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Glass transition properties were obtained by measurements of the dilatometric glass transition
temperature 7, at elevated pressure by isobaric cooling at a constant rate. The properties include the
pressure—volume—temperature (P-V-T) relations of the liquid, the specific heat capacity and the
dielectric properties for a single sample of poly(vinyl chloride). From the experimental results, various
thermodynamic excess quantities such as the free volumes and the configurational entropy and energies
were evaluated as factors determining T, and the relaxation time 7. Some empirical rules concerning T,
which have been proposed by Simha and Boyer, and Wunderlich, are also examined. The main
conclusions are as follows: (1) the free volume is not an essential factor determining 7, and t; (2) the
Adam-Gibbs parameter is slightly superior to the other excess entropy and energies defined as the
difference of the entropy and energies between the liquid and the hypothetical crystal whose thermal
expansivity and compressibility are the same as those of the corresponding glasses; and (3) the glass
transition may not be treated as a quasi-equilibrium thermodynamic transition to which one of the
Ehrenfest relations applies.
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INTRODUCTION

Many theoretical! "* and experimental®~'? investi-
gations of glass transition phenomena have been focused
on the applicability of the Ehrenfest relations:

dT,/dP=Ap/Ax (1)
dT,/dP=TVA%/AC, o)

where A denotes the difference between the properties of
the liquid and the glass, and «, § and C, refer to the
thermal expansivity, the isothermal compressibility and
the specific heat capacity, respectively. Most exam-
inations of the Ehrenfest relations*~!* show that equa-
tion (1) is inadequate. This leads to the conclusion that the
glass transition is determined by the configurational
entropy or energies rather than by the free volume?®, since
it is viewed as a freezing-in process of some con-
figurational quantity in the liquid state. In this case, the
configurational quantities are defined as quantities de-
termined by the difference in temperature dependence
between the thermodynamic properties measured at
equilibrium and those obtained by an extremely fast
experiment. The fast experiment, in which the timescale is
much faster than that required for regression of long-
range fluctuations in the liquids’'°, is conceptually
regarded as representing thermodynamic equilibrium
conditions.

There have been proposed some viscosity equations
expressing the mobility of molecular motions in the
liquid**~!7. In these equations, the relaxation time 7 has
been obtained as a single-valued function of the con-
figurational quantity Z, such as the free volume V,'*~1°,
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the Adam-Gibbs parameter TS,'’ or the configurational
entropy S.'®. The term ‘configurational’ has been used in
many different ways by many investigators.

Doolittle'* and Cohen and Turnbull'® defined V; as
the increment of the liquid volume from the liquid volume
extrapolated to OK or the van der Waals volume as
quoted by Bondi'® V; used in the WLF viscosity
equation'? is similar to that employed in the thermody-
namic representation of 7,%°. Adam and Gibbs'’ dis-
cussed the conﬁgurational entropy derived from the
configurational partition function corresponding to the
potential energy. In the experimental analyses, moreover,
the excesses from the thermodynamic quantities of the
crystal at the same temperature and pressure have
frequently been used as the configurational ones?' =24, In
precise examinations of the factor determining T, and 1,
therefore, we should make definitions of the conflgu-
rational quantities clear.

When T, is obtained from isobaric experiments'?, the
pressure dependence of T,, dT,/dP, has been known to
agree approximately with the tangent of the isochronal T-
P relation, (0T/0P),, obtained from dielectric* and dy-
namic mechamcal25 tlmevtemperature—pressure super-
position. T, has been argued to be an isoviscose or an iso-
relaxation-time state'®11-26_[f this argument is valid, the
factor determining T, should be identical with the factor
determining z:

dT,/dP=(CTICP),=(@TIOP),, 3)

where Z_ is the configurational factor which determines T,
and t.

On the other hand, several quantities that are constant
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at T, have been proposed for many different polymers.
The rules proposed by Simha and Boyer are?’

AaT,~0.113 (4a)
o'T,~0.164 (4b)
AC,T,~25 cal g™* (4c)

where of is the thermal expansivity of the liquid. In the
bead model proposed by Wunderlich?®, AC, is

ACp/bead~2.6 cal K™ ! mol™! (5)

If the rules mentioned above are essentially universal,
each quantity such as AaT, o/ T, AC,Tand AC, should be
constant at T, under any pressure.

