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ABSTRACT: Volumetric data of poly(vinyl chloride) glasses formed from the liquid state by isobaric cooling
at a constant rate under pressures of 1, 150, 300, and 500 kg cm™ are reported. The pressure—volume-temperature
relations of the glasses are shown to be described with the principle of corresponding states. The characteristic
volume and entropy are not affected by the pressure densification, while the characteristic temperature, pressure,
and internal energy increase with increasing glass-forming pressure. Some theoretical equations of state for
polymer liquids are applied to the glasses, but they are in serious disagreement with the experiments. Also
discussed is an equation of state derived from cell theory by introducing a distribution of the cell size in its
simplest form, which gives results quite close to the experimental PVT data and the internal energy. The
presented results suggest that the localized energy field may play an important role in the molecular motions

and the configurational properties of the glass.

I. Introduction

It is well-known that the density of a glass depends on
its thermodynamic history. Many investigators have
shown that formation of organic,? inorganic oxide,® and
polymer?*13 glasses by lowering the temperature at ele-
vated pressures leads to samples which are more dense.
Effects of pressure densification on the pressure-vol-
ume—-temperature (PVT) relations of the glasses were first
studied by McKinney and Goldstein,'? who obtained PVT
data for two glasses of poly(vinyl acetate) (PVAc) by using
the same isobaric cooling rate at 1 and 800 bars. The PVT
surfaces of the pressure-densified glasses are illustrated
schematically in Figure 1.

The liquid and various glass surfaces are continuous only
through their respective glass transition intersection line,
the T (P) line in Figure 1. The T,(P) line approximately
corresponds to the isorelaxation time line on which a mean
volume relaxation time is essentially constant as pressure
is varied.!*'® The intersection line of the liquid and P,
glass surface is shown as the iso-free-volume line in Figure
1. Similar lines are available for the other glasses. If the
glass transition is determined in terms of one ordering
parameter, e.g., the free volume, the iso-free-volume lines

should be identical with the T,(P) line. This is, in fact,
not realized,!? as illustrated in Figure 1. Therefore, the
glassy state cannot be described in terms of a single or-
dering parameter.

Theoretical approaches to the equation of state of
polymer glasses have been demonstrated by Someynsky
and Simha!” and Nose,'® who employed hole theory. In
their treatments, the glass is viewed as the state where the
rearrangements of holes are forbidden. Below the glass
transition temperature, their hole theories become equiv-
alent to traditional cell theories.!%® However, Quach and
Simha®* showed that the assumption of a constant hole
fraction in the glassy state was an oversimplification. Later
McKinney and Simha?? introduced a notion of gradual
freeze-in of the hole fraction, treated the hole fraction as
an adjustable, pressure- and temperature-dependent pa-
rameter to be obtained by experiment, and analyzed the
PVT data of PVAc glasses.!? They deduced that the
partial freeze-in of the hole fraction was due to a size
distribution of hole clusters.

The purpose of this paper is first to give detailed PVT
data of the pressure-densified glasses of poly(vinyl chlo-
ride) (PVC), second to elucidate the correspondence among

0024-9297/81/2214-1567$01.25/0 © 1981 American Chemical Society
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Figure 1. Schematic diagram illustrating liquid and glass surfaces
in the PVT space. Py, P,, and P, glass are the glasses formed at
a constant cooling rate under the pressures Py, P;, and P,.

them (section IV), and third to discuss the equation of
state of the glasses (section V). In section VI, a modified
cell theory which represents the PVT data of the glasses
is proposed.

II. Experimental Section

Sample. All measurements were made on a single sample of
PVC supplied by Toyo Soda Co. The number-average molecular
weight was 44 000. After being purified by swelling with tetra-
hydrofuran and deswelling with methanol, the PVC sample in
fine fibrous form was dried for 1 week in a vacuum oven at 60
°C. Then 0.4-mm-thick sheets were molded in a vacuum press
under 350 kg cm™ at 150 °C.

A cylindrical glass tube in which the sample was placed was
evacuated and brought up to 100 °C. After being kept there for
30 min, the temperature was lowered to —35 °C at a cooling rate
of 0.24 K/min. Thus-prepared glass is referred to as 0 glass. A
reference value of the specific volume for 0 glass was determined
by the floating method at 45 °C, using a mixture of calcium
chloride and water.

The densification procedure is as follows. The PVC sample
in the dilatometer illustrated in Figure 2 was heated under at-
mospheric pressure to a temperature T, which was higher than
the glass transition temperature T, (P,) by about 25 K. The
pressure was then increased to the glass-forming pressure P,. After
the pressure and temperature were kept at P, and T, for 30 min,
the system was isobarically cooled to -35 °C at a rate of 0.24
K/min, The thus-prepared densified glasses under 150, 300, and
500 kg cm™ are referred to as 150 glass, 300 glass, and 50 glass,
respectively.

