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ABSTRACT: Poly(ethylene terephthalate) (PET) was treated with supercritical fluid (SCF) carbon dioxide
to study crystallization of this polymer under SCF conditions. Solid state NMR spectroscopy and wide
angle X-ray diffraction (WAXD) detected dramatic changes in the PET molecular structure and motion
after treatment. To fit WAXD data, the powder diffraction pattern for crystalline PET was calculated
and is reported here for the first time. The WAXD results indicate an increase in crystallinity from
essentially zero in the as-received sample to 62% in the SCF-treated sample. This large increase in the
crystallinity of the SCF-treated PET was verified by the NMR relaxation measurements. The X-ray
crystallite size, obtained from WAXD, was compared with those obtained from NMR proton spin diffusion
measurements. The 13C signals for aliphatic carbons (centered at 61.5 ppm) in the PET crystalline domain
were resolved for the first time in a 13C cross polarization/magic angle spinning spectrum (CP/MAS) due
to the SCF treatment. The 13C chemical shift tensors for PET were determined experimentally and were
also compared to theoretical ab initio calculations. The anisotropic chemical shift data were then
interpreted in terms of changes in the molecular conformation in PET as a result of SCF CO2 treatment.
It was found that the SCF CO2 treatment is an effective method for enhancing the crystallinity of PET.
These results in PET strongly support the previously proposed model for the existence of three motional
regimes; crystalline, rigid amorphous, and mobile amorphous.

Introduction

Supercritical fluids (SCF’s), as alternative solvents,
have tremendous potential for the modification and
processing of polymers,1 as they offer many advantages
over conventional organic solvents.2-4 The solvent
strength of SCF’s can be tuned over a wide range by
changing temperature and pressure. Thus, the degree
of polymer swelling and partitioning of penetrants can
be adjusted. The gaslike viscosity of SCF’s results in
higher possible flow rates. The near-zero surface ten-
sion makes supercritical fluids essentially infinitely
wetting. The above factors, coupled with an extremely
high diffusion rate, enhance the kinetic absorption of
penetrants. Near its critical point (31 °C and 72 bar),
CO2 has a solubility in many polymers which is as high
as that of typical organic liquid-swelling agents.5 Fi-
nally, SCF solutions, especially CO2, have clear envi-
ronmental advantages over typical organic solvents.

The use of gaseous and liquid carbon dioxide to lower
the glass transition temperature (Tg) of various poly-
mers has been extensively studied.6-9 It has also been
demonstrated that SCF CO2 has a strong plasticizing
effect.2-4,10,11 These studies have shown that the crys-
tallization rates may be increased in CO2 by higher
temperatures and pressures. Poly(ethylene terephtha-
late) (PET) has been used as an example in several of
these studies.3,4,6

Gas sorption in polymers, a purely physical phenom-
enon, is generally considered to play an important role
in these crystallization processes. For instance, iso-
thermal sorption of a gas into a polymer can result in a
decrease in Tg which is proportional to the amount of

gas sorbed. The Tg values for PET containing dissolved
CO2 at elevated pressures were estimated by Chiou et
al.6,7 using differential scanning calorimetry. The glass
transition temperatures were found to be 35 °C at 35.5
bar and 52 °C at 20.2 bar. The CO2-induced crystal-
lization kinetics for amorphous PET were determined
by Mizoguchi et al.11 at 50.7 bar and the temperatures
35, 65, and 85 °C using IR spectroscopy and bulk
polymer density measurements. The rate of crystal-
lization was found to increase approximately 1 order of
magnitude as the temperature was raised from 35 to
65 °C and again from 65 to 85 °C. The kinetics of CO2
sorption in PET at pressures up to 50.7 bar and
temperatures up to 65 °C were determined by Kamiya
et al.12 using a gravimetric technique. Kamiya reported
a CO2-induced crystallinity of approximately 29 vol %,
in agreement with subsequent experiments under simi-
lar conditions.13 Evidence14,15 of an electron donor-
acceptor complex between CO2 and electron-donating
polymers has been observed by IR. PET follows this
model because the carbonyl oxygen acts as an electron
donor. The CO2-induced crystallization of PET has been
reviewed by Hirose et al.16 and Lambert and Paulaitis.13

Differential scanning calorimetry (DSC), density mea-
surement, and wide angle X-ray diffraction (WAXD) are
often used to characterize polymer samples before and
after CO2 treatments. Solid state NMR is a premier
tool for exploring the detailed structural and dynamic
information of polymers,17,18 but it has not previously
been used to characterize polymers following SCF
treatment. Earlier solid-state NMR studies on PET
focused on molecular motions and their effect on spin
relaxation measurements.19,20 Recently Chmelka et
al.21 reported that molecular chain orientational order* Corresponding authors.
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in mechanically altered PET samples (fibers and films)
can be extracted by multidimensional DECORDER
NMR experiments. Orientational information in PET
fibers has also been studied with static spectra obtained
at different angles between the magnetic field direction
and the draw direction of a uniaxially oriented 13C-
labeled PET sample.22 NMR relaxation measurements
and line shape analysis by Veeman and co-workers23

utilize a model with three distinct regions, NMR crys-
talline, rigid NMR amorphous, and mobile NMR amor-
phous. This three-region model for PET was based on
earlier work by Havens and VanderHart.24

