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ABSTRACT: High-resolution solid-state 13C NMR spectroscopy and MM3 molecular mechanics calcula-
tions have been applied to investigate side-chain conformations, side- and main-chain dynamics, and
phase transformations of the form 11l polymorph of isotactic-poly(1-butene) (i-PB). MM3 calculations
indicate that the t—g' side-chain conformation is much more stable than the g'—g and g—t side-chain
conformations in the crystal lattices of form I11. The *3C cross-polarization magic-angle spinning (CPMAS)
NMR spectrum at 199 K shows that the methyl group in the side chain adopts only the t—g' conformation.
Upfield shift for the 3C methyl signal above 338 K indicates dynamic disorder in the side-chain
conformations. The 13C two-dimensional exchange NMR reveals that the polymer chains in form 111 consist
of two components. The 74% polymer chains execute the 90° helical jump motion with an activation energy
of 79.3 + 5.6 kd/mol, while the residual chains are immobile. It is found that the 90° helical jump motion
begins to occur at the temperature very close to the glass-transition temperature (T). Upfield shifts for
the C main-chain signals at 338 K indicate the motional mode change from the 90° helical jump motion
to “more or less” rotational or jump motion with different angle displacements. Above 338 K, two phase
transformations from form 111 to forms 11 and I' are confirmed in the 13C CPMAS spectra. The 'H spin—
lattice relaxation times in the rotating frame show that the transformation from form 111 to form I' proceeds
within the form 111 phase via the crystal-to-crystal process, whereas the line-shape analyses of the *C
direct-polarization magic-angle spinning (DPMAS) NMR spectra indicate that the transformation from
form 111 to form Il proceeds via the quasi-melting/recrystallization process. The frozen chain conformations
in the amorphous phase below T4 are also investigated on the basis of the *C chemical shifts. It is
suggested that most of the main chains adopt the helical (tg'), conformation, and the residual part adopts

the (tt) conformation.

Introduction

Chain dynamics plays important roles in the bulk
properties of polymers, which has been characterized
in both the crystalline and amorphous phases by
dynamic-mechanical, dielectric-relaxation measure-
ments,! and solid-state NMR spectroscopy.? In the past
decade, two-dimensional (2D) exchange NMR spectros-
copy? has been developed and applied to elucidate exact
motional modes and correlation times of the chain
dynamics in both the phases of polymers.

The main-chain conformations are distributed in the
amorphous phase, and conformational transition* and
continuous rotational motion® occur above glass transi-
tion temperature (Tg). Their correlation times around
Ty were shown to obey the Williams—Landel—Ferry
(WLF)® equation. On the other hand, the polymer chain
adopts a well-defined conformation in the crystalline
phase. For examples, polyethylene (PE) adopts the all-
trans conformation (tt),, and isotactic-poly(propylene)
(i-PP) and polyoxymethylene (POM) adopt 3; and 95
helical conformations (tg'), respectively, though their
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dihedral angles are different between them. These
polymers show large-amplitude motions around their
chain axes between the neighboring sites, accompanying
translation.37-10 PE B8 i-PP,° and POM?° perform 180°
chain flip motion and 120° and 200° helical jump
motions, respectively. There is a common character
describing the large-amplitude motions in the crystal-
line polymers: The jump rates obey the Arrhenius-type
temperature dependence, and their motions continue up
to melting temperatures (Tn,) without changing their
motional modes. Previous investigations have been
limited to the polymers without side chains®1° or with
only a methyl group?® as the side chain. Therefore, it is
interesting to extend a detailed dynamics investigation
to a crystalline polymer with flexible and long side
chains.

Isotactic-poly(1-butene) (i-PB) is a crystalline polymer
and has an ethyl group as the side group. X-ray
diffraction studies showed that i-PB has four poly-
morphs depending on the formation conditions: form
1, twinned hexagonal with a 3; helix;!! form I', untwined
hexagonal with a 3; helix;12 form 11, tetragonal with an
113 helix;*® and form 111, orthorhombic with a 4, helix.*4
All of the helical main chains for I(I')—11l1 adopt the
common (tg'), conformation, though their dihedral
angles are slightly different.1>16 There are three possible
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conformations for the side chain under the (tg'), main-
chain conformation, which are expressed as the t—¢’,
g'—g, and g—t conformations (vide infra) with the
combined use of the two dihedral angles around the
side-chain methylene carbon—methine carbon bond,
where signs of the dihedral angles for g and g’ are
different from each other. It was assumed in the X-ray
diffraction analysis that the methyl conformation in the
side chain adopts only the t—g' conformation.

