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ABSTRACT: In the present study we examined the oxygen-transport properties of poly(ethylene
naphthalate) (PEN) isothermally crystallized from the melt (melt crystallization) or quenched to the glass
and subsequently isothermally crystallized by heating above the glass transition temperature (cold
crystallization). The gauche/trans conformation of the glycol linkage was determined by infrared analysis,
and the crystalline morphology was examined by atomic force microscopy (AFM). Explanation of the
unexpectedly high solubility of crystallized PEN required a two-phase transport model consisting of an
impermeable crystalline phase of constant density and a permeable amorphous phase of variable density.
The resulting relationship between oxygen solubility and amorphous-phase density was consistent with
free volume concepts of gas sorption. Morphological observations provided a structural model for solubility
and permeability. The model consisted of a permeable amorphous matrix of constant density containing
dispersed spherulites of lower permeability. The spherulites themselves were composites of impermeable
crystallites and permeable interlamellar amorphous regions of lower density than the amorphous matrix.
Dedensification of the interlamellar amorphous phase was due to the constrained nature of amorphous
chains anchored to crystallites.

Introduction

Crystallization significantly improves the barrier
properties of polymers.1,2 The efficiency of chain packing
is such that the crystalline phase is generally regarded
as impermeable to even small gas molecules. Crystal-
lization reduces solubility due to the smaller volume
fraction of the permeable amorphous phase. Crystal-
lization reduces diffusivity by increasing the diffusion
pathway to an extent that depends on the shape and
spatial arrangement of the impermeable crystals. Dif-
fusivity is further affected if the mobility of amorphous
chains is altered by attachment to crystals.

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.3 According to the model, solubility should
be a linear function of the amorphous volume fraction.
This is confirmed for the solubility of small gases in
polyethylene.4 The solubility of water vapor in poly-
(ethylene terephthalate) (PET) and in polyamide 610
also conforms with the simple model.5 However, the
decrease in solubility of many gases including oxygen
in poly(ethylene terephthalate) is smaller than predicted
by the two-phase model.6 It was proposed that crystal-
lization tends to occur in the denser regions of the
amorphous polymer, thus concentrating free volume in
the remaining amorphous regions. More recently, the
unexpectedly high gas solubility of crystalline PET and
PET copolymers was addressed using the concept of a
dedensified amorphous phase.7-9 The two-phase model
is formulated in terms of a crystalline phase of constant
density, Fc, and an amorphous phase of variable density
that depends on the volume fraction crystallinity, Fa(φc).

Other polymers related to PET also might not conform
to the simple two-phase model. In the present study,
the two-phase model is tested with crystallized poly-
(ethylene naphthalate) (PEN), a high-performance en-
gineering plastic with excellent barrier properties. Like
PET, PEN can be crystallized from the melt (melt
crystallization), or alternatively it can be rapidly
quenched to the amorphous glass and subsequently
crystallized by heating above the glass transition tem-
perature (cold crystallization). Isothermal crystallization
of PEN is slow enough that the kinetics can be accessed
easily over the entire bell-shaped curve.10,11 Melt crys-
tallization and cold crystallization proceed at similar
rates by nucleation and growth of banded spherulites
until the spherulites are space-filling. The Avrami plots
exhibit a coefficient that is close to 3, and they do not
deviate distinctly from linearity in the later stages of
crystallization. These features are consistent with pri-
marily 3-dimensional growth of heterogeneously nucle-
ated spherulites having constant crystallinity.12 On the
basis of these characteristics, an attempt to seek a
structural model for gas transport appears promising.

In the present study we test the formulation of the
two-phase model for PEN by examining the effect of cold
crystallization and melt crystallization on oxygen-
transport properties. The amorphous phase of the
crystallized polymer is analyzed in terms of free volume
concepts of oxygen solubility previously developed for
the oriented, densified glass. The crystalline morphology
is examined to develop a structural model for oxygen
transport.

Materials and Methods
PEN was provided by KoSa (Spartanburg, SC) in the form

of extruded pellets. The intrinsic viscosity of the PEN pellets
was 0.64 dL g-1, measured at 25 °C in 1% (w/w) dichloroacetic
acid solution. The diethylene glycol (DEG) content of the PEN
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was 0.96 mol %, determined by methanolysis of the polyester,
followed by gas chromatography analysis for DEG. The pellets
were dried in vacuo at 80 °C for 24 h prior to molding. Films
120-150 µm thick were obtained by compression molding the
pellets between Teflon-coated aluminum sheets in a press at
310 °C. The platens were heated in the press for 5 min with
repeated application and release of pressure to remove air
bubbles, and held at 20000 psi for an additional 5 min.
Amorphous films were obtained by quenching from the melt
into cold water. Cold-crystallized barrier specimens were
prepared by annealing amorphous films in an oven at the
appropriate temperature, followed by quenching into cold
water. Films were crystallized at 165 °C for various periods
of time from 10 min to 13.5 h to obtain specimens that differed
in the amount of crystallinity. Amorphous films were also cold-
crystallized at 180 °C for 12 h and at 200 °C for 10 h to obtain
higher crystallinities. For melt-crystallized barrier specimens,
the melted films between Teflon sheets were transferred
rapidly from the press at 310 °C to an oven at 220 °C,
crystallized for various periods of time from 10 min to 4 h,
and quenched into cold water.