In this work, a variety of solid state NMR techniques
and WAXD were used to study the treatment of PET
powder samples with SCF CO2. The crystalline volume
fraction and average crystallite sizes of the PET samples
before and after CO2 treatments were obtained by
WAXD. The molecular motions for both as-received and
SCF-treated PET samples were investigated by changes
in the 13C T1, 13C T1F, and 1H T1F parameters. The NMR
crystallinity of the PET polymer was obtained from the
measurements of 13C T1F using a three-dimensional
diffusion model. The principal values of the 13C chemi-
cal shift tensors for the SCF CO2-treated PET sample
were measured by a two-dimensional magic angle
turning (2D MAT) experiment.25-27 Noticeable differ-
ences in the principal values were observed for the two
aliphatic carbon peaks of this SCF-treated PET. Anoma-
lies in the principal values of PET aliphatic carbons
reported in the literature may be understood in terms
of these new results. Compared with those from ab
initio calculations, the principal values for aliphatic
carbons suggest that the trans conformation dominates
the crystalline domain. Conversely, the gauche confor-
mation dominates the amorphous domain.

Experimental Section

Samples. PET, lot no. 02019JF, was supplied by Aldrich
Chemical Co. in the form of 5 mm pellets. The pellets were
frozen in liquid nitrogen for 5 min prior to being ground to
powders using a Regal electric coffee grinder. Sieving (50-
100 mesh) was carried out using Fisher Scientific “MESH”
series sieves. Samples to be treated with the SCF CO2 were
loaded into a 5 L CF Technologies (Hyde Park, MA) extractor.
The temperature and pressure of the SCF treatment were 70
°C and 208 bar, respectively. The sample was held at this
temperature and pressure for 90 min. Then the pressure was
reduced isothermally at a constant rate to atmospheric pres-
sure over a period of 60 min. The thermally treated PET
sample was prepared by heating the sample at 70 °C for 150
min at atmospheric pressure. After treatment, samples were
unloaded from the extractor and left at ambient conditions for
at least 7 days before NMR measurements. For convenience,
the as-received, thermally treated, and SCF-CO2-treated PET
samples are designated as PET0, PET1, and PET2, respec-
tively.

The PET1 sample was prepared to separate purely thermal
effects from those attributable to the SCF treatment at the
same temperature. An entirely thermal effect on crystalliza-
tion should be very small, if it exists at all. PET is a slowly
crystallizing polymer,28 and an extrapolation of experimental
data13,28 indicates that the crystallization half time t1/2 for PET
at 70 °C is expected to be 63 h. This half time is at least 25
times longer than the thermal treatment time (150 min) in
this study.

WAXD Measurements. The PET samples were analyzed
using a Scintag XDS2000 X-ray diffractometer equipped with
a graphite monochromator and a horizontal sample carousel
having six rotating sample cups. The individual cups are 2.6
cm in diameter and 0.3 cm in depth. PET powder was pressed

into the cup and the top surface planed with a glass slide.
Diffraction data were collected in the range 10 < 2θ < 80°
with the step size 0.03° (2θ) and the counting time 25 s per
step using Cu KR radiation. The diffraction patterns were
deconvoluted using profile fitting software29 which uses a
Pearson VII function to fit individual peaks.

NMR Spectroscopy. 13C CP/MAS measurements were
performed on a Chemagnetics CMX-100 spectrometer using a
7.5 mm PENCIL rotor probe operating at a 13C frequency of
25.152 MHz. Standard pulse sequences for the 13C CP/MAS,
inversion recovery, and T1F experiments for both 1H and 13C
were used, using a sample spinning speed of 4.1 kHz. The
13C CP/MAS and spin-lattice relaxation experiments em-
ployed a proton 90° pulse length of 4.0 µs, a recycle time of 2
s, and a crosspolarization time of 2 ms.

The 2D MAT experiments were performed on a VXR200
spectrometer operating at the 13C frequency 50.309 MHz using
the triple-echo26 sequences on a 12 mm home-built probe with
the sample rotor spinning rate 16.8 ( 0.1 Hz. The rf pulses
were synchronized to 1/3 of the rotor cycle with our rotor
synchronization device.27 A proton 90° pulse length of 5.0 µs
and a contact time of 2 ms were used. The spectral widths in
acquisition and evolution dimensions were 60 and 6.67 kHz,
respectively. A FID of 256 complex points was acquired.
There were 60 complex increments in the evolution dimension,
resulting in a resolution of about 100 Hz in this dimension,
and 512 scans with the recycle delay time 4 s yielded spectra
with good signal-to-noise ratios. The 2D data sets were
processed on a VAX station 3100 computer. The powder
spectrum for each chemically distinctive nucleus was obtained
by taking a sliced spectrum at the center of the isotropic
chemical shift position. Individual powder patterns were fit
using the POWDER software.30

Results and Discussion
A. Crystalline Volume Fraction and Crystallite

Size from WAXD. The WAXD patterns for the three
PET samples (PET0, PET1, and PET2) were analyzed
for both crystalline volume fraction and average crys-
tallite size. The results are shown in Figure 1. For
PET0, two broad peaks were observed, corresponding
to the first- and second-order amorphous halos. For
PET2, somewhat narrower peaks were superimposed
onto the amorphous halos. To fit the diffraction pat-
terns, starting values of peak position and intensity for
crystalline PET are required. The powder diffraction
pattern for an isotropic, 100% crystalline PET was
calculated using the structure refinement data of Fu et
al.31 and the POWD12 program of Smith.32 The result-
ing peak positions and intensities are shown along the
abscissa in Figure 1. The peak positions and relative

