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ABSTRACT: The effect of cyclopentadienyl ring substitution on the immobilization and activation of zirconocenes
on supports of type MgCl2/AlRn(OEt)3-n has been investigated. Comparison of the activity of immobilized
zirconocenes (RCp)2ZrCl2 in ethylene polymerization, using simple aluminum alkyls such as AlEt3 or AliBu3 as
a cocatalyst, revealed a remarkable effect of the substituent R in the cyclopentadienyl ring. Low activity (<300
kg/mol bar h) was obtained with R) H or Et, but longer alkyl substituents, notablyn-Pr or n-Bu, gave more
than an order of magnitude increase in activity. Zirconocenes with branched substituents (i-Pr, t-Bu) were less
easily immobilized and gave relatively low activity, while the activities of zirconocenes of composition Cp-
(RCp)ZrCl2 (R ) n-Pr,n-Bu, n-pentyl) were intermediate between those of Cp2ZrCl2 and (RCp)2ZrCl2. Experiments
carried out under homogeneous conditions with aluminoxane cocatalysts indicated that the effect of cyclopentadienyl
ring substitution can be related to differences in the ease of formation of the active species. An inverse relationship
between activity and the catalyst loading on the support was found. At a low loading of 1µmol (n-PrCp)2ZrCl2/g
support, an activity greater than 40 000 kg/mol bar h was obtained in ethylene polymerization at 70°C, with
Al iBu3 as the cocatalyst. The results demonstrate that with certain MgCl2-immobilized zirconocenes it is possible
to achieve very high polymerization activity without the use of methylaluminoxane or a borate activator, but the
strong effect of catalyst loading on activity implies the presence of a relatively low number of active species.

Introduction

The discovery1 by Kaminsky, Sinn, and co-workers in the
early 1980s that very high ethylene polymerization activity could
be obtained using homogeneous catalyst systems comprising
of a zirconocene and methylaluminoxane (MAO) sparked an
intensive, worldwide research effort into the development of
well-defined, single-center catalysts for olefin polymerization.2

In the case of metallocenes, the ability to tailor the steric and
electronic environment of the metal center by varying the ligand
substitution pattern and symmetry has led to increasing control
over catalyst activity and polymer structure and properties.3

However, utilization of a single-center catalyst in a gas-phase
or slurry process for olefin polymerization requires its im-
mobilization on a carrier and considerable efforts have been
made to develop procedures for catalyst immobilization on a
variety of support materials.4 Silica has been widely used, but
it is generally found that the activity after heterogenization on
a silica support is significantly lower than the activity that can
be obtained in homogeneous polymerization.5 Lower activity
after the immobilization of a zirconocene has also been noted
using zeolites.6

In the past few years, there has been a notable increase in
research on the use of magnesium chloride-based supports for
the immobilization and activation of a range of early and late-
transition metal catalysts.7-10 This interest stems partly from
the utilization of methods for controlling the particle size,
porosity, and morphology of MgCl2 supports, which are widely
used in the production of Ziegler-Natta catalysts. Such supports
can also have the advantage of easier fragmentation than is
generally the case with silica supports, facilitating polymer
particle growth during polymerization.11

In certain cases, magnesium chloride can function as a catalyst
activator even in the absence of any additional cocatalyst, as a
result of its Lewis acidity. This has been reported by Marks,
who demonstrated that MgCl2 was able to activate (C5Me5)2-
ThMe2 by abstraction of a methide anion, generating a catalyti-
cally active actinide species [(C5Me5)2ThMe]+ for ethylene
polymerization.12 Somewhat more attention has been paid to
the use of MgCl2-immobilized metallocenes together with MAO
as the cocatalyst.13 Immobilization of the aluminoxane itself
on a magnesium chloride support has also been reported,14 as
well as approaches for the tethering of borate activators to the
support.15 For a number of MgCl2-immobilized catalysts,
including Ti, V, Cr, Fe, and Ni complexes,8-10 activation can
be achieved using simple cocatalysts such as AlEt3 or AliBu3,
in many cases giving activities comparable to or even exceeding
those obtained in homogeneous polymerization. Avoidance of
the need for the more expensive and complicated aluminoxane
or borate activators represents one of the major incentives for
the use of magnesium chloride supports. However, attempts to
activate MgCl2-supported zirconocenes using cocatalysts of type
AlR3 have been relatively unsuccessful. For example, im-
mobilization of Cp2ZrCl2 on a support of type MgCl2/AlRn-
(OEt)3-n gave only a third of the activity in ethylene polym-
erization that was obtained with Cp2TiCl2.9a Kissin et al. have
used mixtures of MgR2 and AlEt2Cl to generate MgCl2 and AlR3

