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ABSTRACT: Crystal transformation behavior and structural changes for the planar zigzag form (form
III) of syndiotactic polypropylene, which is spontaneously crystallized at 0 °C from the melt, have been
investigated in the heating process by DSC, wide-angle X-ray diffractometry, and high-resolution solid-
state 13C NMR spectroscopy. The DSC curve for the sample containing only form III crystallites, which
is crystallized at 0 °C for 5000 h, shows an evident endothermic peak at about 20 °C and an additional
exothermic peak at about 100 °C prior to melting at about 150 °C. The endothermic peak, which is shifted
up to about 40 °C by annealing at room temperature, is found to be ascribed to the crystal transforma-
tion from form III with the planar zigzag conformation to form II composed of isochiral helices with the
ttgg conformation by wide-angle X-ray diffractometry. Moreover, the CH3 resonance lines of the dipolar
decoupling/MAS 13C NMR spectra measured at different temperatures for the sample with almost the
same structure as for DSC and WAXD measurements are well resolved into the components with the
tt and tg conformations for the CH2-CH(CH3)-CH2 bond. As a result, it is found that about 16% form
III is allowed to be transformed into form II, whereas most of form III is melted gradually in the tran-
sition temperature region and very rapidly above that temperature. Such melting of form III should
induce the crystallization of form I above about 60 °C, and the final degree of crystallinity of form I
attains to almost the same level as for the original form III. This process is really reflected on the
appearance of the exothermic peak at about 100 °C in the DSC curve described above. An annealing
effect of form III crystallites has also been examined just below the crystal transformation temperature
from form III to II.

Introduction

In our previous papers,1-3 we have found for the first
time that the planar zigzag form (form III4-11) for
syndiotactic polypropylene (sPP) is spontaneously crys-
tallized at low temperatures around 0 °C from the melt
without any drawing procedure. The highest degree of
crystallinity of form III is obtained at 0 °C, but it is still
of the order of 0.13 even after the crystallization for 4300
h. When the sample is annealed at room temperature,
additional crystallization of form III leads to the in-
crease in crystallinity up to about 0.3. However, the
crystallization of form I4,5,12-19 with the ttgg conforma-
tion, which is the most stable form of sPP, is completely
suppressed even for the sample with such a low crystal-
linity. Therefore, some different levels of structural
changes will be probably induced when the sample is
further heated to higher temperatures. Moreover, it has
already been reported mainly by high-resolution solid-
state 13C NMR spectroscopy5,6 that form III is allowed
to transform into another crystal form with the ttgg
conformation at about 50 °C in the heating process. Lotz
et al.20 also suggested that form II composed of isochiral
helices with the ttgg conformation might be preferen-
tially transformed from form III with the planar zigzag
conformation because of steric hindrance. However, the
actual crystal transformation process from form III
spontaneously crystallized to form II has not been
examined by appropriate analytical methods as yet.

In this paper, we investigate possible structural
changes and the crystal transformation behavior of form
III in the heating process in detail by differential

scanning calorimetry, wide-angle X-ray diffraction, and
high-resolution solid-state 13C NMR measurements. In
particular, the CH3 resonance lines for the sPP samples
crystallized at 0 °C are precisely analyzed in terms of
the components with the tt and tg conformations for the
CH2-CH(CH3)-CH2 bond to obtain the information
about the change in degree of crystallinity of each
crystal form as a function of temperature. The charac-
teristic trans-rich chain conformation in the noncrystal-
line state, which is allowed to induce the crystallization
of form III with the planar zigzag conformation at lower
temperatures, will be analyzed by a similar method in
another paper.21

Experimental Section
Samples. The sPP sample with racemic triad of 0.96, which

was provided by Sumitomo Chemical Co. Ltd., was first
pressed to a film with a thickness of about 100 µm at 170 °C
and quenched into ice-water.2 After again melted at 170 °C
for 10 min under a N2 atmosphere in an aluminum foil
containing a spacer for the film, this film was then rapidly
quenched into ice-water and crystallized at 0 °C for various
periods. For measurements at lower temperatures, the samples
crystallized at 0 °C were rapidly cooled to the boiling point of
N2 and was cut into squares of several millimeters. The
samples thus obtained were quickly set up to each apparatus
kept at an appropriate temperature without leaving the
sample temperature above 0 °C.

