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Abstract

Various metallocene complexes of the IV group transition metals supported on HY zeolites were investigated in the
polymerization of ethylene and propylene. A comparative study with the same catalysts operating in solution was also
performed. Generally, a decrease in the catalytic activity after support was observed, whose extent depends on the
preliminary treatment of the support with aluminum alkyl. In general, better stability with the time and higher molecular
weight of the polymers were obtained. The high isotactic stereospecificity of chiral metallocene catalysts for propylene

Ž .polymerization was maintained after support. In the case of the aspecific bis indenyl complex, a modest but significant
effect on the stereospecific control was observed due to the steric influence of the support. q 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

In the last few years, a number of studies
have been performed to identify different kinds
of supports such as silica, alumina, MgCl and2

some other metal oxides, which can immobilize
various metallocene catalysts. The common
characteristic of these inorganic carriers is to
have a broad pore size distribution and an amor-
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w xphous structure 1–8 . The support has the ad-
vantage of allowing the use of homogeneous

w xmetallocenes 9–11 for the gas-phase and slurry
polymerization and to reduce the large excess of

Ž .expensive methylalumoxane MAO as cocata-
lyst. Furthermore, only in the presence of het-
erogeneous catalysts, the formation of uniform
polymer particles and high bulk density can be
obtained. The supported catalysts, only in a few
cases, were able to polymerize olefins with
activities comparable to those of the homoge-
neous catalysts, and, sometimes the peculiar
stereoregulating capability of the catalytic sys-

w xtem was modified 12 .
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On the other side, HY zeolites exhibit crys-
talline structures, defined narrow pore size dis-

w xtribution and large surface area 13 . Previous
studies in this context showed that these materi-
als are suitable supports because of the possibil-
ity of entrapping organometallic complexes in-

w xside the pores 14–17 . The catalytic activity of
these supported systems is only, in some cases,
similar to that obtained in homogeneous condi-
tions, but the molecular weight of the produced

w xmaterial is increased 18,19 .
More recently, the metallocene system rac-
Ž . Ž .Et Ind ZrCl Et: ethylene, Ind: indenyl was2 2

supported on MCM-41 silica- and VPI-5 alu-
mino–phosphate-based molecular sieves. The
supported catalysts showed high catalytic activ-

w xity in propylene polymerization 20 .
In this paper, some results are presented con-

cerning both aspecific biscyclopentadienyl and
bisindenyl complexes and isospecific bridged
ethylene–bisindenyl complexes supported on
HY zeolites following different routes. The cat-
alytic performance in monoalkene homopoly-
merization is also investigated with the aim of
evaluating the support effect on the process.

2. Experimental

All operations were carried out under a dry
argon atmosphere.

2.1. Materials

Ž .Degussa Germany HY zeolites were dehy-
drated at 6008C for 24 h and at 1008C for 24 h
immediately prior to their use. Polymerization
grade ethylene and propylene were obtained
from Rivoira and used as received. Toluene and
n-heptane were purified by refluxing and subse-
quent distillation over NarK alloy. Dichlo-
romethane was refluxed over CaH and then2

distilled. 4-Methyl-1-pentene, 1-hexene, 1-oc-
tene and 1-dodecene were refluxed over NarK
alloy and successively distilled. Methylalumox-

Ž . Ž .ane MAO Witco, 30% wrw toluene solution ,
Ž . Žtrimethylaluminium AlMe Aldrich, 2.0 M3

. wtoluene solution , tri isobutylaluminium Al-
Ž . x Ž .iBu and Cp ZrCl Janssen were commer-3 2 2

cially obtained and used without further purifi-
w x w xcation. Cp ZrMe 21 , Ind ZrCl 22 ,2 2 2 2

Ž . w x Ž . w xEt Ind ZrCl 23 and Et Ind HfCl 24 were2 2 2 2

prepared according to the literature.

2.2. Preparation of the supported catalysts

All the supported catalysts were prepared
according to the following typical procedures.

2.2.1. Method 1
Ž0.16 mmol of Cp ZrCl 0.005 M toluene2 2

.solution were added to 1.8 g of HY zeolite,
followed by vigorous stirring of the mixture at
608C for 24 h. The solid part was then washed
with toluene and the resulting solution analyzed
by UV–visible spectrophotometry in order to
determine the amount of unadsorbed metal-
locene.

2.2.2. Method 2
ŽNine millimoles of MAO 4.5 M toluene

.solution were added to 4.5 g of HY zeolite in
40 ml of toluene. The mixture was vigorously
stirred at room temperature for 24 h, then the
solid part was washed more than 5 times with

Ž40 ml of toluene. 0.40 mmol of Cp ZrCl 0.0052 2
.M toluene solution were successively added to

the suspension of the HY-MAO precursor, fol-
lowed by stirring at 608C for 24 h. The solid
part was then washed with toluene and the
washing solutions were analyzed by UV–visible
spectrophotometry.

