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ABSTRACT: The chain dynamics for isotactic-poly(4-methyl-1-pentene) (iP4M1P) crystallites near the
glass transition temperature (Ty = 304 K) is characterized by solid-state 3C MAS NMR methods at natural
abundance. The 3C line width under high-power proton decoupling and the *3C spin—Ilattice relaxation
time in the rotating frame (T1,c) detect the segmental motions in the amorphous and crystalline regions
with correlation times of about 0.2 x 107° s at 360—382 K and about 448 K, respectively. Centerband-
only detection of exchange (CODEX) with an additional T, filter is applied to investigate the motional
geometry and Kinetic parameters for the main- and side-chain dynamics in iP4M1P crystallites in a sample.
The CODEX evolution-time dependence of the resolved signals indicates a large-angle reorientational
process: the simulation of the experimental data of the main-chain CH, signal reveals that iP4AM1P
crystallite performs the helical jump motions with jump angles of 72—145° in the disordered 7, helix.
The CODEX mixing-time dependence permits the determination of kinetic parameters for the main- and
side-chain motions over about 4 orders of magnitude. The determined correlation times for the main-
chain carbons match these of the side-chain signals over the investigated temperature range, indicating
that the side chain does not perform an independent slow dynamic process in the crystallites. The
temperature dependence of the correlation time does not obey an Arrhenius behavior but must be analyzed
in terms of WLF behavior with a reference temperature of Ts = 294 K. This exceptional behavior of a
crystalline material is explained in terms of the amorphous and/or interfacial constraints around Ty.
Furthermore, 2-D exchange NMR shows that helical jump motions accompany conformational transition.
We also discuss our NMR results in relation to previously reported bulk mechanical relaxation and other

data.

Introduction

The mechanical o relaxation in the crystalline region
(o) for a semicrystalline polymer plays an important
role in the bulk material properties such as crystalliza-
tion, creep, drawability, and probably crystal—crystal
transformation. The understanding of the o, relaxation
is, therefore, one of the most important topics in the
polymer science field. So far, there are many experi-
mental results and theoretical considerations for the
elucidation of the o, relaxation.!~2 Among them, ad-
vanced two-dimensional (2-D) solid-state exchange NMR
methods have been successfully applied to investigate
microscopic dynamic nature in the crystallites around
the o, relaxation temperature region.*~12 Solid-state 2-D
exchange NMR observes the molecular dynamics driven
reorientation of the 13C chemical shift anisotropy (CSA)
or the 2H quadrupole tensor, which are tightly connected
to the atoms and provide detailed information about the
geometry of motions and kinetic parameters. For poly-
(ethylene) (PE),® isotactic-poly(propylene) (iPP),”8 poly-
(oxymethylene) (POM),%9 poly(ethylene oxide) (PEO),
and isotactic-poly(1-butene) (iPB),101! the crystalline
segments exhibit helical jump motions in the o, relax-
ation temperature range. This type of the motion
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includes a reorientation around the helical chain axis
and a translation along its helical axis. In the systems
mentioned previously, it was shown that these motions
set-in (as detected by NMR) at temperatures well above
the glass transition temperature (Ty) and below melting
temperature (T;)%° and that the correlation times or
jump rates obey an Arrhenius behavior. It was also
shown that the translation motion in the crystalline
region leads to chain diffusion between amorphous and
crystalline regions,’>~14 meaning that chain dynamics
in the crystallites correlates with the dynamics in the
amorphous regions. In the present paper, we raise the
guestion as to whether the crystalline dynamics is
affected by the constraints of the polymer chain in the
amorphous and/or interfacial regions below T4 and if
chain dynamics in crystalline segments start near or
below Tg.

Kusanagi et al. compiled densities for the amorphous
and crystalline regions for polyolefines as a function of
the side-chain carbon number.*® The crystalline density
decreases with increasing number of side-chain carbons,
while those in the amorphous region are almost inde-
pendent of the side-chain length. However, isotactic-
poly(4-methyl-1-pentene) (iP4M1P) with a side-chain
carbon number 4 shows a unique density character,
namely, that the crystalline density is much lower than
expected one from an extrapolation of the other materi-
als. It is also lower than that of the amorphous region.
We found it therefore interesting to investigate both the
molecular structure of iP4M1P and the chain dynamics
both in the amorphous and in the crystalline regions.
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Structural aspects were investigated by several au-
thors using wide-angle X-ray diffraction (WAXD) and
computer simulations. It was found that iP4M1P forms
disordered 7, helical chains, which are packed into a
tetragonal unit cell (a = 18.70 A and ¢ = 13.68 A).15.16
There are abundant experimental results on mechanical
properties and dynamics by dynamic mechanical analy-
sis (DMA),17=22 as well as for PE, iPP, and POM. Most
of the mechanical data indicated two relaxation pro-
cesses at 293—323 and 403—433 K. The lower and
higher temperature processes were assigned to the o
relaxation in the amorphous region (o) and o, relax-
ation, respectively. Griffith et al. and Reddy et al.
reported that the high crystallinity sample shows only
lower temperature relaxation'”2! and proscribed o,
relaxation. The thermal expansion coefficients for crys-
talline lattices were also utilized to investigate the chain
dynamics.1%23 Nakamae et al. denied any chain dynam-
ics due to an invariance of the thermal expansion
coefficient for the ¢ axis and elastic modulus.2® Tanigami
et al. showed that the value of the a axis slightly
changes for the high-temperature region around 423 K
and suggested chain dynamics in the crystalline re-
gions.1®

Several classical NMR techniques were also con-
ducted to investigate the dynamic nature of iP4AM1P in
the wide temperature ranges.?1?425 Chan et al. inves-
tigated the 'H line width for a highly crystalline sample
as a function of temperature and showed that the 'H
line width decreases above 318 K.2> Recently, Reddy et
al. concluded from 'H—12C wide line separation (WISE)
NMR that the mechanical relaxation at 318 K was not
the a4 process but originated from the side-chain motion
in the amorphous region.?! Although many efforts have
been performed to understand the dynamic nature for
iPAM1P in detail, there is no ultimate conclusion about
the chain dynamics and no suitable assignment for the
mechanical relaxations for iPAM1P.

2-D exchange NMR is a convenient tool to investigate
the chain dynamics in polymers; however, the neces-
sarily long experimental times prohibit a detailed study
of the dynamic processes. Several authors developed 1-D
exchange NMR techniques to reduce the experimental
time.26-3% Among them, deAzevedo et al. developed the
so-called center-band-only detection of exchange (CO-
DEX) NMR, which is a feasible tool for characterization
of polymers with small chemical shift anisotropy (CSA)
and different chemically inequivalent carbon nuclei in
the monomeric unit.332 In addition, filters based on the
different relaxation behavior (spin—lattice relaxation
times in the laboratory frame (T;) and rotating frame
(T1,)) can select crystalline or amorphous signals from
the bulk NMR spectrum. Thereby, the combined use of
relaxation filters and 1-D exchange NMR enables us to
investigate the chain dynamics in the crystalline region
unambiguously, even for chemically complicated poly-
mers and in samples of natural isotopic abundance.

