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Abstract

Linked cyclopentadienyl-amido titanium dimethyl and dichloro complexes,°Ti{t-CsMesSiMe;N?Bu)X» (X = Me,
Cl), were reacted with trityl tetrakis(pentafluorophenyl)borate (TBR@HB(CsFs)4]~, and methylaluminoxane (MAO),
followed by treatment with toluene suspension of pyridylethylsilane-modified silica, to give two new supported-type titanium
catalysts, PySTiTB and PySTIMAO. PySTiTB polymerized ethylene in the presence of triisobutylaluminum (TIBA) in hexane
at 60°C and 5 bar with slightly higher activity than the corresponding homogeneous system under the same conditions.
PySTiIMAO showed relatively high activity even without any use of alkylaluminum compound. The activity could be improved
to reach the value comparable with that of the corresponding homogeneous system, when TIBA and modified MAO (MMAO)
were employed as external aluminum compounds. Polyethylenes obtained with PySTiTB were found to have molecular
weights My,) slightly above 18 and narrow molecular weight distributions (MWD$Y,,/M,, = 1.8-3.0. Polyethylenes
obtained with PySTiIMAO hav#,, ranging from 15 x 10° to 1.2 x 10° and narrow MWDs when combined with TIBA, but
very broad MWDs U,/ My = 5.0-13.4), when MMAQO was used instead of TIBA. Both new supported titanium catalysts also
showed modest activities in random copolymerization of ethylene with 1-octene. The present supported catalysts produced
copolymers with lower 1-octene contents compared to the corresponding homogeneous systems. PySTiMAO, when combined
with MMAQO, gave copolymers with highest 1-octene contents, and the MWDs of the resulting copolymers were found to be
in a wide range varying from 3.0 up to as broad as 25.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction [1-5], borane- or borate-based activat¢és-11] on
silica or other inorganic and polymeric supports,
The heterogenization of metallocenes or single-site followed by the reaction with metal complexes; (ii)
catalysts is successfully performed by three methods: immobilization of metal complexes either through co-
() immobilization of methylaluminoxane (MAQ) valently binding of the ligands or the metal centers on
the supports first, then reacting with MAO to form the
" Corresponding author. Tek+49-6131-39-23737; active cat_alysts[12—18] (iii) direct immobilization
fax: +49-6131-39-25605. of the activated catalysts formed after the contact of
E-mail addressokuda@mail.uni-mainz.de (J. Okuda). metal complexes with MAO on the suppofi9-22]
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The third method is considered to be more efficient groups of the supports like silica and alumina, which
and convenient for the catalyst preparation process duenormally lead to fast deactivation of the catalysts.
to several advantages such as maximizing the num-However, the treatment of the silica or alumina with
ber of active sites, producing highly active supported common alkyl aluminum compounds before the con-
catalysts at much lower Al/metal ratios, and reducing tact with metallocene dimethyl complex/borate acti-
the cost and time for the catalyst preparation. Among vator was found to be one of the efficient ways to
all kinds of the supports, silica is the most widely solve the problenf25,26] The use of polymeric sup-
used because it has a high surface area, porosity, andoorts is another alternative. For instance, cross-linked
good mechanical properties. There are also examplespoly(4-vinylpyridine) as support for the immobiliza-
of works on immobilization of metallocene/MAO by tion of bis(cyclopentadienyl)zirconium dimethyl/trityl
the third method on polymeric supports such as re- tetrakis(pentafluorophenyl)borate has been shown to
versible cross-linked polystyreri23] or latex particle give supported catalyst with higher activity than the
[24]. The idea here is to bind the active metal centers corresponding homogeneous system. The catalyst
onto the support surface through weak coordination to could be kept as hexane suspension for as long as 1
Lewis basic functional groups of the supports. month without any deactivation observgy].

The application of the third method with single-site Although, there have been already a large num-
catalysts and borane- or borate-based activators isber of publications on the immobilization of metal-
more problematic than MAO-based systems, becauselocenes/boron- or borate-based activators by the third
these cationic catalyst systems are much more sen-method on inorganic and polymeric supports, still
sitive to impurities and also to the surface hydroxyl only few reports on the application of this method to
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Scheme 1. Preparation method of new supported-type linked cyclopentadienyl-amido titanium catalysts.
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linked cyclopentadienyl-amido titanium catalysts, so-
called constrained-geometry catalysts, a new family of
highly active homogeneous Ziegler-type catalysts for
ethylene homopolymerization and copolymerization
with a-olefins, were disclosed. The heterogenization
of these CGC titanium catalysts is aiming at im-
proving the morphology of the polymer products and
solving the reactor-fouling problem. By combining
the advantages of using silica material and poly(4-
vinylpyridine) previously described, we report here
the work on the immobilization by the third method
of (i) linked cyclopentadienyl-amido titanium dime-
thyl/trityl tetrakis(pentafluorophenyl)borate, Hiin?*
-CsMe4SiMe;N!Bu)Mey/PhsCH[B(CgFs)4] ~, and of

(ii) linked cyclopentadienyl-amido titanium dich-
loro complex/MAO, Tify°:n-CsMesSiMexN?Bu)
Clo/MAO, on pyridylethylsilane-modified silica,
called PySTiTB and PySTIMAO, respectively (see
Scheme ) The catalytic behavior of these two
new supported titanium catalysts in ethylene homo-
and copolymerization as well as the properties and
morphology of the resulting polymers have been
investigated.