2.2.3. Method 3
ŽFive millimoles of AlMe 2 M toluene solu-3

.tion were added to 2.4 g of HY zeolite in 60 ml
of toluene. The mixture was vigorously stirred
at room temperature for 24 h, then the solid part
was washed more than 5 times with 40 ml of

Žtoluene. 0.21 mmol of Cp ZrCl 0.006 M2 2
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.toluene solution were successively added to the
suspension of the HY-AlMe precursor, fol-3

lowed by stirring at 608C for 24 h. The solid
part was then washed with toluene and the
washing solutions were analyzed by UV–visible
spectrophotometry.

2.2.4. Polymerizations
All polymerizations were carried out in a

Ž .200-ml glass reaction vessel Buchi equipped¨
with a mechanical stirrer and a temperature
controller. Eighty milliliters of toluene, MAO
and the catalyst solution or slurry were trans-
ferred in this order under argon atmosphere.
The reaction mixtures were degassed and then
ethylene or propylene were introduced until the
desired pressure was reached. The polymeriza-
tion experiments were stopped by addition of a
5 vol.% HClrmethanol solution and the poly-
mers were recovered by filtration, thoroughly
washed with methanol and dried in vacuum at
508C until constant weight. Specific reaction
conditions may be found in the appropriate
tables and in the text. The oligomerization ex-
periments with liquid olefins were carried out in
glass vials with 30 ml of toluene, 0.06 moles of
a-olefin, MAO and the catalyst solution or slurry
added in this order. The reactions were quenched
by adding acidic water and the organic solutions
were extracted with water, dried over anhydrous
Na SO and submitted to gas-chromatographic,2 4

IR and NMR analysis.

2.3. Polymer characterization

Molecular weights of the produced polymers
were determined by intrinsic viscosity measure-

Ž .ments in decahydronaphthalene decalin at
1358C using an Ubbelohde viscometer by a

w xone-point method 25 and calculated accord-
w xingly 26,27 . The melting points of the poly-

mers were measured by differential scansion
Ž .calorimetric analysis DSC on samples which

had been previously melted and recrystallized
using a Mettler TA 3000 calorimeter with a
heating rate of 15 Krmin. The microstructure

Ž .of the poly propylene samples was determined
by 13C-NMR, recording spectra at 1208C with a
Varian spectrometer operating at 50 MHz. The
polymers were dissolved in 1,2,4-trichlorobenz-

Ž .enerbenzene-d vol. ratio 9r1 up to 10 wt.%.6
1H-NMR analysis of the oligomeric mixtures
of a-olefins was carried out after solvent and
monomer evaporation in CDCl solution with a3

Varian spectrometer operating at 200 MHz.

2.3.1. Metallocene release tests
Ten micromoles of zeolite supported

Cp ZrCl as toluene slurry and the prescribed2 2
Žw x w x .amount of MAO solution Al r Zr s1.0 were

precontacted at 20 or 708C for 60 min in 80 ml
of toluene and in the absence of the monomer.
The mixture was filtered under argon and both
the filtrate and the solid residue were succes-
sively used after further addition of the MAO
solution to polymerize ethylene in the above
described way.

3. Results and discussion

3.1. Polymerization of ethylene with HY zeolite
supported Cp ZrCl2 2

The catalyst support was carried out either by
directly adding the metallocene complex to a

Ž .HY zeolite suspension in toluene Method 1 or
after pretreatment of the support with alkyl
aluminum compounds such as MAO or AlMe3
Ž .Methods 2 and 3, respectively . In this last
way, no alteration of the catalyst structure takes
place, because the hydroxyl groups on the sup-
port surface are transformed in non-acid groups
Ž .Scheme 1 . The amount of entrapped metal-
locene was maintained below the saturation
value.

All the catalytic slurries were then tested in
various ethylene polymerization experiments
with different co-catalysts, by modifying the
AlrZr mole ratio, the reaction temperature and
monomer pressure, according to what described
in Tables 1 and 2. The zeolite samples used
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Scheme 1. Modification of HY-zeolite surface hydroxyl groups with MAO and AlMe followed by reaction with Cp ZrCl .3 2 2

were characterized by molar ratios SiO rAl O2 2 3

s27 and 5.7, respectively. It is to be under-
lined that the quoted AlrZr mole ratio is only
based on the co-catalyst added during poly-
merization, the alkyl aluminum adsorbed on the
zeolite being not considered.

