Oxygen-Barrier Properties of Cold-Drawn Polyesters
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ABSTRACT: The improvement of oxygen-barrier properties of glassy polyesters by ori-
entation was examined. Poly(ethylene terephthalate) (PET), poly(ethylene naphtha-
late), and a copolymer based on PET in which 55 mol % of the terephthalate was
replaced with bibenzoate (PET-BB55) were oriented by constrained uniaxial stretching.
In a fairly narrow window of stretching conditions near the glass-transition tempera-
ture, it was possible to achieve uniform extension of the polyesters without crystalli-
zation or stress whitening. The processes of orientation and densification correlated
with the conformational transformation of glycol linkages from gauche to trans. Oxygen
permeability, diffusivity, and solubility decreased with the amount of orientation. A
linear relationship between the oxygen solubility and polymer specific volume sug-
gested that the cold-drawn polyester could be regarded as a one-phase densified glass.
This allowed an analysis of oxygen solubility in accordance with free-volume concepts
of gas permeability in glassy polymers. Orientation was seen as the process of decreas-
ing the amount of excess-hole free volume and bringing the nonequilibrium polymer
glass closer to the equilibrium (zero-solubility) condition. Cold drawing most effectively
reduced the free volume of PET-BB55. © 2002 Wiley Periodicals, Inc. J Polym Sci Part B:
Polym Phys 40: 862—877, 2002
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INTRODUCTION

Orientation significantly improves the oxygen-
barrier properties of poly(ethylene terephthalate)
(PET)."? Reduced permeability is achieved even if
crystallization is prevented, for example, by ori-
entation below the glass-transition temperature
(Tg).3 Usually, the effect of orientation or crystal-
lization in reducing gas permeability is consid-
ered in terms of a two-phase model consisting of a
permeable phase and an impermeable phase.
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However, a two-phase model with constant den-
sities of permeable and impermeable phases often
does not give a good correlation with the trans-
port properties of PET. The application of the
two-phase model of gas permeability to cold-crys-
tallized PET requires consideration of a dedensi-
fied amorphous phase.* Similarly, a two-phase
description of gas permeability in cold-drawn and
heat-set PET necessitates variable densities of
both permeable and impermeable phases.?

The transformation of ethylene linkages from
the gauche conformation to the trans conforma-
tion during stretching provides the basis for de-
scribing transport properties of cold-drawn PET
in terms of two phases: a permeable amorphous



phase with ethylene linkages predominately in
the gauche conformation and an impermeable
amorphous phase with ethylene linkages that
have transformed from gauche to trans during
stretching.? The two-phase concept of cold-drawn
PET readily explains heat setting as crystalliza-
tion and densification of the impermeable amor-
phous (trans) phase accompanied by dedensifica-
tion of the permeable amorphous (gauche) phase.

This study tests the formulation of the two-
phase model for oriented PET through an exam-
ination of the oxygen-transport properties of some
other cold-drawn polyesters. Comparisons are
made of PET, poly(ethylene naphthalate) (PEN),
and a copolymer based on PET in which 55 mol %
of the terephthalate is replaced with bibenzoate
(PET-BB55). Correlations are sought with the
conformation of the ethylene linkage as deter-
mined by infrared spectroscopy.

MATERIALS AND METHODS

PET, PEN, and PET-BB55 were supplied as pel-
lets by KoSa (Spartanburg, SC). In addition, a
terpolymer based on PET-BB55 was synthesized
with 5 or 10% of the terephthalate replaced with
isophthalate (PET-BB55/I5 and PET-BB55/110)
to retard crystallization. The procedure for the
synthesis has been described in detail elsewhere.*
The pellets were dried in vacuo at 80 °C for 24 h
before molding. The dry pellets were compres-
sion-molded and quenched into amorphous films
as described previously.* The temperature of the
press was 265 °C for PET, 300 °C for PEN, and
290 °C for PET-BB55. A range of film thicknesses
of 180-600 um were prepared. Commercial ori-
ented Vectra films were also tested.

