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ABSTRACT: The dynamic structure of poly(p-phenyleneterephthalamide) (PPTA) is examined for the
p-phenylenediamine ring sites. This information is melded with other 2H NMR results concerning the seg-
mental dynamic structure of the terephthalamide rings and the amide sites as well as morphological studies
to develop a description of the dynamic structure on the length scale of 1-100 A, The PPTA dynamic
structure is characterized by the presence of two populations: one of which is associated with crystal surfaces
(alternatively crystal packing defect planes) and accounts for approximately 30% of all the diamine rings,
and the other population is associated with the crystallite interior (more perfectly formed planes). Each of
these populations is dynamically heterogeneous, reflecting the packing imperfections of each population.

Introduction

In previous papers, the segmental dynamics of the
terephthalamide rings!® and amide sites%® of poly(p-
phenyleneterephthalamide) (PPTA) have been charac-
terized over a wide temperature range with 2H NMR
methods. These studies characterized the dynamic struc-
ture® of PPTA, for both crystal modifications,”® in terms
of sites associated either with the surfaces of crystallites
(or alternatively crystal packing defect planes) or the
interior of the crystallites. The dynamic structure of the
terephthalamide rings!-3 was modeled as a temperature-
dependent population of mobile rings which reflected the
heterogeneity of the dynamic structure for both the
crystallite surface and interior. ?H NMR line shapes for
the amide sitest* could be decomposed into a major
component (~75% ) associated with relatively rigid amide
sites and a minor component (~25%) associated with a
fraction of mobile amide bonds which execute large-angle
jumps. This behavior of the amide sites was determined
to be essentially temperature-independent over a range of
-184 t0 +228 °C. In combination with structural features
observed by X-ray diffraction and transmission electron
microscopy,® this discrimination of amide mobility is
identified as deriving from incompletely hydrogen-bonded
sites located at the crystallite surface or defect regions of
the highly crystalline® polymer.

Further details of the dynamic structure of PPTA are
available from the results of the 2H NMR investigation of
diamine ring deuterated PPTA presented here. To
interpret the ZH NMR spin-lattice relaxation and the
quadrupole echo delay time dependence of the fully-
relaxed spectra, a model is developed which semiquan-
titatively accounts for both the molecular motions of the
diamine rings and the previously observed dynamics of
the terephthalamide rings!-® within PPTA. As a result,
this study supports the conclusion not only that the
dynamic structure of PPTA is heterogeneous in the sense
that sites located at crystallite surfaces (defect regions)
exhibit enhanced mobility relative to those located at the
crystallite interior (more perfectly formed planes) but also
that both populations exhibit a distribution of mobilities
and hence are heterogeneous.
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Experimentai and Calculational Procedures

Material Synthesis. Diamine ring perdeuterated PPTA
(polymorph I') with M; ~25 000, inherent viscosity of 7.5 dL/g
in98% H;80,, was prepared by reaction of 99+ % isotopic purity
p-phenylenediamine-ds (PPD-ds) (MSD Isotopes, Division of
Merck Froest Canada, Inc., Montreal, Canada) with terephthaloyl
chloride (TC]) in an 8% solution of CaCl; in N-methylpyrroli-
done.!® In a three-necked resin kettle equipped with a stirrer
and dry nitrogen purge, PPD-d; (5.7 g) was dissolved in 180 g of
the solvent system and the temperature was lowered to 10 °C by
external cooling withice. T'C1(10.0g) was added into the mixture
and the agitator speed was increased to maintain mixing as the
viscosity of the reaction mixture increased. The material
solidified into a gel and then broke into fine particles. After 15
min the reaction was terminated by addition of water. The
polymer was washed with water to remove solvent and salt, and
then the polymer was dried.

