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ABSTRACT: With a new trisiloxane-bridged dinuclear zirconocene, hexamethyltrisiloxanediylbis
{cyclopentadienylindenylzirconium dichioride) (TSDZ) C1IndZr-CpSi{CH.).-0-Si-(CH.)-O-5i(CH.):
Cp-ZrIndCl,, the polymerizations of ethylene were carried out in the presence of modified MAO
(MMAD) as a cocatalyst. The effects of MMAO amount and polymerization temperature {7T,) on po-
lymerization behaviours of TSDZ were examined and compared with those of mononuclear zir-
conocenes such as cyclopentadienylindenylzirconium dichloride, biscyclopentadienylzirconium di-
chloride and bisindenylzirconium dichioride. The catalytic activity of TSDZ was comparable to that
of mononuclear zirconocenes, while the weight-average molecular weight (M.) and polydispersity in-
dex (MJ/M.,) of polyethylene (PE) prepared with the former were much higher than those of PE
with the latter. With increasing MMAOQ concentration, the catalytic activity increased but M, de-
creased for TSDZ, as well as mononuclear zirconocenes. With increasing T, the catalytic activity of
TSDZ was a maximum at 40 °C while that of mononuclear zirconocenes increased steadily. For in-
creased T, the decrease of M. and MJ/M. for TSDZ was extraordinary compared to that for mono-

nuclear zirconocenes.

Intreduction

Since it has been proven that metallocene-methyl-
aluminoxane (MAQ) catalyst systems gave super
high catalytic activity for ethylene,' many kinds of
metallocene have been developed for polymeriza-
tion catalysts and the stereospecificity of pelymer
can be controlled with appropriate ligand design of
metallocene.” The bridged species of ansa-metal-
locene for propylene polymerization and ethylene
copolymerization were ethyl, dimethylsilyl and di-
phenylsilyl.* However, most of metallocene cat-
alysts were mononuclear metallocene, i.e. a metal-
locene molecule has one transition metal atom.
Lately some researchers are interested in mul-
tinuclear metallocene complexes. Petersen’ first re-
ported on dinuclear metallocenes and Royo® e al.
reported on synthesized dimethylsilyl-bridged dinu-
clear titanocenes, but the results of polymerization

were not mentioned. Recently, Mhaupt® produced
low molecular weight polypropylene by using
phenylene-bridged dinuclear zirconocene com-
plexes.

The dinuclear metallocene complexes have been
attracted because the two transition metal centers
may show the cooperative electronic and chemical
effects which could be potentially useful for the de-
velopment of new metallocene catalysts. It 18 very
rare to exclusively probe into polymerization beha-
viours of the dinuclear metallocene which are de-
finitely distinguishable from those of mononuclear
metaliocenes,

Very recently the synthesis of disiloxane-bridged
ansa-metallocenes and their polymerization beha-
viours were reported.” In addition, we published
the polymerization of ethylene and styrene by the
first trisiloxane-bridged dinuclear titanocenes hav-
ing two CpTiCly and Cp.TiCl; fragments, respec-
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tively.®

In this study, a new trisiloxane-bridged dinuclear
zirconocene, hexamethyltrisiloxanediyl-bis(cyclo-
pentadienylindenylzirconium dichloride) (TSDZ),
Clzlner'CpSi(CH.{)z-O-Si(CHa)z-O-Si-(CH.@)sz-
ZrIndCl, was prepared for ethylene polymerization.
The cyclopentadienylindenylzirconium dichloride
(CplndZr(l,) was synthesized as the corresponding
mononuclear zirconocene of TSDZ. With these pre-
pared zirconocenes and modified MAO as co-
catalyst, polymerizations of ethylene were carried
out. Alse the mononuclear zirconocenes, such as
biscyclopentadienylzirconium  dichloride (CpeZrCly)
(Ind,ZrCl,)
were used in ethylene polymerization to compare
with TSDZ.

and bisindenylzirconium dichloride

Experimental

Materials. Ethylene (polymerization grade, 99.5%
purity, Korea Petrochemical Ind. Co., Korea) was
dried by passing through two columns of P.Os. Bis-
cyclopentadienylzirconium dichloride (Cp.ZrClz, Al-
drich Chem. Co., U.S.A.) and bisindenylzirconium
dichloride (Ind.ZrCl, Boulder Scientific Co., U.S.A.)
were used as they were. The used cocatalyst was
modified methylaluminexane (MMAO-4, Al 64
wt@%, Alkzo, U.S.A.). Toluene and tetrahydrofuran
(Duksan Chemical Co., Korea) were distilled over
sodium-benzophenone complex.

