mpa
were calculated from the present experimental data shown in Table

5-3. They are summarized in Table 5-4 together with the

experimental wvalue of (dTg/dP). The wvalue of (Ax/Aq) calculated
by using the literature value for Ax and the present experimental
value for Aa was also shown in the bracket in this table. It was
found that (TVAa/ACp) agreed with (dTg/dP) within the experimental
error. On the other hand, (Ax/Aa) value calculated by using the
literature value was larger than (dTg/dP). These results indicate
that the entropy theory is much better than the free volume theory
to describe the pressure dependence of Tg.

The Prigogine-Defay ratio Il was calculated to be 1.6 by using
the iiterature value for Ax and the present experimental data for
other quantities. The present result (Il > 1) indicates that more
than two internal parameters are required to describe the glassy
state thermodynamically. This is consistent with the previous

reports [2,6].



Table 5-4. The pressure dependence of the glass transition temperature, the quantities of the
right-hand side of egs. 3.4 and 3.6, and the Prigogine-Defay ratio calculated from the
experimental data. the values in the brackets were calculated using the literature value for
Ax..

dTg /dP TVAa /ACY Ax /D I1
K MPa-l K MPa-1 K MPa-1
0.34+0.02 0.35+0.03 0.5+0.3 1.5+1.0

(0.56+0.03) @ (1.6+0.2) @

& The quantities calculated using the literature value [5] for Ax..
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Chapter 6

Enthalpy and Volume Relaxation in Glassy Atactic Polystyrene

6-1 Introduction

As structural relaxation proceeds in a glass, 1its volume,
enthalpy and other macroscopic properties change as functions of
time. One can describe the kinetic process of a relaxing glass as
a locus in a multi-dimensional space spanned by the axes
representing these quantities as discussed briefly in Chapter 1.

Enthalpy H and volume V are basic thermodynamic quantities
that can be measured with high accuracy and precision. There are
many reports [1-6] on the enthalpy and the volume relaxations near
the grass transition temperature Tg. In these reports, the
relaxation functions for H and V were determined separately.
However, it is obviously desirable to measure these quantities
simultaneously as the relaxation proceeds. This allows accurate
comparison of the relaxation functions to be made between the two
gquantities. Such comparison would be extremely difficult between
two separately measured quantities, because two non-egquilibrium
states cannot be produced precisely in the same way 1in two
apparatuses measuring two different quantities.

In the present study, the structural relaxation of polystyrene
was investigated by the simultaneous measurement of H and V using
the apparatus described in Chapter 4. The purpose of this study

is to investigate the relaxation path in the H-V plane focusing



attention on the following two points: (I) the examination of the
fictive temperature concept [7] and (II) the relation between the
relaxation path and Gibbs free energy surface.

The fictive temperature is one of the traditional and
important concepts on the glassy states. The fictive temperature
of a glassy state is defined as the temperature at which the
equilibrium ligquid has the same configurational properties as that
of the glassy state. If the fictive temperature concept is wvalid,
i.e., 1f the fictive temperatures of different configurational
properties (e.g. H and V) coincide with each other, one may regard
the relaxation as taking place through the various configurations
of the equilibrium liquid at atmospheric pressure.

The Gibbs free energy surface has information about the number
of the microscopic states of the total system consisting of the
sample and the heat bath in eqguilibrium. It plays an important
role also in the non-equilibrium thermodynamics of systems close
to the equilibrium state. In the present study, the relation
between the relaxation path and the gradient of the Gibbs free

energy surface was investigated based on the experimental data.

6-2 Experimental

The experiment was performed with the sample and apparatus

described in Chapter 5. Before the relaxation experiment, the
sample was warmed up to 373 K (= Tg + 20 K) and then cooled
rapidly down to 353 K (= Tg). The cooling rate was ca. 1.7 K
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min~1. The enthalpy and volume changes due to the structural
relaxation were observed simultaneously as functions of time.

The enthalpy relaxation of the sample was measured as the
exothermic spontaneous temperature-drift of the cell caused by the
enthalpy released from the sample. The departure from the

equilibrium configurational enthalpy at time t was calculated by

AHe (t) = [Ctot{T(tf)-T(t)}-(dT/dt)nat (t£-t)]1/w, (6-1)

where Ctot represents the total heat capacity excluding the
configurational part of the sample, T the observed temperature of
the cell, tf the final time of the observation at which the
relaxation has completed to within the precision of the
measurement, (dT/dt)nat the temperature-drift rate due to the
slight incompleteness of the adiabatic control, and w the mass of
the sample.