This paper reports the pressure-volume-temperature
(P-V~T) data of the liquid, the heat capacity and va-
riations of the dielectric relaxation time with temperature
and pressure for poly(vinyl chloride) (PVC). P-V~Tdata of
the glasses formed by isobaric cooling at a constant rate
under several pressures have been reported previously?®,
The purpose of the present study is first to verify
experimentally the argument that the glass transition is an
iso-relaxation-time state'?:11:26 and secondly to examine
various configurational quantities and the empirical rules
for the essential factor governing the glass transition and
the dielectric relaxation.

EXPERIMENTAL

Sample

All measurements were made on a PVC sample sup-
plied by Toyo Soda Co. The number average molecular
weight was 44000. After being purified by swelling with
tetrahydrofuran and deswelling with methanol, the PVC
sample in fine fibrous form was dried for a week at 60°C in
a vacuum oven. All of the test specimens were cut from 0.4
mm thick sheets moulded in a vacuum press under 350 kg
cm™ 2 at 150°C. Then gold films were evaporated onto the
specimens for dielectric experiments.

Glass transition temperature and P-V-T relations

The glass transition temperature and the P-V-T re-
lations were measured by use of a pressure dilatometer
with a variable differential transformer. Details of the
pressure dilatometer and the treatment of data are given
elsewhere?®. The values of T, were obtained in the
following way. The dilatometer containing the sample
and mercury was heated under atmospheric pressure to a
temperature T, which was higher by about 25K than
’I;(Pg), where P, is the pressure at which the glass would be
formed. Then the pressure was increased to P,. After the
pressure and temperature were held at P, and T, for ~ 30
min, the dilatometer was isobarically cooled down at a
rate of 0.24K min~! while the V-T relations were mea-
sured at 1K intervals. To find T, the usual extrapolation
of the linear parts of the I~-Tisobars was made. Isothermal
dilatometric experiments were also used to obtain the P-
V-Tdata at 4K intervals over a temperature range of 355-
385K.

Heat capacity

The heat capacity was measured by a differential
scanning calorimeter (Model DSC-1B, Perkin—Elmer).
Sample temperature in the DSC-1B was calibrated at the
melting temperatures of standard materials, i.e. mercury,
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water, gallium and indium, which were fitted to the
second-order polynomial in the programmed tempera-
ture range by the least-squares method. Determination of
Cp with the DSC-1B was made by O’Neill’s method3?, i.e.
by a superposition of recorder traces obtained with an
empty pan, with the samples and with a-alumina as a
standard, of which heat capacity data were taken from ref,
31. The d.s.c. measurements were carried out on eight
different masses of the sample scanned at 8K min~!
through three temperature regions, i.¢. the glassy region of
210-310K, the glass transition region of 310-410K, and
the liquid region of 370435K. The glass sample, which
was the same as the 0 glass in ref. 29, used for the d.s.c.
measurements in the glassy and transition regions was
prepared as follows. The sample in the pan was evacuated
and heated to 370K. After being kept there for 30 min, the
temperature was lowered to room temperature at a
cooling rate of 0.24K min~!, which was the same rate as
that used in the measurements of T, and the P-V-~Tdata.

Dielectric measurements

Dielectric measurements were made in a three-terminal
electrode system in conjunction with a General Radio
1620-A Capacitance Measuring Assembly with a 1310-B
Oscillator (General Radio) used to make small changes in
frequency near the dielectric loss peaks. The sample and
electrodes were set in a cylindrical cavity of the pressure
vessel, which was immersed in a bath controlled to an
accuracy of +0.01K. Liquid paraffin was used to transmit
the hydrostatic pressure. The pressure was measured by a
Heise bourdon tube gauge with an automatic com-
pensator (Dresser Ind.) and the temperature was mea-
sured by an alumel-chromel thermocouple inserted in the
guard electrode.

The dielectric measurements were carried out in a fre-
quency range of 0.1-100 kHz at 2K intervals over a tem-
perature range of 365-390K. The pressure was changed
in increments of 50 kg cm ™2 in the 1-300 kg cm™2
region and in increments of 100 kg cm ™2 in the 300-500
kg cm ™ ? region. Simultaneously, d.c. conductivities were
also measured to obtain the leakage current. The dielec-
tric loss factor was corrected by subtraction of the loss due
to the leakage current.

