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Polypropylene (PP) is used worldwide since it provides excellent
mechanical properties with low cost. The introduction of functional
groups to PP enables it to be used for paint product, adhesion, print
ink, or compatibilizer with other polar materials.

Polymerization methods enable the introduction of functional
groups in precisely controlled structures.1-18 In the case of PP, the
stereospecificity and the copolymerization ability should be simul-
taneously controlled, but the stereospecific catalysts with early
transition metals are easily deactivated with polar functional groups.
Copolymerization with monomers possessing nonpolar functional
groups, so-called reactive monomers, attracts attention because of
its productivities and its conversion to various functional groups
in post-polymerization processes.9 Although simple diolefins,
divinylbenzene, etc., were investigated due to their economical
advantages compared to expensive reactive monomers, there are
many problems, including cross-linking, cyclization, and low
productivities.13-19

Chung et al. found that additions of styrene (or its derivatives)
and hydrogen together in propylene polymerization gave styryl-
terminated PPs because hydrogen transfer selectively occurred after
styrene insertion, which forms dormant species.7b-d Conjugated
diolefins, such as 1,3-butadiene, also deactivateR-olefin polym-
erization. The formation of stableπ-allyl species after 1,4-butadiene
insertion should be one of the reasons for low activities. The
introduction of hydrogen into the propylene-1,3-butadiene copo-
lymerization should reactivate theπ-allyl zirconocene species
formed by 1,4-inserted butadiene units (1,4-BD) to give Zr-H
species and PP having a double bond at the chain end and pendant
vinyl groups derived from 1,2-inserted butadiene units (1,2-BD).
The polymer thus obtained can be useful as a precursor of functional
PP and an aliphatic macromonomer.

Copolymerization of propylene and 1,3-butadiene was conducted
using an isospecific zirconocene catalyst,rac-dimethylsilylbis(2-
methyl-4-phenylindenyl)zirconium dichloride (1), activated with
modified methylaluminoxane (MMAO). The copolymerization
results are summarized in Table 1. Copolymerization activities were
very low (runs 1 and 2), and the number-average molecular weight
(Mn) of the copolymer (run 2) was also lower compared to that of
polypropylene synthesized under the same conditions in the absence
of butadiene (run 7). The introduction of hydrogen into the
copolymerization enhanced the polymerization activity by about
1000 times (runs 2 and 3). An increase of butadiene concentration,
however, caused a decrease of polymerization activities to some
extent (runs 3-5). TheMn value of the polymer synthesized with
hydrogen was roughly double compared to those without hydrogen
(runs 2 and 3). The molecular weights of copolymers obtained with
the different butadiene concentrations were approximately the same

(runs 3-5). These results rejected the selective hydrogen transfer
after 1,4-butadiene insertion described above.

The 1H NMR spectra of the copolymers obtained with and
without hydrogen (runs 2 and 3) are shown in Figure 1. There are
three signals in the olefinic proton region. The copolymers obtained
without hydrogen (run 2) had two types of units derived from 1,3-
butadiene, that is, 1,4-BD and 1,2-BD. The similar contents of these
units indicate no selectivity of 1,2- and 2,1-(∼1,4)-insertions for
butadiene in this catalyst, whereas the copolymers obtained in the
presence of hydrogen had only 1,2-BD (runs 3-5). An increase of
butadiene concentration in the feed created a linear increase of the
1,2-BD contents in the copolymers. The structure of the copolymer
synthesized with hydrogen (run 3) was then characterized by13C
NMR (Figure 2). The resonances at 113 and 145 ppm were assigned
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Table 1. Results of Propylene-1,3-Butadiene Copolymerization
with 1-MMAOa

BD Units in PPe

run BDb

H2

(MPa)
time
(h)

yield
(g)

ratec

(kg
mol-1)

Mn
d

(×103)
Mw/
Mn

d f1,4 f1,2 fH-1,4

Tm
f

(°C)