The amorphous films were stretched under
constrained uniaxial conditions as described pre-
viously.? The specimen width before stretching
was 130 mm, and the thickness and gauge length
were varied to achieve a final thickness of 100—
200 pm. Grids were marked on the specimen for
measuring the draw ratio, and the specimen was
clamped between wide grips and mounted in the
environmental chamber of an Instron machine.
Specimens were drawn at or near T,. The chosen
draw temperatures were high enough to obtain
uniform deformation but low enough to avoid
crystallization. To obtain barrier specimens that
differed in draw ratio but had about the same
thickness, we used thinner films and larger gauge
lengths for lower draw ratios; thicker films and
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smaller gauge lengths were required for higher
draw ratios. For example, a PET specimen 400
pm thick with a gauge length of 50 mm was used
to obtain a barrier specimen with a draw ratio of
about 3, whereas a specimen 600 um thick with a
gauge length of 30 mm was used to obtain a
barrier specimen with a draw ratio of about 4.
After drawing, the film was rapidly cooled to am-
bient temperature in the grips by the door of the
environmental chamber being opened. The entire
process was completed in 2—10 min, depending on
the draw rate and draw ratio. Wide-angle X-ray
diffraction patterns showed only diffuse amor-
phous reflections.?

A density gradient column was constructed
from a solution of calcium nitrate and water in
accordance with ASTM D Standard 1505 Method
B. The column was calibrated with glass floats of
known density. Small pieces of film (ca. 25 mm?)
were placed in the column and allowed to equili-
brate for 10 min before the measurements were
taken. Averages of three measurements are re-
ported in Table 1. The accuracy was +0.0009 g
cm 3.

The oxygen flux [J(¢)] at 0% relative humidity,
1 atm, and 25 °C was measured with a Mocon
Ox-Tran 2/20. Specimens were carefully condi-
tioned as described previously® to obtain the non-
steady-state oxygen flux from which the diffusiv-
ity (D) was determined. The average thickness (/)
of each specimen was determined from the mea-
sured density after the barrier measurement was
completed.* Most of the specimens were tested
within 1-3 days of orientation. However, testing
after 30 days produced the same flux curve and
established that the specimens were fully relaxed.

Conformational composition was determined
with photoacoustic Fourier transform infrared
spectroscopy. Spectra were collected at ambient
temperature with a Nicolet 870 Fourier trans-
form infrared spectrometer with an MTEC model
200 photoacoustic cell. Specimens 10 mm in di-
ameter were cut from the film after the barrier
measurement. All infrared specimens were dried
overnight in vacuo at ambient temperature for
the removal of moisture. For each specimen, 256
scans were collected at a resolution of 4 cm™ ! and
a mirror velocity of 0.158 cm s~ . The 1500—-1400-
cm ! region of the spectrum was deconvoluted
into three or four Gaussian peaks with Origin 4.1
software. The fractions of gauche and trans glycol
configurations were obtained from the appropri-
ate peak heights.