Density was measured with a density gradient column
constructed from an aqueous solution of calcium nitrate in
accordance with ASTM-D 1505 method B. The column was
calibrated with glass floats of known density. Small pieces of
film (∼25 mm2) were placed in the column and allowed to
equilibrate for 30 min before the measurements were taken.
Thermal analysis was conducted with a Perkin-Elmer DSC-
7. Heating scans were performed at 10 °C min-1 over the
temperature range from 30 to 290 °C. The X-ray diffraction
measurements were performed at ambient temperature with
a Philips diffractometer in the transmission mode using a slit
angle of 0.5°. Positron annihilation lifetime spectroscopy
(PALS) was performed using a conventional fast-fast coinci-
dence system. The instrumentation and procedures for data
analysis were described previously.13

Conformational composition was determined by photoacous-
tic Fourier transform infrared (FTIR) spectroscopy. Spectra
were collected at ambient temperature with a Nicolet 870 FTIR
spectrometer using an MTEC model 200 photoacoustic cell.
Specimens 10 mm in diameter were cut from the film after
the barrier measurement. All infrared specimens were dried
overnight in vacuo at ambient temperature to remove mois-
ture. For each specimen, 256 scans were collected with a
resolution of 4 cm-1 and mirror velocity of 0.158 cm s-1. The
1500-1400 cm-1 region of the spectrum was deconvoluted into
four Gaussian peaks using Origin 4.1 software. The fractions
of gauche- and trans-glycol conformations were obtained from
the relative peak heights.

For atomic force microscopy, specimens were sectioned with
an ultramicrotome (MT6000-XL from RMC, Tucson, AZ) and
etched for 30 min at ambient temperature in a solution of 10
mg of potassium permanganate/mL of a 10:4:3 v/v/v mixture
of concentrated sulfuric acid, orthophosphoric acid (85%), and
water.14 The etched surfaces were examined in air at ambient
conditions using the Nanoscope IIIa MultiMode head from
Digital Instruments (Santa Barbara, CA) in the tapping mode.
Phase and height images were recorded simultaneously.

Oxygen flux, J(t), at 0% relative humidity, 1 atm of pressure,
and 25 °C was measured with a MOCON OX-TRAN 2/20.
Additional experiments were carried out at various tempera-
tures in the range of 10-40 °C. Specimens were carefully
conditioned as described previously,7 to obtain the non-steady-
state oxygen flux from which the diffusivity, D, was deter-
mined. The average thickness, l, of each specimen was
determined as l ) W(AF)-1, where W is the sample weight, A
is the sample area, and F is the density.

Results
Crystalline Morphology. The increase in crystal-

linity expressed as the density of PEN barrier films
followed the typical sigmoidal dependence on isothermal
crystallization time as shown in Figure 1. During the
rapid increase in density the volume fraction occupied

by spherulites increased by the processes of nucleation
and growth.10 The small increase in density at longer
times after the spherulites were space-filling reflected
secondary crystallization.

An AFM phase image of a film melt-crystallized for
22 min at 220 °C displayed individual spherulites
embedded in an amorphous matrix, Figure 2a. After 90
min at 220 °C space-filling spherulites characterized the
completely crystallized film, Figure 2b. The spherulites
exhibited a regular banding pattern with spacing of
about 2.6 µm. Persistence of a constant band spacing
during isothermal spherulite growth conformed with the
general observation that the banding period is deter-
mined primarily by the crystallization temperature.15

Cold crystallization for 8 h at 165 °C produced smaller
space-filling spherulites than melt crystallization at 220
°C, which was consistent with a higher nucleation
density, Figure 2c. The 0.38 µm banding pattern of cold-
crystallized spherulites was much smaller than the
band spacing of melt-crystallized spherulites in ac-
cordance with the general observation that band spacing
decreases with crystallization temperature.16,17

Conformer Characterization. The infrared spec-
trum of PEN is well characterized.18-20 Specific bands
assigned to trans and gauche conformers of the glycol
appear in three regions of the spectrum: 1500-1400,
1400-1300, and 1100-800 cm-1. Bands at 1477 and
1456 cm-1 observed in both amorphous and crystalline
PEN are associated with the CH2 bending vibrations of
trans and gauche configurations, respectively. Changes
in the peak intensities of these two bands revealed the
expected increase in trans conformers relative to gauche
conformers with crystallization, Figure 3. These two
peaks were used for quantitative determination of
conformer populations.

Spectra were normalized to the carbonyl stretching
band at 1730 cm-1,21 and the 1500-1400 cm-1 region
was deconvoluted into four Gaussian peaks as il-
lustrated in Figure 4. The relative amounts of gauche
and trans conformers were determined by plotting the
normalized peak heights as in Figure 5. Excellent
linearity was obtained. Extrapolation gave intercepts
that corresponded to the normalized band intensities
for 100% trans and 100% gauche conformers. It can be
seen from the intercepts that the gauche and trans
bands used in the analysis had about the same molar
absorptivity.

The trans fraction, ft, defined as the ratio of the
normalized 1477 cm-1 peak height to the normalized

Figure 1. Crystallinity measured as density as a function of
crystallization time.
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1477 cm-1 peak height for 100% trans conformers was
about 0.20 in an amorphous PEN film, which was higher
than the trans fraction of 0.10 reported for amorphous
PET.21-23 The trans fraction increased with crystallinity,

Tables 1 and 2. The relationship between the trans
fraction and crystallinity as measured by ∆H, where ∆H
is the sum of the endothermic melting enthalpy and the
exothermic cold crystallization enthalpy in the DSC
heating scan, is plotted in Figure 6. Extrapolation of
the linear relationship gave 131 J g-1 as the heat of
melting for PEN with 100% trans conformers. This
value can be considered as ∆H° for the extended chain
R-form PEN crystal. However, it is somewhat larger
than the 104 J g-1 proposed in the literature.24

Oxygen Transport. Typical experimental curves in
Figure 7 describe the oxygen flux, J(t), through an
amorphous PEN film and through several melt-crystal-
lized PEN films of increasing crystallinity. To facilitate
comparisons among specimens that varied somewhat in
thickness, the flux curves were normalized to a film
thickness of 200 µm. Careful conditioning and appropri-
ate choice of specimen thickness resulted in excellent
resolution of the various features of the time depen-
dence. The initial increase in oxygen flux reflected 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

Figure 2. AFM phase images of PEN: (a) melt-crystallized at 220 °C for 22 min; (b) melt-crystallized at 220 °C for 90 min; (c)
cold-crystallized at 165 °C for 8 h.