The support produced a remarkable decrease
in the catalytic activity as compared to Cp ZrCl2 2

Ž .in solution run EZ01 vs. EZ03, Table 1 . This
effect was reduced by the use of pretreated
zeolite. The preliminary treatment of the zeolite

Ž .with MAO Scheme 1a is characterized by the
formation of catalytic systems 2–3 times more
active than those obtained by AlMe pretreat-3

Žment Scheme 1b, run EZ05-EZ07 vs. EZ08-
.EZ11, Table 1 , because of the likely creation of

immobilized cationic complexes weakly coordi-
nated to chemically bounded MAO. The re-
placement of Cp ZrCl with the dialkylated2 2

Žmetallocene Cp ZrMe run EZ09 vs. EZ11,2 2
.Table 1 was not characterized by substantial

modification either of the catalytic activity or of
the polymer properties. Viscosity average
molecular weights of polyethylene samples ob-
tained with supported catalysts were fairly
higher than those obtained with the homoge-

Ž .neous one run EZ05 and EZ07 vs. EZ01 .
ŽHigher values of the k rk ratio k s ratep tr p

constant for propagation reaction and k s ratetr
.constant for transfer reaction could be origi-

nated by stabilized cationic species confined
inside the pores of the support for which b-hy-
dride elimination is sterically hindered.

An increase in the reaction temperature has
the effect to increase the polymer productivity

Table 1
Ethylene polymerization with Cp ZrCl supported on HY zeolite2 2
Ž .aSiO rAl O s272 2 3

b y3cŽ .Run Support type S.A. M =10v

dEZ01 none 1270 136
EZ03 HY 18 n.d.

eEZ04 HY 35 n.d.
EZ05 HY-MAO 190 232

fEZ06 HY-MAO 998 21
eEZ07 HY-MAO 316 252

EZ08 HY-AlMe 60 2143
fEZ09 HY-AlMe 268 433
gEZ11 HY-AlMe 288 453

aReaction carried out in 80 ml of toluene with 10 mmol of Zr,
at 208C; 2 bar ethylene pressure, 60 min polymerization time,

w x w xMAO as cocatalyst and Al r Zr s1000, catalyst preparation:
EZ03r04smethod 1; EZO5-07smethod 2; EZ08-011smethod
3.

bSpecific activity expressed as kgrmol Zr h.
c Determined by viscosity measurements in decalin at 1358C.
dReaction carried out with 5 mmol of Zr in solution.
ew x w xAl r Zr s2000.
f608C reaction temperature.
g Reaction carried out at 608C with supported Cp ZrMe .2 2
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Table 2
Ethylene polymerization with Cp ZrCl supported on HY zeolite2 2
Ž .aSiO rAl O s5.72 2 3

b y3cŽ .Run Support type S.A. M =10v

EZ01 none 1270 136
EZ13 HY-MAO 58 170
EZ14 HY-MAO 844 33

UeEZ18 HY -MAO 313 352
Ud,eEZ19 HY -MAO 836 44

EZ15 HY-AlMe 36 1933
fEZ16 HY-AlMe 135 3053
dEZ17 HY-AlMe 890 263

aReaction carried out in 80 ml of toluene at 208C, with 10
w x w xmmol of Zr, Al r Zr s1000, 60 min polymerization time, 1 bar

ethylene pressure, MAO as cocatalyst; catalyst preparation:
EZ13r14r18r19smethod 2; EZ15-17smethod 3.

bSpecific activity expressed as kgPErmol h.
c Determined by viscosity measurements in decalin at 1358C.
d 708C reaction temperature.
eHYU sHY zeolite calcinated at 6258C.
f5 bar ethylene pressure.

Ž .EZ05 vs. EZ06 and EZ08 vs. EZ09 in Table 1 ,
but decreases the molecular weight of the pro-
duced polymer.

Moreover, the available data point out a de-
pendence of the catalytic activity on the zeolite
SiO rAl O mole ratio: a reduction of this2 2 3

parameter from 27 to 5.7 was accompanied by a
marked decrease in the polymer productivity
ŽEZ13 and EZ15 in Table 2 vs. EZ05 and EZ08,

.respectively in Table 1 which is possibly re-
lated to the dealumination effect. This process
could partially create mesopores in the zeolite
framework, which are supposed to be able to
accommodate more easily the polymer chain
growing on the active site.

The use of either MAO or AlMe pretreated3

supports gave rise to catalytic systems of widely
different activity. Indeed, the MAO-pretreated
slurry gave a catalytic system at 208C sixfold

Ž .more active run EZ18, Table 2 than that ob-
tained by employing the same zeolite pretreated

Ž .with AlMe run EZ13, Table 2 and a poly-3

meric product having higher molecular weight
and melting point.

A detailed investigation on the different be-
havior of homogeneous and HYU supported
catalysts was carried out by ethylene poly-

merization tests at 208C and variable time. The
catalytic activity as a function of time in the two
cases is illustrated in Fig. 1.

