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ABSTRACT: The pressure—volume—temperature (PVT) dependencies of several amor-
phous polymers (PS, PC, PPE, and PPE/PS 1:1 blend) in the glassy and molten state were
studied. The Simha—Somcynsky (S—S) lattice-hole equation of state (EOS) was used. Fit-
ting the PVT data in the molten state to the EOS yielded the free volume quantity, 2
= (T, P), and the characteristic reducing parameters, P*, V¥ and T*. The data within
the glassy region were interpreted assuming that the latter parameters are valid in the
molten and vitreous state, than calculating &2 = h(7, P) from the experimental values of V'
= WV(T, P). Next, the frozen free volume fraction in the glass was computed as FF' = FF(P).
The FF values of polystyrene (PS) resins at ambient pressure showed little scattering
(FFp_, = 0.691 = 0.008), while their P-dependencies varied, reflecting the thermody-
namic history of the glass formation as well as the PVT measurements protocol. The pres-
sure gradient of T; was compared with the Ehrenfest relation for the second-order transi-
tion; here also agreement depended on the method of vitrification. The experimental val-
ues of FF at ambient pressure decreased with increasing values of the characteristic
temperature reducing parameter, 7%. ©2006 Wiley Periodicals, Inc. J Polym Sci Part B: Polym

Phys 45: 270-285, 2007
Keywords:

equation-of-state; free volume; glass transition; phase behavior; statistical
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INTRODUCTION

The pressure—volume—temperature (PVT) depend-
ence of polymers has been measured primarily to
determine compressibility, x, and the thermal
expansion coefficient, «, the parameters essential
in polymer engineering:

K_<8an> _a_<81nV> (1)
o OP T,Po,q7 o T Jropy,

Here P° and 7° are the glass formation pressure
and temperature, respectively. In the glassy state,
the two relations depend on P, T, the vitrification
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procedure, and the rate of heating or compressing,
q. For polymer melts, within narrow ranges of T'
and P, the rate q is relatively slow (compared with
molecular relaxations), and the customary defini-
tions for x and « specify only one variable: T or P,
respectively.

For the molten state, several equations of state
(EOS) have been proposed.'® Furthermore, the
Tait empirical relation for seawater density also
has been used.® Curro,'® Zoller,'! Rodgers,'? and
Rudolf et al.'® reviewed and evaluated the suitabil-
ity of several EOS to describe the PVT surface
within the liquid state. The Simha—Somcynsky
(S-S) theory4 was found to well describe the PVT
dependencies,'*!® as well as to provide good mea-
sure of the internal pressure, surface tension, co-
hesive energy density, or solubility parame-
ters.'®2° The S—S EOS is unique by explicit incor-
poration of the free volume parameter, 4, used for
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interpretation of nonequilibrium properties such
as the kinetics of volume relaxation,?! flow behav-

ior,?>7%5 or positron annihilation lifetime spectros-

copy (PALS).26-31

Formally, the passage from the molten to glassy
state involves Ehrenfest second-order phase tran-
sition for constant formation of glass:*2

dTy  Ax. dTy _ (oT @

dP Ao’ dP (8P>h‘1 )
where A specifies a difference between values for
the liquid and glassy state, and subscript “1” indi-
cates liquid state. The relation is supposed to be
automatically valid if proper x-values are used.>?
The validity was confirmed for glasses prepared
under ambient pressure, but not for those pre-
pared at high P.3*

Rigorous theoretical analyses of polymer PVT
behavior in vitreous state have rarely been carried
out—the main reason being inadequate theoretical
description of the thermodynamic history and time
dependent glass structures.®®

Arora et al.*® modified the cell model of Prigo-
gine et al.1? with the Lennard-Jones (L-J) interac-
tions,>” without the usual assumption of the
square-well potential (SWP):

PV/T =1+ (4/T)[FL/V* — Fy/V?]
+(2/T)A/V*—B/V? (3)

The reduced variables are defined in terms of the
L-J maximum attractive energy, ¢*, and the seg-
mental repulsion volume, v*, per statistical seg-
ment, the latter defined as M, = M, /s, where M, is
the number-average molecular weight, and s is the
number of macromolecular segments.

P =P/P"; P*=_zqc"/(sv")
T =T/T"; T* =2zqc/(Re)
V=V/V; V' =uv"/M,

(P*V*/T")Ms = Re/s

(4)

In eq 3 the parameters A = 1.011 and B = 1.2045 are
for the face-centered cubic lattice, and the integrals
Fy, and Fy are tabulated in ref. 36. In eq 4 the addi-
tional quantities are 3c¢ (the external, volume-de-
pendent degrees of freedom), zg = s(z — 2) + 2 (the
number of interchain contacts in a lattice of the coor-
dination number z = 12), and R (the gas constant).
Equation 3 describes the behavior of condensed
systems, in which the free volume fraction 4~ — 0.
Numerically, at P — 0, it follows the relation ori-
ginally proposed for liquids, but with different
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values of the two numerical parameters, a
= —0.0752 and b = 7.956:>®
In V=a+bT%? (5)

Following the example of Arora et al., Sachdev
and Jain analyzed the PVT behavior of high-den-
sity polyethylene (HDPE), distinguishing molten,
semicrystalline, and crystalline state, each with
its own set of P*, V¥, T* 39 The implication of dis-
continuity in the Lennard-Jones (L-J) potential is
inconsistent with the fundamental concepts of
physics, and therefore an alternative concept must
be used.

The S-S lattice-hole theory was derived for the
liquid state.* The model lattice contains volume frac-
tion y of occupied sites and the free volume (holes)
fraction, A = 1 — y. Using the customary thermody-
namic definition of pressure as P = (0F /0V); S-S
obtained:

PV/T=1-U)"+2yQ*AQ>-B)/T  (6)

where @ = 1/(yV), and U = 27 6yQ"? [assuming
y = 1 and accepting the SWP reduces eqs 6-3].
Furthermore, for liquids at the thermodynamic
equilibrium, minimization of the Helmholtz free
energy with the free volume parameter A,
(OF [Oh)y 7 = 0, leads to:

3¢[(U - 1/3)/(1 - U) - yQ*(3AQ" - 2B) /6T
+(1-5)—(s/y)In[1-y)=0 (7)

The coupled eqs 6 and 7 describe the PVT liquid
surface, and associated with it the free volume de-
pendence, h = h(V,T). Fitting these relations to
PVT data leads to a set of P*, T*, and V* parame-
ters, related to the L-J quantities, ¢* and v¥,
through eq 4.