In a preliminary paper, we briefly reported CODEX
NMR results and concluded that the iPAM1P crystallites
perform helical jump motions at much lower tempera-
tures than the previously assigned o, temperature
region.®* In the present paper, we fully analyze the slow-
chain dynamics for the iP4M1P crystallites. Initially,
we show 3C CPMAS NMR spectra and relaxation maps
for iPAM1P at various temperatures. Second, we shall
investigate the motional geometry in the crystalline
regions using CODEX NMR. Third, we determine
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kinetic parameter for chain dynamics in the crystalline
regions over 4 orders of magnitude by CODEX. Here, a
13C Ty, filter was applied for the suppression of the
amorphous signals. We found an exceptional dynamic
behavior for crystallite polymer chains near Tg. Finally,
we discuss the molecular dynamics obtained from our
NMR data in comparison with the previously reported
many mechanical and other data.

Experimental Procedures

Sample. iP4M1P with an average molecular weight of M,
= 180 000 was purchased from Poly Science Co. Ltd. iP4AM1P
crystallite shows a polymorph of forms 1-V, depending on
crystallization condition.3>36 In the present paper, we inves-
tigate the chain dynamics for the most stable form I, which
can be obtained by isothermal crystallization from the melt,3”
by crystallization from several dilute solutions,®>% and by
spontaneous crystal—crystal transformation from the unstable
form 111.%6 In our experiments, we produced a form I-rich
sample via crystal—crystal transformation of form I11. Initially,
a virgin sample was dissolved in a semidilute toluene solvent
(0.25 wt %) and was kept for at least 10 h at 378 K. After
that, the solution was rapidly cooled in air and evacuated at
room temperature. The obtained material was dried for 1 day
at room temperature and further dried for another day under
vacuum. This resulted in a form Ill-rich sample that was
checked by *C CPMAS NMR (data are not shown). Form 111
spontaneously transforms into form | above 333 K. Thus, a
form I-rich sample was obtained by heating from the Ill-rich
sample for 1 h at 373 K.

DSC Measurements. DSC measurements were conducted
using a Seiko SSC/6000 (DSC 6000) in an N, atmosphere with
a heating rate of 20 K/min. A crystallinity of 69% was obtained
from the ratio AH/AH., where AH is heat of fusion for the
sample investigated here, and AH; = 61.7 J/g is that for fully
crystalline material.?*:38 Before melting, the DSC curve shows
slope change in the range of 290—318 K, which is generally
acceptable as the Ty area. The midpoint is 304 K. This
assignment will be discussed in the Discussion.

13C CPMAS NMR Measurements. The *C CPMAS NMR
experiments were carried out on a BRUKER AVANCE300
spectrometer, equipped with a 7 mm VT CPMAS NMR probe.
The *H and *3C carrier frequencies are 300.1 and 75.6 MHz,
respectively. The MAS frequency was set to 3000 + 3 Hz. The
90° pulses for *H and *3C were 4.5—5.0 us. The recycle delay
and cross-polarization (CP) time are 2 s and 1 ms, respectively.
High power 'H continuous wave (CW) decoupling was used
during the detection period. The chemical shift was referenced
to the CH signal of adamantane (29.5 ppm) as an external
reference. The temperature in the sample was carefully
calibrated by the temperature dependence of the 2°’Pb chemi-
cal shift of Pb(NO3),.3%4° Depending on temperature, 64—256
transients were accumulated. In the dipolar dephasing experi-
ment, an additional delay time with 100 us after CP was
inserted into normal CPMAS experiments. The T1,c measure-
ments were performed under a spin-locking field strength of
50 kHz.

13C 2-D MAS Exchange NMR Measurements. 2-D MAS
exchange NMR experiments were performed on a BRUKER
AVANCE 300 spectrometer, equipped with a 7 mm VT CPMAS
NMR probe, and the spectra were obtained by the traditional
three-pulse scheme as shown in Figure 1a. The mixing time
(tmix) Was varied up to 2 s. *H CW high power decupling and
TPPM decoupling** were applied for the evolution and detec-
tion period, respectively. A total of 320 t; increments with a
dwell time of 140 us were acquired. The TPPI procedure was
used in the t; dimension. The total acquisition time per
spectrum was 9—18 h. All the other parameters are the same
as for the °C CPMAS NMR measurements.

CODEX NMR Measurements. The CODEX NMR pulse
sequence consists of an exchange and a reference pulse
program as shown in Figure 1b,c. The CODEX experiments
utilize the recoupling of the CSA interaction by 180° pulses
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Figure 1. Pulse sequences for 3C 2-D exchange NMR? (a),
CODEX3122 exchange (b), CODEX reference (c), and SUPER*?
(d) used in our investigation. In panels b and ¢, n =2, 4, 6, ...
and paneld,n=1, 2, 3, ...

trains in the two evolution periods sandwiching a mixing
period. The effect is a signal decay due to the dephasing of
magnetization brought about by changes in orientation-
dependent CSA due to a reorientational dynamic process
during tmix.3173% The magnetization evolves during the initial
evolution period nt/2 (where n = 2, 4, 6, ...) under the
orientation-dependent CSA interaction, which is recoupled by
two successive 180° pulses per MAS rotation period, t.. The
magnetization after the first evolution period is stored along
the z direction by a 90° pulse and does not dephase during
tmix (which must be set to an integer multiple of t;). The
magnetization evolves again after the 90° readout pulse during
the second evolution period (nt,/2) and is refocused at its end.
The second mixing period t, serves as a z-filter and permits
the cancellation of longitudinal relaxation. In our experiments,
t, was set to one t,. After applying the last 90° pulse, the signal
is detected under *H TPPM or CW decoupling. If there is no
molecular motion during tmix, the evolutions in the two
evolution periods cancel each other out, and there is no decay
of the signal intensity. If, however, molecular motion does
occur during tmix, the orientation-dependent frequency before
and after tmix is different, and thus, the magnetization is not
completely refocused. The resulting dephasing leads to a decay
of the signal-intensity in the exchange spectrum (S). To remove
the T, and spin—spin relaxation (T;) effects during tmix and
nt;, a reference spectrum (Figure 1c) is acquired. It is obtained
simply by interchanging tmix and t; in Figure 1b. The signal
intensity in the reference spectrum (Sp) is not sensitive to
exchange processes but is only dominated by T;, T, and pulse
length errors. The motional correlation time and information
about the motional geometry can be obtained by plotting the
ratio (S/So) versus tmix and (S/Sg) versus nt;, respectively. A
more detailed description of the CODEX experiment can be
found in refs 31 and 32. In our experiments, we added a rotor
synchronized Ty, filter to CODEX pulse program, which
suppresses amorphous contributions to S and S,. The length
for the filter was chosen as explained in the main text.

