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ABSTRACT: We report a detailed analysis of the phenyl ring motions that occur in the semicrystalline polymer
[aromatic-d,]Jpoly(butylene terephthalate). Solid-state deuterium NMR results show that there are three distinct
motional regimes, consisting of (1) the crystalline regions, where the phenyl rings are static, (2) a region of
intermediate mobility, in which the aromatic groups undergo slow 180° ring flips, and (3) the amorphous part,
in which the rings undergo 180° flips (7, = 1.8 X 107 s at 70 °C) superimposed on rapid, low-angle librational
motions. The 180° ring flip process has an activation energy of 5.9 kcal/mol. The amount of each phase
is in accord with density measurements. Whether a phenyl ring does or does not undergo a 180° ring flip
is attributed to the conformational space surrounding that site. The phenyl ring flip process appears to be
universal, occurring here as well as in small organic molecules, other synthetic polymers, and biopolymers.
It can be used as a sensitive reporter of morphology in these materials. Pulse sequences are described for
the selective observation of separate motional regions in polymers.

A dispersion in the rates of aromatic ring flips has been
demonstrated elegantly by Wiithrich and co-workers,! who
observed by solution-state proton NMR spectroscopy that
the aromatic rings in bovine pancreatic trypsin inhibitor
have different ring flip rates. These differences in phenyl
ring flip rates were originally attributed to biological ac-
tivity. However, the discovery of aromatic ring flips in the
crystalline amino acid phenylalanine? suggested that the
occurrence of these phenyl motions is not related to bio-
logical activity but reflects instead the local structure of
the material. Phenyl ring flips have since been observed
in several other solid polymers and biopolymers, including
the crystalline peptide enkephalin,? the amorphous poly-
mer polycarbonate,*5 epoxy resins,® polystyrene,>” and
drawn poly(ethylene terephthalate).®

Although phenyl ring flips have now been observed in
a number of systems, several fundamental questions con-
cerning aromatic ring flips remain unanswered, particularly
in the area of semicrystalline polymers. Among these are
the following: (1) Is a pure 180° flip model adequate to
explain the motion of phenyl rings in polymers? (2) Do
phenyl ring flips occur only in the amorphous regions of
semicrystalline polymers? (3) What is the activation en-
ergy for a 180° ring flip in a semicrystalline polymer? (4)
Is there a homogeneous (narrow) or heterogeneous (broad)
distribution of phenyl ring flip rates in these systems?

We report here data bearing on these questions. This
work involves a detailed solid-state deuterium NMR study
of phenyl ring flips in poly(butylene terephthalate):®
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A phenyl ring flip in this system requires rotation about
sp*-sp? bonds. The aromatic and carbonyl groups par-
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ticipate in w-bond conjugation, causing the carbonyl-aro-
matic bonds to have partial double-bond character. The
carbonyl groups and the intervening aromatic ring there-
fore tend to be coplanar. This aromatic system is predicted
to have two predominant conformations, interconvertable
by 180° flips.1? ‘

Deuterium NMR spectroscopy in the solid state is well
suited for determining the details of local molecular
motions in polymers.5!! The deuterium NMR spectrum
of a static C-D bond (i.e., one that is not undergoing
motion on the deuterium NMR time scale and has a cor-
relation time 7, > 107 s) consists of a Pake doublet that
has a quadrupole splitting, Av, of 128 kHz (Ay, is three-
quarters of the quadrupole coupling constant, or 3¢?Qq/
4h). The electric field gradient tensor is axially symmetric,
which means that there is a one-to-one correspondence
between the orientation of the C~D bond with respect to
the magnetic field and the frequency at which this orien-
tation resonates. Furthermore, the symmetry axis of the
field gradient tensor is along the C-D bond axis. Because
the field gradient tensor is axially symmetric and since the
molecular orientation of the principal axes of the field
gradient tensor is known, the interpretation of deuterium
line shapes in the presence of motion becomes straight-
forward.5! In addition to depending on the jump angle
for motion, deuterium NMR line shapes are also sensitive
to the correlation time for motion when the correlation
time is in the intermediate exchange regime (10%s < 7,
< 10 s).!! Therefore, temperature-dependent solid-state
deuterium NMR spectra can be used to extract informa-
tion concerning both the rate and angular range of local
polymer motions. Finally, measurements of spin-lattice
relaxation times can also be used to verify the correlation
times determined from the line shape analyses and can also
be used to determine correlation times when the line shape
is 111;) longer sensitive to increased motional rates (7, < 107
8).

