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Abstract

It was found that telechelic isotactic oligo(1-butene) and telechelic oligo(propylene-ran-1-butene) could be isolated as nonvolatile oligomers
from polymer residues resulting from the thermal degradation of isotactic poly(1-butene) and poly(propylene-ran-1-butene), respectively. Their
structures were determined by 1H and 13C NMR with attention being paid to their reactive end groups. The maximum average number of ter-
minal vinylidene groups per molecule ( fTVD) was 1.8, indicating that about 80 mol% were a,u-diene oligomers having two terminal vinylidene
groups. This useful new telechelic oligomer had a lower polydispersity than the original polymer, in spite of its lower molecular weight and Tm.
The composition of end groups of nonvolatile oligomers obtained by thermal degradation of poly(propylene-ran-1-butene) could be explained by
the differences in bond dissociation energy and activation energy of elementary reactions during thermal degradation, based on the monomer
composition of the original polymer.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Functionalization of polyolefins has been attempted in an
effort to solve the problem of their lack of affinity to other
polymers [1]. For example, functional groups have been added
to the ends of polymer molecules, and olefins have been copo-
lymerized with polar monomers [2e4]. Poly(1-butene) has
been studied extensively for its exceptional creep characteris-
tics, impact resistance, and flexibility. Its unique crystal forms
have also been investigated. However, the functionalization of
poly(1-butene) has hardly been studied. Ethylene and 1-butene
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have been copolymerized with propylene, in general, using
ZieglereNatta catalysts [5,6]. Recently, however, these copol-
ymers have been prepared using metallocene catalysts, yield-
ing a narrower molecular weight distribution than with
ZieglereNatta catalysts, and forming homogeneous crystals
[7e9]. If functional groups could be introduced into propylene
copolymers, it is expected that the resulting materials would
find many applications, but this has never been reported.

Recently, we have developed a controlled thermal degrada-
tion technology for efficient production of monochelic or tele-
chelic oligomers having one or two terminal double bonds,
respectively, from polypropylene [10]. The chief characteristic
of this technology is to make products with ease by inhibiting
secondary reactions of volatiles by rapidly removing these
volatiles from the reactor. Because the structure of the ob-
tained oligomers was simple, a clear relation of products to
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Table 1

Yield of residue and characteristics of nonvolatile oligomers obtained by controlled thermal degradation of iPB

Degradation conditions Yield of

residue

(wt%)

Nonvolatile oligomer

Mn� 104 Mw/Mn Tg (�C) Tm (�C) fTVD Microtacticity(pentad)

Temperature

(�C)

Time

(h)

mmmm mmmr rmmr

þmmrr

mmrm

þ rmrr

rmrm rrrr mrrr mrrm

e e e 231 3.7 �25 113 e 0.89 0.04 0.02 0.02 0.00 0.01 0.01 0.01

330 1 99 4.11 1.8 �29 112 e 0.90 0.04 0.02 0.01 0.00 0.01 0.01 0.01

330 2 98 2.89 1.9 �32 111 e 0.90 0.04 0.03 0.01 0.00 0.01 0.01 0.01

330 3 98 2.48 2.0 �30 109 1.63 0.88 0.04 0.03 0.01 0.00 0.01 0.01 0.01

350 1 97 2.02 2.0 �32 110 1.71 0.89 0.04 0.03 0.01 0.00 0.01 0.01 0.01

350 2 97 1.67 1.9 �33 109 1.77 0.89 0.04 0.03 0.01 0.00 0.01 0.01 0.01

350 3 94 1.18 1.8 �35 106 1.79 0.89 0.04 0.03 0.01 0.00 0.01 0.01 0.01

370 1 95 1.02 1.9 �39 107 1.71 0.88 0.04 0.03 0.01 0.00 0.01 0.01 0.01

370 2 82 0.52 1.8 �46 105 1.66 0.86 0.04 0.04 0.02 0.00 0.02 0.01 0.01

370 3 78 0.49 1.7 �47 103 1.61 0.86 0.04 0.04 0.01 0.00 0.02 0.01 0.01
radical chain reactions was found [10]. We have previously
reported the detailed mechanisms to account for the structures
of products formed from the controlled thermal degradation
of polyisobutylene [11] and polystyrene [12]. In addition,
we have reported about the change in the terminal
double bond functional groups of telechelic oligomers ob-
tained by controlled thermal degradation of polypropylene
[13e15].