Considering the fundamental nature, precision,
and wide applicability of the S—S theory, the fol-
lowing text will explore its applicability to melt
and glass within the full range of experimentally
accessible independent variables. The aim of this
study is to analyze the PVT relations of amorphous
polymers in the molten and glassy regions. Since
the former one has been extensively discussed in
the past, the glass transition and the vitreous state
are of main interest.

GLASS TRANSITION AND THE GLASSY STATE

The glass transition is a process in which molten
polymer is transformed into glass or vice versa.
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Upon heating a glass at the glass transition tem-
perature (T,), the thermal energy overcomes the
forces limiting large-scale segmental motions so
that it may be transformed into liquid or elasto-
mer. Phenomenologically, T, marks freezing—
unfreezing temperature of micro-Brownian motion
involving 20-50 carbon atoms.*°

If Ty is considered the main o-transition in
amorphous polymers, there are secondary ones in
the glassy and molten states. For the studied poly-
mers, these secondary transitions, T and T,, are
usually too weak to affect the PVT surface, but
they may become evident in derivative and/or
spectroscopic quantities.

Thus, at T' < T, immobile clusters and mobile
defects dominate the material;*! these are respon-
sible for the glass—glass transitions, of which the
p-transition, Ty, is closest to T, and it might affect
the PVT behavior within the usual range of inde-
pendent variables above the ambient conditions.
For example, for PS T = 300-330,** for PPE T},
~ 367, and for PC T = 166-185 K435 For most
polymers the p-transition occurs at T ~ 0.75
< T 40

o

Similarly at T' > T, the melt is subjected to sev-
eral relaxation processes, which result in second-
ary transitions. Of these the crossover tempera-
ture, Tc/Tg =~ 1.25 * 0.05, is the easiest to detect.
At T < T, the a-relaxation of cages dominates, and
at T > T, vibrations of molecular units in cages
(from which they might escape) are dominant, and
a true melt behavior might be observed.**

Glass formation depends on the way glass was
prepared; thus, on the cooling or compressing rate,
g, on the P during the cooling or 7" during the com-
pressing, etc. Each glass-forming substance has a
spectrum of states with different structures and
the physical aging kinetics.*® Virtually any mate-
rial can be vitrified using an appropriate proce-
dure, e.g., suitable cooling rate, for amorphous pol-
ymers g ~ 0.01, for metals at ¢ ~ 10°, while for
noble gases (molecular dynamics data) at g ~ 1012
Kis.

Several theories of glass transition have been
proposed.?®5? The thermodynamic theories con-
sider the glass transition to be rate-affected sec-
ond order; the glass is considered to exist in a
pseudoequilibrium state. Furthermore, it is
assumed that the free energy in glass must in
time reach its minimum value. Nieuwenhuizen
proposed to describe the thermodynamics of glass
by using an additional entropy term related to
slow configurational processes, which vanishes at
equilibrium.??

The kinetic theories note that the glass transi-
tion strongly depends on the rate of cooling. For
example, the pseudoequilibrium 7T, values of poly-
mers (tabulated in handbooks) are supposed to be
measured at ¢ < 0.01 K/s, or extrapolated to T at
which the viscosity n ~ 102 Pa. However, with
decreasing cooling rates the T, decreases all the
way to the Kauzmann zero-entropy tempera‘cure,53
Tk =~ Ty — 50 K ~ T, the latter parameter being
the Vogel-Tammann—Fulcher temperature, defined
in the relation:

10 =ar exp{ st ®

where ag and a; are equation constants.

As illustrated in Figures 1 and 2, Ty might be
determined from the PVT plots either as the tem-
perature at which straight lines drawn through
In V versus T isobaric dependencies intersect, or
as the lowest temperature at which the In V versus
T" (n < 3/2; T > T,) relation remains linear. In the
isobarically heated PS-667, T, increases linearly
with P at a slope of dTy/dP = 29.3 (K/kbar), in good
agreement with older data, d7,/dP ~ 30 (K/
kbar).?* Similar values, 26.5 and 25 (K/kbar), were
reported for polyvinyl acetate (PVAc)*®>®¢ and sty-
rene-co-acrylonitrile (AN content ranging from
about 5-40 wt %) (SAN),?® respectively.
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Figure 1. PVT diagram for PS-667 at 30—240 °C and P
= 10-190 MPa. The extrudate was directly loaded and
tested. Pressure linearly increases T,. For the resin at P
= 1 bar the secondary transitions at 7y =~ 328, and Tt
=~ 449 K might be expected.
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Figure 2. PVT diagram for PS-686 at 280-470 K and P
= 0.1-200 MPa. The three symbols G, T, and M indicate
the regions of glass, transient, and melt, respectively.

The regular V versus T behavior displayed in
Figure 1 is to be compared with that shown in
Figure 2. In the latter case, the specimen was also
measured isobarically, but by cooling from the high-
est T. Strong cooling rate (or entropy change)
related behavior was observed within the transition
zone, T, immediately below T; in this case the in-
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Figure 3. Glass transition temperature versus hole
fraction for several polymers at P = 0 (circles) and for
polymer evaluated in this work (diamonds).® The P-
dependence for PS-667 at P < 190 MPa is indicated by
open squares.
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itial pressure gradient, d7/ dP| po =48 (K/kbar),
slightly decreasing with P (see Fig. 4).

There have been several attempts to establish a
simple predictive relation for T, viz. constancy ra-
tio of Ty to the melting point, T',; constant value
of the reduced glass transition temperature,
Ty =T, /T*; or constancy of the free volume frac-
tion at Ty: hy = const. At ambient pressure, these
measures may provide a rough estimate of T'; (e.g.,
Ty/Tew = 0.66 = 0.11,°" T, = 0.0303 = 0.0041 and
hg = 0.070 = 0.018), but the cited ranges are not
random. For example, in Figure 3 h, increases
with Ty; a similar dependence was reported for
T, = f(T),?® while the ratio Ty/Ty, is known to de-
pend on maximum crystalline fraction.”® Figure 3
also shows that the proposed simple relation is in-
adequate for higher pressures; as shown in Figure 4,
the pressure increases T, and decreases h,. Gra-
dients of these changes depend on the characteris-
tic L-J interaction parameters of the polymer.