High-resolution solid-state 13C NMR spectroscopy is
also a powerful tool to investigate polymer conforma-
tions. Belfiore et al.l” showed that the 13C chemical
shifts of the main-chain signals of i-PB depend on the
dihedral angles in the main chain of each form. Maring
et al.’® investigated the side-chain conformation in form
I in the wide temperature range. They insisted that the
side-chain conformation in form | adopts the t—g', g—t,
and g'—g conformations below T4 = 248—253 K1° and
that a rapid exchange among them occurs above Ty. In
their investigation, however, the contribution of the
amorphous signals to the spectra was ignored even
below Tg. This may affect their conclusions on the side-
chain conformation. Some other solid-state NMR meth-
ods were also applied to elucidate the chain dynamics
in various forms of i-PB.18720 Maring et al. suggested
using the 'H broad-line and relaxation measurements!®
that the polymer chains in forms | and I are rigid well
above Tg, while those in forms Il and 111 are mobile.
13C 2D exchange NMR spectroscopy was applied to the
investigation of the molecular motions in i-PB. Maring
et al.’® demonstrated that the polymer chain in form
111 undergoes the 90° helical jump motion at 273 K.
However, the motional behaviors in form 111 of i-PB at
temperatures around Tq and Tr, (363—373 K)2124 have
not well been understood. Therefore, it is not clear
whether the side-chain conformation and dynamics
correlate with the main-chain dynamics of i-PB in form
11 or not.

Besides NMR spectroscopy, various methods such as
X-ray diffraction,?122 differential scanning calorimetry
(DSC),2223 differential thermal analysis (DTA),21.24
dilatometry,?! and IR?* showed that form 111 undergoes
two phase transformations into forms I' and Il near T,
though relations between the phase transformations
and the molecular motions in form Il were not well
elucidated. Moreover, the transformation mechanisms
are unclear up to now.

In this article we describe the side-chain conformation
and dynamics and the main-chain dynamics for form
I11 of i-PB in the wide temperature range of 199—381
K as well as the conformations in the amorphous phase.
We have measured variable temperature 2C high-
resolution cross-polarization (CP) and direct-polariza-
tion (DP) magic-angle spinning (MAS) NMR spectra and
13C spin—lattice relaxation times in the laboratory
frame (T1) and have performed MM3 molecular me-
chanics calculations?® to investigate the side-chain
conformation and its dynamics in form IIl and the
conformations in the amorphous phase. We have also
measured variable temperature 3C 2D exchange NMR
spectra to elucidate the dynamic behavior of the 90°
helical jump motion around Ty ¥C CPMAS NMR
spectra are also used for investigating the chain dynam-
ics in form 111 at temperatures just below those of the
phase transformations and melting. *H spin—Ilattice
relaxation times in the rotating frame (T1,) lead us to
clarify the mechanism of the phase transformation from
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form 111 to form I'. Through these investigations, we will
demonstrate characteristic chain dynamics of i-PB as a
crystalline polymer with a side chain.

Experimental Section

Sample Preparation. The polymer sample of i-PB with a
weight-averaged molecular weight (My,) of 185 000 was pur-
chased from Poly Science Co. Ltd. The virgin sample with the
isotacticity of more than 90% consisted of the form | and the
amorphous phases. It was dissolved into toluene at concentra-
tions of 0.5% (wt %). The solution was heated at 363 K for 10
min and kept at room temperature for 3 days. The precipitate
appearing gradually was collected and dried at room temper-
ature for 1 day and then at 323 K under a reduced pressure
for 1 day, yielding the form Ill-rich sample. We could not
obtain the Ty value for the form Ill-rich sample by DSC
measurements with heating rates of 5—20 K/min. In the
present work, we use the minimum value (Ty = 248 K) for
i-PB in the literature.1®-20

The mixed sample of forms 11 and I', heat-treated form 111,
was prepared by heating the form Ill-rich sample in an oil
bath at 368 K for 1 h. The amorphous sample was obtained
by quenching the virgin sample into a liquid nitrogen bath
after keeping it in an oil bath at 413 K (above T, of form I)
for 5 min. Special attention was paid for the amorphous
sample, because the amorphous chains immediately crystallize
into form 11 even at room temperature due to its low T4. The
NMR probe was cooled and maintained at 240 K before the
measurements, and the NMR rotor containing the amorphous
sample was immediately introduced into the probe from a
liquid nitrogen bath while keeping the probe temperature
below Tj.

NMR Measurements. The NMR experiment was carried
out on a Bruker ASX200 NMR spectrometer with transmitter
frequencies of 200.1 MHz for *H and 50.3 MHz for C. The
high-resolution solid-state 13C NMR spectra were obtained by
the combined use of high-power *H dipolar decoupling (DD)
and MAS. 13C chemical shifts were expressed with respect to
tetramethylsilane by using the carbonyl carbon of glycine
(176.48 ppm) as an external reference. The amplitudes of the
radio-frequency pulses were set at about 57 kHz for both 'H
and 3C. The MAS frequency was set at 2.0 kHz. The CP
method was used with a contact time of 1.0 ms. The repetition
time was varied from 4.0 to 8.0 s. Temperatures in the NMR
probe were calibrated using methanol?® and ethylene glycol.?’
The experimental errors for the temperatures were within £1
K.

The DP method was also used with a repetition time of 8.0
s to determine the crystalline/amorphous ratio in each sample.
This delay time was long enough for the magnetization of the
methyl carbon to relax fully to the thermal equilibrium. The
13C 2D exchange NMR spectra were taken using the time
proportional phase increment method. The sampling points
were 512 and 180—256 along t; and t;, respectively. The dwell
time between the sampling points was 200 us in both time
domains. *H T, was measured using a *H spin-lock sequence
followed by CP (the contact time of 300 us) and detection
through 3C resonances. 3C T; was measured using Torchia’s
method.?®

Molecular Mechanics Calculations. The model lattice of
form 11l of i-PB was assembled with seven pentamers of
1-butene, where the coordinates of the carbon atoms were fixed
to those reported for form 11l of i-PB by X-ray crystal-
lography,'* and those of the hydrogen atoms were optimized
by MM3 molecular mechanics calculations. The dihedral driver
option was applied to obtain stable side-chain conformations
and barriers to rotation of the side chain and the methyl group.

