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ABSTRACT: The oxygen-barrier properties of amorphous polyethylene terephthalate-
based copolymers with various acid comonomers were examined. The incorporation of
increasing amounts of isophthalate, phthalate, or naphthalate gradually reduced the
permeability P toward the low values obtained for the corresponding homopolymers.
The permeability of poly(ethylene 3,4’-bibenzoate) homopolymer was only slightly
lower than that of polyethylene terephthalate, and the copolymers correspondingly
exhibited a very gradual decrease in P as the amount of 3,4'-bibenzoate (3,4'BB)
increased. In contrast, copolymerization with the linear isomer, 4,4'BB, produced a
substantial increase in P. Generally, comonomer affected the solubility S less than the
diffusivity D, and therefore changes in P reflected primarily changes in D for the
polymers studied. The diffusivity and solubility depended on the copolymer composition
in accordance with static and dynamic free-volume concepts of gas permeability in
glassy polymers. The solubility S correlated with the amount of free volume as deter-
mined by the glass-transition temperature. Correlation of the diffusivity D with the
magnitude of the subambient y relaxation identified dynamic free volume with ther-
mally activated conformational changes and segmental motions. Correspondence in the
activation energy confirmed the relationship. © 2001 John Wiley & Sons, Inc. J Polym Sci
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INTRODUCTION

Polyethylene terephthalate (PET) is widely used
in a range of high-barrier applications because of
its low cost and good mechanical properties. How-
ever, there is a continuing practical need to im-
prove the PET barrier. Crystallization and orien-
tation are two approaches to barrier enhance-
ment. The efficient packing of chains in lamellar
crystals’ or in the ordered regions of oriented
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PET? reduces the available free volume to the
extent that these regions are considered imper-
meable.

Copolymerization offers an alternative and
possibly complementary approach to the barrier
enhancement of PET. The gas permeability of
aromatic polymers and copolymers consistently
decreases when the para-phenylene linkage is re-
placed by a meta- or ortho- linkage.® This trend
has been demonstrated*'° for various polysul-
fones, polyimides, polyesters, and poly(phenol-
phthalein phthalates). Chain symmetry appears
to affect both the thermodynamic (solubility) and
kinetic (diffusivity) components of permeability.
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However, the relationship between polymer
structure and gas barrier is only partially under-
stood.

There is general agreement that lower gas sol-
ubility of asymmetric isomers reflects lower free
volume relative to the symmetric counterpart.
This is consistent with the lower glass-transition
temperature (T,) and higher density and is attrib-
uted to better packing of asymmetric polymers in
the glassy and melt states.*® Conceptually, the
relationship of chain symmetry to diffusivity ap-
pears to be less clear. The effect of asymmetry on
chain flexibility has often been considered.!! In-
deed, a relationship between gas transport and
subambient relaxation processes in glassy poly-
mers was suggested some time ago.'? Such a cor-
relation was subsequently demonstrated for dif-
fusivity of some polyesters,® but more recent at-
tempts to correlate permeability with subambient
relaxation behavior gave ambiguous results;? con-
sequently, this promising avenue of investigation
has been largely abandoned in favor of free-vol-
ume concepts of diffusivity.!31*

In the present study, the oxygen barrier of
PET-based copolymers was investigated to estab-
lish relationships with chain structure. Copoly-
merization with terephthalate isomers (isophtha-
late and phthalate) inserted kinks and bends in
the chain without changing the molecular weight
and chemical composition of the repeat unit. The
effect of asymmetry was explored further by com-
paring copolymers with 3,4'-bibenzoate (3,4'BB)
and 4,4'-BB. Copolymers with 2,6-naphthalate
were also included in this study to probe the effect
of comonomer size on barrier properties. In most
cases, copolymers were examined over the entire
composition range. Oxygen solubility and diffu-
sivity were correlated with other physical prop-
erties and interpreted in terms of established
polymer physics concepts. Subsequent contribu-
tions will compare oxygen-barrier properties of
a larger variety of comonomer structures and
examine the effect of an impermeable crystal-
line or oriented phase on the oxygen barrier of
PET copolymers.

EXPERIMENTAL

Synthesis of PET Homopolymer

All the polymers were supplied by KOSA (Spar-
tanburg, SC). The detailed procedure for the syn-
thesis of PET homopolymer has been described.!