in situ, obtaining activities 5-10 times lower than those obtained
with MAO.16 Kaminaka and Soga reported that ball-milled
MgCl2/rac-Et(IndH4)2ZrCl2 was active in propylene polymer-
ization with AlMe3 or AlEt3 as the cocatalyst, although the
activity was about an order of magnitude less than that obtained
in homogeneous polymerization using MAO.17 A linear increase
in polymer yield with increasing polymerization time indicated
high catalyst stability.18 A key role of the MgCl2 support was
inferred from the fact that no activity was obtained with the* Corresponding author. E-mail: j.c.chadwick@polymers.nl.
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systemsrac-Et(IndH4)2ZrCl2-AlMe3 or SiO2/rac-Et(IndH4)2-
ZrCl2-AlMe3.17 It is important in this respect that the support
contains Lewis acidic centers, enabling catalyst activation
without the use of MAO or borates. Echevskaya et al. have
immobilizedrac-Me2Si(Ind)2ZrCl2 on highly dispersed MgCl2,
prepared by the reaction of MgBu2‚nAlEt3 with CCl4. Using
Al iBu3 as the cocatalyst, they obtained an ethylene polymeri-
zation activity similar to that obtained using a SiO2/MAO
support, albeit that the activity was much lower than that
obtained in homogeneous polymerization with MAO as the
cocatalyst.19

In the current work, we present the results of a study of the
effects of alkyl substitution in one or both rings of bis-
(cyclopentadienyl)zirconium dichloride, immobilized on MgCl2-
based supports, using AlEt3 or AliBu3 as the cocatalyst.
Remarkable differences in catalyst activity are obtained with
catalysts of type (RCp)2ZrCl2, dependent on the alkyl substituent
R. Comparative experiments carried out under homogeneous
conditions with aluminoxane cocatalysts indicate that these
effects can be related to differences in the ease of formation of
the active species. An inverse relationship between catalyst
activity and loading on the support indicates that only a limited
proportion of surface sites on magnesium chloride are able to
effectively immobilize and activate zirconocene catalysts.

Experimental Section

General Methods.All manipulations were performed under an
argon atmosphere using a glove box (Braun MB-150 GI or LM-
130) and Schlenk techniques.1H NMR spectroscopy was performed
using a Varian 400 NMR spectrometer. Data were acquired using
VNMR-software. Chemical shifts are reported relative to residual
CHCl3 (δ 7.26 for1H). Elemental analysis for MgCl2/AlEtn(OEt)3-n

supports and synthesized metallocene catalysts was carried out by
H. Kolbe Microanalytisches Laboratorium, Mu¨lheim an der Ruhr,
Germany. Ethoxide contents in the MgCl2/AlEtn(OEt)3-n supports
were determined by gas chromatography (GC) analysis of the
ethanol content of a solution obtained by dissolving 100 mg of
support in 5 mL of BuOH containing a known quantity of PrOH
as an internal standard. Molecular weight and molecular weight
distributions of the resulting polymers were determined by means
of gel permeation chromatography on a PL-GPC210 at 135°C using
1,2,4-trichlorobenzene as the solvent. Differential scanning calo-
rimetry (DSC) was carried out with a Q100 differential scanning
calorimeter (TA Instruments). The samples (4-6 mg) were heated
to 160°C and subsequently cooled to 20°C at a rate of 10°C/min.
A second heating cycle was used for data analysis. The particle
morphologies of the polymers were examined using a Philips
S-250MK3 SEM-EDX. UV-vis absorption spectra were recorded
with a Hewlett-Packard 8453 spectrometer operating between 200
and 1100 nm under ambient conditions, using a sealed 1.4 mL
cuvette supplied by Hellma GmbH.

Materials. Light petroleum (bp 40-60 °C), n-pentane, tetrahy-
drofuran (THF), and toluene were purchased from Biosolve and
passed over a column containing activated alumina. All solvents
were freeze-thaw degassed twice before use.n-BuLi (1.6 M in
hexane), ZrCl4, CpZrCl3, 1-bromopropane, 1-bromobutane, and
1-bromopentane were purchased from Aldrich and used directly.
CDCl3 was purchased from Cambridge Isotope Laboratories. Cp2-
ZrMe2, Cp2HfCl2, (RCp)2ZrCl2 (R ) H, Et, i-Pr,n-Bu, t-Bu), (C5-
HMe4)2ZrCl2, and (C5Me5)2ZrCl2 were purchased from Strem
Chemicals. (RCp)2ZrCl2 with R ) n-Pr and n-dodecyl were
purchased from Wako Pure Chemical Industries. (1,3-Me2-
Cp)2ZrCl2, (1-Me-3-n-BuCp)2ZrCl2, and (1,2,4-Me3Cp)2ZrCl2 were
generously donated by Borealis Polymers Oy. AlEt3 (1.3 M in
heptane) and AliBu3 (25 wt % in toluene) were obtained from Acros
and Akzo Nobel, respectively. Methylaluminoxane (MAO) (10 wt
% in toluene) was purchased from Chemtura. AlEt2Cl (1.0 M in
heptane) and tetraisobutyldialuminoxane (10 wt % in toluene) were

purchased from Aldrich. Ethylene (3.5 grade supplied by Air
Liquide) was purified by passing over columns of BASF RS3-11
supported Cu oxygen scavenger and 4 Å molecular sieves.