Results

13C CPMAS and DPMAS NMR Spectra. Figure 1
shows the 13C CPMAS NMR spectra of the form Ill-rich
sample of i-PB below room temperature. The four
signals observed at 14.6, 28.7, 36.8, and 41.3 ppm at
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Figure 1. 8C CPMAS NMR spectra of the form Ill-rich
sample of i-PB at (a) 296, (b) 272, (c) 251, and (d) 199 K.

Table 1. 13C Chemical Shift Values (ppm) of i-PB in
Various Phases

temp m- s-

(K)  methylene methine methylene methyl
form I' 367 38.6 315 26.9 12.6

38.0 26.2

form Il 370 39.9 34.2 27.7 11.8
form 111 296 41.3 36.8 28.7 14.6
338 37.8 325 27.2 13.0
amorphous 199 38.8 33.9 28.4 13.3
19.8 7.3

296 K (Figure 1a) are assigned to the methyl, side-chain
methylene (s-methylene), methine, and main-chain
methylene (m-methylene) carbons, respectively, and
they are listed in Table 1. With lowering temperature,
all the signals begin to split into doublet peaks with
equal intensities at 272 K (Figure 1b). With further
decreasing temperature, the line widths for the main-
chain and s-methylene signals decrease and reach
constant values of 25 and 23 Hz, 18 and 17 Hz, and 24
and 24 Hz for the high- and low-field sides of the
s-methylene, methine, and m-methylene signals, re-
spectively, at 251 K (Figure 1c), whereas the line width
for the methyl signal broadens at temperatures below
251 K. At 199 K (Figure 1d), the line width (23 Hz) of
the methyl signal at 15.1 ppm is broader than that (14
Hz) at 14.3 ppm. The observed doublet signals are
attributed to the existence of noncongruent two sites,
sites A and B, for the constitutional repeating units in
form 111 as illustrated in Figure 2.1418 The merge of the
split signals above 272 K results from the rapid dy-
namical exchange between sites A and B within the
polymer chains. This exchange is brought about by the
90° helical jump motion of the polymer chains around
their helical axes in the crystal lattice.'®

Parts a and b of Figure 3 show the 3C CPMAS NMR
spectra for the amorphous and form Ill-rich samples,
respectively, at 199 K. The broad signals around 7.3 and
13.3 ppm, 19.8 and 28.4 ppm, 33.9 ppm, and 38.8 ppm
in the amorphous sample at 199 K are assigned to
methyl, s-methylene, methine, and m-methylene car-
bons, respectively (Table 1). The spectrum of the form

Macromolecules, Vol. 35, No. 7, 2002

(@

.

a
(b)
CL’
a
Figure 2. Form Il model lattice consisting of seven penta-
mers of 1-butene. Only carbon atoms are drawn with circles,
and their coordinates are those reported for form 111 of i-PB
by X-ray crystallography.'* The open and filled circles denote

noncongruent sites A and B, respectively. (a) Projection on the
ab plane. (b) Projection on the ac plane.
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Figure 3. 3C CPMAS NMR spectra at 199 K for (a) the
amorphous phase and (b) the form Il1-rich sample. The latter
spectrum is cut at a level of 25% of the highest peak. The
dotted lines in the latter spectrum show the best-fitted ones
for the observed spectrum in the methyl region.

I11-rich sample also shows broad signals at the bottom
of the doublet signals originated from form Ill. Their
line shapes are similar to those of the amorphous
sample, suggesting that the broad signals can be at-
tributed to the amorphous phase in the form Ill-rich
sample. Assuming that the structure of the present
amorphous sample is the same as that of the amorphous
phase in the form Ill-rich sample, we perform the line-
shape fitting of the methyl signals with four Lorentzian
functions, as shown in Figure 3b. The intensity ratio
for the form Il phase to the amorphous one is 81/19.
The application of the same procedure to the DPMAS
NMR spectrum yields the same intensity ratio. Thus,
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Figure 4. 3C CPMAS NMR spectra for the form Ill-rich
sample at (a) 316, (b) 338, (c) 367, (d) 370, and (e) 381 K. The
dotted lines in (a) and (b) show the form 11l signals fitted to
the spectra.

the crystallinity of the form I11-rich sample used in this
study is concluded to be 81%.

Figure 4 shows the 13C CPMAS NMR spectra for the
form I11-rich sample at and above 316 K. Belfiore et al.’
showed previously that the chemical shifts of the main-
chain and s-methylene signals depend on the helical
conformations. We can thus get information about the
phase transformations from form 111 into forms I' and
11 through the resolved 13C signals. The form I11 signals
mainly dominate the observed spectra up to 338 K
(Figure 4a,b). The dotted lines show the signals of form
I11. The line widths of all the signals in form 111 become
broader at 316 K (Figure 4a) compared to those at 296
K. This broadening originates from the motional broad-
ening due to the interference between molecular motion
and H DD.??3° The chemical shift values for all the
signals do not move up to 316 K. At 338 K, the line
widths become much broader in all the signals, and all
the signals move upfield. The chemical shifts are listed
in Table 1.