In the case of solution polymerization the
maximum catalytic activity was reached in few
minutes followed by an exponential decay. In
the case of the supported-phase, the specific
activity increased during the first 30 min reach-
ing a constant value which was maintained for
the following 60 min. This could prove at the
same time the major difficulty in activation of
zeolite anchored sites by the cocatalyst and their
prevented deactivation.

The comparison between the behavior of
Cp ZrCl in solution and supported on HYU

2 2

zeolite in ethylene polymerization experiments
carried out at 208C by varying the mole ratio
AlrZr in the range 200–1000 is shown in Fig.
2.

Although the homogeneous catalytic system
was able to produce a higher yield, this advan-
tage was fairly reduced as long as the AlrZr
ratio was decreased. On the other side, even if
the supported catalyst was characterized by a
lower yield at higher AlrZr ratios, the observed
catalytic activity was only slightly reduced by
lowering this parameter. The two systems were
characterized by almost the same productivity at
about AlrZrs400.

Fig. 1. Time dependence of ethylene polymerization rate with
Ž . Ž .MAO activated Cp ZrCl v and HY-MAO-Cp ZrCl `2 2 2 2

systems.
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Fig. 2. Dependence of ethylene polymerization rate with MAO
Ž . Ž .activated Cp ZrCl I and HY-MAO-Cp ZrCl ' systems2 2 2 2

on AlrZr molar ratio.

Because of the obvious concern about the
possibility that the added MAO may cause des-
orption of some of the metallocene compound
from the support, leading to the production of a
soluble catalyst, a few experiments were carried

Ž .out to investigate this effect Table 3 .
Ž UThe supported catalyst HY -MAO-Cp -2

.ZrCl was precontacted with a MAO solution2

in toluene at 20 and 708C, respectively. The
Žsuspensions were filtered and the filtrates Cat-

.A used to polymerize ethylene according to the
Žusual procedure runs EX1 and EX3 in Table

. Ž .3 . The solid residues Cat-B were employed as
polymerization catalysts after addition of a MAO

Ž .solution runs EX2 and EX4 in Table 3 . The
Ž .soluble portion Cat-A obtained at 208C is

characterized by a very low content of catalyst
desorbed by MAO during the ageing of the
catalyst, whereas the Cat-B original catalytic
activity was almost restored on addition of
MAO. A rather different behavior was observed
after the ageing at 708C: in this case, a partial
release of the metallocene was evidenced by
comparing the yields obtained in the presence of

Ž . ŽCat-A EX3 vs. EX1 and Cat-B EX4 vs.
.EX2 . The reaction temperature can, therefore,

affect the transfer of the complex coordinated to
MAO on support surface to MAO in solution.
From these results, it is apparent that the bulk of
the polymer is mainly derived from a supported

catalyst in the case of polymerization experi-
ments performed at room temperature, whereas
a partial extraction of the active sites by the
added cocatalyst cannot be avoided at higher
temperatures.

A number of polymerization tests were also
carried out by changing the reaction solvent,

Žthus varying the polarity of the medium Table
. w x4 28 .

The homogeneous catalyst showed only a
slight increase in the specific activity, ingoing

Ž . Ž .from toluene EZ01 to dichloromethane EZ20
and a 30% decrease if n-heptane was used
Ž .EZ22 . No relevant effects on the molecular
weight and melting point of the produced

Ž .poly ethylene s were observed. For the sup-
ported system, on the contrary, solvent change
substantially affected the polymer productivity
and the formation of less active catalysts by the
support process was once more confirmed.

ŽHigher polymer productivity EZ21 vs. EZ18
.and EZ23 in Table 4 associated with a decrease

in the molecular weight and the melting point of
the polymer was reached in a polar solvent,
whereas an opposite effect was observed in
n-heptane. As a possible explanation of these
results, an increase or reduction in the swelling
of the support can be proposed. For this reason
a partial desorption of the metallocene com-
pound could not be excluded in the case of
dichloromethane as solvent.

A few ethylene polymerization experiments
were carried out in the presence of HYU-MAO-

Table 3
Ethylene polymerization with HYU-MAO supported Cp ZrCl2 2

and the catalysts Cat-A and Cat-Ba

Ž . Ž .Run Catalyst Temperature 8C Yield g
UbEZ18 HY -MAO-Cp ZrCl 20 3.132 2

EX1 Cat-A 20 0.22
EX2 Cat-B 20 2.84

UbEZ19 HY -MAO-Cp ZrCl 70 8.362 2

EX3 Cat-A 70 3.49
EX4 Cat-B 70 5.88

aReaction carried out in 80 ml of toluene, polymerization time
60 min.

