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ABSTRACT: In the quest to elu-
cidate the solid-state structures of
polymers, insight into the amor-
phous phase is particularly elusive.
Although the permeability of small
molecules is often measured as an
important performance property, nu-
merous researchers have found that
a deeper analysis of the transport
characteristics provides insight into
polymer morphology, especially if
used in combination with more
usual characterization techniques.
The transport of small gas molecules
senses the permeable amorphous
structure and probes the nature of

the free volume. In recent years, our
interest in the gas barrier of polyes-
ters has resulted in an unusual op-
portunity to investigate the nature of
the free volume in the polymer
glassy state. This effort has been
aided by access to aromatic polyes-
ters with designed variations in their
chemical structure. This review fo-
cuses on oxygen transport, supple-
mented with other methods of phys-
ical analysis, as a probe of the ex-
cess-hole free volume. The review
addresses the profound effects of
orientation and crystallization on the
free volume of the glassy state. The

discussion also presents a simple
odel for the gas permeability of the
isotropic glass based on lattice con-
cepts and tests more sophisticated
models for the gas permeability of
semicrystalline polymers. The final
section addresses other opportunities
for fruitful applications of oxygen
transport as a solid-state structure
probe. © 2005 Wiley Periodicals, Inc. J Polym
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INTRODUCTION

Background

The permeability of polymers to gases and liquids has
been recognized for many years as an important perfor-
mance property that is routinely evaluated for a variety
of applications in the packaging and separation indus-
tries. However, the concept of using small molecules to
probe solid-state structures can be dated to 1961, when
Michaels and Bixler1 stated the following:

An important aspect of this study which must not be over-
looked is the insight into polymer morphology gained from
analysis of the diffusion process. Use of diffusing gases as
molecular ‘probes’ tends to supplement data obtained from
more conventional sources such as X-ray analysis, electron
microscopy, and light-scattering.

The development of this concept over subsequent
decades is expressed in a 1985 comment of Rogers:2

An objective of research in this field is to establish mechanisms
and expressions relating solubility and transport with the mo-
lecular properties and characteristics of the components. Con-
versely, the nature of the solution and diffusion processes can
help elucidate inherent characteristics of the polymeric material
such as the flexibility and conformation of the chain segments,
interactions and structural and morphological features. This is
the ‘molecular probe’ aspect which has been employed to
advantage in conjunction with more usual characterization
techniques.

The concept attained widespread acceptance by 1991
when Vieth3 was able to state the following:

Having already obtained a reasonable degree of success in
interpreting the microstructure of semicrystalline and glassy
polymers via these (sorption and transport) properties, the use
of small molecules as micro-structural probes is being more
and more enthusiastically adopted by chemical engineers and
chemists who are involved in applied research on polymeric
materials.

Among the many examples that attest to the
value of gas transport as a solid-state probe, spe-
cific references have been made to the following
contributions:

● Barrie et al.4 on the dual-sorption mode, which
defines two concurrent mechanisms of sorption in
glassy polymers: bulk dissolution according to
Henry’s law and filling holes of free volume.

● Michaels and coworkers1,5,6 on the use of gas trans-
port to probe the crystalline and amorphous phases
of semicrystalline polymers.

● Koros and coworkers7–9 on the generalization of the
dual-sorption model with extension to dual diffu-
sion and permeation models.

● Meares10 on the mechanistic interpretation of acti-
vated gas diffusion.

● Paul and coworkers11–13 on the gas-transport mech-
anism of liquid-crystalline polymers (LCPs).

● Ward and coworkers14–16 on the gas-transport
properties in oriented polymers.

● Freeman and others17–19 on the use of organic vapor
and liquid sorption to probe the dedensification of
polyesters by solvent-induced crystallization.

In recent years, our interest in the gas barrier of
polyesters has resulted in an unusual opportunity to in-
vestigate the nature of the free volume in the polymer
glassy state. This effort has been aided by the availability
of commercial gas-transport instruments with excellent
sensitivity and by access to aromatic polyesters with
designed variations in their chemical structure. This re-
view focuses on oxygen transport, supplemented with
other methods of physical analysis, as a probe of the
excess-hole free volume. The review addresses the pro-
found effects of orientation and crystallization on the
free volume of the glassy state. The discussion presents
a simple model for the gas permeability of the isotropic
glass based on lattice concepts and tests more sophisti-
cated models for the gas permeability of semicrystalline
polymers. The final section addresses other opportunities
for fruitful applications of oxygen transport as a solid-
state structure probe.