Figure 1. WAXD patterns of PET samples: (a) as-received
sample; (b) thermally treated PET sample; (c) SCF CO2-treated
PET sample. Along the abscissa are the calculated peak
positions and relative intensities for 100% crystalline PET.
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intensities for the calculated pattern are given in Table
1. These parameters were used to fit the experimental
diffraction patterns in the range 10 < 2θ < 36.5°. The
resulting integrated peak intensities were used to
estimate the polymer crystallinity. Only the six most
intense crystalline peaks were used in a method similar
to that of Huisman and Heuvel33 in their analysis of
PET yarns. The volume percent crystallinity was found
by dividing the sum of the six integrated crystalline
peaks by the integrated sum of the six crystalline peaks
plus the single amorphous peak. The volume percent
crystallinities for PET0, PET1, and PET2 are listed in
Table 2.

The data in Table 2 indicate that both the as-received
(PET0) and thermally treated (PET1) polymer samples
are essentially amorphous. A slight increase in crystal-
linity is found for PET1 upon the thermal treatment,
indicating that the thermal effect at 70 °C is indeed
small for PET. However, the SCF CO2-treated PET
sample (PET2) has a crystallinity of 62 ( 10%. It is
reported6,7 that the crystallinity increases 24-29% for
PET by sorption of CO2 gas at pressures between 20.3
and 35.5 bar. The dramatic increase (62%) in crystal-
linity for PET by SCF CO2 treatment for only 90 min
shows the advantages of SCF CO2 treatment over the
treatment using gas-phase CO2.

Also shown in Table 2 are the X-ray crystallite sizes
for the PET0 and PET2 samples, estimated from the

peak deconvolution and using the Scherrer equation. It
is noted that the crystalline size is increased from 10 Å
for PET0 to 42 Å for PET2 due to the SCF CO2
treatments.

13C CP/MAS Spectra. The 13C CP/MAS spectra of
three PET samples, as-received (PET0), thermally
treated (PET1), and SCF CO2 treated (PET2), are given
in Figure 2 as a, b, and c, respectively. Notice the effect
of sample treatment on the spectral resolution. The
narrower lines in the spectrum of PET2 compared with
those in the spectrum of PET0 are attributed to an
increase in the crystallinity. The intensity of the
amorphous phase carbon peaks also decreases in PET2
compared to PET0, resulting in a distinctive component
of higher resolution centered at 61.5 ppm. Similar line
widths are noted in Figure 2 for both the PET0 and the
thermally treated PET1. The broader lines observed for
PET0 and PET1 suggest a larger distribution of isotro-
pic chemical shifts partially due to greater heterogeneity
and a larger orientational distribution of polymer
molecules. Two distinguishable resonances for aliphatic
carbons were observed in the PET2 spectrum at 61.5
and 65.3 ppm, indicating the structural modification
resulting from SCF CO2 treatment. The splitting
observed in PET2 appears to be independent of minor
changes in both the strength and offset of the decoupler
field. These observations suggest the aliphatic carbons
in treated PET occupy at least two major magnetically
nonequivalent positions. The line shape in Figure 2a
for the aliphatic carbons in PET0 also appears to consist

Table 1. Calculated Powder Diffraction Pattern for PET,
Based on the Structure Data of Fu et al.31

2θ relative intensity (h,k,l)

10.26 3 (0,0,1)
16.24 13 (0,-1,1)
17.60 61 (0,1,0)
21.37 16 (-1,1,1)
22.54 54 (-1,1,0)
23.89 9 (0,1,1)
24.92 6 (-1,1,2)
25.80 100 (1,0,0)
26.36 5 (-1,0,3)
27.88 26 (1,-1,1)
31.12 7 (0,0,3)
32.02 4 (-1,-1.3)
32.59 9 (0,-2,1)
33.07 3 (-1,2,1)
33.09 3 (1,0,1)
35.68 2 (1,-1,2)
39.55 2 (-2,1,2)
42.27 5 (0,-2,4)
42.84 7 (-1,0,5)
43.98 3 (-2,1,4)
46.00 2 (-2,1,0)
46.65 3 (-1,-2,4)
48.16 3 (-2,0,5)
49.37 3 (-1,3,1)
49.50 2 (-1,-2,1)
52.49 2 (-2,3,1)
52.52 6 (2,-1,1)
53.03 3 (2,0,0)
53.12 2 (0,0,5)

Table 2. Degree of Crystallinity (XC) and Crystalline Size
of the PET Polymer from the WAXD Measurements

sample
avg crystalline

volume fraction (%)
avg crystalline

sizeb (Å)

PET0 0 10 (5)
PET1 <5 c
PET2 62 (10)a 42 (5)a

a The data in parentheses are the standard errors. b Data were
obtained using the Scherrer equation. c Measurement was not
carried out.