b HYU sHY zeolite calcinated at 6258C.
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Table 4
Ž . aEthylene polymerization with Cp ZrCl in solution or supported on HY zeolite SiO rAl O s5.7 in different solvents2 2 2 2 3

b y3c dŽ .Run Catalyst Solvent S.A. M =10 T 8Cv m

EZ01 Cp ZrCl Toluene 1270 136 134.72 2
UeEZ18 HY -MAO-Cp ZrCl Toluene 313 352 140.22 2

EZ20 Cp ZrCl Dichloromethane 1320 112 133.62 2
UeEZ21 HY -MAO-Cp ZrCl Dichloromethane 645 179 135.22 2

EZ22 Cp ZrCl n-Heptane 880 126 134.02 2
UeEZ23 HY -MAO-Cp ZrCl n-Heptane 35 330 138.52 2

aReaction carried out at 208C, in 80 ml of solvent, with 5 mmol of Zr in solution or 10 mmol of supported Zr, 1 bar ethylene pressure,
w x w xpolymerization time 60 min, Al r Zr s1000.

bSpecific activity expressed as kgrmol Zr bar h.
c Determined by viscosity measurements in decalin at 1358C.
d Determined by DSC.
eHYU sHY zeolite calcinated at 6258C.

Cp ZrCl with a cocatalyst system made of a2 2

mixture obtained by partially replacing MAO
Ž .with Al i-Bu while maintaining a total AlrZr3

mole ratio of 1000. The results shown in Table
5 gave evidence of a decrease in the polymer
productivity brought by the gradual replacement

Ž .of MAO with Al i-Bu with a discontinuity3
Ž . Ž .region at about MAOrAl i-Bu s1 EZ283

and the complete disappearance of the catalytic

activity when MAO was totally replaced by the
Ž .trialkylaluminum compound EZ33 .

Furthermore, the progressive substitution of
Ž .MAO with Al i-Bu was accompanied by an3

exponential decrease in the molecular weight of
Ž .the produced poly ethylene s, following a more

pronounced incidence of the transfer reaction to
the alkylaluminum compound. The observed be-
havior with mixed cocatalyst systems could be

Table 5
U a Ž . Ž .bEthylene polymerization with Cp ZrCl supported on HY zeolite SiO rAl O s5.7 and the mixed cocatalyst system MAOrAl i-Bu2 2 2 2 3 3

c y3d e fw x w x w Ž . x w x Ž . Ž .Run MAO r Zr Al i-Bu r Zr S.A. M =10 T 8C X %3 v m c

EZ18 1000 0 313 352 140.2 56
EZ24 900 100 294 172 137.8 55
EZ25 800 200 280 111 135.2 55
EZ26 700 300 271 97 133.9 54
EZ27 600 400 255 84 132.7 51
EZ28 500 500 148 75 131.8 49
EZ29 400 600 125 69 130.4 45
EZ30 300 700 94 64 128.9 43
EZ31 200 800 72 59 127.8 39
EZ32 100 900 40 56 127.4 39
EZ33 0 1000 0 – – –

a HYU sHY zeolite calcinated at 6258C.
bReaction carried out at 208C in 80 ml of toluene with 10 mmol of Zr, 2 bar ethylene pressure, polymerization time 60 min.
cSpecific activity expressed as kgrmol Zr h.
d Determined by viscosity measurements in decalin at 1358C.
eDetermined by DSC.
f X sD H =100rD H8, where D H is the heat of fusion of the sample as determined from the DSC curve and D H8 is the heat ofc f f f f

Ž . w xfusion of folded-chain polyolefine crystals for polyethylene 269.9 Jrg 31 .
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explained by variations in the nature or in the
number of the active sites or by the presence of

w xvarious species at the equilibrium 29 .

3.2. Ethylene and propylene homopolymeriza-
( )tion with zeolite supported bis indenyl and

( ) ( )ethylenebis indenyl Zr Hf Cl2

Further supported catalysts were prepared by
Ž .immobilizing aspecific bis indenyl and isospe-

Ž .cific ethylenbis indenyl complexes on MAO
U Ž .pretreated HY zeolite SiO rAl O s5.7 .2 2 3

From the data of ethylene polymerization with
different metallocenes, some considerations can

Ž .be made Table 6 .
The substitution of the cyclopentadienyl rings

by indenyl groups decreased the specific activ-
ity but increased the melting point and the
molecular weight of the produced polymeric

Ž .material run IZ1 vs. EZ01 . The presence of an
ethylene bridge between the indenyl ligands
positively affected the catalyst activity, whereas
the replacement of zirconium with hafnium de-

