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ABSTRACT: Poly(ethylene terephthalate) (PET), poly(ethylene terephthalate-co-4,4�-
bibenzoate) (PETBB55), and poly(ethylene 2,6-naphthalate) (PEN) were cold-drawn to
achieve uniform extension without crystallization or stress whitening, and oxygen
transport properties were studied at temperatures from 10 to 40 °C. Correlation of
oxygen solubility and polymer specific volume made it possible to consider the oriented
polyester as a one-phase densified glass. Orientation was viewed as decreasing the
amount of excess-hole free volume and bringing the nonequilibrium polymer glass
closer to the equilibrium condition. Between 10 and 40 °C, the amount of excess-hole
free volume in PET decreased as the polymer approached the glass transition temper-
ature. In contrast, temperature changes in this range had little effect on the excess-hole
free volume in PETBB55 and PEN, which were well below their glass transition
temperature. Gas diffusion was viewed as discrete jumps of the oxygen molecule
between holes of excess-free volume. The jump length was extracted from the activation
energy for diffusion according to a channel-formation model. The result agreed well
with the hole spacing estimated from a simple lattice model using the hole density
reported in the literature. Extending the lattice model to estimate the mean excess-free
volume hole radius from the fractional free volume resulted in good correlation with the
hole radius obtained from positron annihilation lifetime spectroscopy. © 2003 Wiley
Periodicals, Inc. J Polym Sci Part B: Polym Phys 42: 493–504, 2004
Keywords: poly(ethylene terephthalate); poly(ethylene 2,6-naphthalate); poly(ethyl-
ene terephthalate-co-bibenzoate); orientation; free volume; oxygen transport; diffusion;
permeability; solubility

INTRODUCTION

Poly(ethylene terephthalate) (PET) is widely used
in packaging applications that require high gas
barrier characteristics. Crystallinity and struc-
tural asymmetry imparted by orientation have
profound effects on gas transport. Indeed, opti-
mizing these features is essential for achieving
the highest barrier. Efforts to understand the
structural basis of gas permeability were pio-

neered by Ward and coworkers, who systemati-
cally altered the solid-state structure of PET and
other polymers by orientation and crystalliza-
tion.1,2 These studies revealed the shortcomings
of simple two-phase models that considered only
an impermeable crystalline phase and a perme-
able amorphous phase with unique barrier char-
acteristics. It was apparent that processing his-
tory impacted the amorphous phase in ways that
affected gas permeation. The studies of Ward and
coworkers also suggested that gas transport could
be a powerful probe of the solid-state structure if
used in conjunction with other characterization
tools.3
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These findings motivated us to probe further
for structural models of gas transport in PET and
other aromatic polyesters. In these efforts, the
molecular scale concepts embodied in the free-
volume model of gas transport in glassy polymers
were particularly useful.4 Conceptually, perme-
ation 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 to 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 volume is essentially independent of ther-
mally accessible motions of the polymer chains
and relates to gas solubility S. Dynamic free vol-
ume derives from accessible conformational
changes and segmental motions of the polymer
chain and relates to gas diffusivity D.

The free volume approach to gas transport pro-
vides molecular scale insight into the glassy state.
For oxygen at 1 atm pressure, the contribution of
matrix dissolution is negligible in aromatic poly-
esters, and gas sorption is viewed as the process
of filling holes of free volume. Gas solubility
should be proportional to the excess-hole free vol-
ume trapped within the glassy polymer upon cool-
ing below Tg. Indeed, a linear relationship be-
tween oxygen solubility S at 25 °C and 1 atm and
amorphous phase specific volume �a has been ob-
served for many aromatic polyesters including
glassy copolymers of PET,5,6 cold-drawn PEN,
PET, and a PET copolymer,7 and for the amor-
phous phase of crystallized PET,8–10 and PEN.11

Extrapolation gives �o, the specific volume at zero
solubility, and the quantity (�a � �o) identifies the
excess-hole free volume available to oxygen. Ori-
entation of the glassy state decreases excess-hole
free volume, whereas crystallization often has the
effect of “dedensifying” the amorphous phase and
thereby increasing the excess-hole free volume as
measured by the change in S of the amorphous
phase. It is apparent from examination of oxygen
transport characteristics of many aromatic poly-
esters that dynamic free volume, which relates to
D, does not correlate with excess-hole free volume
from S.5,6 Because both S and D determine per-
meability, 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 inevitably encounter
large scatter.12,13

In a fairly narrow window of stretching condi-
tions near the glass transition temperature it is
possible to achieve uniform orientation of polyes-
ters without crystallization or stress whiten-
ing.7,14 Oxygen solubility of cold-drawn polyesters
follows a linear dependence on specific volume.
This makes it possible to view the oriented poly-
mer as a one-phase glass and to consider the
orientation process as decreasing the amount of
excess-hole free volume. We now extend our in-
vestigation of oriented, glassy polyesters to con-
sider the effect of temperature on oxygen trans-
port and address the role of diffusivity in the
transport process. Additional measurements of
free volume hole size by positron annihilation life-
time spectroscopy lead to a physical picture of gas
sorption and diffusion in the glassy state based on
a simple lattice-hole model.