The tmix dependence for CODEX was performed on a
BRUKER AVANCE 300 NMR spectrometer, equipped with a
7 mm VT CPMAS NMR. The MAS frequency was 3000 + 3
Hz. The CP time and recycle delay were 1 ms and 2 s,
respectively. The *H rf field strength for CW decoupling during
13C 180° pulse with pulse length of 15 us was set to 80 kHz.

Macromolecules, Vol. 37, No. 17, 2004

The evolution time for CSA was set to 2.2 ms. All other rf
parameters were the same as for the CPMAS experiments.
The reference and exchange experiments were obtained al-
ternatively by every 128 transients, to suppress drift of the
NMR spectrometer. Totally, each spectrum was obtained by
accumulating 1024 transients. The total experimental time for
mixing-time dependence up to ~10 s is approx. 40 h.

The Nt, dependence for CODEX experiment was conducted
on Varian Inova 400 with a standard Varian 7 mm VT-CPMAS
probe. The *H and *3C carrier frequencies were 399.7 and 100.5
MHz, respectively. The MAS frequency is set to 5500 + 3 Hz.
The lengths of the 3C 90° and *H 90° pulses are 3.8 and 4.1

us, respectively. tmix was set to 107 ms. *H CW decoupling with

a field strength of 65 kHz was used. To suppress the drift of
NMR spectrometer, the reference and exchange experiments
were obtained by block averaging with a block size of 128
transients. Each spectrum was totally obtained by accumulat-
ing 1024 transients. The total experimental time of a typical
Nt, experiment was about 12 h.

CSA Correlation Experiments. To obtain the CSA values
of the different chemically inequivalent carbons, an experiment
correlating the CSA with the isotropic chemical shifts was
employed. In this experiment, the CSA under MAS is re-
coupled by separation of undistorted quasistatic chemical-shift
powder patterns by effortless recoupling (SUPER) (Figure
1d).#> The SUPER NMR experiment was carried out on a
BRUKER AVANCE 300 MHz spectrometer with a 4 mm
standard 3C CPMAS NMR probe. The recoupling of CSA
under MAS frequency of 3000 + 3 Hz was achieved by applying
four 360° pulses with pulse length of 27 us in one rotor period,
t. The timing of two successive 360° pulses is in symmetry
with respect to the half rotor period and depends on the rotor
period (ta and t, were set to 81 and 22 us, respectively, as
shown in Figure 1d). CW and TPPM decoupling were used
during t; and t; periods. The field strength of *H decoupling
for CW and TPPM and CW during *3C 360° pulses was set to
56 and was 87 kHz, respectively. Before signal detection in
the t; dimension, a z-filter was used for the suppression of
artifacts. In our experiments, we added a rotor synchronized
T, filter to the SUPER pulse program. A total of 64 slice data
were acquired along the t; dimension with a dwell time of one
t,. Each slice spectrum was accumulated by 128 transients.
The phase-sensitive 2-D spectrum was acquired by the States
method. The total acquisition time per spectrum was 9 h. All
the other parameters were same as for the 3*C CPMAS NMR
measurements.

Results

13C CPMAS NMR Spectra. Panels a and b of Figure
2 show 3C CPMAS NMR spectra of iP4AM1P at 299 K,
without and with a dephasing time of 100 us, respec-
tively. The insert shows the disordered 7, helical
conformations determined by WAXD analysis'® and the
numbering of the carbon atoms. The torsion angles
describing C—C bond angles in 7, helical conformations
were revealed by WAXD analysis (see Table 2 in refs
15 and 43). In the dipolar dephasing technique, the
magnetization of 13C spin which directly bonds to H
spins, like CH and CH;, dephase during a relatively
short time due to 'H—13C heteronuclear dipole inter-
action. On the other hand, CH3; and quaternary carbons
that have weak 'H—13C dipolar interactions require a
much longer time for magnetization dephasing. There-
fore, we can selectively observe two methyl signals of
C5 and C6 in iP4AM1P in the dipolar filter experiment.
The dipolar dephasing NMR spectrum shows two sepa-
rated signals. The observed isotropic chemical shift (oiso)
difference between C5 and C6 signals should be at-
tributed to the conformational effects. The C6 carbons
have torsion angles of 81—99° with respect to the main
chain CH carbon (C2) in the y position, whereas C5 has
the angles of —141 to —172° with respect to the C2 one
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Figure 2. (a) *3C CPMAS NMR spectra of iP4M1P without
(a) and with (b) dipolar dephasing of 100 us. The 7, helical
structures for iPAM1P crystallite (view down the c axis)

determined by WAXD method,*®> and NMR signal assignment
is shown as an insert.

Table 1. 13C Isotropic Chemical Shift (oiso) Values and
Principle Values for CSA of iP4AM1P Crystallites
Measured at 299 K2

Jiso 011 022 033
C1l 41.8 63 40 22
C2-1 29.3 41 28 21
C2-2 30.3 41 28 22
C3 46.0 66 49 24
C4b 25.7 32 26 20
C6 22.1 33 27 7

a Principle values for CSA of iP4AM1P crystallites were obtained
by SUPER method. The experimental errors are within +3 ppm.
b We cannot measure CSA pattern of C5 signal due to overlapping
of C4 one.

in the y position. The former is relatively close to the
gauche position, while the latter is approximately a
trans conformation. Therefore, the observed upfield shift
for the C6 carbon should be attributed to a y gauche
effect.*44> The observed difference between C5 and C6
signals shows that the side-chain motion around the
C3—C4 bond is restricted and slower than the ois
difference of 272 Hz.

The other signal assignments are also inserted into
Figure 2, and the obtained ois, values are listed in Table
1. The signals also show asymmetric line shapes for the
main chain CH; (C1), side-chain CH, (C3), C5, and C6
and doublet line shape with a separation of 1.0 ppm for
the C2 signal. There are two possible reasons for such
asymmetric and doublet line shapes: conformational
and packing effects. Previously, Reddy et al. attributed
the observed asymmetric and doublet line shape for C2
to packing effects.?! Separately, Rosa et al. investigated
both effects of conformation and packing on NMR
chemical shifts for each carbon for form I—-IV of
iPAM1P.%® The latter revealed that the chemical shift
of the C2 carbon in a series of forms 1—1V depends on
the torsion angles of the main chain, and the asym-
metric line shapes for C5 and C6 signals were attributed
to the different distances (packing effect) from the side-
chain carbons in the neighboring chains. However, in
the case of form I, C5 and C6 carbons also show
distribution of torsion angles with respect to the C2
carbon in the y positions. Therefore, conformational
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effects should also contribute to the observed line shape
for C5 and C6 signals.