Ž . w xpressed it run AH1 vs. AZ1 30 . The support
of the various complexes on the HY-zeolite was

accompanied by a marked reduction of produc-
tivity, which was again particularly relevant
when the support surface was not pretreated
with alkyl aluminum compounds. Supported
Ind ZrCl shows a similar behavior to Cp ZrCl2 2 2 2

with comparable productivity and molecular
weight much higher than in solution. In the

Ž .presence of Et Ind ZrCl , the molecular weight2 2

was little increased with respect to the former
cases. Soluble and supported bridged metal-
locene complexes showed a similar response to

Ž .the exchange of Al iBu for MAO and HF for3
Ž .Zr Table 6 .
The microstructure of a polymer is essen-

tially dependent on the structural features of the
complexes used, in particular the class of sym-
metry. For this reason, the influence of the
inorganic support on the stereospecificity of
the propylene polymerization process was in-
vestigated by testing a complex with free li-
gands, such as Ind ZrCl , and the stereorigid2 2
Ž . Ž .Et Ind ZrCl and Et Ind HfCl . The results2 2 2 2

related to the specific activity, molecular weight
and melting point obtained in propylene ho-
mopolymerization, reported in Table 7, reflected

Table 6
Ž . Ž . UEthylene polymerization with bis indenyl and ethylenebis indenyl zirconium and hafnium complexes in solution or supported on HY

Ž .azeolite SiO rAl O s5.72 2 3

b y3c dw x w xRun Catalyst Cocatalyst Al r Mt S.A. M =10 Tv m

EZ01 Cp ZrCl MAO 1000 1270 136 134.72 2
UEZ18 HY -MAO-Cp ZrCl MAO 1000 313 352 140.22 2

IZ1 Ind ZrCl MAO 1000 865 169 135.62 2
UIZ2 HY -MAO-Ind ZrCl MAO 1000 300 330 136.52 2

Ž .AZ1 Et Ind ZrCl MAO 1000 1020 110 136.82 2
U Ž .AZ2 HY -MAO-Et Ind ZrCl MAO 1000 390 155 136.02 2
U Ž .AZ3 HY -Et Ind ZrCl MAO 1000 20 143 131.32 2

Ž . Ž .AZ4 Et Ind ZrCl Al i-Bu 50 165 136 137.62 2 3
U Ž . Ž .AZ5 HY -MAO-Et Ind ZrCl Al i-Bu 50 45 178 133.12 2 3
U Ž . Ž .AZ6 HY -MAO-Et Ind ZrCl Al i-Bu 100 30 164 132.72 2 3
U Ž . Ž .AZ7 HY -Et Ind ZrCl Al i-Bu 50 0 – –2 2 3

Ž .AH1 Et Ind HfCl MAO 1000 110 310 132.62 2
U Ž .AH2 HY -MAO-Et Ind HfCl MAO 1000 40 423 131.92 2

a Ž .Reaction carried out at 208C in 80 ml of toluene with 5 mmol of Mt MtsZr or Hf in solution or 10 mmol of supported Mt,
polymerization time 60 min, 2 bar ethylene pressure.

bSpecific activity expressed as kgrmol Mt h, HYU sHY zeolite calcinated at 6258C.
c Determined by viscosity measurements in decalin at 1358C.
d Melting point in 8C determined by DSC.



( )M. Michelotti et al.rJournal of Molecular Catalysis A: Chemical 152 2000 167–177 175

Table 7
Ž . U Ž .aPropylene polymerization with bis indenyl zirconium and hafnium complexes in solution or supported on HY zeolite SiO rAl O s5.72 2 3

b y3c d e e eŽ . w x w x w xRun Catalyst S.A. M =10 T 8C mm mr rr Iv m

IZ5 Ind ZrCl 1360 2 – 0.30 0.50 0.20 0.552 2
fIZ6 HY-MAO-Ind ZrCl 560 9 136.9 0.43 0.40 0.17 0.632 2

Ž .AZ14 Et Ind ZrCl 5480 31 137.1 0.94 0.04 0.02 0.962 2
Ž .AZ15 HY-MAO-Et Ind ZrCl 885 38 134.9 0.93 0.05 0.02 0.972 2

Ž .AZ16 HY-Et Ind ZrCl 15 48 136.0 0.94 0.04 0.02 0.962 2
g Ž .AZ17 HY-Et Ind ZrCl 70 12 120.52 2

Ž .AH5 Et Ind HfCl 620 390 136.1 0.89 0.06 0.05 0.922 2
Ž .AH6 HY-MAO-Et Ind HfCl 160 480 130.4 0.91 0.04 0.05 0.932 2

a Ž .Reaction carried out at 208C in 80 ml of toluene with 5 mmol of Mt MtsZr or Hf in solution or 10 mmol of supported Mt, cocatalyst
MAO, AlrZrs1500, 2 bar propylene pressure, polymerization time 60 min, HYU sHY zeolite calcinated at 6258C.

bSpecific activity expressed as kgrmol Mt h.
c Determined by viscosity measurements in decalin at 1358C.
d Melting point in 8C determined by DCS measurements.
eTriad assignments determined by 13C-NMR analysis.
f Melting point of the chloroform insoluble part.
g Reaction carried out at 708C.

