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ABSTRACT: Strongly hydrogen-bonded polymer crystals offer a unique opportunity to examine the

modes of motion available to polymer segment
state deuterium NMR spectroscopy coupled wit

examine the segmental dynamics of nylon 66 and

formation was coupled with that available from

s which are inhibited by periodic constraints. Selid
h lineshape simulations has been previously used to
PPTA [po]y(p'phenyleneterephthalamide)]. This in-
X-ray scattering to develop a description of the dy-

namic structure of these polymers. The dynamic structure provides insight into the response of

molecules in the crystalline domains to mechanica

1 deformation and reveals approaches that could fa-

cilitate chain translation through the polymeric crystal.

Introduction

Strongly hydrogen-bonded polymer crystals of-
fer a unique opportunity to examine the modes of
motion available to polymer segments which are n-
hibited by periodic constraints. Furthermore. ali-
phatic and para-linked aromatic polyamides offer
the apportunity to investigate the effect of chain
flexibility/rigidity on the constraints that these
secondary interactions provide. The constraints
provided by the hydrogen-bonds are not only the
primary driving force mn the assembly of hydrogen-
bonded sheets,”* which form the basis of the poly-
mer crystals, but also have a profound effect upon
the deformation properties of these materials as
well.* Hence, the ahility to understand and modify
the effect of these secondary interactions on the
deformation behavior is of central interest.

Solid state deuterium NMR spectroscopy cou-
pled with lineshape simulations has been used to
examine the segmental dynamics of nylen 66" and
PPTA[poly(p-phenyleneterephthalamide)].”" In
this paper. the lack of mobility of the amide N-D
sites relative to that observed for the carbon back-
bone is emphasized. Furthermore, this description
of the segmental dynamics is melded with the
structural information available from X-ray scat-
tering and simultaneous NMR, mechanical de-
formation results' to develop a more complete des-
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cription of the dynamic structure of these poly-
mers. The dynamic structure will provide the
necessary insight into the molecular basis for the
mechanical deformation behavior of the crystalline
portion of these materials, so as to suggest possible
alternative routes for control of the mechanical de-
formation process, Mechanical deformation of poly-
mers into highly chain extended structures is desired
for achieving highly anisotropic mechanical, optical,
electrical, etc. properties.

Discussion

Amide and Methylene Bond Dynamics in
Nylon 66 Crystals. Fully relaxed, quadrupolar
and calculated *H NMR
lineshapes for the crystalline phase of N-deu-
terated nylon 66 polymer from 22°C to 228 °C are
shown in Figure 1 illustrating the minor variation
of the experimental lineshape over this tem-
perature range.' (Magneti- zation arising from only
the crystalline domains is isolated via spin-lattice
relaxation discrimination). The lineshapes were
simulated by a model which allows for only small
angle {(P(~#) with no chain iso-
merization or chain rotation modes, The excellent
fit of the experimental and calculated data indicate
that only the very restricted librational motion is
operative. The time scale of this motion varies

echo experimental
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Figure 1. Experimental and calculated ’H NMR lineshapes for the N-D sites in the crystalline phase of nylon 66. PAG) s
the distribution of standard deviations of Gaussian librations used in the simulations.

from 500 to 200 psec over the temperature range
of 185°C to 228°C, confirming that the mode of
motion is quite rapid.

In contrasi to the N-D NMR results, Figure 2 il-
lustrates that the motion of the methylene C-D
bonds vary quite substantially with temperature
over the same 22°C to 228 °C range. Once again
the lineshapes were simulated by a model invoking
rapid (60-20 psec correlation time) anisotropic li-
brational motion which increased in amplitude as a
function of temperature. Furthermore note that
the distribution of librational amplitudes {(P(A6))
appears to be composed of two distinct and over-
lapping distributions in the temperature range of
140 °~185°C. This is the same temperature range
over which the structure deduced from the
analysis of the X-ray data indicated the simul-
taneous presence of two types of crystals (see be-

Korea Polym. ]J., Vol. 4, No. 2, 1996

low). This structural heterogeneity is manifested
in the segmental dynamics not only by the bimodal
nature of the librational distribution in the tem-
perature range of 120°C<T<200°C, but also the
very breadth of each distribution of hbrational am-
plitudes below 120 °C and above 200 °C. This latter
breadth is indicative of a broad distribution of crys-
talline perfection, which is consistent with the
diffused nature of the Brill transition."

Nylon 66 Crystalline Structure. Temperature
dependent X-ray diffraction data for nylon 66 melt-
recrystallized polymer were collected from 30° to
230 °C.* Analysis of these data indicated that below
120 °C, only one crystalline phase (trichmc) 1s re-
quired to simulate the diffraction pattern; likewise,
above 200°C only one different crystalline phase
{tri-clinic or pseudohexagonal) is required to simu-
late the diffraction pattern. However, at interme-
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Figure 2. Experimental and calculated “H NMR lineshapes for the C-D bonds, of the a-methylene groups in the diamine
moiety, in the crystalline phase of nylon 66. P(A®) is the distribution of standard deviations of Gaussian librations used in

the simulations.

diate temperatures, the simulation requires the
presence of both crystalline phases to fit the data.
See Figure 3.