2. Experimental
2.1. Materials

All experiments were performed under argon in a
glove-box or by standard Schlenk techniques. All sol-
vents were purified by standard distillation methods.
Linked cyclopentadienyl-amido titanium dimethyl
complex (CGCTiMe), Ti(n°:m'-CsMe4SiMeaN?Bu)
Mey, and dichloro complex (CGCTig), Ti(n°:m-Cs
Me4SiMe;N?Bu)Clp, were synthesized by our group
[28-30] Trityl tetrakis(pentafluorophenyl)borate
(TB), PreCH[B(CgFs)4]~, was donated by Ticona
GmbH. Trimethylaluminum (TMA), triethylalumi-
num (TEA), triisobutylaluminum (TIBA), methyla-
luminoxane (MAO) 10wt.% in toluene solution and
modified methylaluminoxane (MMAO) 10wt.% in
heptane solution were purchased from Witco GmbH
and used as received. 4-[2-(Trichlorosilyl)ethyl]pyri-
dine (CkSiCyH4CsH4N) 25wt.% in toluene and
chlorotrimethylsilane (CISiMg) were purchased from
ABCR GmbH & Co. KG and ACROS Organics,
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ACROS Organics was purified by vacuum distillation
over Cah. Highly pure grade ethylene from Linde
AG and other chemical reagents were used without
any further purification. Sylop8l 948 silica, donated
by GRACE GmbH (300/g surface area, 20nm
pore diameter, 5Am particle size) was calcined un-
der air atmosphere at 50C for 5h and dried under
vacuum at 200C for 6 h prior to use. The silanol
content &Si—OH) of the calcined silica material was
determined by thermogravimetric methd81l]and
estimated to be 1.18 mmol/g.

2.2. Preparation of pyridylethylsilane-modified
silica

To a toluene suspension of 10g (silanol content
11.8 mmol) calcined silica at 0C, was added drop-
wise 1.4eqg. ofn-BuLi in hexane solution. The
suspension was then warmed up to room temperature
and heated to 60C and stirred for 5 h, followed by
decantation, washing with toluene and hexane several
times, and drying in vacuo to give a lithiated silica.
The lithium content was determined by titration using
0.1 M HCI (aqueous), and found to be 1.20 mmol/g.
Next, 4.5g (lithium content= 5.4 mmol) of lithi-
ated silica was suspended in toluene, and 1.5eq. of
25wt.% toluene solution of @BIC;H4CsH4N was
added, and the suspension was then heated t€ 60
and stirred for 3 h. After cooling down to room tem-
perature, 1.5eq. of CISiMewas added in order to
further reduce silanol groups of silica as many as
possible, and the suspension was kept stirring at
room temperature overnight, followed by decantation,
washing with toluene, ether and hexane several times,
and drying in vacuo. The pyridylethylsilane-modified
silica was finally obtained as off-white solid particles.
The elemental analysis of CHN was found to be C,
7.91; H, 2.34; N, 0.89 %. From this result, the N
content, which represents the pyridine content, could
be estimated to be 0.64 mmol/g.

2.3. Preparation of supported
Ti(n%:n!-CsMeySiMeN' Bu)Me/PhsCH[B(CgFs)a] ~
(PySTIiTB)

To 20ml toluene solution of 0.35g (0.38 mmol)
PhsC+[B(CgFs)4]~, was added 15 ml toluene solution