To confirm the isotopic composition of the polymer, samples
were packed into 5-mm-diameter glass tubes, dried under vacuum
at 200 °C for 24 h followed by an additional 4 days at 100 °C,
and examined by FT-Raman spectroscopy.!! Using 300 mW of
1.064-um radiation from a LDI-3000 diode pumped Nd/ YAG laser,
scattered radiation was analyzed by a Nicolet 800 series inter-
ferometer equipped with an FT-Raman accessory. A Ge detector
(North Coast, NEP = 10-1* W/Hz!/2) was used and Rayleigh line
filtering was accomplished with two Kaiser Optical Supernotch
holographic filters. Two thousand scans, at 2-cm-! nominal
resolution, were averaged, resulting in a total measurement time
of Lh. Theintensities were corrected for the instrument response
function using a calibrated tungsten source. Spectra obtained
after extensive irradiation established that no detectabie polymer
degradation occurred during collection of the FT-Raman spectra.
A slight fluorescent background was observed, but it did not
obscure the Raman features of interest. The FT-Raman spectrum
revealed residual deuterated amide groups (N-D; 2400-2500-
cm-! region) which were subsequently exchanged to N-H by
preparing a 1% solution of the polymer in 98% H,SOy, precip-
itating in a water/ice mixture, washing with water to remove
sulfuric acid, and drying at 140 °C. A lower inherent viscosity
(6 dL/g) was found after exchange. Using an identical drying
procedure, as described above, FT-Raman spectroscopy con-
firmed that only the diamine rings were labeled with deuterium.

NMR Measurements. Fully- and partially-relaxed 2H NMR
spectra and associated spin—lattice relaxation data were obtained
over a temperature range of —80 to +230 °C with a Bruker MSL
200 spectrometer operating at a resonance frequency of 30.72
MHz. The NMR probe was tuned following the multiple pulse
tuning procedure of Gerstein'?at all temperatures, using a sample
of liquid acetone-ds at low temperatures and a sample of liquid
D,S0, at high temperatures, to minimize spectral distortion.1%-16
The temperature was controlled by a Bruker B-VT 1000 unit
over a range of —80 to +230 °C which had been previously
calibrated.1®
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Fully-relaxed spectra were acquired with a standard quadru-
polar echo pulse sequence [(#/2), = 71— (7/2)y - DO ~ (#/2), -
1 — {x/2)_y - DO] where the data are acquired during the DO
period and alternately added and subtracted. The #/2 radio
frequency pulse was nominally 2.8 us in length, 7, is the delay
time which was set to 20, 40, 80, and 160 us, and DO is the recycle
delay time which was varied so that it was at least 5 times the
spin-lattice relaxation time of the slowest relaxing component
(T110ng) in the spectrum at a given temperature. The /2 pulse
width was sufficiently short to allow spectral acquisition with
minimal spectral distortion.'” Data (4096 points) were acquired
at a rate of 2 MHz and then shifted to the top of the spin echo
prior to Fourier transformation.

Spin-lattice relaxation times (T;) were measured over a
temperature range of ~80 to +230 °C using a saturation recovery
method. The pulse sequence was [((7/2): ~ t)g — (7/2); — 70 —
(m/2): = 71 = (x/2)y = DO = ((#/2)x — t)g = (7/2)x — 70— (7/2)x
- 71 = (/2)y — DOJ, where t has a value of 3 ms, 7, is varied from
2.5 ms to 60 s, 71 has a value of 20 us, and the data are acquired
during the DO period and alternately added and subtracted.
Spin-lattice relaxation of the selectively deuterated diamine rings
was nonexponential and could be decomposed in the time domain
into two components whose relazation times differed by at least
a factor of 21 over the temperature range 80 to +107 °C. Above
107°C, T\ discrimination was ineffective. Values of T}, calculated
from the evolution of the total magnetization as a function of 7o
in the time domain, were determined by least squares fitting of
the data to a sum of two exponential functions corresponding to
afast-relaxing component (Tyuort) and aslow-relaxing component
(T1iong). The same pulse sequence was used to obtain partially-
relaxed spectra (1o = 5 X Tygnort). Partially-relaxed spectra were
subtracted from corresponding fully-relaxed spectra to obtain
spectra of those spins with the longest spin-lattice relaxation
time,

NMR Line Shape Simulation. Using asimplified model for
the dynamics of the diamine rings (see Results and Discussion),
line shapes were calculated for discrete, equal population, two-
site jumps (x-flips) about the 1,4-diamine ring axis using a
previously described program® running on a Cray YMP or Silicon
Graphics R-4D/280SX system. This program generates a zero-
delay (r; = 0) line shape which is then corrected for echo
distortions.’® The correlation time 7. in s/rad of the two-site
jump is related to the residence time (+') in s/cycle by 7. = 7/
(4r), and the correlation frequency (in Hz) is defined as v, =
(2771y)-l. The calculated powder pattern is corrected for finite
pulse length!? and convoluted with Gaussian and Lorentzian
broadenings, but no correction for molecular motion during the
radio frequency pulses is used.”® Typically, Gaussian broadening
is determined from comparison of calculated line shapes to the
low-temperature experimental spectra to account for residual
dipolar interactions with neighboring 2H and 'H nuclei. Lorent-
zian broadening corresponds to the value used for processing of
the experimental data (1 kHz full width half-maximum). Since
the #/2 pulse length of 2.8 us was previously determined to be
lengthened by the nonpurely resistive load characteristics of the
NMR probe, ¢ all calculations used the previously utilized 3.2 us
pulse length.