Bulk PVC has been regarded to have a small fraction of
crystalline content (typically 5-12%),% but there have been various
interpretations on the nature of the crystalline content and the
extent of crystallinity. From small-angle X-ray scattering
(SAXS) studies, Straff and Uhlmann showed that even if all the
heterogeneities indicated by their SAXS data on PVC were
crystallites, the crystallinity would be only about 0.5%.%¢ Since
it seems quite difficult to obtain a reliable value of crystallinity
for the respective PVC sample, we assume that the crystallinity
of the glasses does not vary with pressure and temperature over
the present experimental range.

Equipment. The densifications and the measurements of the
PVT relations were carried out in a dilatometer set in a pressure
vessel which was immersed in a bath controlled to an accuracy
of £0.02 K. In the pressure vessel, the temperature was controlled
within £0.004 K. A diagram of the pressure dilatometer is shown
in Figure 2. Silicone oil (KF-94, Shin-Etsu Chemical Co.) was
used to transmit the hydrostatic pressure. The pressure was
measured by a Heise bourdon gauge with an automatic com-
pensator (Dresser Industries) and the temperature by an alu-
mel-chromel thermocouple (6) inserted in the pressure cell.

Changes in the mercury level of the Pyrex dilatometer (1) were
read by measuring the emf of a variable transformer (1501-9,
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Figure 2. Diagram of pressure dilatometer: (1) dilatometer made
of Pyrex glass; (2) sample; (3) mercury; (4) Permalloy; (5)
varialble differential transformer; (6) alumel-chromel thermo-
couple.

Shinko Electric Co.) (5) induced by a piece of Permalloy (4) set
on the top of mercury column (3). The PVT data for mercury
taken from ref 25 and 26 and a mercury-filled dilatometer were
used to calibrate the emf of the transformer and to calculate the
specific volume of the sample. Variations of the emf with pressure
were negligibly small up to 1000 kg cm™ but those with tem-
perature were not; e.g., the emf increased about 10% when the
temperature was raised from 0 to 50 °C.

Operation. Isothermal experiments were carried out to give
the PVT relations of the 0, 150, 300, and 500 glasses at 10 K
intervals over a temperature range of 250~340 K. The pressure
was changed in increments of 50 kg cm™ in the 1-200 kg cm™
region and in increments of 100 kg, cm™ in the 200600 kg cm™
region. After completion of the isothermal experiments, the
atmospheric V~T relations of all the glasses were measured at
1 K intervals with a continuous heating rate of 0.24 K/min from
240 to 360 K.

The specific volume of the sample at temperature T and
pressure P; was calculated from

w,V,(T,P,-) = [w,V,(T,Pj—l) + ngVHg(T,Pj—l)] X
[1 - 8p(P; - Pi))] - wagVeg(T,Pj) + AV mpsea + AVjap (II-1)

where w, and wy, were the weights of the sample and the mercury
loaded in the dilatometer, V, and Vy, were the specific volumes
of the sample and the mercury, 85, was the compressibility of the
dilatometer at Pj, AV ,..g Was the volume change of the sample
and the mercury as the pressure was increased from P, to P;,
and AV ,p was the correction due to the change in the length of
the transformer with the pressure increment. The thermal ex-
pansitivity, o, and the compressibility, 8;, of the dilatometer used
in the present study were expressed as

ap = a; - bP - (d/2)P? (I1-2)
B, = (a + bT) + (c + dT)P (I1-3)

where a; = 1.08 X 105K, g = 2.81 X 108 kg em?, b = 5.78 X
100 kglem2 K, ¢ = 2.14 X 107 kg? cm? and d = -4.58 X 10714
kg2 cm* K1,

