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ABSTRACT: The polymorph and crystallization process for syndiotactic polypropylene (sPP) formed
around at 0 °C after quenching from the melt has been dynamically investigated by infrared spectroscopy.
The observation is carried out at constant temperatures between —5 and 15 °C after quenching into
ice—water from the melt. Just after quenching into ice—water from the melt, the specimen is completely
in the noncrystalline state with trans-rich sequences. When the samples are kept below 0 °C, only the
planar zigzag form (form I11) is crystallized in a few hours. Above 5 °C, in addition to the planar zigzag
form, form | with the t.g. conformation is simultaneously formed. Just above the glass transition
temperature (around —5 °C), the trans-rich chains are aggregated and developed to form form I1l. Above
5 °C, the trans—gauche transition is accelerated, and then the helical form with t,g. conformation is
crystallized as form I. The total degree of crystallinity is not so high, because further crystallization is
promoted in the noncrystalline region when the sample is left at room temperature after reaching the

equilibrium state at each crystallization temperature.

Introduction

It has been established that syndiotactic polypropy-
lene (sPP) shows polymorphism depending on crystal-
lization conditions. Synthesis of high stereoregular
samples of syndiotactic polypropylene by recent im-
provements of catalysts enables the determination of a
more accurate crystal structure.! As for the crystal
modifications, there are four types of crystal structures
with different conformations and unit cells. According
to the nomenclature of Corradini et al.,? two forms with
the t,g> conformation are termed form | and form Il
while the modifications with the planar zigzag and
t2gotsg2 sequences are termed form Il and form 1V,
respectively. The former two modifications are known
to take on the most stable conformation.3~14 A conven-
tional method for crystallization to form 111 with the
planar zigzag form required the cold-drawing process.15-18
However, we recently reported that this conformational
form could be obtained by holding in ice—water for
several hours after quenching into ice—water from the
melt.2® It is worth noting that this process needs no
elongation process. Our previous research® was per-
formed at room temperature by solid-state high-resolu-
tion 13C NMR and wide-angle X-ray diffraction methods.
The contribution due to form I with the t,g, conforma-
tion in addition to form 111 was also observed. Therefore,
the purpose of the present work is to elucidate the
relationship between the crystallization processes of
form 111 and form I at different temperatures around 0
°C. Very recently, a similar investigation was also
performed for the spontaneous crystallization of form
I11 at 0 °C by real-time wide-angle X-ray diffraction and
high-resolution solid-state 13C NMR methods. The re-
sults will be reported in our recent paper.?°

Infrared spectroscopy is a powerful method to inves-
tigate real time changes in molecular structure as time-
resolved processes. Vibrational modes are quite sensi-
tive to molecular symmetry so that the different
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conformations are directly reflected in the spectrum.
The vibrational frequencies for the t,g, and planar
zigzag conformations were calculated by using a valence
force field.?! The characteristic bands of each form were
reported by Tadokoro et al.16

In this paper, we deal with the polymorphs and the
crystallization process around 0 °C for the sPP sample
guenched from the melt. To make the dynamic process
clear, time-resolved infrared spectral measurements are
carried out at various temperatures.

Experimental Section

Sample. The sPP sample was supplied from Mitsui Chemi-
cal Co. Ltd. The molecular weight (M) and racemic pentad
contents (rrrr) were 1.55 x 10° and 0.96, respectively.

FT-IR Measurements. Infrared spectra were measured by
a JASCO FT-IR 8300 instrument equipped with a DTGS
detector with a resolution of 2 cm™. For each spectrum 8 or
16 transients were collected. A sample chamber kept at a
constant temperature was made by our laboratory. The tem-
perature was controlled within +0.5 °C. The films for infrared
measurements were prepared as follows. A thin sPP film about
20 um thick was prepared in a molding press at 170 °C. It
was wrapped by an aluminum foil and placed between two
thin metal plates. This sample was immersed into a glycerine
bath at 170 °C for 30 min and then quenched into ice—water.
For isothermal infrared measurements, the film was quickly
taken out of the aluminum foil in a globe box kept at 0 °C and
moved to the sample chamber of the FT-IR spectrometer kept
at a constant temperature.

Results and Discussion

Isothermal Crystallization Process. Our previous
CP/MAS 3C NMR measurements for the crystallization
of form 111 of sPP were carried out by using the film
that was kept at room temperature overnight after
quenched into ice—water.’® Figure 1 shows infrared
spectra of the specimens prepared under the same
crystallization conditions as our previous report.!® The
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Figure 1. Infrared spectra measured at room temperature
for the sPP films which were quenched into ice—water from
the melt and kept there for different periods: (a) 5 min, (b) 1
h, and (c) 24 h.
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Figure 2. Time dependence of infrared spectra measured at
0 °C for the sPP film quenched into ice—water from the melt:
(a) 5 min, (b) 30 min, (c) 45 min, (d) 1 h, (¢) 5 h, and (f) 10 h.

spectrum for the film kept in ice—water for 5 min is
characterized by the peaks of 812, 842, 977, 1005, and
1264 cm~1, which are assignable to form | with the t»g;
conformation. Both form I and form Il take the same
t2g2 conformation but with different unit cells. Although
it is difficult to distinguish these crystal modifications
due to the different chain packings using infrared
spectra, the formation of form | under this condition was
confirmed by the previous wide-angle X-ray diffracto-
metry.1%20 When the samples are kept at 0 °C for 1 h,
these characteristic peaks decrease remarkably in in-
tensity.