Synthesis of Cp(n-BuCp)ZrCl 2. CpNa was prepared according
to literature procedures.20 Freshly distilled cyclopentadiene (6.0 g)
was added with stirring at-78 °C under nitrogen to 2.09 g of Na
in 100 mL of THF, and the mixture was refluxed overnight and
then cooled to room temperature, after which the solvent was
removed under vacuum. The solid was washed several times with
light petroleum and dried until free flowing. An amount of 30 mL
of light petroleum and 100 mL of THF was added slowly to CpNa
(8.0 g, 90.8 mmol) at room temperature and stirred until a clear
solution appeared. An amount of 12.5 g (90.8 mmol) of 1-bro-
mobutane was then added dropwise. After stirring overnight, the
solvent was removed in vacuo to give an oily product. After
distillation, n-BuCpH was obtained as a pale yellow oil (7.0 g,
63.0%).

A 250 mL round-bottom flask equipped with stirring bar and
dropping funnel was charged withn-BuCpH (5.0 g, 41.3 mmol) in
THF (150 mL), after whichn-BuLi (16.5 mL, 41.3 mmol, 2.5 M
in hexane) was added dropwise at room temperature. The resulting
suspension was stirred overnight. Volatiles were removed under
vacuum, and the residue was washed withn-pentane (30 mL) to
give the lithium saltn-BuCpLi (4.2 g, 80%) as a free flowing white
powder after drying. At 0°C, a THF (50 mL) solution ofn-BuCpLi
(0.24 g, 1.87 mmol) was added dropwise during 30 min to a solution
of CpZrCl3 (0.50 g, 1.87 mmol) in THF (50 mL). The reaction
mixture was allowed to warm to room temperature and was stirred
overnight. The solvent was then removed in vacuo and hexane (150
mL) was added and the mixture was filtered. The filtrate was
concentrated (30-50 mL) and cooled to-30 °C to give the title
complex Cp(n-BuCp)ZrCl2 (0.10 g, 15%).1H NMR (400 MHz,
CDCl3, 25°C): δ ) 0.92 (t, 3 H, CH2CH2CH2CH3), 1.35 (m, 2 H,
CH2CH2CH2CH3), 1.55 (m, 2 H, CH2CH2CH2CH3), 2.62 (t, 2 H,
CH2CH2CH2CH3), 6.22, 6.32 (2 m, each 2 H, C5H4), 6.46 (s, 5 H,
C5H5) ppm. C14H18Cl2Zr (348): calcd, C 48.3, H 5.17; found, C
48.0, H 5.28.

Synthesis of Cp(n-PrCp)ZrCl 2 and Cp(n-pentylCp)ZrCl 2.
These complexes were prepared using procedures similar to those
described above. Details of synthesis and characterization can be
found in the Supporting Information.

Synthesis of (n-PentylCp)2ZrCl 2. n-PentylCpLi (1.0 g, 7.0
mmol) in THF (50 mL) was added dropwise during 20 min to a
solution of ZrCl4 (0.82 g, 3.50 mmol) in THF (50 mL) at 0°C.
The mixture was allowed to warm to room temperature and stirred
overnight. Solvent was removed in vacuo, and hexane (100 mL)
was added to the resulting solid. The mixture was filtered, and the
filtrate was concentrated (20 mL) and cooled to-30 °C to give
the title complex. Yield 0.60 g, 40%.1H NMR (400 MHz, CDCl3,
25 °C): δ ) 0.92 (2 t, 6 H, 2× CH2CH2CH2CH2CH3), 1.32 (2 m,
8 H, 2 × CH2CH2CH2CH2CH3), 1.55 (2 m, 4 H, 2× CH2CH2-
CH2CH2CH3), 2.61 (2 t, 4 H, 2× CH2CH2CH2CH2CH3), 6.22, 6.32
(2 m, each 4 H, 2× C5H4) ppm. C20H30Cl2Zr (432): calcd, C 55.6,
H 6.94; found, C 55.3, H 7.01.

Synthesis of (n-BuCp)2ZrMe 2. A 3 M solution of MgMeBr in
diethyl ether (1.0 mL, 3.0 mmol) was added to a stirred solution
of (n-BuCp)2ZrCl2 (0.60 g, 1.5 mmol) in diethyl ether (40 mL) at
-78 °C. The solution was allowed to warm to room temperature
and stirred for 4 h. After removal of diethyl ether in vacuo, (n-
BuCp)2ZrMe2 was isolated by extraction withn-pentane (30 mL),
which was subsequently removed in vacuo. The purity of the liquid
product was verified by1H NMR (400 MHz, CDCl3, 25 °C): δ )
-0.47 (2 s, 6 H, 2× Zr-CH3), 0.94 (2 t, 6 H, 2× CH2CH2-
CH2CH3), 1.40 (2 m, 4 H, 2× CH2CH2CH2CH3), 1.55 (2 m, 4 H,
2 × CH2CH2CH2CH3), 2.45 (2 t, 4 H, 2× CH2CH2CH2CH3), 5.81,
5.91 (2 m, each 2 H, C5H4).

Details of the synthesis of (RCp)2ZrMe2 (R ) Et, n-Pr,n-pentyl,
and n-dodecyl), using similar procedures, are given in the Sup-
porting Information.