respectively and used as received. 1-Octene from of 0.124 g (0.38 mmol) Tif>:m'-CsMe4SiMesN‘Bu)
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Mey. The reaction mixture was stirred at room temper- filtered and washed with methanol several times, fol-
ature for 30 min. Then, 0.6 g (N contert0.38 mmol) lowed by drying at 70C in air to a constant weight.
of pyridylethylsilane-modified silica was added via a
funnel, and the suspension was stirred at room tem- 2.6. Ethylene copolymerization with 1-octene
perature overnight. After decantation, washing with
hexane several times, and drying in vacuo, the new Ethylene copolymerization was carried out in hex-
supported CGCTIMgTB catalyst (PySTiTB) was ob- ane at 60C and 5 bar ethylene pressure in a 200 ml
tained as yellow solid particles. The Ti and B con- Biuchi glass reactor equipped with a mechanical stir-
tents were determined by high-resolution-inductively rer. The reactor was purged with argon and ethylene
coupled plasma-mass-spectrometry (HR-ICP-MS) and at 40°C, and the ethylene pressure was kept at 1 bar.
found to be 0.186 and 0.244 mmol/g, respectively. Then, the required amounts of hexane and 1-octene
was added, and the reactor was saturated with ethylene
2.4. Preparation of supported for 1h and heated to 6@. The hexane suspension
Ti(n°:n1-CsMesSiMeN' Bu)Ch/MAO (PySTIMAO) of supported catalysts (PySTiTB or PySTIMAO) with
TIBA or MMAO was prepared, and then injected into
To 28.5ml (57 mmol of Al) of 10wt.% MAO solu-  the reactor. The reactor was immediately pressurized
tion in toluene, was added 15 ml toluene solution of to 5bar and kept constant throughout the polymer-

0.140 g (0.38 mmol) Tig®:n1-CsMesSiMesN ! Bu)Cls. ization time. Termination was performed by venting
The reaction mixture was stirred at room temperature the reactor, adding 1 ml methanol, and the polymer-
for 30 min. Then, 0.6g (N contert 0.38 mmol) of ization product mixture was then precipitated in acid-

pyridylethylsilane-modified silica was added via a ified methanol. The obtained copolymer was filtered
funnel, and the suspension was stirred at room tem- and washed with methanol several times, followed by
perature overnight. After decantation, washing with drying at 70°C in air to a constant weight.

hexane several times, and drying in vacuo, the new

supported CGCTIGIMAO catalyst (PySTiMAO) 2.7. Analysis

was obtained as pale yellow solid particles. The Ti

and Al contents were determined by HR-ICP-MS and  High-resolution-inductively coupled plasma-mass-

found to be 0.043 and 4.67 mmol/g, respectively. spectrometry (HR-ICP-MS) was run on an element 2
(Thermo Finnigan Bremen, Germany) by P. Klemens
2.5. Ethylene polymerization of this department. Infrared spectroscopy (IR) was

run on a Mattson Galaxy 2030 FT-IR spectrometer by

Ethylene polymerization was carried out in hexane U. Zmij of this department. Elemental analysis was
at 60°C and 5 bar ethylene pressure in a 100 ml Blichi performed on a Heraeus Vario EL by W. Dindorf of
glass reactor equipped with a magnetic stirrer. In the this departmen£®Si CP-MAS solid-state NMR spec-
glove box, the required amounts of hexane, alkya- tra (79.4 MHz) were recorded on a Bruker ASX-400
luminum compounds or MMAO, supported catalysts spectrometer operating at a field of 9.4T. Molecu-
(PySTIiTB or PySTiMAO) were respectively added lar weights M,,) and molecular weight distributions
into the reactor. Then, the reactor was immediately (Mw/Mp) of the resulting polymers were determined
transferred out of the glove box without aging the cat- by high temperature GPC (PL-GPC210) at 185
alyst system and placed in an oil bath on a magnetic using 1,2,4-trichlorobenzene as solvent by A. Jekel of
stirrer to perform polymerization. Polymerization was the Center for Catalytic Olefin Polymerization at the
started after introducing ethylene into the evacuated Rijksuniversiteit Groningen, The Netherlands. The
reactor, and the pressure was controlled by the pres-crystalline melting temperaturd {) and crystallinity
sure regulator and kept constant at 5bar throughout (X¢) of the polymers were determined by differential
the polymerization time. Termination was performed scanning calorimetry (DSC, NETZSCH DSC204)
by venting the reactor, adding 1 ml methanol, and under nitrogen at 10C/min heating rate. The mor-
the polymerization product mixture was then precipi- phology of the supported catalysts and polymer prod-
tated in acidified methanol. The obtained polymer was ucts was examined on a DSM 962 scanning electron
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microscope (SEM). The polymer bulk density was
determined by weighing the polymer particles in the
DSC aluminum pan of known volumé3C NMR
spectra of copolymers were recorded at 135125
on a Bruker DRX-400 spectrometer operating at
100.6 MHz. The copolymer sample was made up in
1,2,4-trichlorobenzene/deuterateddichlorobenzene
(9:1, v/v) up to 10wt.% in 5mm NMR tube. The
1-octene content in the copolymer was determined
according to the literaturg32].