PPTA Crystallite Size. X-ray diffraction data
collected for as-polymerized PPTA polymer show-
ed that both the 110 and 200 peaks were quite
broad.! The crystalline size calculated from these
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two reflections indicated that the crystallites are
approximately circular in cross section for the
plane orthogonal to the chain axis direction with a
characteristic dimension of 30~35 A. Figure 4 il-
lustrates a representation of the crystallite cross
section for PPTA as-polymerized polymer with the
unit cell dimensions given for convenience; note
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the large fraction of the chains located on the crys-
tallite surface.

PPTA Amide Bond and Phenylene Ring Dy-
namics. Fully relaxed, quadrupolar echo experi-
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Figure 3. Experimental X-ray diffraction pattern of melt-
recrystallized nylon 66 at 160 °C is shown superimposed on
the simulated diffraction pattern synthesized from a num-
ber of Gaussian peaks: amorphous phase (dashed line), the
only crystalline phase found below 120 °C, and the only crys-
talline phase (bold line} found above 200°C.

cross-section of PPTA crystal

K XK

mental and calculated *H NMR lineshapes for A-
deuterated PPTA pelymer at -184°C and 228°C
are shown in Figure 5 illustrating the maximum
variation of the experimental lineshape over this
temperature range.’ Comparison with calculated
lineshapes indicated that the experimental
lineshape is a composite of two lineshapes assigned
to two dynamically distinct, femperature independent,
populations of amide bonds. The majority (~75%)
are essentially rigid N-D bonds and the minority (~
25%) exhibit rapid large angle jumps. The geome-
try of the molecular mechanics model for the a-
mide bond dynamics is based on using the virtual
bond of the 1,4 axis of the phenylene group in the
terephthalamide moiety as the rotation axis for the
amide group; furthermore, the model assumes a bi-
modal distribution of correlation times for the N-D
jumping process, wherein the rigid-like component
is assigned a 1. 10" s and the jumping component
a T.<10%. As the temperature is increased, the ex-
perimental spectra show an apparently increasing
contribution from the large angle jumping com-
ponent as evidenced qualitatively by increase in
the central intensity of the lineshape (Figure 5).

b =0.52 nm

=K

DL SE SLISL| L a=0T8mm
KK XK K X
2K XK K XK XK X XK
K 2K X XK XK X X X
KKK KKK XK 1~

d(200)

SE SE SE E E L A
H Hel to 200 f %%%% %
-bonded parallel to am\}é % % % \ °f';,9

Figure 4. Schematic diagram of the cross-section of an as-polymerized PPTA crystal illustrating the unit cell and the large
fraction of molecules residing on the surface of the crystaliite; crystal size shown is 3.1 X 3.6 nm.
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Figure 5. 'H NMR experimental and caleulated lineshapes for amide-deuterated PPTA polymer showing the maximal

lineshape variation over a temperature range of -184°C to 228

°C. The jibrational amplitude distribution A28) and the mean

librational amplitude <28 for the calculated lineshapes are also shown.

Further calculations revealed that the difference
between the low and high temperature experi-
mental spectra is attributable to a change in the
amplitude of the rapid lLbrations; the mean li-
brational amplitude <A 6>(see Figure 5) nearly
doubles in the temperature range from -184°C to
228 °C. .

Additional evidence for the presence of two dy-
namically differentiated populations of amide
groups is also available from the ‘H NMR spin lat-
tice relaxation data. While the spin lattice re-
laxation time of the slowest relaxing component in
a two component model varied from 40 seconds to
1.5 seconds over the temperature range of -184°C
te 75°C, the fractional population felt in the range
of 75+10% over this entire range; at higher tem-
peratures {228 °C) this population was reduced to
~50% evidently by the presence of considerable
motion in nearhy terephthalamide’ and diamine
rings.” Additionally, the longer spin lattice re-
jaxation time component of the terephthalamide
and diamine rings showed a virtually temperature
independent population {near 75%) over the same
temperature range.” Thus, it appears that it is the
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mobile amide sites which give rise to the spin lat-
tice relaxation time differentiation of not only the
amide sites, but the terephthalamide and diamine
ring sites as well.

Lastly, the effect of deformation on the mohility
of the terephthalamide rings has demonstrated™
that even at tensile strains of 50% of that required
to rupture the fibers, the high frequency motions
(observed in
periments) are not affected; however, the lower
frequency motions associated with ring flipping are
slightly enhanced. This observation indicates that
there is not a significant change in the hydrogen-
bonding network during deformation, which would
increase the probability or frequency of a ring flip.

