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ABSTRACT: Results of various 'H and '3C solid-state NMR experiments are reported for a variety of
poly(ethylene terephthalate) samples. These results indicate that four separate motional processes can be
distinguished: a very rapid reorientation of polymer segments in which the amplitude of the motion grows
as a function of temperature, a slower specific motion of the benzene rings (perhaps flipping) that correlates
with the 8 relaxation, an even slower motion that is unique to the methylene groups (perhaps trans <> gauche
isomerization) that correlates with the « relaxation, and an almost effectively isotropic reorientation of some
amorphous polymer segments whose population is temperature dependent. These results also indicate that
these particular NMR experiments are sensitive to the crystallinity of the polymer but do not differentiate
powdered, fiber, or film samples of comparable crystallinity. A simple formalism for describing tempera-
ture-dependent growth of spatial averaging and its influence upon dipolar-dominated NMR phenomena (line

width, Ty, and T)) is presented.

Introduction

A brief summary of previous experimental results and
conclusions as to the structure and dynamics of poly-
(ethylene terephthalate) (PET) will be useful in analyzing
our results. We concentrate primarily on NMR results but
also draw on dielectric and mechanical relaxation data
where necessary. PET can be prepared in a range of
crystallinities from nearly amorphous to 50-60% crys-
talline; the amorphous glass transition temperature is ~67
°C and the glass transition in semicrystalline samples is
~80 °C.! There are two major viscoelastic relaxations in
PET below the melting point (260 °C). The « relaxation
occurs in the range 90-135 °C at 100 Hz, depending upon
crystallinity and orientation (see Figure 1) and is thought
to involve micro-Brownian motion in the amorphous part
of the polymer; the effective activation energy is 100-200
kcal/mol. The 3 relaxation occurs at —50 °C at 100 Hz and
is thought to correspond to limited motions of all portions
of the polymer in both crystalline and amorphous regions;
the effective activation energy is 13-17 kcal/mol. The
frequency and temperature dependences of the o and 3
relaxations are shown in Figure 1.!

The largest number of NMR investigations of PET
dynamics and morphology have been reported by Ward?
and collaborators and, more recently, Eichhoff and Za-
chmann* have reinvestigated the subject. Ward’s initial
results did not show any structure in the NMR spectrum
from 20 to 465 K, and the second moment (M,) of the rigid
lattice NMR line shape was much larger than that calcu-
lated from the then known crystal structure;® 7| mea-
surements indicated an “activation energy” of 2 kcal/mol.
The difference between the calculated M, (second moment
of the 'H NMR line shape) of a PET crystal and the values
of M, obtained for semicrystalline samples was attributed
to a closer intermolecular approach of methylene segments
in amorphous regions than in crystalline regions. Fur-
thermore, the process responsible for the observed T,
behavior was argued to be the 8 relaxation; the low value
calculated from the activation energy was rationalized by
the usual distribution of correlation times arguments.?
Later results®*d on selectively deuterated PET (deuterated
glycol residue or deuterated terephthalic acid residue) and
other fully protonated polyesters with longer glycol resi-
dues led to the observation of mobile (narrow line) and
immobile (broad line) fractions in PET. The mobile
fraction appeared around 110 °C and was composed of
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contributions from both methylene and aromatic protons;
the broad line was observed to contain contributions from
rigid aromatic protons and motionally hindered aliphatic
protons. The T)’s of amorphous and semicrystalline fully
protonated samples were observed to be the same and,
therefore, the motion of the methylene groups was thought
to be the same in the amorphous and crystalline regions.
The fraction of the sample observed to be mobile increased
with temperature over the range 110-170 °C, corre-
sponding to 0% to 50-100% of the sample over this tem-
perature range. The picture of PET macromolecular dy-
namics derived from these results has been repeated many
times in the literature. Subsequent results by Ward,
Eichhoff, and Zachmann and ourselves show that this
picture is subject to some reinterpretation and modifica-
tion,

Eichhoff and Zachmann* made several contributions
regarding the interpretation of NMR experiments on PET.
They reinvestigated Ward’s report that the second moment
of the NMR line shape for semicrystalline PET was larger
than that calculated for crystalline PET. They found that
the second moment for semicrystalline PET is smaller than
their value (based on then new electron diffraction data)
calculated for a completely crystalline sample. In addition,
they extrapolated their experimental results to predict the
experimental M, for a completely crystalline sample and
found this value to be in close agreement with their cal-
culation of M, for a PET crystal (13.1 & 1.2 G? calculated,
12.6 G? extrapolated experimental). This finding obviated
Ward’s postulate about the close contact of methylene
groups in the amorphous region. These authors also dis-
cussed the origin of the broad and narrow lines in the
NMR spectra. The NMR data defined the relative
amounts of mobile (narrow line) and immobile (broad line)
components as a function of temperature and also the
contribution of methylene and aromatic groups to each
component. Their data indicated the following: (1)
Methylene group reorientation begins below T;. (2) At the
onset of T, all methylene groups are reorienting and the
aromatic groups are rigid. (3) At higher temperatures the
aromatic groups in the noncrystalline regions begin to
reorient; however, the aromatic groups do not contribute
to the mobile fraction (narrow line). (4) At even higher
temperatures the aromatic groups in the noncrystalline
regions begin to undergo “micro-Brownian” motion and
give rise to a narrow component. The broad component
is still due to methylene groups undergoing hindered ro-
tations and rigid aromatic groups. (5) The fraction of
mobile species (narrow line) grows from ~10% at 120 °C
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Figure 1. Relaxation map of the o (upper) and 8 (lower) re-
laxations in poly(ethylene terephthalate). Open symbols are
dielectric relaxation results, and closed symbols are mechanical
relaxation results. The values for the « relaxation fall into three
groups, where the highest frequency value at constant temperature
is for amorphous polymer, the intermediate value is for unoriented
crystalline polymer, and the lowest value is for oriented crystalline
polymer (see ref 1 for experimental details). Reprinted with
permission from ref 1. Copyright 1967 John Wiley and Sons Ltd.