Transport Measurements

The rate of gas permeation through a polymer film is
determined by the permeability (P), which is a product of
a kinetic parameter, the diffusivity (D), and a thermody-
namic parameter, the solubility (S):

P � DS (1)

Although P measures the steady-state flux and is of
considerable practical importance, fundamental insight
into the gas-transport process is provided by D and S. To
obtain P, D, and S, we measure the oxygen flux [J(t)] at
a constant temperature and a constant relative humidity
with commercial instruments (Mocon) that employ the
continuous-flow cell method. A mixture of 98% N2 and
2% H2 is the carrier gas; the test gas is 100% O2 or
alternatively a mixture of O2 with N2 if a lower O2

pressure is desired.
Figure 1 shows a typical experimental J(t) curve for a

poly(ethylene terephthalate) (PET) film. Careful outgas-
sing and the appropriate choice of the specimen thick-
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ness result in the excellent resolution of the various
features of the time dependence. The initial increase in
J(t) reflects the non-steady-state process of oxygen pen-
etration into the film. This part of the curve is determined
mainly by D. As the oxygen concentration in the film
reaches a constant distribution, the flux levels out and
approaches the steady-state value J, which, normalized
by the film thickness (l) and the oxygen pressure (p),
defines P as P � Jl/p.

To obtain D and to accurately determine P, we fit the
flux to the solution of Fick’s second law:

�c
�t � D

�2c
�x2 (2)

With the oxygen-concentration boundary conditions c(x
� 0, t) � Sp and c(x � l, t) � 0 and the initial condition
c(x, t � 0) � 0,20,21 we obtain

J�t� �
Pp
l �1 � 2�

n�1

�

� � 1�n exp� �
D�2n2t

l2 �� (3)

By fitting the flux–time curve, we can extract both P and
D. Subsequently, S is calculated according to eq 1. The
fitting curve is included with the experimental points in
Figure 1. From the quality of the fit, we can conclude that
there is no concentration dependence of D for oxygen at
1 atm. The fit is equally good for all the measurements
reported. The main source of error in calculating P and D
from the experimental flux curve lies in the determina-

tion of l. Some thickness variation is inherent to all films,
especially to those prepared in the laboratory by com-
pression molding. If the thickness variation is less than
30%, the accuracy of P and D is determined mainly by
the accuracy of the average thickness measurement. A
convenient and accurate method is to weigh the tested
area and to calculate the average thickness as l � W/(A�),
where W is the specimen weight, A is the specimen area,
and � is the density.

GLASSY POLYESTERS

Oxygen Solubility and Free Volume

As a result of the long timescale required for glassy
polymers to relax fully, the volume of the nonequilib-
rium glassy polymer is larger than the volume extrapo-
lated from equilibrium by the excess-hole free volume
(Fig. 2).22 The amount of excess-hole free volume in a
typical glassy polymer such as PET, often defined as the
fractional free volume (FFV), is approximately
0.036.23,24 The excess-hole free volume is thought to be
distributed in the form of small holes throughout the
glass. Findings from positron annihilation lifetime spec-
troscopy (PALS) suggest that the hole radius in PET is
approximately 0.26 nm, and the density of holes is about
4 � 1020 cm�3.25,26 However, FFV can be as high as
0.28 and the hole radius can be as high as 0.5 nm in the
so-called high-free-volume polymer glasses.27

Oxygen molecules sorbed in a glassy polymer at a low
pressure are viewed as filling holes of free volume.28 Gas

Figure 1. Experimental J(t) data for glassy PET at 23 °C and the fit to eq 3.
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permeation proceeds by jumps through the excess-hole
free volume. In simplified terms,29 the permeant gas
molecule spends most of the time in free-volume holes
and occasionally jumps into a neighboring hole. The
jump motion proceeds by the formation of a channel
between two neighboring holes.30 Thus, gas permeation
depends on the number and size of the holes in the
polymer matrix (static free volume) and the frequency of
channel formation (dynamic free volume). Static free
volume is essentially independent of the thermally ac-
cessible motions of the macromolecules and is related to
gas solubility. Dynamic free volume derives from acces-
sible conformational changes and segmental motions of
the macromolecule and is related to gas diffusivity.

According to free-volume concepts, the excess-hole
free volume decreases as the glassy polymer approaches
the glass-transition temperature (Tg). This is the basis for
the relationship between S for oxygen and Tg in Figure
3.26 S, measured at the test temperature (Ttest), is plotted
versus the temperature difference from Tg, that is, the
quantity Tg � Ttest, for a series of glassy copolymers
based on PET.24,31 In this case, S was measured primar-
ily at Ttest � 25 °C, and the polyesters differed in Tg. The
right branch of the plot in the temperature region of 20
°C � Tg � Ttest � 60 °C shows a linear decrease in S as
Tg approaches Ttest, and this reflects the reduction of the
excess-hole free volume. Extrapolation gives zero solu-
bility at Tg � Ttest, at which point the excess-hole free
volume is expected to disappear.22 The slope (�1) gives

the density of sorbed oxygen (�O2
) in the free-volume

holes at Ttest:
24

�O2 �
	�1

�e � Mw

22,400� (4)

where 	 is the specific volume of the polymer (0.749 cm3

g�1 for glassy PET), �e is the difference in the thermal
expansivity of the rubbery and glassy states (4.8 � 10�4

cm3 g�1 K�1 for PET),32 and Mw is the weight-average
molecular weight (32 for oxygen). �O2

is 3.8 � 10�3

g/cm3 of free volume or about 3 atm, and this indicates
that sorbed oxygen is in the gaseous state. For Tg � Ttest