3. Results and discussion

3.1. Characterization of new supported titanium
catalysts

The characterization of pyridylethylsilane-modified
silica was performed by means 8PSi CP-MAS
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solid-state NMR and IR spectroscopy. In tReSi
solid-state NMR spectrumF(g. 1), the silicon sig-

nal of pyridylethylsilyl groups £=Si—GH4—CsH4N)
grafted on silica surface was observed as a broad
peak at—54 ppm and that of trimethylsilyl groups
(=Si(CHzg)3), which were also introduced on the sil-
ica surface in order to reduce as many as possible the
number of the remaining silanol groups=Gi—OH),
was observed in the most down field-at5 ppm. The
signal of the remaining silanol groups of the calcined
silica was, however, still observed as a small peak on
the left shoulder of the very broad signal of internal
silica’s silicon in the most upper field. The graft of
pyridylethylsilyl groups on silica was also confirmed
by IR spectrum as shown iRig. 2 (spectrum b). The
small and broad absorption bands due to tHeNC
stretching of pyridine ring could be observed at about
1640 cnT?!, which is almost identical to that observed
in poly(4-vinylpyridine) [33]. The strong absorption

30 20 10 0 -40  -50  -60

-70

-80  -90  -100 -110 -120 -130 -140 -150 -160
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Fig. 1.29Si CP-MAS solid-state NMR spectrum of pyridylethylsilane-modified silica.
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Fig. 2. IR spectra of lithiated silica (a), pyridylethylsilane-modified silica (b), PySTiTB (c) and PySTiMAO (d).

band observed between 2750 and 3000%rin all

B contents of PySTiTB were found to be 0.186 and

spectra could be assigned to the absorption due t00.244 mmol/g, respectively, from which the B/Ti

the C—H stretching of the butyl groups grafted on the
silica surface formed via the breaking of the siloxane
bond,=Si—O-S& during the lithiation process with
n-BuLi to give =Si-O LiT and=Si—-GHs.

Both new supported CGCTIMETB (PySTiTB)
and CGCTIiC}/MAO (PySTIMAQO) catalysts were
characterized by IR, HR-ICP-MS and SEM. From
the IR spectra irFig. 2 (spectra ¢ and d), we could
observed that in both systems=@ stretching ab-
sorption band of pyridine ring appeared to be sin-
gle and remarkably sharper compared to that of
pyridylethylsilane-modifed silica in spectrum b. This
indicates the coordination of the pyridine nitrogen
atoms to the active cationic titanium centers in both
catalysts. The determination of the titanium, boron

ratio of 1.3 could be obtained. With regard to the
starting B/Ti ratio of 1 in the preparation step, the
cationic titanium catalysts were coordinatively bound
on pyridylethylsilane-modified silica with slightly
excess amount of borate counter anions, which were
also possibly physisorbed on the silica surface dur-
ing the supporting step. For the PySTIMAO catalyst,
the Ti and Al contents were found to be 0.043 and
4.67 mmol/g, respectively, giving the Al/Ti of about
110. The much lower content of Ti in PySTIMAO
compared to PySTiTB might be possibly explained
from the fact that the very bulky MAO molecules
could block the coordination of the active titanium
centers to the pyridine rings grafted on silica surface,
and the excess of MAO used during the supporting

and aluminum contents of the supported catalysts step itself could also competitively coordinate to the

was done by HR-ICP-MS spectrometry. The Ti and

pyridine rings or rapidly react with the remaining
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Fig. 3. SEM images of PySTiTB (a) and PySTiMAO (b).

silanol groups on the silica surface. From SEM im-
ages of the present supported catalystg.(3), we
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3.2. Ethylene polymerization

The results of ethylene polymerization with PyS-
TiTB in the presence of alkylaluminum compounds
are summarized iffable 1 When no alkylaluminum
was employed, no polymerization activity was ob-
served, indicating sensitivity of this supported cata-
lyst to impurities in the system. In the presence of
TIBA, PySTiTB polymerized ethylene with relatively
high activity, and the highest activity was achieved at
Al/Ti of 280 at 162kg PE/mol Th (run 3), slightly
higher than that observed in the corresponding ho-
mogeneous system (run 9). Above this ratio, the de-
crease of activity was observed, which might be due to
the formation of the binuclear complexes of titanium
and aluminum, as previously observed in the cationic
zirconocene-catalyzed polymerizati{@v,35] When
the catalyst and TIBA were aged for 15 min, the activ-
ity slightly increased and reached 199 kg PE/mehTi
(run 6). Other alkylaluminum compounds like TEA
and TMA were found to be inefficient for this system.
This new supported cationic titanium catalyst could be
considered as the new efficient supported catalyst for
ethylene polymerization, having advantages over the
conventional silica-supported cationic group 4 metal
catalyst systems prepared by the pretreatment of the
silica with alkylaluminum compounds to prevent the
poisoning from silanol groupg5,26].