RESULTS

P-V-T relations

The liquid state P-1~Tdata are contained in the values
of the specific volume Vexpressed by the polynomials in T
at each pressure P:

V=a0+a1T+azT2+aaT3 (6)

Since the experimental temperature range for the liquid
was rather narrow at higher pressures, the values of a, and
a, calculated by the least-squares method were scattered
at pressures above 300 kg cm~2. We approximated the
preliminary values of a, below 300 kg cm~2 by a
quadratic equation in P, from which the final values of a4
were determined. By use of the values of a,, the values of
a,, a, and a, were obtained by least-squares calculation.
The results and the standard deviation ¢ in the specific
volume are tabulated in Table 1. The V~P isotherms and
the thermal expansivity « calculated from equation (6) are
shown in Figures 1 and 2, respectively.

The thermal pressure coefficient y was obtained from



Table 1 Specific volume {equation (6)) and glass transition temperature
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P ag a, x 104 a, x 108 azx 109 o x 105 Tg Region
{kg cm—2) {cm3g—1) {cm3 g—t K—1) {cm3g—1 K—2) (cm3g—1 K—3) (em3g—1) (K} (K)
1 0.59656 5.449 —-1.1372 1.724 8.5 352.49 357-3856
75 0.57032 6.885 -1.320 1.639 15.1 3544 360385
150 0.62897 3.732 —0.882 1.556 115 354.8 363-385
220 0.62942 3.640 -0.847 1.481 15.1 356.2 363385
300 0.64236 2.945 --0.738 1.397 13.1 357.4 366-—-385
400 0.65217 2.312 —0.620 1.295 14.3 358.6 366385
500 0.65975 1.617 —-0.470 1.198 140 359.9 369385
600 0.65958 1.634 —0.454 1.104 14.2 360.8 369-385
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(11) and (12); broken lines, Tait equation with equation (10)
determined by Simha et a/.3

the slopes of the P-Tisochores, which were linear over the
present temperature and pressure ranges. It has a linear
relation to V:

y=—4.797V+4.685 MPa K ! (7)

which is indicated by the full line in Figure 2. The
isothermal compressibility § calculated from the thermo-
dynamic relation

B=a/y 8)

is also shown in Figure 2.

The Tait equation, which is suitable for smoothing the
data and convenient for comparison with data by
others3?, is commonly written as:

VVy=1—CIn [l + (P— P,)/B] 9)

where P, and V, are the reference pressure (1 atm) and the
specific volume at P, respectively, and B and C constants
which depend on temperature only. Simha et al.3334 have

Figure 2 Thermal expansivity a, isothermal compressibility # and
thermal pressure coefficient y: full line, equation (7); broken lines,
Tait equation with equations (11) and (12)

shown that C can be assumed to have the universal value
of 0.0894 and B can be expressed by

B=b, exp (-b,T) (10)

Comparisons between the Tait equation and experiment
are shown in Figures 1 and 2. The V~-P isotherms in Figure
I are not well represented by the Tait equation with the
universal value of C and equation (10), in which values of
b, and b, were determined by Simha et al.>* from the P-
V-T data reported by Hellwege et al.>® The deviation,
however, is considered to be within the limit of experimen-
tal errors in the data of Hellwege et al.

The Tait equation calculated for the present P-}~T
data using the universal value of C and equation (10)
resulted in a standard deviation in relative volume of
5x 10”4, which exceeded the experimental error. Hence
we have allowed the constants B and C to vary with
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Figure 3 Dilatometric glass transition temperatures and dielectric
isochronal 7—P relations: triangles, glass transition temperatures;

open circles, intercepts at constant relaxation time; full circles,
extrapolations of the VFTH equation (16)

[e]ex)

O

Q

[
T

elel

d7,/dP, 13713P); (K kg™ cm?)

9

Q 1 N i " | ) {
350 360 370 380 390
7 (K)
Figure 4 Pressure derivative of the glass transition temperature
and tangents of the isochronal 7—P relation

temperature according to the polynomials in T:

C=0.2114—4303x 1074T (11)
B=3847-17.93T+0.02117T> MPa (12)

The parameters in these equations were obtained by the
least-squares method. The Tait equation with equations
(11) and (12) gave an overall deviation in relative volume
of 1.8 x1074.