Figure 3. Representative FTIR spectra of PEN melt-crystal-
lized at 220 °C for (a) 0 min, (b) 15 min, (c) 60 min, and (d)
240 min.

Figure 4. Deconvolution of the 1500-1400 cm-1 region of the
infrared spectrum to obtain peak heights of trans and gauche
bands for crystallized PEN.

Figure 5. Normalized peak heights of the gauche and trans
infrared bands of cold- and melt-crystallized PEN.
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distribution, the flux reached the steady-state value, Jo.
This value, normalized to both the film thickness, l, and
the permeant gas pressure, p, defined the permeability,
P ) Jolp-1. Crystallization affected both the non-steady-
state and steady-state parts of the oxygen flux curve.
The non-steady-state region broadened (slower diffu-
sion), and the flux decreased (lower permeability).

To obtain the diffusivity, D, and to accurately deter-
mine the permeability, P, the data were fit to the
solution of Fick’s second law with appropriate boundary
conditions:7

The fitting curves are included with the experimental
points in Figure 7. The fit was equally good for all the

experiments in the study. As indicated previously,7 the
error in determining the two fitting parameters P/l and
D/l2 was estimated not to exceed 2%. The low sensitivity
of the flux to thickness variation within 30% was
demonstrated previously.7 Therefore, the accuracy of P
and D was determined mainly by the accuracy of the
average thickness measurement. For this reason, special
attention was paid to the average thickness measure-
ment as described in the Experimental Section. Solubil-
ity, S, was calculated from the relationship S ) PD-1.

The effect of cold and melt crystallization on the
oxygen barrier properties of PEN is shown in Figure 8,
with crystallinity expressed as density. Cold and melt
crystallization reduced P similarly. In both cases the
highest crystallinity achieved decreased P from 0.166
to about 0.050 cm3 (STP) cm m-2 day-1 atm-1, Tables 1
and 2. The improved barrier of crystallized PEN was
almost entirely due to a decrease in D. At the highest

Table 1. Oxygen Barrier Properties of Cold-Crystallized PENa

crystallization
condition

density
(g cm-3) P D S

trans
fraction

∆H
(J g-1) φc

Fa
(g cm-3) Sa

quenched 1.3280 ( 0.0008 0.166 ( 0.004 1.51 ( 0.04 0.127 ( 0.001 0.21 1 0.01 1.327 0.128
165 °C, 10 min 1.3312 ( 0.0003 0.148 ( 0.006 1.32 ( 0.06 0.130 ( 0.001 0.24 7 0.05 1.325 0.137
165 °C, 16 min 1.3332 ( 0.0008 0.140 ( 0.001 1.30 ( 0.09 0.125 ( 0.008 0.25 9 0.06 1.326 0.133
165 °C, 30 min 1.3352 ( 0.0015 0.133 ( 0.005 1.21 ( 0.09 0.127 ( 0.004 0.27 14 0.10 1.323 0.141
165 °C, 45 min 1.3409 ( 0.0014 0.112 ( 0.001 1.03 ( 0.03 0.126 ( 0.004 0.33 25 0.18 1.318 0.153
165 °C, 52 min 1.3430 ( 0.0018 0.102 ( 0.004 0.97 ( 0.07 0.122 ( 0.004 0.36 28 0.20 1.318 0.152
165 °C, 1.0 h 1.3496 ( 0.0020 0.083 ( 0.001 0.86 ( 0.01 0.111 ( 0.001 0.42 39 0.28 1.313 0.155
165 °C, 2.0 h 1.3511 ( 0.0020 0.073 ( 0.001 0.75 ( 0.04 0.113 ( 0.005 0.47 42 0.30 1.311 0.161
165 °C, 8.0 h 1.3511 ( 0.0009 0.065 ( 0.003 0.67 ( 0.01 0.112 ( 0.007 0.47 43 0.31 1.310 0.162
165 °C, 13.5 h 1.3527 ( 0.0009 0.062 ( 0.004 0.62 ( 0.09 0.115 ( 0.008 0.50 46 0.33 1.308 0.173
180 °C, 12.0 h 1.3541 ( 0.0011 0.057 ( 0.004 0.58 ( 0.02 0.114 ( 0.003 0.51 50 0.36 1.303 0.177
200 °C, 10.0 h 1.3561 ( 0.0013 0.050 ( 0.004 0.52 ( 0.04 0.111 ( 0.001 0.54 54 0.39 1.300 0.181

a P, cm3 (STP) cm m-2 atm-1 day-1; D, ×10-13 m2 s-1; S and Sa, cm3 (STP) cm-3 atm-1.