X-ray Crystal Structure Determination of Cp( n-BuCp)ZrCl 2.
Needle-shaped crystals of Cp(n-BuCp)ZrCl2 were obtained by slow
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crystallization from diethyl ether. A suitable crystal was selected,
mounted on a thin glass fiber using paraffin oil, and cooled to the
data collection temperature. Data were collected on a Bruker AXS
SMART 1k CCD diffractometer using 0.3° ω scans atφ values of
0, 90, and 180°. Initial unit-cell parameters were determined from
60 data frames collected at different sections of the Ewald sphere.
Complete crystallographic data are available in the Supporting
Information. Data were integrated using SAINT, and an absorption
correction was performed with the program SADABS. The structure
was solved by direct methods using SHELXTL and refined by full-
matrix least-squares methods based on F2. All non-hydrogen atoms
were refined with anisotropic thermal parameters. Hydrogen atoms
were placed using a “riding model” and included in the refinement
at calculated positions.

Support Preparation and Catalyst Immobilization. The sup-
ports used in this work were prepared by addition of AlEt3 to an
adduct MgCl2‚nEtOH (n ) 1.1, 2.1 or 2.8) in light petroleum (AlEt3/
EtOH ) 2) at 0 °C, after which the mixture was kept at room
temperature for 2 days with occasional agitation. The resultant
support was washed with light petroleum (3× 20 mL) and dried
under argon flow and subsequently under vacuum until free flowing.
In the case of a second treatment of the support obtained above, a
2-fold excess of AlEt3 with respect to residual ethoxide was used.

Catalyst immobilization was effected by mixing the support (100
mg) with a catalyst solution in toluene or dichloromethane (2 mL,
containing 0.1-5.0 µmol of catalyst) and keeping at room tem-
perature overnight. The slurry of the immobilized catalyst was
diluted with light petroleum and used directly in ethylene polym-
erization.

Ethylene Polymerization.Polymerization was carried out in a
l L Premex autoclave by charging the immobilized catalyst, slurried
in approximately 100 mL of light petroleum, to 400 mL of light
petroleum containing the desired amount of cocatalyst, at the desired
temperature and at an ethylene pressure of 5 bar. In the case of
homogeneous polymerization, MAO and catalyst solutions in
toluene were injected successively at 50°C and 5 bar ethylene
pressure. After catalyst injection, polymerization was continued at
constant pressure for 1 h for heterogeneous systems and 30 min
for homogeneous catalysts, with a stirring rate of 1000 rpm. After
venting the reactor, 20 mL of acidified ethanol were added and
stirring was continued for 30 min. The polymer was recovered by
filtration, washed with water and ethanol, and dried in vacuo
overnight at 60°C.

Under the above conditions, polymerization activities obtained
in duplicate experiments with immobilized catalysts are repeatable
to within 5-10%.9g

Results and Discussion

The activity of a metallocene catalyst is influenced by both
electronic effects and steric encumbrance around the active site21

and by the degree of interaction between the active cationic
species and the counterion.22 For zirconocenes of type
(RCp)2ZrCl2 activated by ethylaluminoxane, it has been reported21c

that an increase in ligand size produces a small increase in
activity, while an increase in ligand electron donating capacity
substantially increases the activity. However, a subsequent study
in which MAO was used as the cocatalyst failed to provide a
simple correlation between activity and either steric or electronic
effects.21d MAO-activated ethylene polymerization with a series
of zirconocenes (RCp)2ZrCl2 in which R was varied from H up
to dodecyl has been investigated by Rytter and co-workers, who
found that R) n-Pr andn-Bu increased the average polymer-
ization activity at 50°C by factors of 4 and 2.5, respectively,
compared to R) H.23 It was proposed that these higher activities
resulted from an agostic interaction between the metal center
and a hydrogen on the alkyl substituent. Higher activities with
(n-BuCp)2ZrCl2 than with Cp2ZrCl2 have also been noted for
SiO2/MAO/metallocene systems, although the butyl-substituted

zirconocenes exhibited more rapid deactivation during polym-
erization.24

In the present work, the effects of cyclopentadienyl ring
substitution on the immobilization and activation of metallocenes
of type (RCp)2ZrCl2 and (Cp)(RCp)ZrCl2 have been investi-
gated. Supports of type MgCl2/AlEtn(OEt)3-n were used,
prepared mostly by the reaction of an adduct MgCl2‚1.1EtOH
with excess AlEt3. In previous studies we have found that this
type of support can be used for the immobilization and activation
of a range of early and late-transition metal complexes, giving
high and stable polymerization activity and spherical polyeth-
ylene particle morphology.9