Table 1. Drawing Conditions and Physical Properties of Oriented Polyesters®

Draw T Draw Rate Density Trans

Materials Ratio °C) (mm min~1) (g em™3) P D x 103 S Fraction FFV
PEN 1.0 — — 1.3280 0.167 = 0.004 1.55 £ 0.04 0.125 = 0.001 0.21 0.046
PEN 1.5 144 5 1.3290 0.162 = 0.002 1.52 £ 0.03 0.123 = 0.002 0.24 0.046
PEN 2.0 144 5 1.3300 0.157 = 0.005 1.50 = 0.02 0.122 = 0.006 0.27 0.045
PEN 2.7 144 5 1.3371 0.097 = 0.005 1.04 = 0.02 0.108 = 0.006 0.34 0.040
PEN 3.3 144 5 1.3440 0.059 = 0.001 0.72 = 0.01 0.095 = 0.002 0.45 0.035
PEN 4.0 144 5 1.3495 0.038 = 0.002 0.50 = 0.02 0.088 = 0.004 0.45 0.031
PEN 5.0 144 5 1.3511 0.032 = 0.002 0.48 = 0.03 0.077 = 0.004 0.52 0.030
PEN 5.1 144 5 1.3532 0.027 = 0.004 0.40 = 0.02 0.078 = 0.003 0.53 0.028
PEN 5.3 144 50 1.3540 0.026 = 0.003 0.40 = 0.04 0.074 = 0.003 0.53 0.028
PEN 6.4 154 200 1.3560 0.020 = 0.003 0.37 = 0.01 0.064 = 0.002 0.52 0.026
PET 1.0 — — 1.3364 0.462 5.3 0.101 0.09 0.036
PET 2.1 70 5 1.3385 0.403 4.8 0.097 0.09 0.035
PET 2.6 80 20 1.3429 0.331 44 0.087 0.15 0.032
PET 3.1 70 5 1.3516 0.267 4.3 0.072 0.20 0.025
PET 3.1 80 50 1.3475 0.295 4.2 0.082 0.18 0.028
PET 3.8 70 5 1.3571 0.196 3.7 0.061 0.28 0.022
PET 4.0 60 5 1.3535 0.203 4.0 0.058 0.26 0.024
PET 4.0 70 5 1.3537 0.203 3.7 0.063 0.27 0.024
PET-BB55 1.0 — — 1.3073 0.635 = 0.004 6.4+ 0.3 0.114 = 0.005 0.07 0.040
PET-BB55/15 1.0 — — 1.3113 0.555 = 0.011 54+0.2 0.119 = 0.001 0.09 0.038
PET-BB55/110 1.0 — — 1.3094 0.529 = 0.015 5.1*+0.2 0.120 = 0.002 0.09 0.039
PET-BB55 3.0 80 5 1.3250 0.315 4.5 0.081 0.23 0.027
PET-BB55/I5 3.0 64 5 1.3223 0.264 = 0.005 4.3 +0.2 0.071 = 0.002 0.19 0.029
PET-BB55/15 3.4 74 5 1.3260 0.266 = 0.010 44+04 0.070 = 0.003 0.24 0.027
PET-BB55 4.0 100 5 1.3354 0.147 3.1 0.055 0.39 0.020
PET-BB55 4.5 100 5 1.3371 0.106 = 0.009 25 +0.2 0.049 = 0.001 0.40 0.019
PET-BB55 6.0 100 50 1.3415 0.085 2.3 0.043 0.42 0.015
PET-BB55 6.5 100 50 1.3437 0.066 = 0.001 24 +0.1 0.032 = 0.002 0.44 0.014
PET-BB55/101 7.0 100 50 1.3458 0.062 = 0.001 1.8 £ 0.2 0.040 = 0.001 0.49 0.012
PET-BB55 10.0 100 200 1.3490 0.060 = 0.001 2.3 *0.1 0.030 = 0.001 0.52 0.010
Vectra — — — 1.3926 0.00055 = 0.00018 0.17 £ 0.04 0.0038 = 0.0010 — —

a P = permeability [cc(STP) cm m ™2 day ! atm™!]; D = diffusivity (m? s 1); S = solubility [cc(STP) cm ™2 atm™'].
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Figure 1.
and PET-BB55.

RESULTS

Oxygen Barrier of Oriented Polymers

A fairly narrow window in stretching conditions
was available for achieving uniform extension of
the polyesters without crystallization or stress
whitening.® Drawing at higher temperatures or
slower rates resulted in crystallization, whereas
drawing at lower temperatures or faster rates
resulted in cavitation and stress whitening. Most
of the draw ratios in Table 1 were achieved with a
relatively slow draw rate at a draw temperature
close to 7,. However, the highest draw ratios were
obtained with both the draw rate and draw tem-
perature increasing.

Increasing the draw ratio resulted in higher
density. The nonlinear relationship between the
density and draw ratio is shown in Figure 1. With
PET, the highest draw ratio obtained with con-
strained uniaxial stretching was 4.0. Attempts to
reach a higher draw ratio with an increasing
draw rate resulted in stress whitening. The high-
est draw ratio obtained with PEN was 6.4. How-
ever, the density started to level off after the draw
ratio reached approximately 4. The density of ori-
ented PET-BB55 also began to level off after a
draw ratio of 4-5, although a draw ratio as high

Relationship between the draw ratio and density for cold-drawn PET, PEN,

as 10 was obtained with this polymer. A high
draw ratio without a corresponding increase in
density suggested that chain slippage rather than
chain extension dominated above a draw ratio of
about 4.° Lower entanglement density of the more
rigid polymer chains facilitated slippage of PEN
and PET-BB55 with respect to PET.