Figure 2. CP/MAS spectra of PET samples: (a) as-received
sample; (b) thermally treated PET sample; (c) SCF CO2-treated
PET sample. All chemical shift values are referenced to TMS.
Generally narrowed lines are observed for the SCF CO2-treated
PET sample, and a new peak with the chemical shift 61.5 ppm
is noted in the aliphatic carbon region. The downfield peak in
part c for aliphatic carbons is at 65.3 ppm. The sharp peak
and the left shoulder for aliphatic carbons in part a are at 62.5
and 65.3 ppm, respectively.
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of a peak at 62.5 ppm with a left shoulder at 65.3 ppm.
According to the WAXD results, PET0 is essentially
amorphous while PET2 is highly crystalline. Upon
comparison with the spectrum of PET0, a new peak at
61.5 ppm for PET2 appears to be a crystalline peak. By
deconvoluting the aliphatic carbon peak, Veeman et al.23

noted a broad, low-field amorphous component shifted
1.0 ppm downfield with respect to a narrow crystalline
component. The peak with the chemical shift 62.5 ppm
in the PET0 spectrum (Figure 2a) is likely to be the
component observed by Veeman et al, because it is about
1.0 ppm shifted downfield with respect to the 61.5 ppm
peak for PET2. The peaks at 65.3 and 62.5 ppm are
thus assigned to the rigid amorphous and mobile
amorphous domains, respectively. More evidence from
relaxation and chemical shift anisotropic measure-
ments, to be addressed later, supports this argument.

Chemical Shift Principal Values. To further
explore the differences between the two peaks observed
for PET2, 2D MAT experiments have been performed
for PET0 and PET2 from which the chemical shift
anisotropic information of each individual carbon may
be extracted. Table 3 reports experimentally deter-
mined principal values for the PET chemical shift
tensors as well as the theoretical results, given in italic

font. Previously reported values in the literature are
included for comparison. The powder patterns of the
individual carbons in PET2, from which the principal
values were obtained, are given in Figure 3. These
powder pattern slices were obtained from MAT data at
the isotropic chemical shifts indicated. The overall
isotropic projection from the MAT experiment is pre-
sented for PET2 in Figure 4 to demonstrate that the
CP/MAS resolution of the aliphatic carbon in PET2 is
retained in the 2D MAT experiment.

The chemical shift tensors, along with the WAXD
data, allow us to assign the two aliphatic carbon peaks
observed in PET2. The two aliphatic carbon tensors
differ by about 8 ppm in the δ33 component (see Table
3). The chemical shift principal values of the 65.3 ppm
peak (δ11, δ22, and δ33 at 86, 75, and 33 ppm, respec-
tively) agree with those of the PET0 tensor (87, 74, and
33 ppm) within experimental error. These are assigned
to the rigid amorphous aliphatic carbons in PET for the
reasons discussed later in this paper. The similarity
between chemical shift tensors for aliphatic carbons in

Table 3. Experimentala and Theoretical Principal Values
of the Carbon Chemical Shift Tensors of PET

sample δ11 δ22 δ33 δiso avg MAS ref

aliphatic
PET0 87 74 33 65 62.5 this work
PET2 86 75 33 65 65.3 this work

87 74 25 62 61.5 this work
PETb 87 76 22 62 21

85 77 29 64 34
87 75 20 61 35
80 80 28 63 36

D95(trans)c 108 75 16 66
D95(gauche) 107 75 35 72

Protonated Aromatic
PET0 221 154 14 130 130.4 this work
PET2 221 155 14 130 130.3 this work
PETb 223 158 13 131 21

220 164 10 131 34
223 159 11 131 35
226 153 15 131 36

D95(trans) 219 147 8 125
D95(gauche) 219 146 8 124

Nonprotonated Aromatic
PET0 232 145 25 134 133.8 this work
PET2 235 146 27 136 133.5 this work
PETb 228 146 31 135 21

226 144 32 134 34
230 145 26 134 35
226 153 15 131 36

D95(trans) 204 134 26 122
D95(gauche) 205 136 25 122

Carbonyl
PET0 255 124 110 163 165.2 this work
PET2 257 124 110 163 165.0 this work
PETb 252 126 113 164 21

250 127 117 165 34
252 131 107 163 35
250 122 122 165 36

D95(trans) 274 129 123 175
D95(gauche) 276 126 124 175

a All experimental chemical shift principal values are in ppm
referenced from TMS. b PET samples are described in the related
references. c All theoretical chemical shift principal values are in
ppm and converted from screening values. TMS was used as a
reference in these calculations.

Figure 3. Anisotropic projections of the 2D MAT experiment
for the SCF CO2-treated PET. The numbers in the spectra
correspond to the isotropic shifts. The spectra from the top to
the bottom are the aliphatic (trans), aliphatic (gauche), pro-
tonated aromatic, nonprotonated aromatic, and carbonyl car-
bons.

Figure 4. Isotropic projection of the 2D MAT experiment for
the SCF CO2-treated PET. The CP/MAS resolution of aliphatic
carbons is preserved in the MAT experiments.
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PET0 and those in PET2 with an isotropic shift of 65.3
ppm appears to suggest the as-received PET0 shares a
similar molecular structure to that for the downfield line
in PET2. It is very difficult to extract chemical shift
tensor information for mobile amorphous carbons be-
cause of the wide distribution of isotropic chemical
shifts. The other tensor, with the principal values δ11
) 87, δ22 ) 74, and δ33 ) 25 ppm, is assigned to the
crystalline aliphatic carbons. These assignments are
consistent with the CP/MAS results given in the preced-
ing section.