Table I. Structure and Designation of Acid Repeat
Units for PET-Based Copolymers

Structure Designation
7
X = —C
o
X X Terephthalate (T)
X
[ ] Isophthalate (I)
X
X
X
[ :/ Phthalate (P)
X
X 3,4~ Bibenzoate (3,4BB)
O
4,4’- Bibenzoate (4,4'BB)
X
OO Naphthalate (N)
X

To prepare the copolymers, the process was re-
peated, maintaining a total amount of dicarboxy-
lic acid esters of 4.0 mols. Thus, for example, to
produce a copolymer of PET with 10 mol % isoph-
thalate, 3.6 mols of dimethyl terephthalate and
0.4 mols of dimethyl isophthalate were utilized.
Randomization of comonomers was virtually en-
sured under the melt-polymerization process that
is utilized in the current study.'® All the polymers
were polymerized to the same level of melt viscos-
ity at 10 rpm agitation rate. Intrinsic viscosities
of 0.64 + 0.03 dL g ' were measured for the
laboratory-scale copolymers based on the coef-
ficient for PET homopolymer. Because the poly-
esters were living condensation polymers, poly-
dispersities of approximately 2.0 were always
obtained under conditions of melt equilibration.
The structure and designation of the repeat
units of the copolymers are summarized in Ta-
ble I.
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Table II. Barrier Properties of Polyesters
Copolymer Amorphous Specific Free
Content T, DMTA, Density Temperature Volume
Material (%) 0.1Hz (°C) (gcm™3) (°C) pe D" Se (cm® g™ 1)
PET 100 81 1.3350 10 0.253 + 0.003 2.3+ 0.1 0.117 + 0.003 0.033
25 0.469 = 0.002 5.6 =0.2 0.098 = 0.002 0.027
40 0.743 £ 0.004 11.6 £0.2 0.068 = 0.001 0.019
PET-1 2.5 81 1.3359 25 0.451 = 0.004 52=*=0.1 0.099 = 0.002 0.028
5.0 81 1.3361 25 0.430 = 0.006 5.0 =0.1 0.099 = 0.002 0.028
10.0 80 1.3369 25 0.398 = 0.010 4.7 =0.2 0.098 = 0.004 0.027
15.0 77 1.3374 25 0.357 = 0.008 4.4 =*=0.1 0.094 = 0.004 0.026
25.0 77 1.3392 25 0.298 = 0.003 3.8 0.2 0.091 = 0.001 0.025
50.0 73 1.3432 25 0.211 = 0.005 29 =*=0.2 0.084 = 0.004 0.023
PEI 100 68 1.3509 10 0.059 = 0.004 0.6 =0.1 0.109 = 0.004 0.030
25 0.099 = 0.010 1.6 0.1 0.072 = 0.003 0.020
40 0.152 = 0.005 3.6 = 0.2 0.049 = 0.002 0.014
PET-P 2.5 81 1.3363 25 0.440 = 0.003 5.2*+0.1 0.096 = 0.002 0.027
5.0 79 1.3369 25 0.402 = 0.010 4.9 =*=0.1 0.095 = 0.002 0.026
7.5 79 1.3373 25 0.387 £ 0.002 4.8 0.3 0.093 £ 0.004 0.026
10.0 74 1.3381 25 0.364 = 0.010 4.7 =0.2 0.089 = 0.004 0.025
15.0 74 1.3385 25 0.341 = 0.005 4.6 =0.1 0.086 = 0.003 0.024
25.0 67 1.3410 25 0.281 = 0.006 4.2=*=0.1 0.077 = 0.004 0.021
50.0 62 1.3464 25 0.180 = 0.008 3.2=*=0.2 0.065 = 0.003 0.018
PET-N 2.5 83 1.3352 25 0.415 = 0.003 4.8 0.2 0.099 = 0.003 0.028
5.0 86 1.3350 25 0.409 = 0.003 4.5=*=0.1 0.105 = 0.002 0.029
7.5 88 1.3348 25 0.404 = 0.001 4.4 =*=0.2 0.105 = 0.003 0.029
10.0 89 1.3345 25 0.390 = 0.006 4.3 £0.2 0.105 = 0.004 0.029
25.0 96 1.3338 25 0.343 = 0.002 3.7*=0.1 0.106 = 0.004 0.029
50.0 105 1.3336 25 0.250 = 0.002 25 =*=0.2 0.116 = 0.004 0.032
90.0 115 1.3321 25 0.187 = 0.003 1.6 £ 0.2 0.127 = 0.005 0.035
PEN 100 128 1.3316 10 0.059 = 0.002 0.6 =0.1 0.138 = 0.003 0.038
25 0.157 = 0.001 14 0.1 0.134 = 0.006 0.037
40 0.352 = 0.003 3.3 0.2 0.115 = 0.005 0.032
PET-3,4'BB 10 85 1.3341 25 0.449 = 0.008 5.3 0.1 0.099 = 0.002 0.028
35 88 1.3328 25 0.425 £ 0.007 4.8+ 0.2 0.102 = 0.003 0.028
55 92 1.3326 25 0.410 = 0.007 4.5 =*=0.3 0.104 = 0.002 0.029
85 97 1.3309 25 0.389 = 0.005 4.3 0.1 0.105 = 0.004 0.029
PE3,4’ BB 100 100 1.3307 25 0.390 = 0.004 4.3 0.2 0.113 = 0.003 0.031
PET-4,4'BB 10 88 1.3328 25 0.512 = 0.004 5.5 =*=0.2 0.107 = 0.002 0.030
25 94 1.3228 25 0.574 = 0.0056 6.1 0.2 0.109 = 0.004 0.030
55 104 1.3073 25 0.683 = 0.008 6.9 0.1 0.115 = 0.003 0.032