MATERIALS AND METHODS

Pellets of poly(ethylene terephthalate) (PET), a
copolymer based on PET, poly(ethylene tereph-
thalate-co-4,4� bibenzoate), in which 55 mol % of
the terephthalate was replaced with bibenzoate
(PETBB55), poly(ethylene 2,6-naphthalate) (PEN),
and poly(ethylene isophthalate) (PEI) were sup-
plied by KoSa (Spartanburg, SC). The polyesters
were polymerized according to the methodology
described previously.5 The intrinsic viscosity was
measured at 25 °C in 1% (w/w) dichloroacetic acid
solution. The intrinsic viscosities were 0.84, 0.83,
0.64, and 0.75 dL g�1 for PET, PETBB55, PEN,
and PEI, respectively. The glass transition tem-
peratures measured by DSC were 79, 104, 124,
and 68 °C, respectively.5,7

Compression-molded amorphous films were
cold-drawn under constrained uniaxial condi-
tions, that is, temperatures at which the polymers
would not crystallize, to a target draw ratio as
described previously.7 The draw temperatures
were 70, 80, and 144 °C for PET, PETBB55, and
PEN, respectively. The draw rate was 20 mm
min�1 for PET and PEN, and 5 mm min�1 for
PETBB55. Four draw ratios were obtained for
each polymer. The initial film thickness was cho-
sen to achieve a final film thickness between 150
and 200 �m. The highest draw ratio � was 3.8 for
PET, 6.0 for PETBB55, and 4.8 for PEN. The
cold-drawn films were determined to be noncrys-
talline by wide-angle X-ray diffraction (WAXD)
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instead of differential scanning calorimetry
(DSC).15,16

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 and thermal expansivity. Small
pieces of quenched and oriented films (ca. 25
mm2) were placed in the column. To measure
density in the temperature range from 5 to 50 °C,
a circulating water bath was connected to the
jacket of the density column. Temperature mea-
sured in the density column was controlled to
�0.5 °C. The column was held at temperature for
2 h before the density measurement was made.
The linearity of the calibration curve was charac-
terized by r2 � 0.997. Averages of four measure-
ments at each temperature were reported. The
accuracy was �0.0009 g cm�3.

Positron annihilation lifetime spectroscopy
(PALS) was performed using the fast–fast coinci-
dent method with a time resolution of 230 ps,17 at
a count rate of approximately 1 million counts per
hour. The positron lifetime � was determined by
PATFIT software. The spectra were fitted to three
exponentially decaying lifetime components. The
longest lived component with lifetime �3 corre-
sponded to the pickoff annihilation of ortho-
positronium (o-Ps) in the free-volume holes of the
polymer matrix, from which the mean free vol-
ume hole radius r was calculated.17 The uncer-
tainty in r based on 10 spectra was �0.02 Å.

Oxygen flux J(t) at 0% relative humidity and 1
atm pressure was measured with a MOCON OX-
TRAN 2/20. The instrument was calibrated with
NIST-certified Mylar� film of known oxygen
transport characteristics. The temperature in the
diffusion cell was varied from 10 to 40 °C with an
accuracy of �0.1 °C. Specimens were carefully
conditioned as described previously.8 To obtain
the diffusivity D and to accurately determine the
permeability P, the data were fit to the solution of
Fick’s second law with appropriate boundary con-
ditions8

J�t� �
Pp
l �1 � 2�

n�1

�

(�1)n exp��
D�2n2t

l2 �� (1)

The thickness l of each specimen was deter-
mined from the measured density after the bar-
rier measurement was completed.8 Most of the
specimens were tested within 30 days of orienta-

tion. Films were determined to be fully relaxed
when retesting at 25 °C after the films were
tested at elevated temperatures produced the
same oxygen flux as the initial test at 25 °C.