EXPERIMENTAL

Ten amorphous polymers listed in Table 1 were
examined. The first on the list, PS-686, was mea-
sured by isobarically cooling the melt from about
T + 30 °C, remelting it at the same temperature,
increasing P (in steps of 200 bar from ambient up
to 2000 bar) and step-wise cooling at a rate of
10 °C/min to the next level of 7. The volume change

-l “h, =0.0583 - 6.86x10°P +6.88x10"P%, r=0.9993
&

440 'L_ /é

b~
M/ PS-686
400 o
// A 0.05
A

;ﬁ __bT

0.058

L (K)
>

»

g

(<) 5-1; p

.

~@— T =368.7 +0.0482P - 4 6x10°P", r=0.9999 T
0.046

360 -
2000

Figure 4. Pressure dependence of the glass transition
temperature (solid circles) and hole fraction (solid trian-
gles) for PS-686. The least squares fitting relations are
also shown (see Table 3).
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Table 1. Polymers Studied in This Work

No. Polymer Manufacturer M, (kg/mol) M, (kg/mol) Ref.
1 PS-686 Dow Chemicals 279 90.7 34
2 PS-667° Dow Chemicals 215 - 60
3 PS-1301 Nova Chemicals 270 - 1
4 PS-Z110 Polyscience 110 104 59
5 PS-Z34 Polyscience 34.5 32.6 59
6 PS-Z9 Polyscience 9.5 9.0 59
7 PS-Z09 Scientific Polymer Products 0.91 0.78 59
8 PC General Electric 18.6 8.97 59
9 PPE General Electric 244 32 59

10 PPE/PS = 1/1 Ref. No. D5096 179 - 59

2 PS-667 contains 700 ppm Zn-stearate and 2.5% of mineral oil.

was read after thermal stabilization of ~2 h.34%
The results are displayed in Figure 2.

The extruded pellets of PS-677 were measured
without premolding or annealing. The specimens
were heated isobarically from ambient 7" to 240 °C
in 170 T-steps at each level of P (instead of the usual
21), each step taking about 25 min (see Fig. 1). After
the maximum temperature was reached, the
sample was cooled, the pressure was increased by
300 bars, and then the next isobaric heating step
commenced.

The remaining resins were tested after pre-
molding either externally®® or within the high-
pressure dilatometer at T' > T, + 30 °C, and then
cooling to room temperature at a rate of ~1 °C/
min. The premolded specimens were tested iso-
thermally, starting at the lowest 7" and P. At each
T-level the pressure was increased from ca. 100 to
2000 bars in steps of 200 or 300 bars. The T was
increased from room temperature in steps of about
10 °C (small effects of adiabatic heating were
observed). This procedure is considered “standard”
for the generation of PVT data. Its advantage is
that the specimen sees the highest temperature
only at the end of the test; thus, the measurements
are not affected by thermal degradation.

Excepting PS-686 (studied in a specially con-
structed bellows dilatometer) the data were
obtained using Gnomix' M—a commercial, high-
pressure dilatometer from Gnomix, Boulder, CO.%°
Only PS-686 and PS-667 were measured isobari-
cally; the other tests followed the standard proto-
col. To examine data accuracy, the tests were
repeated and effects of the holding time (from 0 to
90 s) were examined. The total run time was
18-32 h. The average error of measurements for
specific volume was <0.03%. The PVT plots in
Figures 1 and 2 show the limiting behaviors of

amorphous polymers. The range of the independ-
ent variables usually extended from below T to
above T., but these transitions were not observed
on the standard PVT graphs of, for example, In V
versus 7.

CALCULATIONS

The analysis of PVT behavior proceeded in three
steps:

1. Molten state: Determination of the charac-
teristic reducing parameters, P*, T, V¥ and
the free volume function, 4 = A(V, T).

2. Glass transition: Determination of Ty = To(P),
and the corresponding hole fraction at Ty A,
= hy(P).

3. Glassy state: Determination of the hole frac-
tion, A = h(P, T), followed by calculation of
the pressure dependence of the frozen free
volume fraction, FF = FF(P).

Molten State

The experimental data at T' > T, were fitted to S—
S EOS, using Scientist™ from MicroMath nonlin-
ear least squares iterative fitting protocol. Rapid
convergence was obtained in two-steps—fitting the
data to the polynomial expression, V = V(P,T),*
thus extracting the initial values of P*, T%#, and V*
subsequently used to fit the data to eqs 6 and 7. Ta-
ble 2 lists these parameters, along with the good-
ness of fit measures for specific volume, ¢: stand-
ard deviation and r% correlation coefficient
squared. Judging by the latter values, the S-S
EOS well described the data. Similar good fits
have been reported before.16-20:23.25.58
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Table 2. The Characteristic Reducing Parameters and the Statistical Fit Data

No. Polymer P* (bar) T (K) 10* x V* (mL/g) M, ¢ r? Ref.
1 PS-686 7139 + 41 12811 = 49 9630 = 8 51.64  0.00045  0.9999998 15,34
2 PS-667 7741 + 12 11736 =9 9516 + 2 4430  0.00068  0.9999995 60
3 PS-1301 7435 * 26 11723 = 22 9526 = 5 4587  0.00111 0.9999987 60
4 PS-7110% 8044 + 46 12256 + 37 9581 + 7 52.08  0.00097  0.9999990 TW®
5 PS-7342 8277 + 34 12030 + 34 9579 + 5 52.07  0.00058  0.9999997 TW
6 PS-Z9? 8407 = 33 11873 = 25 9612 = 5 52.06  0.00062  0.9999996 TW
7 PS-Z09 7759 + 28 10050 + 25 9839 + 4 52.06  0.00101  0.9999990 60
8 PC 9521 + 65 11986 + 35 8167 + 8 4272 0.00089  0.9999990 TW
9 PPE-126C 8796 =106 10672 = 60 8696 = 20 38.67  0.00152  0.9999977 TW

10 PPE/PS 8323 + 59 11668 =+ 39 9155 + 10 42.44  0.00127  0.9999984 TW

2 Data recomputed for 3¢ = s.
b TW indicates “this work.”

Glass Transition

In this article Ty was determined only from the
PVT plots. Thus, for systems of the type shown
in Figure 1, T, was taken as an intersection of
the two straight lines In V versus 7T at constant
P, in melt and glass. For polymers with the tran-
sient zone T (see Fig. 2) T, was taken at the
boundary between the melt and the T-region.
Using the characteristic reducing parameters of
Table 2, the hole fraction at Ty = T(P), hg = hy(Ty,
P,), was computed from eqgs 6 and 7. The values of
T, and h,, at ambient pressure (P = 1.0132 bar),
as well as their gradients dT,/dP, dh./dP, and
d®hy/dP? are listed in Table 3. Examples of the 7T
= Ty(P) and h, = h(P) dependencies are displayed
in Figure 4.