Experimental J(¢) curves through films of cold-
drawn PET, PEN, and PET-BB55 are shown in
Figure 2. To facilitate comparisons among speci-
mens that varied somewhat in thickness, we nor-
malized the flux curves to a film thickness of 200
um. Careful conditioning and the appropriate
choice of specimen thickness resulted in excellent
resolution of the various features of the time de-
pendence. The initial increase in oxygen flux re-
flected non-steady-state diffusion. This part of the
curve was controlled mainly by the diffusivity (D).
As the permeant concentration in the specimen
reached a constant distribution, the flux reached
the steady-state value (J,). This value, normal-
ized to both the film thickness (/) and the per-
meant gas pressure (p), defined the permeability
(P = Jyllp).

To obtain D and accurately determine P, we fit
the data to the solution of Fick’s second law with
appropriate boundary conditions:*
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Figure 2. Experimental oxygen-flux data and fit to eq 1 (solid lines): (a) PET, (b) PEN,

and (c) PET-BB55.

- Da*n’t
1+2 2 (—1)exp|——p—

n=1

P
J(t) = Tp

] (D

As indicated previously, the error in determining
the two fitting parameters, P/l and D/I?, was es-
timated not to exceed 2%. The low sensitivity of

the diffusion flux to thickness variation within
30% was demonstrated previously.* Therefore,
the accuracy of P and D was determined mainly
by the accuracy of the average thickness mea-
surement. The bulk density method for determin-
ing the average film thickness was described pre-
viously.*
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Figure 3. Effect of orientation (as density) on the oxygen-transport parameters of
PET: (a) permeability, (b) diffusivity, and (c) solubility.

Cold drawing affected both the non-steady-
state and steady-state parts of the oxygen-flux
curve. The non-steady-state region broadened
(slower diffusion), and the flux decreased (lower
permeability). The oxygen flux was described well
by the solution to Fick’s second law as shown by
the curve fits. Close agreement with the experi-
mental data indicated that there was no concen-

tration dependence of oxygen diffusivity. Perme-
ability and diffusivity, therefore, could be ob-
tained from the fit accurately. Solubility (S) was
calculated from the relationship S = PD 1.

The effect of cold drawing on oxygen-barrier
properties is shown in Figures 3-5, with the
amount of orientation expressed in terms of the
density. The highest orientation of PET de-
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Figure 4. Effect of orientation (as density) on the oxygen-transport parameters of
PEN: (a) permeability, (b) diffusivity, and (c) solubility.

creased the permeability by a factor of 2.3, from
0.462 to 0.203 cc(STP) cm m™ 2 day ! atm ™!
(Table 1). This was due to decreases in both D
and S. Without orientation, PEN had much
lower permeability than PET [0.167 vs 0.462
cc(STP) cm m ™2 day ! atm™!]. Moreover, the
relative decrease in permeability achieved with
orientation was larger. The highest orientation

reduced the permeability by a factor of 8, to
0.020 cc(STP) cm m ™ 2 day ! atm ™ !. This de-
crease was mainly due to a large decrease in D.
Although PET-BB55 had the highest perme-
ability of the unoriented polymers [0.635
cc(STP) cm m ™2 day ! atm™!], PET-BB55 ex-
hibited the largest relative decrease with orien-
tation. The highest orientation of PET-BB55
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Figure 5. Effect of orientation (as density) on the oxygen-transport parameters of
PET-BB55: (a) permeability, (b) diffusivity, and (c) solubility.

reduced the permeability by a factor of 10, to
0.060 cc(STP) cm m™ 2 day ' atm '. This was
due to large decreases in both D and S. Substi-
tuting 5 or 10% terephthalate with isophthalate
in PET-BB55 to retard crystallization had no
significant effect on the oxygen-transport pa-
rameters.

Conformer Characterization

The infrared spectra of PET® and PEN'°~'2 are
well characterized. The glycol regions of the PET-
BB55 spectrum closely resembled those of PET,
and band assignments for PET-BB55 were made
accordingly. Specific bands assigned to trans and
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gauche conformers of the PET and PEN glycol
appear in three regions of the spectrum: 1500—
1400, 1400-1300, and 1000—800 cm ™~ !. Changes
in peak intensities in all three regions of the PET
spectrum revealed the expected increase in trans
conformers relative to gauche conformers with
orientation. This is illustrated with the 1500-—
1400- and 1400-1300-cm ! regions in Figure 6.
Similar changes occurred in the spectrum of PET-
BB55. However, the gauche band in the 1400—
1300-cm ! region of the PEN spectrum did not
decrease with increasing trans content as ex-
pected, possibly because of an overlapping trans
band.'® For this reason, the 1500—-1400-cm ™! re-
gion was used for quantitative determination of
conformer populations.