RESULTS AND DISCUSSION

Excess Free Volume from Oxygen Sorption

The effect of orientation on PET oxygen flux at
various temperatures is shown in Figure 1. Com-
parison of flux curves for � � 1 and � � 3.8
indicated that cold-drawing affected both the non-
steady-state and steady-state parts of the oxy-
gen–flux curve. The nonsteady-state region
broadened (slower diffusion) and the steady-state
flux decreased (lower permeability). Comparison
of flux curves for four temperatures indicated that
decreasing temperature also broadened the non-
steady state region and decreased the steady-
state flux. Results for PEN and PETBB55 showed
the same trends. The fitting curves to eq. (1) from
which P and D were obtained are included with
the experimental data points. Solubility S was
calculated from the relationship S � PD�1. The fit
of the flux curves to eq. (1) was equally good for all
the experiments. The results are compiled in Ta-
bles 1, 2, and 3. The results for P, D, and S of PET
at 25 °C and 1 atm matched literature values
obtained with a pressure cell and the time-lag
method of analysis.18,19

Specific volume of PET in the temperature
range 5–50 °C is shown in Figure 2. The linear

Figure 1. Experimental oxygen flux data and fit to
eq. (1) (solid lines) for quenched and cold-drawn PET
films at various temperatures.
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relationship was described by the expression, �
� �� 	 Teg,which gave the extrapolated specific
volume at 0 K as �� and thermal expansivity as eg.
The results are summarized in Table 4. Quenched
PET, PETBB55, and PEN had approximately the
same specific thermal expansivity of 2.2 
 10�4

cm3 g�1 K�1, which was identical to the value
reported in the literature for PET.20 Orientation
slightly decreased the thermal expansivity.

The relationship between S and � (� � ��1) for
cold-drawn polymers is plotted in Figure 3. The
decrease in S with increasing draw ratio followed
the densification line observed previously.7 The
linear relationship is expressed as

S � 	�� 
 �o� � 	�f (2)

where �o is the specific volume at zero solubility.
Extrapolations gave �o for each temperature. A

linear relationship between S and � at 25 °C and
1 atm was observed previously for glassy copoly-
mers of PET,5,6 for cold-drawn PET, PEN, and
PETBB55,7 and for the amorphous phase of crys-
tallized PET8–10 and PEN.11 The linear relation-
ship appears to be a common characteristic of
polyesters of ethylene glycol and aromatic diacids.
According to free-volume concepts that view sorp-
tion as the process of filling holes of static free
volume, the quantity �f �� � �o identifies the
excess-hole free volume available to oxygen,5,21

which can also be expressed as fractional free
volume FFV � �f/�. The listed �f and FFV values
in Tables 1, 2, and 3 are calculated from �f � S/	.
It follows that orientation of the glassy state de-
creases the excess-hole free volume. The slope 	
reflects the density of sorbed oxygen.

Both lower free volume and lower sorbed oxy-
gen density could have contributed to the overall

Table 1. Effect of Orientation and Temperature on the Physical Properties of PET

Material T (°C) � (g cm�3) P D 
1013 S �f (cm3 g�1) FFV

PET � � 1.0 10 1.3420 0.245 2.3 0.123 0.031 0.041
15 1.3400 0.304 3.0 0.117 0.030 0.040
20 1.3379 0.384 4.0 0.111 0.029 0.039
25 1.3359 0.463 5.2 0.103 0.029 0.038
30 1.3339 0.575 6.9 0.096 0.027 0.037
35 1.3319 0.678 8.8 0.089 0.027 0.036
40 1.3299 0.787 11.3 0.081 0.025 0.034

PET � � 2.1 10 1.3441 0.220 2.1 0.121 0.030 0.040
15 1.3422 0.264 2.7 0.113 0.028 0.038
20 1.3403 0.334 3.7 0.104 0.028 0.037
25 1.3385 0.405 4.8 0.098 0.027 0.036
30 1.3366 0.504 6.4 0.091 0.026 0.035
35 1.3347 0.595 8.4 0.082 0.025 0.033
40 1.3329 0.718 10.8 0.077 0.024 0.032

PET � � 3.1 10 1.3568 0.145 1.8 0.093 0.022 0.030
15 1.3551 0.171 2.4 0.082 0.021 0.028
20 1.3533 0.213 3.2 0.077 0.020 0.027
25 1.3516 0.267 4.3 0.072 0.020 0.027
30 1.3498 0.315 5.7 0.064 0.018 0.025
35 1.3481 0.364 7.4 0.057 0.017 0.023
40 1.3464 0.422 9.6 0.051 0.016 0.021

