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ABSTRACT: We have prepared poly(ethylene-2,6-naphthalate) (PEN) films having higher-order structure
with fine crystallites using a supercritical carbon dioxide (scCO2) treatment technique at a relatively
low-temperature range, from 110 to 170 °C. After the scCO2 treatment, the glass transition temperature
Tg decreased by more than 50 °C, and the PEN films were crystallized. Long-term change in the FT-IR
absorbance intensity at 2335 cm-1 (CdO) was in good agreement with the change in Tg. The large decrease
in Tg was attributed to the sorption of the CO2 molecules into the PEN film. Moreover, the increase in
the treatment pressure increased the amount of absorbed CO2 and reduced Tg, which can promote
crystallization. The higher-order structure, long period, lamella, and interface thickness of the crystallized
PEN films were calculated from the one-dimensional correlation function by SAXS. These parameters
were all linearly related to the treatment temperature. The crystallite size obtained from the Scherrer
equation decreased with decreasing treatment temperature. It is suggested that the higher-order structure
of PEN is decided only by the treatment temperature and that the scCO2 treatment promotes the creation
of the nuclei in the amorphous state at low temperatures, following the formation of fine crystallites.

Introduction

Poly(ethylene 2,6-naphthalate) (PEN) is a semicrys-
talline engineering plastic with commercial application.
It can be used for high-temperature applications such
as containers, hollow bodies, and bottles. The naphtha-
lene ring provides greater rigidity to the polymer
backbone than does the benzene ring in poly(ethylene
terephthalate) (PET), raising the glass transition tem-
perature and melting point and enhancing mechanical
properties such as the tensile modulus and creep
resistance. The crystal structure of PEN has already
been studied by many research groups.1-6 Crystalliza-
tion from the unoriented glass or from the melt state
below 200 °C leads to a one-chain triclinic R-form (a )
0.651 nm, b ) 0.575 nm, c ) 1.32 nm, R ) 81.33°, â )
144°, γ ) 100°, density: 1.407 g/m3).2,4 The triclinic
â-form of PEN crystal is obtained by melt-crystallization
at a lower temperature than the melting point,2 by
drawing,7-9 high-pressure treatment,10-12 solvent in-
duced,13 flow induced,14 and shearing.15 Since the
crystalline form of PEN varies with the conditions, it is
necessary to characterize the detailed crystalline and
higher-order structure.

Supercritical fluid (SCF) shows extraordinary phys-
icochemical properties above its critical temperature and
pressure, Tc and Pc. SCF exhibits superior mass-transfer
characteristics than the liquid, including lower viscosity
and higher diffusivity.16 SCF also provides considerable
control over the thermodynamic and transport charac-
teristics with variations in pressure and temperature.
In particular, the properties of supercritical carbon
dioxide (scCO2) have attracted much attention in the
preparation of advanced materials because of its non-
toxicity, its nonflammability, and its inexpensiveness.16-18

Carbon dioxide has a relatively low critical point (Tc )
31 °C, Pc ) 7.4 MPa), and scCO2 is designated environ-
mentally as a “benign solvent”. Its unique properties
have great potential in polymer science, in polymer
synthesis,19 and in polymer processing such as micro-
cellular forms, particles, polymer blends, crystallization,
dyeing, and coatings.18

Swelling of certain polymers due to sorption of small
molecules such as organic solvents reduces the Tg of the
amorphous phase following crystallization. Use of CO2
as a solvent also leads to a decrease in Tg, since CO2
molecules can easily absorb into polymers under pres-
surized conditions. For instance, Handa et al. found that
the high-pressure DSC system led to a decrease of more
than 40 °C in the Tg of polystyrene (PS).20 Several
groups have reported that CO2 is a good crystallizable
agent for some polymers including polyethylene,21 syn-
diotactic PS,22 poly(vinylidene floride),23 PET,24 poly-
carbonate,25 poly(phenylene sulfide),26 and poly(ether
ether ketone).27 Sorption of the CO2 molecules has a
plasticizing effect on polymers.28-30 During the process-
ing, some polymers having electron-donating groups
such as carbonyls undergo specific interactions with
absorbed CO2, probably of Lewis acid-base nature.31,32

It is therefore possible to reduce Tg and induce crystal-
lization in CO2 even for polymers which have higher Tg
and crystallization temperatures. In this study we have
treated amorphous PEN films with scCO2 under various
conditions of temperature and pressure and have de-
termined the effect of CO2 on the crystallization behav-
ior and higher-order structure using small-angle X-ray
scattering (SAXS). The detailed higher-order structure
of PEN is clearly revealed.