	 60 °C, the decreasing slope of the relationship be-
tween S and Tg � Ttest suggests that the excess-hole free
volume approaches a constant value at temperatures well
below Tg. The aromatic polyesters appear to approach a
constant FFV of about 0.05 below the proposed second-
order transition at approximately Tg � 60 °C.24,33,34

As the glassy polymer approaches Tg, Henry’s law
sorption is no longer negligible. Results for some low-Tg

amorphous aromatic copolyesters based on diethylene
glycol and results for poly(diethylene glycol isophtha-
late) (PDEGI) at Ttest from �11 to 40 °C extend the plot
into the rubbery region, as reflected by the left branch in
Figure 3. The inclusion of data obtained at temperatures
other than 25 °C assumes that �O2

does not change very
much over a small temperature range. A deviation from

Figure 2. Schematic representation of the volume–temperature relationship for an amorphous
polymer following the concepts of Vrentas and Duda.22
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the linear relationship between S and Tg � Ttest due to
Henry’s law sorption begins about 20 °C below Tg, and
this attests to the considerable breadth of the glass-
transition region. Once the polymer reaches the rubbery
state, S gradually increases with temperature.

It follows from the free-volume interpretation of S
that a relationship exists between S and 	.24 The rela-
tionship is tested with copolymers of PET with isomeric
isophthalic acid and phthalic acid in Figure 4. The linear
relationship is

S � ��	 � 	0� (5)

where 	0 is the specific volume of the polymer with S
� 0 and, therefore, represents the equilibrium specific
volume of the glassy polymer with no excess-hole free
volume. In eq 5, the slope [� � 3.6 cc (STP) g cm�6

atm�1] reflects �O2
in the excess-hole free volume:

�O2 �
	�pMw

22,400 (6)

where 	 is the specific volume of the glassy polymer, p
is 1 atm, and Mw � 32 g mol�1 is the molecular weight
of oxygen. Equation 6 yields a �O2

value of approxi-
mately 3.9 � 10�3 g/cm3 of free volume or about 3 atm,

the same value extracted from the relationship between S
and Tg according to eq 4.

From 	0 (the specific volume of the polymer at the
equilibrium condition with zero accessible free volume)
and � (which is related to �O2

according to eq 6), the
specific excess-hole free volume of the glassy polymer
(	f) is

	f � 	 � 	0 �
S
�

(7)

Alternatively, FFV can be calculated readily from S for
oxygen:

FFV �
	f

	
�

S
�	

(8)

These results can be tested against other methods for
probing the free volume, such as PALS.

Temperature–Volume Relationship

It is now possible to construct the volume–temperature
behavior of an amorphous polymer by using the oxygen
solubility to measure the excess-hole free volume. The

Figure 3. Relationship between S for oxygen and Tg � Ttest.
26 Reprinted with permission from

Hu, Y. S.; Liu, R. Y. F.; Schiraldi, D. A.; Hiltner, A.; Baer, E. Macromolecules 2004, 37, 2136.
Copyright 2004 American Chemical Society.
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example in Figure 5 is for PET. The 	 (T) line of the
amorphous glass is constructed from the reference point
defined by the amorphous density of 1.335 g cm�3 at 25
°C and by the Tg value of 81 °C. The specific thermal
expansion coefficients, eg and el, are taken to be 2.2 and
7.0 � 10�4 cm3 g�1 K�1, respectively.32 Reported ex-
perimental values and group-contribution calculations
reveal similar values of eg and el for the aromatic poly-
esters based on ethylene terephthalate.32 Therefore, it is
possible to superimpose the thermal expansion of all the
aromatic polyesters with respect to that of PET, and they
should overlap. The x axis is the temperature with respect
to Tg (Ttest � Tg). This allows us to expand the temper-
ature range by incorporating data for various aromatic
polyesters that differ in Tg. For each data point in Figure
5, 	f is calculated from eq 7 and subtracted from the
amorphous glass line of PET at the appropriate value of
Ttest � Tg. Consistency in 	f among the different aro-
matic polyesters reflects the common characteristics of
excess-hole free volume in the glassy state.