PET � � 3.8 10 1.3625 0.107 1.6 0.077 0.020 0.027
15 1.3607 0.129 2.1 0.071 0.018 0.025
20 1.3589 0.162 2.8 0.067 0.018 0.024
25 1.3571 0.195 3.7 0.061 0.017 0.023
30 1.3553 0.238 5.0 0.055 0.016 0.021
35 1.3536 0.279 6.6 0.049 0.015 0.020
40 1.3518 0.327 8.8 0.043 0.013 0.018

P—Permeability (cc[STP] cm m�2 atm�1 day�1).
D—Diffusivity (m2 s�1).
S—Solubility (cc[STP] cm�3 atm�1).
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decrease in oxygen solubility as the temperature
rose. The plots in Figure 3 separated these two
factors and revealed how temperature affected
static free volume and sorbed gas density. In all
cases, �o increased and 	 decreased as the tem-
perature rose. For PET, which was closest to Tg,
the increase in �o was most noticeable. Increasing
temperature reduced the FFV of isotropic
quenched PET from 0.041 to 0.034. The change in
S primarily reflected the decrease in FFV as the
temperature approached Tg.

Although the same trends in the S versus �
relationship were observed for PETBB55 and
PEN, the increase in �o was weaker. For these
polymers, which were well below Tg, FFV of the
isotropic quenched glass remained almost con-
stant through the temperature range studied (Ta-
bles 2 and 3). For PETBB55, FFV decreased only
from 0.042 to 0.040 for the isotropic quenched
glass; for PEN the decrease was from 0.047 to
0.043. The decrease in S as the temperature rose
was primarily due to lower density of sorbed gas.

The slope 	 reflects the density of sorbed oxy-
gen �O2 in the excess-hole free volume. The rela-
tionship between 	 and �O2

is given by:5

�O2 �
�	pMw

22,400 (3)

where � is the specific volume of the glassy poly-
mer, p � 1 atm is the oxygen pressure, and Mw
� 32 g mol�1 is the molecular weight of oxygen. In
the temperature range from 10 to 40 °C, the
sorbed oxygen density in PET decreased from 4.4

 10�3 to 3.4 
 10�3 g per cm3 of excess-hole free
volume (Table 5). Assuming ideal gas behavior,
the corresponding oxygen pressure decreased
from 3.4 to 2.6 atm. Essentially the same values
were observed for PETBB55 and PEN. Although
the effect of temperature on FFV differed some-
what between PET and the other polymers, the
state of sorbed oxygen, as indicated by gas den-
sity, did not depend on polymer characteristics
such as Tg.

Because of the long time scale required for
glassy polymers to relax fully, gas transport typ-
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,22 the volume of the
nonequilibrium glassy polymer is larger than the
extrapolated equilibrium volume by the excess
free volume. Previous studies of glassy polyes-
ters5,7 demonstrate that the free volume accessi-
ble to oxygen molecules corresponds to the excess-
hole free volume as described in the Vrentas and
Duda model. Thus, the extrapolated zero-solubil-

Table 2. Effect of Orientation and Temperature on the Physical Properties of PETBB55

Material T (°C) � (g cm�3) P D 
1013 S �f (cm3 g�1) FFV

PETBB55
� � 1.0

10 1.3134 0.360 3.0 0.139 0.032 0.042
18 1.3105 0.461 4.3 0.124 0.031 0.041
25 1.3080 0.650 6.6 0.114 0.030 0.039
33 1.3052 1.018 11.3 0.104 0.031 0.040
40 1.3027 1.346 16.4 0.095 0.031 0.040

PETBB55
� � 3.0

10 1.3302 0.156 1.8 0.100 0.023 0.030
18 1.3274 0.242 3.1 0.090 0.023 0.030
25 1.3249 0.294 4.2 0.081 0.021 0.028
33 1.3222 0.467 7.5 0.072 0.021 0.028
40 1.3197 0.628 11.4 0.064 0.021 0.027

PETBB55
� � 4.0

10 1.3404 0.076 1.2 0.073 0.017 0.022
18 1.3377 0.097 1.8 0.062 0.015 0.020
25 1.3354 0.147 3.1 0.055 0.014 0.019
33 1.3328 0.246 5.7 0.050 0.015 0.020
40 1.3305 0.335 8.6 0.045 0.015 0.019

PETBB55
� � 6.0

10 1.3464 0.039 0.76 0.059 0.013 0.018
18 1.3438 0.053 1.3 0.047 0.012 0.016
25 1.3416 0.085 2.3 0.043 0.011 0.015
33 1.3390 0.136 4.0 0.039 0.011 0.015
40 1.3367 0.186 6.1 0.035 0.011 0.015

