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Summary

In order to investigate the polymerization behavior of allytrimethylsilane as a
comonomer, ethylene was copolymerized with allyltrimethylsilane at 80°C in toluene
using methylaluminoxane (MAO) activated metallocene catalysts. The catalytic activity
of the polymerization strongly depended on both the type of the catalysts and the
concentration of allyltrimethylsilane. End group analysis of the copolymers by means
of 1H and 13C NMR spectroscopy revealed that allyltrimethylsilane rather act as a chain
transfer agent in the copolymerization, even though considerable amount of
allyltrimethylsilane was incorporated in the polymer chain with rac-Et(Ind)2ZrCl2
catalysts. The chain transfer reaction influence strongly the molecular weight and
comonomer content of the copolymers.

Introduction

In the field of coordination polymerization of olefin monomers with heterogeneous or
homogeneous catalysts, an understanding of chain transfer reactions is the basis for the
control of molecular weight and chain end structure of the polymers. Two chain
transfer processes, β-hydride elimination and chain transfer to aluminum, are known as
major chain transfer reactions in metallocene catalyzed polymerization,1 and it is reported
that β-hydride elimination is the dominant chain transfer process during ethylene
polymerization with metallocene catalysts.2 However, we found recently that chain
transfer to aluminum is the dominant chain transfer process during ethylene-allylbenzene
copolymerization with rac-Et(Ind)2ZrCl2/MAO catalyst.3 It describes that the chain
transfer to aluminum in the copolymerization is induced by steric bulkiness of the
allylbenzene units incorporated at the propagating chain end. Recently, Mark et al.
reported that organosilanes function as chain transfer agents in metallocene-mediated
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polymerizations to afford sily-terminated olefin polymers.4,5 Also, Resconi et al.
reported that the attempt to polymerize allyltrimethylsilane with metallocene catalysts
produced the allyltrimethylsilane oligomers due to the severe chain transfer reaction.6,7

In this paper, the chain transfer behavior of allyltrimethylsilane in the metallocene
catalyzed ethylene polymerization was studied through the analysis of the chain end
structure of the obtained polymers. If the bulky allyl monomer could act in the
polymerization as a chain transfer agent for chain transfer to aluminum or β-hydride
elimination, the resulting polymer would contain the functional end group, aluminum
terminal group or allylsilane group. It is known that allylsilane react readily with
electrophiles.8 The reaction takes place at the γ-carbon atom with migration of the
double bond and displacement of silicone from the α-carbon. Thus, the terminal
allyltrimethylsilane group of the polymer can be readily converted to other functional end
groups.

Experimental

Materials & Instruments

Polymerization grade ethylene was deoxygenated and dried by passing through
columns of oxygen scavenging catalyst and activated molecular sieve (4Å).
Metallocene catalysts obtained from Strem were used as received. MAO was purchased
from Akzo as a toluene solution (11.6wt-% aluminum, density 0.89g/ml) and used
without further purification. Allyltrimethylsilane was purchased from Aldrich, and was
distilled over calcium hydride prior to use. Chromatography grade toluene was distilled
over calcium hydride and stored under nitrogen. All manipulations were carried out
with standard Schlenk and vacuum techniques under a dry nitrogen atmosphere.

Molecular weight and molecular weight distribution of the copolymers were
determined by means of gel-permeation chromatography (GPC; Waters 150C) at 135°C
using 1,2,4-trichlorobenzene as a solvent. The weight-average molecular weight and
polydispersity (Mw and Mw/Mn, respectively) were calculated on the basis of a
polystyrene standard. 1H and 13C NMR spectra of polymers were recorded on a Bruker
AMX-500 spectrometer operating at 500MHz for proton and 125MHz for carbon
spectroscopy. Samples were run as a solution in C2D2Cl4 at 110°C.
Polymerization