Experimental Section

Sample Preparations. The PEN film used in this study,
of thickness 83 µm, was supplied by Teijin Co. The original
film was confirmed by DSC and WAXD measurements to be
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completely amorphous. Supercritical CO2 treatment films were
prepared using a scCO2 extraction system (JASCO Co., Ltd.)
consisting of a delivery pump (SCF-Get), an automatic back-
pressure regulator (SCF-Bpg), and a heater. A high-pressure
reactor (maximum 35 MPa, 400 °C) made of SUS-Ni alloy
(Hastelloy) was constructed from a retainer and a vessel (80
mL) with an Au-coated copper seal. The amorphous PEN film
was introduced into the vessel and kept at a constant tem-
perature. Liquid CO2 was pumped into the reactor from the
delivery pump at a rate of 10 mL/min, and the vessel was
maintained at a constant pressure with a CO2 flow rate of 2
mL/min. The treatment temperature, pressure, and time
varied between 40 and 170 °C, 10 and 20 MPa, and 15 and
1440 min. After treatment for a predetermined time, the vessel
was quenched in iced water, following the film was taken out
and dried in a vacuum at 30 °C for at least 2 days.

Cold-crystallized film was prepared from the amorphous
PEN film treated at a constant temperature using a FP80HT
hot stage (Mettler Toledo) followed by quenching in iced water.

Measurements. Differential scanning calorimetry (DSC)
measurements were carried out using a DSC-50 (Shimadzu
Co.) in the temperature range from -10 to 300 °C at a heating
rate of 20 °C/min under a nitrogen gas atmosphere.

Fourier transformed infrared (FT-IR) spectra were mea-
sured using a FT/IR-620 system (JASCO Co., Ltd.) consisting
of a MICRO-20 and a ATR-JC-Z unit with a resolution of 2
cm-1.

Wide-angle X-ray diffraction (WAXD) measurements were
carried out using a RINT-2000 system (Rigaku Co.) with Cu
KR radiation (λ ) 0.154 18 nm) operating at 40 kV and 40 mA.
The system was equipped with a graphite monochromator and
a scintillation counter in the diffraction angle range between
3° and 60°. The degree of crystallinity øc for each film was
determined according to the equation

where the values of 2θ1 and 2θ2 used in this study are 7° and
35°. The average crystallite size (Dhkl nm) for the direction
normal to the (hkl) plane was determined from the Scherrer
equation

where ∆(2θ) is the half-width of the diffraction peak at 2θ.
This equation supposes that the crystals are perfect.

Small-angle X-ray scattering (SAXS) measurements were
carried out using a RU-200 system (Rigaku Co.) with Ni
filtered Cu KR radiation operating at 50 kV and 180 mA and
a scintillation counter in the scattering angle between 0.08°
and 2.5°. For collimation, the first slit was 0.08 mm, the second
slit was 0.06 mm, and the receiving slit was 0.1 mm; the
scattering slit was 0.25 mm wide. The higher-order structure
consisting of crystalline and amorphous regions can be char-
acterized as a three-phase model (pseudo-two-phase model
consists of lamella, amorphous, and interface between lamella
and amorphous). The long period (the sum of lamella, amor-
phous, and interface thickness) was estimated from the one-
dimensional correlation function, γ1(x), defined as33

where J0 and J1 are the zero- and first-order Bessel functions,
x is the correlation length, s is the absolute value of the
scattering vector () 2π sin θ/λ), and Ĩ(s) is the slit-smeared
intensity after removing the air scattering and the scattering

background corresponding to electron density fluctuations
within the phases.

The interface thickness between the crystal (or lamella)
phase and the amorphous phase was estimated from the
diffuse phase boundary thickness, which can be determined
using the SAXS method outlined by Ruland.34 According to
the infinite slit collimation, the asymptotic scattering intensity,
assuming a sigmoidal-gradient model, can be expressed in the
empirical form35

where K is the Polod law constant and σ is the standard
deviation of the Gaussian smoothing function used to generate
the sigmoidal diffuse phase boundary gradient and is a
measure of the thickness of the boundary. The value of σ is
obtained from the gradient of the plot of ln{s3I(s)} vs s1.81:

This standard deviation can be given a more physical inter-
pretation by comparison with the linear gradient model. The
width of the linear gradient E is approximately related to the
sigmoidal gradient by the expression:

Results and Discussion
Crystallization Behavior of scCO2-Treated PEN.