Explicit examples of the deuterium NMR line shapes
that are predicted for the deuterated aromatic ring of
poly(butylene terephthalate) are shown in Figure 1. If
the aromatic rings are static on the deuterium NMR time
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Figure 1. Predicted ZH NMR spectra for possible phenyl motions
representing (a) static powder pattern with a quadrupole coupling
constant of 156 kHz (the splitting between perpendicular edges
is 128 kHz), (b) powder pattern for fast continuous diffusion about
the 1,4-phenylene axis. (the splitting between perpendicular edges
is one-eighth of the static powder pattern splitting), and (c) powder
pattern for fast 180° phenyl ring flips, (the separation between
the inner two peaks is one-fourth of the static pattern splitting).

scale, the observed pattern will be the Pake spectrum
shown in Figure 1a, with a 128-kHz splitting between the
singularities. If the aromatic rings are involved in rapid
continuous diffusion about the carbonyl-aromatic bond,
the Pake pattern is predicted to collapse by a factor of (3
cos? § - 1)/2, where 6 is the angle (60°) that the C-D bond
makes with the rotation axis. This spectrum with its 16-
kHz quadrupole splitting is shown in Figure 1b. If instead
the aromatic rings undergo discrete 180° flips about the
carbonyl-aromatic bond, the predicted line shape would
be the one shown in Figure 1c. The positions of the sin-
gularities corresponding to the motionally averaged pattern
in Figure 1c can be calculated by considering the effect that
a 180° phenyl ring flip has on the components of the field
gradient tensor.® The tensor component perpendicular to
the C-D bond is not averaged by this motion and remains
at w = 128/2 or 64 kHz. The 180° ring flip causes the
tensor component parallel to the C-D bond to jump be-
tween two orientations separated by 120°. This motionally
averaged component can be calculated by the same argu-
ments used to calculate the rapid diffusion case, above, and
occurs at 16 kHz. Because the tensor must remain
traceless, the third component must occur at ~80 kHz. The
deuterium NMR line shape observed for aromatic rings
undergoing rapid 180° ring flips thus has a total width of
160 kHz and distinct singularities separated by 32 kHz
(Figure 1c).

Experimental Section

Sample. The selectively labeled [aromatic-d ]poly(butylene
terephthalate) sample was prepared according to literature
methods,'® using dimethyl [aromatic-d,]terephthalate (Merck
Isotopes) as the starting terephthalate ester. The T is 50 °C,
measured on a DuPont 1090 DSC with a heating rate of 10
°C/min. The labeled polymer was also characterized by solu-
tion-state deuterium and carbon-13 NMR spectroscopy. The
deuterium NMR spectra attested to the integrity of the labeling
pattern and the carbon-13 spectra showed that no low-molecu-
lar-weight impurities are present in the sample. Density mea-
surements were performed by flotation methods.!

The sample for solid-state deuterium NMR measurements was
melted into a 5 mm X 15 mm o.d. glass tube and allowed to cool
from the melt. The sample weight was approximately 100 mg.
All temperature-dependent changes in the NMR line shape were
fully reversible with temperature cycling.

NMR Measurements. Solid-state deuterium NMR spectra
were obtained on a home-built spectrometer operating at 55.26
MHz for deuterium. The spectrometer has been described pre-
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Figure 2. Solid-state 2H NMR pulse sequences: (a) quadrupole
echo pulse sequence; (b) amorphous quadrupole echo pulse se-
quence; (c) inversion-recovery quadrupole echo pulse sequence;
(d) amorphous inversion-recovery quadrupole echo pulse se-
quence. The pulse widths and optimum delay times are described
in the text. These pulse sequences do not show the recycle delay
time, 7.

viously.!® The sample temperature was regulated by using either
a heated air flow or a liquid nitrogen boil-off system. The tem-
peratures were measured by means of a digital thermometer
(Omega 2176A) with a copper—constantan thermocouple. Tem-
peratures are considered accurate and stable to £1 °C.