In the present work, we report our attempts at selective
preparation of telechelic oligomers (comparatively soft poly-
meric materials) having two terminal double bonds by con-
trolled thermal degradation of isotactic poly(1-butene) and
poly(propylene-ran-1-butene), and discuss their formation
mechanism based on structural analysis of the oligomer
termini.

Table 2

Yield of residues and characteristics of nonvolatile oligomers obtained by con-

trolled thermal degradation of poly(propylene-ran-1-butene)

Degradation conditions Yield of

residue

(wt%)

Nonvolatile oligomer

Temperature (�C) Time (h) Mn� 104 Mw/Mn Tm (�C) fTVD

e e e 156 3.4 111 e

330 1.0 99 9.31 2.8 110 e

330 2.0 99 5.65 1.7 110 e

330 3.0 99 4.08 1.8 111 e

350 1.0 98 5.31 3.0 113 e

350 2.0 95 3.26 1.9 112 e

350 3.0 91 1.73 1.9 107 1.68

370 1.0 99 3.14 2.2 111 1.64

370 2.0 94 1.18 1.8 106 1.75

370 3.0 87 0.90 1.8 103 1.69

390 1.0 90 1.72 1.9 108 1.71

390 2.0 78 0.62 1.7 100 1.83

390 2.5 46 0.43 1.4 94 1.78

390 3.0 39 0.39 1.3 96 1.75

390 3.5 14 0.30 1.2 89 1.58
2. Experimental

2.1. Materials

Isotactic poly(1-butene) and poly(propylene-ran-1-butene)
(TAFMER�) from Mitsui Chemicals, Inc. were used as
received. Characteristics of the polymers are shown in
Tables 1 and 2.

2.2. Apparatus

The Pyrex glass apparatus used for thermal degradation has
been described in our previous paper [10] and a 5-kg scale ap-
paratus was newly designed for these tests. The degradation

Fig. 1. GPC curves of original iPB and nonvolatile oligomers.
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experiments were performed at 330e390 �C at 2 mmHg in
a stream of N2 gas. Part of the fractionating column in the ap-
paratus was held at a specified temperature for rapidly remov-
ing the volatiles from the reactor. A certain quantity of sample
was placed in the reactor, and the air in the apparatus was re-
placed by N2 gas at 2 mmHg. The reactor was immersed in
a bath maintained at a specified temperature as soon as the
sample reached about 250 �C. The sample in the reactor was
vigorously stirred by bubbling N2 gas through the molten

Fig. 2. DSC curves of original iPB and nonvolatile oligomers.
polymer. After the reaction the volatiles, including volatile
oligomers, were collected in a fraction trap chilled with liquid
N2. Polymer residues in the reactor were dissolved in xylene
and reprecipitated with methanol to remove the small amount
of volatile oligomers remaining and were characterized after
vacuum drying under heating. The nonvolatile oligomers
that were the focus of this study were thus almost completely
separated from the volatile oligomers.

2.3. NMR

13C NMR spectra were measured with a JEOL-EC500
spectrometer operating at 125.78 MHz and at 60 �C or
120 �C with an internal lock. The samples were dissolved in
a 1:3 (v/v) mixture of benzene-d6 and 1,2,4-trichlorobenzene
(120 �C) or CDCl3 (60 �C) (ca. 10% (w/v) concentration),
and hexamethyldisiloxane (HMDS) was added as an internal
standard (2.0 ppm with respect to TMS). The 10-mm sample
tubes were deaerated by several freezeepumpethaw cycles
and sealed after N2 gas was admitted into the evacuated
tube. A pulse width of 18.8 ms (90� pulse) and 5000 scans
were used.

1H NMR spectra were measured on the same spectrometer
operating at 500.16 MHz and at 60 �C or 120 �C with an inter-
nal lock. The sample concentrations and the preparation of
sample tubes were as above. A pulse width of 23 ms (90�

pulse) and 5000 scans were used.