In Table 2 the results of ethylene polymerization
with PySTIMAO in the presence of TIBA and MMAO
as external aluminum compounds are summarized. It
was found that PySTiIMAO showed, in general, higher
activity than PySTiTB. Interestingly, this supported
catalyst polymerized ethylene with relatively high ac-
tivity even without any external aluminum compound
(run 1). However, the activity markedly increased
when TIBA or MMAO were employed as external
aluminum compounds. In the presence of common
alkylaluminum like TIBA, the highest activity was
achieved at 329 kg PE/mol-hi at Al/Ti = 560 (run
3), and the decrease of activity with higher Al/Ti ratio

could observed the difference between the surfaceswas also observed as in the case of PySTiTB. The

of PySTiTB and PySTIMAO. The homogeneous
layer of MAO with active titanium catalysts inside

could be seen in PySTIMAO, whereas the rough
surface with small particles or perhaps the crys-
tals of cationic titanium complexes was observed in

PySTITB.

aging of the catalyst was found to result in the de-
crease of activity by almost one-third (run 5), which
is in contrast to what observed in PySTiTB system.
When MMAO was employed as external aluminum
compound instead of TIBA, the AI/Ti ratio of at

least 2400 (run 6) was required in order to reach
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Table 1

Ethylene polymerization with PySTiTB catalyst in the presence of alkylaluminumszjAIR

Runno. AR ATi  Yield (g)  Activity My (x1073)  Mw/Mp TP (°C) X (%)  Bulk density
(kg PE/mol Tih) (glcm?)

1 No 0 0 - - - - - -

2 TIBA 140 0.512 138 1136 1.8 134.6 54.3 0.32

3 TIBA 280 0.598 162 1056 2.6 135.4 54.5 0.33

4 TIBA 560 0.350 95 790 2.1 132.4 52.3 0.32

5d TIBA 280 0.123 33 1167 1.9 133.2 43.4 0.24

6° TIBA 280 0.697 199 1054 3.0 135.8 56.6 0.34

7 TEA 280 Trace Trace nid. n.d. n.d. n.d. n.d.

8 TMA 280 Trace Trace n.d. n.d. n.d. n.d. n.d.

& TIBA 280 0.578 156 104 34 137.3 70.8 0.24

aPolymerization conditions: in 100 ml Blichi glass reactor, solvenhexane, total volume= 30ml, ethylene pressure: 5 bar,
polymerization temperature 60°C, polymerization time= 30 min, catalyst= 40 mg (Ti= 7.4 pmol).

b Crystalline melting temperature.

€ Crystallinity determined fromX (%) = (AHm/AH;;) x 100, AH;, = 293 J/g for HDPE.

d Polymerization temperature 25°C.

€ Catalyst was aged at 2& for 15 min.

f Not determined.

9 Homogeneous CGCTiM&PhCTB(CsFs)s~ catalyst system: 30 ml hexane, ethylene pressubdar, polymerization temperatuse
60°C, polymerization time= 30 min, catalyst aging time (at 2&) = 15min, Ti= 7.4 umol, B/Ti = 2.

comparable activity, 240 kg PE/mol-fij with that of that obtained with the corresponding homogeneous
PySTiIMAO/TIBA system, and the increase of activity system (run 11).

was observed with increasing Al/Ti ratio. The activity To compare the catalytic behavior of PySTiTB
at Al/Ti = 2400 was found to be slightly lower than and PySTIMAO in ethylene polymerization in the

Table 2
Ethylene polymerization with PySTiIMAO catalyst in the presence of TIBA and MMAO as external aluminum compounds
Run no. External Al Aly/Ti  Yield (g)  Activity Mw (x1073)  Mw/M, T (°C) X (%)  Bulk density
compound (kg PE/mol Tih) (g/cn?)
1 No 0 0.197 232 1205 3.0 135.2 43.7 0.30
2 TIBA 280 0.213 251 879 2.6 134.8 47.2 0.31
3 TIBA 560 0.280 329 584 3.4 135.3 52.0 0.30
4 TIBA 1200 0.051 60 571 25 134.2 215 0.29
54 TIBA 560 0.103 121 799 25 134.7 41.8 0.32
6 MMAQ® 2400 0.204 240 429 8.6 136.0 59.3 0.32
7 MMAO 3600 0.445 524 303 7.5 139.1 69.7 0.28
8 MMAO 4800 0.710 835 317 134 138.8 69.5 0.22
9 MMAO 10000 1.412 1661 150 5.0 141.0 65.1 0.20
10 MMAO 560 Trace Trace n.g. n.d. n.d. n.d. n.d.
11f MMAO 2400 0.321 378 47 3.6 133.4 81.6 0.10

aPolymerization conditions: in 100 ml Blichi glass reactor, solvenhexane, total volume= 30ml, ethylene pressure: 5 bar,
polymerization temperature 60°C, polymerization time= 30 min, catalyst= 40 mg (Ti= 1.7 pmol, Al/Ti = 110).

b Crystalline melting temperature.