Preparation of Zirconocenes. The trisiloxane-
bridged dinuclear zirconocene, hexamethyltrisil-
oxanediylbis(cyclopentadienylindenylzirconium  di-
chloride) (TSDZ), ClLIndZr-CpSi(CH:},-0-Si(CH.).-
0-Si{CH.).Cp-Zr-IndCl. was prepared by reaction
of the dilithium salt of 1,5-dicyclopentadienylhexa-
methyl-trisiloxane with two equivalents of in-
denylzirconium trichloride at room temperature i
THEF. The strucure of zirconocene was confirmed
by ‘H-NMR (300 MHz, CDCl,, 25°C): 8=7.63(m;
4H), 7.28(m: 4H), 6.84(t; 3.3Hz, ZH), 6.56(t;2.4Hz,
4H), 6.49(t; 2.4Hz, 4H), 0.34(s; Si-CH, 12H),
0.02(s; Si-CHs;, 6H). The zircomium content of
TSDZ was 19.9 wt% (Calc. 20.5 wt%).

Cyclopentadienylindenylzirconium dichloride
{CpIndZrCly) was prepared by reaction of the so-
dium salt of cyclopentadienyl with one equivalent
of indenylzirconium trichloride at room temper-
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ature in THF. The structure of zirconocene was
confirmed by 'H-NMR (300 MHz, CDCl,, 25 °C): 8=
7.68(m, 2H), 7.30(m, 2H}), 6.91(t, 3.3Hz, 1H),
6.53(d, 3.23Hz, 2H), 6.16(s, 5H). Indenylzirconium
trichloride was synthesized according to the litera-
ture.?

Polymerization and Characterization of Poly-
ethylene. To a 400 mL glass reactor 100 mL of tol-
nene and a necessary amount of cecatalyst
(MMAO) were added, followed by saturation of
ethylene. Polymerization was initiated by the in-
jection of catalyst. The obtained polyethylene (PE)
was precipitated in acidified methanol. The cat-
alyst activity was estimated from the weight of
polymer produced per mole of zircomium per h.
Thermal properties of polymer were measured by
DSC (DuPent TA 2000) at 20 °C/min. Melecular
weight and molecular weight distribution were de-
termined by means of gel permeation chro-
matography (GPC, Waters 150 C) in 1.2.4-trichloro-
benzene at 135 °C; data were analyzed using poly-
styrene calibration curves.

Results and Discussion

The polymerizations of ethylene were carried
ouit with a new trisiloxane-bridged dinuclear zir-
conocene, hexamethyltrisiloxanediylbis(cyclopen-
tadienylindenylzirconium dichloride) (TSDZ) and
modified methylaluminoxane (MMAQ) catalyst sys-
tem in comparision with three mononuclear zir-
conocenes, biscyclopentadienylzircenium dichloride
(CpsZrCly), bisindenylzirconium dichloride {Ind.
ZrCly) and cyclopentadienylindenylzirconium  di-
chloride (CpIndZrCly). The experimental results
are given in Table I.

The catalytic activity of Ind:ZrCl, was slightly
higher than that of Cp.ZrCl. due to the increased
electron donating ability of indenyl (Ind) ligand."
As reported, the difference in catalytic activity of
Ind,;ZrCl: and Cp.ZrCl, was not so tremendous,’ of
which the reason is not clear but it might have
been due to the structural variation of the co-
catalyst used. Contrary to the electronic effect,
the large ligand and bulky substituents in ligand
made the catalytic activity decrease due to steric
hindrance. The catalyst activity of CplndZrCl,
was higher than that of CpZrCl: and Ind.ZrCls,
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Table I. Catalyst Activity and Properties of PE
Obtained with Dinuclear TSDZ and Mononuclear
Zirconocenes for Ethylene Polymerization

catalyst  activity® TL(C) T.°C) MU(x10") MJM,

TSDZ 2187 134 115 442 4.6
CplndZrCl, 2647 134 115 163 2.7
CpZrCl, 2026 133 116 68 2.8
Ind,ZrCl. 2254 136 115 79 25

Polymerization condition; [Zr]=3.5-65x10" mol/L. [Al}/
[Zr]=10000, 40°C, 2k
“Activity : kg-PE/mol-Zr-h.

which was considered to be resulted from the com-
promise of the electronic and steric effects. The cat-
alyst activity of dinuclear TSDZ was comparable to
that of CpsZrCl. and IndsZrCl,, but smaller than that
of the corresponding mononuciear zirconocenes,
CplndZrCl..

The weight-average molecular weight (M.) of
PE obtained with dinuclear TSDZ was 5 times high-
er than that of PE with mononuclear zirconocenes.
In addition, the molecular weight distribution of
PE prepared by dinuclear TSDZ was broader than
that of PE by mononuclear zirconocenes judging
from the value of polydispersity index (M./M.). M.
of PE produced by CplndZrCl, was also higher than
that of Cp.ZrCl. and Ind.ZrCl, catalysts. The sig-
nificant differences of M, and M./M. of PE pro-
duced by TSDZ and monenuclear zirconocenes
strongly intimated that there might be some in-
teractions between two metal centers although the
interaction mechanism is not clear now. Actually,
these results contrast to Mhaupt's observation in
which M. of polypropyiene (PP) obtained with
phenyl-bridged dinuclear metallocenes were re-
markably lower than that of PP with the cor-
responding mononuclear metallocenes.® On the oth-
er hand, the transition temperatures (T, and T%) of
PE were less dependent on the structure of cat-
alyst.