Glassy State

From the PVT measurements at 7" < Ty one might
calculate the hole fraction in the g./,rlass,61 Pglass
= h(T', P'), by substituting V = V(T", P’) into eq 6;
evidently, the reducing parameters for the polymer
(P*, T*, V* determined from data at T' > T;) must
be known (n.b., the independent variables in the
glassy state are indicated by “prime,” viz. T, and
P’). The hole fraction that melt would have if
existed under the conditions of 7" and P, A
= h(T', P)), is readily computed from eqs 6 and 7
using the same P*, T*, V¥ with 7' and P’ as in-
dependent variables (an example is presented in
Fig. 5). The isobaric values of A show significantly
more free volume in the vitreous state than what it
would be expected if the melt existed under these

Table 3. The Glass Transition Parameters and the Statistical Fit Data

Ty (K) at dTy/dP hg(—)at dhg/dP dzhg/sz
No. Polymer P =1.0132 bar (K/kbar) P =1bar (1/Mbar) (1/Gbar?) r?
1 PS-686° 368.4 74.1 0.0603 —14.8 +4.38 0.999
2 PS-667 361.0° 29.3 0.0687 —-11.5 +1.54 0.977
3 PS-1301 365.0 35.4 0.0689 —2.48 +0.877 0.778
4 PS-Z110 367.2 33.9 0.0763 —14.9 +1.97 0.999
5 PS-Z-34 369.6 33.6 0.0832 —-14.5 +2.17 0.999
6 PS-Z-9 365.4 28.9 0.0828 -13.9 +2.11 0.997
7 PS-Z-09 (302.1)¢ 24.2 0.0653 -12.1 +2.14 0.989
8 PC 416.7 40.2 0.0921 —-8.35 +1.34 0.996
9 PPE 462.2 78.0 0.1417 —6.26 —1.40 0.997
10 PPE/PS 417.9 44.5 0.1007 -13.1 +0.724 0.996

2 The correlation coefficient.
> Only low-P data used.

¢ PS-667 contains 700 ppm Zn-stearate and 2.5% of mineral oil.

4 Extrapolated value from higher P.
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Figure 5. Isobaric temperature dependence of the hole
fraction at T" < T, for PS-667; solid circles: hole fraction cal-
culated from experiments; crosses: i extrapolated from the
melt; solid diamonds: / at T',. Test pressures are indicated.

conditions. From the 4 versus T isobaric dependen-
cies in the glassy state and the extrapolated A-val-
ues from the melt to 7" < T the frozen fraction of
free volume can be expressed as (Figs. 5-8):>°

OhOT")

( P glass
R e N,
T = P
FFP (8h/8Pl)T‘glass
(ah/aPI)T,melt

T T

<dFFIdP> = 661 % 60 (kbar)'
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Figure 6. Pressure dependence of the free volume fro-

zen fraction for six PS resins. At ambient pressure, the
frozen fraction is FFp_; = 0.691 * 0.008.

FF " 0.691 + 0.008

—®—FF(PC) = 0.752 + 2.61e-5P, r=089%
<> FF (PPE) = 0.810 + 492e-6P: r= 0.793
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Figure 7. Pressure dependence of the frozen free vol-
ume fraction for the engineering resins: PC, PPE, and
PPE/PS 1:1 blend.

To compute the derivatives (0h/0T")p, glass, and
(OR/OT" )pmer, and then FFr, an isobaric plot (e.g.,
see Fig. 5) might be used. In the case of PVT plots
with large transient zone (see Fig. 2), only the
glassy and molten regions are considered. For
most polymers, the isobaric temperature depend-
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Figure 8. Frozen free volume fraction at ambient
pressure (P = 1.0132 bar) versus the characteristic

reducing temperature. Data from ref. 38 and this work.
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ence of A within the glassy and molten zones is
well approximated by straight lines with high cor-
relation coefficient » > 0.99.

For poly(2,6-dimethyl 1,4 phenylene ether)
(PPE) the f-transition takes place at Ty =~ 367 K,
but it is not evident in the PVT plot. However, for
the PPE/PS 1:1 blend, a transition is apparent at
about 370 + 5 K, and hence below the blend T
~ 418 K. The observed transition coincides with
T, of the PS component.

DISCUSSION

Molten State

As evident from the data in Table 2, S—S EOS well
describes the PVT surface. For commercial high
molecular weight (M) resins, where the number
of statistical segments s >> 3, the approximation 3¢
= s is quite reasonable. However, for oligomeric
PS-Z09 (and to be consistent for other resins of the
PS-Z type) originally the PVT data were fitted to
S-S EOS, assuming linear variation of the flexibil-
ity ratio:*®

3c/s=1+3/s (10)

The computations yielded 3c/s = 1.161-1.427 for
PS-Z110-PS-Z09, respectively. For PS-Z110, where
s =~ 2000, eq 10 predicts 3c/s = 1.0015 instead of
the computed value of 1.161. Thus, the nonlinear,
iterative least squares fitting method treats the
flexibility parameter 3c/s, as an additional adjusta-
ble variable for the optimization of data fit to eqs 6,
7, and 10.