II1I. Results

The actual data for each glass are in the form of the
specific volume at 1 K intervals for 1 atm and 10 K in-
tervals for elevated pressures. The thermal expansivities
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Table I
Thermal Expansivity
0 glass 150 glass 300 glass 500 glass
P,kg  a, X 10°, a, X 107, a, X 10%, @, X 10", &, X 10° a, x 107, &, X 10%, «, X 107,
cm'2 -1 K'2 K‘l K'2 K'l K'2 K'l K"Z
1 1.370 1.779 0.662 4,168 0.653 4 200 0.805 3.484
100 1.303 1.884 0790 3.530 0.890 3.095 1.003 2 650
200 1.388 1.390 1.173 2.037 1.116 2.130 1.072 2.226
300 1.339 1.423 1.382 1.190 1.148 1.811 1.132 1.870
400 1.087 2.023 1.073 2.047 1.201 1494 1.100 1.798
500 1.034 2.037 1334 1.011 1.226 1.247 1165 1.396
600 0.966 2.084 1.128 1497 1.200 1.165 1.210 1.045
Table II
Specific Volume at 290 K¢
P kg 0 glass 150 glass 300 glass 500 glass
em-? exptl caled® exptl caled? exptl caled? exptl caled?
1 71326 71326 71288 71371 71244 71235 71166 71178
100 71161 71162 71128 71111 71092 71078 71009 71026
200 71010 71005 70975 7090568 70940 70927 70859 70878
300 70856 70855 70826 70812 70798 70783 70714 70738
400 70709 70712 70683 70672 70657 70645 70577 70603
500 70567 70575 70547 70538 70523 70513 70447 70474
600 70422 70444 70416 70409 70394 70387 703283 70350
@ Vx 10% cm® gt. P Calculated from eq VI-6 with eq VI-7,
a at 1 atm for the 150, 300, and 500 glasses are well rep- _Table III
resented by a linear expression in T: Tait Parameters
= - B s kg C, X
a=atal (I-1) B, kg em™  B,kg C, X 10%,
For 0 glass, the quadratic expression sample em™ K em™ K7 107 '
_ Oglass —-950 23.474 -0.04580 2.781 6.87
a=o+ ol + aT? (III-2) 150 glass 292 14.240 -0.02811 2.781 6.87
. ~ . 300 glass 783 12.844 -0.02837 2.781 6.87
= 4l L = -6 -2
with o = 1.370 X 10 K™, o; = 3.159 X 10° K™, and ay 500 glass 1009 9.521 -0.01978 2.781 6.87

= 6.30 X 10° K3 is preferable in the temperature region
300-350 K. To facilitate the representation of the data
and to put them into a more convenient form for our
purpose, all the PVT data are contained in the values of
the thermal expansivity expressed by eq III-1. The values
of the constants o and «; determined by least-squares are
listed in Table I and the reference volumes at 290 K are
given in Table II. The average standard deviation in the
volume is 2.4 X 1075 ¢cm?® g! at 1 atm and 6.5 X 107° cm?
g1 at elevated pressures. When errors due to systematic
uncertainties in diameter of the mercury column, mass of
the sample, pressure, and temperature are combined, the
total experimental error in the volume is approximately
+5 X% 105 cm® g at 1 atm and £9 X 1075 cm? g at ele-
vated pressures.

The volume of each glass deviates slightly from that
calculated from eq III-1 below 243 K at 1 atm and below
250 K at 600 kg cm™ dut to the S-relaxation process. The
data in these regions are excluded from the following
discussions.

At 20 °C under atmospheric conditions, the specific
volume of 0 glass formed at a cooling rate of 0.24 K/min
is 0.714 cm? g™, which is lower than the value of 0.718 cm®
g reported by Hellwege, Knappe, and Lehmann® and the
values of 0.718 and 0.716 cm3 g! reported by Hydemann
and Guicking* for glasses formed at cooling rates of 0.42
and 0.12 K/min. The glass transition temperature, T, of
0 glass is found to be 79.5 °C, which is higher than the
values 75 and 72 °C for the glasses reported by Hydemann
and Guicking.* The extent of desification in 500 glass is
about 0.2%, which is smaller than the value 0.3% in 400
glass reported by Hydemann and Guicking.* These dis-
crepancies cannot at present be attributed to explicit
causes. These might be due to differences in the prepa-

rations and the purifications or the crystallinity of the
sample.
The Tait equation

V/Vo=1-Cln (1 + P/B) (I11-3)

where V| is the specific volume at 1 atm and B and C are
temperature-dependent constants, is suitable for smooth-
ing the data and convenient for comparison with others.
Simha et al.28? have shown that C can be set as 0.0894,
common to various polymer liquids and glasses, and B can
be expressed by

B = b, exp(-b,T) (IT1-4)

However, when eq I11-3 with C = 0.0894 and eq III-4 are
applied to the present data, the average standard deviation
in the relative volume is 6.5 X 107, which is much larger
than the experimental error. Hence we have allowed the
constants C and B to vary with temperature by using
polynomials in T

C=Cy+CT (I11-5)

Here a common value of C was used for all the glasses. The
values of the constants Cy, C;, By, B,, and B, estimated by
least-squares regression are listed in Table III. The overall
deviation in the relative volume was 1.68 X 1074,

As shown in Figure 3, the V-P isotherms are well rep-
resented by the Tait equation. In this figure, the Tait
equation with the parameters determined by Simha et al.®
from the data by Hellwege et al.?? is also compared. At
600 kg cm™?, the deviation is about 5 X 107 em® g%, which
is comparable to the experimental error in Hellwege et
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Figure 3. Isothermal variations of specific volume, thermal
expansivity, and compressibility: (0) 0 glass; (A) 150 glass; ()
300 glass; (V) 500 glass. Solid lines, Tait equation; dotted line,
Tait equation obtained by Simha et al;?® broken lines, quadratic
equations for « obtained by least-squares.