Figure 2 shows the thermal expansivity and the com-
pressibility, which are not precisely represented by the
Tait equation with equations (11) and (12). Therefore, we
have not employed the Tait equation in the present
analyses of T, and 1. The derivatives of V and a with
respect to P, i.e. (0V/0P); and (0a/0P)y, required in the
analyses can be calculated from equation (8) and the
thermodynamic relation:

—(Caf0P)r= (8o/0T)pfy — Ve (dy/d )/ (13)
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Glass transition temperature

The values of T, determined from the intersection
points of the volume isobars between the liquid and the
glass are shown in Figure 3 and Table 1. The variation of
T, with the pressure P at which the glass was formed is
expressed in the form of a quadratic equation by the least-
squares method:

T,=3524+1856x 1072P-7.70x 10 °P2 K (14)

where P is in kg cm ™2 The broken curve in Figure 3 was
calculated from equation (14). The standard deviation is
0.3K. Figure 4 shows the coefficient of T, against P,
dT,/dP, calculated from equation (14). The values of
dT,/dP are approximately equal to the value
1.35% 1072K atm™! reported by Hellwege et al. from
dilatometric measurements35 and smaller than the value
2.15x107 2K atm™! reported by Sasabe and Saito from
d.c. conduction measurements3®,

Heat capacity

The actual C, data for eight samples were averaged at
each temperature. The mean scatterin Cpis +0.021 JK ™!

! in the glassy region, +0.028 J K~ ! g~ ! in the glass
transition region and +0.012 J K~! g~! in the liquid
region. Figure 5 shows the variation of the averaged C,
with temperature. C, obtained in the transition region is
in a continuous line with that in the glassy region, but not
with that in the liquid region. This discontinuity may be
due to changes in contact conditions between the sample
and the pan as the sample relaxes near T,. C; of the glass
and the liquid was approximated by the followmg quad-
ratic equation:

Cpr=Co+C,T+C,T? (15)

The values of Cy, Cy, C, and the standard deviation ¢ are
listed in Table 2. The present result agrees with those
reported by others37-38,

A small deviation at about 240K may be due to the so-
called B relaxation process pertaining to the localized
mode of motions in the localized potential energy field.

o)1

06 i { L 1
200 250 300 350 400 450

7{K)
Figure 5 Specific heat capacity: circles, glassy and transition
regions; triangles, liquid region; lines, equation (15)
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Table 2 Specific heat capacity at 1 atm {equation (15))

Co C; x 102 C;y x 105 o Region
(JK—1g-1) (JK=2g—1) (JK—3g—1) (JK—1g—1) (K)
Liquid —2.496 1.706 —1.670 0.020 372.3-453.9
Glass 1.708 -0.392 1.142 0.014 250335
0 Table 3 The VFTH constants in equation {16)
1 150 300 SO0 kg cm2
-t P (kg cm=—2) To (K) A B (K} o
1 336.87 11.07 272.38 0.014
100 339.63 1056 257.01 0.016
200 340.07 11.00 273.83 0.020
300 338.22 11.58 323.59 0.010
400 339.71 11.67 328.62 0.005
500 341.49 11.48 319.33 0.016
ne
es 370 375 75 365 390 a b
7 (K) 4 PO Ve o
Figure 6 Relaxation-time isobars: lines, the VFTH equation (16) [
Relaxation time £ Giass A
. .. . [
The relaxation process pertaining to the microbrow- \
nian motion in the liquid range is called the o relaxation
process. The dielectric behaviour of the o process is in
qualitative agreement with that reported by Koppelmann T Glass .
and Gielessen3? and Saito et al.*°, ie. the relaxation ! 74P 9
magnitude and the shape and breadth of the loss curves
are almost the same as those reported by them. Therefore, 7
dielectric data are omitted from this paper. The relaxation
spectrum of the a process of PVC is somewhat broader - o

than a typical spectrum found by Williams et al. for many
polymers*! and for o-terphenyl solutions*2. Since the
relaxation spectrum of PVC depends on temperature and
presssure®®4° the time-temperature-pressure superpo-
sitions with respect to the dielectric loss curves are not
available. We express the location of the « process in terms
of the so-called characteristic relaxation time 7 defined by
t=1/2nf,, . Here f,, is the frequency of the maximum loss in
the isothermal plots of the dielectric loss against logarith-
mic frequency.

Variations of T with temperature are shown in Figure 6.
The 1 isobars are well represented by the Vogel-Fulcher—
Tammann-Hesse (VFTH) equation*3~45:

log 7= — A +B/(T—Tp) (16)

The values of 4, B, T, and the standard deviation ¢
determined by the least-squares regression are listed in
Table 3. Since the experimental frequency range is limited,
the temperature range where the dielectric loss reaches a
maximum is rather narrow. Consequently long extrapo-
lations of equation (16) may lead to a large uncertainty.

