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The segmental dynamics of the p-phenylenediamine rings of poly(p-phenyleneterephthalamide) (PPTA) 
have been examined via two-dimensional exchange solid state ~H n.m.r, spectroscopy. Fully and partially 
relaxed experiments were performed over the temperature range -119°C to 75°C. Two populations of 
phenylene rings can be differentiated by their spin-lattice relaxation times and are associated with sites at the 
crystallite surfaces and the crystallite interiors; each population is found to be quite heterogeneous over the 
temperature range examined. 
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INTRODUCTION 

The morphology of poly(p-phenyleneterephthalamide) 
(PPTA)I, 2 has been the subject of a large number of 
investigations utilizing a number of approaches 3'4 such 
as X-ray diffraction 5-1 l, electron microscopy 12-14, infra- 
red spectroscopy 15'16, Raman spectroscopyl7,18 and 
n.m.r, spectroscopy 19-29. As a result, a very detailed 
picture of the morphology of this polymer has been 
developed. Recently the segmental dynamics of the p- 
phenylenediamine rings 24, terephthalamide rings 25=27 
and amide sites 3'28 have been investigated over a wide 
temperature range by means of one-dimensional (1D) 

2 29 quadrupole echo H n.m.r, methods . In combination 
with structural studies via X-ray diffraction and 
transmission electron microscopy, the dynamic struc- 
ture of PPTA has been characterized on a length scale of 
1-100A in terms of sites associated either with the 
surfaces of crystallites (or alternatively crystal packing 
defect planes) or the interior of the crystallites (more 
perfectly formed planes). The dynamic structure of 
PPTA is heterogeneous not only in the sense that sites 
located at crystallite surfaces exhibit enhanced mobility 
relative to those located in the crystallite interiors, but 
that a distribution of mobilities reflecting the imperfect 
structural consolidation during the processing of PPTA 
exists within each population. In this paper we report the 
use of two-dimensional (2D) exchange solid state 2H 
n.m.r, spectroscopy 3° to investigate more thoroughly the 
dynamics of the p-phenylenediamine rings. 

One-dimensional quadrupole echo 2H n.m.r, experi- 
ments and two-dimensional exchange solid state 2H 
n.m.r, experiments produce complementary informa- 
tion 31. The 1D spectra display lineshape distortions and 
intensity reductions if the correlation time of the motion 
is comparable to the width of the spectrum, i.e. for 
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c o r r e l a t i o n  t i m e s  o f  t 0  -7 s < T c < 10 -3 s (intermediate- 
exchange regime). Lineshape distortions are observed as 
a function of the spacing between the quadrature radio 
frequency pulses and information as to the timescale and 
the geometry of the motion is deduced through 
comparison with computer simulations of the line- 
shapes. The 2D spectra are especially suited to the 
study of slower motions with correlation times longer 
than 10 -3 s, where the ID lineshapes are insensitive to the 
motional process 32. Slow molecular reorientations 
occurring during the mixing time of the 2D experiment 
generate off-diagonal intensity in the 2D plane. The 
shape of the off-diagonal intensity provides information 
on the geometry of the motion; the mixing time 
dependence of the intensity reflects the timescale of the 
motion. (The usual range of mixing times is from ~ 1 ms 
to an upper limit determined by the spin-lattice 
relaxation time.) 