The curve through the open circles in Figure 5 extends
the equilibrium liquid line below Tg. In agreement with
the model in Figure 2, the excess-hole free volume
becomes less dependent on the temperature for Ttest � Tg


 �60 °C and indeed appears to approach a constant

value of approximately 0.04 cm3 g�1 (FFV � 0.05). The
coincidence of the slope change with the postulated
second-order transition at Tg � 60 °C33,34 suggests that
at temperatures below Tg � 60 °C, gas solubility probes
the core expansion of the equilibrium glassy state. In this
interpretation, the supercooled glass follows the equilib-
rium liquid-expansion line between Tg and Tg � 60 °C
and exhibits constant free volume below the transition in
agreement with the classical Williams–Landel–Ferry in-
terpretation.35

Decreasing Free Volume by Orientation

The orientation of PET and other aromatic polyesters by
cold drawing below Tg significantly increases the density
even though strain-induced crystallization is prevented.
The processes of orientation and densification correlate
with the conformational transformation of glycol link-
ages from gauche to trans. Correspondingly, oxygen
permeability is reduced because of decreases in both D
and S.23,25,36 The decrease in S for three cold-drawn
polyesters is plotted versus 	 according to eq 7 in Figure
6. For PET, the linear relationship coincides with that of
PET-based copolymers in Figure 4 and indicates that the

Figure 4. Relationship between S for oxygen and 	 for glassy copolyesters based on PET. The
linear correlation extrapolates to S � 0 at 	0 � 1.38 g cm�3, the density of the amorphous polymer
with no excess-hole free volume, with a slope of � � 3.6 cc (STP) g cm�6 atm�1.24
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decrease in S arises from the reduction in the excess-hole
free volume. Despite differences in the chemical struc-
ture, a � value of about 3.6 has been obtained for each of
the polymers, and this suggests that the physical state of
sorbed oxygen is the same in all the polyesters. On the
other hand, a different value of 	0 for each polyester
means that the specific volume at zero solubility is char-
acteristic of the chemical structure. Very low gas solu-
bility is characteristic of LCPs. It is instructive that the
point for Vectra, an LCP with a high percentage of
naphthalate units, is very close to 	0 of poly(ethylene
naphthalate) (PEN).

The orientation effect is incorporated into the volume–
temperature relationship in Figure 5. At the appropriate
value of Ttest � Tg, 	0 from Figure 6 lies on the equilibrium
expansion curve determined for glassy copolyesters. Grad-
ually reducing the excess-hole free volume by orientation
produces a series of points that bring the nonequilibrium
glass closer to the equilibrium line. A cold-drawn copoly-
mer based on PET with 55 mol % of the terephthalate
replaced with 4,4�-bibenzoate (PETBB55) approaches the
zero-solubility condition most closely, perhaps because the
liquid-crystalline (LC)-like character of this polymer facil-
itates orientation.37

Oxygen Diffusivity and Molecular Relaxation

The dynamic free volume that controls the jump motion of
permeant molecules between static free-volume holes de-
rives from accessible conformational changes and segmen-
tal motions of the polymer chain. For glassy polyesters, it
appears that these thermal rearrangements are manifest in
the sub-Tg 
-relaxation process.38 The diffusivity of copoly-
esters based on PET shows an excellent logarithmic depen-
dence on the relative relaxation intensity, which is defined
as 1 � (IE
/IE
,PET), where IE
 is the relaxation intensity
taken as the area under the log E
curve, where E
 is the
loss modulus, and IE
,PET is the relaxation intensity of
PET (Fig. 7). Further evidence that the dynamic free
volume for oxygen diffusion arises from the same
thermally activated motions of glycol conformations
as the 
 relaxation is provided by the correspondence
between the activation energy for oxygen diffusion
(ED) and the activation energy of the 
 relaxation (E
)
(Table 1).39 – 42 Results for numerous other aromatic
polyesters, including poly(diethylene glycol 4,4�-bibenzo-
ate) (PDEGBB),43 poly(diethylene glycol 4,4�-bibenzoate-
co-isophthalate) copolymers (PDEGBB-I),26 and poly[eth-
ylene-co-bis(2-hydroxyethyl)hydroquinone terephthalate]

Figure 5. Relationship between 	 and T � Tg, constructed for amorphous PET with the oxygen
solubility as a measure of the accessible free volume and including data for various copolymers,24

the effect of orientation,23 and the effect of constraint on the spherulite amorphous phase.58

Reprinted with permission from Hu, Y. S.; Liu, R. Y. F.; Zhang, L. Q.; Rogunova, M.; Schiraldi,
D. A.; Nazarenko, S.; Hiltner, A.; Baer, E. Macromolecules 2002, 35, 7326. Copyright 2002
American Chemical Society.
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Figure 6. Effect of the orientation on the relationship between S for oxygen and 	. The linear
correlation extrapolates to a different value of 	0 at S � 0 for each polymer but with the same slope
of � � 3.6 cc (STP) g cm�6 atm�1.23

Figure 7. Relationship between D for oxygen and the relative intensity of the 
 relaxation.24
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copolymers,44 demonstrate the generality of the relationship
between the 
-relaxation strength and oxygen diffusivity.