Effect of Zirconocene Ring Substitution.Investigation of
substituent effects in zirconocenes of type (RCp)2ZrCl2 im-
mobilized on magnesium chloride was first carried out using a
support of composition MgCl2‚0.30AlEt2.46(OEt)0.54. Catalyst
immobilization was effected by contacting the support overnight
with a solution of the metallocene in toluene, after which the
slurry of the immobilized catalyst was simply diluted with light
petroleum and used directly in ethylene polymerization, carried
out at 50°C with a constant monomer pressure of 5 bar. The
results in Table 1 reveal a remarkable effect of cyclopentadienyl
ring substitution on catalyst activity. Low activities were
obtained with R) H or Et, but longer-chain alkyl substituents
gave much higher activities. In the case of (n-BuCp)2ZrCl2, the
activity was more than 20 times that obtained with Cp2ZrCl2.
It was also observed that the ethylene mass flow remained
essentially constant throughout polymerization, indicating neg-
ligible decay in catalyst activity. High activity was similarly
obtained with R) n-Pr, whilen-pentyl andn-dodecyl also gave
much higher activities than the unsubstituted zirconocene.
However, the introduction of branching into the alkyl substituent
led to poor catalyst performance, seen from the low activities
obtained with R) i-Pr or t-Bu. A relatively low activity of
(t-BuCp)2ZrCl2 in homogeneous polymerization has been noted
by Tait et al.25 In the present system, the increased steric bulk
imposed by branched substituents evidently impedes effective
activation on the magnesium chloride support. It was previously
observed9a that rac-Et(Ind)2ZrCl2, immobilized on a similar
support, gave negligible polymerization activity. The polyeth-
ylene molecular weight data in Table 1 showMw values in the
range 200 000-500 000 g/mol, the highest molecular weights
being obtained with R) i-Pr or t-Bu. Overall, the molecular
weights are higher than those typically reported for homoge-
neous polymerization conditions, decreased susceptibility to
chain transfer being a frequently observed feature of im-
mobilized catalysts.9,13d,26The Mw/Mn values indicate in most
cases a relatively narrow molecular weight distribution but
significant deviations from the value of 2.0, expected for single-

Table 1. Ethylene Polymerization Using (RCp)2ZrCl 2 Immobilized
on a MgCl2-Based Supporta

entry R

activity
(kg/mol of
Zr h bar)

Tm2

(°C)
øc

(%)
Mn

(g/mol)
Mw

(g/mol) Mw/Mn

1 H 160 134.5 53.5 88 000 352 000 4.0
2 Et 260 135.1 55.6 113 000 394 000 3.5
3 Pr 2760 135.4 58.5 95 000 242 000 2.5
4 i-Pr 360 135.6 51.7 194 000 485 000 2.5
5 Bu 3680 135.3 56.9 120 000 271 000 2.3
6 t-Bu 120 135.1 53.7 126 000 425 000 3.4
7 pentyl 1120 134.5 57.9 98 000 302 000 3.1
8 dodecyl 700 135.6 53.8 122 000 344 000 2.8

a Support composition: MgCl2‚0.30AlEt2.46(OEt)0.54. Polymerization
conditions: 500 mL of light petroleum, immobilized catalyst 100 mg (1
µmol Zr), AlEt3 1 mmol, 50°C, ethylene pressure 5 bar, time 1 h.
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center catalysis, are apparent. Taking into account the difficulties
and uncertainties in polydispersity measurement by high-
temperature GPC, we have recently used melt rheometry for
additional characterization and have established that a zir-
conocene can retain its single-center characteristics after im-
mobilization on magnesium chloride, whereas this was not
apparent for titanocenes.27 The DSC data reveal that polymer
crystallinities and melting temperatures fell within a fairly
narrow range, irrespective of catalyst structure.

In view of the remarkable activity difference between Cp2-
ZrCl2 and (n-BuCp)2ZrCl2, the analogous hafnocenes were also
investigated. At 50°C, Cp2HfCl2 gave an activity of only 40
kg/mol bar h, while with (n-BuCp)2HfCl2 an activity of 240
kg/mol bar h was obtained. The polyethylene molecular weight
(Mw) obtained with the latter was 627 000 g/mol, as opposed
to 271 000 g/mol with the corresponding zirconocene. Higher
molecular weight with Hf- than with Zr-based systems is a well-
established feature of metallocene-catalyzed olefin polymeri-
zation.28 A lower activity for hafnocene- as opposed to
zirconocene-catalyzed polymerization is also expected, although
it has been shown that hafnocenes can give very high activity
when used together with a borate activator.28c

In addition to varying the substituent in zirconocenes of type
(C5H4R)2ZrCl2, the effect of increasing the number of substit-
uentswasinvestigated.Theresultsobtainedwith(C5HnR5-n)2ZrCl2
are shown in Table 2, from which it is apparent that low
activities were obtained with methyl-substituted zirconocenes,
irrespective of the number of methyl substituents. However, a
6-fold increase in activity was observed on going from 1,3-
dimethyl to 1-methyl-3-n-butyl substitution in the cyclopenta-
dienyl ring, again underlining the positive effect of a longer
alkyl group.

The effect of alkyl substitution in only one of the cyclopen-
tadienyl rings was investigated using (Cp)(RCp)ZrCl2, synthe-
sized by the reaction of [C5H4R]Li with CpZrCl3, as described
in the Experimental Section. The X-ray crystal structure of (Cp)-
(n-BuCp)ZrCl2 is shown in Figure 1. The polymerization results
in Table 3 show that the activities of these complexes,
immobilized on the same support, are intermediate between
those of Cp2ZrCl2 and (RCp)2ZrCl2. In other words, an alkyl
(in particular,n-propyl or n-butyl) substituent in each cyclo-
pentadienyl ring is required for high activity.