P—Permeability (cc[STP] cm m�2 atm�1 day�1).
D—Diffusivity (m2 s�1).
S—Solubility (cc[STP] cm�3 atm�1).
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ity specific volume �o represents 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. Orientation to the maximum
draw ratio decreased the excess-hole free volume
�f by a fraction of 0.41, 0.63, and 0.38 for PET,
PETBB55, and PEN, respectively, at 25 °C. The
closest approach to �o was obtained with
PETBB55. The relative ease with which free vol-
ume could be removed from PETBB55 by orien-
tation reflected the frustrated liquid crystalline
nature of this polymer.7,23,24

The orientation effect is incorporated into the
thermal expansion (V–T curve) of polyesters in
Figure 4. As described previously,5,7 the temper-
ature is normalized to the glass transition tem-
perature Tg, whereas the specific volume is nor-
malized to that of PET, assuming the same ther-
mal expansivity for glass, 2.2 
 10�4 cm3 g�1, and
for liquid, 7.0 
 10�4 cm3 g�1.20 The core expan-
sion curve �o(T) is taken from a previous publica-

Table 3. Effect of Orientation and Temperature on Physical Properties of PEN

Material T (°C) � (g cm�3) P D 
1013 S �f (cm3 g�1) FFV

PEN � � 1.0 10 1.3330 0.080 0.61 0.152 0.035 0.047
18 1.3299 0.129 1.1 0.136 0.035 0.046
25 1.3272 0.167 1.6 0.121 0.037 0.049
29 1.3256 0.181 1.9 0.110 0.035 0.047
33 1.3241 0.220 2.6 0.098 0.034 0.045
36 1.3230 0.241 3.0 0.093 0.033 0.044
39 1.3218 0.274 3.6 0.088 0.033 0.043

PEN � � 2.0 10 1.3347 0.070 0.53 0.153 0.035 0.047
18 1.3318 0.115 1.0 0.133 0.034 0.045
25 1.3293 0.154 1.5 0.119 0.035 0.047
29 1.3279 0.181 1.9 0.110 0.035 0.047
33 1.3265 0.216 2.5 0.100 0.034 0.045
36 1.3254 0.243 3.0 0.094 0.034 0.044
39 1.3244 0.276 3.7 0.086 0.032 0.042

PEN � � 3.5 10 1.3520 0.031 0.30 0.120 0.028 0.038
18 1.3491 0.044 0.51 0.100 0.026 0.035
25 1.3465 0.060 0.82 0.085 0.026 0.035
29 1.3451 0.071 1.1 0.075 0.025 0.033
33 1.3436 0.086 1.4 0.071 0.024 0.032
36 1.3425 0.098 1.7 0.067 0.024 0.032
39 1.3414 0.112 2.1 0.062 0.023 0.031

PEN � � 4.8 10 1.3565 0.014 0.17 0.095 0.023 0.031
18 1.3538 0.023 0.31 0.086 0.022 0.030
25 1.3515 0.032 0.50 0.074 0.023 0.031
29 1.3502 0.039 0.67 0.067 0.022 0.030
33 1.3488 0.046 0.85 0.063 0.021 0.029
36 1.3479 0.053 1.1 0.056 0.021 0.028
39 1.3469 0.058 1.3 0.052 0.019 0.026

P—Permeability (cc[STP] cm m�2 atm�1 day�1).
D—Diffusivity (m2 s�1).
S—Solubility (cc[STP] cm�3 atm�1).

Figure 2. Thermal expansion curves of quenched and
cold-drawn PET.
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tion,5 and is based on the specific excess-hole free
volume, calculated from the oxygen solubility, of
many glassy polyesters. The excess-hole free vol-
ume removed by orientation (the difference be-
tween � at � � 1 and � at � � 1) is calculated
according to eq. (2) with slope 	 at each temper-
ature and subtracted from the �(T) line for isotro-
pic, unoriented PET at the appropriate value of T
� Tg. Additional points for oriented PET,
PETBB55, and PEN for various T � Tg show how
the specific volume approaches the equilibrium
�o(T) curve with increasing orientation. Taken
together, experimental values of �o from the three
polyesters cover the temperature range from
Tg-39 to Tg-114 K. Fairly good agreement was
obtained between the �o(T) from this study (data
points) and previous results (solid line).5 The con-
sistency in �f among different polyesters reflects
the common characteristics of excess-hole free
volume in the glassy state. At low T � Tg the
fractional free-volume FFV approaches a con-
stant value of 0.05, which is in between the esti-
mated FFV values based on the WLF equation
(0.025),25 and a simple extrapolation of the liquid
expansion curve (0.11).26 Furthermore, values of
FFV are in line with estimations for glassy poly-
mers based on molecular simulations,4 and group
contributions.12