Differential Scanning Calorimetry. Thermal transition
behavior for the sPP samples crystallized at 0 °C was mea-
sured on a TA Instruments DSC 2910 differential scanning
calorimeter calibrated with indium. The measurements were
performed in the region of -30 to 170 °C at a heating or cooling
rate of 10 °C/min.
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Solid-State 13C NMR Measurements. Solid-state 13C
NMR measurements were carried out at 0 °C on a JEOL JNM-
GSX200 spectrometer, equipped with a partly modified JEOL
variable temperature system, at a static magnetic field of 4.7
T.2,22-28 The 1H and 13C field strengths γB1/2π were 62.5 kHz.
Each sample was spun in a zirconia MAS rotor at a speed of
3.0 kHz. Dipolar decoupling (DD)/MAS 13C NMR spectra were
collected with transients of 256, using the pulse delay time of
5 s after the acquisition of FID which was 5 times longer than
the longest spin-lattice relaxation time T1C for the CH3 carbon.
13C chemical shifts were expressed as values relative to
tetramethylsilane (Me4Si) by using the CH3 line at 17.36 ppm
of hexamethylbenzene crystals as an external reference. The
sample temperature was calibrated using the temperature
dependence of relative chemical shifts of CH2 and OH protons
of ethylene glycol in a glass ampule29-31 which was packed with
KBr in the MAS rotor.

Wide-Angle X-ray Diffraction Measurements. Wide-
angle X-ray diffraction patterns were obtained with an auto-
matic Rigaku diffractometer equipped with a homemade
variable temperature system, using Ni-filtered Cu KR radia-
tion. The scanning range of 2θ was from 5° to 50° with a step
of 0.02° and a scan speed of 2°/min.

Results and Discussion

Figure 1 shows DSC curves measured at a heating
rate of 10 °C/min for the sPP samples crystallized at 0
°C for different periods. Each sample was not heated
above 0 °C before the DSC measurements. Numerical
values at the left side indicate the periods for the
crystallization at 0 °C. In the DSC curve for the sample
with a very short crystallization time, as shown in
Figure 1a, the glass transition of the quenched sPP is
evidently observed at about -5 °C, and a prominent
exothermic peak additionally appears at about 20 °C
prior to melting at about 150 °C. The wide-angle X-ray
diffraction pattern measured at 0 °C revealed that this
sample is in the noncrystalline state.2 Moreover, form
I composed of antichiral helices with the ttgg conforma-
tion was confirmed to be produced for the sample after

annealed above 20 °C by wide-angle X-ray diffractom-
etry. Accordingly, the exothermic peak at about 20 °C
should be ascribed to the crystallization of form I.

With increasing crystallization time at 0 °C, however,
the exothermic peak due to the crystallization of form I
clearly broadens and decreases in intensity. Finally,
there seems to be almost no exothermic contribution
around 20 °C for the sample crystallized for 300 h as
shown in Figure 1f. As already reported in previous
papers,1-3 form III with the planar zigzag conformation
is crystallized at 0 °C during these periods. Therefore,
the crystallization of form I at about 20 °C will be
suppressed by the crystallization of form III and also
by the production of possible aggregates of trans-rich
segments in the noncrystalline region at 0 °C, as pointed
out in our previous paper.2 Moreover, a certain endo-
thermic peak seems to overlap the exothermic contribu-
tion, because such an endothermic peak can be clearly
observed at about 16 °C for the sample crystallized at 0
°C for 300 h (Figure 1f). This endothermic peak should
be assigned to the crystal transformation of form III,
as shown in detail somewhat later.

In addition, it is worth noting that another broad
exothermic peak appears at about 100 °C for the
samples crystallized at 0 °C for longer periods. Such an
appearance seems to be related to the suppression of
the exothermic peak for the crystallization of form I at
about 20 °C. In fact, it is shown later that some
rearrangement in the noncrystalline region as a result
of partial melting of form III will induce the further
crystallization of form I at higher temperatures around
100 °C. It should be also noted here that the glass
transition appearing at about -5 °C for the quenched
sample becomes gradually difficult to observe for the
samples crystallized at 0 °C for longer periods. This fact
supports our previous model that some aggregates
composed of trans-rich segments may be produced in
the noncrystalline region, and the resulting restriction
may hinder the crystallization of form I around room
temperature.2