The above polymerization studies consistently gave spherical
polymer particle morphology, with no evidence of reactor
fouling. A scanning electron micrograph of polyethylene
produced with immobilized (n-BuCp)2ZrCl2 is shown in Figure
2, demonstrating that the spherical morphology of the original
support had been retained and replicated throughout catalyst
immobilization and polymerization.

Effect of Support Composition.Previous studies have shown
variations in the activity of a bis(imino)pyridyl iron complex
immobilized on different batches of MgCl2/AlEtn(OEt)3-n

support, indicating that the support composition can have a
significant effect on catalyst activity.9g This should also be the
case for zirconocene activation on similar supports, taking into
account the importance of acidic surface sites in the generation
of active species.12a,29In order to determine the effect of support
composition, three different MgCl2‚nEtOH starting materials
were used, each of which were reacted either once or twice
with AlEt3. The compositions of the supports obtained are given
in Table 4. It is apparent that in each case a second treatment
with AlEt3 resulted in an increase in the Al content and a

Table 2. Effect of Number of Substituents in (C5HnR5-n)2ZrCl 2

Immobilized on a MgCl2-Based Supporta

Cp ring
substitution

activity
(kg/mol of
Zr h bar)

Tm2

(°C)
øc

(%)
Mn

(g/mol)
Mw

(g/mol) Mw/Mn

1,3-Me2 140 135.2 47.1 172 000 474 000 2.8
1-Me-3-n-Bu 880 135.9 54.3 217 000 467 000 2.2
1,2,4-Me3 120 136.1 50.1 184 000 430 000 2.3
Me4 140 139.2 47.3 119 000 392 000 3.3
Me5 180 139.2 47.3 148 000 391 000 2.6

a Support composition: MgCl2‚0.30AlEt2.46(OEt)0.54. Polymerization
conditions: 500 mL of light petroleum, immobilized catalyst 100 mg (1
µmol Zr), AlEt3 1 mmol, 50°C, ethylene pressure 5 bar, time 1 h.

Figure 1. ORTEP view of [Zr(η5-C5H5)(η5-C5H4{CH2CH2CH2CH3})-
Cl2].

Table 3. Ethylene Polymerization Using Cp(RCp)ZrCl2 Immobilized
on a MgCl2-Based Supporta

R

activity
(kg/mol of
Zr h bar)

Tm2

(°C)
øc

(%)
Mn

(g/mol)
Mw

(g/mol) Mw/Mn

propyl 740 135.6 51.6 150 000 415 000 2.8
butyl 1020 135.5 51.4 148 000 404 000 2.7
pentyl 460 134.9 50.3 134 000 416 000 3.1

a Support composition: MgCl2‚0.30AlEt2.46(OEt)0.54. Polymerization
conditions: 500 mL of light petroleum, immobilized catalyst 100 mg (1
µmol Zr), AlEt3 1 mmol, 50°C, ethylene pressure 5 bar, time 1 h.

Figure 2. Scanning electron micrograph of polyethylene (entry 5, Table
1) prepared using (n-BuCp)2ZrCl2 immobilized on a MgCl2/AlEtn-
(OEt)3-n support.
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decrease in the residual ethoxide content of the final support,
although the differences are fairly small. It is likely that the
residual ethoxide is present in the form of coordinatively bridged
species of type Mg-O(Et)-Al, which cannot be easily removed
from the support surface.9a The catalyst activities in Table 4
indicate that an additional treatment with AlEt3 leads to small
increases in activity for the supports prepared from MgCl2‚
1.1EtOH and MgCl2‚2.8EtOH. Very low activities were obtained
with the MgCl2‚2.1EtOH support precursor. It is probable that
the different activities obtained with the respective support
precursors are related more to particle porosity than to chemical
composition. Substantially dealcoholated supports such as
MgCl2‚1.1EtOH have porosities in the range 0.40-0.60 mL/g,
whereas the porosities of supports with a EtOH/MgCl2 molar
ratio> 2 are in the 0.10-0.15 mL/g range.30 The most effective
supports are those having high porosity.7 The difference in the
activities obtained with the less porous MgCl2‚2.1EtOH and
MgCl2‚2.8EtOH supports is likely to be due to their different
particle sizes, the latter support having much smaller particle
size. It can be seen from Table 4 that moderate activity could
also be achieved using ball-milled magnesium chloride, indicat-
ing that the presence of alkylaluminum alkoxide species in the
support is not necessary for catalyst activation.