Oxygen Diffusion by Channel Formation

Gas diffusion through polymers in the glassy
state is generally viewed as taking place by dis-
crete jumps. In the free-volume model, the jump
motion proceeds by formation of a channel be-

tween two neighboring holes of static-free vol-
ume. The frequency of channel formation defines
the dynamic free volume and derives from acces-
sible conformational changes and segmental mo-
tions of the polymer chain. The exponential tem-
perature dependence of D is characteristic of an
activated process that can be described by the
Arrhenius equation27

D � Do exp��
ED

RT� (4)

Figure 3. Relationship between oxygen solubility
and specific volume (� � ��1): (a) PET; (b) PETBB55;
and (c) PEN.

Table 4. Effect of Orientation on Thermal
Expansion of Polyesters

Material �
��

(cm3 g�1)
eg

(10�4 cm3 g�1 K�1)

PET
(Tg � 79 °C)

1.0 0.6812 2.26
2.1 0.6848 2.09
3.1 0.6800 1.91
3.8 0.6821 1.94

PETBB55
(Tg � 104 °C)

1.0 0.7025 2.08
3.0 0.6957 1.98
4.0 0.6937 1.85
6.0 0.6918 1.80

PEN
(Tg � 124 °C)

1.0 0.6882 2.19
2.0 0.6921 2.02
3.5 0.6819 2.04
4.8 0.6860 1.81
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where ED is the activation energy. The tempera-
ture dependence of permeability is similarly de-
scribed by

P � Po exp��
EP

RT� (5)

where EP is the activation energy for permeation.
The temperature dependence of P and D, plotted
in Figure 5 for PETBB55, shows good correspon-
dence with eq. (4) and eq. (5) in the temperature
range from 10 to 40 °C. Orientation tends to in-
crease ED and EP, except for Ep of PET. The
energetic parameters are compiled in Table 6.
Values for PET and PEN match previous re-
ports.5,11

A mechanistic interpretation of ED was first
proposed by Meares for diffusion of simple gases
in rubbery polymers and extended to the glassy
state where the activated diffusion mechanism is
well established.13,28–30 In this model, the poly-
mer is regarded as randomly oriented regions of
roughly parallel polymer segments. By analogy
with the quasi-crystalline picture of a liquid, cre-
ation of a channel involves complete separation
beyond the limit of van der Waals interaction for
the diffusing gas molecule. The energy required to
create a channel of cross-sectional area �d2/4 and
length � equals the energy required to break the
physical bonds between the polymer segments

ED �
1
4 �d2 � CED NA (6)

where, ED is the activation energy for diffusion in
J mol�1, d is the collision diameter of the gas

Table 5. Effect of Temperature on Sorbed Oxygen Properties

Material
T

(°C)
	

(cc[STP] g cm�6 atm�1)
�o

(cm3 g�1)
�o2

(10�3 g cm�3)
PO2

(atm)

PET 10 4.1 0.714 4.4 3.4
15 4.0 0.716 4.3 3.3
20 3.8 0.718 4.1 3.1
25 3.6 0.720 3.8 3.0
30 3.5 0.722 3.7 2.9
35 3.3 0.724 3.5 2.7
40 3.2 0.727 3.4 2.6

PETBB55 10 4.4 0.730 4.8 3.7
18 4.0 0.732 4.4 3.4
25 3.8 0.734 4.2 3.2
33 3.4 0.735 3.7 2.9
40 3.1 0.737 3.4 2.6

PEN 10 4.3 0.714 4.6 3.6
18 3.9 0.717 4.2 3.3
25 3.3 0.718 3.6 2.8
29 3.1 0.719 3.3 2.6
33 2.9 0.720 3.1 2.4
36 2.8 0.722 3.0 2.3
39 2.7 0.724 2.9 2.3

Figure 4. Specific volume versus temperature rela-
tionship constructed for amorphous PET with oxygen
solubility as a measure of excess-hole free volume and
including the effect of temperature and orientation.
The filled symbols represent points on the equilibrium
curve.
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penetrant in m, � is the jump length in m, CED is
the cohesive energy density of the polymer in J
m�3, and NA is Avogadro’s number. Values of the
calculated jump length � from eq. (6), where the
collision diameter of oxygen is taken as 3.47 Å,
and CED is calculated from group contribu-
tions,20 are summarized in Table 7. According to

the concept expressed by eq. (6), similarity in
activation energy for diffusion translates to sim-
ilar diffusional jump lengths of approximately 14
Å for all the polyesters studied. These values cor-
relate well with the results of molecular simula-
tions.31