Spectra were normalized to the ester band at
about 1730 cm ™ %,'3 and the 1500—-1400-cm ! re-
gion was deconvoluted into three or four Gaussian
peaks, as illustrated in Figure 7. The peak posi-
tion was a variable in the deconvolution, but the
frequencies of the gauche and trans bands ob-
tained from the best fit did not shift with orien-
tation by more than +1 cm ™.

The relative amounts of gauche and trans con-
formers were determined by the plotting of the
normalized peak heights, as in Figure 8. Excel-
lent linearity was obtained for all the polymers.

Coincidence of the data for PET and PET-BB55
was consistent with the similarity in many fea-
tures of their infrared spectra. The relationship
was displaced for PEN but had the same slope,
suggesting that the intensity of the reference
band was somewhat different for PEN. Linear
extrapolation gave intercepts that corresponded
to the normalized band intensities for 100% trans
and 100% gauche conformers, respectively.>” The
gauche and trans bands used in the analysis had
comparable absorbances.

The relationship between the density and
trans fraction (fi,,,), defined as

Normalized 1476-cm ' Peak Height

firans = Normalized 1476-cm !
Peak Height for 100% Trans

is plotted in Figure 9. Without orientation, PET
had a trans fraction of about 0.10, which agreed
with the determinations of previous investigators
who used other regions of the spectrum.14-16
The PET-BB55 copolymer had a similar trans
fraction of about 0.08. In contrast, the trans frac-
tion of PEN was larger, about 0.20, suggesting a
more extended chain configuration. The trans
fraction increased linearly with orientation, as
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measured by density. Similarity in the slopes of
the relationship indicated that the incremental
increase in density accompanying the gauche-to-
trans transformation was the same for the three
polymers. However, a larger increase in the trans
fraction was achieved by the cold drawing of PET-
BB55 (0.08—0.50) than by the cold drawing of
PET (0.10-0.30) or PEN (0.20-0.50). Extrapola-
tion of the linear relationship provided the den-
sity of the glass with all gauche conformers and
the glass with all trans conformers (Table 2). Very
similar values were reported previously for the
amorphous densities of gauche and trans PET.®
Significantly higher glass densities for PET than
for PEN indicated more efficient packing,
whereas the extrapolated glass densities of PEN
and PET-BB55 were virtually the same.

DISCUSSION

Recognition of an additivity relationship between
the density and trans fraction of cold-drawn PET
previously motivated the formulation of a two-
phase permeability model consisting of a perme-
able amorphous phase with ethylene linkages

predominately in the gauche conformation and an
impermeable amorphous phase with ethylene
linkages that had transformed from the gauche
conformation to the trans conformation during
stretching.® The two-phase model was particu-
larly useful for describing the effects of heat set-
ting after orientation.

Results of the more extensive study described
here, which extends to other aromatic polyesters,
confirm the linear relationship between the den-
sity and trans fraction and are, therefore, amena-
ble to interpretation in terms of the two-phase
model. However, an alternative interpretation of
the oriented glass is possible, one that is based on
a single phase. The one-phase approach permits
an interpretation of orientation that is consistent
with previously established free-volume concepts
of polymer glasses.

Free volume is a useful molecular-scale concept
for interpreting transport properties.!” The per-
meation of small gas molecules through a glassy
polymer is viewed as proceeding by a jumping
mechanism whereby a penetrant molecule spends
most of its time in free-volume cavities and occa-
sionally jumps into a neighboring cavity. Gas per-
meation depends on the number and size of cav-
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Figure 8. Normalized peak heights of the gauche and trans infrared bands.

ities (static free volume) and the frequency of
jumps (dynamic free volume). Studies of glassy
polyesters based on PET demonstrate that oxygen
sorption at 1 atm is the process of filling holes of
static free volume, and the solubility is propor-
tional to the amount of free volume.'*!®