€ Crystallinity determined fromX¢(%) = (AHm/AH;;) x 100, AH;, = 293 J/g for HDPE.

d Catalyst was aged at 2& for 15min.

€10wt.% TIBA-containing MAO in heptane solution.

f Homogeneous CGCTI@IMMAO catalyst system: 30 ml hexane, ethylene pressuré bar, polymerization temperatute 60°C,
polymerization time= 30 min, catalyst aging time (at 2&) = 15min, Ti= 1.7 pmol.

9 Not determined.
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Fig. 4. Activity—time profiles of the representative 4 h ethylene polymerization for PySTiTB/TIBA and PySTiIMAO/TIBA.

presence of TIBA, the activity—time profile of the co-workers[22,36] it could, therefore, imply that the
representative 4 h ethylene polymerization was inves- active sites were formed mainly within the pores of
tigated, as shown iirig. 4. The activity profiles of silica in the case of PySTiTB system, but mainly on
both supported catalysts were the same at the initial the outer surface of silica in the case of PySTIMAO
polymerization time shorter than 15 min. PySTIMAO system.

showed, however, after 15min almost double activ-

ity of that of PySTiTB. The profiles of both systems 3.3. Properties of the resulting polyethylenes
reached the highest activities at 30 min polymerization

time. Then, the gradual decrease of activity through-  As shown inTable 1, the molecular weightsMyy)

out the polymerization time of 4h was observed in of polyethylenes obtained with PySTiTB/TIBA cata-
PySTIMAO system. In contrast, the activity profile lyst system are remarkably high in the range of,10
of PySTiTB was found to decrease after 30 min, and which are 10 times higher than that of polymer ob-
then started to increase again up to the turning point tained with the corresponding homogeneous system.
at 90 min polymerization time before the gradual The molecular weights were also found to decrease
decrease. The different catalytic behavior observed with increasing Al/Ti ratio, indicating possible termi-
in these two supported catalysts might indicate that nation via chain transfer to aluminum. The molecu-
the fragmentation of PySTiTB due to the growing lar weight distributions (MWDs) are narrow and in
polymer chains within the pores to give more acces- the range of normal single-site catalyst(/M, =
sible active sites is responsible for the increase of 1.8-3.0). The crystalline melting temperatur&s,)

the activity between 40 and 90 min polymerization and crystallinities Xc) are in the range of high density
time. The gradual decrease of the activity observed polyethylene (HDPE), but slightly lower than that of
in PySTIMAO is perhaps due to the difficulty of the polyethylene obtained with the homogeneous system.
diffusion of ethylene through the outer polymer layer The average bulk density is 0.33 gR&nhigher than
with increasing polymerization time. According to that of polyethylene obtained with the homogeneous
the reports on ethylene and propylene polymerization system. From SEM image as shown fig. 5a the
with silica-supported zirconocene/MAO by Fink and polyethylene obtained with PySTiTB/TIBA system
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(c) Fxm

Fig. 5. SEM images of polyethylenes obtained with PySTiTB/TIBA from run Jable 1(a), PySTIMAO/TIBA from run 3 inTable 2
(b) and PySTIMAO/MMAO from run 8 inTable 2(c).

was found to replicate the shape of the supported system are in the range of normal single-site catalyst
catalyst. (Mw/Mn = 2.5-3.4), whereas PySTIMAO/MMAQO
FromTable 2 the molecular weights of polyethylenes system produced polyethylenes with very broad
obtained with PySTIMAO system were found to vary MWDs varying from 5 to 13.4.T,, and X; of
from 15 x 10° up to as high as .2 x 10°. PyS- polyethylenes obtained with both PySTiIMAO/TIBA
TIMAO/TIBA system produced polyethylenes with and PySTiIMAO/MMAO systems are in the range of
much higherMy, than PySTIMAO/MMAQO system. HDPE, but higherT, and X¢ could be observed in
Surprisingly, the highesi,, of 1.2 x 10°, which is the latter system. The bulk densities of polyethylenes
slightly higher than that of polyethylene produced obtained with PySTIMAO/TIBA system are in the
by PySTIiTB/TIBA system, was achieved by PyS- range of 0.29-0.32g/ct while those of polymers
TIMAO without any external aluminum compound. obtained with PySTIMAO/MMAOQO system are some-
The decrease dfl,, with increasing Al/Ti ratio was  what lower, and found to decrease with increasing
observed both in TIBA and MMAO systems. MWDs  Al/Ti ratio. The broad MWDs and low bulk densities
of polyethylenes obtained with PySTIMAO/TIBA observed in PySTIMAO/MMAO system are believed
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to be the result from the leaching of some active tita-
nium catalysts from the silica matrix due to breaking
of the coordination interaction between pyridine rings
and cationic titanium centers by MMAOQO, leading to
final polymer mixtures of polyethylenes produced on
the silica support and in the homogeneous phase. Th
SEM image of polyethylene produced with PySTi-
MAO/MMAO system inFig. 5cshowed fine polymer
particles, supporting this phenomenon.