In addition to two-site jump motion, rapid restricted angle
fluctuations can be introduced into the calculation!® by allowing
each of the sites to undergo rapid librational motion characterized
by an inhomogeneous librational amplitude distribution P(8).
For each orientation of the static magnetic field Ho, a series of
30-50 isochromats corresponding to 30-50 azimuthal librational
angles (standard deviation A#) is generated for each well of each
site. The 30-50 isochromats are averaged with a population-
weighted Gaussian distribution P() to yield an isochromat which
reflects the rapid librational motion within each well. The
resulting two spin isochromats are then allowed to exchange with
a residence time 7/, and the line shape is corrected for the delay
between quadrature pulses by using the correction factor K(21y)
from the exact theory.’® This procedure is repeated for 1° steps
in both polar and azimuthal angles of Hy in the molecular frame
to yield a powder pattern.

Distributions of correlation times are introduced by specifying
a mean correlation time (7.) (in Hz"!) and standard deviation ¢
(in decades) for a log—Gaussian, population-weighted summation
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Figure 1. Spin-lattice magnetization amplitude (long T} com-

ponent) vs temperature for both terephthalamide-d, and diamine-
d, labeled poly(p-phenyleneterephthalamide).

of a basis set of line shapes. Initial values for the mean correlation
time and standard deviation of the correlation time distribution
could be determined from a previous study of 1-D 2H NMR line
shapes for a z-flip model of motion.?? More precise estimates of
(r.) and o were determined from a semiquantitative fit of the
line shapes which used a basis set (7 = 0; e2gQ/h = 180 kHz)
consisting of a slow exchange, Pake-like line shape (7. > 10-%s;
Gaussian broadening of 3 kHz), intermediate exchange x-flip
line shapes (102 s 2 7, = 107 s; five line shapes calculated per
decade; Gaussian broadening of 1 kHz), and a fast exchange »-flip
line shape (7. < 10”7 s; Gaussian broadening of 1 kHz) with a
bimodal distribution of librational amplitudes P(A8). Distri-
butions of jump angles (P(¢)) and librational amplitudes (P(A#))
were introduced by calculating the population-weighted sum-
mation of the line shapes according to the inhomogeneous
distribution P(¢) or P(Af).

Results and Discussion

Spin-Lattice Relaxation. InFigure1,the spin-lattice
magnetization amplitude associated with the long-T
component as a function of temperature is given for both
terephthalamide-d4 and diamine-dy PPTA. Spin-lattice
relaxation of the selectively deuterated diamine rings was
strongly nonexponential and could be decomposed in the
time domain into two components, associated with long-
and short-T'; components, over a temperature range of
-80 to +107 °C. Above 107 °C, T, discrimination was
ineffective for the diamine ring deuterated PPTA (PPD-
(dg)/T). Similarly, the spin-lattice relaxation of the
terephthalamide ring deuterated PPTA (PPD/T(dy))
could be decomposed in the time domain into two
components whose relaxation times differed by at least a
factor of 30 over a temperature range of —80 to +207 °C,
the discrimination becoming ineffective above 207 °C. The
amplitude of the long-T; component in the low-temper-
ature range is near 70-80% for both terephthalamide and
diamine rings. The temperature dependence of the
amplitude of the long-T'; component is illustrated in Figure
1; this population (long-T'; component) can be separated
into two temperature regimes with a break near 50 °C for
PPD(dy)/T and a break near 70 °C for PPD/T(dy). The
separation of the spin—lattice relaxation components into
two temperature regimes is consistent with discrimination
of the amide spins located at the crystallite surface from
those located in the crystallite interior. Note that the
70/30 separation of the spin-lattice magnetization into
two components for both deuterated rings is similar to the
75/25 discrimination of populations for the amide sites of
the N-D-labeled polymer.5