The 90° pulse width was typically 3.2 us. Data were collected
in quadrature using 4K points and a sampling rate of 100 ns/point.
The FID was zero-filled to 8K prior to Fourier transformation.

Pulse Sequences. Different pulse sequences were used to
observe selectively different regions (i.e., crystalline, interphase,
or amorphous) of the polymer. The pulse sequences are shown
in Figure 2 and are described here in brief.

The quadrupolar echo pulse sequence'®'® (Figure 2a)
(904,~t,-90,~ts—acquire-T) was used to obtain most of the sol-
id-state deuterium NMR spectra. This sequence provides a
method to refocus the rapidly decaying deuterium signal while
the receiver recovers from the high-power transmitter pulse. The
delay times ¢, and ¢, were set at 30 and 25 us, respectively. The
FID that is obtained with these delay times is left-shifted so that
the part of the FID that is transformed begins at the exact top
of the echo maximum. At long recycle delay times (T = 60 s),
the spectra represent contributions from both the crystalline and
noncrystalline regions of the polymer. Spectra obtained at shorter
recycle delay times (T' = 1-2 s) arise primarily from the non-
crystalline regions.

The amorphous quadrupole echo pulse sequence (90-2
ms)5~t,~904,~t,—90,~t,—acquire-T) (Figure 2b) provides an ef-
fective way to obtain a solid-state deuterium NMR spectrum of
the amorphous component of the semicrystalline polymer. This
pulse sequence consists of three parts: (a) a 90° pulse train to
saturate the entire spin system, (b) a delay ¢, to allow the
amorphous deuterons to relax, and (c) the regular quadrupolar
echo pulse sequence. The optimum delay time ¢, is generally 3
times longer than the T, of the amorphous deuterons. The train
of 90° pulses is more effective in suppressing signals from the
crystalline region than is a single 90° or 180° pulse because of
the problems associated with performing a perfect pulse over the
~250-kHz width of the spectrum.

The inversion-recovery quadrupole echo pulse sequence
(180-7-904,t,—90,~t,—acquire-T) (Figure 2c) was used to measure
some of the solid-state deuterium NMR spin-lattice relaxation
times. The first 180° pulse orients the deuteron magnetization
along the —z direction. During the variable period 7, deuteron
spin-lattice relaxation processes occur and the remaining
magnetization is monitored by the quadrupole echo pulse se-
quence.

Spin-lattice relaxation times for the amorphous deuterons in
semicrystalline polymers can be measured selectively by using
the amorphous inversion-recovery quadrupole echo pulse se-
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Figure 3. Experimental solid-state 2H NMR spectra of [aro-
matic-d,]poly(butylene terephthalate). (a—c) Spectra obtained
with the quadrupole echo pulse sequence with recycle delay time
60, 10, and 1 s, respectively; (d) spectrum obtained with the
amorphous quadrupole echo pulse sequence. The interval ¢, in
the amorphous quadrupole echo experiment was 350 ms for the
spectrum in (d). The spectra are plotted so that the intensities
are directly comparable.

quence ((90-2 ms)s—t,~180-7-90, ,~t,-90,~t,~acquire-T) (Figure
2d). The entire spin system is presaturated by the train of 90°
pulses. The amorphous deuterons relax during the ¢, delay, and
the amorphous deuteron magnetization is then inverted by the
following 180° pulse, allowed to relax during the variable 7 delay,
and monitored by the quadrupole echo sequence.