Figure 3 shows 13C CPMAS NMR spectra of iP4M1P
as a function of temperature. With increasing temper-
ature, the C2 doublet signals merge into a singlet
around 382 K. Similarly, the other signals also show
line-shape change in the same temperature region.
Furthermore, the ois, values of all signals move down-
field with increasing temperature. The observed changes
are reversible with temperature and imply that confor-
mational and packing structural changes occur with
increasing temperature. The signals show apparent line
broadening above 404 K. Moreover, the narrowed sig-
nals for the C1, C2, C3, and C6 carbons as marked by
asterisks appear on top of the broad crystalline signals.
We performed line-shape analysis by fitting Lorentzian
functions to the experimental data above 428 K. Two
components are applied for line fitting to the C1, C2,
C3, and C6 signals. The fitted curves for the C1, C2,
and C3 signals are shown in Figure 3. Within the
investigated range, the broadened components have
their maximum line widths at 448 K. Under 'H dipolar
decoupling (DD) condition, the 13C line width becomes
largest if the correlation time of a motion reaches
inverse of 1H DD field strength (0.2 x 1075 s).4647
Further shortening of the correlation time induces a
renarrowing of the line width. Therefore, the broadened
C1, C2, and C3 signals show that correlation times for
the segmental motions in the crystalline region are close
t0 0.2 x 107° s at 448 K. The narrowed signals (dotted
curves) must be attributed to the amorphous ones,
meaning that the amorphous segments are much more
mobile than those for the crystalline segments and have
much shorter correlation times than 0.2 x 107°s. More
details will be discussed in the next section.

13C Spin-Lattice Relaxation Time in the Rotat-
ing Frame, Ty,c. The spin-lattice relaxation time in the
rotating frame (T1,c) is sensitive to motions in the mid
10 kHz range; therefore, it has been utilized for the
detection of the segmental motions above T4.484° Actu-
ally, the observed T, decay curves contain information
about the motional process including frequency, ampli-
tude, and anisotropy of motions as well as undesired
contributions from fluctuations of dipolar field due to
mutual *H—1H flip—flop processes*®~50 that may com-
plicate the interpretation of Ty, in rigid samples.
However, the signals in the amorphous and crystalline
regions evidently show 3C motional narrowing and
broadening, respectively. Therefore, we safely assume
that the significant contribution to the observed Ty, is
dominated by the motional process except for very low
temperatures. We measured Ty, for all the resolved
carbons in iP4M1P at various temperatures. The ob-
tained relaxation curves are analyzed in terms of single
and double exponential functions. The relaxation values
and the share of the short T, for all signals are listed
in Table 2. We carefully adjusted the experimental
conditions according to the relaxation values for the
main-chain signals to observe the main-chain dynamics
in the crystalline and amorphous regions.

The experimental data and best fit curves for the C1
signal are shown in Figure 4 a. At 299 K, the Ty, values
of the short and long components are 3.0 + 0.6 and 31.2
+ 2.4 ms, respectively. We display two 13C CPMAS NMR
spectra with different spin-locking times of 0.01 and 10
ms in Figure 4b. The latter spectrum is multiplied by a
scaling factor of 1.28, which was estimated from a
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Figure 3. 3C CPMAS NMR spectra of iP4AM1P at various temperatures. The asterisk marks show the amorphous signals.

Table 2. 13C Spin Lattice Relaxation Time in the Rotating Frame (Ty,c) for the Resolved Signals for iP4M1P at Various

Temperatures®
C1 c2 C3 C4,5 Cc6

258 K 2.0+£1.2(0.12) 3.0+ 0.9(0.14) 5.3 £ 0.6 (0.20) >100P >100P

482+ 1.4 99.2 +£10.3 60.3+4.4
288 K 2.6 +1.2(0.17) 5.1+ 1.4(0.18) 10.1 + 2.0 (0.25) >100° >100°

453 +24 804 +73 97.2+10.3
299 K 3.0+ 0.6 (0.18) 2.1 +£0.3(0.16) 45+1.1 >100P >100P

312+ 24 514+23 494+ 4.6
316 K 3.7 £ 0.6 (0.16) 2.0 £ 0.4 (0.20) 22+04 75.4 +£9.8 >100P

314 +37 46.6 £5.2 493+ 45
338K 2.0+£0.2(0.12) 1.5+0.2 (0.13) 353+43 66.2 + 8.3 >100P

26.4+ 2.6 218+13
360 K 13.3+£0.6 216+1.2 284+14 594 +4.4 >100P
382K 6.7+ 0.3 122+12 123+1.3 37.3+35 72.3+104
448 K 0.5+ 0.1(0.27) 1.0 £0.2(0.38) 1.4 £0.2(0.45) 25+0.2(0.42) 5.1+ 1.2(0.45)

92+11 152+1.1 159+ 1.7 13.7 £ 0.7 23.9+6.6

2 The component ratio for short Ty, is shown in parentheses. ® The Ty, value is much larger than 100 ms. Our spin-locking time is 45
ms, which is not sufficient to determine T, values longer than 100 ms.

relaxation factor of 1/(exp —10/41 ms). The value of 41
ms is an average of the large values of C1 and C2 at
299 K. The difference spectrum between the two spectra
is also shown in Figure 4b, showing much broader
signals for the C1, C2, and C3 signals as compared to
the bulk ones. These broad signals should be assigned
to the ones for the amorphous region. At 360—382 K,
only one T1,c component showing the crystalline signal
is observed for the C1 signal (Figure 4a). The amorphous
signal disappears due to shortening of the Ty, value.
With a further increase in temperature, the crystalline
signals become broader, and the narrowed amorphous
signals appear on the crystalline signals above 404 K
(Figure 3). At 448 K, the spectra with different spin-
locking times (0.01 (solid curve) and 4 ms (broken
curve)) and difference spectra are shown in Figure 4c.
The narrowed C1 signal in the amorphous region shows
along Ty, value of 9.2 & 1.1 ms, whereas the broadened
signal for the crystalline region has a short value of 0.5
+ 0.1 ms, which is close to a minimum value for Ty,.5!
It should be noted that the C2 and C3 signals also show
a similar temperature dependence of T, values with
the C1 ones. From these results, we can roughly
estimate that the segmental motions in the amorphous
and crystalline regions have motional frequencies of
mid-10 kHz at around 360—382 and near 448 K,
respectively.

On the basis of the obtained Ty, results, we use a
13C Ty, filter for the selective observation of the crystal-
line signals in the CODEX and SUPER experiments.
The 13C Ty, filter lengths at 258, 299, 305, 315, 327,
and 338 K are 15, 7, 7, 5, 5, and 3 ms, respectively.
Above 338 K, we do not use a relaxation filter in the
CODEX experiments.

