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Summary

In order to investigte the polymerization behavior of allytrimethylsilane as a
comonomer, ethylene was copolymzed with allyltrimethylsilane at 80°C in toluene
using methylalunmoxane MAQO) activated metallocene catalysts. The catalytic activity
of the polymerization sbngly depended on both the type of thatalysts and the
concentration of allyltrimethylsilane. Engroup analysis of the copolymers Ingeans
of 'H and“C NMR spectroscopy realed that allyltrimethylsilane rather act as a chain
transfer agent in the copolymzation, even though considerable amount of
allyltrimethylsilane was inarporated in the polymer chain with rac{fid),ZrCl,
catalysts. The chain transfer reaction influenceongfly the mdecular weight and
comonomer content of the copolymers.

Introduction

In the field of @ordination polymerization of olefin onomers with heterogeneous or
homogeneous catalysts, anderstanding of chain transfezactions is the basi®r the
control of molecular weight and chain end structure of the polymers. Two chain
transfer processe§-hydride elimination and chain transfer to aluminum, &eown as
major chain transfer reactions in metallocene catalyzed polymeriZatimh,t is reported
that B-hydride elimination is the dominant chain transf@rocess during ethylene
polymerization with metallocene cataly$td$dowever, we found ecently that chain
transfer to aluminum is the dominant chain transfer process during etlalgibenzene
copolymeization with rac-Efind),ZrCI/MAO catalyst. It describes that the chain
transfer to aluminum in the copolynEation is nduced by steric bulkiness of the
allylbenzene units irarporated at thepropagting chain end. &ently, Mark et al.
reported that organidanes function as chain transfer agents in metallocene-mediated
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polymerizations to fford sily-termirated olefin polymers’ Also, Resconi et al.
reported that the attempt to polymerize allyltrimethylsilane with metallocene catalysts
produced thallyltrimethylsilane oligomers due to the severe chain transfer redction.

In this paper, the chain transfer behavior of allyltrimethylsilane in the metallocene
catalyzed ethylene polymerization was studibdough the analysis of the chain end
structure of the obtained polymers. If the bulky allyomomer could act in the
polymerization as a chain transfer agéot chain transfer to aluminum ds-hydride
elimination, the resiting polymer would contain théunctional end group, aluminum
terminal group orallylsilane group. It is known thatallylsilane react readily with
electophiles’ The reaction takes place at tlyecarbon atom with migtion of the
double bond and difgcement of siliconefrom the a-carbon. Thus, the terminal
allyltrimethylsilanegroup of the polymer can be readily converted to othectfonal end
groups.

Experimental
Materials & Instruments

Polymerization grade ethylene wasogggerated and dried by passindgirough
columns of oxygen scavengingatalyst and activated molecular sieve (4A).
Metallocene catalysts obtaindm Strem were used asaeived.MAO was purchased
from Akzo as a toluene solution (11.6wt-% aluminum, density On89gand used
without further puriication. Allyltrimethylsilane wagurchased from Aldrich, and was
distilled over calciumhydride prior to use. Chmeatography grade toluene wastilisd
over calciumhydride and stored under nitrogen. All mangiions were carried out
with standard Schlenk and vacuum techniques under a dry nitatgesphere.

Molecular weight and molecular weight distribution of thepaymers were
determined by means of gel-permeatidwomatography (GPCWaters150C) at 135°C
using 1,2,4-trichlorobenzene as a solvent. The weight-averadecutar weight and
polydispersity (M and M/M, respectively) were calculated on the basis of a
polystyrene standardH and °C NMR spectra of polymers were meded on a Bruker
AMX-500 spectrometer operating abOOMHz for proton and 125MHz for carbon
spectroscopy. Samples were run as a solutioniydT, at 110°C.