500Glass 3.1
Viem'g ) 0701 0702 0703 Q704 0705 Q706 Q707
/ / s

B
L

600}

W
IS
’// S S S S S S SS

/
/ 7

Figure 4. P-T isochores of 500 glass.

al’s?” data. The Tait equation is essentially empirical and
used only for the data representation. We made no at-
tempt in this paper to discuss the equation.

The thermal pressure coefficient v was determined from
the slopes of P-T isochores, which were approximately
linear for all of the glasses over our experimental range,
as shown, for example, in Figure 4. Thus in the glasses
as well as in most liquids,® v is approximated as a function
of volume only. From the thermodynamic relation

[8(8S/8V)r/8T]y = [0(GE/8V)r/8T]y = 0 (I1I-7)

this leads to expressions in which the internal pressure,

Macromolecules
10.0 —I
€ g0 N\
2 B\
N N
B
N _\ﬁ\
B\g\@
55p,
8.0 ~e~bH.4
5.
S : L | L L | L I T
0700 0705 0710 ons
v / cmig

Figure 5. Thermal pressure coefficient as a function of volume:
(0) ;)Iglass; (a) 150 glass; (O) 300 glass; (V) 500 glass. Lines,
eq III-8.

P, also is approximated as a function of volume only and
in which the internal energy E and the entropy S are
regarded as a simple sum of a term independent of volume
and a volume-dependent term. This may offer a way to
experimentally corroborate the postulate in the statistical
model for the glass which leads to a partition function
constituted by independent factors such as intramolecular
kinetic terms and an intermolecular configurational term
as well as in most statistical models!®2031-3 yged to treat
thermodynamic properties of polymer liquids and solu-
tions.

Figure 5 shows v as a function of volume. ¥ for all of
the glasses increases as the volume decreases. Effects of
the glass-forming pressure on v are not appreciable. The
scatter in v may be considered to be due to experimental
error in regulation of pressure and cooling rate when the
glasses were formed. Then we express the average values
of v as

v = -4.89V + 4.27 MPa K! (V 2 0.707)

v = 862.29V2 - 1226.76V + 437.12 MPa K™
(V <0.707)

Figure 3 shows the compressibility 8 obtained from 8 =
/v with eq III-8 and III-1 and a comparison with those
calculated from the Tait equation, eq III-3, with eq III-5
and III-6. The agreement is good.

As can be seen in Figure 3, the thermal expansivity and
the compressibility depend on the glass-forming pressure.
They decrease as the glass-forming pressure increases.

(ITI-8a)

(I11-8b)

IV. Principle of Corresponding States

The principle of corresponding states for the equation
of state is represented with reduced quantities (with tilde)
by

fRV,T) =0 (Iv-1)

According to the corresponding states theory for polymer
liquids developed by Hijimans,? the configurational
quantities defined experimentally in the preceding section
are related to the reduced quantities through characteristic
reduction parameters (with asterisk):3

v=Vv* E=FEE* S=288*
T=7T* P=pp (1v-2)
P* =Ex/V*  T* = E*/S* (IV-3)

Some attempts to apply the principle of corresponding
states to chemically different polymer glasses have been
proposed by Simha and collaborators. Nanda and Simha®
showed that the characteristic reduction parameters of
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Figure 6. T at zero pressure as a function of volume: (0) 0
glass; (A) 150 glass; (O) 300 glass; (V) 500 glass; lines, theory.
(1) Eq V-1; (2) eq V-2; (3) eq V-3; (4) eq VI-6 with m; = 0; (5)
eq VI-6 with m; = 0.

PVC, polystyrene, and poly(methyl methacrylate) deter-
mined in the liquid range led to an approximately universal
B~V function, where the reduced Tait parameter B equals
B/P*. However, no single universal function for V-T
relations was found.%”

As a first step to examine the applicability of the prin-
ciple of corresponding states to polymer glasses, we apply
the principle to the densified glasses of PVC and attempt
to elucidate the effect of the glass-forming history on the
characteristic reduction parameters.