Polymerizations were performed in a 100ml jacketed glass reactor. The reactor
dried at 80°C in vacuo was charged with toluene under ethylene stream. The prescribed
amounts of cocatalysts and allyltrimethylsilane were added to the reactor, then the
mixture was stand for 10min at 80°C. After the toluene solution was saturated with
ethylene, 2.5 x 10-6 mole of the zirconocene was injected at constant ethylene pressure
(1.2bar). After the certain time of polymerization, the reaction mixture was poured into
a mixture of methanol and a small amount of concentrated hydrochloric acid, and filtered.
The filtered polymer was then adequately washed with plenty of methanol and dried in
vacuo at 60°C.
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Results and discussion

Table 1 compiles the copoymerization results of ethylene and allyltrimethylsilane
with various metallocene catalysts. Different polymerization behavior was observed
depending on the catalysts and allyltrimethylsilane concentration. While the catalytic
activity of CP2ZrCl2 catalyst decreased as the concentration of allyltrimethylsilane
increase, increase of the activity was observed with Cp*

2ZrCl2 and rac-Et(Ind)2ZrCl2
catalysts. This difference can be rationalized in terms of the different binding character
between the catalysts and allyltrimethylsilane.9

Table 1 also shows the incorporation percentage of allyltrimethylsilane and molecular
weight of the copolymer with various concentration of allyltrimethylsilane in the feed.
The molecular weights of the copolymers obtained with Cp2ZrCl2 and rac-Et(Ind)2ZrCl2
catalysts decrease with increasing allytrimethylsilane concentration. The molecular
weight change indicates that allyltrimethylsilane acts as a chain transfer agent that
facilitates β-hydride elimination or chain transfer to aluminum.10∼14

End group analysis by 1H NMR reveals various end groups corresponding to the
structures shown in Scheme 1. While structure 2 in Scheme 1 is produced by chain
transfer to aluminum at allyltrimethylsilane chain end or by allyltrimethylsilane insertion
to Zr-CH3 complex, structure 1 is only produced by β-hydride elimination at
allyltrimethylsilane chain end.
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Thus, content of structure 1 and 5 increases as β-hydride elimination increases during the
copolymerization. The 1H NMR spectrum of the copolymer prepared with Cp2ZrCl2
catalyst exhibits the characteristic methylene peaks of -CH2-CH2-TMS (structure 5) and -
CH-CH2-TMS (structure 4) resonance at δ = 0.05ppm (triplet and doublet, respectively)
and the vinylidene peaks of CH2=C-CH2-TMS (structure 1) resonance at δ = 4.75ppm in
Figure 1(a). The 1H NMR spectrum of the copolymer (Figure 1(a)) prepared with
Cp2ZrCl2 catalyst shows that most allyltrimethylsilane units are incorporated at the chain
ends, which is also consistent with the explanation that allyltrimethylsilane acts as a
chain transfer agent for β-hydride elimination.

However, the polymers prepared with Cp*

2ZrCl2 catalyst don't show any dependency
of molecular weight on the allyltrimethylsilane concentration (cf. Figure 2). This
behavior can be explained in terms of chain transfer to aluminum at ethylene chain end
which is independent of allyltrimethylsilane, and caused by the steric effect of the
hindered catalyst.3,15∼17 The 1H NMR spectrum of the copolymer prepared with
Cp*

2ZrCl2 catalyst shows two intense peaks in methyl region (δ = 0.9ppm) and other
peaks in vinylidene (δ = 4.7ppm), silylmethylene region (δ = 0.5ppm). While structure
2 and 3 in methyl region reflect the terminal structures resulting from chain transfer to
aluminum, structure 1 in vinylidene region and structure 5 in silylmethylene region
reflect the terminal structure resulting from β-hydride elimination. Also in the 13C
NMR spectra of the homo-polyethylene and copolymer obtained with Cp*2ZrCl2 catalyst,
n-butyl structure as a chain end group is readily assigned in both spectra, which indicates
the chain transfer to aluminum occurred at the ethylene propagating end (cf. Figure 3).
In the 13C NMR spectra of the copolymer, additionally vinylidene structure as a chain end
group can be assigned, which indicates β-hydride elimination occurred at
allyltrimethylsilane propagating end during the copolymerization. (cf. No. 1', 2', 3' in
Figure 3)
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Both observations are consistent with the coexistence of the two chain transfer
processes in the copolymerization with Cp*2ZrCl2/MAO catalyst, β-hydride elimination
at the allyltrimethylsilane propagating end and chain transfer to aluminum at the ethylene
propagating end (cf. Figure 4).