The gel permeation chromatography (GPC)
curves of PE prepared with TSDZ and mononu-
clear zirconocenes were obtained and are shown in
Figure 1.

As can be seen in Figure 1, the GPC curves
were symmetrical and the elution volume of PE
prepared with Cp.ZrCl, (curve A), IndwZrCl
(Curve B) and CplndZrCl. (curve C) was larger
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Figure 1. GPC curves of polyethylene, prepared with TSDZ
(D) and mononuclear zirconocenes such as CpZrCh{A),
Ind,ZrCl,(B} and CpIndZr(l{C). Polymerization condition:
[Zr]=3.5-6.5%107 mol/L, [AI}/[Zr]=10000, 40 °C, 2 h.

than that of PE with TSDZ (curve D). The molec-
ular weight distribution of PE prepared with TSDZ
(Curve D) was broader than that of PE with
mononuclear zirconocenes. .

The effect of MMAQ amount on catalyst ac-
tivity and M. of PE obtained with TSDZ and
mononuclear zirconocenes was investigated at 40
°C, and the results are shown in Figure 2 and 3,
respectively.

In Figure 2, the catalyst activity of mononuclear
zirconocenes increased with MMAO amount as
well-known.”” But the catalyst activity of dinuclear
TSDZ was less dependent on MMAQ amount for
high [Al]/[Zr] ratio. Mw of PE prepared with
TSDZ and mononuclear zirconocenes decreased
with increasing MMAO amounts due to chain
transfer by MMAQ." ‘

The effect of polymerization temperature (T,)
on catalytic activity and M. of PE ocbtained with
various zirconocenes was examined at [All/[Zr]=
10000 as shown in Figure 4 and 5.

The catalytic activity of Cp.ZrClL and Ind.ZrCl,
slightly increased with T, On the other hand, the
catalytic activity of TSDZ and CplndZrCly ex-
hibited a maximum at 40 °C and decreased at high-
er T, CplndZrCl: had higher catalytic activity than
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Figure 2. Effect of MMAO amount on caialyst activity of
TSDZ and mononuclear zirconocenes for ethylene po-
lymerizations. Polymerization condition: [Zr]=35~65%10"
mol/L, 2h.
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Figure 3. Effect of MMAO amount on weight-average
molecular weight of polyethylene obtained with TSDZ and
mononuclear zirconocenes. Polymerization condition: 1Zr}=
35~6.5%107 mol/L, 2h,

TSDZ in the examined range of T,

M. of PE prepared with TSDZ, as well as mono-
nuclear zirconocenes decreased with increasing T,
due to chain transfer of PB-hydrogen elimination
reaction at high temperature.® The diminishment
of M., with T, for TSDZ and CplndZrCl: was pro-
found compared to that for Cp.ZrCl: and IndZrCl
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Figure 4. Effect of polymerization temperature on catalyst
activity of TSDZ and mononuclear zirconocenes for ethyl-
ene polymerizations, Polymerization condition: [Zr]=3.5~
6.5x 107 mol/L, [Al)/[Zr]=10000, 2 h.
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Figure 5. Effect of polymerization temperature on weight-
average molecular weight of polyethylene obtained with
TSDZ and mononuclear zirconocenes. Polymerization con-
dition: [Zr]=3.5~6.5x10" mol/L, [A1l/[Zr]=10000, Z h.

which intimated that the chain transfer for the
former was more significant than that for the lat-
ter at high T},

The dependences of M./M. and melting tem-
perature (7,) of PE on T, and MMAO amount for
TSDZ and mononuclear zirconocenes were e€x-
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Table II. Polydispersity Index (M,/M,) and Melting Temperature (T,) of PE Obtained with TSDZ and
Mononuclear Zirconocenes

temp. [AIVZr] TSDZ CplndZrCl, Cp,ZrCl, nd,ZrCl,
¢C) r MJ/M, T, MM, T. MM, T, MM, T,
40 5000 7.7 135 3.0 135 27 133 2.8 135
10000 46 134 2.7 134 28 133 25 136
20000 5.2 136 926 134 26 133 26 134
70 5000 30 134 - - 26 133 26 134
10000 33 133 26 134 26 133 2.4 135
20000 25 134 2.4 133 24 133 24 133

Polymerization condition 7 [2r]=3.5-6.5% 167 mol/L, 2 h.

amined and the results are given in Table IL

MM, of PE obtained with TSDZ was larger
than that of mononuclear zirconocenes and de-
creased with increasing MMAO amount and T, In
the case of dinuclear TSDZ, M./M, dramatically de-
creased with increasing Ty But T. of the produced
PE was less dependent on MMAO amount and 7.

In conclusion, the dinuclear zirconocene TSDZ
can he used as a new type of zirconoccene poly-
merization catalysts to produce polyethylene of
high molecular weight and wide molecular weight
distribution with a reasonable and practical cat-
alytic activity.
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