2-D MAS Exchange NMR. The 2-D MAS exchange
NMR is sensitive to exchange between the different oiso
values. We measured 2-D MAS exchange NMR spectra
of iPAML1P crystallites with a different tyx at 360 K.
The 13C 2-D exchange CPMAS NMR spectra of the C2
signal with tmix of 2 and 500 ms are shown in Figure
5a,b, respectively. For tmix = 2 ms, only diagonal signals
are observed, while with increasing tmix, characteristic
exchange peaks appear, and the intensity almost reaches
an equilibrium state at tmix = 500 ms (Figure 5b). The
other signals also show strong off diagonal intensities
under tnhix = 500 ms (data are not shown), indicating
that the asymmetric line shapes for C1, C3, C4, C5, and
C6 originate from the same reason as for the C2 signal.
This 2-D result proves that conformational transition
occurs in the crystalline region at 360 K. We plotted the
exchange intensity (loff diagonal/ldiagonal) for the C2 carbon
as a function of tyx in Figure 5¢. The exchange intensity
increases up to a plateau of 0.65, and the exchange
curve shows nonsingle exponential behavior and was
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Figure 4. Relaxation decays for 3C spin—Ilattice relaxation
time in the rotating frame (Tq,) for C1 (O) signal measured
at 299, 360, and 448 K. The solid curves show the best fitted
one to the experimental data using single or double exponen-
tial functions. (b) The C CPMAS NMR spectra with spin-
locking times of 0.01 (solid line) and 10 ms (broken line) and
difference spectrum (solid line) at 299 K. The former two
spectra were cut at the intensity of 25% of the highest signal
intensity. (c) The *C CPMAS NMR spectra with spin-locking
times of 0.01 (solid line) and 4 ms (broken line) and difference
spectrum (solid line) at 448 K. The former two spectra were
cut at the intensity of 35% of the highest signal intensity.

fitted to the equation

(Ioff diagonal/ldiagonal) =p(l - eXp(_(tmix/Tc)ﬁ)) (1)

where p, 7, and  are the population of the mobile
groups, the correlation time, and the KWW distribution
width, respectively. The solid curve is the best fit to the
experimental data with fitting parameters of p = 0.64
+ 0.01, 7, = 59.5 + 5.1 ms, and 3 = 0.63 £+ 0.04. The
value corresponds to a distribution width is 0.7 decade.>?
We like to mention that we performed a spin-diffusion
correction prior to the fitting. The spin-diffusion cor-
rection curve is the same to that in the CODEX
experiments. Details will be discussed later.
Geometry of Motion. We apply the CODEX experi-
ment for a further characterization of the dynamic
process that leads to '3C line broadening and confor-
mational transition in the crystalline region. Figure 6
shows CODEX exchange and reference NMR spectra,
respectively, with an evolution period of 2.2 ms and tnix
= 107 ms at 360 K. tnix is longer than the correlation
time for the conformational transition. The signal
intensities for the side-chain signals C3 and C6 as well
as the main-chain signals C1 and C2 in the exchange
spectrum (S) are much smaller as compared to those in
the reference spectrum (Sp). The Nt, dependence of (S/
So) for all the resolved signals at tyix = 107 ms and 333
K is shown in Figure 7 a. The error bars are obtained
from the signal-to-noise ratios of the exchange and
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Figure 5. Expanded regions of 3C 2-D exchange NMR spectra
for the C2 signal of iP4AM1P crystallites with tmix of 2 ms (a)
and 500 ms (b) measured at 360 K. (c) tmix dependence of the
off diagonal/diagonal intensity (lof diagonal/ldiagonar) ratio for C2
carbon (O) of iPAM1P crystallite. The error bars are signal-
to-noise ratios of the diagonal and off diagonal peaks. The solid
curve was the best fitted one to the experimental data using
p(1 — exp(—(tmix/tc)?)), Where p, B, and 7. are a fraction ratio
that participate in exchange, KWW distribution parameter,
and correlation time, respectively. The obtained best fitted
parameters with p = 0.64 + 0.01, 7. =59.5 + 5.1 ms, and § =
0.63 + 0.04.
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Figure 6. 13C CODEX exchange and reference NMR spectra
of iPAM1P crystallites, with tmix = 107 ms and recoupling time
of 2.2 ms under MAS frequency of 3000 + 3 Hz, measured at
360 K.

reference spectra. For all the signals, the error-bar sizes
increase with increasing Nt;, mainly due to effects of
the spin—spin relaxation time, T, and increased inten-
sity losses due to increasing number of p pulses. The
(S/Sp) intensities of the signals except for overlapped
signals of C4 and C5 reach plateaus within Nt, of 2.2
ms. The slow decay of the overlapped C4 and C5 signals
are due to the small CSA principal values of C4 carbon.
The CSA principal values (o011, 022, 033) of the carbons
were obtained by the SUPER method.*? Sheared 1-D
slices for all the resolved signals multiplied with a
spectral scaling factor of 0.155 are shown in Figure 8;
the extracted principal values are also listed in Table
1. Therefore, these CODEX data in Figures 6 and 7a
tell us that overall chain dynamics in the crystalline
region occurs on a time scale shorter than 107 ms at
333 K. Since the polymer chains in the crystalline lattice
are packed into the lattice, the motional degrees of
freedom are highly restricted in the crystallites. The
most plausible and obvious chain dynamics is a rotation
around their chain axes.
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Figure 7. (a) ¥C CODEX experimental results of (S/So)
intensities for C1 (O), C2 (@), C3 (O), C4, C5 (a), and C6 (x)
for iPAM1P crystallite with tmix = 107 ms under a MAS
frequency of 5500 + 3 Hz, obtained at 333 K. (b) Simulated
curves for jump motion with jump angles of 10° (dotted), 20°
(short-dashed), 30° (long-dashed), 50° (short-dashed and dot-
ted), 70° (long-dashed and dotted), and 103° (solid) around
their helical axes in an uniform 7; helix. (c) The solid curve is
the average of the simulated curves for jump angles with 122,
84, 93, 145, 96, 72, and 109° in the disordered 7, helix and
the evolution time dependence of (S/Sp) for C1 signal (O). (d)
The dotted and broken curves show the simulated ones for
averaged 7 helical jump motions assuming o, deviation from
common direction by +30 and —30°, respectively. For com-
parison, the simulated averaged jump without deviation of
tensor direction is also plotted as a solid curve.

0 1

To verify this assumption, we numerically simulate
the CODEX curve of C1 signal due to molecular motions.
We require information about CSA principal axis direc-
tion (XPAS, YPAS ZPAS) and Euler angles, which describe
reorientation of CSA tensor due to molecular motions.
In synthetic polymers, the main-chain CH; carbon
shows common CSA principal direction due to C—CH,—C
symmetry as the following:3354 o33 is orthogonal to the
CHy, plane (ZPAS), o, is along the bisecting direction of
the CH; angle (YPAS), and o1, is orthogonal to both the
022 and o33 directions (XPAS). We assume that the C1
carbon of iPAM1P shows this common direction. The
orientations of PAS before and after rotations are
convincingly described in terms of rotation of PAS in
MF (XMF YMF 7ZMF) ‘where the helical axis is ZMF axis.
In the case of the uniform helix, the orientations of PAS
before and after rotation is due to Euler angles, (a, 3,
0) and (a, S, v), respectively, where f is angle between
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Figure 8. 13C CSA slice spectra from a 2-D SUPER spectrum
of iP4AML1P crystallites taken under MAS frequency of 3000 +
3 Hz at 299 K. The chemical shift of the slice spectra were
scaled by a factor of 0.155. For C2 carbon, one of the doublet
signals at 29.3 ppm (C2-1) is shown.

ZPAS and ZMF, and a is the angle of the rotation of the
YPAS axis around the ZPAS axis onto the node line, which
is perpendicular to ZPAS and ZMF, and v is the rotational
angle.