to ~30-40% at 200 °C. These conclusions are derived
from wide-line 'H NMR spectra of fully protonated PET
that are distorted by field modulation. Qur results, which
are not complicated by field modulation, indicate that
points 2-5 require clarification or modification. The results
of these authors were combined with independent mea-
surements (X-ray, dilatometry) of amorphous content to
develop a three-phase model of PET—crystalline, rigid
noncrystalline, and amorphous. The quantitative devel-
opment of this model is predicated on the assumption that
the measurement of the relative amount of mobile fraction
has been accurately determined and is far too large to be
explained as low molecular weight polymer or oligomers.

We present here the results of a large number of *H and
13C solid-state NMR experiments on PET. These exper-
iments have been carried out on semicrystalline powders
(both fully protonated and partially deuterated), amor-
phous and semicrystalline fibers, and amorphous and
semicrystalline films. These results indicate that different
types of motion can be assigned to different portions of
the polymer. Recognition that both spatial and temporal
averaging are temperature dependent is essential to a
proper interpretation of NMR observations, vis-a-vis
macromolecular dynamics.

Experimental Section

'H NMR spectra were obtained at a static field strength of 2.1
T with a Bruker SXP 4-100 NMR spectrometer. Dipolar line
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widths are reported as full width at half-maximum from spectra
acquired via Fourier transformation of time-domain data acquired
with radio-frequency pulses of length 1 us and repetition rates
greater than 3 times the spin-lattice relaxation time. Spin-lattice
relaxation times in the rotating frame were measured in the
conventional manner,® and the radio-frequency field strength was
calibrated with NH,Br.”

13C NMR spectra were obtained at field strengths of both 2.1
and 7.0 T with a Bruker SXP 4-100 and a Bruker CXP 300 NMR
spectrometer. ‘3C NMR spectra were obtained with a combination
of cross-polarization, spin-temperature alternation, dipolar de-
coupling, and magic angle spinning as dictated by the experiment.
Static 13C spectra were acquired with a cross-polarization time
of 5 ms and radio-frequency field strengths of v(H;) = 80 kHz
for cross-polarization and dipolar decoupling. Magic angle
spinning spectra were acquired at a radio-frequency field strength
of 64 kHz, 5-ms cross-polarization time, and spinning rates in the
range 1-5 kHz; the magic angle varied as a function of spinning
rate and was adjusted via observation of the rotational echoes
of KBr that had been mixed with the PET following the method
of Maciel.!*

PET samples used included amorphous and semicrystalline
film and fiber and powdered semicrystalline partially deuterated
specimens. Both films were unoriented and were either amorp-
hous (~1% crystalline) or semicrystalline (~45% crystalline).
Both yarns were “oriented” and were either amorphous (~4%
crystalline) or semicrystalline (49% crystalline). Semicrystalline
PET with deuterated terephthalic groups was prepared from
deuterated terephthalic acid and ethylene glycol by standard melt
condensation methods and was found to be ~55% crystalline.
Semicrystalline PET with deuterated methylene groups was
prepared from deuterated ethylene glycol and dimethyl tere-
phthalate and was found to be ~60% crystalline. Fully pro-
tonated polymers were made via both of the two methods and
were found to have the same crystallinity as the respective deu-
terated polymers. The approximate crystallinity values given here
were determined by dilatometry® and represent the as-polymerized
crystallinity (not annealed). The molecular weight as determined
by inherent viscosity was M, ~ 23000 for the fully protonated
polymer and M, = 20000 for the partially deuterated polymers.
All samples were sparged with N, and stored in capped NMR
tubes in an effort to retard degradation at high temperatures.

Results

Proton NMR: Powdered Semicrystalline Poly-
(ethylene terephthalate). H FTNMR spectra as a
function of temperature were recorded for the semicrys-
talline powdered samples from ~170 to +230 °C. In each
case there appeared to be at least two components in the
line shape, one of which was narrower and accounted for
a small portion of the specimen at most temperatures and
the other of which was a broad featureless line. The broad
portion of the line shape corresponds to a relatively less
mobile species. The temperature dependence of the line
width (full width at half-maximum) of the relatively im-
mobile fraction of the line shape for powdered semicrys-
talline PET is shown in Figure 2. Figure 2 illustrates a
number of points for powdered semicrystalline poly-
(ethylene terephthalate) that may be summarized as fol-
lows:

1. The line width (or My) observed at the lowest tem-
perature indicates that the rigid lattice or slow-motion limit
is reached by -170 °C.

2. The line widths observed for both fully protonated
polymers are essentially identical. The line width of the
fully protonated polymer is near the simple average of the
separate aliphatic and aromatic line widths since there is
an equal number of protons in each site. This simple
averaging is consistent with a structure in which the pre-
ferred packing does not prefer close approach of aromatic
and aliphatic protons.®* In addition to the relatively broad
line, a narrow line is also initially observed in each case
near —10 % 10 °C. The relative intensity of the narrow
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Figure 2. Proton NMR line width as a function of temperature
for partially deuterated poly(ethylene terephthalate). The curve
labeled “CH,” is for the polymer made from deuterated tere-
phthalic acid, the curve labeled “aromatic” is for the polymer made
from deuterated ethylene glycol, and the curve labeled “fully
protonated” is for the polymer synthesized from dimethyl tere-
phthalate and ethylene glycol.
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Figure 3. Fraction of the total proton free induction decay of
poly(ethylene terephthalate) that appears as the narrower line
as a function of temperature.