Data Analysis. Spin-lattice relaxation times either were
estimated from the null point in a series of inversion-recovery
spectra or were determined from progressive saturation experi-
ments. The point in the spectrum used for intensity measure-
ments corresponds to the frequency position from those orien-
tations of the C-D bond that are perpendicular to the magnetic
field (i.e., w ). The inversion-recovery spectra showed a small
amount of anisotropy across the powder pattern, as expected.!1!?

Calculated solid-state deuterium NMR spectra were obtained
according to the methods described by Mehring.® The calculated
spectra have been corrected for pulse power fall-off as a function
of frequency® and for motions that occur during the quadrupole
echo delay time.?!

Results

General Description of Spectra. Representative
quadrupole echo solid-state deuterium NMR spectra for
aromatic-deuterated poly(butylene terephthalate) at 23 °C
are shown in Figure 3. The pulse sequence recycle delay
times are 60 s in (a), 10 s (b), and 1 s in (¢). The spectrum
in (d) was obtained with the amorphous quadrupole echo
pulse sequence. The spectrum obtained with a 60-s recycle
delay time exhibits full intensity for both the crystalline
and noncrystalline components. Because this material is
highly crystalline (ca. 70%), the signals from the aromatic
rings in the crystalline environments almost completely
mask the signals from the amorphous regions. Figure 3
shows that as the recycle delay time is decreased (i.e., in
going from (a) to (c)), more of the amorphous and less of
the crystalline rings contribute to the spectrum. It is
estimated from a series of spectra such as these that the
spin-lattice relaxation time (7)) for the deuterons on the
aromatic rings in the crystalline regions is ca. 15 s at 23
©

C.

The spectrum on the far right of Figure 3 was obtained
with the amorphous quadrupole echo pulse sequence (see
Experimental Section) and represents predominantly the
amorphous deuterons. The differences observed between
this spectrum and the quadrupole echo spectrum obtained
with a 1-s recycle delay are attributed to deuterons of
intermediate mobility (i.e., deuterons with mobilities be-
tween those of the crystalline and amorphous regions).

Figure 4 shows representative spectra obtained at 70 °C,
illustrating that a combination of pulse sequences and
subtraction techniques can be used to extract spectra that
represent primarily the crystalline, the interphase, and the
amorphous regions. The pulse sequences and subtractions
used to obtain the spectra in the “difference” column of
Figure 4 are described in detail in the figure caption. The
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Figure 4. (a—c) Solid-state 2H NMR spectra of [aromatic-d,]-
poly(butylene terephthalate) at 70 °C. Spectra a and b are ob-
tained with the quadrupole echo pulse sequence with recycle times
of 60 and 1 s, respectively. Spectrum c is obtained with the
amorphous quadrupole echo pulse sequence. Difference spectrum
(d) = (a) - (b) represents primarily the crystalline region of the
semicrystalline polymer. Difference spectrum (e) = (b) - (¢)
represents the interphase region of the polymer. Spectrum f is
the same as spectrum c but is shown at a different gain. Spectra
g-i are calculated spectra. The calculated spectra assume a
156-kHz quadrupole coupling constant and a 180° phenyl ring
flip. The rate constants used in calculated spectra are (g) 9.48
X 102, (h) 1.23 X 105, and (i) 5.68 % 10° s~

calculated spectra shown in Figure 4 were obtained by the
methods outlined in the Experimental Section and are
discussed in following sections.

Taken together, spectra such as those in Figures 3 and
4 show that although semicrystalline poly(butylene tere-
phthalate) is a complicated system from a spectroscopic
point of view, various pulse sequences and subtraction
methods can be used to simplify the spectra and to extract
explicit information.

Spectra Representing the Amorphous Deuterons.
A complete series of variable-temperature solid-state
deuterium NMR spectra were obtained for the amorphous
component of poly(butylene terephthalate) by using the
amorphous quadrupole echo pulse sequence (see Experi-
mental Section). Representative spectra are shown in
Figures 5 and 6.

