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Abstract: The styrene polymerizations were carried out with the new dinuclear half-titanocenes,
hexamethyltrisiloxanediylbisicyclopentadienyltitanium  trichloride) {1) and pentamethylenediylbis
{cyclopentadienyltitanium trichloride) (2} in the presence of a modified methylaluminoxane cocatalyst.
The styrene polymerization behavior of the above dinuclear titanocene catalysts and the property of
the obtained polystyrene {PS) were examined and compared with those of PS obtained by mononu-
clear CpTiCl, For a given polymerization condition. the catalyst activity was in the following order:
CpTiCl:>2>1. The syndiotactic index (S} of PS was dependent on the catalyst structure and de-
creased in the order of 1>CpTiCl>2 The weight-average molecular weight (M,) of PS produced with
dinuclear 1 and 2 was much higher than that of PS generated from mononuclear CpTiCl,, and the po-
lydispersity index (M./M.,} of the polymer by 1 and especially by 2 was larger than that of the palymer
by CpTiCl. Although the pentamethylene-bridged titanocene 2 exhibited higher activity and lower SI
of PS than the hexamethytrisiloxane-bridged complex 1, the M, and M./M, of PS prepared with the

dinuclear half-titanocene 2 were almost identical to those of PS with complex 1.

Introduction

Since a simple zirconocene Cp,ZrCl; was found
to initiate the ethylene polymerization with a
methylaluminoxane cocatalyst,’ various kinds of
metallocenes have been developed for the poly-
merizations of not only olefins such as ethylene®
and propylene® but also styrene' and polar
monomers.® It turmed out that half-titanocenes of
monocyclopentadienyltitanium  complexes and
their derivatives® effectively produced the syn-
diotactic polystyrene(PS). Recently, we reported

that the siloxane-bridged dinuclear titanocenes
such as hexamethyltrisiloxanediylbis{cyclo-
pentadienyltitanium trichloride) and hexame-
thyltrisiloxanediylbis(dicyclopentadienylti-
tanium dichloride) can initiate polymetizations of
styrene and ethylene.’

With the background of expectation that the
dinuclear transition-metal complexes with two ac-
tive metal centers held together by a bridged li-
gand can offer the opportunity to observe the
cooperative behavior between two active sites,
the catalyst behavior of various dinuclear metal-
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locenes had been studied for polymerizations of
ethylene and styrene.”

Here we report a preliminary results of styrene
polymerization initiated by two dinuclear half-ti-
tanocenes containing different  bridged-ligands
such as hexamethyltrisiloxanediylbis(cyclo-
pentadienyltitanium trichloride) and penta-
methylenediylbis{cyclopentadienyltitanium  tri-
chioride) in the presence of a modified methyl-
aluminoxane cocatalyst to examine the effect of
bridge structure on the catalyst behavior.

Experimental

Materials. Modified methylaluminoxane
(MMAO, Type-4, 6.4 wt% Al Akzo, US.A) was
used without further purification. Styrene (Junsei
Chemical Co., Japan) was distilled over CaH.. To-
luene and tetrahydrofuran {THF) (Duksan Chem-
ical Co., Korea) were purified by refluxing with
soditm-benzophenone complex.