The complexity of the 
 relaxation has sometimes led
investigators to identify specific components with trans and
gauche conformers of the glycol,45 with somewhat different
activation energies.42 Some 
-relaxation motions may be
more effective than others for enabling the jump motion of
permeant molecules between static free-volume cavities.
An increase in gauche conformers has been linked to higher
oxygen permeability.14,15 For example, the gauche fraction
from infrared spectroscopy is 0.91 for PET and 0.93 for
PETBB55, but it is only 0.75 for poly(ethylene isophtha-
late) (PEI) and 0.79 for PEN, which have much lower
diffusivity.23,25 Apparently, motions of gauche glycol con-
formations provide the dynamic free volume associated
with diffusivity. Indeed, a better correlation between the
diffusivity and relaxation intensity is obtained if only the
gauche component of the 
 relaxation is considered.31

Lattice Hole Model for Gas Permeation

The interpretation of oxygen solubility and diffusivity
in terms of static and dynamic free-volume concepts
leads to a very simple lattice model for oxygen trans-
port. Spherical holes of excess-hole free volume hav-
ing radius r are assumed to be arranged on a cubic
lattice (Fig. 8).25,26 The concept is similar to lattice
models previously used to describe both the rubbery
and glassy states.46,47 The average distance between
neighboring holes is estimated from a mechanistic
interpretation of ED,10,48 –50 in which the energy re-
quired to create a channel of cross-sectional area
�d2/4 and diffusional jump length � is equated with
the energy required to break the physical bonds be-
tween the polymer segments:

ED �
1
4 �d2� CED NA (9)

where d is the collision diameter of the gas penetrant,
CED is the cohesive energy density of the polymer, NA

is Avogadro’s number, and ED is determined by the
Arrhenius relationship between D and T�1. According to
the concept expressed by eq 9, a similarity in the acti-
vation energies for diffusion obtained for various aro-
matic polyesters translates to similar � values of approx-
imately 13.6 Å (Table 1). The corresponding radius of
uniform spherical holes (rm) follows from FFV:

rm � ��3 3 FFV
4�

(10)

where FFV is obtained from the oxygen solubility ac-
cording to eq 8. The calculated hole radius (rm) for
various glassy polyesters correlates well with the hole
size obtained independently by PALS (Table 1).25,26

Furthermore, the hole density (N0) in a cubic lattice is
defined by the lattice constant, or �:

N0 �
1
�3 (11)

For the polymers in Table 1, N0 from eq 11 varies from 3.6
to 4.6 � 1020 cm�3, which correlates with an N0 value of
about 4 � 1020 cm�3 determined for a range of polymers in
various PALS studies, which considered either an average
hole size51–53 or a distribution of hole sizes.54

The consistency with independent estimates of the
hole size and hole density supports the simple physical
model that views gas diffusion as the random hopping of

Table 1. Properties of Glassy Polyesters

Property PEN PETBB55 PET PEI
PDEGBB

(LC)

� at 25 °C (g cm�3) 1.3272 1.3080 1.3359 1.3509 1.3201
Tg (°C) 124 104 79 68 42
P at 25 °C [cc (STP) cm m�2 day�1 atm�1] 0.167 0.650 0.463 0.099 0.0318
D at 25 °C (10�13 m2 s�1) 1.6 6.6 5.2 1.6 2.6
S at 25 °C [cc (STP) cm�3 atm�1] 0.121 0.114 0.103 0.072 0.014
FFV at 25 °C 0.049 0.039 0.038 0.027 0.005
ED (kJ mol�1) 44 43 40 43 53
E
 (kJ mol�1) 58.2 — 49.8 56.9 —

52.1 (trans)
32.8 (gauche)

CED (108 J m�3) 5.3 5.3 5.4 5.5 5.2
� (Å) 14.5 14.2 12.9 13.7 18
r at 25 °C (Å, PALS) 2.59 2.58 2.56 2.41 2.23
rm at 25 °C (Å, eq 10) 3.1 2.9 2.8 2.5 1.9
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an oxygen molecule from one excess-hole free volume
hole to another. It should be emphasized, however, that
this model applies under conditions in which only hole-
filling sorption participates in the transport process.