Interpretation of 2D spectra can be complex either 
when the exchange process is no longer in the slow- 
motion limit or when some of the components of the 
spectra have spin-lattice relaxation times comparable to 
the mixing time. In the slow-motion limit one can assume 
that molecular orientations only change during the 
mixing time and not during the much shorter evolution 
and detection periods. The 2D spectrum then represents 
a two-time distribution function tracing the molecular 
orientations before and after the mixing time 33'34. For 
somewhat faster motions this interpretation is no longer 
valid since less well defined frequencies are correlated in 
the 2D spectrum 35. At first this leads to a broadening of 
the off-diagonal pattern until, for shorter correlation 
times, the exchange signal vanishes completely and the 
spectrum of the motionally averaged lineshape is 
displayed along the diagonal of the 2D spectrum (fast- 
motion limit). Information on the timescale of the 
motion can nevertheless still be obtained by means of 
lineshape simulations 36. The lineshape displayed along 
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major component (~75%) associated with relatively 
rigid amide sites and a minor component (~25%) 
associated with mobile amide sites which execute large- 
angle reorientations 3 over the range -183°C to 238°C. 
X-Ray diffraction shows that the crystallite size in the 
lateral dimension for as-polymerized PPTA is ~ 35A. 
This small size requires that a large fraction (~ 40%) of 
all amide sites must reside on crystallite surfaces and 
hence ~,- 20% of all amide sites in the entire crystal are 
not capable of forming a hydrogen bond. The minor 
population of amide sites that can execute large-angle 
jumps is associated mainly with the non-hydrogen- 
bonded sites on the crystal surfaces. This interpretation 
is supported by the finding that approximately 30-40% 
of the NH sites of as-polymerized PPTA are exchanged 
to ND upon exposure to D20; this observation 
correlates with the fraction of amide sites on the surface 
of crystallites. The differentiation of amide mobility is 
therefore identified as deriving primarily from incom- 
pletely hydrogen-bonded sites located at crystallite 
surfaces, and to a lesser extent from defect regions in 
the highly crystalline polymer. Additional evidence for 
the presence of the two dynamically differentiated 
populations for the amide, terephthalamide and dia- 
mine sites is available from the temperature dependence 
of the fractional populations of the T1 long components in 
the spin-lattice relaxation data. Over the temperature 
range -183°C to 74°C, the fractional populations of the 
Tllong components are in the region of 75 4-10%; at 
higher temperatures (up to 238°C) the populations are 
gradually reduced to ~50% by the presence of 
considerable motion in nearby terephthalamide and 
diamine rings. 

Further insight into the heterogeneity of the dynamic 
structure can be obtained by examination of the fully 
relaxed 1D lineshape data for the terephthalamide 27 and 
diamine ring sites TM. These data reveal that the ring 
dynamics (To-flip) are characterized by a broad distri- 
bution of correlation times, indicating that in addition to 
the fairly simple picture described above (crystallite 
surface vs. crystallite interior), each population must 
contain a variety of dynamic environments. It appears 
that the heterogeneity of the dynamic structure reflects 
not only the small lateral dimensions of the crystallites, 
but also the concomitant proximity of all chains to a 
crystallite surface and hence a substantial probability of 
structural imperfections through a substantial portion of 
the crystallite. 

Figure 1 shows a logarithmic plot of the inverse mean 
correlation time for 7r-flipping as a function of inverse 
temperature for the diamine rings of PPTA over the 
temperature range 23-121°C; these data were previously 
determined from the analysis of 1D lineshapes 24. Fitted 
lines in the plot are intended to represent the separation 
of the data into two temperature regimes. The values of 
the activation energies for each fitted line, 5 kcalmo1-1 
for the low-temperature data and 40kcalmo1-1 for the 
high-temperature data, illustrate the substantial dynamic 
difference between the two temperature regimes. This 
behaviour is attributable to two populations, where the 
low-temperature regime is dominated by the dynamics of 
the crystallite surface (or defect regions) and the high- 
temperature regime is dominated by the dynamics of the 
crystallite interior. Although it is possible to generate 
magnetization selectively for the more mobile (crystallite 
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Figure l Logarithms of the inverse mean correlation times of an 
inhomogeneous log-Gaussian distribution of correlation times vs. 
inverse temperature for the 7r-flip motion of the diamine rings of poly(p- 
phenyleneterephtha[amide). The data are separated into two tempera- 
ture regimes: the low-temperature regime is dominated by the dynamics 

l of the crystallite surface (activation energy of ~ 5 kcalmol- ) and the 
high-temperature regime is dominated by the dynamics of the crystallite 
interior (activation energy of ~ 40 kcal mol -I ) 

surface) domains by using a delay in the saturation 
recovery sequence equal to five times the value of the 
smaller spin-lattice relaxation time (T 1 short), the resulting 
1D lineshapes are nearly the same for all temperatures 
below ambient. The lineshapes show relatively little 
variation from a rigid, Pake-like spectrum because the 
processes reflected in the lineshapes do not contribute to 
spin-lattice relaxation differentiation. Significant differ- 
ences between fully and partially relaxed spectra are 
observed only at temperatures at and above ambient and 
are differentiated by an enhancement in the relative 
contribution of the motionally averaged lineshape. 