Table 2. Oxygen Barrier Properties of Melt-Crystallized PENa

crystallization
condition

density
(g cm-3) P D S

trans
fraction

∆H
(J g-1) φc

Fa
(g cm-3) Sa

quenched 1.3280 ( 0.0008 0.166 ( 0.004 1.51 ( 0.04 0.127 ( 0.001 0.21 1 0.01 1.327 0.128
220 °C, 10 min 1.3287 ( 0.0016 0.156 ( 0.003 1.45 ( 0.03 0.125 ( 0.003 0.24 3 0.02 1.326 0.128
220 °C, 15 min 1.3324 ( 0.0020 0.139 ( 0.005 1.31 ( 0.02 0.123 ( 0.003 0.28 9 0.06 1.325 0.131
220 °C, 22 min 1.3360 ( 0.0011 0.121 ( 0.005 1.11 ( 0.04 0.126 ( 0.002 0.30 15 0.11 1.323 0.141
220 °C, 35 min 1.3399 ( 0.0020 0.102 ( 0.006 0.97 ( 0.02 0.122 ( 0.003 0.40 23 0.16 1.319 0.146
220 °C, 50 min 1.3453 ( 0.0013 0.086 ( 0.001 0.82 ( 0.01 0.121 ( 0.002 0.42 30 0.21 1.318 0.154
220 °C, 60 min 1.3508 ( 0.0015 0.065 ( 0.001 0.62 ( 0.02 0.121 ( 0.008 0.46 41 0.29 1.312 0.171
220 °C, 65 min 1.3542 ( 0.0012 0.057 ( 0.001 0.58 ( 0.03 0.114 ( 0.003 0.48 46 0.33 1.310 0.170
220 °C, 90 min 1.3559 ( 0.0008 0.052 ( 0.001 0.54 ( 0.01 0.111 ( 0.001 0.48 50 0.36 1.308 0.173
220 °C, 4.0 h 1.3575 ( 0.0012 0.050 ( 0.001 0.51 ( 0.03 0.113 ( 0.001 0.50 54 0.39 1.302 0.184

a P, cm3 (STP) cm m-2 atm-1 day-1; D, ×10-13 m2 s-1; S and Sa, cm3 (STP) cm-3 atm-1.

Figure 6. Relationship between ∆H and the trans fraction
for cold- and melt-crystallized PEN.

J(t) )
Pp

l [1 + 2∑
n)1

∞

(-1)n exp(-
Dπ2n2t

l2 )] (1)

Figure 7. Experimental oxygen flux of melt-crystallized PEN
normalized to a film thickness of 200 µm and the fit to eq 1.
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crystallinity, D decreased from 1.51 × 10-13 to about
0.51 × 10-13 m2 s-1, Tables 1 and 2. Crystallization had
almost no effect on S, which remained virtually constant
at the value for amorphous PEN of 0.127 cm3 (STP)
cm-3 atm-1.

The temperature dependence of P and D is shown in
Figure 9 for an amorphous PEN film and cold-crystal-
lized PEN films of intermediate and high crystallinity.
An Arrhenius relationship was exhibited, and the
resulting activation energies for oxygen permeation, EP,
and diffusion, ED, are presented in Table 3. For these
films, ED decreased slightly as the crystallinity in-
creased.

Discussion
Oxygen Sorption. The transport behavior of a

crystalline polymer is often considered in terms of a two-
phase structure consisting of an impermeable crystalline
phase dispersed in a permeable amorphous matrix.
Thus, both sorption and diffusion are seen as taking
place in the amorphous phase. Solubility in the amor-
phous phase, Sa, is obtained by normalizing the mea-
sured bulk solubility, S, to the volume fraction of the
amorphous phase:

where φc is the volume fraction of crystallites. Some-
times Sa is independent of the amount of crystallinity,
for example, in polyethylene.4,25,26 In this case, S
decreases in proportion to the crystallinity. However,

in other cases, for example, in PET7,9 and its copoly-
mers,8 Sa is found to increase with crystallinity. The fact
that the bulk solubility, S, of PEN does not decrease
with crystallinity as measured by density (Figure 8)
suggests that PEN falls in the category of PET.

Following the approach used with PET,27 analysis was
carried out with a two-phase model with constant
crystalline-phase density, Fc, and variable amorphous-
phase density, Fa(F). For a given bulk density, F, the
value of Fa is obtained from the expression

The volume fraction crystallinity, φc, in eqs 2 and 3 is
determined by

where ∆H is obtained from the DSC heating scan and
∆H° is the heat of melting of the perfect crystal.

The key to obtaining Fa is the choice of values for ∆H°
and crystal density, Fc. Two crystal forms have been
described for PEN; crystallization can take the R or â
form depending on thermal history.28,29 The R crystal
form shows three strong reflections at 2θ values of 15.6°,
23.3°, and 27.0°, corresponding to the (010), (100), and
(1h10) diffraction planes, and the â crystal form shows
strong reflections at 2θ of 16.4°, 18.6°, and 25.5°,
corresponding to the (1h1h0), (020), and (24h2) diffraction
planes.20,29,30 Wide-angle X-ray diffraction confirmed
that the barrier specimens crystallized in the R form.
The presence of only the r crystal form was consistent
with the findings of a previous study of PEN crystal-
lization kinetics under equivalent conditions.10 For the

Figure 8. Effect of crystallinity as density on oxygen-
transport parameters of PEN: (a) permeability; (b) diffusivity;
(c) solubility.

Sa ) S
1 - φc

(2)

Figure 9. Temperature dependence of P and D for PEN.

F ) Fcφc + Fa(1 - φc) (3)

φc ) ∆H
∆H°

F
Fc

(4)
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PEN R form, the reported unit cell density of 1.407 g
cm-3 is widely used.28 The relationship between amor-
phous solubility, Sa, calculated from eq 2 and amorphous-
phase specific volume, νa ) Fa

-1, from eq 3 using a Fc of
1.407 g cm-3 and the reported value for ∆H° of 104 J
g-1 24 is plotted in Figure 10a.

A linear relationship between Sa and νa obtained
under isothermal (25 °C) and isobaric (1 atm) conditions
has been observed for crystallized PET,7 for glassy
copolymers of PET,31,32 and for cold-drawn PEN, PET,
and a PET copolymer.21 The linear relationship appears
to be a common characteristic of polyesters of ethylene
glycol and aromatic diacids. The general correlation
between Sa and νo is expressed as

where νo is the specific volume at zero solubility.
According to free volume concepts that view sorption
as the process of filling holes of static free volume, the
quantity νa - νo identifies the excess-hole free volume
available to oxygen.21,31 Orientation of the glassy state
decreases the excess-hole free volume, whereas crystal-

lization often has the effect of increasing the excess-
hole free volume of the amorphous phase. The extrapo-
lated quantity νo is not necessarily the same for all
polyesters and reflects a characteristic of the particular
chemical structure. However, the slope â is about 3.6
cm3 (STP) g cm-6 atm-1 for all the aromatic polyesters
studied. The slope reflects the density of sorbed oxy-
gen,31 and constant â indicates fundamental similarity
in the characteristics of the accessible free volume in
the amorphous phase.