High catalyst activities were obtained with a support of
composition MgCl2‚0.17AlEt1.92(OEt)1.08, obtained from the
reaction of MgCl2‚1.1EtOH with AlEt3. The results in Table 5
show that with this support (n-PrCp)2ZrCl2 gave an activity of
7200 kg/mol bar h at 50°C, demonstrating the possibility of
obtaining high activity with a MgCl2-immobilized zirconocene
without the use of an aluminoxane or borate activator. In a
previous study, we have observed that titanocene dichloride
could be activated on a MgCl2/AlEtn(OEt)3-n support even
without the use of additional aluminum alkyl.9a In the present
work it was found that injection of immobilized (n-PrCp)2ZrCl2
into the polymerization reactor in the absence of a cocatalyst
did not result in any observable uptake of ethylene. Subsequent
injection of AlEt3 did result in polymerization, however,
demonstrating its function as a cocatalyst and not merely as a

scavenger. An aluminum alkyl is of course required for the
formation of a zirconium-carbon bond, and the formation of
active zirconocenium species is dependent on both the acidic
nature of the support and the alkylating power of the cocatalyst.

Comparison of Homogeneous and Heterogeneous Catalyst
Systems. In order to gain more insight into the effects of
immobilization and the efficiency of active site formation with
MgCl2-immobilized zirconocenes, a series of reference poly-
merizations was carried out without immobilization on a support,
using MAO as the cocatalyst. The results in Table 6 show that,
for a given Al/Zr ratio, all the alkyl-substituted zirconocenes
had higher activities than Cp2ZrCl2 under homogeneous po-
lymerization conditions. At an Al(MAO)/Zr ratio of 1000, (n-
PrCp)2ZrCl2 gave an activity similar to that obtained using a
MgCl2/AlEtn(OEt)3-n support and AlEt3 as the cocatalyst (Table
5, entry 2). In the absence of the support, AlEt3 was ineffective
as the cocatalyst, giving an activity of only 240 kg/mol bar h at
an Al/Zr molar ratio of 1000, in stark contrast to the>7000
kg/mol bar h obtained with MAO and with AlEt3 after
immobilization. In the immobilized system, the magnesium
chloride support clearly plays an important role in the generation
of active species. However, the activities of the immobilized
systems only approached those of the MAO-activated, homo-
geneous systems when the “low” Al(MAO)/Zr ratio of 1000
was used. Increasing this ratio to 10000 resulted in much higher
activities, as can be seen from entries 2 and 7 in Table 6. The
requirement for a large excess of MAO for the effective
activation of metallocenes is well-known, and differences in
polymerization activity at different MAO/Zr ratios have been
linked to different proportions of active species.31 Whereas large
quantities of MAO are required to activate zirconocene dichlo-
rides, conversion of the dichloride to a dimethyl or dibenzyl
analogue enables effective activation at relatively low MAO/
Zr ratios.32 The low activity of zirconocene dichlorides at low
MAO concentrations was attributed to the negative role of the
[MAO-Cl]- counterion in the activation process. Deffieux and

Table 4. Effect of Support Composition on Ethylene Polymerization Using (n-PrCp)2ZrCl 2
a

starting materialb
AlEt3

treatments
Al

(wt %)
OEt

(wt %) overall composition

activity
(kg/mol of
Zr h bar)

MgCl2‚1.1EtOH 1 4.12 7.89 MgCl2‚0.18AlEt1.85(OEt)1.15 3940
MgCl2‚1.1EtOH 2 4.53 5.84 MgCl2‚0.20AlEt2.23(OEt)0.77 4300
MgCl2‚2.1EtOH 1 7.50 5.33 MgCl2‚0.40AlEt2.57(OEt)0.43 200
MgCl2‚2.1EtOH 2 8.10 5.16 MgCl2‚0.45AlEt2.62(OEt)0.38 160
MgCl2‚2.8EtOH 1 7.06 6.43 MgCl2‚0.37AlEt2.45(OEt)0.55 880
MgCl2‚2.8EtOH 2 7.56 5.84 MgCl2‚0.40AlEt2.53(OEt)0.47 1160
MgCl2c MgCl2 720

a Polymerization conditions: 500 mL of light petroleum, immobilized catalyst 100 mg (1µmol Zr), AlEt3 1 mmol, 50°C, ethylene pressure 5 bar, time
1 h. b Particle size (d50): MgCl2‚1.1EtOH, 82µm; MgCl2‚2.1EtOH, 61µm; MgCl2‚2.8EtOH, 15µm. c Ball-milled MgCl2.

Table 5. Ethylene Polymerization Using (C5H4R)(C5H4R′)ZrCl 2 on a
Support of Composition MgCl2‚0.17AlEt1.92(EtO)1.08

a

entry R R′

activity
(kg/mol of
Zr h bar)

1 H Pr 1500
2 Pr Pr 7200
3 H Bu 1760
4 Bu Bu 4160
5 H pentyl 1060
6 pentyl pentyl 3560
7 dodecyl dodecyl 2400

a Polymerization conditions: 500 mL of light petroleum, immobilized
catalyst 100 mg (1µmol Zr), AlEt3 1 mmol, 50°C, ethylene pressure 5
bar, time 1 h.