The solid-state deuterium NMR spectrum of the
amorphous deuterons at —60 °C (not shown) is that of a
static quadrupolar powder pattern. The splitting between
the singularities, Ay, is 128 kHz. The line shapes undergo
marked changes as the temperature is increased. At +70
°C the line shape is similar to that predicted for rapid 180°
ring flips (see Figure 1c). At the highest temperature
observed (96 °C), the line shape shows additional sharp
features in the center. The relaxation data for the
amorphous deuterons (see below) show that these sharp
features represent deuterons undergoing more nearly iso-
tropic reorientation. A full description and interpretation
of the calculated spectra will be deferred to the Discussion.

Relaxation Measurements. The spin-lattice relaxa-
tion time (7) for the aromatic deuterons in the crystalline
regions of poly(butylene terephthalate) was estimated from
progressive-saturation type experiments shown in Figure
3. Spin-lattice relaxation times for the amorphous deu-
terons were measured by using the pulse sequence shown
in Figure 2d and estimated from the null points in the
spectra. The T data are summarized in Table I. Rep-
resentative plots of the 7 data for the amorphous deu-
terons at two temperatures are shown in Figure 7. The
T, is somewhat anisotropic across the powder pattern, as
expected.!!? This is particularly noticeable in Figure 7a,
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Figure 5. Experimental (a-d) and calculated (e-h) solid-state
?H NMR spectra representing the amorphous deuterons of
[aromatic-d ]poly(butylene terephthalate). Spectra a—-d were
obtained with the amorphous quadrupole echo pulse sequence
at +10, 0, -10, and -20 °C, respectively. The rate constants for
the calculated spectra are (e) 9.48 X 10%, (f) 5.68 X 10%, (g) 5.2
X 104, and (h) 2.84 x 104s7L.
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Figure 6. Experimental and calculated solid-state 2H NMR
spectra as described in the legend for Figure 5: (a) 70, (b) 50,
(c) 30, and (d) 22 °C; rate constants: (e) 5.68 X 105, (f) 3.8 X 105,
(g) 1.8 X 105, (h) 1.52 X 105 571,

in which the perpendicular singularities invert at a rate
different from that of the middle of the pattern. In view
of the multicomponent nature of the line shapes we feel
that a more precise analysis of these data would be pre-
mature. Furthermore, the inversion—recovery spectra ob-
tained at 96 °C clearly show that at least two components
contribute to the amorphous spectrum obtained at this
temperature. These spin-lattice relaxation studies further
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Table I
Spin-Lattice Relaxation Times (T';) for the Aromatic
Deuterons in Poly(butylene terephthalate)

Ty, s
temp, °C amorphous® crystalline?
23 0.110 15
70 0.036
96 0.007

%Determined at 55.26 MHz using the pulse sequence shown in
Figure 2d. The T, values are estimated from the null points.
®Estimated from progressive-saturation measurements at 55.26
MHz.

Table II
Poly(butylene terephthalate) Composition
by NMR?® by density?
crystalline 69 75
interphase 9
amorphous 22

¢ Determination method described in text. ®Determined by flo-
tation.!

Figure 7. Stacked plots for 7, measurements using the
amorphous inversion-recovery quadrupole echo pulse sequence
at (a) 23 and (b) 96 °C. The variable delay 7 in these plots is (from
bottom to top) 1, 10, 20, 30, 40, 50, 100, 200, 400, 800, and 1000
ms.

emphasize the wide range of motional heterogeneity ob-
served in these systems.

Discussion

Morphology. The solid-state deuterium NMR spectra
shown in Figures 3 and 4 provide strong evidence for the
existence of three motional regions in poly(butylene ter-
ephthalate). The region of intermediate mobility is at-
tributed to an “interphase” region, in which the restriction
of motion is due to proximity to the crystalline regions.
The amount of each region can be estimated by integration
of the deuterium NMR spectra shown in Figure 4. These
data are listed in Table II, where they are compared to the
results of density measurements. Although the density
measurements and NMR data are in good agreement, it
should be stressed that solid-state deuterium NMR spectra
are subject to intensity distortions when the motions are
in the intermediate-exchange region.”? Therefore, the data
and methodology presented here must be considered as
estimates.