component increases with temperature and is illustrated
in Figure 3 for the fully protonated polymer. The relative
intensities of these two components are calculated from
the free induction decay. The size of both the Gaussian
and exponential contributions to the free induction decay
is calculated from 45 points acquired in the 100 us fol-
lowing a /2 radio-frequency pulse; the Gaussian contri-
bution is extracted from the short-time behavior, which
is linear in a semilogarithmic plot vs. ¢2, and the expo-
nential contribution is extracted from the long-time be-
havior, which is linear in a semilogarithmic plot vs. t.°
Both contributions were corrected for finite pulse width
and receiver blanking (4 us) by extrapolating back in time
to the middle of the radio-frequency pulse. The line width
of the narrow component of the line shape was ~15 kHz
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Table I
'H NMR Line Width of the Narrow Component of the
Poly(ethylene terephthalate) Line Shape

T, °C line width, kHz
147 14.0

177 8.5

207 4.5

237 2.8
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Figure 4. Proton spin-lattice relaxation time of powdered sem-
icrystalline poly(ethylene terephthalate) at a resonant frequency
of 90 MHz. Broad component of line shape only.
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Figure 5. Proton spin-lattice relaxation time in the rotating

frame (y(H;) = 50 kHz) of powdered semicrystalline poly(ethylene
terephthalate).
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at room temperature and decreased to ~2.8 kHz at 235
°C (see Table I).

Spin-lattice relaxation times in the static field (7)) and
in the rotating frame (7';,) were obtained as a function of
temperature and are illustrated in Figures 4 and 5, re-
spectively. Relaxation times reported are associated with
the broad feature of the line shape. The magnetization
decay was observed to be singly exponential in the T,
measurements, and the weak temperature dependence of
T, below ca. 50 °C may reflect contributions to the re-
laxation from paramagnetic oxygen gas not removed by
N, sparging. The reported T, values are the long-time
limiting slope, which ignores an apparent 10-30% com-
ponent that relaxes more rapidly.
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Figure 6. Proton NMR line width as a function of temperature
for amorphous yarn (AY) and semicrystalline yarn (CY) of
poly(ethylene terephthalate).
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Figure 7. Proton NMR line width as a function of temperature

for amorphous film (FA) and semicrystalline film (FC) of poly-
(ethylene terephthalate).

Proton NMR: Fiber and Film Samples. 'H NMR
spectra of semicrystalline fiber and film samples were
recorded over the temperature range —170 to +230 °C;
amorphous fiber and film samples were restricted to the
range —170 to +70 °C to avoid the risk of partial crystal-
lization. As was seen for the powdered samples, the line
shapes of both the semicrystalline and amorphous samples
are composed mainly of a broad featureless component
whose temperature dependence is illustrated in Figures
6 and 7 and a narrower component that is most easily
distinguished at elevated temperatures. Table II gives
values of the relative contribution of the narrow line shape
to the total line shape for all of the semicrystalline samples
at 162 °C; it appears that all of the semicrystalline samples
contain ~4 + 2% narrow component at this temperature.

Spin-lattice relaxation times in the rotating frame were
obtained for both the fibers and films and are shown in
Figures 8 and 9, respectively. The relaxation times are
associated with the broad component of the line shape,
which accounts for more than 80% of the total intensity
for each sample, both semicrystalline and amorphous. The
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Table 11
Relative Contribution of the Narrow Component of the 'H
NMR Line Shape of Semicrystalline Poly(ethylene
terephthalate) at 162 °C

sample % narrow line
fully protonated, powder 38+13
aromatic protons, powder 42+ 1.2
methylene protons, powder 28+ 13
film (FC) 5.9 £ 2.0
fiber (CY) 3.2+1.7
T T T T T T
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Figure 8. Proton spin-lattice relaxation times in the rotating
frame as a function of temperature for amorphous yarn (AY) and
semicrystalline yarn (CY) of poly(ethylene terephthalate).
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Figure 9. Proton spin-lattice relaxation time in the rotating
frame (y(H;) = 50 kHz) as a function of temperature for
amorphous film (FA) and semicrystalline film (FC) of poly-
(ethylene terephthalate).

relaxation behavior of amorphous specimens was singly
exponential; however, the results reported for semicrys-
talline specimens are the long-time limiting slope, which
ignores an apparent 10~30% component that relaxes more
rapidly.

Spin-lattice relaxation times in the rotating frame
(v(H,) = 50 kHz) were obtained for the narrow compo-
nents of the proton line shapes in the frequency domain
at those temperatures where they were readily detectable.
Figure 10 illustrates T, data as a function of temperature
for a variety of semicrystalline fibers, films, and powdered
samples. Data were collected only above ~400 K where
sufficient signal was present to allow a precise delineation
of the narrow component. These experiments were not
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Figure 10. Proton spin-lattice relaxation time in the rotating
frame (v(H;) = 50 kHz) as a function of temperature for the
narrow component of the signal as a function of temperature for
various semicrystalline poly(ethylene terephthalate) samples.
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Figure 11. 3C NMR powder pattern spectra (75.46 MHz) of
initially amorphous poly(ethylene terephthalate) at temperatures
between —86 and +163 °C. Some recrystallization has no doubt
occurred in the 163 °C spectrum. Horizontal scale is ppm with
respect to external tetramethylsilane at § = 0.0 ppm.

carried out on amorphous samples due to extensive crys-
tallization at these temperatures.