Previous measurements21,34-36 of the principal values
of the 13C chemical shift tensors in PET are tabulated
in Table 3. In general, our measurements agree with
the literature values for all carbons. The δ11 and δ22
values for aliphatic carbons are within experimental
error of the literature values. The δ33 literature values,
however, range from 20 to 29 ppm21,34-36 (see Table 3).
In this work, the δ11 and δ22 values for the aliphatic
carbons remained unchanged in both crystalline and
amorphous PET, but the δ33 value is reduced from 33
ppm in the amorphous to PET 25 ppm in the crystalline
PET. Thus the range of δ33 values in the literature may
be attributed to morphological differences in the samples.

The reduced span of the aliphatic tensor in PET2
between crystalline and amorphous is likely caused by
both the molecular conformation changes and enhanced
molecular motion. Narrowing induced by increased
molecular motion, however, usually does not involve
changes in the isotropic chemical shift.37 Hence, it is a
conformational change that offers the preferable expla-
nation for most of the differences. Theoretical calcula-
tions were performed in order to explore the possible
origin of the significant differences existing between the
chemical shift tensors of crystalline and rigid amor-
phous aliphatic carbons. DFT calculations, performed
with Gaussian38 94 and GIAO39(gauge invariant atomic
orbitals) methods, employ the standard Dunning40 D95
basis set. The calculations use geometry parameters
determined by X-ray diffraction.41 Carbon chemical
shift principal values have been calculated for both the
trans and gauche OCCO dihedral angular conforma-
tions, and the results are listed in Table 3. Both
experimental and theoretical chemical shift principal
values of protonated, nonprotonated, and carbonyl
carbons do not change with changing conformation, as
might be expected. The δ11 and δ22 values for the
aliphatic carbons also do not vary significantly for the
various conformations. However, δ33 changes from 35
ppm for the gauche conformation to 16 ppm for the trans

conformation in the theoretical calculations, and this
trend is similar to that observed experimentally. This
change in δ33 suggests that the trans and gauche
conformations are enhanced, respectively, in the crys-
talline and amorphous aliphatic tensors.

The chemical shift tensor orientations for aliphatic
carbons have been previously determined using the
separated local field method in both PET fiber and
film.21 The orientation of chemical shift tensors for
aromatic carbons is consistent with that of other organic
compounds where δ33 is aligned along the axis normal
to the rings and δ11 is aligned along the C-H or C-C
bond direction radial to the ring.

T1(13C) Measurements. The standard inversion
recovery pulse sequence was used to measure spin-
lattice relaxation times in the laboratory frame for the
samples PET0 and PET2. The delay times ranged from
0.01 to 300 s. The results are tabulated in Table 4. The
T1 values of the two distinguishable aliphatic carbon
lines in PET2 are listed separately in the table as 61.5
ppm and 65.3 ppm, corresponding to the upfield and
downfield resonances, respectively. Double-exponential
terms are needed to fit the partially relaxed magnetiza-
tion data both for aliphatic and for aromatic protonated
carbons. However, a single-exponential term was ade-
quate for fitting the magnetization data of nonproto-
nated aromatic and carbonyl carbons. For aliphatic
carbons, no significant changes in T1 were observed
between PET0 and PET2. However the percentage of
the longer relaxation component (14-16 s) increases
from 42.7 for PET0 to 65.1 and 68.8 for the two aliphatic
peaks of PET2. The PET2 aliphatic carbon resonance
at 65.3 ppm shares similar relaxation times with the
resonance at 61.5 ppm. Thus if the signal at 65.3 ppm
is indeed from the amorphous domain, as discussed
above, it must arise from the rigid amorphous domain
because of this similar 13C T1 relaxation behavior. The
shorter relaxation time components are most likely from
the mobile amorphous domain. Figure 5 shows several
partially relaxed spectra for the aliphatic carbons in
PET2 demonstrating differential relaxation rates be-
tween the mobile amorphous (center peak) and rigid
amorphous (left shoulder) domains. The resolution of
the outer two spectral peaks becomes much better at
delay times from 6 to 10 s, where the signal resulting
from the fast (amorphous) relaxation component is too
small or inverted from the outer two resonances. At
the delay time 50 s, the signal of the fast relaxation
component (central line) has definitely recovered, while
the outer shoulders (65.3 and 61.5 ppm) are still

Table 4. Single and Double Exponential T1(13C) Relaxation Results in the Laboratory Frame

sample T1A (s) MA (%) T1B (s) MB (%)

Aliphatic
PET0 15.2 (3.5)a 42.7 (4.0) 1.0 (0.1) 57.3 (3.2)
PET2 (61.5 ppm) 14.2 (1.3) 68.8 (5.5) 0.5 (0.1) 31.1 (3.1)
PET2 (65.3 ppm) 16.0 (2.4) 65.1 (5.7) 0.6 (0.2) 34.9 (4.6)

Protonated Aromatic
PET0 20.9 (2.1) 86.4 (4.6) 1.5 (0.9) 13.6 (1.5)
PET2 27.3 (2.1) 87.1 (4.2) 1.0 (0.4) 12.8 (1.8)

Nonprotonated Aromatic
PET0 21.7 (1.4) 90.3 (3.6)
PET2 29.3 (2.4) 90.2 (6.7)