Initially, if we consider the effect of the jump angle
on the CODEX attenuation curves in uniform 7, helix,
the Euler angles (a, ) of C1 carbon are calculated using
a trigonal relation to be (81°, 40°) from the atomic
positions determined by WAXD?> and the PAS direction
fixed to the atom in MF.> The simulated CODEX
attenuation curves with jump angles of 10, 20, 30, 50,
70, and 103° are shown in Figure 7b. The helical jump
angle between the neighboring sites is 360° x 2/7 =
103°. It is evidently shown that CODEX attenuation
strongly depends on the jump angle and that large
amplitude motion of 70—103° induces the steep decay
for (S/Sp) in the initial period.

Actually, iP4M1P crystallites show slightly disordered
7, helical conformations in the lattice. Therefore, jump
angles between the seven neighboring sites deviate from
103° and are 122, 84, 93, 145, 96, 72, and 109°.15> We
calculated the CODEX dephasing curve for each jump
angle. The average one and the experimental data for
(S/Sp) intensity for C1 signal are shown in Figure 7c.
The experimental data are well-consistent with the
simulated curve. This result shows that helical jump
motions happen in iP4M1P crystallites as well as in PE,®
iPP,”8 POM,2° PEO,> and form Il of iPB crystal-
lites. 1011

In iPP, it is reported that the tensor orientation of
the C—CH,—C moiety might deviate from the common
direction given previously.>® We simulate that the effect
of small deviation from the common CSA tensor direc-
tion contributes to the CODEX attenuation curve.
Figure 7d shows simulations assuming a o, direction
deviation by +30° and —30°, respectively, from the
bisection of CH, angle. It is obvious that the decaying
behaviors are almost independent of this direction, and
thus, slight disorder in the tensor direction does not
seriously influence the CODEX attenuation curve. This
means that CODEX data mainly depend on the jump
angle and provide motional geometries without exact
tensor orientations.

Spin Diffusion Correction. The NMR exchange
experiment does not distinguish between molecular and
spin exchange (spin diffusion).52:56-58 |n general, both
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Figure 9. CODEX exchange decays for the C2 signal of
iPAM1P crystallites before (O) and after spin diffusion correc-
tion (@) at 305 K, and the spin-diffusion curve for C2 signal
(W) measured at 258 K. The solid curves are best fits to the
experimental data using eq 4. The best fitted parameters of 7.
=944+09s,5=055+003(@®andt.=58+05s, 5=
0.57 £+ 0.03 (O).

effects will be present in the exchange experiment. In
typical organic compounds in natural abundance, the
time constant of spin diffusion (zsq) is on the order of
approximate seconds under the MAS condition.>¢ There-
fore, spin exchange due to spin diffusion also contributes
to the exchange decay with increasing tmix up to several
seconds. Before discussing any Kinetic parameter of
helical jumps for iP4AM1P crystallites, we need to treat
the spin diffusion effect.

If the correlation time of the molecular dynamics is
much shorter than that for spin diffusion (z. < 7sq), we
may easily separate the two effects in the exchange
curve. However, in the case when correlation time for
spin diffusion is in a similar order (z; & 7sg) Or is smaller
than that for molecular dynamics (z. > ), it is difficult
to separate the contributions of spin diffusion and
molecular dynamics. Fortunately, the molecular process
is commonly thermally activated; thus, the obtained
correlation time depends on temperature. On the other
hand, the spin diffusion is in a good approximation
temperature independent in the regime of interest.
Therefore, we can measure the pure spin diffusion effect
from the exchange decay at low temperature where
molecular dynamics does not contribute to the exchange
decay. This signal decay due to spin diffusion is denoted
as (S/So)sp- Then, it is justified to extract pure the
kinetic parameter as follows:3452

(SISp)* = (SIS)(S/Sp)sp (2)

In our experiments, (S/Sp)sp was measured at 258 K.
We show an example for the spin diffusion correction
in Figure 9. The mark of B represents (S/Sy) intensities
for the C2 carbon at 258 K. The symbols O and ® show
(S/So) and (S/So)*, respectively, for the C2 carbon at 305
K. The resulting pureexchange decay curves are ana-
lyzed in terms of the following equation:

(SISe* =1 — p(1 — exp(—(tyy/z))) 3)

where p is determined by the number of sites m
accessible by the dynamic process, p = (m — 1)/m; 7. is
the correlation time; and j represents the distribution
of correlation time. In the case of a diffusional process
that commonly occurs in amorphous material, there is
an infinite number of available sites. Therefore, p is
expected to be 1, and (S/Sp)* approaches 0 at long tmix.
On the other hand, crystalline segments have a limited
available number of sites, due to conformational restric-
tions and the local order in the crystalline lattice,
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Figure 10. CODEX exchange curve of (S/Sp)* intensities for
C1 (0), C2 (®), C3 (O), and C6 (x) at 360 K (a) and 299 K (b).
The solid curves are best fits to the experimental data for C2
signal using eq 3.

resulting in a value of 0 < p < 1 at tyix longer than ..
At 305 K, (S/Sp) does not reach the equilibrium state
even at a tyx of 10 s. We thus used the asymptotic value,
which is obtained at 360 K. The tmix dependence of (S/
So)* for C2 at 305 K is fitted with the best fitting
parameters of . = 9.4 +£ 0.9 s and 5 = 0.55 + 0.03.

Correlation Time for Helical Jumps. Figure 10
shows tmix dependencies of (S/Sp)* for all the resolved
signals in iP4AM1P crystallite at the maximum (360 K)
(@ and minimum (299 K) (b) temperatures in the
investigated range. At both temperatures, tmnix depend-
ences of (S/Sp)* for C3 (O) and 6 (x) in the side chain
almost match those for the main-chain signals C1 (O)
and C2 (@) within the experimental errors. The plateau
values for the main chain are in agreement with those
of the side chain, too. These evidences indicate that the
side chain moves in concert with the main chain in the
crystallites, and there are no slow independent motions.
Kinetic parameters are obtained for the helical jump of
the C2 signal from the fitting of the tyix dependence
using eq 3. At 360 K, the fitting of (S/Sp)* of C2 yields
p=070+0.12, 7. =139 £ 1.3 ms, and g = 0.71 +
0.11. As mentioned in the previous section, the p value
is directly related to the available site number, m. In
iPAM1P crystallites, if all the segments participate in
the helical jump, a value of p = 0.86 is expected. The
experimental asymptotic value, 0.70, is actually slightly
smaller than the expected value. This means that about
81% crystalline segments participate in the helical jump
motions.