The T-P relations at constant t calculated from equa-
tion (16) are shown in Figure 3. Their slopes are very
similar to that of the T,-P relation shown in the same
figure. The isochronal T-P relation extrapolated to log
7=6.466 by using equation (16) lies approximately on the
1.~P curve. In Figure 4, the isochronal pressure coefficient
of temperature, (0T/0P),, is compared with dT,/dP. The
agreement is excellent. This supports the argument that
the glass transition is in the iso-relaxation-time
state!®11:26 and it enables us to carry out a simultaneous

Figure 7 Schematic diagram illustrating liquid and glass
surfaces. (a) V-P-T space: Py and P, glasses are the glasses
formed by isobaric cooling under the pressures Py and Py,
respectively. (b) Z-P-T space: the glass surface is contiguous
with the liquid surface

examination of the essential factors governing both the
glass transition and the molecular mobility.

DISCUSSION

dT,/dP and (0T/OP), in terms of various configurational
quantities

As a consequence of the experiment on (¢T/@P),, the
dilatometric T, may be regarded as the temperature at
which a characteristic relaxation time is attained, i.e. a
high frequency in the dielectric measurements may cor-
respond to a fast cooling rate in the dilatometric measure-
ments. In other words, the isobars of (¢ T/d P), in Figure 4
may be identical with the dT)/d P isobars. On this basis, we
will obtain expressions for (07/0P), and d T,/d P in terms of
various configurational quantities.

Figure 7a shows a three-dimensional representation of
the P-F~Trelations of the liquid and glasses prepared by
isobaric cooling experiments under the pressures P, and
P,. Surfaces of the liquid and various glasses are con-
tinuous only through the T(P) line, which is formed by
intersection points of the liquid and glass surfaces, as
shown in Figure 7a'!. If the glass transition can be
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Table 4 dTg/dP and (3T /dP); in terms of various configurational
quantities

Determining Indices in
variable? Figures 8

dTy/dP, (aT/oP), and 9
vil1l, vl2] ABlAa (1)
Scl11,8¢12], He (11,

TSc1] TVAa/ACp (2)
Ec[1], Ec[2]) (TVAaa +PVARYIACP — PVAR)  (3)
TScl2] TVAaa/(ACP + S¢) (4)
H[2] (TVAx — V§)/ACP -
V(3] 1y (5)
st TVal/Cpl {6)

E! (TVal + PVEY/(CP — PVl 7
AaT —T{(0Aa/d3P)r/[Aa +

T{3Aa/3T)p] (8)
oT ~T(3d/8P) /o) + T(aal/aT)P]  (9)
ACPT T2A(32V/aT2)p/

[TA(3Cp/aT)p + Cp) (10)
ACp TA(2V/3T 2)p/A(CP/3T)p (11)

2 pefinitions of the configurational quantities are indicated in
square brackets

regarded as a quasi-equilibrium thermodynamic tran-
sition (for example, ref. 2), an appropriate choice of a
thermodynamic quantity Z may give a glass surface that is
contiguous with the liquid surface in the Z—T-P space, as
shown in Figure 7b. The surfaces of the glasses formed
under different pressures should coincide with each other.
In this case, the Ehrenfest relation in terms of Z can be
applicable to the glass transition:

dz'=4dz* (17)
dT,/dP = —A(0Z/0P);/A(OZ/0T)p=(0Z /OP)r/(0Z./0T)e
(18)

where superscripts [ and g index the liquid and the glass,
respectively, and Z_ is the configurational quantity and its
differential is defined by:

dz,=dz'-dz* (19)

The definition by equation (19) is hereinafter referred to as
Definition 1. Replacing Z in equation (18) by the thermo-
dynamic variables such as the volume, the entropy, the
enthalpy H, the internal energy E and the product TS, we
obtain d7,/dP in terms of each variable, which are
summarized in Table 4. From Definition 1, the expressions
in terms of H and TS are identical with that in terms of S,
because of continuity of the isobars of the volume and the
entropy at T,. For an example, when Z in equation (18) is
replaced by H, we obtain

dT,/dP= —[AV+ TA(GS/0P);]/TA@@S/0T),  (20)

Since the volume isobar is continuous at T, between the
liquid and the glass under the pressure at which the glass
was formed, the term AV in equation (20) vanishes. Then
equation (20) reduces to

dT,/dP= — A(3S/3P),/A(3S/0T), 21)

which is identical with d7,/d P in terms of S, as pointed out
by Goldstein®.