The ratio of the characteristic parameters of the den-
sified glasses to those of 0 glass (as a reference) can easily
be determined from a superposition method given by Nose
et al.® Equations IV-1 and IV-2 lead to

aT=@InV/dln T)p (IV-4)
BP* = -9 1n V/3P)4 (IV-5)

and, if the principle of corresponding states is applicable,
aT and 8P* should be universal functions of the reduced
quantities. At zero pressure, therefore, the experimental
aT vs. log V plots for each glass would be shifted parallel
to the log V axis to fall on a single master curve. Similarly,
the superposition of the aT vs. log T plots parallel to the
log T axis would give a second master curve. When T
obtained above is employed, the superposition of the log
8 vs. log T plots parallel to the log 8 axis would give a third
master curve. The shift factors obtained by the super-
positions above are

g = Vx/Vox o = T /To*
af = P*/P* (i=1,2,39)
where subscripts 0, 1, 2, and 3 are used to denote 0, 150,

300, and 500 glass, respectively. Equations IV-6 and IV-3
lead to?®

(IV-6)

- = g PV
af = E*/E* = afq;

Iv-7
Gis = S,-*/So* = a,-Pa,-V/a;T (l = 1, 2, 3) ( )
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Figure 7. Master curves of aT and Sa; at zero pressure as a
function of temperature. Symbols are the same as those in Figure
6.

Table IV
Ratios of Characteristic Parameters
sample aV, e aT, af, af
0 glass 1.000 1.000
150 glass 1.000 1.014
300 glass 1.000 1.023
500 glass 1.000 1.039

Figure 6 shows the experimental aT vs. log V plots at
zero pressure, where o at zero pressure was obtained from
extrapolations of the « vs. P curves approximated by the
quadratic equations in P shown by the broken lines in
Figure 3. As can be seen in Figure 6, «T values for various
glasses, within experimental error, fall on a curve with no
shift along the log V axis. Thus we obtain

Vo* ~ V* (i=1213 (IV-8)

As shown in the preceding section, the thermal pressure
coefficient v can be approximated to be independent of
the glass-forming pressure. Since the reduced thermal
pressure coefficient is expressed as®

¥ = ‘Y(aiT/aiP)(To*/Po*) (IV-9)

we obtain from eq IV-8 that the shift factor of the char-
acteristic temperature is equal to that of the characteristic
pressure:

a,-Vu 1

a,-T o~ aiP =4q; (IV-].O)

From eq IV-7 and IV-10, the shift factors of the charac-
teristic internal energy and entropy are equal to g; and
unity, respectively.

The master curve of the aT vs. log TT,* plots obtained
from the superpositions along the log T axis is shown in
Figure 7, and the values of the resulting a; are listed in
Table IV. By using the g;, we plot in Figure 7 log 8a;
against log TT*, where 8 at zero pressure was obtained
from 8 = a/y with eq I11-8 and « at zero pressure. The
log Ba; values fall on a master curve within experimental
erTor.
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Table V
Characteristic Parameters for 0 Glass
theory eq V* em? gt T K P* MPa y kg m, m,
Prigogine V-1 0.6754 6302 656.6
Flory V-2 0.6765 17579 256.1
Nose V-3 0.632 10894 1139.5 1.1645
this work VI-6 0.6621 3033.9 388.78 1.045 0.6 0.0
Vi-é 0.6637 3337.3 425.99 1.045 0.0 0.6
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Figure 8. aT at higher pressures as a function of volume.
Symbols are the same as those in Figure 6.

Thus the dependences of all the characteristic param-
eters on the glass-forming pressure are given at zero
pressure. To ensure the applicability of the principle of
corresponding states, aT at higher pressures, for example,
are plotted against log V in Figure 8. At any pressure,
aT can be regarded to fall on a master curve, within ex-
perimental error, with no shift along the log V axis.

According to Prigogine’s theory,® the characteristic
parameters are related to the molecular parameters as
follows:

T* = qze*/2ck  P* = qze* /20*
V* = Ny*

where gz is the effective coordination number per segment,
3¢ the number of external degrees of freedom per segment,
¢* the lattice energy parameter per cell, v* the core volume
of the segment, and N the segment number. From the
superpositions above, it becomes evident that gze* depends
on the glass-forming pressure but not on ¢ and v*. That
is, the potential energy factor only, and not the volume and
entropy factors, is affected by the pressure history when
the glass is isobarically formed at a constant cooling rate.

(Iv-11)

V. Applications of Some Equations of State

Since the Lennard-Jones and Devonshire cell model®®
was shown to apply well to the solid state,? the lattice-like
theories for polymer liquids might be anticipated to apply
to polymer glasses. Prigogine, Trappeniers, and Mathot
derived an equation of state for polymer liquids from cell
theory, with additional assumptions arising from the
chainlike nature of the constituent molecules.!® Its sim-
plest form, with a square-well approximation by Nanda

and Simha,? is expressed as*!
PV/T=@1-2VsU-18)1 4 y(V4- V2 /T (V-1)

Using a van der Waals type intermolecular potential,
Flory, Orwoll, and Vrij presented an equation of state:3!