To investigate the effect of the treatment temperature
on crystallization behavior, amorphous PEN films were
treated with scCO2 for 90 min at various temperatures
under a constant pressure of 20 MPa. As a reference,
cold-crystallized PEN films were also prepared at vari-
ous temperatures for 90 min under air. Figure 1
summarizes the change of WAXD patterns in the PEN
films treated at temperatures from 60 to 190 °C. The
WAXD patterns (I) of PEN films which have been
crystallized at temperatures between 170 and 190 °C
exhibit diffraction peaks, whereas the cold-crystallized
film at 150 °C possesses an amorphous halo without any
diffraction peaks, like an amorphous pattern. It has
been reported that cold-crystallized films are character-
ized as the R-form by their (001), (010), (100), and (1h10)
reflections.2 Zahamman et al. found that the crystal-

øc )
∫2θ1

2θ2
Ic(2θ) d(2θ)

∫2θ1

2θ2
I(2θ) d(2θ)

(1)

∆(2θ) ) 0.94λ
Dhkl cos θ

(2)

γ1(x) )
∫0

∞
sĨ(s)[J0(2πxs) - 2πxsJ1(2πxs)] ds

∫0

∞
sĨ(s) ds

(3)

Figure 1. WAXD patterns in (I) cold-crystallized and (II)
scCO2-treated PEN films at 20 MPa for 90 min with different
treatment temperatures.

lim
sf∞

Ĩ(s) ) K
s3
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38 )1/1.81
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E = x12σ (6)
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lization temperature of the R-form should be higher than
150 °C under air.2 However, the patterns (II) of the
scCO2-treated films exhibit clear diffraction peaks at-
tributed to the R-form although the treatment temper-
ature is lower than 150 °C. The crystallization temper-
ature may be reduced by the scCO2 treatment, since
crystallization of the scCO2-treated PEN film at 110 °C
has also been observed.

Figure 2 shows the DSC curves of the amorphous
PEN films, that cold-crystallized at 180 °C, and that
treated with scCO2 at temperatures between 40 and
160 °C at a pressure of 20 MPa for 90 min. The scCO2-
treated films at 40 and 60 °C have almost identical
curves to the amorphous film. The exothermic peaks of
the treated films shift gradually to lower temperatures
with increasing temperature between 40 and 100 °C.
There is almost no difference in Tg between these films.
However, the enthalpies of the exothermic and endo-
thermic peaks corresponding to crystallization and
melting have the same values; crystallization scarcely
occurs with scCO2 treatment up to 100 °C. The absence
of an exothermic peak for the crystallized films at 120,
140, and 160 °C implies that these films have already
been crystallized by the scCO2 treatment before the DSC
measurement. These films also have a small endother-
mic peak at a temperature ∼10 °C higher than the
scCO2 treatment temperature and below the melting
point. This is probably due to the fusion of small
and/or disordered crystallites which are often formed
in semicrystalline polymers.

In Figure 3, the degrees of crystallinity calculated
from eq 1 are plotted against the treatment tempera-
tures for the scCO2-treated and cold-crystallized films.

The range of crystallization temperatures for the scCO2-
treated films is ∼50 °C lower than that for the cold-
crystallized films. The temperature shift agrees with the
decrease in Tg which was observed from the DSC curves,
as seen in Figure 4. This indicates that the shift of the
temperature range is due to sorption of CO2 molecules
into the sample film during the scCO2 treatment. In a
comparison of the two films which were crystallized at
160 °C, the scCO2-treated film should exhibit higher
crystallinity than the cold-crystallized film. There is an
acceleration of the crystallization due to the treatment.
In general, the rate of crystallization depends on the
crystallization temperature, and the temperature giving
the maximum crystallization rate Tmax is approximately
midway between Tg and the equilibrium melting point
Tm

0 . Between Tg and Tmax is the crystal-growth region
in which the crystallization rate should be controlled
by the crystal growth rate. The temperature interval
between Tmax and Tm

0 is called the nucleation-control
region, in which the crystallization rate should be
controlled by the nucleus growth rate. In this study the
crystallization rate is controlled by the crystal growth
rate, since the scCO2 treatment temperatures are below
Tmax. Enhancement by CO2 of the crystallization at 160
°C is therefore probably due to the increase in the
crystal growth rate caused by the reduction in Tg and
increasing molecular mobility.