Polymerization

Polymerizations were p®rmed in a 100mljacketed glass reamt The eactor
dried at 80°Cin vacuowas charged with toluene under ethyleneatr. The prescribed
amounts of coatalysts and allyltrimethylsilane were added to the oeadhen the
mixture was stand for 10min at 80°C. After the toluene solution wasasadumvith
ethylene, 2.5 x I0mole of the zirconocene was injected at constant ethylene pressure
(1.2bar). After the céain time of polymerizatin, the eaction mixture wagpoured into
a mixture of methanol and a small anmt of concenaattedhydrochloricacid, and filtered.

The filtered polymer was then adequately washed with plenty of methanol andrdried
vacuoat 60°C.
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Results and discussion

Table 1 compiles the opoymeization results of ethylene and allyltrimethylsilane
with various metallocene catalysts. Different polymerization behavior was observed
depending on the catalysts and allyltrimethylsilane conceoratiVhile the catalytic
activity of CBZrCl, catalyst decreased as the concentration of allyltrimethylsilane
increase, increase of the activity was observed withZ@p, and rac-Et(IndgrCl,
catalysts. This difference can be rationalized in terms of the different binding character
between the catalysts and allyltrimethylsildne.

Table 1 also shows the incorption percentage of allyltrimethylsilane and molecular
weight of the copolymer with various concextion of allyltrimethylsilane in the feed.

The molecular weights of theopolymers otained with CgZrCl, and rac-Et(IndyrCl,
catalysts decrease with increasing allytrimethylsilane conceortratfhe mdecular
weight change indicates that allyltrimethylsilane acts as a chain transfer agent that
facilitatesp-hydrideelimination or chain transfer to aluminufii’

End group analysis byH NMR reveals various endroups corresponding to the
structures shown in Scheme 1. While structure 2 in Scheme ptodkiced by chain
transfer to aluminum at allyltrimethylsilane chain end or by allyltrimethylsilane insertion
to Zr-CH, complex, structure 1 is only produced +hydride elimination at
allyltrimethylsilane chain end.

Table 1. The conditions and results of the ethylene copolymerization with
allyltrimethylsilane (allylTMS)?

run catalyst allylTMS  yield activity” allylTMSin M, Mu/M,

conc. (2 copolymer®  (g/mol)
(mol/L) (mol%)
1 CpyZrCl, 0.0 3.15 1,050 0.0 14,000 1.9
2 Cp2ZrCl, 0.2 3.06 1,020 3.2 2,800 1.7
3 Cp2ZrCl, 0.4 2.88 960 5.1 2,100 1.5
4 Cp2ZrCl, 0.6 2.64 880 7.2 1,700 1.4
5 Cp2ZrCl, 0.8 1.83 610 9.0 1,300 1.3
6 Cp2ZrCl, 1.0 1.74 580 10.3 1,200 1.2
7 Cp*»ZrCl, 0.0 0.75 250 0.0 2,000 1.5
8 Cp*,ZrCl, 0.2 2.91 970 1.1 2,100 1.5
9 Cp*,ZrCl, 0.4 3.54 1,180 2.3 2,000 1.4
10 Cp*,ZrCl, 0.6 4.44 1,480 4.0 1,700 1.4
11 Cp*2ZrCl, 0.8 5.10 1,700 6.4 2,000 14
12 Cp*,ZrCl, 1.0 4.86 1,620 8.9 1,700 1.4
13 Et(Ind),ZrCl, 0.0 3.99 1,330 0.0 13,000 3.1
14 Et(Ind),ZrCl, 0.2 3.72 1,550 3.8 2,900 1.8
15  Et(Ind),ZrCl, 04 5.37 1,790 7.4 2,200 1.6
16 Et(Ind),ZrCl, 0.6 5.58 1,860 13.2 2,200 1.6
17 Et(Ind),ZrCl, 0.8 5.88 1,960 22.2 2,100 1.6
18 Et(Ind),ZrCl, 1.0 6.54 2,180 23.5 2,200 1.5

*Polymerization conditions: amount of catalyst = 2.5 x 10 mol, Al/Zr = 2000, ethylene pressure = 1.2 bar,
solvent = toluene, volume of total solution = 50 ml, temperature = 80 C, polymerization time = 1 h.
®Activity = kg polymer per mol Zr per h per bar, °Calculated by 'H NMR. YWeight average molecular
weight determined by GPC
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Scheme 1. Chain end structures formed by chain transfer reaction in ethylene-
allyltrimethylsilane copolymerization. The P and TMS denote a polymer chain and a
trimethylsilane group, respectively.