It is noteworthy that the flexibility parameter,
3c/s, enters the S—S EOS only through eq 7, which
is not valid in the glassy, nonequilibrium state.
When eq 6 is used to compute the free volume pa-
rameter & in the glassy region the procedure
implies assumption that 3¢/s = 1.345%56.62 Ag a con-
sequence, computing 4 in the melt from eqs 6, 7,
and 10 and that in the glass from eq 6 creates a dis-
continuity of the 4 = A(P, T) function at T, and
inconsistent values of FF. For this reason, the PVT
data of PS-Z type in the molten state were recom-
puted assuming 3c¢/s = 1, what induced relatively
small changes in the precision of data fitting and
the computed parameters. For example, the
standard deviations for specific volume of PS-
7110, PS-Z34, and PS-Z9, computed with adjust-
able 3c/s were o = 0.00085, 0.00056, and
0.00056, respectively, instead of ¢ = 0.00097,

Journal of Polymer Science: Part B: Polymer Physics
DOI 10.1002/polb

PRESSURE-VOLUME-TEMPERATURE OF POLYMERS 277

0.00058, and 0.00062 in Table 2, obtained assum-
ing that 3c = s. The table also lists the P*, T, V*
values obtained by fitting the S—S EOS (with 3¢
= s). These quantities related to the volume-
averaged Lennard-Jones parameters, ¢* and v*
through eq 4:

¢ = RT"/30 = 2.7715T"(J /mol);
and v* = V'M (mL/mol). (4a)

As reported earlier,”® ¢* increases with log M.,
(chain-end effect), and it is affected by chain con-
figuration and additives. Furthermore, linear cor-
relation between ¢* and v* was found. Similar ten-
dencies are also valid for the present set of data.
Considering the limited number of studied poly-
mers, the interaction parameters for PS can be
represented by the averages ¢* = 32.7 * 0.9 (kJ/
mol) and v* = 48.1 = 1.4 (mL/mol). For PC ¢&*
= 33.2, v* = 34.9 and for PPE ¢* = 29.6, v* = 33.6,
were calculated with the experimental uncertainty
of 1.2 and 3.8%, respectively. The new set of the
interaction parameters for PS confirms the previ-
ous findings. However, most interesting is the low
value of v* for PC (bisphenol-A polycarbonate) and
PPE, which most likely reflects the main-chain
flexibility engendered by the presence of the oxy-
gen atom.%?

In recent years, molecular modeling and the
dynamic scattering experiments greatly improved
understanding of the liquid structures at 7' > T,
and their variability with temperature.**~*? Dur-
ing cooling from high temperature to T, a liquid is
affected by several dynamic events, which modify
its macrobehavior. There has been significant pro-
gress in understanding of the liquid structures
dependence on 7, stemming mainly from the mol-
ecular modeling and neutron scattering experi-
ments.?%5?

An existence of the dynamic crossover has been
demonstrated at T' > Ty, and its existence inter-
preted by several mechanisms.®* For example, the
mode-coupling theory (MCT) considers a liquid as
an assembly of particles enclosed in cages formed
by their neighbors. During cooling from the liquid
state, there are two relaxations—segmental (at 7" >
T,) and structural (at T' < T,). The crossover transi-
tion temperature, T, of these two takes place at
about constant 7/T ratio; for PS and PIB the
event was observed at T.,/T, = 1.15 and 1.35,
respectively.*® Two other relaxation processes
the fast and the elementary complicate the
structural changes. The former, which originates
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is backbone chain vibrations or side groups
motion, starts near the Vogel-Fulcher—Tam-
mann—Hesse (VFTH) temperature in the glassy
state and stretches to T' > T.. In macromolecular
liquids the elementary relaxations are related to
conformational transitions, which extend to tem-
peratures well above T%.5%-66

Thus, at T > T, there are several relaxation
processes. The crossover transition falls within the
range of the so-called liquid-liquid transition tem-
perature, T1;,/Ty = 1.2 * 0.1, described by Boyer
as: “Tr1, is a molecular level transition-relaxation
associated with the thermal disruption of segment—
segment contacts.” Initially Boyer postulated that
Tt 1, 1s a third order thermodynamic transition. This
controversial idea was accepted by several re-
searchers, while others suggested a dynamic na-
ture,’”% or denied its existence.®® The existence of
a transition at T' > T, has been reported for many
glass-forming, fragile liquids.?®"*"2 As it will be
discussed later, in spite of the apparent absence of
any secondary transition on the PVT surface, the
crossover temperature, T, ~ 1.2 T, is evident in k
= k(P, T) plots.

Glass Transition

To illustrate how Ty was determined, PVT behav-
ior of two PS resins is displayed in Figures 1 and 2.
The former figure (for PS-667) illustrates behavior
of a specimen, taken from extrusion line, loaded
into the Gnomix dilatometer and isobarically
heated from the ambient temperature to 240 °C,
then cooled back to room temperature, compressed
to the next level of P, heated back to 240 °C, etc.
The resulting PVT surface looks deceptively sim-
ple, and here T is defined by the change of slope of
the In V versus T relation. By contrast, the PVT
graph of PS-686 in Figure 2 is more complex,
showing a large transitory zone T between the
glassy and molten regions. This resin was also
measured isobarically but by cooling from T = T,
+ 30 to ambient temperature, then reheating the
specimen back to T, + 30, increasing P and repeat-
ing the cooling cycle.?*%° In this case, Ty is taken
as the boundary temperature between the transi-
tory and molten state.

Evidently, the character of 2 changes across the
glass transition; while in the melt its equilibrium
value depends only on P and 7T, in the glassy region
it also depends on the way glass was prepared,
and on time, for example,y =1 — h = y(P, T, t,),
where ¢, is the annealing time. McKinney and

Simha expressed the reduced pressure as a gen-
eral function of T, V, y:5%°6

— P = (0F/0V)p, + (OF |0y)33(0y/OV)p  (11)

where F is the Helmholtz free energy in reduced
variables. The derivatives in eq 11 were computed
using iterative numerical method. At the thermo-
dynamic equilibrium (0F/0dy);y =0, and eq 11
simplifies to the well-known definition of P.

The authors analyzed PVT data of PVAc by
means of eq 11, as well as following the simplified
procedure, that is, using eq 6 alone.345%-56:62.73 The
two methods gave identical solution for T' > T,. In
glass the difference between the h-values in-
creased as T decreased. In consequence, the frozen
fraction parameter, FF, computed from eq 11 was
about 10% higher than that calculated using the
simplified procedure (the experimental error of FF
is about *6%). Furthermore, all functions com-
puted by these two methods showed similar ten-
dencies. Thus, the use of the simplified procedure
might be justified as the method offering a rela-
tively rapid evaluation of polymer behavior in the
glassy state.

