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ANNEALING BEHAVIOR OF ISOTACTIC POLYBUTENE-1

K. KISHORE and R. VASANTHAKUMARI

Department of Inorganic and Physical Chemistry
Indian Institute of Science
Bangalore 560012, India

ABSTRACT

The annealing behavior of isotactic polybutene-1 (PB-1) has been
studied by differential scanning calorimetry and wide-angle x-ray
diffraction. On annealing at 110°C, PB-1 yields thick crystals melt-
ing at ~140°C which are mainly of Form 1. An increase in the heat
of fusion (AHy) and crystallinity is found for annealing times up to
12 h at 110°C; at longer times these properties decrease with increas-
ing annealing time. The increases in AHy and crystallinity are attri-
buted to increases in the lamellar thickness in the chain direction and
in crystal perfection, and subsequent decreases to degradation of the
polymer.

INTRODUCTION

Polymer crystals are metastable in nature, particularly due to the high sur-
face free energy of the fold surfaces. They have, therefore, a strong tendency
to revert to states of lower free energy, leading to the strong annealing phe-
nomenon observed for polymer crystals {1]. One of the important annealing
effects is an increase in the thickness of the crystals in the direction of the
chain when semicrystalline polymers are heated above a critical temperature.
Thickening of crystals was observed first in solution-grown crystals of poly-
ethylene [2, 3]. This process also occurs in bulk-melt-crystallized and highly
drawn samples [4-10]. Two interpretations have been put forward: 1) thick-
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ening in the solid state by a diffusion mechanism which consists of the trans-
lation of molecular sequences through the lattice, and 2) through the partial
or complete melting of the crystals, followed by recrystallization from the
melt.

Isotactic polybutene-1 (PB-1) is reported to crystallize mainly in two
forms, stable Form I (hexagonal structure) and metastable Form II (tetra-
gonal structure). The tetragonal form changes to the hexagonal form [11,
12] on standing at ambient temperature. In the present work, PB-1 has been
studied by differential scanning calorimetry (DSC) and wide-angle x-ray dif-
fraction (WAXD) techniques to investigate the annealing behavior in terms
of its novel polymorphic transformations.

EXPERIMENTAL

Polymer PB-1 was a sample of Shell 0400. The sample, sandwiched be-
tween two glass slides, was melted at 180°C in air and maintained at this
temperature for 5 min. Afterwards, the sample temperature was suddenly
brought down to 95°C, and the sample kept at this temperature for 24 h,
when thin films of ~0.5 mm thickness were obtained. The samples were
cooled to room temperature (28°C) and kept for 5 h. These samples were
used for heating rate effect and annealing studies.

A Du Pont 990 Thermoanalyzer and DSC cell were employed. Tempera-
ture was calibrated by using an indium sample for a wide range of heating
rates (0.5 to 100°C/min). The annealed samples were scanned at a heating
rate of 5°C/min. WAXD scans were obtained with CuK, radiation using a
Philips PW 1050/70 vertical goniometer. IR spectra were recorded on a
Perkin-Elmer 597 spectrophotometer. ESR spectra were recorded at room
temperature on a Varian E-109b ESR spectrometer. Dynamic thermogravim-
etry (TG) was run by using a Stanton Redcroft TG 750 thermobalance for
the PB-1 sample at a heating rate of 10°C/min.

RESULTS AND DISCUSSION

Effect of Heating Rate

The effect of the heating rate on the DSC thermograms of PB-1 is shown
in Fig. 1. Two endotherms are obtained at heating rates of 5-20°C/min. The
low-temperature peak corresponds to the melting of the metastable Form II,
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and the high-temperature peak to the melting of the stable Form I. However,
at lower heating rates (1 and 2°C/min), three endothermic peaks were ob-
served; they are due to the melting of Form II, Form I, and of thick crystals,
respectively. Interestingly at the lowest heating rate (0.5°C/min), one ob-
serves two endotherms corresponding to the melting of the Form I and that
of the thickened crystals. The absence of the low-temperature endotherm
ocrresponding to Form 11 at 0.5°C/min suggests that crystals of Form II re-
organize to thick crystals and Form 1.

A plot of the melting temperatures versus the heating rates is given in Fig.
2. For the crystals of Forms I and II, the melting temperatures decrease ini-
tially and then increase. The increase in peak temperature as the heating rates
are lowered from 2 to 0.5°C/min suggests the occurrence of crystal thickening.
The appearance of the additional melting peak at low heating rates (Fig. 2¢)
confirms this conclusion, especially for Form 1. Further, the results are con-
cordant with observations for PB-1 single crystals [13], which have shown
that the thickness of crystals of Form I increases while that of Form I does
not significantly change with annealing temperature and time.

The increasing melting temperature at higher heating rates is attributed to
superheating [14, 15] which occurs on account of the slow rate of melting of
the polymer crystals compared to the rate of heating of the DSC pan. Be-
cause of this superheating effect, it appears that Form I predominates at
higher heating rates. The melting points of Forms I and II merge into the
broad peak at 50°C/min.