a P—permeability [cc(STP) cm m ™2 atm ™! day1].
b D diffusivity [X 103 m? s~ 1].
¢ S—solubility [cc(STP) cm ™2 atm ™ !].

Polymer Characterization

The amorphous density p, of PET and PET copol-
ymers was determined on 50-um-thick compres-
sion-molded films. The polymers were dried in
vacuo at 120 °C for 24 h. To obtain amorphous
films, dried pellets were placed between 20-X
20-cm platens covered with Kapton film. The plat-
ens were heated in a press at 265 °C for 1.5 min;
pressure was applied, released, reapplied, and
held for 1.5 min. The platens were removed from
the press and quenched in cold water.

A density gradient column was constructed
from a solution of calcium nitrate/water in accor-
dance with ASTM-D 1505 Method B. The column
was calibrated with glass floats of known densi-
ties. A small piece (~50 mm?) of film was placed
in the column and allowed to equilibrate for 10
min before the measurement was taken. The av-
erage of three measurements is reported in Table
II. The accuracy was +0.0005 g cm ™ 3.

Barrier specimens were compression-molded.
The pellets were dried in vacuo at 120 °C for 24 h
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prior to processing. Dried pellets were placed in
the 15- X 15-cm cavity of a 150-um-thick metal
spacer and sandwiched between 20- X 20-cm steel
platens covered with Teflon-coated aluminum
foil. The platens were placed in a press and
heated at 265 °C for 5 min with no pressure.
Pressure was applied and released; this cycle was
repeated three times to ensure that the plaques
would be free of air bubbles. Finally, the platens
were held under pressure for 5 min and quenched
in cold water.

Oxygen flux, J(¢), at 0% relative humidity, 1
atm pressure, and 25 °C unless indicated other-
wise, was measured with a MOCON OX-TRAN®
2/20. A mixture of 98% N, with 2% H, was used as
the carrier gas, and 100% oxygen was used as the
test gas. Prior to testing, specimens were condi-
tioned in nitrogen inside the unit for a minimum
of 24 h to remove traces of atmospheric oxygen.
Conditioning was especially important for mea-
suring the nonsteady-state oxygen flux from
which the diffusivity D was determined. The con-
ditioning was continued until a steady baseline
was obtained where the oxygen flux changed by
less than 1% for a 30-min cycle. Subsequently,
oxygen was introduced to the test cell. The test
ended when the flux reached a steady state where
the oxygen flux changed by less than 1% during a
30-min test cycle.