2.4. GPC

Mn and Mw/Mn were measured by GPC (TOSOH HLC-821
GPC/HT), calibrated using polystyrene standards. The eluent
was o-dichlorobenzene, and the measurement was performed
at 145 �C.
ppm, from HMDS
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Fig. 3. 13C NMR spectrum of main chain of nonvolatile oligomer obtained from isotactic poly(1-butene).
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Fig. 4. 13C NMR spectrum of nonvolatile oligomer obtained from isotactic poly(1-butene).
2.5. DSC

The melting temperature (Tm) and glass transition temper-
ature (Tg) were measured by DSC (Seiko Instruments, Inc.
DSC 6100) under N2 and in the second heating cycle after
cooling at a rate of 10 �C/min. The sample weight was ca.
5 mg, and the heating rate was 10 �C/min.

3. Results and discussion

3.1. Isotactic poly(1-butene)

The yield of polymer residue and characteristics of the
nonvolatile oligomers obtained under various conditions
are shown in Table 1. Typical GPC and DSC curves of
the original polymer and the nonvolatile oligomer are shown
in Figs. 1 and 2, respectively. Although the Mn of the non-
volatile oligomer ranged from 5000 to 41 000 g/mol, Mw/Mn

decreased markedly from 3.7 for the original polymer to 1.7
for the lowest molecular weight oligomer. The microtactic-
ity of the oligomers was nearly the same as that of the orig-
inal polymer and showed that these oligomers largely
retained the stereoregularity of the original polymer without
random stereo-isomerization of the polymer chain during
thermal degradation. Although the microtacticity was deter-
mined from signals at 26.1 to 26.4 ppm [16] assigned to
methylene carbons on the main chains, signals assigned to
carbons near the terminal double bond were subtracted.
The endothermic peak of the DSC curve (Fig. 1) was
caused by melting of crystallites and was lower in the olig-
omers than in the original polymer, depending on their mo-
lecular weight. Glass transition temperatures were barely
detectable and were higher for the original polymer than
the oligomers, again dependent on their molecular weight.
The values of fTVD in Table 1 represent the average number
of terminal vinylidene groups per molecule and are dis-
cussed below. Based on the mechanism of thermal degrada-
tion discussed in our former paper [10], possible chemical
structures of the oligomers along with their 13C chemical
shifts [10] were as follows:
The 13C NMR spectrum of main chain carbons of the non-
volatile oligomer is shown in Fig. 3, and 13C and 1H NMR
spectra of olefin carbons/protons are shown in Figs. 4 and
5, respectively. In Fig. 3, signals at 8.8, 25.8, 33.1, and
38.3 ppm were, respectively, assigned to methyl; methylene
of side chain; methyne; and methylene of main chain. The
methylene carbon resonance of the side chain was sensitive
to the configuration of the polymer chain, and most peaks be-
tween 24.6 and 26.1 ppm were assigned to the pentad config-
urational sequence. The resonances at 107.6 and 148.5 ppm
in Fig. 4 were assigned to the olefin carbons of terminal vi-
nylidene (TVD) groups. In the 1H NMR spectrum (Fig. 5),
the two strong signals at 4.66 and 4.70 ppm were assigned
to the two olefin protons of TVD, and the weak signals at
5.12 and 5.33 ppm were assigned to internal trisubstituted
double bonds and vinylene type double bonds, respectively.
These double bonds were about 85 mol% terminal double
bonds and about 15 mol% internal double bonds. The signals
at 10.7, 27.3, 33.7, 37.7, and 40.1 ppm in Fig. 3 corre-
sponded to the methyl and methylene carbon of side chain,
and methyne, methylene, and adjacent methylene carbon of
main chain side of TVD, in order. As for the saturated end
group, methyl and methylene carbons of the n-butyl end
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ppm, from HMDS
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Fig. 5. 1H NMR spectrum of nonvolatile oligomer obtained from isotactic poly(1-butene).
group (n-Bu) were detected at 12.1 and 21.4 ppm, respec-
tively. Peaks from other carbons overlapped main chain sig-
nals and could not be assigned. In addition, signals detected
at 19.5, 28.0, and 41.8 ppm were ignored because they were
also present in the original polymer. Other saturated and un-
saturated end groups and long chain branching were not ob-
served. Assuming that all the nonvolatile oligomers were
linear, the value of fTVD was calculated from the following
equation:

fTVD ¼ ð2ITVDÞ=ðITVD þ In�BuÞ ð1Þ

and was found to range from 1.6 to 1.8. Here, ITVD and
ITVDþ In-Bu were methyl carbon intensities of TVD and of
all end groups, respectively. The maximum value of fTVD

was 1.8, indicating that about 80 mol% of the oligomer
molecules were telechelic with two TVDs. Monochelics
having one TVD and one n-Bu group each, and terminal
saturated oligomers having two n-Bu groups, constituted
about 19 and 1 mol% of the oligomers, respectively. Because
these results corresponded closely to the results from
telechelic oligopropylene made by the thermal degradation
of polypropylene described in our former report [10] it was
surmised that the same thermal degradation mechanism oper-
ated here.