Below 327 K, (S/Sp)* does not reach a plateau within
the available tmix, and the Kinetic parameters were
obtained assuming p = 0.70. We obtain 7, = 31.2 + 22.1
sand  =0.71 + 0.22 for C2 at 299 K as shown in Figure
10b. The correlation times for helical jump motions
obtained through the C2 signal (®) are plotted in Figure
11. The dotted lines are best Arrhenius fits to the
experimental data above 316 K, with E; = 95.2 + 5.3
kJ/mol, and show the deviation of the correlation times
from the Arrhenius behavior with decreasing temper-
ature. Such a behavior is known from segmental mo-
tions in amorphous polymers, which are associated with
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Figure 11. Arrhenius diagram of the correlation times for
helical jump motions (®) and conformational transition (O) of
iP4AM1P crystallites obtained by CODEX and 2-D exchange
NMR, respectively. The bars mean a distribution width for the
correlation times, assuming a log Gaussian distribution. The
mechanical data of iP4M1P by Reddy et al.?* and Datch?? are
also shown as B and [0, respectively. The broken line shows a
best fitted one with activation energy of 95.2 + 5.3 kJ/mol (note
the deviation at low temperatures). The solid curve shows WLF
one with best fitted parameters of C;, = 8.4 + 1.2, C, =75 +
17 K, and Ts = 294 £+ 3 K. The short-dashed and dotted line
shows the T, in our sample, which was determined by DSC.

Ty. The non-Arrhenius dependence of the correlation
time is expressed in the following WLF equation:>®

(T) =7
exp(—2.303C,(T — TY/(C, + (T —TJ)) (4)

where C; and C, are empirical parameters.®® 75 is the
correlation time at reference temperature Tg. In the a
process of amorphous polymers, Ty is identified with the
temperature at which the correlation time equals a
characteristic value of 102 s. We thus apply a correlation
time of 102 s at a reference temperature, T, to the
experimental data of iPAM1P crystallites. The fitted
curve shows the best fit one with parameters of C; =
84+ 12, C, =754+ 17 K, and Ts = 294 + 3 K. The
WLF function is equivalent to the Vogel—Fulcher—
Tammann(—Hesse) (VFT) equationb!

7(T) = 7 eXp(=DT /(T — Ty)) )

with To = Tg — C,, DTy = 2.303C,C5, and 79 = 75 eXp-
(—2.303C3). The parameter D tells how closely the
system obeys the Arrhenius behavior.5263 The fragile
glassy polymers show large deviations from the Arrhe-
nius law, corresponding to small values of D < 10. On
the other hand, it is graphically difficult to distinguish
WLF (VFT) behavior from the Arrhenius one under D
> 100. The obtained WLF parameters show D =7 + 2
for iPAML1P crystallites.

Discussion

Glass Transition Temperature. Most of the previ-
ous investigations indicated that the observed mechan-
ical peaks around 293—323 K originate from segmental
motions in the amorphous regions.1’-2022 |n the latest
investigation, Reddy et al. observed 'H line widths
through the resolved 13C signals at 293 and 373 K by
1H-13C WISE NMR experiments, and only the C6 signal
in the amorphous region shows an *H narrowed signal
at 373 K. Then, they corrected the observed mechanical
peak at 318 K by DMA due to the side-chain motion in
the amorphous regions.?! Our 13C CPMAS spectra show
the C6 signal in the amorphous region above 404 K, as
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Reddy observed previously. Moreover, our CPMAS and
relaxation experiments at various temperatures show
that the segmental motions in the amorphous region
show correlation times in the order of 0.2 x 107 s at
360—382 K, and the DSC result shows that there is an
apparent heat-capacity jump between 290 and 318 K,
which is the typical indication of T4 for polymers. We,
therefore, have to reject Reddy’s conclusion and conclude
that the center temperature (304 K) in the DSC baseline
change is Ty of our sample and that the previously
observed mechanical peaks at 293—323 K are also due
to the a, relaxation.17-2022

Griffith et al. investigated T, of iP4M1P as a function
of crystallinity by specific volume versus temperature
measurements.r’” They indicated that the Ty value
decreases with increasing crystallinity. This behavior
is anomalous in the semicrystalline polymers; however,
it can be reasonably well-understood by our experimen-
tal result on the dynamic behavior in the crystalline
region.

Helical Jump Motion around Tg. The crystalline
polymers such as PE, POM,8° and iPP7:8 show similar
large amplitude motions at a much higher temperature
than their Ty, and their dynamics shows Arrhenius-type
behavior of the temperature dependence of correlation
times. On the other hand, the temperature dependence
of correlation times for the helical jump motions of
iPAM1P shows non-Arrhenius behavior, and the onset
temperature (Tg — 10 K) is slightly lower than Ty
(Figure 11). This kind of dynamic behavior is anomalous
in semicrystalline polymers. There are two possible
reasons for the observed WLF behavior: (1) a disordered
crystal and (2) constraint from amorphous immobility
below T4. There are a number of dynamic investigations
in polymer crystallites by solid-state NMR; however,
only one detailed dynamics investigation on time pa-
rameters for atactic-poly(acrylonitrile) (a-PAN) in dis-
ordered crystals was very recently performed by Kaji
et al.5* They evidently show that a-PAN exhibit uniaxi-
ally rotational motions with large amplitudes, and their
correlation times obey Arrhenius behavior. This result
suggests that even disordered polymer crystals show an
Arrhenius type of dynamics.

In the case of the semicrystalline polymers, the
polymer chains extend in both the amorphous and in
the crystalline regions. The helical jump motion includes
a chain translation along the c axis. Therefore, some
segments diffuse between the crystalline and the inter-
facial and/or amorphous regions. In PE, such chain
diffusion was experimentally observed at a much higher
temperature than T4'2 and near the ac relaxation
temperature. At such temperatures, the polymer chains
in the amorphous and/or interfacial regions show higher
mobility than those in the crystalline regions. Conse-
qguently, it is likely that high mobility in the amorphous
region leads to easy chain diffusion between the crystal-
line and the amorphous regions. This situation holds
for iPP and POM and leads to the Arrhenius-type of
motions in the crystalline region. On the other hand,
for iP4M1P crystallites, the reference temperature, Ts
= 294 K, of the helical jump motion is slightly lower
than Ty at which the segmental mobility in the amor-
phous region steeply slows down. Under this condition,
immobility of the amorphous parts restricts the trans-
lational motions of the crystalline segments and conse-
guently leads to the observed amorphous-like WLF
behavior. The obtained and small D value of 7 is
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consistent with those for typical amorphous polymers,
D < 10,5263 and indicates a strong effect from the
amorphous constraint.

Conformationally Disordered Crystals versus
Conformationally Uniform Crystals. 2-D MAS ex-
change NMR revealed that conformational transition for
the main chains in the crystalline region occurs in the
same order of correlation time (O) with that for helical
jumps (@) at 360 K (see Figure 11). From this evidence,
it can be safely concluded that helical jump motions and
conformational transitions are not independent, and the
former process induces the latter in the conformation-
ally disordered seven sites. Such a direct observation
for conformational transition evidently shows that
iPAM1P is one of the conformationally disordered
(CONDIS) crystals.®566 Under the presence of helical
jump motions, the continuous and minor downfield
shifts of all the signals are also observed above 299 K
(Figure 3). The ois, change can be interpreted as a minor
change in the averaged conformation and packing
structure. Here, we consider a relation between struc-
ture and dynamics. The chain conformation and packing
in the crystalline lattice are influenced by a packing
relation with the neighboring chain. If each polymer
chain performs helical jumps completely cooperative
with the neighboring chains, conformational transition
happens uniformly over an individual helix, and it
would result in averaged ois, values. If there is dynamic
disorder with the nearest chains, such dynamic disorder
might cause conformational and/or packing structure
change, and consequently, leads to ois, shifts.