Ž .the data already discussed for poly ethylene s.
In particular, it is known that aspecific com-
plexes are not able to produce high molecular
weight polymers of a-olefins, whereas a bridge
between the indenyl ligands allows their coordi-
nation. For this reason, the product obtained in
the presence of Ind ZrCl was an oligomeric2 2

Ž .mixture run IZ5 vs. AZ14 and AH5 .
The 1H-NMR analysis confirmed the high

isospecificity of the ansametallocenes and the
formation of an atactic polymer in the case of

Ž .the Ind ZrCl in solution Fig. 3 . The possibil-2 2

ity of free rotation of the indenyl ligands around
the metal center gave no chiral features to the
active site and consequently the possibility to
distinguish between the prochiral faces of the
olefin. The 13C-NMR analysis showed signals
corresponding to atactic sequences in the spec-
trum of the polymer obtained with Ind Zr-2

Cl and to long isotactic sequences when2
Ž .Et Ind ZrCl was used.2 2

The distribution of the triads mm, mr and rr,
related to the methyl carbon atom, and the index

Ž w x w x.of isotacticity Is mm q0.5 mr are re-
ported in Table 7. The experimental data indi-

Ž .cated that the immobilization of the Et Ind -2
Ž .ZrCl and Et Ind HfCl complexes gave indis-2 2 2

tinguishable polymers from the microtacticity

point of view as compared with those obtained
Žin solution run AZ14 vs. AZ15 and AZ16; run

.AH5 vs. AH6 . This result could be tentatively
explained by assuming that the support pre-
serves the spatial characteristics around the ac-
tive site, possibly due to the immobilization on
the external surface of the support due to the
dimension of the bridged complexes.

Comparison of the behavior of the Ind ZrCl2 2
Ž .complex run IZ5 in solution and after support

1 Ž .Fig. 3. H-NMR spectra of poly propylene samples obtained in
Ž . Ž .the presence of Et Ind ZrCl rMAO a and Ind ZrCl rMAO2 2 2 2

Ž .b .
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13 Ž .Fig. 4. C-NMR spectra of poly propylene samples obtained in
Ž .the presence of MAO activated Ind ZrCl rMAO a and HY-2 2

Ž .MAO-Ind ZrCl rMAO b in the methyl group region.2 2

Ž .on the zeolite run IZ6 is rather interesting. A
small increase in the isotacticity was evident in
the product obtained with HYU-MAO-
Ind ZrCl . 13C-NMR analysis of the crude sam-2 2

ples in the region of the methyl group showed
an increase in the mmmm pentad with respect to

Žthe other stereosequences with the support Fig.
.4 . Fractionation of this product with boiling

chloroform brought a 38% weight of insoluble
crystalline portion having molecular weight and
melting point of 24,000 and 136.98C, respec-
tively. This could indicate a partial immobiliza-
tion on the catalyst inside the zeolite a-super-
cage. A portion of the complex could be blocked
in enantiomorphic conformation, which could
be responsible of the isospecific control of the
propylene polymerization mechanism.

4. Conclusions

A number of homopolymerization experi-
ments of ethylene and various a-olefins were
performed in order to investigate the influence
of immobilization of different metallocene com-
plexes on HY-zeolites. The comparative analy-

sis with the results of the same catalysts operat-
ing in solution allows some concluding remarks.

A general decrease in the catalytic activity
was observed after support, which can be re-
duced by treatment of the surface –OH groups
with MAO and alluminoalkyls thus preventing
ligand abstraction from the catalyst. In the case
of ethylene polymerization with Cp ZrCl , the2 2

lower activity seemed to be associated with a
lower number of active sites, but the catalytic
activity remained practically constant within
time, indicating a larger stability of the catalytic
sites themselves. Also the polymerization prod-
ucts obtained with supported catalysts showed
an increase in the molecular weight as a conse-
quence of a higher k rk ratio. This mightp tr

indicate that due to the inclusion of the active
sites inside the cages of the zeolite, the b-hy-
dride elimination reaction could be prevented.

The ansametallocene supported on the inor-
ganic matrix showed the same isospecificity
index in propylene homopolymerization. The
results indicate that the complex can be sup-
ported without substantial modification of the
spatial surroundings of the active site. The in-
crease in the isotactic fraction in the presence of
the aspecific complex Ind ZrCl can be ex-2 2

plained with the presence of a portion of the
catalytic species, which assumes sterically mod-
ified conformations inside the zeolite cage.