As for the crystal transformation of form III, it was
reported to occur at about 50 °C for the cold-drawn sPP
sample.5,6 However, the endothermic peak correspond-
ing to this transformation seems to appear at about 16
°C for the sample crystallized at 0 °C for 300 h as
pointed out above (Figure 1f). To clarify the cause of
the difference in transformation temperature of form
III, we have examined an annealing effect of our sample
on the transformation because the crystallinity was
found to be much improved by annealing at room
temperature.2 Figure 2 shows the DSC curve measured
at a heating rate of 10 °C/min for the sampled crystal-
lized at 0 °C for 5000 h and then left at room temper-
ature for about 3 months. The first DSC run clearly
indicates that the endothermic peak in question shifts
to about 44 °C, in good accord with the previous result
for the cold-drawn sample.5,6 Therefore, the endothermic
peak can be assigned to the crystal transformation from
form III to another crystal form that will be character-
ized in detail below. Although such an annealing effect
at room temperature is evident, it should be pointed out
that the main structural change by the annealing is
completed within 1 h for the samples crystallized at 0
°C as revealed by wide-angle X-ray diffractometry and
FT-IR spectroscopy.2,3

To make the crystal transformation and partial melt-
ing of form III clearer, the second DSC run was carried

Figure 1. DSC curves measured at a heating rate of 10 °C/
min for sPP samples crystallized at 0 °C for different periods
from the melt, without heating them up above 0 °C before DSC
measurements.
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out for the same sample cooled to -30 °C at a rate of
10 °C/min after the first run up to 60 °C as shown in
Figure 2. In contrast to the case of the first run, no
endothermic peak corresponding to the crystal trans-
formation appears at the second run, indicating that this
transformation is an irreversible process. Instead of the
transition peak, a very broad endothermic peak becomes
explicitly observable in this temperature region. This
broad peak may be ascribed to partial melting of form
III which will be quantitatively characterized by solid-
state 13C NMR spectroscopy later. However, the further
melting endothermic curve for most of form III may
disappear probably as a result of the superposition of
the exothermic contribution from the crystallization of
form I induced in the same temperature region. The less
integrated intensity of the exothermic peak around 100
°C compared to that of the melting peak mainly for form
I at about 150 °C also suggests such superposition of
the melting of form III and the crystallization of form I
in this temperature region.

Figure 3 shows wide-angle X-ray diffraction patterns
obtained at room temperature for the samples used for
the first and second DSC runs shown in Figure 2. The
comparison of these diffraction patterns will indicate the
structural change induced by the crystal transformation

of form III. To make the structural change clear, the
total diffraction profiles are resolved into the crystalline
and noncrystalline diffraction profiles, which are re-
spectively depicted by thin and dotted curves, by the
subtraction method previously reported.2 In this case
the diffraction profile measured at 0 °C for the amor-
phous sPP sample just after quenching to 0 °C from the
melt was used as an elementary curve for the noncrys-
talline contribution. In fact, a somewhat sharp reflection
peak is observed at 2θ ) ∼12° for the sample used for
the second DSC run as shown in Figure 3b, although
the broad peak assignable to the (020)/(110) planes for
form III2 still appears there at about 17°. This fact
strongly suggests the formation of form I14-19 or form
II7,15,17,19 through the partial crystal transformation of
form III, but other reflection peaks at 2θ ) ∼16° and
21° closely associated with the discrimination of these
crystal forms are not clearly observed in these profiles.

One of the reasons for such a difficulty in character-
ization may be the low crystallinity for form III. As
reported in a previous paper,2 the degree of crystallinity
of form III was as low as about 0.32 for the sample even
after being annealed at room temperature. The crys-
tallite size was found to be also as small as about 7 nm
at 0 °C, and no significant increase in size was observed
by annealing at room temperature.2 To examine the
possibility to produce form III samples with much
higher crystallinity and to characterize the crystal
transformation of form III in more detail, annealing has
been performed at temperatures just below the crystal
transformation temperature. Figure 4 shows DSC curves
for such annealed sPP samples. Figure 4a is the DSC
curve for the sample left at room temperature for about
several months after being crystallized at 0 °C for 5000
h. Parts b and c of Figure 4 are DSC curves obtained
after annealing of this sample at 32 °C for 90 and 1200
h, respectively. With increasing annealing time at 32
°C, the transition peak is found to clearly shift from
about 47 to 55 °C. However, the transition enthalpy
seems to stay almost constant irrespective of the an-
nealing time, indicating almost no increase in degree
of crystallinity of form III. Since no further increase in
the transition temperature was observed for the sample
annealed at 32 °C for 1500 h, a part of this sample was

Figure 2. DSC curves at different runs for the sPP sample
left at room temperature for about 3 months after crystallized
at 0 °C for 5000 h. At the first run the sample was heated to
60 °C and then cooled to -30 °C at a rate of 10 °C/min. After
such cooling the second run was started at the same heating
rate.