A simple calculation can test whether the re-
sults are reasonable. For simplicity, excess free-
volume holes are assumed to be arranged on a
cubic lattice. This concept is similar to the lattice
models used to describe both rubbery and glassy
states.32,33 Diffusion is viewed as the process of a
gas molecule jumping from one lattice site to a
neighboring lattice site. Various PALS studies,
considering either an average hole size,34–36 or a
distribution of hole sizes,37 yield a free volume
hole density No of about 4.0 
 1020 cm�3 for a
wide range of polymers. The jump length from the
lattice model �m is then defined by the hole den-
sity as

�m �
1

�3No
(7)

For No of 4.0 
 1020 m�3, �m is 13.6 Å in
excellent agreement with the estimate of jump
length � from ED. The corresponding radius of
uniform spherical holes rm follows from the frac-
tional free volume according to

rm � �m�3 3FFV
4�

(8)

where FFV is obtained from oxygen solubility (Ta-
bles 1–3). The calculated hole radius rm decreases

Figure 5. Temperature dependence of permeability
and diffusivity for quenched and cold-drawn PETBB55
films.

Table 6. Effect of Orientation on Activation Energies for Oxygen Permeation and Diffusion

Material �
lnPo

(Po in cc[STP] cm m�2 day�1 atm�1)
EP

(kJ mol�1)
inDo

(Do in m2 sec�1)
ED

(KJ mol�1)

PET 1.0 10.9 29.0 �12.4 39.7
2.1 11.0 29.4 �11.9 40.6
3.1 9.5 26.9 �11.8 41.2
3.8 9.6 27.8 �11.6 42.7

PETBB55 1.0 13.2 33.6 �10.7 42.8
3.0 12.5 33.8 �10.3 44.8
4.0 13.6 38.2 �8.6 49.7
6.0 13.6 39.9 �8.1 52.4

PEN 1.0 10.2 29.8 �11.7 44.0
2.0 11.8 33.9 �10.1 48.1
3.5 10.3 32.6 �10.2 49.0
4.8 11.1 36.0 �9.8 51.0
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from 3.1 Å for PEN with the highest Tg to 2.5 Å for
PEI with the lowest Tg. Values of the mean free
volume hole radius r obtained independently by
PALS were 2.59, 2.58, 2.56, and 2.41 Å for PEN,
PETBB55, PET, and PEI, respectively (Table 7).
The larger hole size obtained with oxygen is con-
sistent with the larger radius of the oxygen mol-
ecule compared to the PALS probe particle rad-
ius.38 The consistency among independent esti-
mates of hole size and jump length supports the
simple physical model that views gas diffusion as
the random hopping of an oxygen molecule from
one excess free volume hole to another. It should
be emphasized, however, that this model applies
under conditions where only low energy sorption
sites participate in the transport process.

Low diffusivity of PEN (D � 1.6 
 10�13 m2

s�1, Table 3) compared to PET (D � 5.2 
 10�13

m2 s�1, Table 1) and PETBB55 (D � 6.6 
 10�13

m2 s�1, Table 2) at 25 °C cannot be ascribed to a
difference in jump length. Indeed, from eq. (6),
similarity in ED means that � does not differ
much among the four polyesters. The diffusivity
D depends on jump length and also on the effec-
tive jump frequency 
 as27

D �
1
6 
 �2 (9)

For PET at 25 °C with D of 5.2 
 10�13 m2 s�1

(Table 1) and an average jump length of 12.9 Å,
the calculated jump frequency 
 is 1.9 
 106 s�1,
which means that one oxygen molecule makes one
jump every 5.3 
 105 ps. If one takes the Debye
frequency, kT/h or 6 
 1012 s�1, as the oscillation
frequency of the gas molecule, only one out of
every 107 oscillations produces a successful jump
from one hole to another. The time scale of the
actual jump is on the order of several picoseconds
from molecular simulations.30 If the time spent in

jumping is compared with the time spent in the
hole, over 99% of the time is spent in the hole.
This conforms to the understanding that gas mol-
ecules sorbed in the polymer glass reside mostly
in the holes rather than moving in the matrix.4

Recognizing that the diffusion mechanism is
conserved, it follows that the jump frequency is
much lower in PEN. From eq. (9), 
 decreases
from 1.9 
 106 and 2.0 
 106 s�1 for PET and
PETBB55, respectively, to 0.5 
 106 s�1 for both
PEI and PEN. Previous studies suggested that
dynamic free volume of aromatic polyesters de-
rives from segmental motions associated with the
subambient �-relaxation,5 and specifically with
the intensity of the relaxation component attrib-
uted to gauche chain conformations.6 The gauche
fraction from infrared spectroscopy is 0.75 for
PEI,39 and 0.79 for PEN;7 both are significantly
lower than 0.91 and 0.93 for PET and PETBB55,
respectively.7 Very likely, lower gauche fraction
contributes to lower jump frequency and lower
diffusivity of PEI and PEN.