The average thickness, [/, of each specimen was
determined after the barrier measurement was
completed. A 7.5- X 7.5-cm square was cut from
the tested area, weighed, and the area was deter-
mined with a ruler. The average thickness was
calculated as I = W(Ap) ! where W is the sample
weight, A is the sample area, and p is the density.

Dynamic mechanical measurements were car-
ried out in a DMTA Mk II unit from Polymer
Laboratories (Amherst, MA) operating in the ten-
sile mode. Specimens approximately 200 um
thick were compression-molded following the pro-
cedure used to prepare barrier specimens. Mea-
surements were taken at frequencies of 1.0 and
0.1 Hz; the temperature was raised from —150 °C

through the T, at a heating rate of 3 °C min %,

RESULTS AND DISCUSSION

Oxygen-Barrier Properties

Typical experimental J(¢) curves in Figure 1 de-
scribe the oxygen flux through films of amorphous
polyethylene terephthalate (PET), polyethylene
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Figure 1. Experimental oxygen-flux data and the fit
to Fick’s law for amorphous PET, PE3,4'BB, PEI, and
PEN.

isophthalate (PEI), polyethylene naphthalate (PEN),
and poly(ethylene 3,4'-bibenzoate) (PE3,4'BB) ho-
mopolymers. Careful conditioning and appropri-
ate choice of specimen thickness resulted in ex-
cellent resolution of the various features of the
time dependence. The initial increase in oxygen
flux reflected nonsteady-state diffusion. This part
of the curve was determined mainly by diffusivity
D. As the permeant concentration in the specimen
reached a constant distribution, the flux reached
the steady-state value J,. This value normalized
by film thickness / and permeant gas pressure p
defined the permeability P = J Ip*.

Substitution of terephthalate with isophtha-
late or naphthalate in the polymer structure had
a strong effect on both the nonsteady-state and
steady-state parts of the oxygen-flux curve. The
nonsteady-state region broadened (slower diffu-
sion) as the steady-state permeability decreased
dramatically. Substitution of terephthalate with
3,4'BB had little effect on either the nonsteady-
state or the steady-state oxygen flux. Compared
with PET, the nonsteady-state region broadened
slightly, whereas the steady-state flux decreased
slightly.

To obtain diffusivity D and to accurately deter-
mine permeability P, the data were fit to the
solution of Fick’s second law with the appropriate
boundary conditions:

] W

The fitting curves are included with the experi-
mental points in Figure 1. The fit was excellent
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Figure 2. Effect of copolymer composition on (a) log-
arithm of oxygen permeability and (b) logarithm of
oxygen diffusivity.

for all the experiments in the study. As indicated
previously, the error in determining the two fit-
ting parameters, PI"! and DI 2, was estimated
not to exceed 2%. Thus, the main source of error
in calculating P and D from the experimental flux
curves lies in the determination of film thickness
[. The low sensitivity of the diffusional flux
to thickness variation was demonstrated previ-
ously.! Therefore, the accuracy of P and D was
determined mainly by the accuracy of the average
thickness measurement. For this reason, special
attention was paid to the average thickness mea-
surement as described in the experimental sec-
tion. Solubility S was obtained from the relation-
ship S = PD 1.

The incorporation of increasing amounts of
isophthalate, phthalate, or naphthalate into PET
gradually reduced P toward the low values ob-
tained for PEI and PEN homopolymers [see Fig.
2(a)]. The PE3,4'BB homopolymer had a perme-
ability only slightly lower than that of PET, and
the copolymers correspondingly exhibited a very
gradual decrease in P as the amount of 3,4'BB
increased. In contrast, copolymerization with the
symmetrical linear isomer, 4,4'BB, produced a
substantial increase in P. This was contrary to a
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previous report of a substantial decrease in the
permeability of PET-4,4'BB copolymers,'® possi-
bly reflecting a significant orientation effect with
the rigid-rod comonomer. Qualitatively, changes
in diffusivity paralleled changes in permeability
[see Fig. 2(b)]l. The change in D was approxi-
mately logarithmic with copolymer composition.