The signals of forms I' and 11 are also observed above
338 K. Their chemical shifts are almost independent of
temperature. Table 1 lists the signal assignments and
chemical shifts of form I' at 367 K and Il at 370 K. At
338 K, the methine signal of form |I' appears at 31.5 ppm
with a small intensity. At 367 K, the form 11 signals
almost disappear, the signals corresponding to forms I’
are clearly observed, and the form 11 signals also appear
with a small intensity, as shown in Figure 4c. Further
increasing temperature leads to an enhancement of the
form Il signals and disappearance of the form I’ signals
(Figure 4e). Only the form Il signals are detected in the
CPMAS NMR spectrum at 381 K. It is noted that the
amorphous signals are hardly observed above 316 K,
because of inefficiency of CP for the amorphous phase
at temperatures well above Ty.
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Figure 5. 13C DPMAS NMR spectra for the methyl region of
the form Ill-rich sample at (a) 361, (b) 370, (c) 377, and (d)
381 K. The dotted lines mean the best-fitted ones for the
observed spectra. The methyl signals at 11.0, 11.8, and 12.6
ppm are assigned to the amorphous phase, form I, and form
I', respectively. The broad signal at 12.0 ppm at 361 K is
attributed to form II1.

Table 2. Component Ratios (%) for Forms I', 11, and 111,
and the Amorphous Phase at Various Temperatures on
the Basis of the Peak Deconvolution for the Methyl
Signals in the 13C DPMAS NMR Spectra

temp (K) form I' form Il form Il amorphous

199 81.0 19.0

361 4.4 73.2 22.4

367 8.3 57.3 34.5

370 19.7 33.0 47.3

373 8.3 44.0 47.6

377 35 47.0 49.5

381 40.7 59.3
The transformations from form |1l into forms I' and

1l can also be detected in the methyl region. The 13C
DPMAS NMR spectra of the form Ill-rich sample are
taken at various temperatures in order to estimate the
component ratios of the individual phases. Figure 5
shows the methyl region of the spectra. The most
striking feature is a significant contribution from the
amorphous phase (11.0 ppm) in the temperature range
studied. The line-shape fitting for the observed spectrum
is performed with a Lorentzian function for each signal,
and the results are listed in Table 2. The content of form
11 decreases from 73.2% at 361 K to 57.3% at 367 K
and then suddenly becomes 0.0% at 370 K. The amount
of the amorphous phase increases monotonically with
increasing temperature above 361 K. The content of
form I' also increases with increasing temperature from
361 K, reaches a maximum value of 19.7% at 370 K,
and disappears completely at 381 K. The amount of form
Il increases suddenly to 33.0% at 370 K and increases
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Figure 6. 3C CPMAS NMR spectra of heat-treated form 111
of i-PB measured at 296 K. Form 11l was heat-treated at 368
K for 1 h.

up to 47.0% at 377 K. Further increasing temperature
induces melting of form Il. Although small signals
originated from forms I' and Il are observed in the
CPMAS spectrum at 338 and 367 K, respectively (Figure
4b,c), they are not detected in the DPMAS spectrum due
to the low content less than ca. 2%.

H Ti, Measurements. Figure 6 shows the 13C
CPMAS NMR spectra of heat-treated form 111 measured
at 296 K after the heat treatment at 368 K for 1 h. The
heat treatment above 338 K induces a partial transfor-
mation from form I11 into form I'. The phase structures
of forms I' and 111 after the partial transformation are
investigated by using the 'H dipole—dipole interaction,
since the dipole—dipole interaction is inversely propor-
tional to the third power of the internuclear distance.3!
There are some techniques for measuring spin diffusion
between the different phases.®?> Among them, measure-
ment of the H spin—lattice relaxation time is a con-
venient and simple way to examine the phase structure
in the heterogeneous system. The H spin—Ilattice
relaxation times in the laboratory frame (*H T;) and in
the rotating frame (*H Ty,) allow us to evaluate the
domain size of the heterogeneous system on scales of
200—400 and 20—40 A, respectively, if the component
polymers have different relaxation times.32 We measure
1H Ty, at room temperature for the form I11-rich sample
before and after the heat treatment. All the signals in
each form show similar 'H T, values within the
experimental errors. We use the *H Ty, values obtained
through the methine carbons. The *H Ty, value for form
I11is 6.9 £ 0.5 ms before the heat treatment. The value
for form 111 increases to 16.0 + 0.8 ms after the heat
treatment, which is essentially consistent with that
(7.7 + 1.4 ms) for form I'.