The dashed line in Figure 10a is the Sa versus νa
correlation previously obtained for oriented glassy
PEN.21 Results for crystalline PEN lie considerably
above the line. According to the present interpretation
of eq 5, deviation from the established Sa versus νa
correlation implies that accessible free volume in the
amorphous phase of crystalline PEN is fundamentally
different from accessible free volume in oriented PEN
and in aromatic polyesters generally. A linear fit of the
data as plotted in Figure 10a extrapolates to a zero
solubility specific volume that is much larger than
expected (less accessible free volume) and a density of
sorbed oxygen that is much higher than expected on the
basis of many previous observations. On the contrary,
PALS revealed no differences in free volume hole radii
among amorphous, crystallized, and oriented PEN.
From analysis of the positron lifetime spectra in terms
of three exponential components, the longest component
τ3, which characterizes the annihilation of orthopositro-
nium, was 1.66, 1.65, and 1.62 ps for amorphous,
crystalline, and oriented PEN, respectively, correspond-
ing to hole radii of 2.51, 2.50, and 2.47 Å. The incon-
sistencies between observed permeation and PALS
results were difficult to explain.

Alternatively the values of Fc and ∆H° used in eqs
2-4 could have been incorrect. To test this possibility,
the value of Fc was adjusted to fit the data to the dashed
line relationship first using a ∆H° of 104 J g-1 from the
literature24 and then using a ∆H° of 131 J g-1 from
extrapolation of ∆H to 100% trans conformers (Figure
6). The former value of ∆H° resulted in amorphous
specific volumes for crystalline PEN that were unreal-
istically high. The latter value of ∆H° gave the fit shown
in Figure 10b with a crystal density, Fc, of 1.445 g cm-3.
Although considerably larger than the generally ac-
cepted value of the R form crystalline density, this value
is not unreasonable. Indeed, it is very close to the
density of 1.458 g cm-3 recently obtained by a refined
analysis of the R form crystal structure.33 Furthermore,
a value larger than the crystal density of the â form
(1.439 g cm-3)29 is consistent with estimates of unit cell
dimensions from molecular simulation.34

The quantities φc, Fa, and Sa obtained using a ∆H° of
131 J g-1 and a Fc of 1.445 g cm-3 are summarized in
Tables 1 and 2. A plot of amorphous density, Fa, as a
function of bulk density, F, shows the strong tendency
of PEN to dedensify during crystallization, Figure 11.
Corresponding data for PET from the literature27 sug-
gest that the dedensification effect is larger in PEN.
Moreover, the trend for Fa of PET to level off at higher
densities obtained at higher crystallization tempera-

Table 3. Activation Energies for Oxygen Permeation and Diffusion in PEN

sample
density
(g cm-3) φc

EP
(kJ mol-1)

ED
(kJ mol-1)

quenched 1.3280 ( 0.0008 0.01 29.7 44.1
cold-crystallized, 165 °C, 52 min 1.3430 ( 0.0018 0.20 31.3 43.4
cold-crystallized, 180 °C, 12.0 h 1.3541 ( 0.0011 0.36 33.0 42.8

Figure 10. Sa versus νa for cold- and melt-crystallized PEN:
(a) Fc ) 1.407 g cm-3 and ∆H° ) 104 J g-1; (b) Fc ) 1.458 g
cm-3 and ∆H° ) 131 J g-1.

Sa ) â(νa - νo) (5)
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tures was not detected in PEN for the crystallization
conditions used in this study.27

Dedensification, or the increase in specific volume of
the amorphous phase with crystallization, is attributed
to constraint on relaxation of amorphous chain seg-
ments imposed by their attachment to chain segments
in crystals. The phenomenon is analogous to that
described previously for isothermally crystallized PET,9
and for oriented PET crystallized under conditions
where the rate of crystallization is fast compared to the
rate of molecular relaxation.35 The effect of constraint
can be discussed in terms of the temperature-volume
relationship for an amorphous polymer in Figure 12. As
the polymer is cooled from the crystallization temper-
ature, unconstrained amorphous chains contract along
the equilibrium liquid line to the glass transition (ab)
and then along the solid line to 25 °C (bc). 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 (ad).

The additional free volume resulting from constraint,
∆νf, is the difference between the maximum dedensified
amorphous specific volume, νmax, and the specific volume
of the unconstrained glass, νg (Figure 12). The maximum

amorphous-phase specific volume is given by

where ∆e is the difference between the specific thermal
expansivities of equilibrium liquid and glass, ∆e ) el -
eg, with el ) 4.9 × 10-4 cm3 g-1 °C-1 for PEN36 and,
assuming eg is the same as for PET, eg ) 2.4 × 10-4

cm3 g-1 °C-1.36 In addition, Tc is the crystallization
temperature, and Tg is the glass transition temperature
taken as 118 °C from DSC measurements.10,24 Values
of νmax and Fmin ) (νmax)-1 from eq 6 for four crystal-
lization temperatures are given in Table 4 together with
experimental νa and Fa values from eq 3 for barrier films
with the longest crystallization times. The higher the
crystallization temperature, Tc, the higher the value of
νa at ambient temperature except for the film crystal-
lized at 220 °C. The amorphous specific volume of the
polymer fully crystallized at 165 °C matched the maxi-
mum value calculated from eq 6, Table 4. For crystal-
lization at higher temperatures νa closely approached
the maximum value νmax. However, the experimental
result was lower than the calculation by an amount that
increased as the crystallization temperature increased.
This could be ascribed to some relaxation of the con-
strained amorphous chain segments during cooling from
the higher crystallization temperatures. Also, the crys-
tallization time at 220 °C may not have been long
enough to achieve maximum crystallinity.