In contrast, the spectral profile after 20 h is featured
by the peaks of 829, 963, 1130, and 1230 cm™!. These
modes are attributed to the planar zigzag form, form
I11. This leads to the same conclusion previously re-
ported by high-resolution solid-state 3C NMR and X-ray
diffraction methods that form Il is spontaneously
produced at 0 °C in several hours.1%2° However, even
after 20 h, a small amount of form | with the tyg,
conformation is observed in the spectrum. Annealing at
room temperature is suggested to be a very important
factor to induce the crystallization of form I.

To eliminate the annealing effect at room tempera-
ture, the infrared spectra have been measured at 0 °C
after quenching into ice—water from the melt without
increasing the sample temperature above 0 °C. The
result is shown in Figure 2. Just after quenching to O
°C from the melt as shown in Figure 2a, most of the
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Figure 3. Time dependence of infrared spectra measured at
10 °C for the sPP film quenched into ice—water from the
melt: (a) 1 min, (b) 4 min, (c) 6 min, (d) 9 min, (¢) 30 min, and
(f) 60 min.

peaks provide broad profiles, and there is no charac-
teristic band due to ordered conformations such as the
planar zigzag and t,g, conformations. This fact indicates
that the film is in the noncrystalline state. With
increasing time, the peaks at 829, 963, and 1130 cm™?!
increase in intensity. These modes are attributed to
form 111 with the planar zigzag form as described above.
It is worth noting that vibrational modes due to the t»g>
conformation cannot be observed. This indicates that
the conformational arrangement at 0 °C is restricted to
induce only the planar zigzag form, in good accord with
the results previously obtained by WAXS and CP/MAS
13C NMR measurements.1?20 Here, a question remains
unanswered as to how the temperature relates to the
crystallization processes for form 111 and form I.

Figure 3 shows the spectral change for the sample
held at 10 °C just after being quenched at 0 °C. First,
no characteristic band for the ordered structures is
observed. With increasing time, in addition to the
increment of peak intensity due to form 111, the bands
due to the t g, conformation increase in intensity. This
phenomenon can be interpreted by the simultaneous
crystallization of form Il and form | or form IV with
the tygsteg2 conformation proposed by Chatani et al.??
According to our previous analysis by high-resolution
solid-state 13C NMR spectroscopy,’® the resonance line
at 44 ppm assigned to the methylene carbon with one
y-gauche effect is very weak and broad for the sample
prepared under the same conditions as for the infrared
measurements. Therefore, form IV containing the me-
thylene carbon with one y-gauche effect is not produced,
but form I with the t;g, conformation is isothermally
formed. This fact supports the conclusion that both
crystallizations of form Il and form | are simulta-
neously induced. After 1 h, the spectral profile reaches
an almost stationary state as seen in Figure 3f.

To quantitatively characterize these processes, the
bands assigned to the rocking mode of the main chain
methylene have been selected because the sharp peaks
of form 111 and form | are separately observed at 829
and 812 cm™1, respectively. In Figure 4, the absorbance
at 829 cm™1! is plotted against crystallization time at
different temperatures for the sample quenched in ice—
water. Here, the 3220 cm™1 band, which may be ascribed
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Figure 4. Time change in absorbance intensity for the 829
cm~! band assigned to form Il with the planar zigzag

conformation at various temperatures: (®) —5 °C, (O) 0 °C,
(a) 5 °C, (2) 10 °C, and (m) 15 °C. The absorbance was
normalized by the 3220 cm™! band as an internal standard.
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Figure 5. Temperature dependence of the level-off absorbance
intensity for different polymorphs: (O) form 111, (®) form I.

to the combination mode of lower frequency modes, is
used as an internal reference to calibrate the film
thickness, because this band is comparatively isolated
with other modes, and there is no remarkable change
in intensity during the measurements. The stationary
level of the intensity of the 829 cm~! band observed after
a long period corresponds to the highest degree of
crystallinity at that temperature. The level-off intensi-
ties at the respective temperatures are plotted as shown
in Figure 5. The crystallinity of form IIl gives a
maximum level at 0 °C. When the sample is kept at —8
°C, the infrared spectrum shows no characteristic bands
associated with ordered crystalline structures even after
72 h. As the glass transition temperature (Tg) for sPP
is about —5 °C,%° the molecular motion is frozen at —8
°C, and as a result the crystallization is completely
hindered. Above 0 °C, the content of form 111 decreases
successively with increasing temperature. In Figure 5,
the peak at 812 cm~1! due to form 1 is also plotted. Above
5 °C, the peak intensity increases.