The volume relaxation of the sample was measured in the high
precision mode of the volume measurement system described in
Chapter 4. The departure from the equilibrium configurational

volume at time t was calculated by

tr
AVo (t) = {V(t)-V(tE)}/w +f[dvsr*/dﬂ {dT(t) /dt}dt/w, (6-2)

t
where V is the observed volume of the sample room and Vgr* the
volume of the sample room excluding the configurational part of
the sample. The second term in the right-hand side of eqg. 6-2

corresponds to the correction for the thermal expansion caused by



the temperature change due to the enthalpy relaxation. The
magnitude of this term was ca. 10 % of the first term through the
measurement.

It took ca. 3.5 days to obtain constant temperature and volume
drifts within the resolution of each measurement (temperature: 100
UK, volume: 2x10"6 cm3). As a reference experiment, the sample was
rapidly cooled down to 365 K (= Tg + 12 K), where the sample was
free from any relaxation processes in the relevant time scale. It
took ca. 30 min to obtain thermal equilibrium in the cell. In the
measurement of the structural relaxation, therefore, the
temperature and volume measurements were started at 30 min after

the rapid cooling.

6-3 Results

Fig. 6-1 shows the relaxation functions corresponding to

AH-~ (t) (open circles) and AVe(t) (closed circles) measured

simultaneously. The abscissa of the graph is the time t and its

origin is the time at which the rapid cooling was finished. The

relaxation functions (¢) were derived by scaling AHc(t) and AV (t)

by the amplitudes of the relaxation; i.e.,

¢(t) = AH-(t)/AHo(ti) or AVe(t)/AVeo(ti). (6-3)
Here, ti = 30 min (1.8 ks), which is the initial time of the
measurements. (AT/dt)pnat used in the calculation of AHo(t) was

120



1.0

': i 1 |
g
2
%
-~ __5 B
Q\O.a %
3
(@)
3
QO
(S
OO.OQ
O b'goﬁocoooogoog! TN N T W WO oo
| | |
0 100 200 300

Fig. 6-1. Relaxation functions of glassy atactic polystyrene for the configurational enthalpy (open

circles) and volume (closed circles) relaxations measured simultaneously.
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estimated to be -4.07x1078 K s~! from the least~squares fit using
T(t) data in the period t = 160 - 305 ks. AH-(tj) and AVc(ti)
were 0.817 J g‘1 and 0.637 mm3 g‘1, respectively. These
amplitudes correspond to ca. 20 mK of temperature and 0.27 V of
outputvsignal of the Magnesensor, respectively.

It was found that the relaxation functions for enthalpy and
volume after ti were similar to each other within the experimental
errors. The present data themselves are quite significant as the
first successful data of the simultaneous measurement of the
enthalpy and volume relaxation near Tg. It is noteworthy that the
precision of the volume measurement was better than that of the

enthalpy measurement.

6-4 Discussion

6-4-1 Examination of the Fictive Temperature Concept

The experimental data of AH- and AVy measured simultaneously

are plotted in Fig. 6-2 by the open circles. This graph gives the
relaxation path of the glassy polystyrene in the AH--AVe plane.
The relaxation proceeds from the upper-right to the lower-left in
the graph and terminates at the origin correspdnding to the
equilibrium state. The solid line in Fig. 6-2 represents the
equilibrium line; i.e., the AHc - AVe relation in the equilibrium
states at wvarious temperatures under atmospheric pressure. This
line was calculated from the experimental data of the excess heat

capacity and thermal expansivity above Tg.
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Fig. 6-2. Relaxation path of glassy atactic polystyrene in the AH¢-AV( plane. The solid line

represents the equilibrium line.
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AVC

Fig. 6-3. Schematic diagram of the relaxation path in the AHc-AV plane. See text for the details.
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The relaxation path in the AH--AV. plane was found to be almost
straight. This is expected from the result described in the last
section; i.e., the relaxation functions of the enthalpy and volume
are similar to each other. The most important result in this
chapter is that the observed relaxation path did not coincide with
the equilibrium line. This indicates that the fictive temperature
concept is invalid in the structural relaxation of polystyrene
even in a close vicinity of equilibrium state.

Since the sample was in the equilibrium state béfore the rapid
cooling, the initial point of the relaxation path should lie on
the equilibrium line. This means that the whole relaxation path
in the AHo-AVy plane is not straight but convex and initially the
volume relaxed faster than the enthalpy. This is schematically
shown by Fig. 6-3. The line A corresponds to the observed
relaxation path and the line B the egquilibrium line.