The composition dependence of the solubility in
Figure 3(a) shows that isophthalate and phtha-
late decreased S, whereas napthalate, 3,4'BB and
4,4'-BB increased S. The changes were approxi-
mately linear with composition. Generally,
comonomer affected S less than D, and therefore
changes in P reflected primarily changes in D for
the copolymer systems studied. Thus, P of isoph-
thalate and phthalate copolymers decreased pri-
marily because of the decrease in D, but also to
some extent because S decreased. The large de-
crease in P of PET-N and smaller decrease in P of
PET-3,4'BB copolymers reflected decreases in D.
The effect was only slightly offset by the simulta-
neous increase in S. The increase in P of PET-
4,4'BB copolymers was due to increases in both D
and S.

Solubility Coefficient and Free Volume

The change in solubility S with copolymer compo-
sition paralleled the change in 7', (Fig. 3). Both S

20
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Figure 3. Effect of copolymer composition on (a) ox-
ygen solubility and (b) T,
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Figure 4. Representation of the volume—temperature
relationship for an amorphous polymer following the
concepts of Vrentas and Duda.?*

and T, varied linearly with composition. The
asymmetrical isomers of terephthalate (isophtha-
late and phthalate) decreased 7', and S. Naphtha-
late and bibenzoate increased T, and S, although
the symmetrical 4,4" isomer produced a larger
change than the asymmetrical 3,4’ isomer. There
are other examples of aromatic polyesters and
poly(ester sulfone)s where the asymmetrical iso-
mers have a significantly lower T, than the sym-
metrical isomers,>!"17 and this may be a general
phenomenon.? Possibly, better packing of kinked
chains in the melt permits a higher melt density
to be achieved before the chains become immobile.

The correlation between S and T, is consistent
with free-volume concepts of gas solubility in
glassy polymers. Free volume is a unifying molec-
ular-scale concept that is generally accepted for
the structural interpretation of transport proper-
ties.!® In simplified terms, the permeation of
small gas molecules through a glassy polymer is
viewed as proceeding by jump motion whereby a
permeant molecule spends most of the time in
free-volume cavities and occasionally jumps into a
neighboring cavity. The jump motion proceeds by
formation of a channel between two neighboring
holes.’® Thus, gas permeation depends on the
number and size of cavities in the polymer matrix
(static free volume) and the frequency of channel
formation (dynamic free volume). Static free vol-
ume is essentially independent of the thermally
accessible motions of the macromolecules and re-
lates to gas solubility. Dynamic free volume de-
rives from accessible conformational changes and
segmental motions of the macromolecule and re-
lates to gas diffusion. This concept underlies the

dual sorption model that distinguishes permeant
molecules sorbed in the free volume and those
dissolved in the polymer matrix.?° For oxygen in
PET, the contribution of the Henry’s law mecha-
nism is negligible. Rather, sorption is the process
of filling the holes of free volume, and the solubil-
ity should be proportional to the amount of free
volume.

This interpretation of solubility permits a
straightforward correlation between S and T,. As
a result of the long timescale required for glassy
polymers to relax fully, gas transport typically
occurs under nonequilibrium conditions wherein
a polymer possesses more free volume than it
would at equilibrium. Following the concepts of
Vrentas and Duda,?' the volume of the nonequi-
librium glassy polymer will be larger than the
volume extrapolated from equilibrium by the ex-
cess-hole free volume (Fig. 4). The amount of ex-
cess-hole free volume can be estimated from the
difference between the equilibrium and glassy
specific thermal expansivities (e, and e,, respec-
tively). Thus, the specific excess-hole free volume
that is trapped within the glassy polymer at tem-
perature T depends on the proximity to T, as Av
= (e, — e )(T, — T).2>7

The correlation between T, and oxygen solubil-
ity is demonstrated in Figure 5. According to Fig-
ure 4, consideration of oxygen sorption as the
process of filling excess-hole free volume requires
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Figure 5. Relationship between solubility and the
difference between the T, and the test temperature:
open symbols, measurements at 25 °C; solid symbols,
measurements at other temperatures. Considering
only copolymers of terephthalate with its isomers, the
linear correlation extrapolated to S = 0 at T' = T, with
a slope of 17.2 X 10™* cc(STP) ecm 2 atm ' K ! (R
= 0.926).
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Figure 6. Relationship between solubility and spe-
cific volume (v = p~1). Excluding copolymers with high
concentrations of naphthalate or 4,4'-bibenzoate, the
linear correlation extrapolatedto S =0atv ' =1.38¢g
cm 3, the density of the amorphous polymer with no
free volume (ref. 1), with a slope of 3.6 cc(STP) g cm
atm™' (R = 0.846).