From eq 9, the similarity in the ED values of PET and
PEN means that the low diffusivity of PEN cannot be
ascribed to a difference in �. D depends on � and also on
the effective jump frequency (�):55

D �
1
6 ��2 (12)

It follows that the jump frequency is much lower in PEN
and PEI. From D and � in Table 1, � decreases from about
2.0 � 106 s�1 for PET and PETBB55 to 0.5 � 106 s�1 for
PEI and PEN. For PET at 25 °C, this means that one oxygen
molecule makes one jump every 5.3 � 105 ps.25 The
timescale of the actual jump is on the order of several
picoseconds from molecular simulations.50 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 molecules sorbed in the polymer
glass reside mostly in the holes rather than in the ma-
trix.25,29

Only a small fraction of the holes contains an oxygen
molecule at any given instant.25 �O2

in PET is 3.8 � 10�3

g/cm3 of excess-hole free volume at 25 °C and 1 atm. This
is significantly smaller than the density of one gas molecule
per hole, which would be 0.56 g/cm3 of free volume esti-
mated from a hole density of 4.0 � 1020 cm�3. The fraction
of filled holes is estimated to be less than 1%. Nevertheless,
if each permeant molecule jumps 0.5–2.0 � 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 the number of accessible
free-volume holes (
1%), the sorbed gas is seen as occu-
pying all the free volume through a high jump frequency.
The free-volume holes are interconnected by diffusion
channels, which are instantly opened and closed by subam-
bient segmental motion. The fast jump rate justifies the conc
ept of sorbed gas density in eqs 4 and 6 because the gas
molecules share all the free-volume holes.

Permeability of the LC Glass

Interpretations of the oxygen solubility and diffusivity
based on free-volume concepts of the amorphous glass
can be extended to the LC glass.26,43 PDEGBB is a

Figure 8. Lattice model for oxygen transport: (a) cubic lattice of excess free-volume
holes and (b) diffusional jump of an oxygen molecule between free-volume holes.25
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smectic LC glass with an oxygen permeability of 0.0318
cc (STP) cm m�2 day�1 atm�1, which is more than one
order of magnitude lower than the oxygen permeability
of amorphous PET (Table 1). The exceptionally low
oxygen permeability is due primarily to very low oxygen
solubility. If the sorbed oxygen is in the same state (i.e.,
� in eq 5 applies to the smectic LC glass), FFV of
PDEGBB from eq 8 is 0.005. In terms of the free-volume
hole model, this means that the hole size is smaller or the
hole density is lower than that of the amorphous glass.
The smaller hole size of the LC glass is confirmed by
PALS, which gives a hole radius of 2.23 Å for PDEGBB
versus 2.56 Å for PET (Table 1). In addition, a higher ED

value for PDEGBB (53.4 kJ mol�1) translates into a
larger � value. The free-volume hole density estimated
for PDEGBB is 1.7 � 1020 cm�3 according to eq 11,
which is significantly lower than the hole density of
about 4.0 � 1020 cm�3 obtained for the amorphous
glasses. The FFV calculated from the hole size and hole
density is 0.008, which is close to the value of 0.005
obtained directly from oxygen solubility (Table 1). Both
the smaller hole size and lower hole density contribute to
the lower FFV of the smectic LC glass.

CRYSTALLINE POLYESTERS

Oxygen Solubility and Glassy Amorphous Phase

The impermeability of crystals is the basis of the simple
two-phase transport model, which consists of an imper-
meable crystal phase dispersed in a permeable amor-
phous matrix. The resulting relationship between the
solubility and crystallinity volume is

S � Sa(1 � 
c) (13)

where Sa is the solubility of the gas in the amorphous
phase and 
c is the volume fraction crystallinity. If Sa is
independent of the amount of crystallinity and equal to
the solubility of the completely amorphous polymer, S
will decrease linearly with 
c and extrapolate to zero
solubility at 
c � 1. However, the solubility of many
gases including oxygen in PET is significantly higher
than that predicted by eq 13.5 An X-ray study suggests
that the amorphous phase density (�a) of crystalline PET
is not constant but rather decreases with crystallinity
because of conformational restrictions that change the
ratio of amorphous gauche-to-trans conformers. The con-
cept of a dedensified amorphous phase explains the un-
expectedly high gas solubility of crystalline PET, PET
copolymers, and PEN.20,56–58 The effect of crystalliza-
tion on oxygen-transport properties is illustrated for PEN
in Figure 9, with the crystallinity expressed as the den-
sity.58 Crystallization has almost no effect on S, which

remains virtually constant at the value for amorphous
PEN of 0.127 cc (STP) cm�3 atm�1. A reduction in P by
a factor of 3 in cold- and melt-crystallized PEN is due
almost entirely to a decrease in D.