Continuous Change in Tg. Figure 4 shows changes
in the DSC curves for PEN films treated with scCO2 at
60 °C under a pressure of 20 MPa for 90 min as a
function of elapsed time. The numerals in this figure
denote the time elapsed after the treatment. The scCO2-
treated PEN film was used without the drying process.
It is confirmed that the film possesses only the amor-
phous phase. The Tg of untreated amorphous film is
∼125 °C, whereas the Tg of the scCO2 treatment film
after 20 min is ∼70 °C. The Tg value after the scCO2
treatment increases with increasing elapsed time and
returns to its original level of ∼125 °C at times between
900 and 2880 min. It also seems that the treated film
exhibits a small drop and gradual increase in the
crystallization temperature (Tc) at the top of the peak.
FT-IR measurement was therefore performed to confirm
that the decrease in Tg and Tc is due to the sorption of
CO2. Figure 5a shows the FT-IR spectra of amorphous
PEN film, scCO2-treated film at 60 °C and 20 MPa and
scCO2-treated film at 120 °C and 20 MPa. The spectra
of scCO2-treated films were measured at 15 min after
treatment. The absorbance was standardized with the

Figure 2. DSC curves of amorphous, cold-crystallized at 180
°C, and scCO2-treated PEN films with different treatment
temperatures.

Figure 3. Treatment temperature dependence of crystallinity
calculated from WAXD.

Figure 4. DSC curves of scCO2-treated PEN films at 60 °C
and 20 MPa for 90 min with different elapsed time.
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absorbance of the naphthalene band at 1602 cm-1. The
band at around 2335 cm-1, which is assigned to the
symmetrical stretching vibration derived from the CO2
molecules (CdO), was not observed for the amorphous
film but was present for the scCO2-treated films. This
indicates that the CO2 molecules remain in the film even
after scCO2 treatment. Moreover, the absorbance at the
2335 cm-1 band for the scCO2-treated films at 60 °C,
which is uncrystallized film, is clearly larger than that
for the scCO2-treated film at 120 °C, which is crystal-
lized film. This suggests that CO2 molecules in the
supercritical state absorb preferentially into the amor-
phous phase rather than the crystalline phase. Figure
5b shows changes in the FT-IR spectra at around 2335
cm-1 for the PEN film treated with scCO2 at 60 °C and
20 MPa as a function of elapsed time. Monotonic
decrease in the CdO band was observed as a result of
desorption of CO2 after scCO2 treatment. Figure 6a
compares the elapsed time dependences of the CdO
absorbance intensity at 2335 cm-1 and the Tg for a
scCO2-treated film at 60 °C and 20 MPa. The absorbance
intensity based on the CdO vibration of absorbed CO2
molecules decreases with increasing Tg. The linear
relation can be confirmed in a plot of Tg and Tc vs CdO
absorbance intensity as shown in Figure 6b. Under
supercritical conditions, the excess CO2 molecules that
have absorbed into the film may cause on increase in
free volume, following the decrease in Tg and Tc.

Effect of Treatment Pressure on Tg and Crystal-
lization. The change in Tg for the scCO2-treated PEN
films is also influenced by the treatment conditions of
temperature and pressure because these affect the CO2
density. Figure 7a summarizes the relation between Tg
for the crystallized PEN films and the elapsed time for
differing conditions of temperature and pressure. The
decrease in Tg for the PEN films which were crystallized
at lower temperature and higher pressure is the largest

Figure 5. (a) FT-IR spectra of amorphous PEN film (top),
scCO2-treated film at 60 °C and 20 MPa (middle), and scCO2-
treated film at 120 °C and 20 MPa (bottom). The spectra of
scCO2-treated films were measured at 15 min after treatment.
(b) Elapsed time dependence of FT-IR spectra at around 2335
cm-1 for scCO2-treated PEN at 60 °C and 20 MPa.

Figure 6. (a) Elapsed time dependence of FT-IR absorbance
intensity at 2335 cm-1 and Tg for scCO2-treated PEN at 60 °C
and 20 MPa. (b) Tg and Tc vs absorbance intensity.