3.4. Ethylene copolymerization with 1-octene

The results of ethylene copolymerization with
1-octene are summarized Tiable 3 The copolymer-
ization was carried out with 1-octene concentration
in feed at 0.08, 0.2 and 0.4M, and the Al/Ti ra-
tios used for PySTiTB/TIBA, PySTIMAO/TIBA and
PySTIMAO/MMAO systems are 280, 560 and 3600,
respectively. Overall, the activities of these three sup-
ported catalyst systems in ethylene copolymerization
with 1-octene were found to be much lower than those

ar Catalysis A: Chemical 192 (2003) 223-237 233

systems showed the so-called comonomer effect,
when 1-octene concentration was increased from 0.08
to 0.2M, i.e. the activity in ethylene polymeriza-
tion increased in the presence of a small amount of
a-olefin as comonomej37,38] The activities were,
ehowever, observed to decrease at 1-octene concentra-
tion of 0.4 M. This might be due to the blocking of
the active sites by 1-octene at high concentration. On
the other hand, this behavior was not observed for
the PySTIMAO/MMAO system, where the activity
was found to be almost unchanged with increasing
1-octene concentration. The activities observed with
the corresponding homogeneous systems (runs 13 and
14) were found to be remarkably higher than those of
the supported systems.

3.5. Properties of the resulting copolymers
The 1-octene contents in the resulting copolymers

obtained with PySTiTB/TIBA are the lowest when
compared among the three supported catalyst sys-

observed for each system in ethylene homopolymer- tems. PySTIMAO/MMAO was found to be the most

ization (se€Tables 1 and 2 By comparing the results

efficient system to achieve higher incorporation of

at the same 1-octene concentration in feed, PySTi- 1-octene in the copolymer. The presented supported

MAO/TIBA was found to show the lowest activity.
The activity profiles versus 1-octene in feed, as shown
in Fig. 6, of PySTiTB/TIBA and PySTiIMAO/TIBA

catalysts, however, produced copolymers with much
lower 1-octene contents than the corresponding homo-
geneous systems. The examplé3® NMR spectrum

120
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Fig. 6. Effect of 1-octene concentration in feed on copolymerization activity.



Table 3

Ethylene/1-octene copolymerization with PySTiTB (I) and PySTIMAO (II) catalysts in the presence of TIBA and MMAO as external aluminum compounds®

Run no. Catalyst External Al  Al/Ti 1-Octene in  Yield (g) Activity My, (x1073) My/M, 1-Octene Tm® (°C) X4 (%)

compound feed (mol/l) (kg Pol/mol Ti-h) content® (mol%)

1 I TIBA 280 0.08 0.297 54 1198 2.3 0.5 128.7 51.4
2 I TIBA 280 0.20 0.607 109 957 2.6 1.6 125.7 443
3 I TIBA 280 0.40 0.327 59 832 35 2.3 124.8 414
4 II TIBA 560 0.08 0.053 42 n.d.f n.d. n.d. 121.4 48.5
5 I TIBA 560 0.20 0.102 80 n.d. n.d. n.d. 122.5 40.3
6! 11 TIBA 560 0.20 0.294 115 512 39 6.2 122.5 24.2
7 11 TIBA 560 0.40 0.076 59 n.d. n.d. n.d. 121.3 38.7
8 II MMAO 3600 0.08 0.129 101 286 15.0 2.5 123.8 40.4
9 II MMAO 3600 0.20 0.125 98 293 25.0 6.4 124.8 28.1

10f 11 MMAO 3600 0.20 1.165 457 55 3.0 15.4 71.6/122.9 10.0
11 I MMAO 3600 0.40 0.124 97 546 35 8.4 123.8 15.3

12¢ CGCTiMe,/TB/TIBA - 280 0.20 0.185 33 n.d. n.d. n.d. 61.7/123.0 7.4

13" CGCTiMey/TB/TIBA  — 280 0.20 4.290 728 120 1.4 11.7 94.0 19.1

14 CGCTiCl,/MMAO - 3600 0.20 1.114 437 18 1.7 14.2 74.2/122.3 11.1

2 Polymerization conditions: in 200 ml Biichi glass reactor, solvent = hexane, total volume = 80ml, ethylene pressure = 5bar, polymerization temperature = 60 °C,
polymerization time = 45 min, catalyst = 40 mg (Ti = 7.4 pmol for PySTiTB and Ti = 1.7 wmol, Al/Ti = 110 for PySTiMAO).

b Determined by *C NMR.