Since Ty depends on the way the glass was pre-
pared, the pressure dependence of T, dT,/dP, is a
function of the thermodynamic history. In analogy
to the Ehrenfest derivation, formally setting AT, P,
h) = 0, one obtains P-derivative at T}, as:**>56:6278

dT,/dP = (9T /P), + (OT/Oh)p(dh/dP)
~ Ak/Aa+ (9T /0h)p(dh/dP) (12)

where (0T/0h)p is computed from the isobaric data
in the molten state near 7T, using eqs 6 and 7, and
(dh/dP) = dh(Tg, Pg)/dP is calculated along the T,
= T4(P) line.

As shown in Figure 3, T, and A, at ambient
pressure, P — 0, are interrelated—the higher T,
the larger hg. In the figure, the pressure effect on
the dependence is also indicated by open squares;
now the dependence is reversed—the higher T,
the smaller h,. Rationalization of this reversal is
obvious from data displayed in Figure 4; evidently
the pressure reduction of h, overpowers its
increase with 7.

Polymer vitrification might be achieved by iso-
baric cooling or by isothermal compression. Experi-
mentally, the gradients of these two processes are
related, dT/dP =~ (dPy/dT) ", confirming that the
derivatives are total.>> Judging by the values of dT/
dP in Table 3, the gradient depends on M,,, molecu-
lar polydispersity, type and amount of additives, but
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mainly on the method and the rate of vitrification.
As earlier studies demonstrated, PS-686 vitrified by
isobaric cooling, and by isothermal compression
showed dT/dP = 74.2 and 31.6 (l/kbar), respec-
tively.®* The dT,/dP values listed by Roe range from
16 to 31 K/kbar.”® The values obtained using the
standard PVT test procedure fall within these
ranges.

The shape to the Ty = T(P) function also depends
on the vitrification rate and method.?® In the present
studies, for most polymers the dependence was lin-
ear. However, for PS-Z110, PS-Z34, PPE-126, PS-
686, and PPE/PS blend, the second order poly-
nomial, Ty = Za//, had to be used with 108 x as
=3.93, 2.64, 11.4, 4.60, and 6.81, respectively.

For the tested PS resins T, varies with the num-
ber-averaged molecular weight (M,,) as:"®

Ty =Ty —K/M, (13)

Using the data from Tables 1 and 3, the equation
parameters: T,” = 370 = 1 K, and K = 53 = 2 (kg/
mol) were determined. While the former is compa-
rable to the value published by Enns and Boyer,””
or quoted by Bicerano,”® viz. Ty" = 371, and Ty"
= 382 K, respectively, the latter is quite different
from their values, viz. K = 116, and 200 (kg/mol),
respectively. Evidently, the difference originates in
M, ,—used in this work as reported by the manu-
facturers.

Considering the diversity of the method of vitri-
fication used in the present study, it is desirable to
compare the experimental values of d7/dP with
those computed from the extended Ehrenfest-type
dependence, eq 12. The comparison is time con-
suming, and since it involves o and x derivatives,
it is sensitive to experimental errors, presence of
secondary transitions, as well as the methods of
computation. For example, S—S EOS is well
approximated by the polynomial expansion In V
= AP, T, but derivatives of the polynomial are
significantly different from the values calculated
directly from the experimental data. Similar dis-
parities were obtained from curve fitting to others,
more complex expressions, and then their differen-
tiation. It is also worth recalling that careful anal-
ysis of PVT data of polymethacrylates detected
sub-T, transitions in a plot of dougas/dT" versus 7,
but only for highly isotactic poly(methyl methacry-
late) (I-PMMA).38 The reason for the inconsistency
is the dependence of « (and « to a lesser extend) on
PandT.

In consequence, the calculations were carried
out directly from the isobaric plots on In V versus
T or from the isothermal ones of In V versus P,
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scrutinizing in particular the expected transition
regions, then fitting each set of experimental data
to an appropriate order polynomial, and finally dif-
ferentiating it. For all PS resins, the former plots
were linear on both sides of T, resulting in T*inde-
pendent o-values, which slowly decreased with P.
As an example, in Figure 9 the thermal expansion
coefficient of PS-667 in the molten and glassy state
is plotted versus P. The data are well described by
the second order polynomials:

10% e = 5.885 — 2.163 x 1072P + 4.706
x 107"P%; r = 0.999

10*0tg1ass = 2.789 — 1.021 x 1073P + 2.592
x 107"P?; r = 0.994

Variability of the compressibility coefficient, «,
is more serious, as in the glassy and molten state
this parameter was found to depend on 7" and P.
However, while in the vitreous state the depend-
ence was monotonic (no sign of the f-transition), in
the melt the behavior was complex (see Figures 10
and 11 for PS-686 and PS-Z110, respectively). For
both resins, the isobaric x is plotted versus T
(> Ty). It is noteworthy that different dilatometers,
operators, and test procedures have been used, viz.
PS-686 was isobarically cooled, while PS-Z110 was
isothermally compressed (the standard test proce-
dure).?® This indicates that the observed variabili-
ty of x is inherent. The compressibility coefficient,
K, becomes a linear function of T, only above 450 K.
In other words, the compressibility linearly
changes with T only above a crossover tempera-
ture. Its value at ambient pressure is T, ~ 1.23 T.
Surprisingly, judging by the dependencies in Fig-
ures 10 and 11, this transition temperature seems
to be insensitive to pressure.

The Ehrenfest eq 2 and its extended version, eq
12, assume that the vitrification is a second-order
pseudoequilibrium process, neither the rate nor
the vitrification method (cooling versus compres-
sion) is taken into account. The FF versus P
dependencies of PS displayed in Figure 6 fall into
three categories: (1) PS-686 cooled isobarically
from T =~ T, + 30, (2) PS-667 isothermally pres-
sure scanned, and (3) the remaining four pre-
molded resins (represented by PS-Z110) isother-
mally scanned following the standard PVT test
procedure. In consequence, it is expected that PS-
686 might follow eq 12, the resins of category (3)
should not, and that PS-667 should show the
greatest deviation. To be consistent with the FF
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Figure 9. Pressure dependence of the thermal expan-
sion coefficient, o, for PS-667 in the glassy and molten
state.

calculations, the derivatives in the molten state
were taken in the immediate vicinity of T, while
these in the glass near the temperature limiting
the transition region (see Fig. 2).