Figure 3. Wide-angle X-ray diffraction profiles for the sPP
samples used for the first (a) and the second (b) DSC runs
shown in Figure 2.

Figure 4. DSC curves for the sPP samples annealed under
different conditions. (a), (b), and (c) are for the samples
annealed at 32 °C for 0, 90, and 1200 h after crystallized at 0
°C for 5000 h and left at room temperature for about several
months, respectively. (d) is for the sample further annealed
at 40 °C for 400 h after annealed at 32 °C for 1500 h.
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further annealed at 40 °C for 400 h. Figure 4d shows
the DSC curve of this sample. The transition temper-
ature is further shifted to about 60 °C, but the inte-
grated peak intensity seems to decrease significantly
by annealing at 40 °C. Partial melting and also partial
crystal transformation of form III may occur during
annealing at 40 °C.

Figure 5 shows wide-angle X-ray diffraction profiles
obtained at room temperature for the same samples
used for DSC measurements shown in Figure 4. Al-
though the samples shown in Figure 5b,c were subjected
to annealing below the transition temperatures for long
periods, more enhanced reflection peaks appear at 2θ
) ∼12° and 21° compared to the case shown in Figure
3b. This fact indicates that some amount of form III will
be transformed during such annealing, and the crystal-
linity of the crystallites thus produced may be increased
through the long-term annealing. The significant reduc-
tion in transition enthalpy observed in Figure 4d will
be in good accord with the possible crystal transforma-
tion below the transition temperature. Now the assign-
ment of the crystal form produced seems to more readily
made compared to the case shown in Figure 3b. The
reflections at 2θ ) ∼12° and 21° are ascribed to both
form I and form II, but there is no reflection peak at 2θ
) ∼16° that is normally observed for form I.14-19 It is,
therefore, concluded that form II is preferentially pro-
duced through the crystal transformation from form III.
In fact, no reflection peak also appears at 2θ ) ∼16°
for the sample that really underwent the crystal trans-
formation, as shown in Figure 3b. Long-term annealing
must be indispensable for the production of form II with
higher crystallinity. The conclusion obtained here will
support the mechanism recently proposed for the forma-
tion of form II: Form II containing isochiral helices with
the ttgg conformation should be preferentially trans-
formed from form III with the planar zigzag conforma-
tion for steric reasons, although form I composed of
antichiral helices with the same ttgg conformation is the
most stable crystal form of sPP.20

For form III, in contrast to the case of form II, only a
very minor decrease in line width, which may cor-

respond to the increase in transition temperature
detected in Figure 2, is observed in Figure 5 for the
broad diffraction peak at 2θ ) ∼17° that is assigned to
the (020)/(110) planes for form III.10 Accordingly, it
should be noted that the crystallinity of form III
involving the crystallite size cannot be greatly improved
by long-term annealing at temperatures even just below
the transition temperature. The cause for the difficulty
may be associated with the chain conformation in the
noncrystalline region: The trans-rich conformation at
lower temperatures,2 which may induce the crystalliza-
tion of form III, has recently been found to change to
the normally trans-gauche distributed conformation in
the temperature region of 30-50 °C.21 The detailed
characterization of the conformation for the noncrystal-
line segments will be published somewhere in the near
future.21

To clarify the structural changes as a function of
temperature detected by the DSC measurements, wide-
angle X-ray diffractometry and high-resolution solid-
state 13C NMR spectroscopy have been performed in the
heating process for the sample crystallized at 0 °C for
longer periods. Wide-angle X-ray diffraction profiles
measured at different temperatures for the sample
crystallized at 0 °C for 5000 h is shown in Figure 6 as
thick solid lines. These total diffraction profiles are also
resolved into the crystalline and noncrystalline diffrac-
tion profiles, which are respectively depicted by thin and

Figure 5. Wide-angle X-ray diffraction profiles for the sPP
samples annealed at different conditions. (a), (b), and (c)
correspond to (a), (b), and (d) in Figure 4, respectively.