There is precedent for the presence of more than two
phases in semicrystalline polymers. Other workers have
observed three morphological phases in polyethylene,??2*
which they describe as a crystalline one, a noncrystalline
region with liquid-like character, and an intermediate
phase where molecular motion is partly hindered. The
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Figure 8. Arrhenius plot of the natural logarithm of the rate
constants vs. 1/T. An apparent activation energy of 5.9 kcal/mol
is obtained from the slope of this plot.

three regions observed here can be described somewhat
differently. The calculated spectra in Figure 4 show that
the three regions in poly(butylene terephthalate) consist
of a crystalline region in which phenyl rings are static, an
amorphous region in which the aromatic rings undergo
(primarily) rapid 180° ring flips, and an intermediate re-
gion in which the aromatic rings undergo very slow 180°
flips. Analysis of the 180° ring flips in the amorphous
regions will be described in detail in the next section.

It should also be noted that categorizing the phenyl ring
motions into three distinct groups—crystalline, interme-
diate, and amorphous—is artificial. All of the solid-state
deuterium NMR data suggest that there is a heterogeneous
distribution of phenyl ring motions in poly(butylene ter-
ephthalate), rather than several discrete regions of motion.
In particular, the use of a two-phase model (amorphous
plus interphase) to characterize the noncrystalline regions
is an idealization. Our data do not allow us to distinguish
between this model and a broad distribution of correlation
times. Whether or not a particular phenyl ring undergoes
a ring flip appears to be related to the conformational
space available for the flipping process.

Molecular Motion in the Amorphous Regions. The
calculated spectra shown in Figures 5 and 6 were obtained
by assuming that the aromatic rings in the amorphous
region undergo pure 180° ring flips and that the rate of
these flips changes with temperature. The calculated and
experimental spectra are in fair agreement, particularly
for the low-temperature spectra. However, the centers of
the experimental spectra are more filled-in than predicted,
and the expected definition at the edges of the powder
patterns is lost. These observations are consistent with
the presence of additional high-frequency librational
motions (root-mean-square deviation estimated to be
+15°) that are superimposed on the 180° phenyl ring flips.
The conclusion that can be made by comparing the ex-
perimental and calculated spectra in Figures 5 and 6 is that
the primary mode of motion is well explained by 180°
phenyl ring flips but that other phenyl motions are also
present. The spectra obtained at high temperatures (e.g.,
Figure 7) show the existence of more than one type of
phenyl motional environment, again emphasizing the
heterogeneous nature of phenyl motions in poly(butylene
terephthalate).
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Figure 9. Dynamic mechanical analysis spectrum (20 Hz) of
poly(butylene terephthalate).

The rate constants that were obtained by computer
simulation of the line shapes are presented in an Arrhenius
plot in Figure 8. The apparent activation energy for the
pure 180° ring flip motion is 5.9 kcal/mol. This apparent
activation energy is in good agreement with the theoretical
calculations of Hummel and Flory?®® and of Tonelli.?6
Tonelli predicts that the barrier for phenyl rotation in
poly(ethylene terephthalate) is 2 X 2.95 = 5.9 keal/mol.%
The rate constants obtained from deuterium NMR spec-
troscopy span slightly more than one order of magnitude.
Frequency-temperature extrapolation of the deuterium
NMR data predicts that a dynamic mechanical loss peak
will occur at 20 Hz at —124 °C. The dynamic mechanical
spectrum (Figure 9) shows a low-intensity peak at this
temperature, consistent with a process that requires a small
volume change. Although it is tempting to correlate the
aromatic ring flips with this mechanical loss peak, other
solid-state deuterium NMR studies on poly(butylene
terephthalate)!® show that the aliphatic groups in this
polymer also have characteristic motional frequencies in
this range.

Motion in the Interphase Regions. Spectra of the
interphase regions can be obtained only by subtraction
methods (see Figure 4). The corresponding calculated
spectra are obtained by assuming that the phenyl rings in
the interphase region undergo very slow 180° ring flips.
The correlation time at 70 °C for a ring flip in the inter-
phase region is approximately 8.1 X 10 s, whereas the
correlation time for ring flips in the amorphous fraction
is 1.76 X 107 s at this temperature. The relaxation data
(see following section) are in accord with this finding.