Carbon-13 NMR: Powdered Semicrystalline Poly-
(ethylene terephthalate). 13C powder pattern spectra
of fully protonated semicrystalline polymer were obtained
over the range —100 to +160 °C. These spectra represent
the superposition of powder patterns from at least four
chemically distinct sites in the polymer, and Figures 11
and 12 illustrate the powder patterns observed for
amorphous and semicrystalline material. The upfield (low
frequency) portion of the spectrum is dominated by con-
tributions from the methylene carbons, and the broader
downfield (high frequency) portion of the spectrum has
contributions from all aryl carbons and carboxyl carbons.
The powder pattern observed over the temperature range
-100 to +30 °C changes very little, and previously re-
ported?? shielding anisotropies calculated from room-tem-
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Figure 12, 13C NMR powder pattern spectra (75.46 MHz) of
semicrystalline poly(ethylene terephthalate) at temperatures
between -66 and +166 °C. Horizontal scale is ppm with respect
to external tetramethylsilane at § = 0.0 ppm.
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Figure 13. 13C 75.46-MHz magic angle spinning spectra of
amorphous and semicrystalline poly(ethylene terephthalate)
obtained at room temperature with a spinning speed of 3.97 kHz,
a cross-polarization time of 5 ms, and a decoupling/cross-po-
larization radio-frequency field strength of 64 kHz.

perature data should be a reasonably accurate represent-
ation of the motionally static values. The feature on the
methylene line shape at ~50 ppm is of unknown origin.
Attempts to acquire spectra of aliphatic and aromatic
carbons separately via the use of selectively deuterated
samples were frustrated by the very large loss of sensitivity
observed in transient cross-polarization experiments.
Figure 13 illustrates *C magic angle spinning spectra
acquired at 75.46 MHz with a cross-polarization time of
5 ms, radio-frequency field strengths of 64 kHz, and
3.97-kHz magic angle spinning. The spectra are cluttered
with unwanted spinning sidebands that cause not only a
loss in resolving power but also a significant loss in sig-
nal/noise in the isotropic resonances. Spectral lines
marked with an asterisk are spinning sidebands and those
marked with a dot are due to signals from the nominally
perdeuterated poly(methyl methacrylate) rotor. It is ob-
vious that the completely amorphous polymer has much
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Figure 14. Conventional analysis (BPP) of temperature de-
pendence of dipolar line narrowing data for powdered semi-
crystalline PET. The apparent activation energy and rate
equation are given in the figure.

broader lines and a poorer signal/noise, even though both
spectra were acquired with identical signal generation and
averaging procedures. The broader lines in the spectrum
of the amorphous polymer as compared to the semicrys-
talline polymer are due to a larger distribution of isotropic
chemical shifts. The presence of broader lines in the
spectrum of the amorphous polymer accounts for only part
of the loss of signal/noise as compared to the semicrys-
talline polymer spectrum where the rotor background can
be used as a standard; therefore, the signal generation
method used here gives a distorted representation (half
of the amorphous contribution to the line shape is ob-
served)?! of the relative amorphous and crystalline popu-
lations in both the magic angle spinning and static spectra.

Discussion

The importance of considering the effects that both the
amplitude and the rate of macromolecular motion play in
the interpretation of magnetic resonance phenomena has
been known for some time'? but generally appreciated only
recently. Examples include polyethylene,'® poly(tetra-
fluoroethylene) and its copolymers,'* poly(methyl meth-
acrylate),!5 polystyrene,'® and polybutadiene.l” In the
following discussion of the experimental results for PET,
we consider the amplitude as well as the rate of the motion
of the polymer in each domain. The domain model used
is qualitatively the same as that of Eichhoff and Za-
chmann?® and involves three domains—crystalline, more
mobile amorphous (MMA), and less mobile amorphous
(LMA).

Proton NMR: Powdered Semicrystalline PET. The
proton dipolar line shape over most of the temperature
range examined is composed of at least two easily iden-
tified components—a broad and a narrow component. The
broad component accounts for the majority of the spectral
intensity at nearly all temperatures and is discussed first.
The temperature dependence of the line width of the broad
component for fully protonated and both partially deu-
terated polymers (Figure 2) illustrates that the rate at
which the line width changes with temperature is nearly
the same for both parts (methylene and aromatic) of the
polymer; the difference in the static dipolar line widths
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Figure 15. Spin-lattice relaxation in the rotating frame data for
powdered semicrystalline PET at y(H;) = 50 kHz at room tem-
perature.

for the methylene and aromatic groups simply reflects the
closer proximity of other protons for the methylene as
compared to the aromatic protons. These data could be
subjected to a conventional analysis'® to extract an ap-
parent rate and activation energy and would give the re-
sults illustrated in Figure 14. The use of this analysis
implies that the rate of motion must be larger than, or
comparable to, the strength of the dipolar interaction (~50
kHz) at the temperature (ca. —170 °C) at which line nar-
rowing is first observed. (Additionally, the deviation of
the low-temperature line narrowing data from the simplest
conventional model would be attributed to a distribution
of processes with a corresponding distribution of correla-
tion times and activation energies.) If the rate of motion
were near 50 kHz at ca. -170 °C, one would expect to see
at least a local T';, minimum near this temperature. Ex-
amination of Figure 5 shows no 7', minimum for any
sample below +100 °C; therefore, the observed line nar-
rowing cannot be described by a model invoking only
variation of rate(s) with temperature, and the temperature
dependence of the angular amplitude of the motion must
be considered as well.