The identification of two populations in the spin-lattice
relaxation data is not reflected in the T discriminated
line shape data for either PPD/T(dy) or PPD(dy)/T. From
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Figure 2. 2H NMR experimental and calculated line shapes
using a 7-flip model (e?qQ/h = 180 kHz) for poly(p-phenylene-
terephthalamide) [PPD(d4)]. The calculated line shape for ~79
°C has a correlation time of 1.0 s and Gaussian broadening of 3.0
kHz. The calculated line shape for 228 °C has a correlation time
of 1.0 X 10-? 5, a Gaussian broadening of 1.0 kHz, and a bimodal
librational amplitude distribution.

acursory line shape analysis in the low-temperature range,
the fraction of rapid r-flippers for PPD/T(dy) varies from
nearly 0% at ~79 °C to 25% near 50 °C, yet over this
temperature range the line shapes associated with the two
T components both contain contributions from »-flipping
and nonflipping components. The PPD(d4)/T experi-
mental line shapes show relatively little variation from a
rigid, Pake-like spectrum over the range of ~79 to 0 °C.
For this site, the two spin-lattice relaxation times differ
by at least a factor of 20 and magnetization can be
selectively generated for the more mobile (crystallite
surface) domain by using a delay (7¢) in the saturation
recovery sequence equal to 5 times the value of the smaller
spin—lattice relaxation time (T'ighort). This T discrimi-
nation experiment results in similar line shapes for both
T1short and Tong components. At all accessible temper-
atures, the line shapes are similar because both the fast-
relaxing and the slow-relaxing components are in the slow
tointermediate exchange regime for the processes reflected
in the line shapes. The process which produces the line
shape quadrupolar refocusing time (1) dependence in
PPD(d,)/T is a m-flipping motion whose mean correlation
time is less than 107 s (fast exchange) only when the
temperature is above 139 °C (see Figure 2); this process
isnot fast enough to produce T discrimination. Thespin—
lattice relaxation time discrimination data reflect a
population associated with restricted angle rapid motion
near the Larmor frequency (3 X 107 Hz) and is not related
to the =-flip process. This mode of motion, which permits
the T'ishort cOmponent to be isolated, differentiates the
population of spins at the crystallite surface or near defect
regions from the majority population. Therefore, the
dynamic structure is partially characterized as consisting
of two populations whose spin-lattice relaxation times
differ as a result of crystalline morphology.

Slow Exchange and Fast Exchange Line Shapes.
The spin-lattice relaxation behavior indicates that at one
level the dynamic structure is characterized by two
populations of diamine rings with differing mobilities
reflecting different crystalline environments. However,
the line shape data indicate that each population also
exhibits a distribution of »-flipping rates. In order to
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develop a motional model for the dynamics of the diamine
rings, a simplified model was adopted. This approach
was required because of the large number of variables
required to fully model the line shape behavior. Specif-
ically, the two populations (I and II) which may be
temperature dependent are associated with a semirigid
(constrained) component and a mobile (free) component.
Each population has its own librational amplitude dis-
tribution P(A#d), correlation time distribution P(7.), and
a Gaussian broadening which is temperature dependent
due to dipolar averaging. To determine suitable values
for some of these variables, the slow exchange (low-
temperature) and fast exchange (high-temperature) line
shapes were simulated with a motional model with a
minimum number of model parameters. The best values
of these parameters, such as Gaussian broadening, were
estimated from these calculations and incorporated into
a basis set of line shapes to test a simplified motional
model for the intermediate temperature range (6118 °C).

For PPD(d,)/T, Figure 2 illustrates the 2H NMR
experimental and calculated line shapes (e2gQ/h = 180
kHz) for the lowest and highest temperature line shapes
to be fit with the model. Over a temperature range of =79
t00°C, the fully-relaxed 2H NMR experimental line shape
appears as essentially a rigid, Pake-like powder pattern
with verylittle delay time (7;) dependence. The calculated
line shape is assumed to be in the slow motion limit and
incorporates no librational motion. A visual fit to the
experimental line shape (-79 °C) was accomplished by
using a Gaussian broadening of 8 kHz to account for any
librational motion, dipolar interaction, or dynamic het-
erogeneity present in the experimental line shape.

Figure 2 also illustrates the ZH NMR experimental (228
°C) and calculated line shapes using a 7-flip model (e2qQ/h
=180 kHz). Over a temperature range of 139-228 °C, the
experimental line shape did not vary and essentially no
71 dependence was observed. The line shape calculation
was performed in the fast motion limit for all modes of
motion with an arbitrarily chosen 7. of 1.0 X 10-9 s for
n-flips and a bimodal librational amplitude distribution
(P(A8)). The width of the line shape singularities were
reproduced with a Gaussian broadening of 1 kHz to account
for residual dipolar interactions.