There are two possible mechanisms for the change of
the *H T, values of form 111 before and after the heat
treatment. One is motional change of form I11. The other
is spin diffusion between the form I’ and form 111 phases.
The 13C line width is also sensitive to molecular motions
with a frequency of H DD field strength. After the heat
treatment, the form 11l signals show the motional
broadening above 316 K (data are not shown) as
observed for the form Ill-rich sample before the treat-
ment (Figure 4b), whereas the line widths of the form
I' signals in heat-treated form 11l are almost constant
up to melting (data are not shown). These results show
that the form | polymer chains are rigid in the heat-
treated form 111 sample, whereas the form Il polymer
chains are mobile after the heat treatment as well as
before the treatment. This is supported by the previous
investigation.!® The 3C line-width data, thus, indicate
that the spin diffusion between the forms I' and 111
phases leads to the similar *H T3, values. Namely, form
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Figure 7. 13C 2D exchange NMR spectra for the s-methylene
region of form Il at (a) 272, (b) 251, (c) 240, and (d) and 219
K. The mixing time (zm) is set at 1 s. The six contour levels
are drawn with exponential spacings between 10 and 80% of
the maximum spectral height. The cross sections at solid lines
are also shown.

I' does not form domains, the size of which is larger than
ca. 40 A, but mixes homogeneously with the form 111
crystalline phase.

2D Exchange NMR Spectra. The application of the
2D exchange NMR to the 90° helical jump motion in
form 111 has been discussed.'® In the present work, we
have measured the 2D exchange NMR spectra at
various temperatures, especially around T4. Figure 7
shows the spectra for the s-methylene region with a
mixing time (tm) of 1 s. Although the cross-peak intensi-
ties reduce with decreasing temperature, they are still
observed at 240 K, below the reported Ty value (248 K)
(Figure 7c¢), and disappear completely at 219 K (Figure
7d). They are not detected even when increasing v, up
to 2 s at this temperature (the spectrum is not shown),
indicating that the 13C—13C spin-diffusion effect can be
ignored. The cross-peak intensity, therefore, leads us
to the quantitative analysis for the 90° helical jump
motion. Figure 8a plots the cross/diagonal peak intensity
ratios (lcross/ldiagonal) Obtained at various values of 7, and
temperatures. At 272 K, lcross/ldiagonal reaches a value of
ca. 0.74 at 7, = 300 ms, and it is almost constant up to
tm 0of 2 s. The dependence of lcross/ldiagonal ON Tm IS
expressed3® as

Icross“ diagonal

p[1 + exp(—2kz,,))/[1 — exp(—2kz,,)] (1)

where p is the population of the chain segments
performing the 90° helical jump motion and k is the
jump rate. Parameters are evaluated by fitting the
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Figure 8. (a) Mixing time (rm) dependence of the cross/
diagonal peak intensity ratios (lcross/ldaiagonar) for the s-methyl-
ene signals of form 11l at (®) 272, (M) 261, (a) 251, and (v)
240 K. The solid lines show the best-fitted ones for the
experimental data with egs 1. (b) Temperature dependence of
the jump rate for the 90° helical jump motion in form I11. The
solid line is the best-fitted one to the experimental data.
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Figure 9. Temperature dependence of the 3C T; values.
Circles, squares, triangles, and upside-down triangles stand
for the T, values of the methyl, s-methylene, methine, and
m-methylene carbons, respectively. The open and filled sym-
bols relate to the high- and low-field signals, respectively. The
solid lines show the best-fitted curves to the experimental data
with egs 2 or 3.

experimental data at 272 K to eq 1, which are p = 0.74
+ 0.03 and k = 9.6 £ 0.8 s7! at this temperature. This
indicates that 74% of the chain segments are mobile at
272 K, while the other segments are essentially im-
mobile. The experimental data below 261 K are ana-
lyzed with eq 1 on the assumption that p is 0.74. The
best-fitted lines are drawn with solid ones in Figure 8a,
and the obtained exchange rates are plotted in Figure
8b. This plot shows that the temperature dependence
of the exchange rate is represented with a single-
exponential function around Tg. The jump rates can well
be represented in terms of the Arrhenius function with
the activation energy, E,, of 79.3 + 5.8 kJ/mol.

13C T, Measurements. The 13C spin—lattice relax-
ation time in the laboratory frame (*3C T,) is very useful
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Figure 10. Numbering of the carbon atoms and all of the
conformations around C—C bonds for the pentamers of 1-butene
in the model lattice drawn in Figure 2. The main and side
chains adopts the (tg'), and t—g' conformations, respectively.

to investigate local motions of the functional groups. The
relaxation curves of all the signals in form Il are
described by single-exponential functions in the tem-
perature range 193—296 K. The obtained '3C T; values
are plotted in Figure 9. The 13C T; values for the methyl
carbon decrease with decreasing temperature, suggest-
ing that the 13C T, minima should appear below 193 K.
The T, values for the s-methylene carbons increase with
decreasing temperature, become bent around 233 K, and
then decrease gently. The differences between the 13C
T values for the sites A and B are apparent below 253
K for the methyl carbons and below 233 K for the
s-methylene carbons. The temperature dependence of
the 13C T, values for the main-chain carbons are roughly
consistent with that for the s-methylene carbons, though
the splitting between the 13C T values for the two sites
are not observed in the present temperature range.