The two-phase model for the density of a crystallized
polymer with a dedensified amorphous phase is formu-
lated in terms of a crystalline phase of constant density
(�c) and an amorphous phase of variable density (�a) that
depends on 
c:

� � �c
c 	 �a(1 � 
c) (14)

where � is the bulk density. To obtain �a, 
c is taken
from the DSC heat of melting (�H):


c �
�H
�H0

�

�c
(15)

where �H0 is the heat of melting of the perfect crystal.
The relationship between Sa from eq 13 and the amor-
phous-phase specific volume (	a � �a

�1) from eq 14
with �H0 � 131 J g�1 and �c � 1.445 g cm�3 is plotted
in Figure 10. The dedensification of the amorphous phase
can be seen as a linear increase in Sa with increasing 	a.
The dashed line in Figure 10 is taken from Figure 6 and
represents the decrease in S due to densification by
orientation. Slope � and intercept v0, which describe S of
the densified oriented polymer, also describe Sa of the
dedensified amorphous phase of the crystallized poly-
mer. The orientation and crystallization both impact the
amorphous state by altering the excess-hole free volume,
although the effects are opposite: orientation reduces the
free volume and crystallization increases the free vol-
ume. Analogous phenomena occur in PET, and the com-
peting effects of simultaneous orientation and crystalli-
zation are manifest in the blown bottle wall.59

The dedensification of the amorphous phase can be
discussed in terms of the temperature–volume relationship
in Figure 5.58 As the polymer is cooled from the melt,
unconstrained amorphous chains contract along the equilib-
rium liquid line to the glass transition and then along the
solid line to 25 °C. However, amorphous chain segments
that are attached to chain segments in crystals lack mobility
to relax along the liquid line; instead, they are immobilized
much as they would be in the glassy state, and during
cooling from the crystallization temperature they contract
along a line parallel to the glass line. The dashed lines in
Figure 5 describe the contraction of the constrained amor-
phous phase from two different crystallization tempera-
tures. In contrast to orientation, crystallization takes the
amorphous phase further from equilibrium.

The additional free volume resulting from constraint
is the difference between the dedensified amorphous
specific volume of the completely crystallized polymer
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(	max) and the specific volume of the unconstrained glass
(	g). 	max is given by

	max � 	g 	 �	f � 	g 	 �e�Tc � Tg) (16)

where �e is the difference between the specific thermal
expansivities of equilibrium liquid and glass (�e � el

� eg) and Tc is the crystallization temperature. The
values of 	max calculated from eq 16 with literature
values of el and eg correlate well with 	 of the dedensi-
fied amorphous phase obtained experimentally from the
oxygen solubility.58

Permeability and Microstructure of Spherulites

The isothermal crystallization of a polyester can be ar-
rested before the spherulites are space-filling by quench-
ing below Tg. The partially crystallized polyester can be
viewed morphologically as a dispersion of spherulites in
a continuous amorphous matrix (Fig. 11).58,60 However,
the impermeable units are lamellar crystals, not spheru-
lites. The individual spherulite is itself a composite struc-
ture consisting of impermeable lamellar crystals ar-
ranged in a permeable interlamellar amorphous phase
with lower density than the amorphous matrix.

Figure 9. Effect of crystallinity expressed as � on the oxygen-transport parameters of
PEN.58 Reprinted with permission from Hu, Y. S.; Liu, R. Y. F.; Zhang, L. Q.; Rogunova,
M.; Schiraldi, D. A.; Nazarenko, S.; Hiltner, A.; Baer, E. Macromolecules 2002, 35, 7326.
Copyright 2002 American Chemical Society.
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Although gas solubility is a powerful structural probe
for the amorphous phase of a crystalline polyester,
changes in the solubility are relatively small in compar-
ison with the dramatic effect that the second phase can
have on gas diffusivity (Fig. 9). The geometric imped-
ance imparted to the transport pathway by a second
phase is usually modeled in terms of gas permeability.
Considering the crystallized polyester as a dispersion of
less permeable spherulites in a more permeable amor-
phous matrix, the Maxwell model for the permeability of
a spherical dispersion takes the following form:61–63

P � Pa�1 	
3Vs

�(Ps/Pa) 	 2
(Ps/Pa) � 1� � Vs� (17)

where Vs is the volume fraction of the spherulites, Pa is
the permeability of the amorphous matrix, and Ps is the
permeability of the spherulites and the single fitting
parameter. The quantity P/Pa is plotted versus Vs in
Figure 12 for PEN crystallized at two temperatures. The
oxygen permeability of the spherulite is approximately
30–50% of that of the amorphous polymer. The lower Ps

value of the spherulites crystallized at the higher tem-
perature results from a higher volume fraction of imper-
meable lamellae and more than compensates for the
lower interlamellar �a value.

Structurally, the spherulite resembles a dispersion of
impermeable platelets of a given aspect ratio, which was

modeled by Cussler and coworkers.64–66 If the platelet
orientation is averaged, the permeability of the compos-
ite can be expressed as follows:

Ps � Pas�1 	
�2
s

2

12(1 � 
s)
��1

(18)

where Pas is the permeability of the dedensified interla-
mellar matrix, 
s is the volume fraction of impermeable
platelets, and � is the aspect ratio of the platelets. The
resulting aspect ratio of the impermeable crystals is 18–
20. The estimated lamellar length appears reasonable
according to atomic force microscopy images.58