Synthesis of Dinuclear Titanocene Cata-
lysts. The trisiloxane-bridged dinuclear halft-
itanocene, hexamethyltrisiloxanediylbis {cyclo-
pentadienyltitanium  trichloride) Cl;Ti-Cp-(CHa).
Si-0-Si(CHs)-0-Si{CH.).Cp-TiCl: {1} was pre-
pared by reaction of dithallium salt of 1,5-di-
cyclopentadienylhexamethyltrisiloxane  with  two
equivalents of TiCls at room temperature in THF”
After stirring overnight, recrystallization from CH,
Cly/hexane (v/v=1/1) gave a pale vellow green
solid product. The pentamethylene-bridged dinu-
clear haif-titanocene, pentamethylenediylbis
{cyclopentadienyltitanium  trichloride} CLTi-Cp
(CHz}:Cp-TiClL: {2) was prepared in an analogous
fashion to 1 except that dilithium salt of 1,5-di-
cyclopentadienylpentamethylene was used in
place of the dithallium salt of 1,5-dicyclopenta-
dienylhexamethyltrisiloxane. The structure of pro-
duct 2 was confirmed by 'H-NMR (300 MHz,
CDCl,, 25°Ch: 8=6.95(t; 2.5 Hz, 4H), 6.84(t; 2.5
Hz, 4H), 2.88(t; 7.5 Hz, 4H), 1.74(m; 4H), 1.52
{m: 2H). The titanium contents (wt%) of 1 and 2
were measured by inductively coupled plazma
emission  spectrophotometer (ICP, JY-38 Plus,
France) and found to be 14.6 (calc.: 14.9) and
18.6 (calc.: 18.9), respectively.

Polymerization and Polymer Characteri-
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zation. All operations were carried out under a
nitrogen atmosphere. In a 400 mL glass reactor
were sequentially introduced the proper
amounts of toluene, MMAQ solution and
styrene. The polymerization was initiated by in-
jecting the solution of dinuclear titanocenes and
carried out for 3 or 4 h. The syndiotactic index
of the obtained PS was measured by extraction
with boiling methylethylketone.” The melting
temperature of PS was measured by means of
differential scanning calorimetry (DSC, Dupent
TA 2000} at a heating rate of 20°C/min. The
molecular weight and molecular weight dis-
tribution of PS were determined by means of
gel-permeation chromatography (GPC, Waters
150C) in 1.2.4-trichlorobenzene at 135 °C and
the data were analyzed using a polystyrene cali-
bration curve.

Results and Discussion

The synthesis of pentamethylenediylbis-
(cyclopentadienyltitanium  trichloride) ClsTi-Cp-
{CH.):Cp-TiCl; (2) was carried out by the reac-
tion of lithium salt of the corresponding ligand,
pentamethylenediylbis(cyclopentadienyl) with two
equivalents of TiCl: in toluene. 'H-NMR spectra
of 2 had two sets of pseudotriplets at 6.95 and
6.84 ppm for the bridging cyclopentadienyl frag-
ments and one triplet at 2.88 ppm and two mul-
tiplets at 1.74 and 1.52 ppm for five CH: pro-
tons.

By using two synthesized dinuclear half-ti-
tanocenes of different bridges, hexamethyl-
trisiloxanediylbis(cyclopentadienyltitanium  tri-
chloride) CLTi-Cp{CH;}:Si-0-5i{CH;).-O-5i-
(CHs).Cp-TiCls (1) and 2, the styrene poly-
merizations were carried out with a MMAO co-
catalyst at 40°C and 70°C. The results were
summarized in Table | with the polymerization
data for a typical mononuclear titanocene,
CpTiCl; for comparison.

With increasing the MMAQ concentration, the
catalyst activity of CpTiCl; and the syndiotactic
index (SI) of the obtained PS increased while the
weight-average molecular weight (M.} of PS de-
creased due to the high chain transfer reaction to
the MMAQ. The polydispersity index (M./M.)
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Table I. Polymerization of Styrene Initiated with CpTiCls, Hexamethyltrisiloxanediylbis(cyclo-
pentadienyltitanium trichloride} (1) and Pentamethylenediylbis{cyclopentadienyltitanium trichloride) (2) in
Presence of MMAQO Cocatalyst

Catalyst”® [AIV/ITi] Temp (°C) Activity” Sl (wt. %) M, x107 M. /M, T, (°C)
CpTiCl; (3.1) 1000 40 47.3 90.6 42 2.0 259
2000 40 50.3 91.0 29 2.0 256
1000 70 326 73.7 12 1.9 245
2000 70 319 75.2 11 2.0 240
(1) {4.6) 1000 40 124 93.2 84 20 265
2000 40 22.5 94.1 68 2.2 266
1000 70 16.5 89.2 56 2.3 258
2000 70 33.5 90.3 55 2.1 257
2y (2.2) 1000 40 58 43.7 91 2.5 none
2000 40 38.2 854 70 24 266
1000 70 16.6 68.7 54 24 259
2000 70 66.0 83.0 49 2.2 262