Figure 6. Wide-angle X-ray diffraction profiles measured at
different temperatures in the heating process for the sPP
sample crystallized at 0 °C for 5000 h.
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dotted curves, by the subtraction method previously
reported.2 Here it should be noted that the h20 reflec-
tions are streaked probably due to stacking disorders
for forms I and II,14 and a diffuse reflection produced
by this cause in the powder pattern may be partly
overlapped on the noncrystalline contribution in Figure
6. However, such an contribution may not significantly
affect the separation of the crystalline and noncrystal-
line profiles, because the apparent degrees of crystal-
linity obtained by this separation are very close to the
values quantitatively determined by solid-state 13C
NMR spectroscopy as shown later.

The crystalline profile thus obtained at 24 °C shows
broad but evident reflections around 2θ ) 17° and 24°
that were respectively assigned to the (020)/(110) and
(021)/(111) planes10 for form III with the planar zigzag
conformation, as shown in Figure 6a. With increasing
temperature, however, other sharper reflections appear
at 2θ ) ∼12°, 16°, and 21° above 70 °C. Since these
reflections are ascribed to form I composed of antichiral
helices with the ttgg conformation,14-19 this form is
found to be crystallized above about 70 °C. It is,
therefore, confirmed that the appearance of the exo-
thermic peak in the corresponding temperature region
on the DSC curves shown in Figures 1 and 4 is due to
the crystallization of form I.

In contrast, it seems again somewhat difficult to
observe reflections ascribed to form II at 40 and 50 °C.
However, since a broad reflection assignable to form II
appears at about 2θ ) ∼12° and no reflection ascribed
to form I is observed at 2θ ) ∼16°, it is confirmed that
form II is produced around 40 °C as a result of the
partial crystal transformation of form III.

In Figure 7 is plotted the peak intensities of the
reflections at 2θ ) ∼12°, 16°, and 17° shown in Figure
6 against the temperature. Here, the reflection at about
16° is simply due to form I, whereas the reflections at
about 12° and 17° contain the contributions from form
I/form II and form II/form III, respectively. It is clearly
confirmed, in good accord with the DSC results, that
form I is crystallized above about 60 °C, and form II is

produced with the reduction in form III as a result of
the crystal transformation. However, the quantitative
changes in their degrees of crystallinity cannot be
obtained from this figure. Such detailed information will
be given later by high-resolution solid-state 13C NMR
spectroscopy. Nevertheless, it should be noted here that
the peak intensity at 17° is rapidly changed in the
temperature region of 60-90 °C. To examine the pos-
sibility of partial melting in this temperature region for
the cause, the apparent overall degree of crystallinity
has been obtained as 1 - xa. Here xa is an intensity
factor for the noncrystalline contribution used for the
subtraction of this contribution from the total profile
shown in Figure 6 as described in a previous paper.2

The temperature dependence of the apparent overall
degree of crystallinity thus obtained is shown in Figure
8. With the increase of the temperature from room
temperature to about 70 °C, the apparent degree of
crystallinity is evidently decreased from 0.31 to 0.27.
Although a part of form III is transformed into form II
in this temperature region, this decrease is due to
partial melting of form III crystallites as indicated more
directly by the high-resolution solid-state 13C NMR
analysis later. Above 70 °C, the apparent degree of
crystallinity increases again and reaches to about 0.35
at 120 °C. This increase is ascribed to the crystallization
of form I possibly as a result of partial melting of form
III crystallites.

Figure 9 shows DD/MAS 13C NMR spectra measured
at different temperatures for the sPP sample left at
room temperature for several days after crystallized at
0 °C for 144 h. As described in a previous paper,2 the
degree of crystallinity of form III is not significantly
changed by the longer-term crystallization than 20 h.
Therefore, the structure of this sample may be almost
the same as that used for the DSC and wide-angle X-ray
diffraction measurements described above. For simplic-
ity, only the CH and CH3 resonance lines are shown in
this figure. Since the pulse delay time for the π/2 single
pulse sequence was set to a value (5 s) longer than 5T1C
for the CH3 carbons, the CH3 resonance lines reflect
their equilibrium magnetizations at the respective tem-
peratures. It is found that these resonance lines can be
well resolved into five Lorentzian curves, which are
indicated as thin lines, by the computer-aided least-
squares method. As for the CH3 resonance lines, two
Lorentzian curves are assumed as contributions from

Figure 7. Temperature dependencies of peak intensities for
diffraction peaks located at 2θ ) 12°, 16°, and 17° in the
diffraction profiles shown in Figure 6.