Results of these computations are presented in
Figure 12. For the three polymers, the direct deriv-
ative d7/dP shows relatively small variations:
39.1 £ 1.8, 26.0 = 1.6, and 30.0 = 1.6 (K/kbar) for
PS-686, PS-667, and PS-Z110, respectively. For
PS-686 the gradient computed from eq 12 slightly
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Figure 10. Temperature and pressure dependence of
the compressibility coefficient, x, for PS-686 in the mol-
ten state.
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Figure 11. Temperature and pressure dependence of
the compressibility coefficient, «, for PS-Z110 in the mol-
ten state.

varies with P: dT/dP (calc) = 40.0 = 2.7 (K/kbar),
but at the same time it concords with the experi-
mental value. The Ax/Ax ratio for PS-686 is almost
P-independent, Ax/Aoa = 55.5 + 2.7, while that for
the other resins shows strong P-dependence. The
negative product of the other derivatives in eq 12
is relatively constant; thus it does not modify the
P-effect on d7'y/dP (calc). As a result, the source of

04 : J '
-s- dTg/dP (686)
| —©—dTg/dP (calc 686)
--m--dTg/dP (667) !
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- #—dTg/dP (Z-110) ;
------ dTg/dP (calc Z-110) !r
A I ,
© !
b= /
b
T
0.1 — o e
e --'Ji:_:
" =& _fﬁt?,-?'i;:-z;f =

Figure 12. Pressure dependence of the T, pressure
gradient, d7'y/dP, for PS-686, PS-667, and PS-Z110; solid
points are for the direct derivative, while lines were com-
puted from eq 12.
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disparity between the experimental and calculated
dTy/dP gradient evident in Figure 12 is the pres-
sure dependence of Ax, magnified by small (and
decreasing with P) value of Ax. For PS-1301 and
the three PS-Z resins, this interpretation is in
qualitative agreement with the large values of FF
that increases with P (see Fig. 6).

Glassy State

The simplified method of analysis of the glassy
state involves computing of 4 in the melt from eqs
6 and 7 with 3¢ = s, and in glass from eq 6 alone.
As discussed before, the use of this simplified
method is justified on the basis of the previous
analyses, 3455566278

Cooling or compressing molten amorphous poly-
mer transforms it into glass, following the rate-de-
pendent function: Ty = T4(q, P), or Ty = Ty(q, T),
respectively, which engenders a variety of struc-
tures and affects the free volume content and its
functional dependencies within the glassy state, A
= h(P, T, t,). In simple terms, fast quenched glass
has more free volume than a slow cooled one. Since
glass is not at thermodynamic equilibrium, at tem-
peratures Ty < T < Ty it slowly relaxes by what
was labeled by Struik as “physical aging.””® The
relaxation is accompanied by progressive loss of
free volume.

The free volume content decreases with time at
a rate dependent on T. Evidently, the rate is zero
at T > T,. Also, as discussed by Struik, at T' < T
the molecular motion is sufficiently slow for the
physical aging rate also to be practically zero.
Empirically, the rate reaches the maximum value
at Tmax/Tg = 0.87 = 0.03. The temperature range
of the maximum aging rate plateau seems to
be related to AT = Ty — T'y; the larger the AT the
wider the plateau, for example, since for PC AT
= 275 °C the maximum aging rate for this polymer
occurs at a range of about 160 °C. Resulting from
the loss of free volume, the polymer density
increases and it becomes more rigid and brittle; it
undergoes physical aging. The process is similar
for all glasses—organic or not.%°

From the PVT standpoint, the glassy region is
characterized by a larger free volume content,
which could be expected if the thermodynamic
equilibrium was valid.3%385556:6278 Thig phenom-
enon might be discussed in terms of the frozen free
volume fraction, FF (see eq 10). Figures 6 and 7
illustrate the pressure effects on FF for PS and for
the other polymers, respectively. The shape of
these dependencies is affected by the method of
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glass formation as well as by the procedure used
for the PVT measurements. It is interesting that
for all PS resins at the ambient pressure a common
value, FFp_; = 0.691 = 0.008, was obtained.

Fundamentally, the procedure should start
from a thermodynamic equilibrium state and
achieve the glassy state along a well-defined
route; hence one should start with liquid poly-
mer and vitrify it either by isobaric cooling or
isothermal compression. Only measurements of
PS-686 approached this recommended proce-
dure. As Figure 6 demonstrates, the isobarically
cooled melt resulted in glass having nearly con-
stant amount of the frozen free volume fraction,
FF = 0.688 * 0.002 at P < 1200 bar. Only at
pressures, 1200 < P < 2000, FF decreased by
11% to FF = 0.610. Since the melt is expected to
be at thermodynamic equilibrium, any reduction
of the F'F originates in a decrease of free volume
in the glass. Thus, apparently the slow cooling
used during the PVT measurements provided
sufficient time for a small loss of free volume,
that is, for accelerated physical aging.

The PVT measurements of PS-667 were also iso-
baric, but by heating specimens taken from the
extrusion line. Once the highest temperature was
reached, the specimen was cooled down to ambient
temperature, and pressurized to the next P-level,
before starting the next isobaric heating. The pro-
cedure provided greater opportunity for the initial
reduction of free volume content within the glassy
region. There is a significant difference between
FF value calculated from the first run (FF =~ 0.698
at P = 100 bar) and those determined at P > 400
bar pressures: FF = 0.497 + 0.006.

The other polymers in Figures 6 and 7 were
measured following the “standard” procedure,
where premolded specimens are isothermally pres-
surized from the lowest 7" and P (usually ambient)
to the highest. For these samples FF increases lin-
early with P: (dFF/dP) = 661 = 60 (1/kbar). Thus,
as the isothermal tests progress from the ambient
conditions the frozen fraction of free volume sys-
tematically increases. The measurements start
with glasses with poorly defined thermodynamic
history that are expected to have diverse molecu-
lar structures and free volume contents. However,
the data in Figures 6 and 7 show that the standard
test procedure leads to consistent performance.