In contrast to previous studies of the terephthalamide
ring dynamics,® the high-temperature experimental line
shape (228 °C; Figure 2) for the diamine rings could not
be fit using an inhomogeneous Gaussian librational
amplitude distribution P(Af) of standard deviation A(Af)
truncated at A6y with P(Af) = 0 for A8 < Aby. In particular,
the zero frequency intensity could not be simulated unless
a bimodal librational amplitude distribution was em-
ployed. Calculations of fast exchange w-flip line shapes
for individual librational amplitudes indicated that the
observed line shape intensity near zero frequency could
be attributed to librational amplitudes near 40°. The
bimodal librational amplitude distribution’s exact shape
could not be uniquely determined; however, previous
experience from studies of the dynamics of the amide sites
and the terephthalamide rings suggested a 75/25 bimodal
librational amplitude distribution with the minor com-
ponent associated with a larger amplitude of librational
motion for the rapidly »-flipping rings. This librational
distribution is shown in Figure 3 and was constructed from
two Gaussian distributions. The major component (76%)
has alow-angle cutoff of 4°, peak amplitude of 8°, standard
deviation of 6°, and a mean librational amplitude of 10°,
and the minor component (25%) has a low-angle cutoff
of 20°, peak amplitude of 40°, standard deviation of 4°,
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Figure 3. Librational amplitude distribution for rapidly =-flip-
ping phenyl rings of poly(p-phenyleneterephthalamide) [PPD-
(dy)]. Thedistributionis composed of two Gaussian distributions.
The major component (75%) has a low-angle cutoff of 4°, peak
amplitude of 8°, and standard deviation of 6°. The minor
component (25%) has a low-angle cutoff of 20°, peak amplitude
of 40°, and standard deviation of 4°.

and a mean librational amplitude of 40°. Consistent with
the discrimination of the amide site dynamics, the larger
librational amplitude (near 40°) is associated with a more
mobile component and may correspond to incomplete
hydrogen-bonding near the crystallite surface or in defect
regions,

The singularities and major features of the high and
intermediate temperature experimental line shapes in-
dicated that the motion of the diamine rings could be
approximately described as a w-flip with additional rapid
libration about the 1,4-diamine ring axis. Attenuation of
residual dipolar interactions as temperature increased was
indicated by the width of the singularities in the high
temperature line shape which could be reproduced with
a Gaussian broadening of only 1 kHz. A small decrease
in the splitting between the experimental line shape
singularities was observed as temperature increased. This
could be due to a fairly narrow distribution of flipping
angles about an exact w-flip. The sensitivity of the
separation between the line shape singularities to the
standard deviation of a Gaussian distribution of flip angles
about an exact w-flip is illustrated in Figure 4. The
experimentally observed decrease in splitting indicates
that the standard deviation of a Gaussian distribution of
flip angles centered about an exact 7-flip would be less
than 10°. Since this small variation from an exact =-flip
results in a minor change in the line shape, a distribution
of flipping angles about an exact =-flip was excluded from
the simplified model which was used to simulate the
intermediate temperature (6-118 °C) line shapes.

Intermediate Exchange Line Shapes: Simplified
Model. A complete line shape analysis would take into
account the two populations, possible temperature de-
pendence of the populations, amplitude distributions for
the rapid librational motions for each population (Pi(Af)
and Pp(Ad)), correlation time distributions for each
population (P(r;) and Pu(7.)), and Gaussian broadening
for each population. Each librational amplitude distri-
bution and correlation time distribution requires a min-
imum of two variables (variance and mean). Thus there
are at least 12 model variables. The analysis becomes
tractable by reducing this number of model variables to
2. This is done by adopting a simplified model which
uses one population, uses one Gaussian broadening to
account for dipolar interactions, ignores any libration,
and considers only a symmetric log-Gaussian distribution
of correlation times with the mean correlation time and
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Figure 4. 2H NMR calculated line shapes (e2qQ/h = 180 kHz)
for a Gaussian distribution (standard deviation o) of flip angles

centered about an exact »-flip. Line shapes are calculated in the
fast motion limit for the r-flip motion.