Spin-lattice relaxation measurements carried out in both
the rotating frame (y(H,) = 50 kHz) and the Zeeman frame
(v(Hy) = 90 MHz) may be used to qualitatively charac-
terize the temporal nature of the motions extant over the
temperature range examined. The T, data reported in
Figure 5 are the long-time limiting slope of the relaxation
data. Actual data shown in Figure 15 illustrate that the
nonexponential behavior of the T, data is due to motional
heterogeneity (e.g., crystalline or amorphous environment)
in both the methylene and aromatic groups and is not due
simply to inefficient spin diffusion between aromatic and
methylene groups. The T, experiment!® is most sensitive
to motions near 100 kHz and relatively sensitive to those
in the 10-kHz to 1-MHz range; if the motion present has
significant spectral density in this frequency range at some
temperature, a local T;, minimum will be observed. The
absence of a T';, minimum below 100 °C indicates that in
the temperature range —170 to +100 °C, the rate of the
motion(s) involved is either much less than 10 kHz or much
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larger than 1 MHz. Previous reports?®? of T, measure-
ments at room temperature for semicrystalline PET have
reported deconvolution of the relaxation decays into a
fast-relaxing component (55-65%) and a more slowly re-
laxing component (45-55% ), where the former is attrib-
uted to amorphous regions and the latter to crystalline
regions. However, the quantitative nature of this decon-
volution seems doubtful since the crystallinity of these
samples is thought to be near 50-60%, as measured by
density or thermal analysis methods, which are superior
to X-ray scattering for measuring crystallinity in PET.
Indeed, more recent work has found that a variety of po-
lyolefins as well as PET?" are better described by a
three-domain model with spin diffusion mixing the re-
laxation properties of each region to varying degrees. The
Ty, reported here for the broad component of the line
shape indicate only an average relaxation rate for 70-80%
of the sample and are heavily weighted with the slowest
relaxing region (crystalline). Nevertheless, these results
are quite adequate to locate the temperature at which
significant spectral density exists in the 0.01-1-MHz range
as indicated by a local 7'y, minimum. Spin-lattice relax-
ation data in the Zeeman frame as reported in Figure 4
are again for the broad component of the line shape and
are singly exponential. These spin-lattice relaxation data
are most sensitive to motions with a frequency of ~100
MHz and are reasonably sensitive to motions in the range
10 MHz to 1 GHz. The absence of any T; minimum below
room temperature indicates that the motion(s) in this
temperature regime must be characterized by rate(s) either
much less than 10 MHz or much larger than 1 GHz. The
T, data also reflect the efficiency of spin diffusion on this
time scale via the observation of a single-exponential de-
cay.? The dipolar line narrowing data, when examined
in conjunction with the spin-lattice relaxation time mea-
surements (T, T,), indicate that the molecular motion(s)
responsible for the observed narrowing are characterized
by rates large compared to 1 GHz.

The motions responsible for the observed line narrowing
behavior are rapid (3>1 GHz) at all temperatures below
room temperature. These motions are obviously in the
rapid-exchange or extreme-narrowing limit for all of the
NMR measurements. A classical analysis'®!® of NMR
relaxation behavior for this type of motion would predict
that the relaxation times would become longer as the
temperature is increased; this is the opposite of what is
observed. The observed NMR behavior is due to a change
in the amplitude of the motion with temperature rather
than exclusively to a change in the rate of motion. The
dependence of dipolar splittings in ordered systems upon
amplitude of motion,?* the dependence of relaxation
rates?% for small molecules on the amplitude of restricted
reorientation, and our previous work on the dependence
of chemical shift'* and dipolar!” dominated line shapes
provide a framework in which to describe the relationship
between the amplitude of motion and the NMR phenom-
ena.

Spatial averaging, or the amplitude of the motion, is
reflected by that part of the second moment (M,) that is
modulated by the motion on the time scale of the mea-
surement in question. Following Vega and Vaughan,? we
can write the relation as

AM, = M, - M,(0) 1

where AM, is the fraction of the second moment that is
modulated by the motion and M,(0) is the part of the
second moment that is static on the time scale of the
particular NMR experiment. The simplest form for the
temperature dependence of the spatial averaging is
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AM, = M,e-2E/RT @)

where AE is the free energy necessary to allow the system
to execute a larger degree of spatial averaging and is not
an activation energy. (In a simplistic free energy vs. re-
action coordinate diagram, AFE is the difference of the
zero-point energy of the two minima.) Spin-lattice re-
laxation rates (R) in both the Zeeman and rotating frame
may be represented by

R o« AMf(r,) (3)

where f(7,) is a spectral density function. If the motion
responsible for the averaging is vibrational in nature (7,
< 10 ps) and may be modeled to first order as a harmonic
oscillator, the vibrational correlation time will be inde-
pendent of temperature. Therefore, it is the change in
spatial averaging, as reflected in AM,, that is reflected in
the narrowing of the dipolar line shapes and the relaxation
behavior. A semiquantitative molecular interpretation of
the temperature dependence of the spatial averaging is
given below.

In addition to the motional averaging attributable to
temperature-dependent spatial averaging, a second mot-
ional process is reflected in the T, data for the methylene
protons in Figure 5. A minimum in the T, curve is ob-
served at a temperature of 130 = 10 °C. At the spin-
locking field (y(H,) = 50 kHz) used, this corresponds to
a correlation frequency of 100 kHz. Examination of Figure
1 indicates that this motion of the methylene group cor-
relates with the previously observed « relaxation. Because
the broad portion of the line shape contains contributions
from both crystalline and less mobile amorphous regions
(see below), the morphological identification of the « re-
laxation is not possible from these data alone. We note
that a minimum is observed only in the methylene T}, data
and, therefore, precludes this relaxation behavior as being
due to cross-relaxation to the small amount of more mobile
amorphous material (narrow line) that exhibits a much
shorter T, at these temperatures (see below). The mo-
lecular mechanics of the motion that the methylene groups
undergo to give rise to the a relaxation cannot be defini-
tively determined from the T, data; however, in light of
the restricted spatial averaging previously identified in
both the aromatic and methylene moieties, it seems rea-
sonable to postulate that the o relaxation is due to a very
specific local motion of the methylene groups, possibly
trans < gauche isomerization. The temperature at which
the T), minimum appears is observed to be essentially
independent of radio-frequency rotating field strength over
the range v(H,;) = 30-70 kHz, thus indicating that this
motion has a very large activation energy, which is con-
sistent with the identification of this motion as the « re-
laxation.