Apart from the treatment of the glass transition as a
thermodynamically quasi-equilibrium one, we can also
deal with it based on its kinetic nature. It should be noted
that the following treatment is not concerned with the
phase diagram of the liquid and the glass and that the
contiguity between the liquid and glass surfaces is not the
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point. If a configurational quantity Z, determines t, we
have

(0T)aP),=(@T)0P), =
~0Z JOPY(2Z,/T), 62)

We define Z, as the increment of Z' measured at
equilibrium from Z° of a hypothetical crystal:

Z,=7'-Z¢ (23)

and adopt the assumption that the dependences of
entropy and volume of the hypothetical crystal on
temperature and pressure are the same as those of the
corresponding glass, i.e. dS°=dS? and dV*=dV? This
above definition of Z_ is referred to as Definition 2.
Replacing Z, in equation (22) by the configurational
variables such as the free volume V}, the configurational
entropy S,, the configurational enthalpy H, the con-
figurational internal energy E, and the Adam—Gibbs
parameter TS, we obtain (07/0P), in terms of each
variable, which are summarized in Table 4. In this case, Ve
and S, do not vanish at T,, and (0T/0P), in terms of H, and
TS, from Definition 2 are not identical with dT,/dP in
terms of H and TS from Definition 1.

The hypothetical crystal is essentially different from the
real crystal. The thermal pressure coefficient of the glass,
79, is usually much smaller than that of the liquid*!-?%, ',
whereas the coefficient of the real crystal is similar to or
larger than 7' (for instance, refs 24 and 46). This may be
due to the § relaxation process pertaining to the localized
mode of motions which occurs in the liquid state as well as
in the glassy state*3, but not in the crystalline state. In
Definition 2, therefore, we have made an assumption that
the localized mode of motions has no participation in the
liquid mobility and, subsequently, in the glass transition.

In the equilibrium statistical treatments, the con-
figurational quantities are usually defined as the residues
obtained by subtraction of the kinetic contribution from
the liquid quantities*®. These configurational quantities
can be calculated from the configurational partition
function corresponding to the potential energy. The
calculations, however, depend on the statistical models
adopted and any examination by use of these con-
figurational quantities may be significantly influenced by
the appropriateness of the models. In the present paper,
we will examine none of them, except for V, which is
practically regarded to be independent of the models®.
Doolittle’* and Cohen and Turnbull'® regarded V as the
difference between the liquid volume at equilibrium and
the liquid volume at OK, ie. V/(T)=V'T)—V*0). By
assuming that V*(0). By assuming that V*(0) is independent
of P, we find that 0V;/0T=0V*/0T and 0V, /0P =0aV'/dP.
The definition of V; is referred to as Definition 3. The
result obtained by replacing Z, in equation (22) by V' is
listed in Table 4.

If the empirical rules concerning T, i.c. equations (4)
and (5), are universally valid, the quantities AaT, &' T, AC, T
and AC; should be constant on the T(P) line in Figure 7,
and should behave similarly to Z, in equation (18). The
results obtained by replacing Z, in equation (18) by such
quantities are summarized in Table 4.

* Strictly the free volume depends on the functional form of the
potential energy field which confines a molecule within its cage
constructed by surrounding molecules. For instance, ref. 49
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Figure 8 Examination of factors determining the glass transition
temperature and the relaxation time at 1 atm: full circle,
dilatometric; open circles, dielectric; full lines, simple extrapo-
lations of the P—V-T relations of the O glass; broken lines,
extrapolations by use of the principle of corresponding states for
the glasses. indices of each line are indicated in Table 4

Comparison with experiment

In comparing dT,/dP and (07/0P), in Table 4 with the
experiments in Figure 4, one requires the values of the
thermodynamic properties of the liquid and the glasses
such as «, f, y, C, and their derivatives over the
temperature and pressure range in Figure 4. The thermal
expansivities for the glasses formed by isobaric cooling at
a rate of 0.24K min~! are given in a linear relation®®:

af=ao+o,T (24)

The values of a, and «, are 1.370x10"* K~ ! and
1.779 x 10”7 K~ 2, respectively, at 1 atm. for the O glass
formed in vacuum, and 1.165x10"% K~! and
1.369 x 10~ 7 K ~ 2, respectively, at 500 kg cm ~ ? for the 500
glass formed under 500 kg cm 2. The 7y of the glasses is
independent of the pressure history and is approximated
as a function of volume only?°:

y9=4.274—4887V MPa K ! (25)

We can readily obtain the values of o4, 4, y9, (0a/0 P)%and
(6*V/0T?) at any temperature and pressure by extrapo-
lations of equations (24) and (25) with the aid of equation
(8). Results yielded by substitution of such glass properties
into dT,/dP and (CT/0P), in Table 4 are indicated by the
full lines in Figures 8 and 9.