BU/T = (1- vy - 7 (V-2)

0696O 70

. 400, 500
PPy / kgcmi

Figure 9. Master curves of specific volume as a function of
pressure. Symbols are the same as those in Figure 6.

From hole theory, Simha and Somcynsky?®? and Nose®®
derived equations of state for polymer liquids. Incorpo-
rating the frozen-in holes in their theory, they proposed
equations of state for glasses. Nose’s equation,!® which is
essentially equivalent to that by Somcynsky and Simha,”
is expressed as

PV(y -1/6)6/5T = (y - 1/6)6/5 + 271/6y1/3(-1/3/
(1 - 27V/8y130173) + (24y4V-4 - By* V2 /T (V-3)

where A = 1.0109, B = 2.4090, and y is the fraction of
occupies sites. Quach and Simha have shown that a con-
stant condition of y with the reduction parameters de-
termined in the liquid range underevaluates the thermal
expansivity of the glass.?! Here we examine this condition
with reduction parameters obtained in the glassy states.

The characteristic parameters V*, T*, and P* can easily
be obtained by shifting the theoretical curves parallel to
each log V, log T, and log 3 axis to give the best coincidence
with the experimental master curves of aT and log 8a; in
Figures 6 and 7. In Nose’s equation, V* was chosen from
Vo = (24/B)Y/2V*, where the liquid volume V; at 0 K was
estimated from the group volume increments quoted by
Bondi.#2 Then y was determined as an adjustable param-
eter by the superposition. Results are summarized in
Table V.

As shown in Figures 6 and 7, the variations of «T and
log 8 with V and T are not satisfactorily described by eq
V-1 to V-3. This departure can more clearly be seen in
the V-P isotherms in Figure 9. We conclude that eq V-1
to V-3 are not adequate for representation of the PVT
relations of the present system.

Figure 10 shows the internal pressure calculated from
Ty — P with eq III-8 as a function of volume. Equations
V-1 and V-3 are in excellent agreement with the experi-
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Figure 10. Internal pressure as a function of volume. Symbols
are the same as those in Figure 6.

ments, but eq V-2 is not. For the glasses, therefore, the
Lennard-Jones type lattice energy may be superior to the
van der Waals type. The internal pressure is proportional
to V2 in the lattice—fluid theory of Sanchez and Lacombe
as well as in Flory’s theory. Therefore, the former also may
be inadequate for the glasses.

A discordance at the molecular level between theory and
experiment is observed in the values of V*. The values
of V*in eq V-1 and V-2 are much larger than that from
the molecular model (V* ~ 0.63 cm® g!) and are very close
to the value of the specific volume of the glass at higher
pressure. y in eq V-3 should be smaller than unity. Such
a discordance is also observed in the analysis of the PVT
relations of PVAc glasses'? by McKinney and Simha,? who
applied the Somcynsky—-Simha theory!” with the charac-
teristic parameters determined in the liquid state, i.e., ¥
~ 0.92 and V* = 0.8141. The value of V* is equal to that
of the specific volume of 0 glass at -30 °C and 700 bars
and that of 800 glass at —30 °C and 450 bars.

These disagreements between theory and experiment
are apparently due to the following peculiar properties of
the glasses: notwithstanding that the volume is as large
as that of the liquid, « and 8 are much smaller than those
of the liquid, whereas variations of « and 8 with T and P
are relatively large.

Cell theories, as pointed out by Kirkwood,*® disregard
local density and thermal potential energy fluctuations.
In the liquid state, the time scale of the fluctuations is
much faster than the experimental time scale. However,
since the glass is formed on a time scale faster than the
time required for regression of the local density fluctua-
tions, the fluctuations near T, may be frozen-in in the
glassy state. Therefore, the assumptions involved in the
cell theories might be of much greater importance in the
glassy state than in the liquid state. On account of the
frozen-in local density fluctuations, a permanent distri-
bution of cell size may exist in the glassy state. This
concept has already been inferred by McKinney and Simha
from a study on the hole theory.?? This concept seems to
be also consistent with the argument for the 3-relaxation
process proposed by Johari and Goldstein.** We will at-
tempt to modify Prigogine’s theory in a simplified manner
and to compare it with experiment in the next section.

VI. Frozen-In Cell Model

Theory. Although a long-range cooperative rear-
rangement is forbidden in the glassy state, some of the
segments which are contained in the cells of larger size may
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retain the local external degrees of freedom. These seg-
ments may predominantly contribute to the configura-
tional properties of the glass.