Assuming that the 13C—!H dipole—dipole interactions
are responsible for 3C Ty, the high- and low-tempera-
ture sides of the 13C T; curves are written with eqs 2
and 3, respectively

1T, O 1, exp(E,/RT) (2)
1T, Oz, exp(—E,/RT) 3)

where E, is the activation energy for the molecular
motion and R is the gas constant. We analyze the 13C
T values below 253 K for the methyl carbons and those
above 233 K for the s-methylene and main-chain
carbons. The E, values are 13.0 £ 2.4 and 9.2 £+ 0.9 kJ/
mol for the 3C methyl signals at 15.1 and 14.3 ppm,
respectively, indicating the existence of the motional
heterogeneity between the two sites in the form Il
polymer chains. The values for the m-methylene and
methine carbons above 233 K are 13.7 £ 0.7 and 13.4
=+ 0.7 kJ/mol, respectively, which are much smaller than
that for the 90° helical jump motion (79.3 kJ/mol), and
are close to that for the s-methylene carbons above 233
K (15.2 £ 1.5 kJ/mol). These results suggest that the
s-methylene motion is responsible for 13C T; of the main-
chain carbons above 233 K.

Molecular Mechanics Calculations. Figure 10
indicates the numbering of the carbon atoms and all of
the C—C—C—C dihedral angles for the pentamer of
1-butene in the model lattice (Figure 2) in the (tg')n
main-chain and the t—g' side-chain conformations. It
should be noted that a single crystal of form 111 contains
either right- or left-handed helical chains.* In this work,
we consider mainly the right-handed one, which corre-
sponds to the (tg'), main-chain conformation. The
rotational potentials are calculated with the dihedral
drive option in MM3 calculations. The driven dihedral
angles for the side-chain and methyl group rotations are
the C9—C10—-C11—-C12 and C10—C11—-C12—H dihedral
angles, respectively, of the central pentamer in the
model lattice. Fixed coordinates are used for all the
carbon atoms in the surrounding six pentamers and for
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the main-chain carbon atoms in the central one during
the calculations. It is noted that the C9—C12 atoms in
the model lattice shown in Figure 2 belong to site A.
The rotational potentials for site B are calculated using
the model lattice shifted by one constitutional repeating
unit along the c axis.

The calculated steric energies of the model lattices
(SEL) for the g'—g side-chain conformation in sites A
and B are higher by 30.4 and 14.8 kJ/mol, respectively,
than those for the t—g' side-chain conformation in the
corresponding model lattices. The barriers to the con-
formational transition from the t—g’ conformation to the
g'—g one are 40.1 and 51.5 kJ/mol for sites A and B,
respectively. The SE, for the g—t side-chain conforma-
tion in site A is higher by 54.1 kJ/mol than that for the
t—g’ side-chain conformation, whereas the side chain in
site B has no stable structure in the g—t conformation.
The g—t side-chain conformation has negligible contri-
bution in the side-chain conformations. The barriers to
rotation of the methyl groups in the t—g' conformation
are calculated to be 13.9 and 9.8 kJ/mol for sites A and
B, respectively.

Discussion

Side-Chain Conformations in Form Ill. MM3
calculations for the model lattice of form I11 indicate that
the t—g' and g'—g conformations are available for the
side chain, though the former is much more stable than
the latter. The g'—g side-chain conformation yields an
upfield shift of ca. 5 ppm for the 3C methyl signal
compared to the t—g' side-chain conformation due to the
so-called y-gauche effect®* on the 13C chemical shifts.
The observed small splitting of the 13C methyl signals
(15.1 and 14.3 ppm at 199 K) in form 11l is attributed
not to the y-gauche effect but to the small difference
between the geometries in sites A and B. The side-chain
conformation in form 111 at 199 K is concluded to be t—¢’
in accord with the assumption in the X-ray study.* The
upfield shifts of the 13C methyl signals above 338 K is
ascribed to the increase in the population of the g'—g
side-chain conformation with a rapid transition between
the t—g' and g'—g side-chain conformations. Therefore,
it is concluded that the side chain in form IIl is
dynamically disordered above 338 K.

Chain Conformations in the Amorphous Phase.
Here, we try to obtain conformational information in
the amorphous phase on the basis of the 2C chemical
shifts, though chain conformations in the amorphous
phase are more complicated than those in the crystalline
phase. It is noted that the signal of the s-methylene
carbon allows us to view the detailed main-chain
conformation in the amorphous phase, because its
position is affected by rotation around the next nearest
C—C bonds. Thus, the 3C chemical shift of the s-
methylene carbon reflects directly the main-chain con-
formation. Only three conformations illustrated sche-
matically in Figure 11 are allowed for i-PB roughly
when successive gg' conformations can be omitted in
various combinations of conformations due to steric
repulsion.

Two signals are observed at 28.4 and 19.8 ppm for
the s-methylene carbons (Figure 3a). The broad main
signal at 28.4 ppm covers the chemical shift range for
the s-methylene carbons in the various forms I, 11, and
111 (Figure 4), indicating that most of the main chains
in the amorphous phase adopt the (tg'), conformation
with slightly distributed dihedral angles. The second
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Figure 11. Three allowed conformations for i-PB. The main
chains in (a) and (b) adopt the ...g'(tg")t... conformation, and
that in (c) adopts the ...g'(tt)g... conformation. The side chain
in (a) adopts the t—g' conformation, and those in (b) and (c)
adopt the g'—g conformation.

signal at 19.8 ppm is not found in forms I(I')—Ill and
should be attributed to the specific conformation of the
main chain in the amorphous phase. The s-methylene
carbon in form I adopts the typical (tg'), conformation
which shows the signals at 26.2 and 26.9 ppm (Figure
4). Thus, an additional shielding of 6.4—7.1 ppm for the
second s-methylene signal requires an additional
y-gauche effect. Thus, the second signal at 19.8 ppm is
responsible for the (tt) main-chain conformation as
shown in Figure 11c, which should be possible to exist
in the amorphous phase.