Polymerization condition  [styrenel= 1.04 mol/L.
® Concentration in mol/L(x107).
* Activity in kg-PS/(mol-Ti - h - atm}.

and melting temperature (T.) of PS were less de-
pendent on the MMAO concentration.

In agreement with the reported papers™®
CpTiCl; exhibited higher activity at 40°C than
that at 70°C. On the other hand, S and M. of
PS produced with CpTiCl: decreased with in-
creasing the polymerization temperature, so that
the T, of PS obtained at a high temperature was
lower than that of PS at a low temperature.

The catalyst activity of dinuclear titanocenes 1
and 2 as well as the Sl of the obtained PS in-
creased while the M, of PS decreased with in-
creasing the MMAO concentration. The M./M,
and T. of PS were almost independent of the
MMAO concentration.

The dinuclear titanocenes 1 and 2 exhibited
much higher activity at 70°C than at 40°C,
which is actually the reverse temperature de-
pendence to the case of CpTiCl. As a conse-
quence, CpTiCl; exhibited the highest activity
among the three catalysts at 40°C, but the pen-
tamethylene-bridged dinuclear titanocene 2 show -
ed the highest activity at 70 °C.

In the similar way of the case of CpTiCl; Sl
and M. of PS produced with 1 and 2 decreased
with increasing the polymerization temperature,
and T.. of PS obtained .at a high temperature was
lower than that of PS at a low temperature. The
M., and M./M, of PS prepared with the dinuclear
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half-titanocenes were almost identical.

For a given polymerization condition, the cat-
alyst activity of 2 was smaller than that of
CpTiCls, but larger than that of 1. The Sl of PS
was dependent on the catalyst structure and de-
creased in the order of 1>CpTiCl;>2. The syn-
diotacticity of CpTiCl; was pretty sensitive to the
polymerization temperature; Sl of PS steeply de-
creased from 91.0% at 40°C to 75.2% at 70°C.
In contrast, the stereospecificity of dinuclear
titanocenes was less sensitive; Sl slightly de-
creased from 94.1 % at 40°C to 90.3% at 70°C
in the case of 1.

The M. of PS produced with dinudear 1 and 2
was much higher than that of PS produced with
from mononuctear CpTiCls. and M./M, of PS ob-
tained by 1 and especially by 2 was larger than
that of PS by CpTiCls. These results were pec-
uliar characteristics of dinuclear titanocenes, 1
and 2. This phenomenon was also found in poly-
merization of ethylene by dinuclear zirconocenes.”

The molecular weight distribution of PS
obtained with dinuclear 1 and 2 was slightly wid-
er than that of PS with CpTiCl: as shown in Fig-
ure 1.

In conclusion, on comparing the styrene poly-
merization behaviors of 1 and 2 it was found
that the structure of bridged ligand did exert a
considerable effect on the catalyst property of
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Figure 1. Gel permeation chromatograms of PS prepared
with mononuclear CpTiCl; {A) and dinuclear titanocenes,
hexamethyltrisiloxanediylbis{cyclopentadienyltitanium  tri-
chloride) (B} and pentamethylenediylbis(cyclopentadienyl-
titanium trichloride} (C) in the presence of MMAQ cocatalyst
: {Al)/[Ti}=1000, at 40 °C.

dinuclear metallocenes.

Although the outcomes we have observed here
could be explained and understood by the better
thermal stability of dinuclear titanocenes than
that of CpTiCl., the concrete conclusion can be
drawn from a more extensive study for various
dinuclear metallocenes which are currently in pro-
gress.
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