1 0.46 0 1.0 trace
2 0.46 0 15 0.025 1.7 12.6 2.5 3.3 5.4 0.0 102
3 0.46 0.1 1.0 1.77 1770 27.5 1.7 0.0 4.8 4.0 104
4 0.23 0.1 1.0 2.29 2290 26.4 2.0 0.0 2.8 2.5 125
5 0.69 0.1 1.0 0.47 474 25.4 1.8 0.0 6.1 5.7 94
6 0.0 0.1 1.0 2.92 65.8 6.3 159
7 0.0 0 1.0 2.91 243 7.2

a Polymerization conditions: 100 mL autoclave; toluene, 40 mL;
polymerization temperature, 0°C; 1, 1 µmol; Al/Zr (mol/mol), 10000;
propylene concentration, 1.79 mol L-1. b Butadiene concentration (mol L-1).
c Polymerization rate (kg/polymer mol‚Zr-1 h-1). d Determined by GPC.
e Mole fraction (mol %) of each unit calculated by1H NMR and13C NMR;
f1,4 is the mole fraction of the 1,4-butadiene unit;f1,2 is that of the 1,2-
butadiene unit, andfH-1,4 is that of the hydrogenated 1,4-butadiene unit in
the copolymers.f Measured by DSC.

Figure 1. 1H NMR spectra of poly(propylene-ran-butadiene) obtained with
hydrogen (run 3) and without hydrogen (run 2).
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to 1,2-BD. The existence of 1,2-BD was also confirmed by the
resonances of aliphatic region signals at 39.6, 43.8, and 45.9 ppm,
as shown in Figure 2. The sharpness of these resonances suggests
the stereoregular insertion of 1,2-BD in the isotactic polypropylene
sequence.

In addition, five relevant peaks were observed at 26.95, 30.46,
30.55, 37.1, and 45.7 ppm. These peaks were assigned to hy-
drogenated 1,4-butadiene units (H-1,4-BD) between two propyl-
ene units. The mole fractions of H-1,4-BD were calculated from
the relative intensities of each unit compared to those of propylene
in the 13C NMR spectra. The contents of 1,2-BD and H-1,4-BD
increased with an increase of butadiene concentration in the feed,
while the ratio of 1,2-BD and H-1,4-BD was kept constant. The
contents of total 1,3-butadiene units reached more than 10% (run
5). TheTm values of copolymers obtained with and without hy-
drogen decreased in accordance with the content of butadiene unit
in the copolymers.

The results described above, that is, the sharp rise of the
copolymerization activities and the formation of H-1,4-BD in the
presence of hydrogen, can be explained by Scheme 1. 1,3-Butadiene
inserted via 1,2-addition does not inhibit the insertion of the next
monomer and forms 1,2-BD. On the other hand, the 1,4-inserted
butadiene formsπ-allyl Zr species and retards the insertion of the
next monomer. Hydrogen reacts with theπ-allyl species to give
Zr-H species and a vinyl-terminated PP (B). The vinyl-terminated
PP reinserts into the Zr-H bond to form the Zr-alkyl species (C),
which accepts the successive propylene insertion very smoothly
and results in the formation of H-1,4-BD (D).

Deuterium was used instead of hydrogen in the propylene-1,3-
butadiene copolymerization in order to confirm the reaction scheme.
Deuteriums were selectively introduced at 2- and 3-positions of
1,4-BD, which also supports the mechanism shown in Scheme 1.

Poly(propylene-ran-1,3-butadiene) that contained pendant vinyl
units was successfully synthesized by the isospecific zirconocene
complex (1) activated with MMAO in the presence of hydrogen.
Hydrogen selectively transformed theπ-allyl zirconocene species
formed by the 1,4-inserted butadiene to the Zr-alkyl species, which
resulted in the high activity of the copolymerization and the selective
introduction of pendant vinyl groups.
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Figure 2. 13C NMR spectrum of poly(propylene-ran-butadiene) obtained
with hydrogen (run 3).

Scheme 1
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