Two-phase gas-transport models are also exception-
ally useful for probing the morphology of polyesters that
do not crystallize as well-formed spherulites. In this
respect, gas permeability provides a valuable comple-
ment to more conventional methods such as X-ray dif-
fraction, microscopy, and thermal analysis. For instance,
the crystallization of PETBB55 from the melt reduces
the oxygen permeability by a factor of 5. The effect is
described well by a model that considers only a random
dispersion of impermeable platelets in a permeable ma-
trix,66 and this corroborates the poor spherulitic devel-
opment, loosely organized lamellae, and pronounced
secondary crystallization of PETBB55.67 Modeling the
more modest effect of cold crystallization by heating the
quenched PETBB55 glass above Tg leads to a consider-
ation of small isotropic crystals embedded in a permeable

Figure 10. Relationship between Sa for oxygen and 	a for cold-crystallized and
melt-crystallized PEN.58 Reprinted with permission from Hu, Y. S.; Liu, R. Y. F.;
Zhang, L. Q.; Rogunova, M.; Schiraldi, D. A.; Nazarenko, S.; Hiltner, A.; Baer, E.
Macromolecules 2002, 35, 7326. Copyright 2002 American Chemical Society.
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matrix.43,67 Coincidently, cold-crystallized PETBB55 ex-
hibits an almost featureless, granular morphology despite
the high level of crystallinity inferred from thermal anal-
ysis and X-ray diffraction. Similarly, an analysis of the
oxygen permeability suggests that PDEGBB, an LCP,
also crystallizes as small crystals with a low aspect ratio
dispersed in the permeable LC phase, although there
appears to be no morphological manifestation of crystal-
line order.43

NEW OPPORTUNITIES FOR GAS
TRANSPORT AS A STRUCTURE PROBE
Insight into the polymer amorphous phase is particularly
elusive. Even in conventional polyolefins such as polypro-

pylene, the nature of the amorphous phase is not entirely
understood, as evidenced by unresolved differences be-
tween the crystallinity measured by the density and the
crystallinity measured by the heat of melting.68 Various
examples in this review illustrate how the transport of small
gas molecules senses the permeable amorphous structure
and probes the free volume of the disordered phase. This
level of understanding has special practical importance for
polyolefins for which environmental control is a key prop-
erty in many packaging applications.

It is abundantly clear from the literature that elucidat-
ing solid-state structure–property relationships of com-
plex polymeric materials requires the integration of in-
sights from many experimental techniques. The chal-

Figure 11. Schematic representation of compact banded spherulites at different time
points during the isothermal crystallization of PEN.58 Reprinted with permission from
Hu, Y. S.; Liu, R. Y. F.; Zhang, L. Q.; Rogunova, M.; Schiraldi, D. A.; Nazarenko, S.;
Hiltner, A.; Baer, E. Macromolecules 2002, 35, 7326. Copyright 2002 American Chem-
ical Society.

Figure 12. Relative permeability (P/Pa) versus Vs for cold-crystallized and melt-
crystallized PEN and the fit to eq 17.58 Reprinted with permission from Hu, Y. S.; Liu,
R. Y. F.; Zhang, L. Q.; Rogunova, M.; Schiraldi, D. A.; Nazarenko, S.; Hiltner, A.; Baer,
E. Macromolecules 2002, 35, 7326. Copyright 2002 American Chemical Society.
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lenges are magnified by unusual solid-state structures,
such as those of ionomers, including Nafion, a polymer
that is of considerable current interest for fuel-cell ap-
plications.69 Currently, polymer nanocomposites are the
focus of many research efforts, which have provided
ample evidence that even small amounts of high-aspect-
ratio nanoparticles substantially impact solid-state prop-
erties, including gas transport.70 Gas transport supple-
ments more conventional methods for developing struc-
tural models of these unusual materials.

Current directions in microtechnology and nanotechnol-
ogy frequently require the confinement of polymers as very
thin films. As polymers become thinner, departures from
the structure and properties of the bulk are expected.71–73

The challenges of characterizing the small amounts of ma-
terials in nanofilms with conventional methods of polymer
analysis are addressed by the multiplication of the number
of thin films a 100-fold or even a 1000-fold by layer-
multiplying coextrusion.74,75 The scientifically and techno-
logically important interphase between two immiscible
polymers is probed with assemblies of thousands of alter-
nating layers of two glassy polymers, with the individual
layer thickness on the nanometer size scale of the inter-
phase.76,77 By sensing the composite nature of the assem-
bly, gas transport becomes a primary method for extracting
the dimension and other fundamental characteristics of the
interphase. Nanolayer assemblies of crystalline polymers
are also fabricated by layer-multiplying coextrusion. Con-
finement on the nanoscale impacts nucleation and growth to
the extent that new crystalline structures are created.78,79

The gas-transport parameters of solubility and diffusivity
are sensitive probes for the new and unique solid-state
structures of ultrathin polymers.
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tional Science Foundation (DMR-0349436), the De-
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