extrapolation to S = 0 at T' = T',. The linear fit of
the data points closest to T, demonstrated this
characteristic. The slope of 17.2 X 10~ * cc(STP)
cm 2 atm ™! K ! reflected the density d of oxygen
sorbed in the free volume:

g vB.P ( M,, ) @

Ae 22,400

where v is the specific volume of the polymer
(taken as 0.749 cm® g™ 1), Ae = e, — e, = 4.8
X 107* em® g7 K™! for PET;?* P = 1 atm is the
ambient pressure of oxygen gas, and M, = 32 for
oxygen. The density of sorbed oxygen, 3.83 X 103
g per cm?® of free volume or about 2.7 atm, indi-
cated that the sorbed oxygen was in the gaseous
state.

The general observation that asymmetric poly-
mers have higher density than the symmetric
counterparts® is another consequence of their
lower T',)s and, hence, lower free volume at ambi-
ent temperature. In conforming to this trend, the
density of PET copolymers increased with the
fraction of asymmetric comonomer (see Table II).
The linear relationship between the specific vol-
ume of the amorphous polymer, v = p~ !, and
oxygen solubility is illustrated in Figure 6. The
solid line, with extrapolation to zero solubility
giving the density of the amorphous polymer with

zero accessible free volume, v, = 1.38 g cm ™3, was
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taken from a previous study of the oxygen perme-
ability of PET.! The isomeric copolymers con-
formed to the linear relationship. Somewhat sur-
prisingly, nonisomeric copolymers also fell on the
line with significant deviation only for copolymers
with high concentrations of naphthalate or 4,4'-
BB.

The density of sorbed oxygen d was extracted
from the slope of 3.6 cc(STP) g cm ™ © atm ! of the
linear relationship in Figure 6 as

j— MW
d= VBZP<22’40O> (3)

where the symbols have the same meaning as in
eq 2. Eq 3 gives the density of sorbed oxygen as
about 3.85 X 102 g per cm?® of free volume—the
same as the value obtained from consideration of
the T, eq 2. Thus, the gaseous state of sorbed
oxygen is indicated. Carbon dioxide, another per-
meant gas that has been examined extensively,
has a reported density in PET that is orders of
magnitude higher, in-line with the condensed
state.?® This significant difference arises from the
critical temperature, ¢,. With ¢, close to ambient
temperature, the elevated pressure in the small
holes of free volume is sufficient to cause conden-
sation of carbon dioxide (£, = 31 °C). This is not
possible for oxygen (£, = —119 °C) under ambient
temperature test conditions.

Good correlation in Figure 6 indicates that ox-
ygen sorption measured a common feature of the
chemically similar aromatic polyesters used in
the present study. Small deviations for some co-
polymers of naphthalate or 4,4’-BB were attrib-
uted to the effect of chemical structure on v,, the
specific volume of the amorphous polymer with
zero solubility, rather than to fundamental differ-
ences in the characteristics of the accessible free
volume. Hence, a unique interpretation of oxygen
solubility was possible, wherein the difference be-
tween the specific volume of the amorphous poly-
mer and the specific volume of the amorphous
polymer with zero solubility was equal to the spe-
cific excess-hole free volume, v;. Moreover, v; was
proportional to solubility S by the factor 3, in the
following equation:

S

B, 4)

V=V — Y, =

In this expression, it was not necessary for v, to be
the same for all the polyesters, only that the fac-
tor B, was the same.
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Figure 7. Specific volume-temperature relationship
constructed for amorphous PET using oxygen solubility
of various amorphous polyesters (Fig. 5) as a measure
of accessible free volume.