Carbonyl
PET0 26.5 (1.4) 93.4 (3.2)
PET2 38.2 (3.6) 101.9 (1.5)

a Data in parentheses are the standard errors in relaxation parameters.
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recovering. The rapidly relaxing nature of the broad
line at 62.5 ppm indicates that some aliphatic carbons
are located in the mobile domain and thus have fast
relaxation rates. This explanation is consistent with a
three-region motional model. It is well-known that only
fast molecular motions with correlation times less than
10-8 s contribute to the spin-lattice relaxation rate in
the laboratory frame for the 13C nucleus. The results
of T1 relaxation measurements show that the crystalline
and rigid amorphous aliphatic carbons have similar
motional behaviors, while the mobile amorphous car-
bons behave somewhat differently. It is interesting to
note that the MAS chemical shift for the aliphatic
carbons in PET0 is centered at 62.5 ppm (see Table 3),
which is the same as the shift for the fast relaxing
component in PET2. This similarity in chemical shift
indicates that the mobile amorphous phase dominates
the structures in PET0. Since PET0 has δ33 values
similar to those calculated for the gauche conformation
(cf. Table 3), it is assumed that the mobile amorphous
domain is dominated by the gauche conformation in the
aliphatic carbons.

The similar relaxation parameters (cf. Table 4) ob-
served for the aromatic carbons between PET0 and
PET2 indicate that SCF CO2 treatments do not signifi-
cantly affect the molecular motions of the aromatic
carbons on the NMR time scale.

T1G(13C) Measurements. Spin-lattice relaxation in
the rotating frame, T1F(13C), may be studied with
molecular motional parameters in polymers observed at
a relatively high field strength.20,23 The results of T1F-
(13C) measurements for all carbons in PET0, PET1, and
PET2 are listed in Table 5. All measurements cor-
respond to the field strength ν1 ) 62.5 kHz. It was

found that double-exponential terms again were needed
to fit the relaxation data for aliphatic, protonated
aromatic, and nonprotonated aromatic carbons, while
only a single-exponential term was required to fit the
magnetization data for carbonyl carbons. The complex-
ity in the relaxation processes for nonprotonated car-
bonyl and aromatic carbons as recognized by Veeman
et al.,23 has focused our attention on the relaxation
behavior of aliphatic carbons and protonated aromatic
carbons.

Figure 6 shows the decay of the aliphatic carbon
magnetization as a function of delay time τ for PET0,
PET1, and PET2 at the field strength ν1 ) of 62.5 kHz.
PET0 and PET1 have similar decay patterns, while a
significantly different response is observed for PET2.
Figure 6 indicates that thermal treatment under the
conditions studied introduced only small changes, while
the SCF CO2 treatment introduced dramatic changes
in the molecular motions of PET. The two relaxation
times found for aliphatic carbons in PET0 were 2.2 and
22.7 ms, with fractions of 36.5 and 63.5%, respectively.
Similarly, the relaxation times observed for PET1 were
2.1 and 26.1 ms, with fractions of 37.9 and 62.1%,
respectively. These relaxation parameters agree very
well with those previously obtained by Veeman et al.
for amorphous PET yarns at ν1 ) 78 kHz, suggesting
that the as-received and thermally treated PET samples
are amorphous polymers. The WAXD results (Table 2)
confirm that the untreated and thermally treated PET
samples (PET0 and PET1) are indeed amorphous poly-
mers. The double-exponential behavior of 13C T1F sug-
gest that there exist two motionally different domains
in the untreated amorphous PET sample: the rigid and
mobile amorphous domains corresponding to the longer
and shorter relaxation times, respectively.

Table 5 shows the results of fitting the magnetization
data for PET2 with double-exponential terms. The
relaxation time constants 55.8 ms (62.8%) and 3.9 ms
(37.2%) were observed for the aliphatic carbons. If the
three-domain structural model is used, the relaxation
time 3.9 ms is just the average value of the relaxation
times for aliphatic carbons in the NMR rigid and mobile
amorphous domains. The component with 55.8 ms is,
therefore, from the NMR crystalline domain, as this
component is induced by the SCF CO2 treatments. As
the three motional regimes (crystalline, rigid amor-
phous, and mobile amorphous) exist for the semicrys-
talline PET polymers, magnetization data fitting with
three exponential terms was employed for PET2. The
results are listed in Table 5. The relaxation times 22.0
and 2.5 ms from the amorphous domains, respectively,
agree well with those of 22.7 and 2.2 ms observed for
PET0. The relaxation time 54.6 ms (from the crystalline
domain, cf. Table 5) is similar to that of 55.8 ms from
the double-exponential term fit for PET2. The NMR
crystallinity of aliphatic carbons MC, which is the
fraction of the 54.6 ms component, is found to be 51.4%
and qualitatively agrees with that measured by the
WAXD method (62 ( 10%; cf. Table 2). The fractions
of rigid (21.6%) and mobile (26.9%) amorphous aliphatic
carbons are basically evenly distributed. The three-
exponential fit for PET2 and the double-exponential fit
for PET0 are given in Figure 7, where the initial
magnetization of the PET0 aliphatic carbons is normal-
ized to 50 for better visual clarity. The dashed and solid
lines in Figure 7 are the least-squares fits to the
relaxation time data using two and three exponential

Figure 5. Partially relaxed aliphatic carbon spectra of the
SCF CO2-treated PET in an inversion recovery experiment.
Higher resolution is observed for spectra with the delay times
6-10 s. The broader line in the spectrum with the delay time
50 s is the signal from mobile amorphous phases.
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terms for PET0 and PET2, respectively. The dotted
lines in the figure represent the three different relax-
ation components, corresponding to the NMR rigid
amorphous, mobile amorphous, and crystalline domains.