The glass transition temperature for the 50:50
blend of PPE/PS calculated from the Fox relation
is Ty (cale) = 411 K, to be compared with T,
(experiment) = 418 K determined from PVT®! The
difference of 7 °C is outside the experimental error,
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and it might indicate residual immiscibility of PPE
with PS, reported by several research groups.”
Further evidence of the immiscibility is found at 7'
< T, Of the 10 studied polymers, the PPE/PS
blend is the only one that shows a secondary tran-
sition below its T, =~ 418 K. The transition, at
about 370 = 5 K, coincides with T, of the PS com-
ponent. According to nuclear magnetic resonance
(NMR) studies only ~30 wt % blend components
are fully miscible, the rest existing as well-dis-
persed domains.?? The presence of dispersed PS
domains could account for transitions in A = A(T)
and k = k(1) at T < TY.

The vitrification procedure affects the polymer
structure and mobility, which are evident in
diverse material behaviors, of which PVT is but
one.Z5™ The loss of segmental mobility translates
into freezing of free volume; the data in Figures 6
and 7 indicate that 0.5 < FF < 0.9; hence most of
the free volume at T initially remains in the glass,
slowly dissipating during the physical aging—the
higher the value of FF the larger the physical
aging effects.

The cluster model of glassy amorphous poly-
mers at Ty < T < T, assumes the presence of a ma-
trix and dispersed in it clusters consisting of collin-
ear close-packed macromolecular segments. The
cluster concentration depends on T, ¢, = A(1 — T/
T,)" (where / and y are equation parameters, both
<1), thus they exist only in the glassy state and on
heating fully disintegrates at Tg.83 If the model is
correct, different free volume content must exist in
matrix and clusters. Aging increases the content of
the latter domains up to quasiequilibrium level.
The model relates the cluster content to aging and
increasing brittleness under ambient pressure.
The positron annihilation lifetime spectroscopy
(PALS) leads to the conclusion that during physical
aging the average free volume cavity size does not
change, while their total number decreases.®*%°
Thus, the cluster may have smaller number of the
free volume cavities than the matrix. It is notewor-
thy that recent analyses of PALS data strongly sug-
gest that the cavity shape is better described as a
cylinder or elongated prism than a sphere.?%3°

The data displayed in Figure 6 might be
regarded as reflecting the isobaric dV/dT depend-
ence at T' < T,. It is expected that FF is either in-
dependent of P or decreasing with it; hence the
slope should be constant or increase with P. How-
ever, it is difficult to imagine a mechanism that
will cause the slopes to decrease at higher P. The
two aforementioned theories offer possible expla-
nation, viz. different compressibility of cavities in

the cluster and matrix and/or different geometry
of cavities at different pressures.

SUMMARY AND CONCLUSIONS

The PVT behavior of 10 polymers in the molten
and glassy state was analyzed using the Simha—
Somcynsky equation of state (EOS). The results
might be summarized as follows:

1. The S—S EOS well describes the PVT behav-
ior in the melt. The accuracy of specific vol-
ume fit was within =0.0003 mL/g.

2. Three methods of PVT testing were used:
(a) isobaric cooling from Ty + 30, (b) isobaric
heating from the ambient 7" and P, and
(c) isothermal compressing from the ambient
T and P. The three methods resulted in dif-
ferent glass behaviors.

3. For most polymers the glass transition pres-
sure gradient d7,/dP was constant, ranging
from 24 to 78 (K/kbar). The Ehrenfest-type of
relation was found to be obeyed only by PS
cooled isobarically from 7y + 30. The poly-
mers vitrified by the two other methods (see
2.) showed strong P dependence of the com-
puted gradient, absent in the experimental
data.

4. Independently of the PVT test procedure, all
PS resins showed similar value of the free
volume frozen fraction at ambient P; FFp_;
= 0.691 = 0.008. By contrast, the P-depend-
ence of FF varied with the method of meas-
urements and vitrification.

5. The thermal expansion coefficient, o, in the
molten and glassy system was found to be in-
dependent of 7, and slowly decreasing with
P

6. The compressibility coefficient, x, depended
on both, 7" and P. In the molten state its iso-
baric dependence on T'indicated that a regular
behavior is obtained only at 7' > T, =~ 1.2 T,

7. Since the free volume content in glassy poly-
mer affects its physical aging, dimensional
stability, and mechanical performance, the
information on FF might be used for the min-
imization of aging effects.

NOMENCLATURE

3c The external, volume-dependent degrees
of freedom per macromolecule

3c/s The flexibility parameter
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F
FFp=FFp
h

hg

Helmbholtz free energy in reduced vari-
ables

Isothermal and isobaric frozen free
volume fraction

Free volume parameter in S—S EOS; i
=h(V,T)

h-Value at T,

MBsg = M,/s Molecular weight of statistical seg-

M., M,

PO
P, pP*

v, v#

z=12
zq

o

A
At ax

¥

ment
Number- and weight-average molecu-
lar weight
The glass formation pressure
Pressure and the characteristic pres-
sure reducing parameter
Rate of vitrification by either cooling
or compressing
Correlation coefficient squared
The gas constant
Number of statistical segments per
macromolecule
Transition zone
The glass formation temperature
Vogel-Tammann—Fulcher temperature
Annealing time
Beta or the subglass transition tem-
perature
Crossover transition temperature,
TJ/Ty=1.15t01.35
Glass transition temperature and its
value at very high M,
Kauzmann zero-entropy temperature,
Tk~T,—50K
Liquid-liquid transition temperature,
Ti1/Te=12=%0.1
Melting point
Temperature at which the physical
aging rate is the highest
Temperature and the characteristic
temperature reducing parameter
L-J segmental repulsion volume per
statistical segment
Specific volume and the characteristic
volume reducing parameter
Occupied volume fraction in S—S EOS;
h=1-y
Coordination number
The number of interchain contacts in a
lattice zg = s(z — 2) + 2.
Thermal expansion coefficient
Difference between values for the lig-
uid (1) and glassy state (g)
Delay time to reach the peak tempera-
ture in flammability tests
L-J maximum attractive energy
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Viscosity
Compressibility
Cluster concentration
Standard deviation

Independent variables in the glassy state are

indicated by “prime,” viz. 7", and P’

Tilde indicates reduced variables, for example,

as defined in eq 4.

The author thanks R. Simha for the numerous and fruit-
ful discussions, as well as his comments and corrections
of the manuscript.
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