Two-dimensional 2H n.m.r, methods can be utilized to 
expand the range of correlation times previously 
examined by 1D 2H n.m.r, methods. However, at low 
temperatures the T1 values of the slow-relaxing compo- 
nent become very long (several seconds) and prohibit the 
acquisition of fully relaxed 2D exchange spectra owing to 
the extremely long acquisition times required. Partially 
relaxed 2D experiments, however, are experimentally 
feasible and allow the phenylene ring dynamics of the 
minor population (crystallite surface) to be characterized 
below room temperature. Spectra were measured as a 
function of the mixing time (lms, 10ms and, where 
possible, lOOms) in the temperature range 23°C to 
-119°C in decrements of--~ 20°C. The observation of off- 
diagonal intensity in all of these spectra and the change 
in the intensity as a function of the mixing time (together 
with the presence of a small amount of motionally 
averaged lineshape) demonstrate that the phenylene ring 
dynamics at the crystallite surfaces are indeed character- 
ized by a broad distribution of correlation times, as 
already expected from the simulation of the I D 
lineshapes. The off-diagonal intensity is caused by 
phenylene rings flipping slowly with correlation times 
from ~ 10#s to around the order of the mixing time. 
However, no elliptical ridges caused by the discrete jump 
motion are visible in the spectra owing to insufficiently 
short radio frequency pulses. Consequently, no informa- 
tion about the geometry of the flipping process can be 
obtained from the 2D experimental lineshapes and 
emphasis is then placed on obtaining information on 
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Figure 2 Ambient-temperature partially relaxed 2D solid state 2H n.m.r, spectra of the diamine rings of poly(p-phenyleneterephthalamide) 
acquired with a mixing time of 1 ms (left) and l0 ms (right). The total spectral width is 313 kHz in both dimensions 

its timescale. The analysis of the 2D spectra in the 
intermediate-exchange regime is possible only through 
comparison of simulated lineshapes with the experimen- 
tal 2D lineshapes. Both 1D and 2D lineshapes depend 
not only on the width of the distribution of correlation 
times but also on the product of the distribution function 
and the quadrupole echo reduction factor curve. 

Figure 2 illustrates partially relaxed 2D spectra at 23°C 
for mixing times of 1 ms and 10 ms. Examination of the 
diagonal portions of the spectra for the two mixing times 
indicates that the central section of the lineshape, 
associated with the rapidly 7r-flipping component, has 
been diminished as the mixing time was increased from 
l ms to 10ms. This effect is due to the 7r-flipping 
component of the lineshape having a shorter T1 
relaxation time than the rest of the spectrum. The most 
plausible explanation for this behaviour is that the 7r-flip 
motion itself is responsible for the more rapid relaxation. 
Owing to the broad distribution of correlation times for 
the 7r-flip motion, a significant population of molecules 
with correlation times of the order of the inverse Larmor 
frequency exists and hence the 7r-flip motion itself 
becomes T~ active for a portion of the distribution. 
This behaviour illustrates that the more rapidly relaxing 
T 1 component selected in this experiment does itself have 
a number of components with differing relaxation rates. 
Further comparison of the two spectra in Figure 2 reveals 
that essentially no off-diagonal intensity is observed at a 
mixing time of 1 ms, but some is detectable at 10 ms (note 
that almost full exchange intensity, for all mixing times, 
is expected from the 1D results illustrated in Figure 1). 
This observation could be attributed to a strongly 
asymmetric or bimodal distribution of correlation 
times, but it is more likely simply a manifestation of 
the inability to detect the fairly weak exchange signal (off 
the diagonal) until the intensity of the rapidly flipping 

component (on the diagonal) has been attenuated 
through rapid spin-lattice relaxation during the mixing 
time. A semiquantitative interpretation of the partially 
relaxed 2D spectra finds that the width of the distribu- 
tion of correlation times increases from ~ 1.5 decades at 
23°C to ~ 2.5 decades at - l  19°C. 