The same data analysis for the aliphatic carbons was
also applied to the protonated aromatic carbons in PET0
and PET2. The results are also listed in Table 5. An
NMR crystallinity (MC) of 75% was found for the
protonated carbons of PET2, which once again agrees
qualitatively with the WAXD results (cf. Table 2). The
fraction of the mobile amorphous domain (16%) in PET2
is almost double that of the rigid amorphous domain
(9%). The explanation of these observations is not
entirely clear. For the nonprotonated carbons, the
relaxation time of the long relaxation component in-
creased from 98.2 ms for PET0 to 155.7 ms for PET2,
and the fraction increased from 86.4% to 94.7%. How-
ever, the SCF CO2 treatment has little effect on the 13C
relaxation parameter in the rotating frame for carbonyl
carbons in PET.

T1G(1H) Measurements. The proton relaxation times
in the rotating frame for the PET samples were mea-
sured, and the magnetization decay patterns for PET0,
PET1, and PET2 are given in Figure 8. The experi-
mental magnetization data in the figure are the average
of different carbons in PET, since the intrinsic T1F(1H)
relaxation times of chemically different protons are
averaged by the effective spin-diffusion interactions.23,24

The as-received and thermally treated PET samples
share similar decay behavior where the signal intensity
as a function of τ may be fitted using a single-
exponential term. These observations are in agreement
with the results of Veeman et al. for the amorphous
PET. For the SCF CO2-treated PET2, it is found that
a double-exponential function was needed to fit the

Table 5. Single-, Double-, and Triple-Exponential T1G(13C) Relaxation Results

sample T1FA(13C) (ms) MA (%) T1FB(13C) (ms) MB (%) T1FC(13C) (ms) MC (%)

Aliphatic
PET0 22.7 (2.7)a 63.5 (4.8) 2.2 (0.6) 36.5 (4.7)
PET1 26.1 (2.8) 62.1 (4.7) 2.1 (0.5) 37.9 (4.5)
PET2b 55.8 (7.9) 62.8 (3.0) 3.9 (0.6) 37.2 (3.6)
PET2c 22.0 (2.1) 21.6 (4.6) 2.5 (0.5) 26.9 (3.3) 54.6 (3.9) 51.4 (2.6)

Protonated Aromatic
PET0 45.6 (3.4) 67.5 (4.8) 2.5 (0.4) 32.5 (4.5)
PET1 71.0 (8.1) 68.9 (2.4) 1.9 (0.4) 31.1 (2.5)
PET2b 120.3 (10.5) 81.1 (1.6) 3.5 (0.6) 18.9 (1.5)
PET2c 44.2 (2.8) 8.9 (3.2) 2.6 (0.4) 16.1 (0.9) 115.8 (4.1) 75.0 (2.6)

Nonprotonated Aromatic
PET0 98.2 (4.9) 86.4 (1.0) 1.7 (0.3) 13.6 (1.0)
PET1 119.2 (11.3) 87.5 (1.4) 0.9 (1.3) 12.5 (1.5)
PET2 155.7 (3.2) 94.7 (0.2) 1.1 (0.2) 5.3 (2.8)

Carbonyl
PET0 123.1 (6.8) 94.8 (1.6)
PET1 121.4 (6.0) 95.5 (0.5)
PET2 120.5 (6.4) 100.9 (1.1)

a Data in parentheses are standard deviations. b Double exponential decay fit. c) Fit with three exponential terms.

Figure 6. Aliphatic carbon magnetization decay patterns for
the as-received, thermally treated, and SCF CO2-treated PET
samples in a T1F(13C) experiment. The as-received and ther-
mally treated samples have similar decay patterns. Aliphatic
carbons in the SCF CO2-treated PET decay much more slowly.

Figure 7. Aliphatic carbon magnetization decay patterns for
the as-received and SCF CO2-treated PET samples in a T1F-
(13C) experiment. Double-exponential terms are needed to fit
the magnetization data for the as-received PET0 (open circles),
while three exponential terms are used to fit the magnetization
data for the SCF CO2-treated PET2 (open triangle). These
respective fits are represented by the solid and dashed lines.
The three dotted lines with the relaxation times 2.5, 22.0, and
54.6 ms are the decay components of the mobile amorphous,
rigid amorphous, and NMR crystalline regions, respectively,
and combine to give the composite fits. The 54.6 ms component
appears only in the higher crystalline PET2 sample.
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experimental data for the semicrystalline sample, which
agreed well with previous observations.23,42 The relax-
ation parameters from fitting the experimental data are
tabulated in Table 6. It is clear from the table that the
SCF CO2 treatment introduced a new relaxation com-
ponent with the relaxation time 12.2 ms and a mole
fraction of 75%. The shorter relaxation time (3.4 ms)
reflects the initial fast relaxation decay of magnetization
in the mobile amorphous regions, and the longer relax-
ation time (12.2 ms) is the characteristic relaxation time
for the highly ordered crystalline phase.