It is very important to determine whole relaxation path in the
AH--AVs plane experimentally. The improvement of the apparatus
and some advanced data analysis (e.g. deconvolution of the
structural relaxation and thermal equilibration allowing for
temperature distribution in the cell) are necessary to obtain the

relaxation data within 30 min of the rapid cooling.

6-4-2 Gibbs Free Energy Surface and Relaxation Path
In this section, the Gibbs energy surface is considered as the

functions of the departure from the equilibrium configurational

enerqgy (AEq) and the departure from the equilibrium

configurational volume (AVe). AEs is derived from AHs by
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AEC = AHC - POAVc, (6-3)

where Po 1is the external pressure (0.1 MPa). In practice,

however, AH- was used as AEs without any correction because the

second term in the right-hand side of eg. 6-3 was negligibly small
(0.01 % of AHL).

The departure from the equilibrium configurational Gibbs free

energy (AGg) 1is expressed as

AGC = AEC+POAVC—TOASC, (6-4)

where Tp is the external temperature (353 K) and ASc the departure
from the equilibrium configurational entropy. Expanding AGe about

its minimum (i.e. equilibrium state) in powers of AE-. and AV. as

far as the second order term, one obtains

AGe = (32Ga/0Ec2)AES2/2+ (8 Ga/dEcAV) AECAV+ (Ga/dVe2) AVe2/2.

(6-5)

The second differential coefficients of Gc in eqg. 6-5 can be

calculated from Acp, Aaand Ax by

(32Go/0Ec2)  (82Go/0EcdV:)

i

(02Go/0Ex0Ve)  (82Ga/0Ve?)
[ (ToACp—ZToPQVOAu&POZVOA%) (ToVoAa-PoVpAx) | -1

kTs (To VoAa—-Po VoAx) (ToVoAx) . (6-6)
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where V0 is the equilibrium volume of the sample, k the Boltzmann
constant. Using the experimental wvalues of ACp, Aa and Vp

obtained in Chapter 5 and the literature value of Ax [8], AGs was

numerically expressed by

(AGe/Jg™1) = 3.29%075 (AE./Jg™1)2
-4.15X1072 (AEc/Jg~ 1) (AVe/mm3g~1)

+2.08x1072 (AVe/mm3g—1)2, (6-7)

Fig. 6-4 shows the AGg contour map in the AEs-AV. plane. In
Fig. 6-4, the lines A and B represent the experimental relaxation

path and the equilibrium 1line, respectively. These lines

correspond to the lines in the AE--AV. plane in Fig. 6-3.
According to the linear non-equilibrium thermodynamics [9],

the relaxation rates of configurational energy and volume are

given by
- (dEc/dt) = LEE(&C/GEC) + LEV(&;c/aVC)
- (dVe/dt) = Lgy(0Ge/0Es) + Lyy(8G:/dVe), (6-8)

respectively. Here, Lgg, Lgv and Lyy are constants. Lgg > 0 and
Lyv > 0 from the thermodynamic consideration. If Lgy = 0, egs.
6.8 asserts that the relaxation path lies in the lower-right area
of the equilibrium line (line B) as shown by the line C in Fig. 6-
4. The simplest case 1is that if Lgr = Lyy, the relaxation

progresses through the steepest-gradient path in the AGs surface.
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Fig. 6-4. Contour map of the departure from the equilibrium configurational Gibbs free energy of

atactic polystyrene in the AEc-AV plane. See text for the details.
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As discussed in Séction 6-4-1, the whole relaxation path is a
convex locating in the upper-left area of the equilibrium line
(line B). This indicates that the enthalpy and volume relaxations
are coupled with each other, i.e., Lgy # O.

To make further discussion on the relaxation path, a number of
different relaxation paths should be determined experimentally on
the AG: surface. The relaxation measurements after much more
rapid cooling are desirable for determination of the paths much
different from the present one. Another significant experiment is
to make the pressure jumps (rapid increase of pressure) [8,10] to
the glass transition region and follow the relaxation under
pressure. This method will provide the relaxation paths guite
different from those obtained by the temperature jump (rapid
cooling). After the accumulation of the relaxation paths, it will
be possible to identify the internal thermodynamic parameters
which dominate the progress of the structural relaxation in the
glassy states. Gupta's multiparameter theory [11], in which the
fictive temperature and the fictive pressure are taken as the

internal parameters, is the first one to be examined.
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