Mechanical Deformation of Polyamides. The
plastic deformation of semi-crystalline polymers,
including polyamides, is achieved through a com-
plicated multi-stage process.”” Simplistically, three
stages are involved in the mechanical deformation
process most commonly used to make highly uniax-
jally oriented materials. At very low draw ratios,
chains in amorphous domains are oriented and ex-
tended; subsequently, at slightly higher draw ratios

the spin lattice relaxation ex-
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crystalline blocks are reoriented to yield higher
overall orientation and a slight improvement in
bulk chain extension; finally, at very high draw ra-
tios (ultra-drawing) chains must be transported
through the polymeric crystals and/or points of
molecular “entanglement” to permit the very high
degree of chain extension to be achieved that is
necessary for ultimate properties to be realized.
This very simplistic description of this complicated
process does highlight the need for a mechanism
for transport of mass through polymeric crystals
or “entanglements’ if a very high degree of chaim
extension, with concomitant large improvements in
mechanical, optical and electronic properties, is to
be achieved. (There are methods of avoiding this
problem by deforming concentrated solutions or
gels).”

For polyethylene, a defect mechanism™ for trans-
port of molecular mass through a polymer crystal
exists. If such a mechanism is operative, it is pos-
sible that this couid be a molecular mechanism to
allow chains to be transported through polymer
crystals to allow very high degrees of chain ex-
tension to be reached. The secondary bending in
polyethylene is due to van der Waals forces, which
are much weaker than the hydrogen-bonds present
in polyamides. Mechanical deformation of flexible
polyamides (such as nylon 66} has been limited to
the “natural draw ratio” (A~4-6} for more than 50
years. Translation of a crystal stem over a dis-
tance of only a few Angstroms would require the
hreakage of 20 hydrogen-bonds® and it is this bar-
rier that leads to main chain hond cleavage and the
limited ‘natural draw ratio’. (Even at temper-
atures near the melting point, the probability of a
thermal process liberating such a chain stem is less
than 1/N; N=Avogadro's Number.) Thus. it 1s
clear that either the density and/or strength of the
hydrogen-bonds within any crystalline phase must
be diminished if the deformation behavior is to be
modified so as to allow the molecular weight lim-
ited” draw ratio of A~15 to be reached. Pre-
liminary results indicate that a variety of sur-
factants can greatly modify the deformation beha-
vior of a number of aliphatic polyamides even to
the extent of producing elastomeric materials.™

Para-aramid fibers have a highly chain extended
conformation due to their molecular structure.
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The large persistence length of these polymers fa-
cilitates the preparation of lyotropic solutions,
from which fibers are spun.” In a variety of com-
mercial Kevlar® fibers, the lateral crystallite size
varies from approximately 50A to 150A. The re-
latively small size of the crystallites requires that
a significant fraction of the chains (10~30%) re-
side at the surface. Chains at the surface of the
crystaliite presumably have approximately half of
the hydrogen-bonding sites vacant. Nevertheless,
both the hydrogen-bond density and crystal di-
mension in the chain axis direction are sufficiently
large. such that the number of hydrogen-bonds
that would be broken in chain translation is an or-
der of magnitude larger than for nylon 66 crystals.
Hence, even the chains located at the surface (let
alone those in the interior} of pare-aramid crystals
will not undergo a thermally activated chain trans-
lation. Hence, mechanical deformation of para-
aramid crystals will not result in translation of
chains through the crystal. However, given the mo-
bility of the amide sites on the crystal surface, it is
possible that manipulation of the deformation pro-
cess could facilitate lateral crystal growth with a
concomitant change in mechanical properties.”

Conclusion

Solid state deuterium NMR spectroscopy cou-
pled with lineshape simulations has been pre-
viously used to examine the segmental dynamics
of nylon 66 and PPTA. This information was cou-
pled with that available from X-ray scattering to
develop a description of the dynamic structure of
these polymers. The dynamic structure provides in-
sight into the mechanical deformation behavior of
the crystalline portion of these materials and sug-
gests approaches for modification of this process.

For semi-crystalline nylon 66, the restricted mo-
tion of the amide sites located in crystalline
domains indicates that the hydrogen-bonded crys-
tal stems are a formidable barrier to mechanical de-
formation of these polymeric crystals. Thus, the
deformation hehavior can only be substantially
modified by a reduction in the density and/or
strength of the hydrogen-bonds in the crystals.

For the very highly crystalline polymer. PPTA,
the limited lateral crystallite size is a major factor
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in defining the dynamic structure of this material.
The 75% of the hydrogen-bonds located in the in-
terior of the polymer crystals exhibit very little
motion and preclude translation of polymeric
chains through the interior of these crystals due to
the very large number of hydrogen-bonds/chain.
Furthermore, even those chains located on crystal
surfaces, which have lower hydrogen-bond den-
sities, can not undergo a thermally activated trans-
lation, but the lower hydrogen-bond density af-
fords a higher probability of mobility which can im-
pact crystal growth.
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