Figure 7. (a) Relation between Tg of scCO2-treated PEN films
and elapsed time (t) under different conditions. (b) Tg vs t 1/2

plot.
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(see data at 60 °C and 20 MPa). This indicates that the
concentration of absorbed CO2 molecules in the PEN
films is larger under those conditions. In other words,
the change in Tg was caused by the change in CO2
solubility for the PEN film, which is related to the
density of pure CO2. The Tg value gradually increases
with increasing time, but the value is much lower than
the original Tg (∼125 °C). This is because few CO2
molecules remain in the treatment films after at least
300 min. The linear relation in the Tg vs CdO absor-
bance as shown in Figure 6b allows us to analyze the
desorption kinetics presented in Figures 6a and 7a.
Figure 7b shows the Tg vs t 1/2 plot in order to estimate
the Tg under CO2 exposure conditions by extrapolation
of the Tg back to t ) 0. The Tg’s under the scCO2
conditions of 120 °C/10 MPa, 60 °C/10 MPa, and 60 °C/
20 MPa are roughly estimated as 84, 71, and 56,
respectively. Moreover, the PEN films treated at various
pressures have been prepared to characterize the effect
of CO2 conditions on the crystallization behavior. Figure
8 shows WAXD patterns of amorphous and crystallized
PEN films treated at different CO2 pressures. In this
figure the crystallization temperature and time were
chosen as 120 °C and 90 min. No diffraction peaks for
a film crystallized at 10 MPa were observed, as for the
amorphous pattern. In contract, the peaks in the films
crystallized at 15 and 20 MPa are clearly observed.
From the WAXD patterns, the crystallinity of the
treatment film at 15 and 20 MPa films was calculated
as 22.1 and 25.1%, respectively. From Figure 7a, there
is a relatively small further decrease in Tg with increas-
ing treatment pressure. Higher-pressure CO2 treatment
may increase the concentration of absorbed CO2 mol-
ecules; the segment motion of the amorphous phase is
probably enhanced, promoting crystallization.

Characterization of Higher-Order Structure by
SAXS. Figure 9 summarizes the relations between
higher-order structure, long period, lamella, and inter-
face (including two interfaces between crystalline and
amorphous phase) thickness and treatment tempera-
tures for scCO2-treated (110-160 °C, 20 MPa) and cold-
crystallized (170-230 °C) PEN films. All films in this
figure were treated for 90 min. The c-axis length ()1.32
nm) at the bottom of Figure 9 represents the repeat unit
of the original PEN in the c-axis direction. This figure
shows that the higher-order structure of all films
developed gradually with increasing treatment temper-

ature; the data seem to fall on a straight line despite
the different treatment methods, scCO2 treatment and
cold crystallization. Moreover, the long period, lamella,
and interface thickness of the scCO2-treated films are
clearly smaller than those of cold-crystallized films.
Lamella of the scCO2-treated films are particularly fine,
close to 2 nm thick. It is believed that the scCO2-treated
films possess fine crystallites. However, it is not clear
from Figure 9 that the fineness of the crystal structure
is due to either temperature alone or the scCO2-treat-
ment effect. We focus on the surface area in the two-
phase system, which involves the crystalline and amor-
phous phases of the scCO2-treated and cold-crystallized
PEN films. The specific surface area S/V is the ratio of
surface area per unit volume where the crystalline and
amorphous domains come in contact with each other.
Here S/V is estimated from the following equation:35

where Kp is the Polod constant that can be obtained
from the intercept of the corrected SAXS plot (ln Ĩ(s) )
-3 ln s + ln Kp); φ1 and φ2 refer to each volume fraction.
In the case of two-phase system such as crystal domains
dispersed into the amorphous phase, S/V increases with
decreasing the crystallite size and with increasing
number of crystallites. Figure 10 shows the relation
between S/V and the treatment temperature for scCO2-
treated and cold-crystallized PEN. Here S/V increases

Figure 8. WAXD patterns of amorphous and scCO2-treated
PEN films crystallized at different CO2 pressures.

Figure 9. Relation between higher-order structure calculated
by SAXS and treatment temperature in scCO2-treated (closed
symbols) and cold-crystallized (open symbols) PEN films.

Figure 10. Specific surface area S/V vs treatment temper-
ature of crystallized PEN films.

S
V

)
8πKpφ1φ2

∫0

∞
sĨ(s) ds

(7)
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with decreasing treatment temperature and was higher
in the scCO2-treated films than in the cold-crystallized
films. The relation between S/V and the treatment
temperature of both treatment films shows the same
trend. The resulting fineness of crystal structure in the
scCO2-treated PEN films may increase with decreasing
treatment temperature. We now discuss the validity of
the S/V in detail using the equation

where φd is the volume fraction of the crystalline
domain, Sd is the domain surface area ()4πr2), Vd is the
volume for one domain ()4πr3/3), and r is the domain
radius. We used the crystallinity from WAXD (0.2-0.3)
for φd and the average crystallite size (4-6 nm) for r.
The resulting S/V was calculated to be between 0.2 and
0.45, in relatively good agreement with the data in
Figure 10.