3.2. Poly(propylene-ran-1-butene)

The yield of polymer residue and the characteristics of the
nonvolatile oligomers obtained under various conditions are
shown in Table 2. The GPC and DSC curves of the original poly-
mer and nonvolatile oligomer are shown in Figs. 6 and 7, respec-
tively. Mn of the nonvolatile oligomer ranged from 3000 to
90 000 g/mol, and Mw/Mn decreased markedly to 2.0 from 3.4
for the original polymer. The endothermic peak of the DSC
curve in Fig. 7 was caused by melting of crystallites and oc-
curred at a higher temperature in the original polymer compared
to the oligomers, dependent on their molecular weight. As
shown in Table 2, the melting temperature decreased from
110.9 �C for the original polymer to 89.0 �C for the shortest
oligomer. The values of fTVD in Table 2 indicated the average
number of terminal double bonds per molecule and are
discussed below. 13C NMR spectra of oligomer are shown
in Figs. 8 and 9, and 1H NMR spectra in Fig. 10. The signal at
9.0 ppm was the methyl carbon of the 1-butene unit;
at 19.8 ppm was the methyl carbon of the propylene unit; at
25.8, 26.0, and 26.2 ppm were methylene carbons of the side
chain of the 1-butene unit; at 26.7 ppm was the methyne
carbon of the propylene unit; at 33.3 ppm was the methyne car-
bon of the 1-butene unit; at 38.2 ppm was the methylene carbon
of the main chain in the 1-butene sequence; and at 41.3, 41.6,
44.5, 44.7, and 45.1 ppm were methylene carbons of the main
chain in different sequences. The composition of the main chain
of the original polymer compared to literature [17] was propyle-
ne[P]:1-butene[B]¼ 75:25, [PP]:[PB]:[BB]¼ 55:36:9, and
[PPP]:[PPB]:[PBP]:[PBB]:[BPB]:[BBB]¼ 46:23:12:8:9:2.

Based on the above results and the mechanism of thermal
degradation described in our former paper [10] the structures
of the end groups were postulated, and their corresponding
13C NMR chemical shifts were assigned based on literature
[17] and estimated [18,19] values:
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In Fig. 9, the signals at 143.2 and 109.6 ppm were assigned
to olefin carbons of isopropenyl end groups, and the signals at
148.7 and 107.4 ppm were assigned to isobutenyl end groups.
Moreover, methyl carbons’ signals of these end groups were
detected at 20.5 and 10.6 ppm. In the 1H NMR spectrum
(Fig. 10), these olefin protons were assigned to 4.66 and
4.60 ppm; and to 4.62 and 4.69 ppm. In Fig. 9, the signals
from the double bonds on the main chain were scarcely de-
tected. These signals were from the internal trisubstituted
and vinylene type double bonds, occurring around 5.32 and
5.10 ppm, respectively. The content of terminal and internal

Fig. 6. GPC curves of original poly(propylene-ran-1-butene) and nonvolatile

oligomers.
double bonds was 90 mol% of the former and about
10 mol% of the latter. Signals from saturated end groups
were detected at 12.6 and 12.2 ppm in Fig. 8, corresponding
to methyls of n-propyl and n-butyl moieties, respectively.

Assuming that all nonvolatile oligomers were linear, the
value of fTVD was calculated from the following equation:

fTVD ¼ ð2IUS=ðIUS þ ISÞÞ ð2Þ

Fig. 7. DSC curves of original poly(propylene-ran-1-butene) and nonvolatile

oligomers.
1015202530354045
ppm, from HMDS

20.5

15.7 12.4 12.1

10.6

9.019.8

26.8

26.2

26.033.338.2

41.3

41.6

44.5

44.7

45.1

25.8

Fig. 8. 13C NMR spectrum of main chain of nonvolatile oligomer obtained from poly(propylene-ran-1-butene).
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Fig. 9. 13C NMR spectrum of nonvolatile oligomer obtained from poly(propylene-ran-1-butene).
and ranged from 1.7 to 1.8 (Table 2). Here, IUS was the signal
intensity of the methyl group (20.5 and 10.6 ppm) adjacent to
terminal double bonds, and IS was the methyl signal intensity
of saturated end groups (12.6 and 12.2 ppm). This fTVD value
indicated that about 70e80 mol% of the oligomer molecules
were telechelics with two terminal double bonds.