Figure 10 shows the solubility plotted against
the specific volume of oriented PET, PEN, and
PET-BB55. The solid line, with a slope (B) of 3.6
cc(STP) g cm ¢ atm ™! and an extrapolated zero-
solubility specific volume (v,) of 0.721 cm?® g~ ?,
was taken from previous publications in which a
single linear relationship between the oxygen sol-
ubility and polymer specific volume described
many amorphous PET-based copolymers'*1® and
also described the dedensified amorphous phase
of crystallized PET.*'® The oxygen solubility of
cold-drawn PET followed the same relationship.
The correlation suggested that cold-drawn PET
could be regarded as a one-phase densified glass.
Similarly, a linear relationship between the solu-
bility and specific volume was observed for PEN
and PET-BB55.

The extrapolated zero-solubility specific vol-
ume was much larger for PET-BB55 than for PET

and PEN (Table 2). However, the slope of the
oxygen solubility versus the specific volume was
virtually the same for all three polymers. It re-
flected the density of sorbed oxygen (d), which
was extracted from S as

(2)

where v is the specific volume of the glassy poly-
mer, P = 1 atm is the ambient pressure of oxygen
gas, and M, = 32 is the weight-average molecular
weight for oxygen. The density of sorbed oxygen,
3.9 X 102 g per cm?® of free volume or about 3
atm, indicated that the sorbed oxygen was in the
gaseous state. An experimental demonstration
that the gas density was virtually the same in
PET, PEN, and PET-BB55 validated the assump-
tion, made in a previous publication,'® that the
chemical structure of glassy polyesters affected v,
but not B.

From the proportionality between the solubil-
ity and amount of accessible free volume,'*'® the
specific accessible free volume (v¢) can be obtained
from B as
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S
[ e (3)

B

The fractional free volume (FFV) given in Table 1
is

v—ry, S

FFV == ==

4)

where v is the specific volume obtained from the
measured density and v, is the extrapolated spe-
cific volume at zero solubility. Therefore, a con-
stant value of B8 indicates a fundamental similar-
ity in the characteristics of the accessible free
volume in glassy polyesters, whereas v, reflects a
characteristic of the chemical structure.

Because of the long timescale required for
glassy polymers to relax fully, gas transport typ-

Table 2. Characteristics of Amorphous Polyesters at 25 °C

Property PET PEN PET-BB55

Slope B [cc(STP) g cm ™€ atm™] 3.6 +0.1 3.6+0.1 3.7+0.1
Sorbed O, density (1072 g cm™3) 39=*0.1 39+0.1 4.0+0.1
Sorbed O, pressure (atm) 3.0+0.1 3.0 0.1 3.1 0.1
Density of trans conformers (g cm™?) 1.423 = 0.010 1.394 = 0.010 1.392 = 0.010
Density of gauche conformers (g cm™®) 1.330 = 0.002 1.308 = 0.004 1.303 = 0.002
Density at zero solubility (g cm™®) 1.387 = 0.009 1.393 = 0.005 1.361 = 0.007
Trans fraction at zero solubility 0.61 = 0.10 0.99 = 0.06 0.65 = 0.08
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Polymer Volume

Figure 11.

Temperature

Schematic representation of the volume—temperature relationship for an
amorphous polymer following the concepts of Vrentas and Duda.2®
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ically occurs under nonequilibrium conditions
wherein the polymer possesses more free volume
than it would at equilibrium. According to the
concepts of Vrentas and Duda,?° the volume of the
nonequilibrium glassy polymer is larger than the
equilibrium volume extrapolated from the excess-
hole free volume (Fig. 11). A previous study of
copolymers based on PET demonstrates that the
free volume accessible to oxygen gas correlates
with the excess-hole free volume described in the
Vrentas and Duda model.’® Therefore, v, repre-
sents a point on the equilibrium curve.
Orientation by cold drawing is viewed as de-
creasing the excess-hole free volume and bringing
the nonequilibrium polymer glass closer to the
equilibrium line. The orientation effect is incor-
porated into the model by the construction of the
volume-temperature relationship, as described
previously.'® The plot in Figure 12 is constructed
for PET. The specific volume of the quenched
glass at 25 °C (T' — T, = —56 °C), taken together
with the specific thermal expansivity, 2.2 X 10~*
ecm® g!' K! for the amorphous solid and 7.0
X 10~ * cm?® g~ ! K~ for the liquid, define the (T)
curve. The core expansion curve vy(7T) is taken
from a previous publication'® and is based on the
specific excess-hole free volume, calculated from

the oxygen solubility, of many glassy polyesters.
Additional points for oriented PET show how the
specific volume approaches the equilibrium vy(7)
curve with increasing orientation.