We assume that M cells are so small that the segments
in the cells are observed to be apparently frozen-in,
Further, we shall assume the M cells to be of uniform size
v,* and the N - M cells also to be of uniform size. Then
tfie average nearest-neighbor distance of the segments in
the N — M cells is expressed by

a = [2Y%Nv - Mu*) /(N - M)]*/3 (VI-1)
where hexagonal packing is assumed.

The number of frozen-in cells, M, may depend on the
fluctuation at T,. Since the variation of the glass transition
temperature with pressure is in close agreement with that
obtained from dielectric time~temperature superposition
in the liquid state,'*'6 the present glasses are considered
to be formed at an isorelaxation time. Therefore, M may
be regarded to be independent of the glass-forming pres-
sure.

When the frozen-in parameters k, and m are defined by

ky = vg* /v* m=M/N (VI-2)
eq VI-1 is expressed as
a = (22 p*)1/3 (VI-1")
where
0= (0-mkg)/(1-m) (VI-3)
Then the free volume is given by
ve = (21/6571/3 — 1)%p* (VI-4)

Following Prigogine’s theory'® with the square-well po-
tential approximation,® we assume the reduced partition
function to take the form

Z = vFf-M exp[—~(N - M)zqe* (A4 - Bo*2) /2kT]
(VI-B)

Then we have the reduced equation of state

BV/T = K[(1 - 27V/69*1/31 + (24V*4 - BV*2)2/ T}
(VI-6)
where
K=Vvv~ (VI-7)
and the characteristic parameters T*, P*, and V* are given
by eq IV-11.
A cell of a size slightly larger than v * might be frozen-in
when the temperature is lowered or the pressure is in-

creased. Assuming this contribution to be approximated
by

m=my+ m;i?! (VI-8)
we have the front factor K in eq VI-6 as
K= V0 - m V(1 - k, VY (VI-7))

Now we have an equation of state, eq VI-6, with T*, P*,
V*, and two (my, k,) or three (m,, m,, k;) additional pa-
rameters.

Comparison with Experiments. Comparisons be-
tween theory and experiment are made with respect to the
two cases of my = 0 and my = 0. V¥, T*, P*, k,, and m,
or m, were determined according to the procedure outlined
below. First mg (m,) was changed in increments of 0.1 over
the range 0-1, with k, being fixed at unity. For each value
of my (m), the theoretical curve was shifted to give a
coincidence with the experimental master curves of aT and
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log Ba; at zero pressure (Figures 6 and 7), and the value
of my (m;) which gave the best coincidence was found to
be 0.6. Then k, was changed in increments of 0.001 with
mg (m4) held fixed at 0.6, and the value of k; which gave
the best coincidence with the experiments was determined
to be 1.045. Furthermore, my (m;) was changed in incre-
ments of 0.1 with the value of k, fixed at 1.045; we again
obtained my (m;) = 0.6. The ‘:hus-obtained values are
listed in Table V. The results are compared with the
experiments in Figures 8-10 and Table II.

The theoretical equation of state with the parameters
at zero pressure is in satisfactory agreement with the ex-
perimental thermal expansivity at higher pressures (Figure
8), V-P isotherms (Figure 9 and Table II), and internal
pressure (Figure 10). In the regions above 310 and below
270 K, eq VI-6 rather than the Tait equation, eq III-3 with
eq II1-5 and III-6, agrees with the experimental V-P iso-
therms.

As can be seen in Figures 6-8 and 10, the correction
factor m; in eq VI-8 is not particularly necessary in the
present temperature and pressure range. Such a correc-
tion, even if introduced, would probably exert only a slight
effect since the theory includes the drastic assumption of
the separation of uniform-sized cells into ones with v =
vg* and others with v > v, *.

The value of V* is equal to 0.662 cm?® g, which is
smaller than those in eq V-1 and V-3 but larger than the
value of 0.632 cm® g! from the molecular model. This may
indicate a discordance at the molecular level between
theory and experiment. The fact that the value of m is
0.6 apparently indicates that about 60% of the segments
are frozen-in in the glassy state. However, this percentage,
although it seems not to be very improper, should not be
o£ much importance because of the reason mentioned
above.

VII. Conclusion

There have been many discussions on the glass and the
glass transition in terms of one or two frozen-in configu-
rational parameters in the liquid state, such as free volume
and/or configurational entropy.}”'8# Differing from such
traditional models, the present study offers an analysis of
the glassy state apart from the liquid characteristics. This
is because, despite the extensive investigations, the explicit
mechanism and the criterion of the glass transition still
seem to be obscure. Recently, from detailed analyses of
the specific heat and its increment at the glass transition
temperature, Goldstein* and Roe and Tonelli*’ argued
that the glass transition is accompanied by additional
effects, such as changes in the vibrational frequencies or
in other modes of thermal excitation. This conclusion, if
true, suggests that the traditional models are not appro-
priate.