CH,—TMS
(a). B-H elimination on allylTMS unit CH,=C—P 1
(b). Al-transfer on allylTMS unit & ?HZ_TMS 2
allylTMS insertion to Zr-CHj; CH; —CH—FP
(c). Ethylene insertion to Zr-H & Zr-CHj; CH; —CH,—CH,—P 3
(d). Al-transfer on allylTMS unit, and ({:H2 —TMS 4
allyITMS insertion to Zr-P & Zr-CHj R—CH—P
(e). AllylTMS insertion to Zr-H TMS—CH; —CH,—P 5
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Figure 1. "H-NMR spectra of poly(ethylene-co-allyltrimethylsilane) obtained with (a):
Cp2ZrCIL/MAO (run no. 4) (b): Cp*2ZrCly/MAO (run no. 11) (c): rac-
Et(Ind),ZrCl,/MAO (run no. 15). Arabic numbers denote the chain end structures in
Scheme 1.
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Thus, content of structure 1 and 5 increasef-hgdride elimination increaseduring the
copolymeization. The 'H NMR spectrum of the copolymer prepared with , !,
catalyst exhibits the characteristic methylene peaks of-@H4}TMS (structure5) and -
CH-CH,-TMS (structured) resonance ad = 0.05ppm (tripet anddoulet, respectively)
and the vinylidene peaks ofH3;=C-CH-TMS (structurel) resonance ab = 4.75ppm in
Figure 1(a). The'H NMR spectrum of the copolymer (Figure 1(a)) prepared with
CpZrCl, catalyst shows that most allyltrimethylsilane units arernpecrated at the chain
ends, which is also consistent with the explanation that allyltrimethylsilane acts as a
chain transfer agent f@-hydrideelimination.

However, the polymers prepared with ZpCl, catalystdon't show any dependency
of molecular weight on the allyltrimethylsilane concentration (cfguFe 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™ The 'H NMR spectrum of the copolymer prepared with
Cp ZrCl, catalyst shows two intense peaks in methyl reg®n= (0.9ppm) and other
peaks in vinylidened = 4.7ppm), silimethylene regiond = 0.5ppm). Whe structure
2 and 3 in methyl region reflect the terminal structures resuftong chain transfer to
aluminum, structure 1 in vinylidene region and structure 5 in silylmethylene region
reflect the terminal structure resultifgom [B-hydride elimination. Also in the *C
NMR spectra of the hompolyethylene and copolymer tatined with CpZrCl, catalyst,
n-butyl structure as a chain end group is readily assigned in bettrapwhich indicates
the chain transfer to aluminum occurred at the ethylene patipggend (cf. Figure 3).
In the ®*C NMR spectra of theapolymer, addionally vinylidene structure as a chain end
group can be assigned, which icates [B-hydride elimination ocarred at
allyltrimethylsilane propagting end during the copolymeation. (cf. No. 1', 2', 3" in
Figure 3)
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Figure 2. Dependence of the molecular weight on the allyltrimethylsilane concentration
in the feed
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Figure 3. "C-NMR spectra of polyethylene (a), and poly(ethylene-co-
allyltrimethylsilane) (b) obtained with Cp*,ZrCl,/MAO (run no.7 & 12). The P and
TMS denote a polymer chain and a trimethylsilane group, respectively, and the asterisk
denotes a solvent peak.