¢ Crystalline melting temperature.

d Crystallinity determined from X.(%) = (AHm/AH;) x 100, AH;; =293]/g for HDPE.

¢ Not determined.

fTi = 3.4 wmol.

& Homogeneous system in hexane: Ti = 3.4 pumol, B/Ti = 2.

" Homogeneous system in toluene.

I Homogeneous system in hexane: Ti = 3.4 pmol.
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Fig. 7.13C NMR spectrum of ethylene/1-octene copolymer obtained with PySTIMAO/TIBA (run Balile 3.

of the resulting copolymer is shown ifrig. 7. of PE from run 8 inTable 2 When the amounts of Ti
PySTIiTB/TIBA gave the copolymers with markedly and MMAO were doubled (run 10 ifiable 3, only
high My, the highest value of about.2x 10° at the curve at the low molecular weight area, which is

0.08 M 1-octene concentratioid,, was also found almost identical to that of the homogeneous system,
to decrease with increasing 1-octene concentration, was observed. Thus, it could be concluded that this
indicating the possible chain transfer to comonomer low molecular weight fraction is the low molecu-
in termination step. The MWDs are in the normal lar weight ethylene/1l-octene copolymer produced in
range for single-site catalysts. In contrast, the copoly- the homogeneous phase. The possibility of leaching
mers obtained with PySTIMAO/TIBA and PySTi- increases with the increasing amount of MMAQO in
MAO/MMAO systems show much loweM,, and the system, as seen in run I@ble 3 and the ho-
MWDs were found as bimodal and in the wide range mopolymerization results ifable 2 The unusually
varying from 3.0 up to as broad as 25. From the broad curve in the homopolyethylene area might be
GPC curves irFig. 8 we could observed two frac- due to the presence of two or more active species,
tions of the copolymer sample from run 9 Tiable 3 which is perhaps associated with the chemical hetero-
(MWD = 25), the low molecular weight fraction geneity formed by MMAO, on the silica surface. The
observed at the elution time close to that of the same bimodal and broad MWDs are also observed in
copolymer obtained with homogeneous system (run ethylene/1-hexene copolymers produced with silica-
14 in Table 3 and the high molecular weight fraction supportedac-Me;Si[2-Me-4-Ph-Ind}ZrCl,/MAO in
observed as broad curve at the faster elution time in the presence of TIBA as reported by Fink and co-
homopolyethylene area, as compared with the curve workers[21]. T, and X of the resulting copolymers



236 K. Musikabhumma et al./Journal of Molecular Catalysis A: Chemical 192 (2003) 223-237

—— PE run 8 in Table 2
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Fig. 8. GPC curves of polyethylene and ethylene/1-octene copolymers obtained with PySTIMAO/MMAO.

are, in overall, in the range of 121-129 and
10-52%, respectively. The decrease Tof and X
with increasing 1-octene concentration and 1-octene
content in copolymer was clearly observed in PyS-
TITB/TIBA system. On the other hand, the change
of Ty, of the copolymers obtained with PySTi-
MAO/TIBA and PySTIMAO/MMAQO are not clearly
correlated to the 1-octene concentration, but only the
decrease ofX; was observed to be more strongly

slightly above 16 and narrow MWDs, while PySTi-

MAO produced polyethylene witM,, ranging from
1.5x 10° to 1.2 x 10° and narrow MWDs when com-
bined with TIBA, but very broad MWDsM,/ M =
5.0-13.4) when MMAO was used. All the polyethy-
lene products were obtained as free-flowing particles

with relatively high bulk densities. Ethylene/1-octene

copolymers obtained with both supported catalysts
have lower 1-octene contents compared to those ob-

dependent on the 1-octene concentration than thattained with the corresponding homogeneous systems.

observed in PySTiTB/TIBA system.

4. Conclusions

Two new supported-type linked cyclopentadienyl-
amido titanium catalysts, PySTiTB and PySTiIMAO,
were prepared by immobilizing Tif:m-CsMey
SiMesN!Bu)Me,/PheCH[B(CgFs)4]~ and Tig®:m?!-
CsMe4SiMesN Bu)CL/MAO on pyridylethylsilane-
modified silica. These supported titanium catalysts
showed relatively high activities in ethylene poly-
merization and modest activities in ethylene copoly-
merization with 1-octene in the presence of TIBA
or MMAOQO. PySTiTB gave polyethylenes witM,

PySTIMAO when combined with MMAO gave the
copolymers with highest 1-octene contents, but the
MWDs of the resulting copolymers were found to be
in a wide range varying from 3.0 up to as broad as 25.
The markedly broad MWDs of the homopolymers and
copolymers obtained with PySTIMAO/MMAO sys-
tem are considered to be the result from the leaching
of titanium catalysts, as confirmed by SEM images
and GPC results.
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