Spin-Lattice Relaxation Data. Torchia and Szabo!?
have evaluated correlation functions to develop explicit
expressions for solid-state T, values. Although the deu-
terium NMR line shape is axially symmetric (i.e., there is
a one-to-one correspondence between a particular C-D
bond orientation and the frequency at which it resonates),
there is not a unique T for each frequency. Thus, deu-
terium relaxation is nonexponential in general.? The
expression for 1/ T, for a two-site jump is given by

1/T1 = (wQ2/2)peq(1)peq(2)A1{g(T’wI) [B4 - (0'75B1 -
Bg) cOo8 2¢] + g(T,ZwI) [4B5 - 4B2 cos 24)]} (1)

where
glrw) = 7/ + 272
wq = 3e2qQ/4h
1= (Ryg + Ry}
A, = sin? 20
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B, = sin? 260
B, = sin* 9
B, = cos® § + cos? 20
B; = sin® § + 0.25 sin? 26

In these expressions, § and ¢ are the polar angles that
describe the orientation of the magnetic field with respect
to the crystal-fixed axis system, and © is the angle made
between the unique principal axis of the electric field
gradient tensor and the flip axis. k;, and k,; describe the
forward and reverse rate constants for the interconversion
between sites, and p.q(1) = ky;/(k1; + kpy) and pey(2) =
Rig/(Ryg + k).

The ¢ dependence of eq 1 disappears when 8 = 0° (i.e.,
the parallel edge of the powder pattern). However, the
signal-to-noise ratio suffers at this part of the pattern,
primarily because of low inherent intensity, pulse power
fall-off, and because the edges of the pattern are smeared
out due to librational motions that occur in addition to the
pure 180° flip (see previous sections). In view of these
factors and because the pattern demonstrates only weak
anisotropy (see Figure 7), we evaluate eq 1 at # = 0°. We
use this estimated correlation time in an order-of-mag-
nitude comparison with the correlation time obtained from
line shape calculations. The correlation time at 70 °C
estimated from the T data is 1.6 X 1077 s, somewhat faster
than the 1.8 X 10® s correlation time obtained by line
shape analysis for pure 180° flips. Rapid librational
motions are expected to cause more efficient relaxation.
This discrepancy is taken as corroborating evidence that
the aromatic rings in the amorphous regions are involved
in substantial motions in addition to pure 180° ring flips.

Summary

The results presented here can be used to answer and
amplify on the four questions outlined in the introduction.
(1) Is a pure 180° flip model adquate to explain the motion
of phenyl rings in polymers? No. The phenyl rings that
do flip also undergo rapid librational motions about the
1,4-phenylene axis. (2) Do the phenyl ring flips occur only
in the amorphous regions? No. Our data show evidence
for three motional regions. Although the phenyl rings in
the crystalline region are static on the deuterium NMR
time scale (7, > 1073 s), those in the interphase regions
undergo slow (7, = 8.1 X 107 g) 180° ring flips at 70 °C.
The phenyl rings in the amorphous regions undergo more
rapid 180° ring flips (. = 1.8 X 10 s at 70 °C) superim-
posed on rapid librational motions. (3) What is the ac-
tivation energy for the pure 180° ring flip process? We
find that the apparent activation energy is 5.9 kecal/mol,
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in good agreement with theoretical calculations.?>* (4)
Is there a narrow or a broad distribution of phenyl ring
flip rates? The phenyl ring motions are best described by
a broad envelope of phenyl ring flip rates.

Whether a phenyl ring does or does not undergo a 180°
ring flip is attributed to the conformational space available
to that ring. Phenyl ring excursions of 180° appear to be
a universal dynamic process in solid materials, occurring
in small organic molecules, biopolymers, and semicrys-
talline synthetic polymers. Phenyl ring flips appear to be
a sensitive reporter of local morphology in the material.
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