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Synopsis

Spin-lattice relaxation time T'; and spin-spin relaxation time T2 were measured at 40°C on the
isotactic polypropylene films of varying preparations and thermal history. T increases with in-
creasing crystallinity and two T';’s appear for the samples annealed at elevated temperatures
(>120°C). These variations in T'; are well interpreted in terms of the spin diffusion and decoupling
of the mobile protons with immobile ones. A free induction decay following a 90° pulse is the su-
perposition of three different decay curves, one of which is exponential and other two are nonexpo-
nential. There is an increase in Ty, with increasing crystallinity, which is indicative of the en-
hancement of the chain mobility in the amorphous region. There are differences between the
crystallinity calculated from density and the fraction of crystalline region, F., obtained by the NMR
method, which can be explained by the existence of the microparacrystals and the stress imposed
on the amorphous chains on rapid cooling. On the other hand, there is a gradual lowering in 7'; and
a considerable increase in Ty, as an atactic fraction is increased. The increase in atactic fraction
also results in a decrease in the amount of the isotactic amorphous chains in the amorphous re-
gion,

INTRODUCTION

Nuclear magnetic resonance (NMR) has been extensively used for the study
of solid polymers.! As for polypropylene, a number of workers have investigated
the molecular motion of the polymer for a wide temperature range?!° by the
measurements of second moment,2-46.9-11,13,15,16 }ine width,24-6.9-11,1518 Jine
shape,31315.18 T, 7.812-14,16,17,19 T, 7131719 and T'; 1719 A line shape for oriented
fibers at room temperature was also reported.?? Furthermore, a line shape
for the hard elastic polypropylene fibers has been studied in recent
papers.21-2¢  Most of these studies were carried out by a so-called CW
method,2-6:9-11,13.15,18,20-24 and only a few papers used pulse tech-
niques,’-812,14,16.17.19 the gpplication of which has been significantly developed
in recent years.

On the other hand, these investigations include the results with isotac-
tic,2-13,15-19,20-24 at5ctic,2-6:8,10.14.15 gnd syndiotactic!® polypropylene. In all these
experiments a thermal history of the samples, however, is not necessarily clear,
and the effects of annealing on a second moment, line width, and line shape are
discussed only in a few papers.#-620 In the present study the effects of thermal
history and atactic fraction on the magnetic relaxation times of isotactic poly-
propylene were systematically investigated. It is well established that the mo-
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lecular motion is responsible for the relaxation times and closely relates to the
physical structure of the polymer.! Because of instrumental limitations in our
laboratory at present, relaxation times were only measured at 40°C. Never-
theless, it is believed that the data obtained can provide useful information about
the physical structure of the polymer.

EXPERIMENTAL

Materials

The characteristics of the sample films used in this study are summarized in
Table 1.

TABLE I
Characteristics of Sample Films Used
Sample no. M, Tacticity (%)P
1 265,000 94.4
2 295,000 92.4
3 302,000 89.4
4 281,000 85.2
5 265,000 81.0
6 233,000 66.2

a Measured in decalin solution at 135°C.
b Determined by extraction with boiling n-heptane.

Preparation of the Sample

Four series of the sample were prepared by varying the cooling conditions from
the melt and the annealing conditions, the details of which are described
below.

Series 1: A sample film (sample 1) was melt pressed at 230°C for 5 min be-
tween thin chrome-coated plates of 0.5 mm thickness and cooled in water of
various temperatures. The temperatures varied were 0°C (ice water), 20°C,
40°C, 60°C, 80°C, and 100°C (boiling water). After immersion of 5 min in water
of a desired temperature the sample was quenched in ice water.

Series 2: A melt-quenched sample, a sample which was melt-pressed at 230°C
for 5 min and then quenched in ice water in series 1, was annealed in a poly-
(ethylene glycol) (PEG) bath at various temperatures for 1 h. After annealing,
the sample was quenched in ice water. The temperatures employed were 80°C,
100°C, 120°C, 140°C, 150°C, and 155°C.

Series 3: Sample films (samples 2-6) were melt-pressed at 230°C for 5 min
and quenched in ice water.

Series 4: Samples in series 3 were annealed at 155°C for 1 hin PEG and then
quenched in ice water.

NMR Measurements

Spin-lattice and spin—spin relaxation times, T; and T, respectively, were
measured using a Bruker P 20 wide line pulse spectrometer operating at a fixed
frequency of 19.8 MHz at 40°C. The width of a 90° pulse was about 3 us and
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a recovery time was about 8.5 us. T'; measurements were carried out using a
pulse sequence of 180°-¢t-90°. The values of T and ratio of the rigid, inter-
mediate, and mobile fractions in a sample, F., F,,, and F,, respectively, were
obtained from the free induction decay (FID) which follows a 90° pulse using
the method reported by Fujimoto, Nishi, and Kado.?® The signals obtained were
accumulated on a Transient Memory M-100 E and Averager TMC-600 of Ka-
wasaki Electronica Co., Ltd., to improve the S/N ratio. All the samples were
cut in a shape of slender strip and packed in a sample tube.