A third distinct motional process is reflected in the
spin—lattice relaxation times reported in Figure 4. A broad
minimum in T is observed for both the aromatic protons
alone and the fully protonated polymer near room tem-
perature. The methylene protons alone show essentially
no perturbation to their relaxation behavior at this tem-
perature. The minimum in the fully protonated polymer
T, curve is less well-defined due to cross-relaxation be-
tween aromatic and aliphatic protons. This broad mini-
mum corresponds to a frequency of 150 MHz at a recip-
rocal temperature of 3 X 1073 K; comparison of this value
to the relaxation plot of the 8 relaxation in Figure 1 in-
dicates this feature correlates with the 3 relaxation. The
{8 relaxation appears to be due to a local motion of the
aromatic rings alone, not involving the methylene groups.
One likely candidate for a specific molecular model of this
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Figure 16. More mobile amorphous (MMA) fraction of PET as
a function of inverse reduced temperature.

motion is aromatic ring flips. This molecular mechanism
is consistent with the previous description of tempera-
ture-dependent spatial averaging being the predominant
motion, if only a minor fraction of the polymer undergoes
ring flipping at these temperatures. Spin diffusion from
this fraction of the polymer to the remainder would give
the observed single-exponential relaxation behavior. This
fraction of the polymer is most likely less mobile amorp-
hous (LMA; see below) and thus we may tentatively assign
the S relaxation to a specific motion of the aromatic rings
(perhaps ring flips) in a limited fraction of the polymer
(probably LMA).

In addition to the broad component of the proton di-
polar line shape, a narrower component is observed ahove
~10 °C, whose relative intensity increases with temperature
as shown in Figure 3. The narrow component cannot be
due to cyclic oligomers or other low molecular weight
material as this material is known?’ to comprise less than
2% of commercial PET samples and we observe a much
larger contribution than this at elevated temperatures
(Figure 3). The origin of the narrow component has been
ascribed*®?® to more mobile amorphous (MMA) polymer,
whereas the broad component is due to crystalline and less
mobile amorphous (LMA) polymer. The MMA phase is
thought to be domains where sufficient free volume exists
to allow the amplitude of the motion to be large enough
to yield a significantly larger amount of spatial averaging
than takes place in either the crystalline or LMA regions.
The amount of MMA material increases with temperature
and this behavior can be analyzed by employing the free
volume arguments of Eichhoff and Zachmann.** The
fraction of total polymer that is MMA at any temperature
is y(T), the total amorphous content is y,, the critical value
of free volume above which LMA becomes MMA is Vi,
«a is the average value of the thermal expansion coefficient,
Va i8 the volume per segment over the temperature range
used, T, is the temperature at which MMA is first ob-
served, and v is an adjustable factor between 0.5 and 1.0.

y(T) = yoe'(‘/Vm/(an(T-To))) (4)

Figure 16 illustrates the good agreement between the ex-
perimental data of Table I and this treatment. A least-
squares fit of the data to eq 4 gives a value of 60% for total
amorphous content and this value is quite close to that
found in previous T',, deconvolutions,?? indicating once
again the presence of spin diffusion as a complication. A
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value for the relative critical free volume can be estimated
(by using the thermal expansion coefficient?® (70 °C < T
<160 °C) of 2.69 X 107 °C™) to be Vg,/V,, = 0.08. The
value of the relative critical free volume is to be compared
to that which may be calculated frm a theoretical equation
of state®® using T* = 11710% (T* = characteristic tem-
perature) and T, = 70 °C? to yield a value of the excess
free volume of 0.062. The qualitative success of the free
volume model enables us to characterize the narrower
component of the dipolar line shape as arising from
amorphous regions of the polymer and the broader com-
ponent as arising from both the crystalline regions and
from the less mobile amorphous regions. More detailed
descriptions?® of the morphological origin of MMA and
LMA have concluded that LMA is identified as taut tie
molecules, and MMA is either loops or nontaut tie mole-
cules. A classical analysis’® of the observed T, data for
the narrow component of the line shape (Figure 10), ig-
noring the temperature dependence of AM,, gives an ap-
parent activation energy of 14 kcal/mol, which is in for-
tuitous agreement with the activation energy found for the
8 relaxation;! however, the rate of this motion over the
observed temperature range is several orders of magnitude
larger than that observed or extrapolated for the 8 relax-
ation over the same temperature range. The apparent
activation energy characterizing the 7', relaxation reflects
not only the temperature dependence of the rate of the
motion but also the temperature dependence of the am-
plitude of the motion, and the T, measurement alone
cannot deconvolute the individual contributions.

Proton NMR: Film and Fiber PET. Comparison of
the narrowing of the dipolar line shape observed for sem-
icrystalline fibers (Figure 6), semicrystalline films (Figure
7), and semicrystalline fully protonated powdered polymer
(Figure 2) illustrates the essentially identical behavior of
these different forms of PET. The amorphous yarn and
film have a smaller static line width, reflecting the larger
amount of static disorder in a fully amorphous sample, but
the rate at which this line width narrows with temperature
is only very slightly larger than that of the semicrystalline
polymer. This observation suggests that the dominant
molecular process responsible for the narrowing of the
broad component of the dipolar line shape with temper-
ature is local chain dynamics, rather than large-scale co-
operative motions which are enhanced by additional free
volume. The question of the relationship between static
and dynamic disorder is more fully addressed by the mo-
lecular model given in the following section.