It was then possible to create the volume-tem-
perature behavior of an amorphous polyester. The
example in Figure 7 is for PET. The specific vol-
ume line of the amorphous glass was constructed
from the reference point defined by the amor-
phous density of 1.335 g cm ™! at 25 °C and T, of
81 °C (Table II) and the specific thermal expan-
sivity of e, = 2.2 X 10" * cm® g~! K™ '. Reported
experimental values and group-contribution cal-
culations put the specific thermal expansivity of
the amorphous glass at e, = 2.2 X 10 % cm? gt
K ! for many aromatic polyesters including
PEN.2* The slope change at T = T, to the equi-
librium liquid line was defined by the specific
thermal expansivity of PET above its Ty, e, = 7.0
X 10" *cm?® g ' K™, For each data point in Figure
5, the specific excess-hole free volume v; was cal-
culated from eq 4 and subtracted from the amor-
phous glass line of PET at the appropriate value
of T — T,. Calculated values of v, are included in
Table II. The volume-temperature behavior of
any other amorphous polyester could be obtained
by shifting the reference point on the solid expan-
sion line in Figure 7 according to the specific
volume and 7, of the particular polymer.

The curve through the calculated points in Fig-
ure 7 extended the equilibrium liquid line below
T,. Consistent with the model in Figure 4, the
excess-hole free volume became less dependent on
temperature and indeed appeared to approach a
constant value in the range of 0.04 cm?® g~ ! as the
temperature decreased further below 7',. The ap-
proach to constant excess-hole free volume ap-
peared experimentally as the decreasing slope of

the relationship between S and T, — T in Figure
5 for glassy polymers with higher T,’s. Coinci-
dence of the slope change with the postulated
second-order transition at T, — 60 °C***" raised
speculation that solubility measurements re-
vealed the equilibrium core expansion. In this
interpretation, the supercooled glass core fol-
lowed the equilibrium liquid-expansion line be-
tween T, and T, — 60 °C and exhibited constant
free volume below the transition in accordance
with the classical Williams-Landel-Ferry inter-
pretation.?®

Finally, diffusivity, which varies more than sol-
ubility from one polymer to another and therefore
primarily determines differences in permeability,
does not correlate with free volume from solubil-
ity despite the degree of chemical similarity
among the polymers studied. This result suggests
that the large scatter encountered in efforts to
predict permeability of common gases in a wide
array of glassy polymers by empirical application
of the free-volume concept'®?? is inevitable and a
consequence of factors other than free volume
that affect diffusivity.

Diffusion Coefficient and Molecular Relaxation

Theories and models for the diffusion coefficient
and its dependence on temperature generally
have a basic premise that the diffusing molecule
makes a successful diffusion jump of length 8 with
frequency w. The diffusion coefficient characteriz-
ing a solid-state jump mechanism is®

D= (5)

The jump of the diffusing molecule from one equi-
librium position to the next can be regarded as
equivalent to passage of the system over a poten-
tial energy barrier expressed as an Arrhenius
relationship with activation energy E;,

D =D, exp< - D) (6)

The dynamic free volume that controls jump mo-
tion of permeant molecules between static free-
volume cavities derives from accessible conforma-
tional changes and segmental motions of the poly-
mer chain. In a glassy polymer, it seems
reasonable that these thermal rearrangements
would manifest themselves as sub-T', relaxation
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processes. Indeed, there exists at least one report
of a relationship between oxygen diffusivity and
the prominent subambient relaxation observed in
aromatic polyesters.®

Relaxation behavior of the copolyesters is re-
ported as log E”, which is a more fundamental
viscoelastic quantity than tan 8 (Fig. 8). The PET
homopolymer exhibited a pronounced vy-relax-
ation peak at about —75 °C (1 Hz). It is generally
thought that the broad peak encompasses several
relaxation processes involving both methylene
groups and ester linkages.?*~32 Most of the poly-
mers in the present study exhibited a y relaxation
at approximately the same temperature as PET.
Changes in chemical structure affected primarily
the relaxation intensity. As reported previously,
the asymmetric isomers (isophthalate and phtha-
late) lowered the relaxation strength.3® Asymmet-
ric 3,4’'BB also lowered the relaxation strength,
although not as much as isophthalate and phtha-
late. However, copolymerization with symmetric
4,4'BB increased the intensity. Relaxation curves
of the copolymers in the y-relaxation region were
intermediate between those of the corresponding
homopolymers. Replacing the single phenyl group
with a naphthalate group increased the temper-
ature of the y relaxation in PEN to —50 °C (1.0
Hz). Relaxation mechanisms similar to those of
PET, that is, local motion of methylene groups
and ester linkages, were proposed with the shift
in temperature attributed to increased local chain
rigidity. 3435