Melting Characteristics of PB-1 on Annealing

Typical DSC curves of the annealed PB-1 samples at 110°C taken immedi-
ately after the annealing was terminated are shown in Fig. 3. Unannealed PB-1
reveals two peaks, the lower one corresponding to the melting of Form 1I and
the other due to the melting of Form I. As annealing progresses, an additional
peak appears around 140°C, which is due to the melting of thickened crystals.
Careful analysis of Fig. 3 shows that crystals of Form II are much more stable
than those of Form I, even after prolonged annealing, and it is Form I which
undergoes thickening, giving rise to the extra peak around 140°C. This in-
ference is in agreement with the findings of Woodward and Morrow [13] on
the annealing of PB-1 single crystals.

The annealed samples were kept at room temperature for 5 days so that
Form II was converted completely into Form I, and Fig. 4 shows their DSC
scans. It shows only the melting endotherms of Form | and thickened crystals.

The melting temperatures of PB-1 as a function of annealing time are pre-
sented in Figs. 5 and 6, the former immediately after annealing and the latter



37

ANNEALING BEHAVIOR OF ISOTACTIC POLYBUTENE-1

‘aje1 Surjesy Jo uonouny e se [-gJ jo arnjeradwsa) yead SUndW "7 Ol

( EE\uo 2101 Buijpay

0s SY 0y S€ 0e 14 02 Si 0
1 1 T 1 T T T 0oL
—Otl
S101sA4d paudydiyy (2)

I wiog (Q9) _-

I w0 (®) - -~ (o) ozl
0¢tl
oYL
06l

1102 Alenuer $z € :8T

v pspeo jumog

Jof2njbsadw?} YDy



18: 43 24 January 2011

Downl oaded At:

Endo -e—— Ex0

38 KISHORE AND VASANTHAKUMARI

132.5

2-
8 1225 141-2

1352

140.7 1412

1185 Temperature i°c)

FIG. 3. DSC traces of PB-1 for different annealing times at 110°C. ¢, =
annealing time in h, m = weight of sample in mg, s = sensitivity of Y axis in
mV/cm.

after 5 days storage. Annealing of the samples up to 12 h resulted in an in-
crease of the melting temperature, followed by a decrease for longer annealing
times. The initial rise is due to the reorganization of the lamellar structure in
the amorphous and crystalline phases, leading partly to crystal perfection and
to an increase in the lamellar thickness. The later decrease may be due to
polymer degradation.

A dynamic TG of unannealed PB-1 (Fig. 7) clearly demonstrates that PB-1
starts decomposing at about 250°C. Measurements in air at 110°C showed
no appreciable weight loss up to 100 h. However, samples turned yellow after
about 50 h, which may be due to some oxidative degradation. To support
this, the yellow colored samples were extracted with benzene, and the IR spec-
trum of the benzene extract shows a carbonyl peak around 1 700 cm™! (Fig. 8),
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FIG. 4. DSC traces of PB-1 annealed for different times at 110°C and then
kept at room temperature for 5 days. t, = annealing time in h, m = weight of
sample in mg, s = sensitivity of Y axis in mV/cm.

confirming oxidative degradation of PB-1. Further, the ESR spectrum of the
sample annealed at 110°C for ~24 h shows a signal (¢ = 2.003) (Fig. 9) attri-
butable to the free radicals produced during the degradation process. In con-
clusion, the decrease in the melting temperature after 12 h can be attributed
to the onset of oxidative degradation.

The heat of fusion of the perfectly crystalline material is reported to be
1 500 and 1 270 cal/mol for Forms I [11] and IT [13], respectively. The de-
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FIG. 5. Melting peak temperature of PB-1 annealed at 110°C and scanned

immediately as a function of annealing time.
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FI1G. 6. Melting peak temperature as a function of annealing time. PB-1
annealed at 110°C and then kept at room temperature for 5 days.

gree of crystallinity (&) was calculated from a = AH¢/AHs*, where AHf"‘ is the
heat of fusion of the perfectly crystalline material and AHy that calculated
from the observed area under the endothermic peak. Since crystals of Form I1
were completely transformed to Form I on storage, the upper curves in Figs.

10 and 11 represent Form I while the points in the lower curve correspond to
different proportions of Forms I and II. AHy increases up to 12 h of anneal-
ing time and then decreases (Fig. 10). The corresponding crystallinity increases
from 70 to 90% and then decreases (Fig. 11). The increases in AHy and crys-
tallinity is attributed partly to the increasing thickness of the lamellae and part-
ly to rising crystal perfection, whereas the later decrease in AHy and crystal-
linity is attributed to oxidative degradation of the sample.
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FIG. 8. IR spectrum of the benzene-soluble portion of PB-1 annealed at
110°C for 50 h.
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FIG. 9. ESR spectrum of PB-1 annealed at 110°C for 24 h.
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FIG. 10. Heat of fusion, AHy, asa function of annealing time.
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FIG. 11. Percent crystallinity as a function of annealing time.

The original polymer and the annealed samples exhibit strong wide-angle
x-ray diffraction maxima at 26 9.7, 17, and 20.2° (Fig. 12). Annealing of the
samples increases the diffraction peak height and shifts the maxima slightly
to higher angles (Fig. 12). These results also support that annealing of PB-1
increases the crystal perfection of the polymer.
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FIG. 12. WAXD scans of PB-1 at different annealing times.
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