Density Measurements and Calculation of Crystallinity

Densities of the samples were measured in a density gradient column prepared
by mixture of water and n-propyl alcohol at 23°C. The crystallinity from the
density was calculated from a two-phase model with the crystal density of 0.936
g/cm3 26 and the amorphous density of 0.858 g/cm3.27 On the other hand, the
crystallinity from the NMR measurements, F., was obtained from the analysis
of the FID.25 Unless specifically noted, the crystallinity refers to that obtained
from the density in the following section.

RESULTS AND DISCUSSION

Effects of Thermal History

In order to investigate the effects of crystallinity of the samples on the spin—
lattice (T'1) and spin—spin relaxation times (7T'5), a number of the samples with
different crystallinities were prepared by varying the cooling conditions from
the melt and the annealing conditions. In Table II are listed the data of crys-
tallinity for the various samples prepared by different conditions.

It is well known from BPP theory?® that 7'y has its minimum in the plot of T’y
vs. temperature at a temperature where wgr. = 1 for each internal motion of the
materials. Here, wg and 7. refer to the resonance frequency and the correlation
time of internal motion. As for isotactic polypropylene, two Ty minima have

TABLE II
Crystallinity for Samples Prepared at Different Conditions
Series Sample preparing conditions Crystallinity (%)
0 39.2
20 43.9
. . 40 49.3
1 Cooling temp (°C) 60 545
80 58.2
100 60.2
80 46.9
100 53.4
2 Annealing temp (°C) 120 58.8
(annealing time = 1 h) 140 64.0
150 67.9

155 71.3
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been observed in all experiments.812:13.16.17 The minimum located at a relatively
low temperature (—120-—130°C) was assigned to the reorientation of methyl
group,312.13 and that which appears at a higher temperature (80-100°C) to the
segmental motion of the polymer.8:1213  Although these temperatures which
produce the Ty minimum are dependent on the frequency used for the NMR
measurement, 18 it is evident from the comparison of the frequency (21.5 MHz)
used by Powles and Mansfield!? with that of 19.8 MHz used in this experiment
that the temperature of 40°C, which was employed in this experiment, is located
at a lower temperature side of the T; minimum of the segmental motion.

In discussing the observed results, it was assumed that an isolated dipole pair
reorients randomly with a single correlation time and the spin diffusion is op-
erative when the protons of the immobile fraction are coupling with the mobile
ones.2%-31 In fact, Crist and Peterlin have shown that the spin-lattice relaxation
times of the entire sample can be explained by motion of a relatively small
fraction of chain segments.31-33 Furthermore, in this paper qualitative trends
of change in T values for the samples of various crystallinities are discussed
without paying too much attention to absolute values which are affected by the
impurities and paramagnetic substances.2829

In Figures 1-3 are shown the data for the samples of series 1 (®) and series 2
(0). Figure 1 shows the effect of the increased crystallinity on T;. Asis shown
in this figure, there is a monotonic increase in T, with increasing crystallinity
of the samples cooled at different temperatures (®). There is general agreement
that the constraints to the segmental motion in the amorphous region imposed
by the presence of the crystallites elevate the temperature at which the motional
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Fig. 1. A plot of T as a function of crystallinity. T'1; and Ty, refer to a long T, and a short 7'y,
respectively. (@) Samples cooled from the melt at various cooling conditions (series 1); (O) samples
annealed at various temperatures in PEG for 1 h (series 2).
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Fig. 2. Dependence of T on crystallinity. T2, T2m, and Ty refer to T2 of amorphous, inter-
mediate, and crystalline regions, respectively. (@) Samples of series 1; (O) samples of series 2.

narrowing in the line shape and the rapid reduction of the second moment
occur.2-4613  Similarly, the 7'y minimum for the segmental motion shifts to
higher temperatures, owing to the presence of the crystallites.8 Apart from this
effect, the value of the T'; minimum becomes shorter as the noncrystalline mass
fraction is increased.?3'-33 Thus, morphological changes introduced by the

80+
70 F
60

50}

%

20}

10}

CRYSTALLINITY, %
Fig. 3. Fractions of amorphous (F,), intermediate (F,), and crystalline (¥,) regions against
crystallinity. (@) Samples of series 1; (O) samples of series 2.
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various thermal treatments into the samples produce a change in T'; value when
measured at a constant temperature (at 40°C in this experiment); constraints
to the segmental motion give rise to a higher value of T';, and increase in crys-
tallinity also results in a higher value of T';.