Both observations are consistent with the coexistence of the two chain transfer
processes in the copolynition with Cp,ZrClL/MAO catalyst, B-hydride elimination
at the allyltrimethylsilang@ropagting end and chain transfer to aluminum at the ethylene
propaating end (cf. Figure 4).

In case of rac-Et(IngjrCl, catalyst, molecular weight ofopolymer shows deep
decrease by wusing a small ammt of allyltrimethylsilane. It indicates
allyltrimethylsilane acts as an effective chain transfer agen{3-hydride elimination
since the copolymers always show vinylidene end group that was form@ehgride
elimination at the allyltrimethylsilane chaimd However, the mecular weight of the
copolymers doesn't show any #&dmhal decrease with the higher allyltrimethylsilane
concentration in spite of the high orporation content of allyltrimethylsilane.

Zr—CH Zr/w . /(’\Yf\(

™S ™S
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W\( [A[]
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Figure 4. Chain transfer processes for ethylene-allyltrimethylsilane copolymerization
with Cp*,ZrClyMAO catalyst. TMS denotes a trimethylsilane group.
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Scheme 2. Proposed charge buildup for transition states of B-hydride elimination at
Cp2ZrR centers

As shown in Figuré(c), the'H NMR spectrum of the copolymer prepared with rac-
Et(Ind),ZrCl, catalyst displays relatively intense resonance of inserted
allyltrimethylsilane unit (structurd in Schemel). The above result inchte that with
rac-Et(Ind)ZrCl, catalyst allyltrimethylsilane acts not only as a chain transfer agent but
also as a real coommomer in the copolymgmation. It £ems that bridged metallocene
catalyst faors comonomer incorpation during the copolymiation:***

The chain transfer behavior of allyltrimethylsilane observed in thidysshow a
contrary aspect compared with those obtained with allyloenzene in rac-
Et(Ind),ZrCI/MAO catalyzed ethylene polymerizationin the previous study, chain
termination in ethylene-allylbenzen®polymeization ocawrred almost exclusively via
chain transfer to aluminum as a result of steric interaction between the bulky
allylbenzene unit at th@ropagting chain end and the indenyl ligand of the catalyst.
The different effect of allyltrimethylsilane as a chain transfer agent can be explained by
the electonic effect of silicone to the3-carbon. Burger et al. reported that tBe
hydride elimination rate was quite sensitive to the nature of the substituent of- the
carbon of thecatalytic propa@ting chain end. Their finding was consistent with a
positive charge buillup in the trandon state for B-hydride elimination:® The
stabilization of the partial positive charge on tliecarbon by the iBcon of
trimethylsilanegroup promotegf-hydrideelimination (cf. Scheme 2).

Thus, allyltrimethylsilane can be used a useful chain transfer dgestynthesis of
allylsilane terminated polyethylene.

Conclusions

Chain transfer behavior of allyltrimethylsilane comomer in metallocene catalyzed
ethylene polymerization was studied. Egdoup analysis of the produced polymers
revealed that allyltrimethylsilane act as a chain transfer agent that facifBdgdride
elimination rather than chain transfer to aluminum owing to edaat effect of silicone.

It was also found that chain transferaction in the @polymeization was significantly
effected depending on catalysts.

Most  allyltrimethylsilane  units in  low  molecular  poly(ethylene-co-
allyltrimethylsilane) produced by C@&rCl/MAO or Cp,ZrCl/ MAO catalyst were
incorpomted as vinylidene termingroups. It indcates that allyltrimethylsilane acts as
an effective chain transfer agent that makes allylsilane terminated polyethylene in the
case of using C@rCl, and CpZrCl, catalysts. However, the results obtainfedm
Cp ZrClL/MAO catalyst was consistent with the coexistence of the two chain transfer
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processesp-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-Etdrd)/MAO catalyst
showed that many allyltrimethylsilane units were inserted into ethylenkbdae and
relatively small arount of allyltrimethylsilane units were imgporated as a terminal

group.
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