For the incorporation of PEN and PET-BB55
into the plot, the specific excess-hole free volume
ve of the unoriented glass was calculated from eq
3 and subtracted from the amorphous glass line of
PET at the appropriate value of T' — T,. This
placed two additional points on the vy(T) curve.
Consistent with the model (Fig. 11), the specific
excess-hole free volume became less dependent on
temperature and indeed appeared to approach a
constant value around 0.04 cm® g~ ! or an FFV of
approximately 0.05. These values are in line with
estimations of FFV in glassy polymers based on
molecular dynamics simulations'” and group con-
tributions.?!

Similarly, the specific excess-hole free volume
of the oriented glass was obtained from eq 3 and
was subtracted from the specific excess-hole free
volume of the unoriented glass to obtain Avy,
which represented the free volume that was re-
moved by cold drawing. The quantity Av, was
subtracted from the amorphous glass line to lo-
cate the effect of orientation on the volume—tem-
perature relationship in Figure 12. The plot indi-
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cated that cold-drawn PET-BB55 came closer to
the equilibrium (zero-solubility) condition than
cold-drawn PET or PEN.

Extremely low gas solubility is characteristic of
liquid-crystalline polymers.?? Vectra film with ox-
ygen solubility an order of magnitude lower than
even the most highly oriented PET-BB55 illus-
trates this feature (Table 1). With a high percent-
age of naphthalate units, Vectra resembles PEN
more closely than the other polymers in chemical
structure. It is consistent that when plotted on
Figure 10, the point for Vectra is close to v, of
PEN. The homopolymer, poly(ethylene bibenzo-
ate), is also reported to be liquid-crystalline.?3-25
The PET-BB55 copolymer possibly possesses
some liquid-crystalline-like character that can ac-
count for the high draw ratio achieved by cold
drawing and the effectiveness of cold drawing in
removing excess-hole free volume.

The conformer composition corresponding to
the zero-solubility density (p, = v, ") was ob-
tained from Figure 9. For PEN, the density at
zero solubility correlated with 100% trans con-
formers (Table 2). In contrast, the zero-solubility
density of both PET and PET-BB55 matched a
conformer population of only 60—-65% trans con-
formers. A possible explanation can be derived
from the coincidence of the slope change in the
equilibrium glass line of Figure 12 with the pos-
tulated second-order transition at approximately
T, - 60 °C.26-28 By definition, the configurational
entropy goes to zero at the transition tempera-
ture.?® In this cases, all the glycol linkages should
be in the trans conformation. At 25 °C, only PEN
(T, = 128 °C) is definitely below the transition
temperature. Both PET (7, = 81 °C) and PET-
BB55 (T, = 104 °C) are in the broad transition
region in which the equilibrium glass can possess
some fraction of gauche conformations. These
gauche conformations could take the form of ex-
tended, noncrystallizable kinked conformers,
which have been proposed as an alternative to the
all-trans conformation in oriented amorphous
PET.?®

CONCLUSIONS

Orientation is one approach to improving oxygen-
barrier properties of polyesters. This study focused
on the orientation of PET, PEN, and PET-BB55 by
cold drawing. Decreases in both diffusivity and sol-
ubility contributed to lower permeability. Oxygen
solubility in cold-drawn PET followed the linear

dependence on specific volume previously estab-
lished for glassy copolymers of PET. This made it
possible to view the oriented polymer as a one-
phase glass and to consider the orientation process
as decreasing the amount of excess-hole free vol-
ume. For the polymers studied, the zero-solubility
condition was approached most closely with cold-
drawn PET-BB55. The processes of orientation and
densification by cold drawing were correlated with
the conformational transformation of glycol link-
ages from gauche to trans. Complete transforma-
tion to trans conformers correlated with the exclu-
sion of all excess-hole free volume (zero solubility)
only for PEN.
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