Acknowledgements

We are very grateful to Professor Francesco
Ciardelli for helpful discussion. Partial financial
support by MURST is gratefully acknowledged.

References

w x1 J.C.W. Chien, D.H. He, J. Polym. Sci., Part A: Polym.
Ž .Chem. 29 1991 1603.

w x2 M. Kaminaka, K. Soga, Makromol. Chem., Rapid Commun.
Ž .12 1991 367.

w x3 S. Collins, W.M. Kelly, D.A. Holden, Macromolecules 25
Ž .1992 1780.



( )M. Michelotti et al.rJournal of Molecular Catalysis A: Chemical 152 2000 167–177 177

w x Ž .4 M. Kaminaka, K. Soga, Polymer 33 1992 1105.
w x5 K. Soga, M. Kaminaka, Makromol. Chem., Rapid Commun.

Ž .13 1992 221.
w x6 W. Kaminsky, F. Renner, Makromol. Chem., Rapid Com-

Ž .mun. 14 1993 239.
w x Ž .7 K. Soga, M. Kaminaka, Makromol. Chem. 194 1993 1745.
w x8 M.C. Sacchi, D. Zucchi, I. Tritto, P. Locatelli, T. Dall’Occo,

Ž .Macromol. Rapid Commun. 16 1995 581.
w x9 H. Sinn, W. Kaminsky, H.J. Vollmer, R. Woldt, Angew

Ž .Chem. Int. Ed. Engl. 19 1980 390.
w x10 W. Kaminsky, M. Miri, H. Sinn, R. Woldt, Makromol.

Ž .Chem., Rapid Commun. 4 1983 417.
w x Ž .11 T. Uozumi, K. Soga, Makromol. Chem. 193 1992 823.
w x12 W. Kaminsky, F. Renner, H. Winkelbach, Proceedings of

MetCon’94, Houston, TX, 25–27 May 1994.
w x13 D.W. Breck, Zeolite Molecular Sieves, 1st edn., Wiley, New

York, 1974.
w x14 F. Ciardelli, A. Altomare, G. Arribas, G. Conti, F. Masi, F.

Ž .Menconi, in: K. Soga, M. Terano Eds. , Catalyst Design for
Tailor-made Polyolefins, Kodansha, Tokyo, 1994, p. 257.

w x15 G. Braca, G. Sbrana, A.M. Raspolli-Galletti, A. Altomare, G.
Arribas, M. Michelotti, F. Ciardelli, J. Mol. Catal. A: Chem.

Ž .107 1996 113.
w x16 F. Ciardelli, A. Altomare, G. Conti, G. Arribas, B. Mendez,

Ž .A. Ismayel, Makromol. Chem., Macromol. Symp. 80 1994
29.

w x17 S.I. Woo, Y.S. Ko, T.K. Han, Macromol. Rapid Commun.
Ž .16 1995 489.

w x18 M.V. Marques, C.A. Henriques, J.L.F. Monteiro, S.M.C.
Menezes, F.M.B. Coutinho, Macromol. Chem. Phys. 198
Ž .1997 3709.

w x19 M. Michelotti, A. Altomare, F. Ciardelli, E. Roland, J. Mol.
Ž .Catal. A: Chem. 129 1998 241.

w x20 Y.S. Ko, T.K. Han, J.W. Park, S.I. Woo, Macromol. Rapid
Ž .Commun. 17 1996 749.

w x21 P.C. Wailes, H. Weigold, A.P. Bell, J. Organomet. Chem. 34
Ž .1972 155.

w x Ž .22 E. Samuel, R. Setton, J. Organomet. Chem. 4 1965 156.
w x23 F.R.W.P. Wild, M. Wasiucionek, G. Huttner, H.H.

Ž .Brintzinger, J. Organomet. Chem. 288 1985 63.
w x24 J.A. Ewen, L. Haspeslagh, J.L. Atwood, H. Zhang, J. Am.

Ž .Chem. Soc. 109 1987 6544.
w x Ž .25 J.H. Elliott, J. Appl. Sci. 19 1970 2947.
w x26 J.C.W. Chien, B.P. Wang, J. Polym. Sci., Part A: Polym.

Ž .Chem. 28 1990 15.
w x Ž .27 R. Chiang, J. Polym. Sci. 35 1958 235.
w x28 D. Coevoet, H. Cramail, A. Deffieux, Macromol. Chem.

Ž .Phys. 197 1996 855.
w x29 W. Michiels, A. Munoz-Escalona, Macromol. Symp. 97˜

Ž .1995 171.
w x Ž .30 W. Kaminsky, Macromol. Chem. Phys. 197 1996 3907.
w x Ž .31 K. Soga, Makromol. Chem. 190 1989 995.