Oxygen Diffusivity. Dedensification of the amor-
phous phase also affects the dynamic free volume;
however, the effect of dedensification on diffusivity is
superimposed on the large decrease that results from
geometrical impedance to the transport path imposed
by impermeable crystallites. Previous estimates suggest
that dedensification increases the diffusivity of the
amorphous phase of crystalline PET by about 20%;
moreover, copolymerization with naphthalate appears
to enhance the effect.8 The diffusivity of dedensified
amorphous PEN was estimated from the relationship
between the diffusivity of an amorphous polymer, Da,
and the fractional free volume (FFV):37-39

where the constant B characterizes the size of the
opening between polymer chains required for the pen-
etrant molecule to pass, which increases rapidly with
the size of the permeant molecule, and FFV is defined
as

where νo is taken as the zero solubility specific volume
determined by the intercept in Figure 10b. Although
first developed for rubbery polymers, eq 7 was subse-
quently applied to glassy polymers as well.40-43 Previ-
ously, considerable scatter was encountered in applying
eq 7 to large databases encompassing diffusion of
various gases in a variety of glassy polymers.44 However,
by limiting the analysis to the diffusivity of a single gas
in one amorphous polymer, an excellent linear correla-
tion was obtained between ln Da and FFV for oxygen
diffusion in PEN, Figure 13. The plot was constructed
with data from the previous study21 in which cold-
drawing decreased the FFV of amorphous PEN. It
should be noted that this analysis neglects the effect of

Figure 11. Amorphous density plotted versus bulk density
for cold-crystallized and melt-crystallized PEN. The solid curve
is from eq 15. The dashed curve is a fit to data for PET
presented in ref 27.

Figure 12. Representation of the volume-temperature re-
lationship for unconstrained and constrained cooling of amor-
phous PEN.

νmax ) νg + ∆νf ) νg + ∆e(Tc - Tg) (6)

Da ∝ exp[-(B/FFV)] (7)

FFV )
νa - νo

νa
(8)
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anisotropy on D. Locating the dedensified amorphous
density of fully crystallized PEN on the plot gave the
Da values listed in Table 4. A typical value of 2.8 × 10-13

m2 s-1 represented an increase of almost 100% over the
diffusivity of an amorphous PEN film of 1.51 × 10-13

m2 s-1.
It is possible to test whether this result is reasonable.

The diffusivity of gases in glassy polymers typically
follows the Arrhenius relationship for an activated
process:

where ED is the activation energy required to generate
an opening between polymer chains large enough to
allow the penetrant molecule to pass. The increase in
amorphous diffusivity due to dedensification should
result in a change in activation energy given by

where Da
o and Da are the diffusivities before and after

dedensification. If the diffusion mechanism is conserved
and the change in jump length is small, Do can be
assumed constant.45 For an increase in diffusivity from
Da

o ) 1.51 × 10-13 m2 s-1 for the amorphous film to Da
) 2.8 × 10-13 m2 s-1 for the dedensified amorphous
phase of PEN fully crystallized at 180 °C, a decrease in
ED of 1.5 kJ mol-1 is calculated from eq 10. This
represents a decrease in ED from 44.1 to 42.6 kJ mol-1,
which is very close to the 42.8 kJ mol-1 reported in
Table 3. It should be reiterated that the Da of dedensi-
fied PEN is an “intrinsic diffusivity” of the amorphous
phase and does not include the effects of geometrical
impedance imposed by the presence of crystals, which
will strongly decrease the effective diffusivity of crystal-
lized PEN.

Structural Model for Crystalline PEN. Morpho-
logically, both cold and melt crystallization of PEN
proceed by nucleation and growth of spherulites until
the spherulites are space-filling.10 This is shown sche-
matically in Figure 14. A further increase in crystal-
linity is possible by secondary crystallization. When
isothermal crystallization is arrested before the spheru-
lites are space-filling by quenching below the glass
transition temperature, PEN can be viewed morphologi-
cally as a dispersion of spherulites in a continuous
amorphous matrix. However, the impermeable units of
crystallized PEN are lamellar crystals, not spherulites.
The individual spherulite is itself a composite structure
consisting of impermeable lamellar crystals arranged
in a permeable interlamellar amorphous phase. The
interlamellar amorphous phase experiences constraint
by the crystals, and therefore is expected to differ from
the amorphous matrix in terms of density and transport
properties.

The amorphous density, Fa, extracted from eq 3 and
given in Tables 1 and 2 combines the characteristics of
the amorphous matrix and the interlamellar amorphous
phase. According to the structural model, the decrease
in Fa as crystallinity increases should not be interpreted
as the gradual dedensification of a homogeneous amor-
phous phase. Rather, dedensification arises from con-
straint imposed by crystallites on the interlamellar
amorphous phase of the spherulites. As volume fraction
crystallinity increases, the change in Fa averages the
gradual increase in the amount of dedensified inter-
lamellar amorphous phase and corresponding decrease
in the amount of amorphous matrix. Similarly, Sa
averages the oxygen solubilities in the amorphous
matrix and in the dedensified interlamellar regions.