Since the glasses formed at temperatures higher than T,
i.e. the glasses formed at faster cooling rate than 0.24K
min~*, may differ from the 0 glass, the thermodynamic
properties of the former might not be approximated as the
simple extrapolations of equation (24). In the preceding
paper?®, we have shown that the P-1~T relations of the
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glasses with different pressure histories are described by
the principle of corresponding states, and that the un-
iversal function of the product «T at fixed reduced
pressure is approximated by?°

aT=M+Nlog V (26)

where M and N are constants common to all of the
pressure densified glasses. Values of M and N are 0.6065
and 3.751, respectively, at 1 atm. and 0.4799 and 2.858,
respectively, at 500 kg cm™~ 2 If the principle is also
applicable to the glasses formed at various timescales,
equations (25) and (26) enable us to calculate the P-V-T
relations of the glasses. Results for d7,/dP and (¢T/oP),
yielded from the glass properties extrapolated by use of
the principle of corresponding states are indicated by the
broken lines in Figures 8 and 9.

The C4 data are given only for the 0 glass, since the
uncertainty inherent in the d.s.c. measurements masks
slight effects of the pressure history. Chang and others
have shown that C¢ depends on the timescale of glass
formation®°. However, the dependence is only slight®°,
and we have ignored the differences in C# among various
glasses in the present examination. Values of C§ were
calculated from equation (15) with the effect of pressure
only being corrected by use of the second derivative of
volume by temperature.

Values of S, and V; are needed in calculation of (0T/0P),
in terms of TS, and H, of Definition 2. S, might be
approximated by

T

S,= JAC,,/TdT (27)

T

where T, is the temperature when the configurational
entropy vanishes. The results in Figures 8§ and 9 were

o9
£ =500 kg cm?
OB
o7+

ol

OS5k

d7g/dP. (37/3P); (K MPa™)

ol L4 (6}

| i i
360 370

350 390
7K}

Figure 9 Examination of factors determining the glass transition

temperature and the relaxation time at 500 kg cm=2: full lines,

simple extrapolations of the P—V-T relations of the 500 glass. The

other symbols are the same as those in Figure 8 and Table 4
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obtained by use of S, calculated from equation (27) with
the assumption that T, =T;, where T is the parameter
appearing in the VFTH equation (16). However, the
present experimental range of the dielectric measurements
was so limited that the values of T, may include large
uncertainty. Ty’s in Table 3 are higher than that argued
usually, ie. T, ~ T, — 50 K. Therefore, the calculation from
equation (27) with T, in Table 3 might underevaluate S,,
i.e. the value of (0T/0P). in terms of TS, might be somewhat
larger.

By analogy with the Doolittle!* and Adam-Gibbs!’
viscosity equations, H, might be reduced to zero at Ty as ¢
approaches infinity. However there exists o basis for
simultaneous extinction of H, and V; at T,.* Since there
seems no useful method for detennination of the absolute
value of V;, we abandon the attempt to examine H, of
Definition 2 in the present study.

Comparisons between the calculations and experiment
with respect to dT,/dP and (0T/0P), are summarized in
Figure 8 for 1 atm and in Figure 9 for 500 kg cm ™ 2. The
rough situations are not effectively different between 1
atm and 500 kg cm ™ 2.

With respect to the free volumes, i.e. Vs of Definitions
1-3 indexed by (1) and (5), and the rules closely related to
the free volume theories, i.c. AuT and «'T indexed by (8)
and (9), respectively, no agreement is found between the
calculations and experiment. It is considered to be very
natural that V, of Definition 1 is invalid, since the pressure
densification phenomenon was really observed as shown
in Figure 7a'!'*°. The result on AaT is in quantitative
agreement with that for poly(vinyl acetate) obtained by
Goldstein'®!!. The calculation indexed by (5) is much
larger than the experiment, i.e. 7' is much smaller than
(8P/0T).. Since y of the real crystal is usually estimated to
be larger than y9,*S the free volume defined as the
increment of V' from the volume of the real crystal may
also fail. In conclusion, the free volumes, even if any
definition is adopted, may not be an essential factor which
governs the glass transition and the molecular mobility.

The broken line indexed by (1) obtained from V; by use
of the principle of corresponding states of the glasses
seems to approach the experiment at higher temperature
under 1 atm, as shown in Figure 8. The free volume may be
expected to be useful in yhe region T> T, at lower
pressure.