It is well known from the Kubo-Tomita theory34 that the FID curve is expo-
nential and the signal decays as exp(—t/T2) for nuclei spins with short 7. as in
a liquidlike amorphous region and the curve is nonexponential for those with
long 7. as in a rigid crystalline region and the signal decays as exp[—%(t/T2)?].

In a solid isotactic polypropylene, the FID measured at 40°C is nonexponential
and the recorded traces are the superposition of three decay curves, one of which
decays as exp(—t/T2) and other two as exp[—':(¢/T9)2]. Three different re-
laxation times, T, Torm, and T, are obtained from these different decay curves.
The longest relaxation time, T's,, obtained from the curve which decays as
exp(—t/T2) can be attributed to the mobile (amorphous) region?? and the shortest
one, T, to the rigid (crystalline) region.?® Ty, the value of which lies between
Ts, and T, is believed to associate with the intermediate region.2> T, and
Ts. are obtained from the curves which decay as exp[—1(¢/T'2)?].

T's is plotted as a function of the crystallinity in Figure 2. It has already been
shown that T's, becomes longer with increasing temperature,l? which is indicative
of the enhancement of the chain mobility in the amorphous region. Conse-
quently, the fact that the increase in T'5, with increasing crystallinity for the
samples of series 1 (@) indicates that there is a slight increase in the chain mo-
bility in the amorphous region. On the contrary, F, decreases gradually with
increasing crystallinity, as shown in Figure 3.

Taking into account the increase in 79, and decrease in F,, it can be concluded
that for the samples of series 1 the decrease in the amount of the amorphous
region results in the increase in T;. The fact that only one T'; is obtained for
these samples consisting of both crystalline and amorphous regions can be ex-
plained in terms of spin diffusion.29-31
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Fig. 4. A plot of F,. against crystallinity calculated from density. (®) Samples of series 1; (O) -
samples of series 2.
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Fig. 5. A plot of T, as a function of atactic fraction. Ty; and Ty, refer to a long T'; and a short
T, respectively. (®) Melt-quenched samples (series 3); (O) samples annealed at 155°C for 1 h in
PEG (series 4).

The situation is slightly different in the samples annealed at various tem-
peratures. In this case, two T';’s appear for the samples annealed at temperatures
above 120°C. Ty, and Ty, in Figure 1 refer to a long T'; and a short Ty, respec-
tively. In this case too, there is a monotonic, rather sharp increase in Ty, as the
crystallinity is increased. The change in Ty, however, is rather uncertain;
probably a slight decrease in T';; with crystallinity seems to occur. The results
similar to those obtained for the samples of series 1 are shown in Figure 2. There

TABLE III
Crystallinity of Samples with Different Atactic Fractions
Sample preparing Atactic fraction Crystallinity
Series conditions (%) (%)
924 38.8
89.4 37.9
3 Melt-quenched 85.2 37.7
81.0 37.0
66.2 33.4
92.4 72.2
4 Annealed at 155°C 89.4 72.2
for 1 hin PEG 85.2 68.8
81.0 67.3

66.2 58.8
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Fig. 6. Dependence of T's on atactic fraction. T4, T'om, and To. refer to T of amorphous, in-
termediate, and crystalline regions, respectively. (®) Melt-quenched samples (series 3); (O) annealed
samples (series 4).

is a slight increase in Ty, for the lower crystallinity and a relatively sharp increase
for the higher crystallinity. It is believed that the appearance of Ty is closely
related to a larger increase in T'p, in Figure 2, though T'9,’s of the samples an-
nealed at 120°C (crystallinity = 58.8%) and 140°C (crystallinity = 64.0%) are
not so long. The decrease in T';; and increase in T', indicate the generation of
the amorphous region which decouples with crystalline one.3! The development
of the decoupling between crystalline and amorphous regions and the en-
hancement of the chain mobility in the amorphous region which couples strongly
to the lattice result in the faster spin-lattice relaxation, giving a smaller value
of T;. The development of the decoupling is also reflected in an increase in Ty,
as shown in Figure 1. It must be noted that the different T; values can be ob-
tained for the samples of the same crystallinity but with different thermal his-
tory.

There is no appreciable change in T's. for all samples investigated and a slight
increase in T, as the crystallinity is increased (Figure 2). As T is measured
from the FID, the dead time following a 90° pulse is of the same order of mag-
nitude as T'5.. Therefore, a precise value for T'5, is not expected, and the main
emphasis in this paper is on T3, and Ty, which can provide useful information
on the segmental motion in the amorphous region.