It is now interesting to consider what fraction
of the holes contains an oxygen molecule at any
given instant. The density of sorbed oxygen in
PET is 3.8 
 10�3 g per cm3 excess-hole free
volume at 25 °C and 1 atm (Table 5). This is
significantly smaller than the density of one gas
molecule per hole, which would be 0.56 g per cm3

free volume estimated from a hole density of 4.0

 1020 cm�3. This suggests that most of the holes
are empty. The fraction of filled holes is estimated
to be less than 1%. Statistically, less than 1 out of
every 100 holes contains a gas molecule, and the
probability that a hole contains two oxygen mol-
ecules is negligible. Nevertheless, if each per-
meant molecule jumps 1.8 
 106 times per second,
all the holes will be probed many times over in 1 s.

Although the number of gas molecules sorbed
in the glassy state is considerably smaller than

Table 7. Lattice Parameters of Polyesters at 25 °C

Material
�

(g cm�3)
Tg

(°C)
S

(cc[STP] cm�3 atm�1) FFV
ED

(KJ mol�1)
CED

(108 J m�3)

�
from

eq. (6)
(Å)

r
from
PALS

(Å)

rm

from
eq. (8)

(Å)

PEN 1.3272 124 0.121 0.049 39.7 5.3 14.5 2.59 3.1
PETBB55 1.3080 104 0.114 0.039 42.8 5.3 14.2 2.58 2.9
PET 1.3359 79 0.103 0.038 44.0 5.4 12.9 2.56 2.8
PEI 1.3509a 68a 0.072a 0.027 43.0a 5.5 13.7 2.41 2.5

a ref. 5.
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the number of accessible free volume holes, the
sorbed gas is seen as occupying all the free vol-
ume through high jump frequency. The free vol-
ume holes are interconnected by diffusion chan-
nels, which are instantly opened and closed by
subambient segmental relaxation as suggested
previously.5 The fast jump rate justifies the con-
cept of sorbed gas density because the gas mole-
cules share all the free volume holes.

CONCLUSIONS

This study probes the temperature-dependence of
oxygen transport in some oriented aromatic poly-
esters. At all temperatures, oxygen solubility of
cold-drawn polyesters follows a linear dependence
on specific volume. This is consistent with the
view that orientation decreases the amount of
excess-hole free volume. As the temperature in-
creases toward Tg, both decreasing free volume
and decreasing sorbed gas density can contribute
to lower gas solubility. Although oxygen diffusiv-
ity at any temperature depends strongly on ori-
entation and chemical structure of the polyester,
neither variable has a strong effect on the activa-
tion energy for diffusion. This suggests that the
fundamental diffusion mechanism does not
change.

At 1 atm pressure, it appears that oxygen
probes only the excess-hole free volume, and it is
possible to consider a simple lattice model to de-
scribe oxygen transport. Oxygen molecules are
viewed as residing in holes of excess-free volume
and periodically jumping through a dynamic
channel from one hole to another hole. Fractional
free volume (the static free-volume component) is
determined from the correlation between oxygen
solubility and specific volume of the cold-drawn
polyester. The FFV is about 0.04–0.05 in isotro-
pic amorphous polyesters and decreases as orien-
tation brings the polymer closer to the equilib-
rium (zero solubility) condition. Jump length (the
dynamic free-volume component) is calculated
from the activation energy of diffusivity and is
found to be about 14 Å. This is consistent with the
dimension of a simple cubic lattice based on the
free volume hole density reported in the litera-
ture. The corresponding hole size obtained from
the measured excess-hole free volume is 2.6 to 3.1
Å, which correlates well with the hole radius ob-
tained from PALS. It follows from the model that
only a small fraction of the free volume holes are
occupied at any instant. However, very rapid dif-

fusion kinetics means that the small number of
permeant molecules share all the excess-free vol-
ume holes and justifies the macroscopic concept of
sorbed gas density. The time scale of the actual
jump is extremely short, and the oxygen molecule
spends most of the time in the hole in accordance
with the general understanding of activated gas
diffusion.
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