For simplicity, the volume crystallinity of the spheru-
lites, φs, is assumed constant during spherulite growth,
which is identified as the region of rapidly increasing
φc in Figure 1. The point in Figure 1 where φc starts to
level off gives φs ) 0.30 for cold crystallization at 165
°C and φs ) 0.36 for melt crystallization at 220 °C. The
small increase in φc at longer times is attributed to
increasing φs of space-filling spherulites due to second-
ary crystallization. The following discussion is limited
to primary crystallization. Assuming that the density
of the amorphous matrix, Fam, is the same as the density
of amorphous PEN (1.328 g cm-1) and that the deden-
sified interlamellar amorphous phase has constant
density, Fas, a relationship between Fa from solubility
and volume fraction crystallinity, φc, can be developed
with Fas as the only unknown. Beginning with

where φas is the volume fraction of the interlamellar
amorphous phase, and noting that

Table 4. Amorphous-Phase Properties of Crystalline PEN

experimental results from eq 6

crystallization
temp (°C)

crystallization
time (h)

Fa
(g cm-3)

νa
(cm3 g-1)

∆νf
(cm3 g-1)

Da
(×10-13 m2 s-1)

Fmin
(g cm-3)

νmax
(cm3 g-1)

∆νf
(cm3 g-1)

165 13.5 1.308 0.765 0.012 2.5 1.308 0.765 0.012
180 12.0 1.302 0.767 0.014 2.8 1.301 0.769 0.016
200 10.0 1.300 0.769 0.016 2.9 1.293 0.774 0.021
220 4.0 1.302 0.768 0.015 2.8 1.285 0.779 0.026

Figure 13. Relationship between amorphous diffusivity and
fractional free volume. Data for oriented PEN are from ref 21.

D ) Do exp[-(ED/RT)] (9)

∆ED ) RT ln[Da/Da
o] (10)

φaFa ) Fam(φa - φas) + Fasφas (11)

φas ) [1 - φs

φs
]φc (12)
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and φa ) 1 - φc, it follows that

A linear relationship between Fa and the quantity φc(1
- φc)-1 in Figure 15 indicates that a constant value of
Fas independent of the amount of crystallinity satisfac-
torily describes the change in the amorphous density
of crystallized PEN. Values of φs given above result in
a Fas of 1.311 g cm-3 for cold crystallization at 165 °C
and 1.306 g cm-3 for melt crystallization at 220 °C,
Table 5. These are only slightly higher than the amor-
phous-phase densities of fully crystallized PEN of 1.308
and 1.302 g cm-3, respectively (Table 4). Secondary
crystallization with increasing φs can impart further
constraint and dedensification of the interlamellar
amorphous phase. Nevertheless, the effect of secondary
crystallization is small.

The structural model for permeation with three
phases of constant density constitutes a refinement of
the two-phase model with an impermeable crystalline
phase and a permeable amorphous phase of variable
density. By providing a structural basis for the apparent
variation in amorphous-phase density, the three-phase
model describes the relationship between measured
density and effective amorphous density, something that
was not possible with the empirical two-phase model.
By combining eq 3 with eq 13, the amorphous density

is given as

where

Using values given above for spherulite crystallinity,
φs, and phase densities Fam, Fas, and Fc, the results from
eq 15 are included in Figure 11 as essentially overlap-
ping curves for cold-crystallized and melt-crystallized
PEN.

Structural Model for Permeability. The general-
ized Maxwell model for gas transport in heterogeneous
media describes the compositional dependence of per-
meability in systems with a less permeable phase
dispersed in a higher permeability matrix.46-48 The
permeability is given by

where the subscripts “d” and “c” refer to the dispersed
phase and continuous phase, respectively, and φd is the
volume fraction of the dispersed phase. In this expres-
sion, G is a geometric factor that accounts for the shape
of the dispersed phase. Although initially developed for
a dilute dispersion of spheres, eq 16 has been shown to
be valid over the entire composition range.49

Considering crystallized PEN as a dispersion of less
permeable spherulites in a more permeable amorphous
matrix, the Maxwell equation can be used to describe
permeability. Assuming a constant volume crystallinity
of spherulites, φs, during spherulite growth, increasing
the bulk volume crystallinity, φc, increases the volume
fraction occupied by spherulites as Vs ) φc/φs. When the
spherulites are space-filling, Vs is equal to unity and φs
) φc. If it is further assumed that the permeability of
the spherulites, Ps, is constant and does not change with
Vs, and the permeability of the amorphous matrix, Pa,
is equal to the permeability of the amorphous PEN film,
the Maxwell equation with a G of 2 for a spherical
dispersion takes the form

Figure 14. Schematic representation of the compact banded spherulites of isothermally crystallized PEN. Vs is the volume fraction
occupied by spherulites.

Figure 15. Relationship between amorphous-phase specific
volume and crystallinity for the three-phase model. For cold
crystallization Fa ) 1.328 g cm-1, Fas ) 1.311 g cm-3, and φs )
0.30. For melt crystallization Fa ) 1.328 g cm-1, Fas ) 1.306 g
cm-3, and φs ) 0.36.

Fa ) Fam -
φc

1 - φc
[1 - φs

φs
](Fam - Fas) (13)

Fa )
Fam - Fø

1 - ø
(14)

ø ) [1 - φs

φs
][Fam - Fas

Fc - F ] (15)

P ) Pc[1 +
φd(1 + G)

[(Pd/Pc) + G

(Pd/Pc) - 1] - φd] (16)
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with Ps as the single fitting parameter.
The quantity P/Pa is plotted versus Vs in Figure 16

for crystallized PEN in the primary crystallization
region where φc e φs. The solid line fits show that eq 17
satisfactorily describes the effect of crystallization with
a constant Ps of 0.075 cm3 (STP) cm m-2 atm-1 day-1

for cold crystallization at 165 °C, and a Ps of 0.048 cm3

(STP) cm m-2 atm-1 day-1 for melt crystallization at
220 °C. Not surprisingly, the higher crystallization
temperature yields better spherulitic organization and
consequently larger φs and lower Ps.