There is a relatively large increase in F,. and a decrease in F, with increasing
crystallinity, as shown in Figure 3. The amount of F,,, however, is almost un-
changed for a wide range of crystallinity, but it cannot be decided only from this
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~ Fig. 7. Fractions of amorphous (F,), intermediate (F,), and crystalline (F,) regions against atactic
fraction. (@) Melt-quenched samples (series 3); (O) annealed samples (series 4).

figure that either the region corresponding to F,, is unchanged through the
various thermal treatments or transformation from F, to F,, and that from F,,
to F, mutually compensate, resulting in no substantial change in F,,,. In addi-
tion, no explanatiorn can be offered at present for the location of the chain seg-
ments which are included in F,,,. This problem will be a subject of future
study.
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Fig. 8. A plot of F; against crystallinity calculated from density. (®) Melt-quenched samples
(series 3); (O) annealed samples (series 4).
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Fig. 9. A plot of isotactic amorphous fraction against atactic fraction. (@) Melt-quenched samples
(series 3); (O) annealed samples (series 4). '

Figure 4 shows the relation between the crystallinity calculated from the
density and that obtained by NMR method, F.. The solid circle represents the
samples cooled at different temperatures (series 1), and the open circle represents
those annealed at various temperatures (series 2). As the cooling and annealing
temperatures are raised, the crystallinity of the samples increases, and F. ap-
proaches the crystallinity calculated from the density, which indicates that the
physical structure of the sample approaches the so-called two-phase model. It
has already been shown by Miller® that the line width of narrow component at
room temperature is slightly greater in the quenched sample than in the crys-
talline one, which is interpreted in terms of the constraints to motion on the
amorphous region. Nishioka et al.? have also reported by the measurements
of the line width that the volume of the constrained amorphous part would be
larger in the quenched sample than in the annealed one. Taking these results
into consideration, it is believed that the existence of the microparacrystal and
the stress imposed on the amorphous region on rapid cooling are responsible for
the disparity between the crystallinity calculated from the density and the
fraction of crystalline region, F,, obtained by the NMR method.

Influence of Atactic Fraction

In Figures 5-9 are shown the data for the samples with different atactic frac-
tions. The crystallinity of the samples quenched from the melt (series 3) and
annealed at 155°C for 1 h in PEG (series 4) are summarized in Table III.

Figure 5 shows the effect of increasing atactic fraction on T'y. Solid circles
indicate the data with the melt-quenched samples, and open circles indicate those
with the annealed ones. As is evident from this figure, all T'; values decrease
with increasing the amount of atactic fraction and annealing at 155°C results
in some portions of the sample exhibiting a shorter T';. As has already been
shown, the T'; minimum corresponding to the segmental motion is located at a
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lower temperature for atactic polypropylene than for isotactic polypropylene,
owing to the favorable chain mobility in the amorphous region.?2 The T'; mini-
mum also decreases with increasing noncrystalline mass fraction, as mentioned
before.8:31-33  The results shown in Figure 5 are in general agreement with the
previous studies mentioned above.

In Figures 6 and 7 are plotted T's and F, respectively, as a function of atactic
fraction for the melt-quenched and annealed samples. As is expected, F, in-
creases with increasing atactic fraction and T'g, increases also with atactic frac-
tion, reflecting the higher mobility of the amorphous chains which have been
restricted by the presence of the crystallites346:13 composed of isotactic poly-
propylene. It is also expected that the increases in F, and in T, lower the values
of T';.2° This expectation is already shown to be true in Figure 5. It is note-
worthy that there is a very sharp increase in T'y, for the annealed samples as the
atactic fraction is increased, indicating the significant enhancement of the chain
mobility in the amorphous region. This change in chain mobility is accompanied
by the morphological change which approaches more and more the physical
structure of the sample two-phase model. To examine this trend more quanti-
tatively, F. is plotted as a function of crystallinity in Figure 8, similarly as in
Figure 4. Solid and open circles refer to the melt-quenched (series 3) and an-
nealed samples (series 4), respectively. The approach of the observed points
to the solid line with annealing is thought to reflect the morphology which ap-
proaches more and more the two-phase model on annealing.

Generally, it is believed that the amorphous chains consist both of isotactic
and atactic chains. In Figure 9 are plotted the amounts of isotactic amorphous
chains as a function of the atactic fraction for the melt-quenched and annealed
samples. There is a significant decrease in the isotactic amorphous chains with
increasing atactic fraction. Furthermore, it is obvious that the annealing results
in a considerable decrease in the amount of the isotactic amorphous chains.
These features indicate that large portions of isotactic chains in the amorphous
region crystallize on annealing and the amorphous region consists mainly of the
atactic chains as the atactic fraction is increased.

The author wishes to thank Dr. K. Sato of Idemitsu Kosan Co., Ltd., and Dr. T. Nishi of Tokyo
University for many helpful discussions. He also thanks the Chisso Corp. for supplying the samples
with different atactic fractions.
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