Figure 8. Apparent overall degree of crystallinity for various
crystal forms as a function of temperature, obtained from the
wide-angle X-ray diffraction profiles shown in Figure 6.
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the crystalline (form III) and noncrystalline components
at 30 °C. Here, the form III line is located at the
chemical shift corresponding to the tt conformation for
the CH2-CH(CH3)-CH2 bond, which was defined in a
previous paper in detail.2 In contrast, the noncrystalline
line appears at about 20 ppm as a result of the rapid
exchange between the tt and tg conformations for that
bond, whose corresponding resonance lines separately
appear at about 19 and 22 ppm at 0 °C, respectively.2
It is found that the total CH3 line is satisfactorily
resolved into these two contributions at 30 °C, because
the composite curve composed of the two contributions
(dotted line) is in good accord with the observed curve.

In contrast, another Lorentzian line should be intro-
duced at 21.6 ppm above 60 °C, and the intensity rapidly
increased with increasing temperature. Since the chemi-
cal shift of this line corresponds to the CH3 carbon with
the tg conformation,2 this line can be assigned to the
crystalline components of form I and form II. Therefore,
the mass fractions of form I and form II are increased
above 60 °C with increasing temperature, whereas the
fraction of form III is significantly reduced. The non-
crystalline line becomes much narrower with the in-
crease of temperature, and the chemical shift seems to
concomitantly shift downfield by about 0.6 ppm. The
latter phenomenon suggests the increase in gauche
fraction for the noncrystalline segments of sPP at higher
temperatures. More detailed characterization of the
conformation for the noncrystalline component will be
made somewhere in the near future.21

In contrast to the case of the CH3 resonance line, the
CH line seems to be resolved into two contributions: the
crystalline and noncrystalline components that appear

upfield and downfield, respectively. Here, the crystalline
line is greatly suppressed in intensity because of the
longer T1C value. Since almost the same extent of the
γ-gauche effect may appear for the CH carbons associ-
ated with the corresponding trans and gauche confor-
mations, the difference in crystal form cannot be de-
tected for the CH line of sPP. In addition, the CH2
resonance line also contains information about the
structure and structural change for sPP samples. How-
ever, the line is considerably broad as shown in Figure
3 in a previous paper,2 and it seems therefore difficult
to analyze the CH2 line in detail unlike the case of the
CH3 line.

In Figure 10 the degrees of crystallinity of different
crystal forms, which are obtained as integrated fractions
of the corresponding CH3 resonance lines shown in
Figure 9, are plotted against the temperature. Here, the
overall degree xc of crystallinity is also shown at each
temperature by an open circle. The temperature depen-
dence of xc, which seems to be in good accord with the
result shown in Figure 8, is now well interpreted in
terms of the changes in degrees of crystallinity of the
respective crystal forms. First, it is clearly found that
form III begins to decrease in the degree of crystallinity
above about 30 °C. In contrast to this decrease, the total
degree of crystallinity of forms I and II increases rapidly
above about 30 °C. Since form I is crystallized above 60
°C as observed in Figure 7, this increase is found to be
due to the production of form II through the partial
crystal transformation from form III. Moreover, the
transformation is completed below 60 °C as observed
by the DSC thermogram shown in Figure 2. By consid-
ering these experimental facts, it is concluded that the
change in degree of crystallinity for form II should be
described as a dotted line indicated by form II in Figure
10. As a result, a chain line for form I can be also ob-
tained by the subtraction of the contribution of form II
from the total degree of crystallinity of forms I and II.

As is clearly seen in Figure 10, the overall degree of
crystallinity somewhat decreases below about 85 °C
with increasing temperature. This fact indicates that a
small amount of form III (about 0.02 as absolute
fraction) is melted below 60 °C during the crystal
transformation into form II. Such melting will relax the
restriction in the noncrystalline region and finally

Figure 9. DD/MAS 13C NMR spectra measured at different
temperatures in the heating process for the sPP sample
crystallized at 0 °C for 144 h.