The characteristic formation reactions of end groups will
now be described. The reaction in Schemes 1 and 2 was
4.66

4.60

4.69 4.62

5.32
5.10

5.0 4.6 4.24.44.85.25.45.6
ppm, from HMDS

Fig. 10. 1H NMR spectrum of nonvolatile oligomer obtained from poly(propylene-ran-1-butene).
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Scheme 1. The bond dissociation energies for b scission of tertiary radicals on the main chain of poly(propylene-ran-1-butene).
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Scheme 2. The activation energies for intermolecular tertiary hydrogen abstraction of secondary terminal radicals.
conjectured to occur in the copolymer used in this study. The
correct values in each equation are the bond dissociation en-
ergy for b scission of tertiary radicals and the activation en-
ergy of the hydrogen abstraction reaction. The heats of
formation of compounds and radicals were estimated by the
ABW method [20] and that of Franklin [21], respectively. Al-
though the bond dissociation energy of b scission was used
heat of reaction, the activation energy of the hydrogen abstrac-
tion reaction was obtained by the conversion of heat of reac-
tion, according to the method of Semenov [22].

The ratio ([P]:[B]) of the signal intensity of saturated end
groups (n-Pr and n-Bu) was about 60:40. This ratio did not
reflect the composition (75:25) of each unit in the main
chain, showing that scission near the 1-butene units was
favored.

Saturated end groups were formed by intermolecular hydro-
gen abstraction reactions of secondary radicals formed by b scis-
sion of tertiary radicals. The formation reaction for the saturated
end groups inferred here is shown in Scheme 1.

As shown in Eqs. (3) and (4), the bond dissociation energy
for b scission of tertiary radicals of propylene units adjacent to
1-butene units was about 0.6 kcal/mol more favorable than
that for the 1-butene unit. These estimates showed why
the composition of the main chain of the original
polymer ([P]:[B]¼ 75:25) was different from that of the
saturated end groups ([P]:[B]¼ 60:40), and satisfactorily
explained why the content of 1-butene units in the end groups
increased during thermal degradation. On the other hand, the
composition ratio of terminal double bonds analyzed by 13C
NMR was [P]:[B]¼ 75:25, almost the same as that in the
main chain. These terminal double bonds were produced by
b scission of tertiary radicals formed by hydrogen abstraction
from the main chain (Scheme 2).

The composition of terminal double bonds depended on the
activation energy of hydrogen abstraction for each monomer
unit. Although the activation energy of hydrogen abstraction
was about 0.14 kcal/mol more favorable for 1-butene units
(6) than for propylene units (5), this difference in activation
energy did not influence the composition of terminal double
bonds. This result indicated that this process was insensitive
to the activation energy because of the low concentration of
1-butene units. This constitutes a reasonable explanation for
the difference in composition between end groups and main
chain, based on the estimated values of bond dissociation
energies for b scission and activation energies for hydrogen
abstraction. The composition of end groups in the oligomer
could therefore be predicted from the structure of the original
polymer.

4. Conclusion

In conclusion, it was clear that about 80 mol% of the non-
volatile oligomers isolated from the polymer residues resulting
from the thermal degradation of isotactic poly(1-butene) and
poly(propylene-ran-1-butene) consisted of a,u-diene oligo-
mers having two terminal double bonds. These oligomers
are expected to find uses as new telechelic oligomers. This
paper is the first report of the synthesis of such isotactic
oligo(1-butene) and oligo(propylene-ran-1-butene) compoun-
ds having two reactive end groups. The thermal degradation
results reported here were mostly consistent with the results
for polypropylene previously reported by us. Therefore, a
similar thermal degradation mechanism is probably in effect
here. The composition of the end groups in the nonvolatile
oligomer obtained by thermal degradation of poly(propyl-
ene-ran-1-butene) was explained by an examination of bond
dissociation energies and activation energies based on the
structure of the original polymer and its simple thermal degra-
dation reactions.
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