The 13C methyl signals apparently show two sepa-
rated signals at 13.3 and 7.3 ppm at 199 K. The former
can be attributed to the t—g' conformation in Figure 11a
and the latter to the g'—g conformations in Figure 11b,c.
The sharp 13C methyl signal at 11.0 ppm above 361 K
in the amorphous phase (Figure 5) shows the existence
of a rapid conformational transition between the two
conformations.

Packing Effects on the Side-Chain Mobility in
Form I11. The 90° helical jump motion becomes slow
below 272 K compared to the chemical shift differences
between the doublet signals. We can thus investigate
the side-chain mobility of the two sites in form IllI
through the resolved signals. The 13C T, measurements
(Figure 9) and the line widths at 199 K (Figure le) for
the 13C methyl signals clearly show that the methyl
group mobilities are different between sites A and B in
form I11. The obtained experimental E, values of 13.0
and 9.2 kJ/mol for the methyl carbons at 15.1 and 14.3
ppm, respectively, are consistent with the calculated
barriers of 13.9 and 9.8 kJ/mol for the methyl groups
in sites A and B, respectively. The resonance signals at
15.1 and 14.3 ppm can therefore be assigned to the
methyl carbons in sites A and B, respectively.

The calculated energy barriers (40.1 and 51.5 kJ/mol
for A and B sites, respectively) for the conformational
transition between the t—g' and g'—g conformations
indicate mobility differences between them. The transi-
tion is caused by the s-methylene motion. The T; values
of the s-methylene carbons in the two sites do not show
apparent differences above 233 K. The T; values in the
two sites are averaged out by the 90° helical jump
motion, since the spin—lattice relaxation rates for
s-methylene carbons (0.3 s71 at 272 K) are much smaller
than the helical jump rate (9.6 s™1 at 272 K). The
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obtained E, (15.2 kd/mol) from the 13C T; values of the
s-methylene carbon is much smaller than the calculated
values responsible for the conformational transition
between the t—g' and g'—g ones. Such a difference
suggests that the conformational transition is not
reflected in the 13C T, values and that different types
of motions dominate the 3C T; values.

Main-Chain Dynamics in Form I11. It is found that
the 74% polymer chain in form Ill executes the 90°
helical jump motion with the jump rate of 9.6 s™* at 272
K, while the rest is immobile. Such a dynamic hetero-
geneity suggests that the form 111 crystalline structure
is heterogeneous. The jump rates decrease with decreas-
ing temperature. The 90° helical jump motion is still
active at 240 K just below the reported Ty value (248
K). In our investigation, we could not obtain the exact
Ty value for the amorphous phase in the form Ill-rich
sample. Hence, we conclude that the 90° helical jump
motion begin to occur at the temperature very close to
Ty.

The observed low starting temperature for the 90°
helical jump motion in form 11l is attributed to a low
density of form 11l of i-PB (0.897 g/cm?®).}4 This is
supported by the previous investigations on the densi-
ties and the chain dynamics? for i-PB in the various
forms. Forms | and I' show higher density (0.950
g/cm3)35 than those of forms 11 (0.920 g/cm?3)36 and I11.
Maring et al.*® showed using *H broad line and relax-
ations time measurements that the polymer chains in
forms I and I' do not show the main-chain dynamics at
temperatures close to their Ty,’'s, whereas those in forms
Il and 11l are mobile above Tj.

The 90° helical jump motion in form 111 is accelerated
with increasing temperature, and this motion leads to
motional broadenings of the 12C signals at 316 K.
Upfield shifts are observed for the 13C signals of all the
carbons at 338 K (Table 1). The upfield shift for the
methyl carbon is attributed to increase in the population
of the g'—g side-chain conformation accompanied by the
rapid conformational transition or the dynamical con-
formational disorder, as discussed above. The m-meth-
ylene carbon has two methyl and two methine carbons
at its y positions. Thus, the increase in the population
of the g'—g side-chain conformation contributes also to
the upfield shifts for the 13C m-methylene signal. The
observed upfield shift for the m-methylene signal (3.5
ppm) is, however, much larger than that for the methyl
one (1.6 ppm) (Table 1). Furthermore, the chemical shift
of the methine carbon is affected by only the main-chain
conformations on the basis of the y-gauche effect.
Therefore, the observed upfield shifts of the main-chain
carbons indicate that the conformational change of the
main chain of form 111 occurs above 338 K. This means
that the pure 90° helical motion does not persist and
changes to a “more or less” rotational or jump motion
with different angle displacements.