Crystallite Size of scCO2-Treated PEN. The crys-
tallite size of scCO2-treated and cold-crystallized PEN
films was calculated from eq 2. Figures 11 and 12 show
the relation between the crystallite size obtained from
the (100) and (001) planes and the treatment temper-
ature for scCO2-treated and cold-crystallized PEN films.
The crystallite size of scCO2-treated films is much
smaller than that of the cold-crystallized films. The
(001) plane data in Figure 12 seem to vary widely
because the diffraction peaks are much weaker than for
the other planes. The crystallite size calculated from the
(001) plane corresponding to the length along the c-axis
is 2-8 nm, in good agreement with the lamella thick-
ness (see Figure 9, 2-5 nm). Table 1 summarizes the

long period L, lamella lc, interface E, and amorphous
thickness la (la ) L - lc - 2E) of the PEN film treated
with scCO2 at 160 °C under 20 MPa for 90 min, and
the film cold-crystallized at 160 °C for 1440 min. The
crystallinity calculated from eq 1 is also shown. There
is little difference in the crystallinity øc between the
cold-160 and the scCO2-160 despite the large difference
of the crystallization time, which shows the fast crystal-
lization under scCO2 conditions. The CO2 causes swell-
ing of the PEN film and expansion of the free volume,
which can lead to the dramatic decrease in Tg for smooth
crystallization at relatively low temperature. This table
reveals that all SAXS data are almost the same values
between cold-160 and the scCO2-160. These indicate
that the higher-order structure of PEN is strongly
affected by the treatment temperature. This is probably
due to the fact that the higher-order structure of
semicrystalline polymer is considerably affected by the
number of nuclei formed during crystallization, which
has strong temperature dependence. Regarding the
crystallite size and the degree of crystallinity, scCO2
treatment should promote the creation of nuclei in the
amorphous phase. In general, it is easier to create and
increase the number of nuclei at low temperatures;
therefore, the fine crystallites can be obtained from the
scCO2 treatment at low temperature. Here, however, it
remains unclear about the role of CO2 molecules in the
formation of nucleus. Further experiments using other
supercritical fluid solvents will be needed for more
insight into the effect of CO2 on the nucleation and
crystallization for PEN.

Conclusions
A crystalline structure PEN film was prepared using

scCO2 treatment at an abnormal temperature range,
from 110 to 170 °C. After the treatment, the Tg of PEN
films was reduced by more than 50 °C and the films
were crystallized. The change in the absorbance inten-
sity at 2335 cm-1 (CdO) obtained from FT-IR measure-
ment was consistent with the change in Tg and Tc. The
linear relation between Tg and the absorbance intensity
shows that sorption of CO2 molecules into the film is
responsible for the fall in Tg. The Tg under CO2 exposure
conditions was estimated according to desorption kinet-
ics. Moreover, an increase in the treatment pressure
raised the amount of absorbed CO2 and reduced Tg,
promoting the crystallization. The higher-order struc-
ture, long period, lamella, and interface thickness of the
crystallized PEN films were calculated from the SAXS
profile and one-dimensional correlation function. It was
clear that all these parameters are linearly related to
the treatment temperature. The crystallite size obtained
from the Scherrer equation decreased with decreasing
treatment temperature. It appears that the higher-order
structure can be decided only from the treatment
temperature; the scCO2 treatment may promote the
creation of nuclei in the amorphous phase at low

Figure 11. Crystallite size in (100) normal direction vs
treatment temperature of crystallized PEN films.

Figure 12. Crystallite size in (001) normal direction vs
treatment temperature of crystallized PEN films.

S
V

)
φdSd

Vd
)

3φd

r
(8)

Table 1. Higher-Order Structure of scCO2-Treated at 20
MPa for 90 min (scCO2-160) and Cold-Crystallized at 160

°C for 1440 min (cold-160)

SAXS data (nm) scCO2-160 cold-160

long period L 10.0 10.2
lamella lc 2.8 3.1
interface E 1.8 1.8
amorphous la 3.6 3.6
øc

a (%) 29.4 26.8
a Calculated from WAXD.
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temperatures, following the formation of fine crystallites
and fine higher-order structure.
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