The crystallization mechanism will be explained as
follows: Just after quenching in ice—water from the
melt, the sample is completely in the noncrystalline
state, but the local sequences predominately adopt trans
conformations.?° Above Tg, the aggregation among the
molecular chains with the trans-rich sequences con-
structs the crystals of form Ill. The development of
trans—gauche transitions with increasing temperature
may allow the molecular chains to take the t,g, helical
conformation. As a result, above 0 °C the molecular
chains with the t,g, conformation are packed as crystals
of form 1.

Annealing Effects at Room Temperature for
Samples Kept at 0 and 10 °C. Judging from the result
shown in Figure 4, the crystallization seems to almost
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Figure 6. Infrared spectra for the methylene rocking mode:
(a) measured at 0 °C for the sPP film kept at 0 °C for 24 h; (b)
measured at room temperature for the same sample after

further left at room temperature overnight.
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Figure 7. Infrared spectra for the methylene rocking mode:
(a) measured at 10 °C for the sPP film kept at 0 °C for 24 h;
(b) measured at room temperature for the same sample after
further left at room temperature overnight.

finish within a few hours at each temperature. However,
further crystallization was confirmed when the sample
was taken out of the apparatus and left at room
temperature. After measured at 0 °C for 24 h as shown
in Figure 2, the film was left at room temperature
overnight, and then the infrared spectrum was observed
for this film. In Figure 6, the infrared spectral profiles
of the methylene rocking mode before and after being
left at room temperature are shown. The noncrystalline
component around 842 cm™! disappears, and alterna-
tively the peaks at 812 cm™! due to form I clearly
increase in intensity. In addition, the contribution from
form 111 appearing at 829 cm~! also becomes large. This
result indicates further crystallization of form I11 and
a newly forming process of form I, in good accord with
the previous observation by high-resolution solid-state
13C NMR and wide-angle X-ray diffraction methods.?°
Figure 7 shows a similar case measured at room
temperature after being kept at 10 °C. Similarly, the
decrease in intensity at 842 cm~! and the increases in
intensity at 812 and 829 cm~! are observed. This fact
corresponds to the simultaneous crystallization growth
of form 111 and form I. These results suggest that the
degree of crystallinity formed around 0 °C is not so high
at the respective temperatures.

To obtain further information on the crystallization
process at room temperature, the time change in
infrared spectrum for the sample left at room temper-
ature after quenched in ice—water was measured.
Figure 8 shows the spectral change at room temperature
for the film after kept in ice—water for 5 min. The period
kept at 0 °C is too short to yield form 111, so that Figure
8a features the noncrystalline state. With increasing
time, both bands for form 11l and form I increase in
intensity. Figure 9 shows the time change of the
absorbance for both bands. In addition, the values for
the noncrystalline component at 842 cm™! are also
plotted. Contrary to the increment in intensity for
crystalline forms of form 111 and form I, the absorbance
for the noncrystalline state decreases in intensity. This
shows that both crystal forms are simultaneously
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Figure 8. Time change of infrared spectra measured at room
temperature for the sPP film just after kept at 0 °C for 5 min:
(a) 0.63 min, (b) 1.5 min, (c) 2.5 min, (d) 5.5 min, and (e) 45
min.
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Figure 9. Time dependence of the absorbance intensity for
different components appearing in the sPP film that is shown
in Figure 8: (O) form Ill, (®) form I, and (W) noncrystalline
component.

crystallized in the noncrystalline region. The crystal-
lization around 0 °C is not enough to reach a high degree
of crystallinity. It remains in the noncrystalline state
in a significantly wide region even after several tens of
hours. When the sample is left at room temperature,
the rapid crystallization, that is the aggregation among
trans-rich chains and the crystallization due to the
enhancement of trans—gauche transitions, occurs in the
noncrystalline region.

Conclusion

Dynamical FT-IR measurements around 0 °C have
revealed the crystallization processes of form 11l and
form | from the melt. Just after quenched into ice—water
from the melt, the sPP sample is in the noncrystalline
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state. Below 0 °C, only form Il is crystallized from the
noncrystalline state. However, the degree of crystallinity
is not so high, because this form is further produced
when the sample is left at room temperature. When the
sample is kept above 5 °C after quenched at 0 °C from
the melt, both crystallizations to form 11l and form I
are simultaneously induced. Similarly to the cases
observed below 0 °C, further crystallizations occur when
the temperature is increased to room temperature. The
extent of the trans—gauche transition will be one of
possible important factors to control the formation of
the crystals of sPP with characteristic conformations at
a given temperature around 0 °C.
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