The polymer chains show “more or less” rotational
motions in the crystalline phases of poly(acrylonitrile)
(PAN)3” and form Il of 1,4-trans-poly(butadiene) (t-
PBD).38 Kaji et al.3*~*! investigated recently the exact
conformations for PAN, using 13C—13C double quan-
tum?3® 40 and 2H—13C heteronuclear multiple-quantum
correlation NMR spectroscopy,*! and concluded that the
main chain shows static conformational disorder due to
steric hindrance and electric dipole interaction. De Rosa
et al.*2 suggested using packing energy calculation that
static conformational disorder exists in form Il of t-PBD.
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It is, thus, indicated that “more or less” rotational
motions in these two polymers are attributed to the
static conformational disorders. The polymer chain in
form 111 of i-PB, however, adopts a well-defined confor-
mation (4; helix) in the static state as well as those in
the other semicrystalline polymers such as PE,#4
POM,1° and i-PP.%4* Among them, the polymer chain
only in form 111 of i-PB shows the motional mode change
with increasing temperature. As shown above, i-PB has
an ethyl group as the side chain which is possible to
affect the conformational energy map of the main chain.
In fact, dynamic disorder of the side chain in form IlI
of i-PB is observed at temperatures above 338 K where
motional change of the 90° helical jump motion occurs.
It is reasonably concluded from these facts that the side-
chain mobility is an origin of the motional and confor-
mational changes in form 111 of i-PB.

Phase Transformations of Form Ill. Two mech-
anisms should be considered when one crystalline phase
undergoes a transition to the other: One is the crystal-
to-crystal process, and the other is the quasi-melting/
recrystallization process. The former and the latter take
place inside and outside of the form 11l phase, respec-
tively. The previous DTA?! and DSC? measurements
observed an endothermic peak corresponding to melting
of form 111 and a following exothermic peak which shows
the crystallization of the amorphous phase to form I1.
Previous X-ray diffraction and dilatometry studies®
could, however, give no evidence for the appearance of
the amorphous phase after melting of form I11.

Our present experiments clearly show that the form
Il phase immediately grows after melting of the form
111 phase, whereas the amorphous signals continuously
increase above 361 K (Table 2). These observations
indicate that the transformation from form I11 into form
Il proceeds via the quasi-melting/recrystallization pro-
cess. This situation is slightly different in the transfor-
mation from form I11 to form I'. The form I' signals are
clearly visible at 361 K before complete melting of the
form 111 phase at 370 K. Moreover, the *H Ty, experi-
ments elucidate that the form I' phase mixes intimately
with the form 111 phase on the scale shorter than ca. 40
A. This denies the transformation from form I11 to form
I via the quasi-melting/recrystallization process. If the
transformation occurred outside the form 111 phase due
to the quasi-melting, the polymer chains in the form 111
phase would not interact directly with those in the form
I' phase, and each phase would be surrounded by the
amorphous phase. Such a phase structure should have
led to inconsistency of the 'H T, values for the forms
Il and I' phases.

On the contrary, the polymer chains in form I' interact
directly with those in form 11l if the transformation
proceeds via the crystal-to-crystal process. Such a phase
structure should lead to the common *H T, values for
both phases as observed. It is, thus, indicated that the
transformation from form 111 to form I' proceeds via the
crystal-to-crystal process.

The crystal-to-crystal process from form 111 into form
I' directly requires the conformational change from a
4, helix to a 3; one within the form 11l phase. The
polymer chains in form 11 perform the 90° helical jump
motion with a 4, helical conformation above 240 K, as
discussed already. The polymer chains in form IIl
change their motional mode also, when they perform
the conformational change under the transformation.
These were confirmed by the 13C chemical shift change
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of the form 111 signals above 338 K. On the other hand,
the quasi-melting/recrystallization process is not related
to the chain dynamics in form Ill, because form 11
appears after melting of form I11. Therefore, the above
specific chain dynamics of form 11l around T, might be
the origin of the two independent transformations in
the similar temperature regions.

Summary

In this study, the characteristic chain dynamics and
conformations of the form 111 polymorph of i-PB were
investigated in the wide temperature range, employing
1D and 2D 3C NMR spectroscopy. The results are
summarized as follows.

(1) The methyl group in form 111 adopts only the t—g'
conformation at 199 K. The population of the ¢g'—g
conformation increases above 338 K, and a rapid transi-
tion between the t—g’' and g'—g conformations becomes
apparent. Namely, the side chain is dynamically dis-
ordered above 338 K.

(2) The 90° helical jump motion in form 111 begins to
occur at the temperature very close to Ty4. The jump
rates are found to obey Arrhenius type dependence. This
high mobility is explained in terms of the low density
of form I11. The 90° helical jump motion cannot persist
and changes to rotational or jump motion with different
angle displacements above 338 K, where the side chain
shows an apparent transition between the t—g' and g'—g
conformations. It is, thus, indicated that the side-chain
mobility affects the main-chain dynamics of i-PB.

(3) There are two different processes for the trans-
formations from form |1l into forms I' and Il near T,.
The former proceeds within the form 111 phase via the
crystal-to-crystal process, and the latter takes place
outside of the form 11l phase via the quasi-melting/
recrystallization one.

Through these investigations, it is demonstrated that
the side-chain conformations and mobility play impor-
tant roles in the overall chain dynamics and the phase
transformations in form 111 of i-PB.
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