In testing for a relationship between relaxation
strength and diffusivity, the relaxation intensity
I, was taken as the area under the log E” curve
evaluated between —145 °C and ambient temper-
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ature. The diffusivity showed an excellent loga-
rithmic dependence on the relative relaxation in-
tensity defined as [1 — Iz /Iy prr)] where Iy is
the relaxation intensity of the copolymer, and
I prr is the relaxation intensity of PET (Fig. 9).
The result verifies the previous finding of a cor-
respondence between oxygen diffusivity and y-re-
laxation strength® and poses the correlation as a
general feature of aromatic copolyesters related
to PET. The generality beyond aromatic copolyes-
ters remains to be tested.

If indeed the dynamic free volume arises from
the same thermally activated chain motions as
the vy relaxation, the activation energy for diffu-
sion (Ep) should be comparable to the activation
energy of the vy relaxation (E,). Additional tests
were performed to obtain the temperature depen-
dence of P and D. The temperature dependence of
P for oxygen in PET is available in the literature.’
The experimental data from the present study
smoothly extends previous results to higher tem-
peratures resulting in an activation energy for
permeability (Ep) of 30 kJ mol ! (Fig. 10).

Although the present study utilized a rather
narrow temperature interval, 10—40 °C, the cor-
relation in P suggested that it was sufficient for
determining the activation energy. Activation en-
ergies for oxygen diffusion in PET, PEI, and PEN
were 40, 43, and 44 kJ mol !, respectively (Fig.
11). The activation energy of the vy relaxation is
available in the literature for several of the ho-
mopolymers (see Table III). Good correlation in
activation energies gave credence to the idea that
dynamic free volume for oxygen diffusion and the
dynamic mechanical y relaxation originate from

-
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Figure 9. Relationship between diffusivity and the
relative intensity of the y relaxation.
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the same thermally activated molecular motions.
Data taken from the literature for polycarbonate
and included in Table III suggest that the rela-
tionship between D and sub-T', relaxations may
be a common feature of oxygen diffusion in glassy
aromatic polymers.36-37

The complexity of the y relaxation has some-
times led investigators to identify specific compo-
nents with trans and gauche conformers of the
glycol,'"#%31 with somewhat different activation
energies.’® Thus, E, for trans conformers is
higher than Ep, but E,, for gauche conformers are
lower. The differences between and in Table III
may indicate that a single value for the activation
energy does not adequately describe the molecu-
lar motions. Diffusion and mechanical relaxation

T T [ T T T T | T T T T | T T T | T T T
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¢ PEI
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©
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Figure 11. Temperature dependence of diffusivity for
PET, PEI, and PEN.

Table III. Activation Energies for Oxygen
Permeability and Diffusivity

Ep (kJ Ep (kJ E, (kJ
Material mol 1) mol 1) mol 1)
PET 30 40 49.8°
32.5% 52.1¢ trans
32.8° gauche
PEI 34 43 56.94
PEN 30 44 58.24
PC 40 54.3°
2 Ref. 36.
b Ref. 35.
¢ Ref. 38.
d Ref. 37.
¢ Ref. 34.

may emphasize somewhat different parts in a
distribution of molecular motions with a spec-
trum of activation energies. Some +y-relaxation
motions may be more effective than others for
enabling jump motion of permeant molecules be-
tween static free-volume cavities. An increase in
trans conformers has been linked to lower oxygen
permeability,®**? which may explain why Ep, cor-
relates better with the activation energy for
gauche conformers.

CONCLUSION

Systematic changes in the chemical structure of
PET by copolymerization made it possible to test
free-volume concepts in which permeation of a
small gas molecule through a glassy polymer is
viewed as proceeding by occasional jumps (dy-
namic free volume) between neighboring cavities
(static free volume). The correlation between sol-
ubility S and 7', confirms the dependence of S on
the total volume of cavities in the polymer matrix
(static free volume) and the essential indepen-
dence of thermally accessible motions of the poly-
mer chain. The correlation between diffusivity D
and the subambient y relaxation demonstrates
that the conformational changes and segmental
motions of the macromolecule (dynamic free vol-
ume) from which D derives are manifest as sub-7',
relaxation processes. This characteristic may be
general for aromatic polyesters.
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