The temperature dependence of T, for the semicrys-
talline yarn and film (Figures 8 and 9) is qualitatively
similar to that observed for the powdered semicrystalline
polymer (Figure 5) since the relaxation time decreases
monotonically with increasing temperature, until a mini-
mum is observed at ~140 °C for the semicrystalline yarn.
The reason that a minimum is observed for the semi-
crystalline yarn and not for the semicrystalline film or
powdered polymer is not known. Figure 17 illustrates the
dilemma presented when attempting to extract a number
of relaxation times from a T, measurement. The behavior
of the amorphous polymer is very nicely described by a
single-exponential decay and the behavior of ~90% of the
semicrystalline polymer appears to be well described by
a longer single-exponential decay; however, the semicrys-
talline polymer does not have a component representing
the amorphous material (~50%) with a relaxation time
near that found for a fully amorphous polymer. This
difficulty is due to the presence of substantial spin diffu-
sion during the time of the relaxation measurement, thus
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Figure 17. Residual magnetization as a function of spin-locking

time in a T, measurement (y(H,) = 50 kHz) of amorphous and
semicrystalline PET fiber.

making simple biexponential fitting a meaningless proce-
dure for the extraction of either the relative amounts of
each component or their relaxation rates. Spin diffusion
may be suppressed with the use of multiple-pulse tech-
niques and a relaxation time in the interaction frame,
which is quite similar to a T, measurement, can give useful
information in a polymeric system.!* A previous attempt®
to use multiple-pulse methods to measure relaxation times
in PET met with mixed results. We have been unsuc-
cessful in employing multiple-pulse methods on PET due
to radio-frequency pulse instabilities over the time scale
necessary to characterize the relaxations (=50 ms). T,
results for the amorphous yarn and film indicate that a
qualitatively similar motion must be responsible for the
relaxation behavior in both of these forms of the polymer.
The shorter values of the relaxation times and the slightly
larger rate of decrease in relaxation time with increasing
temperature for the amorphous polymer both reflect the
somewhat larger amount of spatial averaging that occurs
in the glassy state.

13C NMR: Semicrystalline Powdered PET. Varia-
ble-temperature static (nonspinning) 3C spectra obtained
with dipolar decoupling (Figures 11 and 12) are powder
pattern 3C chemical shift line shapes. Previous work® has
demonstrated that chemical shift line shapes are sensitive
to reorientational motions in polyesters at frequencies near
10 kHz, making these measurements an alternative to 3C
T, measurements, which are themselves often inconclusive
due to spin dynamics complications.?? The lowest tem-
perature nonspinning '3C spectra for both amorphous and
semicrystalline PET must be very near the slow-motion
limit, as indicated by the proton dipolar line width at these
temperatures (Figure 2); the highest temperature spectra
correspond to the temperature at which the 'H dipolar line
shape has been narrowed by ~40%. The absence of a
large amount of narrowing in the 3C spectra indicates that
some of the observed narrowing of the proton dipolar line
shape must be due to averaging of intermolecular con-
tributions to M, which are more sensitive to both trans-
lational motions® and to small-angle librations (especially
the aromatic groups) than are the intramolecular contri-
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butions. Careful examination of the temperature depen-
dence of the upfield (mainly methylene line shape) and
downfield (aromatic and carbonyl) portions of the line
shapes does reveal somewhat more motional narrowing in
the upfield portion of the line shape. This observation
would indicate that the rate or amplitude of the methylene
motion is larger than that of the aromatic moiety. Line
shape changes of $10% correspond to librational motions
of $£20° and are at the limit of detectability. The tem-
perature dependence of the chemical shift line shape adds
considerably to our description of the molecular motion
when considered in conjunction with the proton NMR
results; i.e., the predominant motion in PET is one in hich
the amplitude of a very rapid motion(s) grows with tem-
perature and this motion is largest for the methylene
moieties and must be 2£20° above 160 °C. We note again
that these conclusions are shown by the magic angle
spinning results to reflect both the amorphous and crys-
talline portions of the polymer; however, the amorphous
contlz'ibution to the spectra is underestimated by a factor
of 2.

Molecular Model of Temperature-Dependent Spa-
tial Averaging. Temperature-dependent spatial aver-
aging may be phenomenologically described by eq 1-3 for
the case of a dipolar line shape of a randomly oriented
sample. This model may be related to the amplitude of
the molecular motion by consideration of the mechanics
of the motion. The reorientational motions that occur far
below 120 °C, which are somewhat larger for the methylene
groups than for the aryl groups, are not large fluctuations
such as trans <> gauche isomerizations or ring flips due to
the small and gradual decreases in the line width.
Therefore, these motions must be small-amplitude libra-
tions. The amplitude of the libration grows with tem-
perature, thus modulating a larger fraction of M, as the
temperature increases. The rigid lattice second moment
of the dipolar line shape is related to the geometry of the
nuclear spins via eq 5, where K is a constant, r;; is the
internuclear separation between spin pairs, and 6;; is the
angle that r;; makes with the static magnetic field (Hy).

Mz = KZZ(3 COS2 Bij_ 1)2/7',‘]'6 (5)
is]
Small-angle librations will cause M, to be modulated only
via fluctuations in 6;;, if only intramolecular contributions
to M, are considered. Then we have
(3 C052 BU - 1)2
i) r; jG

If the symmetry of the small-angle libration is such that
the molecular interaction vector 7 (see Figure 18) samples
orientations which have an axially symmetric distribution
about a direction, d, then

(3 cos? B; - 1) = (3 cos® B~ 1)(3 cos> a ~ 1) (6)
where « is the angle between H, and d, 3 is the angle

between d and r, and S; is an order parameter and is
defined as

Ss = Yp(3 cos® B - 1) (N
where S; is experimentally defined from eq 1 as
S’SZ = M2(0)/M2 (8)

In this idealized case, S5 may be related to an average value
of 8; however, the amplitude of motion is not expected to
be the same for all parts of the chain and can be described
by a distribution of amplitudes. If the probability dis-
tribution is random, a Gaussian distribution may be used
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Figure 18, Coordinate system describing the relationship between
the static magnetic field (Hy), the molecular interaction vegtor
(F), and the average position of 7 or the local director (d). Hyis
the direction of the applied magnetic field. The director, d, is
the average orientation of the molecular interaction vector 7. All
values of # are possible in an unoriented sample. The angle 3 is
a measure of the deviation of the molecular interaction vector
from its average position. The molecular interaction vector is
the vector between any two protons on the same chain and is
synonymous in this case with the internuclear vector.
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Figure 19. Proton dipolar order parameter, disregarding
translational motion corrections, for various forms of PET as a
function of témperature.

to describe it with a standard deviation of 8;. 8, is defined
by eq 9.