In case of rac-Et(Ind)2ZrCl2 catalyst, molecular weight of copolymer shows deep
decrease by using a small amount of allyltrimethylsilane. It indicates
allyltrimethylsilane acts as an effective chain transfer agent for β-hydride elimination
since the copolymers always show vinylidene end group that was formed by β-hydride
elimination at the allyltrimethylsilane chain end. However, the molecular weight of the
copolymers doesn't show any additional decrease with the higher allyltrimethylsilane
concentration in spite of the high incorporation content of allyltrimethylsilane.
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As shown in Figure 1(c), the 1H NMR spectrum of the copolymer prepared with rac-
Et(Ind)2ZrCl2 catalyst displays relatively intense resonance of inserted
allyltrimethylsilane unit (structure 4 in Scheme 1). The above result indicate that with
rac-Et(Ind)2ZrCl2 catalyst allyltrimethylsilane acts not only as a chain transfer agent but
also as a real comonomer in the copolymerization. It seems that bridged metallocene
catalyst favors comonomer incorporation during the copolymerization.12,18

The chain transfer behavior of allyltrimethylsilane observed in this study show a
contrary aspect compared with those obtained with allylbenzene in rac-
Et(Ind)2ZrCl2/MAO catalyzed ethylene polymerization.3 In the previous study, chain
termination in ethylene-allylbenzene copolymerization occurred almost exclusively via
chain transfer to aluminum as a result of steric interaction between the bulky
allylbenzene unit at the propagating chain end and the indenyl ligand of the catalyst.
The different effect of allyltrimethylsilane as a chain transfer agent can be explained by
the electronic effect of silicone to the β-carbon. Burger et al. reported that the β-
hydride elimination rate was quite sensitive to the nature of the substituent on the β-
carbon of the catalytic propagating chain end. Their finding was consistent with a
positive charge buildup in the transition state for β-hydride elimination.19 The
stabilization of the partial positive charge on the β-carbon by the silicon of
trimethylsilane group promotes β-hydride elimination (cf. Scheme 2).

Thus, allyltrimethylsilane can be used a useful chain transfer agent for synthesis of
allylsilane terminated polyethylene.

Conclusions

Chain transfer behavior of allyltrimethylsilane comonomer in metallocene catalyzed
ethylene polymerization was studied. End group analysis of the produced polymers
revealed that allyltrimethylsilane act as a chain transfer agent that facilitates β-hydride
elimination rather than chain transfer to aluminum owing to electronic effect of silicone.
It was also found that chain transfer reaction in the copolymerization was significantly
effected depending on catalysts.

Most allyltrimethylsilane units in low molecular poly(ethylene-co-
allyltrimethylsilane) produced by Cp2ZrCl2/MAO or Cp*

2ZrCl2/ MAO catalyst were
incorporated as vinylidene terminal groups. It indicates that allyltrimethylsilane acts as
an effective chain transfer agent that makes allylsilane terminated polyethylene in the
case of using Cp2ZrCl2 and Cp*2ZrCl2 catalysts. However, the results obtained from
Cp*

2ZrCl2/MAO catalyst was consistent with the coexistence of the two chain transfer
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processes, β-hydride elimination at the allyltrimethylsilane chain end and chain transfer
to aluminum at ethylene chain end.

On the other hand, the copolymer prepared with rac-Et(Ind)2ZrCl2/MAO catalyst
showed that many allyltrimethylsilane units were inserted into ethylene backbone and
relatively small amount of allyltrimethylsilane units were incorporated as a terminal
group.
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