The representation of the PVT data based on the
principle of corresponding states is independent of models
for the glass. The conditions for the existence of the
principle do not depend on the functional form of the
equation of state but do depend on a universality of the
intermolecular force law.®® This universality may be ex-
pected for glasses of a single substance formed at pressures
lower than the internal pressure.

The results of the analysis in terms of the principle of
corresponding states indicate that the effective coordina-
tion number and/or the intermolecular force constant
varies with the glass-forming pressure. That is, the seg-
ments of the glass formed at higher pressure are confined
within the cells with higher potential energy. Thus its
thermal expansivity is smaller than that of the glass formed
at lower pressure. The results indicate also that the core
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volume and the entropy factor are not altered by the
glass-forming pressure. This may lead to the mobile unit
of the molecular motions being independent of the pressure
history. Thus the presented results suggest that the energy
field may play an important role in the molecular motions
in the glassy state.

The configurational properties of the glass may occur
from the localized mode of motions governed by the
localized energy field since long-range cooperative rear-
rangements are forbidden in the glassy state. In other
words, there may exist a range of frozen-in cells which
participate only slightly in the external molecular motions
and the configurational properties of the glass. This seems
to be the essential reason that the theories for polymer
liquids have failed to represent the PVT data of the glass.

The inclusion of the distribution of cell size in the cell
theory in the simplest manner gives a satisfactory agree-
ment with experiment. However, we remark that the
present theory contains two supplemental adjustable pa-
rameters in addition to the characteristic parameters.
Therefore, the agreement may not directly demonstrate
the validity of the present model.
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ABSTRACT: Self-consistent field molecular orbital (SCF-MO) methods have been used to determine the
energies of n-butane and n-pentane in various conformations, Complete geometry optimization was employed
to obtain the best minimum energy at the trans and various gauche conformations. The values of E, and
E, thus obtained were 1191 and 1930 cal/mol, respectively. The position and magnitude of the rotational
potential barrier were found to be ¢, = 60° and 3.7 kcal/mol, respectively. The latter is to be compared with
the experimental value of 3.3-3.7 kcal/mol. E, and E,, at 140 °C were used in calculating the rotational isomeric
state (RIS) statistical parameters ¢ = 0.23 and w = 0,095, The principal advantage of using SCF-MO ab initio
methods to calculate the conformational energies is that no arbitrary parameters are required, as are required

in semiempirical works.

I. Introduction

For many years, the statistical parameters used for n-
alkanes and higher homologues have been calculated with
semiempirical expressions!™ for the energy. In general,
the energy has been considered to consist of three parts:
(i) intrinsic torsional potentials, (ii) van der Waals re-
pulsions between nonbonded atoms and groups, and (iii)
dispersion attractions between nonbonded atoms. The
torsional term is considered to be dependent upon the
dihedral angles of internal rotation and on the choice of
the fixed valence angles and is represented by an expres-
sion*” of the form !/,Eq(1 ~ cos 3¢), where E; is the height
of the potential barrier against internal rotation and ¢ is
the angle through which a rotation is made about any
particular bond. The nonbonded interactions (ii) and (iii)
are expressed as a Lennard-Jones 6-12 potential function
of the form?

2 (ap/rut? - cw/rel)
k<l

Flory and others*® have also used a Buckingham potential
where the repulsive 7712 part is replaced by an exponential
term and is expressed as

El[akl exp(=byr) — cu/rf)

In these expressions, ry, is the internuclear distance be-
tween atoms & and ! for a given conformation and ay;, by,
and cy; are constants independent of ry;. The van der
Waals constant, ci;, can usually be obtained from many
theoretical sources very accurately. One source used fre-
quently is values calculated from the Slater-Kirkwood
equation.! From these, one obtains the expression for the
intramolecular energy®*® associated with a rotation
through ¢; about the ith bond as

E(¢;) = YEo(1 - cos 3¢;) + El(ahz/rkzm ~cu/re®) (1)

or in an equivalent form using the Buckingham potential.
While using these expressions, one adjusts the parameters
a;, and by, arbitrarily* so as to reproduce the observed
energy difference between the gauche and trans confor-
mations of the molecule under study. The calculated en-
ergies are then used to calculate statistical parameters
incorporated into the rotational isomeric state (RIS) the-
ory.10-18

Briefly, the rotational isomeric state theory states that
the total conformational energy for a chain molecule can