Figure 3 illustrates fully relaxed 2D spectra at 23°C for 
mixing times of 10ms and 125ms. Fully relaxed 2D 
experiments were performed in the range 10-75°C to 
gain further insight into the ring dynamics of the more 
slowly relaxing component in the higher-temperature 
regime of Figure 1. The spectrum acquired with a mixing 
time of 10ms contains some contribution from the 
more rapidly relaxing component as well as a large 
contribution from the more slowly relaxing component; 
however, the spectrum acquired with a mixing time of 
125ms represents only the more slowly relaxing 
component. Comparison of the 10ms mixing time fully 
relaxed spectrum with the corresponding partially 
relaxed spectrum (see Figure 2) reveals a substantially 
smaller amount of the 7r-flipping lineshape along the 
diagonal in the fully relaxed spectrum; however, a 
quantitative interpretation is complicated by the differ- 
ing amounts of spin-lattice relaxation of the 7r-flipping 
components that has taken place during the mixing time. 
Comparison of the diagonal components of the two fully 
relaxed spectra reveals that the intensity of the ~r-flipping 
component is only slightly reduced in the 125 ms mixing 
time spectrum relative to the 10ms mixing time 
spectrum. This observation is consistent with the 10 ms 
mixing time spectrum containing only a very small 
residual contribution from the more rapidly relaxing 
spin-lattice relaxation component. Off-diagonal intensity 
is visible in both spectra, with the 125ms mixing time 
spectrum having slightly more off-diagonal intensity. 
Since an extrapolation of the mean correlation times 
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Figure 3 Ambient-temperature fully relaxed 2D solid state 2H n.m.r, spectra of the diamine rings ofpoly(p-phenyleneterephthalamide) acquired 
with a mixing time of 10 ms (left) and 125 ms (right). The total spectral width is 313 kHz in both dimensions 

from the high-temperature regime (Figure 1) to lower 
temperatures yields a value of ~200ms at 23°C, the 
observation of exchange intensity as well as a motionally 
averaged lineshape in the 2D spectra directly demon- 
strates that the phenylene ring dynamics of the more 
slowly relaxing component are characterized by a broad 
distribution of correlation times. Although no quantita- 
tive interpretation of the 2D spectra was attempted, there 
is enough evidence to support the conclusion that the 
standard deviation of the distribution of correlation 
times for the more slowly relaxing component is at least 
1.5 decades at 23°C; furthermore, data obtained at 10°C 
indicate that the width of the distribution increases as the 
temperature is decreased. Previous ID 2H n.m.r, results 24 
for both populations found a composite distribution of 
correlation times with a standard deviation of 1.5 
decades at 23°C. 

phenylene ring dynamics of the more slowly relaxing 
spin-lattice relaxation component are characterized by a 
broad distribution of correlation times. The width of the 
distribution of correlation times is found to be at least 1.5 
decades at 23°C and increases as the temperature is 
decreased. Thus the two-dimensional exchange solid 
state 2H n.m.r, experiments provide a more complete 
description of the heterogeneity of the dynamics of the 
p-phenylenediamine rings in PPTA than is available 
from one-dimensional quadrupole echo 2H n.m.r. 
methods alone. 
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CONCLUSIONS 

A more complete description of the dynamics of the p- 
phenylenediamine rings in PPTA is provided by the use 
of two-dimensional exchange solid state 2H n.m.r. 
spectroscopy. At ambient temperature, the mixing time 
dependence of the partially relaxed spectra illustrates 
that the more rapidly relaxing Tl component selected in 
this experiment does itself have a number of components 
with differing relaxation rates and hence is quite 
heterogeneous. Furthermore, it is the 7r-flipping process 
itself which is responsible for the increase in the relative 
population of the short TI component with temperature. 
For this population, the width of the distribution of 
correlation times increases from ~ 1.5 decades at 23°C to 

2.5 decades at -119°C. 
The observation of mixing time dependent exchange 

intensity as well as a motionally averaged lineshape in the 
fully relaxed 2D spectra directly demonstrates that the 
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