According to a proposal by Veeman et al.,23 longer
relaxation times reflect a spin-diffusion time which
measures the time that magnetization requires to
diffuse from a region with long relaxation times into a
region with shorter relaxation times. Under this as-
sumption, the average relative size of a crystalline
domain may be estimated from the diffusion models
used. If spin diffusion occurs in three dimensions, the
average crystalline domain size may be calculated24

from 〈x〉 ) (6Dt)1/2, where D is the spin-diffusion
coefficient and t is the longer relaxation component (12.2
ms). The spin-diffusion coefficient is estimated to be
5 × 10-12 cm2/s for PET24 and should be twice that value
when used in a T1F(1H) experiment.23,24 Using the above
model and parameters, the average crystalline domain
size for PET2 is estimated to be 86 Å. However, the
sizes of noncrystalline regions with shorter relaxation
times (3.4-5.4 ms; cf. Table 6) are estimated to be
around 50 Å.

Apparent crystallite sizes of 42 and 10 Å for PET2
and PET0, respectively, were estimated with the WAXD

data using the Scherrer equation. The X-ray crystal
lengths agree qualitatively with NMR crystallite sizes.
The difference between X-ray and NMR results can be
attributed to many assumptions made in the apparent
crystal size boundaries for the two methods. However,
the results from both methods show similar trends in
apparent crystal sizes in PET upon SCF CO2 treat-
ments.

Summary and Conclusions

The molecular structure and mobility of PET before
and after the treatment have been carefully character-
ized using NMR and X-ray spectroscopy. The results
from both methods indicate the crystallinity of PET has
increased from an essentially amorphous to a semicrys-
talline polymer during the SCF CO2 treatment. This
treatment, as mentioned above, is more efficient for PET
than the previously reported CO2 gas sorption treat-
ment.

The glass transition temperature of PET is reduced
due to the sorption of CO2 at elevated pressure.6,7,11 If
the reduction of the glass transition temperature is large
enough to put the system at the crystallization temper-
ature, the polymer chains rearrange themselves into the
conformations with lower free energies. Thus, the
gauche conformation of aliphatic carbons in PET would
be expected to convert to the trans conformation. This
has been successfully detected using NMR data reported
in this paper. Lambert and Paulaitis13 attempted to
separate the pressure effects on the CO2-induced crys-
tallization of PET from the gas sorption effects and
concluded that the applied pressure controls crystal-
lization kinetics at a pressure above 60 bar at 35 °C. It
is believed that pressure effects also play an important
role in the SCF CO2 treatment under our experimental
conditions.

Sawan et al.2,3 measured the weight change of PET
upon the SCF CO2 treatment under similar experimen-
tal conditions to those described in this paper. A 2.02%
weight gain in PET was noted immediately after the
treatment. This percentage was reduced to 0.24% after
4 days and to 0.13% after 7 days from the time of
treatment. The remaining 0.13% continued for 11 days,
and it is safe to assume that some minimal amount of
CO2 was left in our PET samples when they were
analyzed. The change in molecular mobility observed
for PET is assumed to result from the morphological
changes at the time of the SCF CO2 treatment rather
than from the residual trace amount of CO2 in the
polymer.

The molecular motional information for PET samples
has been obtained from solid state 13C relaxation
experiments. Three different structural regimes (crys-
talline, rigid amorphous, and mobile amorphous) along
with their motional characteristics have been identified
from a combination of chemical shifts and partially
relaxed spectra using spin-lattice relaxation (T1) ex-
periments for the SCF CO2-treated PET sample. It was
found that the rigid amorphous and crystalline domains
have similar 13C T1 relaxation times, while mobile
amorphous domain has a much shorter 13C T1 relaxation
time. The experimental measurements and theoretical
calculations of 13C chemical shift principal values
demonstrate that the structures of aliphatic carbons in
the crystalline and the amorphous domain are domi-
nated by the trans and gauche conformations, respec-
tively. The previous assumption that amorphous PET

Figure 8. Average carbon magnetization decay patterns for
the as-received, thermally treated, and SCF CO2-treated PET
samples in a T1F(1H) experiment. A single-exponential term is
used for the magnetization of both as-received and thermally
treated PET samples. Double-exponential terms are needed
to fit the magnetization of SCF CO2-treated PET2. The dotted
lines represent these fits.

Table 6. Single and Double-Exponential T1G(1H)
Relaxation Results

sample T1FΑ(1H) (ms) MA (%) T1FΒ(1H) (ms) MB (%)

PET0 5.4 (0.1)a 99.8 (0.2)
PET1 4.9 (0.1) 100.5 (0.5)
PET2 12.2 (0.4) 75.0 (3.5) 3.4 (0.4) 25.0 (2.5)

a Data in parentheses are standard deviations.
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has two distinguishable motional regimes (rigid amor-
phous and mobile amorphous) was confirmed by the 13C
relaxation times in the rotating frame. A long T1F(13C)
component was observed for the SCF CO2 treated PET
sample, representing the crystalline phases. Using the
three-motional-regime model, the NMR crystallinities
were determined to be 51% and 75% for the aliphatic
and protonated aromatic carbons, respectively. This
qualitatively agrees with the crystallinity results de-
termined from the WAXD. From the proton relaxation
data in the rotating frame, the average crystalline
domain size is estimated to be 86 Å for the SCF CO2-
treated PET sample, which is somewhat higher than
that estimated using X-ray data.
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