The impermeable structural element of the spherulite
is the lamellar crystal. An AFM phase image of crystal-
lized PEN shows stacks of twisted platelet-shaped
lamellae, Figure 17. Structurally, this resembles the
dispersion of impermeable platelets of given aspect ratio
that has been modeled by Cussler et al.50-52 If the
platelets are oriented at a fixed angle to the flux, the
permeability of the composite is expressed as

where Pm is the permeability of the matrix, φ is the
volume fraction of impermeable platelets, R is the aspect
ratio of the platelets defined as length divided by width,
and θ is the angle between the flux and the normal to
the platelets.

For isotropic, space-filling spherulites, the lamellar
orientation is averaged according to

and eq 18 becomes

where Pas ) DasSas refers to the permeability of the
interlamellar amorphous regions of the spherulite. From
Figure 10b the solubility of oxygen in the amorphous
regions of the spherulite, Sas, is 0.163 and 0.174 cm3

(STP) cm-3 atm-1 for cold-crystallized and melt-crystal-
lized PEN, respectively. The diffusivity of oxygen in the
amorphous regions of the spherulite, Das, is obtained
from the relationship between diffusivity and fractional
free volume in Figure 13 and is 2.4 × 10-13 and 2.6 ×
10-13 m2 s-1 for cold-crystallized and melt-crystallized
PEN, respectively. The resulting aspect ratio of the
impermeable crystals is 18 for cold crystallization at 165
°C and 20 for melt crystallization at 220 °C. For lamellar
crystals 30-40 nm thick the corresponding lamellar
length would be approximately 700 nm. Despite the
difficulty in determining the length of closely packed
and twisting lamellae, the magnitude of the estimated

lamellar length appears reasonable on the basis of the
AFM images.

Conclusions

In the present study we test the formulation of the
two-phase model for gas transport by examining the
oxygen-transport properties of isothermally cold-crystal-
lized and melt-crystallized PEN. Gas solubility provides
the easiest test of the two-phase model; however, oxygen
solubility in PEN does not exhibit the expected propor-
tional decrease with volume fraction crystallinity. One
approach is to modify the simple two-phase model of
constant crystalline- and amorphous-phase densities to

Table 5. Physical Properties of PEN Spherulitesa

sample
Fas

(g cm-3) Pas Sas Das φs

Fs
(g cm-3) Ps Ss Ds R

cold-crystallized at 165 °C 1.311 0.338 0.163 2.4 0.30 1.351 0.075 0.114 0.76 18
melt-crystallized at 220 °C 1.306 0.391 0.174 2.6 0.36 1.356 0.048 0.111 0.50 20
a Pas and Ps, cm3 (STP) cm m-2 atm-1 day-1; Das and Ds, ×10-13 m2 s-1; Sas and Ss, cm3 (STP) cm-3 atm-1.

P ) Pa[1 +
3Vs

[(Ps/Pa) + 2

(Ps/Pa) - 1] - Vs] (17)

P ) Pm[1 + R2
φ

2

4(1 - φ)
cos2 θ]-1

(18)

〈cos2 θ〉 ) 1/3 (19)

Ps ) Pas[1 +
R2

φs
2

12(1 - φs)]
-1

(20)

Figure 16. Relative permeability versus Vs for cold-crystal-
lized and melt-crystallized PEN and the fit to the Maxwell
model. For cold crystallization Ps ) 0.075 cm3 (STP) cm m-2

atm-1 day-1; for melt crystallization Ps ) 0.048 cm3 (STP) cm
m-2 atm-1 day-1. Pa ) 0.166 cm3 (STP) cm m-2 atm-1 day-1.

Figure 17. AFM phase image of PEN melt-crystallized at 220
°C for 90 min. The lamellar thickness is 30-40 nm, and the
lamellar length is 700-1000 nm.
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incorporate a permeable amorphous phase of variable
density. The resulting relationship between oxygen
solubility and amorphous-phase density is consistent
with free volume concepts that view sorption as the
process of filling excess-hole free volume. However, this
approach does not lead to a structural interpretation of
the variable amorphous-phase density, nor does it
provide an interpretation of the other transport param-
eters of diffusivity and the product, permeability.

Morphological observations provide the basis of a
structural model that identifies a permeable amorphous
matrix of constant density containing dispersed spheru-
lites of lower permeability. The spherulites themselves
are composites of impermeable crystallites and perme-
able interlamellar amorphous regions of lower density
than the amorphous matrix. Dedensification of the
interlamellar amorphous phase is due to the constrained
nature of amorphous chains anchored to crystallites.
The density of the unrelaxed interlamellar amorphous
phase confirms the glassy nature of constrained chains
at the crystallization temperature. This produces a
three-phase model with constant densities. The struc-
tural model is reconciled with the two-phase transport
model by noting that the variable amorphous-phase
density of the two-phase model is a weighted average
of the densities of the amorphous matrix and the
interlamellar amorphous phase in the structural model.

The model provides a structural approach for inter-
preting gas-transport parameters. Solubility is seen as
filling holes of static free volume. Dedensification of the
interlamellar amorphous phase increases the excess-
hole free volume available for oxygen sorption by an
amount that is directly proportional to the increase in
amorphous specific volume. The magnitude of the effect
is large enough in PEN that the increase in solubility
due to dedensification essentially offsets the decrease
expected from the presence of impermeable crystallites,
resulting in oxygen solubility that is essentially invari-
ant with the level of crystallinity. Additionally, the
structural model is the basis for applying the general-
ized Maxwell model for gas transport in heterogeneous
systems consisting of a less permeable phase dispersed
in a more permeable matrix. The analysis yields the
basic oxygen-transport parameters of the spherulite.
Thus, oxygen permeability of the spherulite is in the
range of 30-50% that of the amorphous polymer.
Further consideration of spherulite permeability pro-
vides an aspect ratio of impermeable crystallites that
is consistent with the dimensions of platelet-shaped
lamellae.
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