1 J;a(3 cos?8 ~ 1)e~1/D6/80" gin 8 dg
853

" )
j‘ e~1/DB/69% gin 8 dB
0

Analysis of dipolar line width data following eq 8 for
semicrystalline powder, film, and fiber and amorphous film
and fiber is given in Figure 19. This analysis ignores the
intermolecular contribution® (~20%) to M, and the
greater ease of orientational averaging of this fraction of
M,. Averaging of the intermolecular contribution could
account for 30% of the observed dipolar line narrowing
and, thus, the calculated S, is a lower limit. Smaller order
parameters for amorphous PET at all temperatures are
due mainly to static disorder; dynamic disorder is more
accurately reflected by (dS;/dT) for any form of the
polymer. Figure 20 illustrates the standard deviation of
a Gaussian distribution (8;) of small-angle vibrations for
amorphous and semicrystalline PET. The values given in
Figure 20 are an upper limit and are an average over the
methylene and aromatic groups for the fully amorphous
polymer; additionally, the values for the semicrystalline
polymer are an average over LMA and crystalline regions.
Nevertheless, this analysis indicates that the average am-
plitude of motion in the amorphous regions is somewhat

Macromolecular Dynamics in PET 2191

40

—T

30 §

20 -

AMORPHOUS j

50% CRYSTALLINE J

L R , ‘ . |

3 4 5 & 7 8 9
1000/T (°K)

L
F
L
k AE = 1.1 Kcal /mole
L
2

Figure 20. Upper limit for one standard deviation of a Gaussian
distribution of small-angle vibrations for amorphous and semi-
crystalline PET as a function of temperature. The open circles
are methylene groups alone, the filled circles are aromatic groups
alone, and the open triangles are fully protonated polymer.

larger than in the crystalline portions of the polymer and
the values of 8, at 160 °C (8, S 35° amorphous; 3, S 20°
crystalline) are not in conflict with those estimated from
13C chemical shift line shapes (8, 2 20° for methylene
groups). The amplitude of motion in both the crystalline
and amorphous regions grows at the same rate and is
characterized by a free energy AE = 1.1 kcal/mol.

Summary and Conclusions

The semiquantitative model of chain motion in PET
that has been developed here requires the use of three
distinct environments, each of which is characterized by
both a rate and amplitude of motion.

1. Motion in the crystalline regions of the polymer is
dominated by rapid (7, <« 107 s) relatively small angular
fluctuations that grow with increasing temperature. At
160 °C the “average” amplitude of the methylene angular
fluctuations is ~20° and the amplitude of the aromatic
fluctuations is smaller and is less than 20°.

2. Motion in the less mobile amorphous regions is also
dominated by rapid relatively small angular fluctuations
that increase in amplitude with increasing temperature.
The amplitudes are somewhat larger than those in the
crystalline regions at all temperatures. The amplitude of
the methylene reorientation is once again greater than that
of the aromatic group and is estimated by extrapolation
to be in the range 20-35° at 160 °C, whereas the aromatic
ring fluctuations are smaller and are less than 20°. The
amplitude of motion of both methylene and aromatic
groups in both the crystalline and less mobile amorphous
regions grows with a temperature dependence character-
ized by a free energy of 1.1 kcal/mol.

3. Methylene groups in the crystalline and/or less
mobile amorphous regions execute a unique motion (per-
haps trans < gauche isomerization) that is characterized
by a rate of 100 kHz at 130 £ 10 °C and a very high
activation energy which correlates with the « relaxation.

4. Aromatic groups undergo a unique motion (perhaps
ring flips) in a limited portion of the polymer (probably
LMA) at a rate of ~150 MHz near 50 °C. This motion
correlates with the 3 relaxation.

5. The fraction of amorphous material that may be
characterized as more mobile amorphous grows with tem-
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perature and is related to the free volume available to
permit increased spatial averaging. At 160 °C, somewhat
less than 50% of the amorphous material is more mobile
amorphous and the rate of motion of both the methylene
and aromatic groups is much larger than 100 kHz and the
amplitude is larger than that present in the less mobile
amorphous regions.

Rapid angular fluctuations have been found previously
to be a significant mode of motion not only in synthetic
polymers!3-17 but in biological systems® as well. A more
direct confirmation of the details of this model of motion
for PET is available from temperature-dependent 2H
NMR line shape analysis!®3® which gives quantitative
values for the magnitude of angular fluctuations of both
methylene and aromatic groups in the crystalline domains
that are in agreement with the range of values given by
the present model. The present model illustrates the in-
herent difficulty in defining either the rate or the ampli-
tude of the motion with only a single measurement, and
this dilemma has indeed been demonstrated for PET with
13C T, measurements.® Rapid angular fluctuations would
be observed in dielectric or anelastic measurements as a
growth of the strength of a tan § peak with temperature
at essentially constant frequency; however, the frequency
of these angular fluctuations is much too large to be de-
tected by either mechanical or dielectric measurement and
these motions are therefore transparent to either me-
chanical or dielectric probes.
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