Figure 10. Temperature dependencies of the degrees of
crystallinity for the respective crystal forms, obtained by the
line shape analysis shown in Figure 9.
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induce the crystallization of form I that is the most
stable crystal form of sPP. Moreover, most of form III
is rapidly melted above 60 °C, and the resulting crystal-
lization of form I is markedly induced. In contrast, only
about 16% form III is found to be transformed into form
II at 30-60 °C, because the final degree of crystallinity
of form II is about 0.05 as seen in Figure 10.

Finally, we briefly discuss about the possible cause
of the existence of two types of form III crystallites, ones
being transformed to form II and others being melted
without the association with the crystal transformation.
As already described, the crystallinity of form III is
considerably low. Although the cause of such low
crystallinity is not clear at present, the crystallites
should also contain some amount of defects which may
be mainly introduced by the longitudinal disordering of
the planar zigzag chains along the chain axis. If the local
concentration of such defects would be relatively high,
the crystal transformation could be induced to produce
form II composed of the isochiral helices with the ttgg
conformation. Some local environmental condition should
be fulfilled by the existence of the defects to induce the
crystal transformation to form II. In contrast, most of
form III crystallites with less defects may be simply
melted without the association with the crystal trans-
formation. However, it would be very difficult to confirm
the existence of two types of form III crystallites by
analytical methods. Further longer-term annealing
below the transition temperature may give a clue to
understanding the mechanism of the production and the
growth of the form II crystallites. As for form I composed
of antichiral helices with the same ttgg conformation,
the crystallization seems to occur from isotropic random
chains or at least in the noncrystalline state even if the
chains have trans-rich conformations at lower temper-
atures.21 More detailed discussion about the crystal-
lization process of different crystal forms of sPP will be
made somewhere in the future.

Conclusion

Crystal transformation behavior and the structural
changes of form III for sPP have been investigated in
the heating process by DSC, wide-angle X-ray diffrac-
tion, and high-resolution solid-state 13C NMR measure-
ments, and the following conclusions have been ob-
tained:

(1) In DSC curves for sPP samples crystallized at 0
°C for shorter periods, one exothermic peak assignable
to the crystallization of form I appears at about 20 °C
prior to melting in the heating process when the
samples are not heated above 0 °C before DSC mea-
surements. In contrast, a somewhat broad endothermic
peak appears at about 15 °C, and the exothermic peak
is shifted up to about 100 °C for the samples crystallized
at 0 °C for longer periods.

(2) When the sample crystallized at 0 °C for 5000 h
is annealed at room temperature, the endothermic peak
described above is shifted to about 40 °C, which is in
good accord with the temperature for the crystal trans-
formation from form III to II previously reported. In fact,
the analysis of wide-angle X-ray diffraction profiles
measured for samples annealed at different tempera-
tures below the crystal transformation temperatures
clearly indicates the production of form II through the
partial crystal transformation of form III. Therefore, this
fact will support the previous proposal that form II
containing isochiral helices with the ttgg conformation

is preferentially transformed from form III with the
planar zigzag conformation owing to the steric hin-
drance although form I composed of the antichiral
helices is thermodynamically the most stable crystal
form of sPP.

(3) The CH3 resonance lines of DD/MAS 13C NMR
spectra measured at different temperatures for the sPP
sample, which has almost the same structure as for the
DSC and WAXD measurements, are precisely analyzed
in terms of the components with the tt and tg conforma-
tions for the CH2-CH(CH3)-CH2 bond. As a result,
about 16% form III is found to be really transformed
into form II, whereas about 84% residual form III is
melted in the temperature region of 30-120 °C. More-
over, it is confirmed, in good accord with the appearance
of the exothermic peak on the DSC curve described
above, that form I is crystallized above 60 °C as a result
of the melting of form III although this crystallization
is completely suppressed at lower temperatures for the
samples crystallized at 0 °C for longer periods.

(4) To improve the crystallinity of form III, annealing
of the sPP sample crystallized at 0 °C for a long period
is carried out just below the crystal transformation
temperature. However, the degree of crystallinity of
form III is significantly decreased by the partial trans-
formation into form II during annealing although the
transformation temperature is clearly increased from
about 47 to 60 °C.
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