the standard deviation as the only variables. Hence, a
basis set was generated for calculation of line shapes in
the intermediate temperature range (6-118 °C) consisting
of a slow exchange, Pake-like line shape [7. > 102 s, no
libration, Gaussian broadening of 3 kHz (discussed above)];
an intermediate exchange set of #-flip line shapes [10-2s
2 7.2 1078, no libration, Gaussian broadening of 1 kHz];
and a fast exchange, n-flip lineshape (discussed above) [7.
<1077, 75/25 bimodal librational amplitude distribution
(discussed above), Gaussian broadening of 1 kHz]. Figure
5 shows the fully-relaxed ZH NMR experimental and
calculated line shapes for PPD(d,)/T at a temperature of
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Figure 5. 2H NMR experimental (118 °C) and calculated line
shapes using a x-flip model (e?q@/h = 180 kHz) for poly(p-

phenyleneterephthalamide) [PPD(dy)]. Calculated line shapes
are for an inhomogeneous log—Gaussian distribution of correlation
times with o = 1.0 decade centered at 2.5 X 1077 s

118 °C with delay times of 20, 40, 80, and 160 us in the
quadrupole echo pulse sequence. The calculated line
shapes were produced using the simplified =-flip model
with an inhomogenous symmetric log—Gaussian distribu-
tion of correlation times of standard deviation ¢ = 1.0
decade centered at 2.5 X 10-7 s. The experimental and
calculated line shapes in Figure 5 are in reasonable
agreement, except for differences near the outer edges of
the line shapes; these differences could have been ac-
counted for by restricted angle fluctuations, but are
excluded (except in the fast exchange regime) from the
simplified model. Additionally,the observed reduced line
shape intensity near zero frequency is not fully accounted
for in the calculated line shape at the longest delay time.
This is indicative of the onset of yet another motional
process outside of the scope of this model.

Figure 6 shows the fully-relazed experimental (107 °C)
and calculated line shapes. The calculated line shapes
were produced using the simplified #-flip model with an
inhomogenous log-Gaussian distribution of correlation
times of standard deviation o = 1.5 decades centered at
1.6 X 108 s. The calculated line shapes agree quite well
with the experimental line shapes considering the caveats
discussed for Figure 5. In comparison to the spectra at
118 °C, the increased intensity at the edges of the
experimental line shape at 107 °C indicates the presence
of a larger fraction of sites with longer correlation times,
and this is reflected by the larger standard deviation and
longer mean correlation time of the calculated line shape.
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Figure 6. *H NMR experimental (107 °C) and calculated line
shapes using a »-flip model (e?qQ/h = 180 kHz) for poly(p-
phenyleneterephthalamide) [PPD(d,)]. Calculated line shapes
are for an inhomogeneous log—Gaussian distribution of correlation
times with ¢ = 1.5 decades centered at 1.6 X 10 s.

Figures 7 and 8 show the fully-relaxed experimental
and calculated line shapes at 97 and 75 °C. Both sets of
calculated line shapes use ¢ = 1.5 decades with a mean 7.
of 4.0 X 106 or 1.6 X 10-5 5, respectively. Calculated and
experimental line shapes are in good agreement and the
longer correlation time component, which produces the
outer singularities in the line shape, becomes more
prominent.

At 51 °C (Figure 9), the calculated line shapes again use
o = 1.5 decades, but now the correlation time distribution
is centered at 2.5 X 10° s, The 7; dependence of the
experimental and calculated line shapes are not in good
agreement at long delay times where the experimental
line shapes show a more pronounced intensity reduction
near the middle of the line shape. This observation is in
agreement with the spin-lattice relaxation results which
indicate that the process (small angle fluctuations) which
causes T discrimination will begin to have a significant
component of its spectral density function near 107 Hz for
the larger population at this temperature and this process
will result in a diminution of the center of the line shape.1®

The 2H NMR experimental line shapes for PPD(ds)/T
at 23 °C are shown in Figure 10, and these are similar to
those observed at 6 °C, which are not shown. The
calculated line shapes use ¢ = 1.5 decades with a mean
correlation time centered at 6.3 X 10-5s. Minor differences
in the outer edge of the line shape near the baseline are,
again, due to librational motion which was excluded from
the model. The relatively poor fit near the center of the
line shape could be substantially improved by invoking a
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Figure 7. *H NMR experimental (97 °C) and calculated line
shapes using a »-flip model (e?qQ/h = 180 kHz) for poly(p-
phenyleneterephthalamide) [PPD(d,)]. Calculated line shapes
are for an inhomogeneous log~Gaussian distribution of correlation
times with ¢ = 1.5 decades centered at 4.0 X 106 s.