The calculations in terms of S, E, and TS, indexed by
(2), (3) and (4), respectively, are considered to be appro-
ximately in agreement with the experiment. The Adam—
Gibbs parameter appears to be slightly superior to the
others. If S, is calculated by use of the value of T,
calculated from T,=T,-50 K instead of that in the
VFTH equation, a somewhat better agreement may be
expected at 1 atm. However, the refinement may still be
insufficient at 500 kg cm ™2,

Included in Table 4 and in Figures 8 and 9 for
comparison are the cases when the liquid entropy and
internal energy or the configurational entropy and in-
ternal energy defined as the excesses from the kinetic ones
which are assumed to be independent of temperature and
pressure are the factors determining T, and . These
quantities give the values of (¢T/0P), to be approximately

Miller has suggested, however, that the excess enthalpy and volume
of o-terphenyl and some polymers extrapolate to zero at about the same
temperature>!
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half those from experiment. This implies that the exam-
inations of the appropriateness of the configurational
entropy and energies would be significantly affected by
the definitions of the ‘configurational’ quantities. In order
to find the predominance among them, therefore, the
validity of the definitions should first be examined.

With respect to the rules concerning the increment of
Cp at T, ie. AC,T and AC, indexed by (10) and (11),
respectively, the present study has failed to make a
signiﬁcant examination because of the large uncertainty
in extrapolations of (8*V/dT?)4 and ( (0Cp/0T ). It should
be noted that AC,T at 1 atm seems to be in agreement
with the experiment near T,, where the extrapolation is
short.

CONCLUSION

The present study affords a way to examine what factor
governs the glass transition and the molecular mobility in
the liquid. The examination is based on the experimental
evidence that the dilatometric T, determined by isobaric
cooling corresponds to the iso-relaxation-time state. The
results indicate an invalidity of various free volumes, an
approximate validity of the configurational entropy and
energies, and a slight superiority of the Adam-Gibbs
parameter. From the fact that the calculations of dT, /dP
in terms of various quantities in Definition 1 are not in
precise agreement with the experiment, it may be con-
cluded that the glass transition should not be treated as a
quasi-equilibrium thermodynamic transition to which
one of the Ehrenfest relations applies. The glass transition,
therefore, may essentially differ from the second-order
transition at T, argued by Gibbs and Dimarzio®?. This
may be due to the fact that the glass differs from the real
crystal in the configurational properties owing to a
participation of the localized mode of motions?®. Mo-
reover, the glass transition might be accompanied by
changes in the kinetic modes as argued by Goldstein®?
and Roe and Tonelli**

It should be noted that the concept of the simple
additivity of the thermodynamic variables adopted in the
present study has not yet been verified experimentally,
although the concept has been employed by many
investigators. The assignment of the excess quantities
from the hypothetical crystal of which thermal expan-
sivity and compressibility are the same as those of the
corresponding glass to the configurational ones includes
the assumptions that the kinetic modes are independent of
the thermodynamic states and that the localized mode of
motions does not affect the molecular mobility in the
liquid.

The separation of the liquid quantities into the con-
figurational and kinetic contributions is based on the
experimental evidence that the thermal pressure coef-
ficient of most liquids is well approximated as a function
of volume only*®. From some thermodynamic con-
siderations, this leads to a simple additivity concept that
the internal energy and entropy can be separated into a
volume-dependent term and kinetic ones. The former,
known as the configurational term, is related to the
configurational partition function corresponding to the
potential energy.

It has been found that the simple additivity concept
applies to the pressure-densified glasses of PVC also?®
The energy parameters, which characterize the con-
figurational properties of the glasses, change with the



pressure history?®. This leads to the conclusion that the
glass transition is accompanied by freezing-in or re-
arrangements of the intermolecular neighbour coordi-
nation. The conclusion agrees with the argument ob-
tained by Roe and Tonelli®® from the analysis of the
increment of C, at T, Therefore, the configurational
quantities obtained from the excesses from the hypotheti-
cal crystal may be only conceptual.

As has been discussed in the preceding section, the
superiority among the configurational entropy and en-
ergies depends significantly on their definition. Con-
figurational quantities based on the experimental evid-
ence are desirable in the present examination. Unfor-
tunately, it seems very difficult to evaluate the numerical
values of the quantities without the help of some statistical
model of which appropriateness to the system rather than
the appropriateness of the configurational variables may
affect the result of the examination.
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