There are several dynamics investigations on CON-
DIS and uniform polymer crystals. Here, we compare
dynamic character in both. In the former, the PEO
crystal has a 7, helical structure, and the conformations
in each site slightly deviates from the ideal one.5” 13C
CPMAS NMR spectrum shows asymmetric line shape
depending on the disordered 7, helical structures at low
temperature where helical jump motions do not influ-
ence the line shape.® 13C 2-D exchange NMR pattern
was not completely consistent with the simulation
reproduced by the jump motions on the basis of the
crystalline structures. It was suggested that the PEO
crystallite shows long-range disorder in the static
structure, which was determined by WAXD.5

a-PAN is also a CONDIS crystal due to a configura-
tion disorder. WAXD investigation shows the crystal
shows only lateral order, meaning that there is disorder
along the c axis.?% Kaji et al. investigated structures and
dynamics of a-PAN using advanced NMR tech-
niques.5470-72 |t was revealed that a-PAN does show not
discrete jump motions but shows uniaxially rotational
motions with a large distribution of the jump angles in
space, and this deviation angle increases as a function
of temperature.

In contrast, PE and iPP have uniform conformations,
although 1-D and 2-D exchange NMR reveal a distribu-
tion of correlation times of the large amplitude mo-
tions.%31 2-D exchange NMR results and their simula-
tions show PE and iPP perform jumps with ideal jump
angles on the basis of crystalline structures.5=8 Fur-
thermore, 13C isotropic chemical shifts of PE and iPP
crystallites are almost invariant in the o; relaxation
temperature range.1314.73

These previous findings and our results indicate that
the heterogeneity in Kinetic parameters of the overall
motions is common in CODIS and uniform crystals;
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however, conformational changes or heterogeneity in
amplitude of motions occur only in the conformationally
disordered polymer crystal. These structural and dy-
namic changes would originate from dynamic disorders
with the neighboring chains and/or configuration dis-
order.

In addition, it would be interesting to compare the
side- and main-chain dynamics of iP4M1P crystallites
with those for amorphous polymers having side chains.
As discussed previously, iPAM1P crystalline segments
show no independent side-chain motions and only
helical jump motions in the restricted spaces. Several
authors investigated the main- and side-chain dynamics
for PaMA with different side-chain lengths around
T4.5274776 In PaMA, the side groups commonly show
180° flipping motions, and the fraction of the flipping
groups increases with temperature.”® The main chains
show a partially extended structure due to the polar
COO groups even for the amorphous polymer, and the
main chains show restricted axial chain motions, which
are strongly coupled to the side-chain motions.527475 The
motional amplitude of the chain motions increases with
temperature, and the main-chains retain conformations
and orientations over many steps of axial motions. Very
recently, Wind et al. found that randomization of
conformations and isotropization of the chains in PaMA
occur at the temperature where axial rotations occur
but shows a much slower process than the slowest
dynamic process identified so far.”® These dynamics are
in contrast to the chain dynamics of iPAM1P in the
crystalline lattice.

Several authors investigated thermal expansion coef-
ficients of the unit cell parameters for iP4M1P1%23 and
assigned the change in thermal expansion coefficient to
the onset of the chain dynamics in the crystalline
regions. If helical jump motion does occur in the avail-
able sites in the rigid case, the motion does not
contribute to the thermal expansion coefficient. In the
case of iP4M1P, the dynamic disorder of the helical jump
induces conformational and/or packing structure change,
and consequently, leads to variations of unit cell pa-
rameters with temperature. The observed change in the
unit cell parameter around 303 K!° was originally
attributed to Tg. From our NMR analysis, it should be
revised as changes of unit cell parameters should be
attributed to the dynamic disorder of the helical jump
motions in the iP4M1P crystalline regions.

Comparison between Our NMR and Mechanical
Data. Here, we compare our NMR results with previ-
ously reported mechanical data.1’=22 So far, a number
of authors investigated the mechanical property of
iPAM1P by DMA. We plotted in Figure 11 the lower
temperature relaxations, which were recently observed
by Reddy et al.2! and Datch,?? respectively. The obtained
correlation times from our investigation of helical jump
motions are very close to the mechanical relaxations.
As mentioned previously, Ty for the sample in the
present work is 304 K. Therefore, segmental motions
in the amorphous region and helical jump motions in
the crystalline region contribute to the lower tempera-
ture relaxations around 293—323 K, which should be
corrected to be a combination of o, and o (0tatc). This
conclusion is exceptional for chain dynamics in the
semicrystalline polymers; however, it should be reason-
ably accepted in the light of the unusual density
property for iPAM1P.
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Datch and several other authors also investigated the
higher temperature relaxations at 403—433 K. These
were assigned to o, relaxation on the basis of the general
concept that the o, relaxation occurs at much higher
temperature than o, relaxation. These peaks, however,
are very broad and weak. From our CODEX data, we
estimated the correction time for the helical jump
motions to be 0.3 x 107> s at 420 K. 1-D 3C CPMAS
spectra and Ty, results permit the estimate that the
segmental motions in the crystalline and amorphous
regions reach the correlation times of and those over
0.2 x 107° s at 448 and 360—382 K, respectively. These
NMR evidences deny a. relaxation with a frequency of
several Hz around 403—433 K. Furthermore, this
conclusion is supported by the mechanical data obtained
by Reddy et al.?® and Griffith et al.l” The former
observed only one mechanical peak up to 453 K, and
the latter showed that the mechanical peak at the
higher temperature process disappears with increasing
crystallinity.

Conclusions

We characterized in detail the chain dynamics in the
crystalline region of iP4AM1P in natural abundance by
CODEX NMR experiments with Ty, relaxation filter in
the correlation time range of 1072 to 102 s, which covers
the typical o¢ relaxation range. It was demonstrated
that iPAM1P crystallites start helical jump motions at
temperatures slightly lower than Tg, and the tempera-
ture dependence of the correlation times obey WLF
behavior with a reference temperature, Ts = 294 K. The
strong slowing down of the correlation times near Ty
indicates a correlation between the chain dynamics of
crystalline and amorphous region, and the crystalline
dynamics is restricted by the amorphous immobility.
From this evidence, we correct the previously reported
o, relaxation at 293—323 K to aa¢ relaxation. Further-
more, we need to question the general concept that o,
relaxation occurs at much higher temperature than a,
relaxation. This finding is an exceptional aspect for
crystalline dynamics. However, this unusual dynamic
behavior could be reasonably explained by the unusual
density property of iP4AM1P and might be characteristic
for the semicrystalline polymers with long side chains.
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