160

small-angle fluctuation, as was discussed for the 51 °C
line shapes, along with a broader distribution of correlation
times for =-flipping.

Over a temperature range of 6-118 °C, line shapes
calculated from the simplified »-flip model are in rea-
sonable agreement with the experimental line shapes,
given the limitations of the model. This conclusion is
further supported by the fairly good agreement of the
calculated and experimental integrated magnetization
reduction factors (Table I) corresponding to the lineshapes
in Figures 5-10. After correction of the experimental
reduction factors to account for To(dipolar) interactions
(which are partially averaged at higher temperatures), the
agreement between experiment and calculation indicates
that the major motional processes responsible for the
experimentally observed line shapes are reasonably well
described by the model.

Using the mean correlation time determined from the
calculated line shapes for PPD(d,)/T at temperatures of
23-118 °C, Figure 11 shows a plot of the logarithm of the
inverse mean correlation time as a function of inverse
temperature. A least squares fit of all of this data for the
diamine rings resulted in an activation energy of 12 kcal/
mol, which is comparable with the mean activation energy
determined in a previous line shape analysis of the
terephthalamide ring dynamics.2 This activation energy
has no physical meaning in either case, as it ignores the
heterogeneity of the crystals. Fitted lines in the plot are
intended to represent the separation of the data into two
temperature regimes. The values of activation energies
for each fitted line, 5 kcal/mol for the low-temperature
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Figure 8. *H NMR experimental (75 °C) and calculated line
shapes using a =-flip model (¢2¢Q/h = 180 kHz) for poly(p-
phenyleneterephthalamide) [PPD(d,)]. Calculated line shapes
are for an inhomogeneous log~Gaussian distribution of correlation
times with ¢ = 1.5 decades centered at 1.6 X 10~ s.

data and 40 kcal/mol for the high-temperature data,
illustrate the substantial dynamic difference between the
two temperature regimes. This behavior is not due to an
Arrhenius or WLF process but originates from two
populations where the low-temperature regime is domi-
nated by the dynamics of the crystallite surface (or defect
regions) and the high-temperature regime is dominated
by the dynamics of the crystallite interior.

The separation of PPTA dynamics into two motional
regimes can also be found by examination of the line shape
analysis for the terephthalamide rings (PPD/T(ds)) pre-
viously studied with a bimodal correlation time model.?
Figure 12 shows the logarithm of the fraction (Ps) of rapidly
#-flipping terephthalamide rings as a function of inverse
temperature. The plotted lines visually indicate the
separation of the dynamics of the terephthalamide rings
into two motional regimes separated by a transition
temperatureregime. Slopes of the plotted lines are similar
with an apparent “activation energy” near 1.3 kcal/mol.
At the transition region, the fraction of =-flippers is near
25% and the fraction of nonflippers is near 75%. The
75/25 population distribution is similar to the 70/30
population distribution observed in the spin-lattice re-
laxation amplitudes of the diamine and terephthalamide
rings and the amide site 75/25 population distribution.
The similar population distributions observed for the
diamine rings, terephthalamide rings, and amide sites are
consistent with a more mobile minor population being
associated with the crystallite surface (or defect regions)



Macromolecules, Vol. 26, No. 24, 1993

Delay Time Experiment Calculation

Ty (u8)

-

MM

200 -200 200 -200
kHz kHz

Figure 9. 2H NMR experimental (51 °C) and calculated line
shapes using a »-flip model (e?qQ/h = 180 kHz) for poly(p-
phenyleneterephthalamide) [PPD(d,)]. Calculated line shapes
are for an inhomogeneous log-Gaussian distribution of correlation
times with o = 1.5 decades centered at 2.5 X 105 s.
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and the relatively less mobile majority population being
associated with the crystallite interior.

Dynamic Structure Summary

The current results taken in concert with previous!24
and concurrent results®5 yield a description of the dynamic
structure of PPTA at the segmental level. The observa-
tions that have led to this description and the resulting
conclusions are summarized here.

First, the magnetization for the selectively deuterated
diaminerings and terephthalamide rings may be effectively
separated by spin-lattice relaxation time discrimination
into a relatively rigid “constrained” component and a
relatively mobile “free” component. Furthermore, the
present results indicate that the process responsible for
this discrimination is not a »-flip (large-angle jump) of
the diamine or terephthalamide ring, but likely is a
restricted angle fluctuation (rapid librational motion) that
occurs with a rate near the Larmor frequency.

Second, the key to understanding the dynamic structure
is provided by the amide N-D motion.*® The line shapes
for the N-D bonds could be decomposed into a major
component (75%) associated with a “constrained” pop-
ulation and a minor component (25%) associated with a
“free” population executing a large-angle jump. This
behavior is temperature-independent, and the “free”
population has been associated® with the crystallite surface
which is incompletely hydrogen-bonded.

Poly(p-phenyleneterephthalamide) 6515
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Figure 10. 2H NMR experimental (23 °C) and calculated line
shapes using a =-flip model (e?qQ/h = 180 kHz) for poly(p-
phenyleneterephthalamide) [PPD(dy)]. Calculated line shapes
are for an inhomogeneous log—-Gaussian distribution of correlation
times with o = 1.5 decades centered at 6.3 X 10~ s,

Table I. Integrated Magnetization Reduction Factors

T (0 71 (u8) exptabe cale
234 40 0.90 0.82
80 0.75 0.65

160 0.71 0.50

51 40 0.84 0.83
80 0.71 0.66

160 0.54 0.563

75 40 0.86 0.83
80 0.66 0.67

160 0.61 0.63

97 40 0.84 0.85
80 0.69 0.72

160 0.63 0.60

107 40 0.81 0.87
80 0.70 0.76

160 0.69 0.66

118 40 0.98 0.93
80 0.86 0.85

160 0.79 0.76

o All data normalized to the value of magnetization at 7; = 20 us.
b Experimental data corrected for T3(dipolar) where the average
magnetization reduction due to this factor over the temperature range
-80 to —15 °C is 0.91 (40 us), 0.77 (80 us), and 0.48 (160 us).
¢ Experimental values over the temperature range 140-230 °C are
equal to 1.0 after modification to account for T2(dipolar). ¢ Data for
6 °C is similar to data for 23 °C.

Third, the present results indicate that the “constrained”
and “free” populations, associated with the crystallite
interior and surface, respectively, are heterogeneous. The
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Figure 11. Logarithm of the inverse mean correlation time of
an inhomogeneous log—~Gaussian distribution of correlation times

vs inverse temperature for poly(p-phenyleneterephthalamide)
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Figure 12. Logarithm of the fraction (P of rapidly =-flipping
terephthalamide rings vs inverse temperature for poly(p-phen-
yleneterephthalamide) [T(d4)]. Data from bimodal correlation
time model.

non-hydrogen-bonded surface sites are dynamically het-
erogeneous in that the fraction of rings (both tereph-
thalamide and diamine) that are able to execute a =»-flip
is temperature-dependent. Thisindicatesthat thesurface
sites, that are effectively differentiated by more rapid spin—-
lattice relaxation, have a distribution of jump rates or
enabling free volume and hence are heterogeneous with
respect to the ability to execute a =-flip. Substantial
heterogeneity within the crystallites is likewise indicated
by the very large temperature range necessary to enable
all terephthalamide rings to flip and the direct observation
of a distribution of jumping rates for the diamine rings.
For the diamine rings, the observation that the activation
energies associated with the x-flipping process vary by
nearly 1 order of magnitude for the two populations (free
and constrained) demonstrates that there are two pop-
ulations of rings with very different environments; fur-
thermore, the distribution of correlation times determined
at each temperature demonstrates that both populations
are heterogeneous.

Macromolecules, Vol. 26, No. 24, 1993

Lastly, this description of the dynamic structure is
consistent with a recent description of the morphology of
PPTA developed® from X-ray diffraction, TEM, amide
accessibility to heavy water exchange, and Raman and
NMR spectroscopies. This description characterizes the
structure as having either relatively small crystallites
orthogonal to the chain axis direction or, alternatively,’
planes containing a large concentration of structural
defects. The dynamic structure expands this description
to identify that both the crystal surfaces (or defect planes)
and the crystallite interiors (or more perfectly aligned
planes) are dynamically heterogeneous from the perspec-
tive of terephthalamide or diamine ring #-flips. Thus the
dynamicstructure of PPTA at the segmental level further
illustrates the complex nature of the intra- and intermo-
lecular ztructure of this polymer on a length scale from 1
to 100 A.
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