Table 6. Ethylene Polymerization Using Homogeneous
(C5H4R)(C5H4R′)ZrCl 2/MAO Catalystsa

entry R R′ Al/Zr

activity
(kg/mol of
Zr‚h.bar)

Mw
(g/mol)

Mn
(g/mol) Mw/Mn

1 H H 1 000 880 297 000 92 000 3.2
2 H H 10 000 5 480 392 000 183 000 2.1
3 H Pr 1 000 6 160 489 000 245 000 2.0
4 H Bu 1 000 10 160 494 000 248 000 2.0
5 H pentyl 1 000 2 160 566 000 238 000 2.4
6 Pr Pr 1 000 7 600 482 000 244 000 2.0
7b Pr Pr 10 000 53 400 347 000 175 000 2.0
8 Bu Bu 1 000 6 120 467 000 225 000 2.1
9 pentyl pentyl 1 000 3 000 551 000 260 000 2.1

10 dodecyl dodecyl 1 000 2 530 545 000 234 000 2.3

a Polymerization conditions: 500 mL of light petroleum, catalyst 1.0
µmol, 50 °C, ethylene pressure 5 bar, time 30 min.b Polymerization time
10 min.
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co-workers have also reported that the amount of MAO required
for catalyst activation could be decreased by precontacting the
zirconocene and MAO in dichloromethane.31 In the present
work, however, it was found that the use of dichloromethane
rather than toluene for the immobilization of (n-BuCp)2ZrCl2
on a support MgCl2‚0.17AlEt1.92(OEt)1.08did not lead to higher
activity, the respective activities being 3800 and 3960 kg/mol
bar h.

Effects of Cocatalyst and Temperature.To compare the
cocatalyst effects in the homogeneous polymerizations with
those in heterogeneous polymerization, various aluminum alkyls
and aluminoxanes were used as cocatalysts in polymerizations
with (n-PrCp)2ZrCl2 immobilized on MgCl2/AlEtn(OEt)3-n. The
results in Table 7 show that the use of MAO gave a slightly
higher activity than AlEt3. However, MAO also gave serious
reactor fouling, indicative of catalyst leaching from the support.
Good particle morphology, with no trace of leaching, was
obtained with AlEt3, Al iBu3, and iBu2AlOAl iBu2.

After this initial screening, the effects of various cocatalysts
were investigated at polymerization temperatures of 50 and
70 °C. These experiments were carried out using not only (n-
PrCp)2ZrCl2 but also (n-PrCp)2ZrMe2, derived from the dichlo-
ride by reaction with MgMeBr, following procedures similar
to those reported by Otero and co-workers.33 The results
obtained are given in Tables 8 and 9 and reveal a number of
significant findings. First, the relative activities obtained with
AlEt3 and AliBu3 were strongly dependent on the polymerization
temperature, with AlEt3 giving high activity at 50°C, whereas
at 70°C the highest activities were obtained with AliBu3. The
activities in the range 11 000-13 000 kg/mol bar h achieved
in these experiments are particularly high and it may be noted
that these polymerizations were carried out with a batch of
support having a relatively low residual ethoxide content,
providing a further indication of the dependence of catalyst
activity on support composition. The different effects obtained
with AlEt3 and AliBu3 were found to be due to a relatively rapid
decay in activity when using AlEt3 as the cocatalyst at 70°C.
Rapid deactivation was also observed with AlEt2Cl. Activity
profiles for polymerizations carried out at 70°C, apparent from
changes in monomer mass flow, are shown in Figure 3. With
both (n-PrCp)2ZrCl2 and (n-PrCp)2ZrMe2, a rapid decrease in
activity in the early stages of polymerization is apparent using
AlEt3, whereas the use of AliBu3 as the cocatalyst results in an
initial increase in activity, after which the activity decreases
relatively slowly. Figure 3 also shows that increasing the AliBu3

concentration from 1 to 3 mmol/L led to a further stabilization
of the polymerization activity. The stabilizing effect of AliBu3

may be due to the negligible tendency of an isobutyl group to
bridge between Zr and Al, avoiding deactivation via the
formation of alkylidene species analogous to those of type [L2-
Zr(µ-CH2)(µ-Me)AlMe2]+ that can arise in zirconocene/MAO
systems.34 The polyethylene molecular weight data in Tables 8

and 9 show that in all cases a narrow molecular weight
distribution was obtained, withMw/Mn values in the range 2.0-
2.2.

A further observation that can be made from the results
presented in Tables 8 and 9 concerns the similarity in the
activities (and also the molecular weights) obtained with (n-
PrCp)2ZrCl2 and (n-PrCp)2ZrMe2. In other words, prealkylation
of the catalyst prior to immobilization does not, in most cases,
lead to increased activity, signifying that the limiting factor in
the generation of active species in this system is not the
alkylation step. Further polymerizations with a series of zir-
conocenes of type (RCp)2ZrX2, where R was varied from H up
to dodecyl, were carried out at 50°C and with AlEt3 as the
cocatalyst to compare the effect of prealkylation. The results
in Table 10 reveal a consistent trend of somewhat lower activity
with (RCp)2ZrMe2 compared to the parent dichloride.

Effect of Catalyst Loading on the Support. In a previous
study, involving the immobilization and activation of titanocenes
and half-titanocenes on MgCl2-based supports, it was found that
the catalyst activity increased as its loading on the support was
lowered.9b Echevskaya et al. have found similar effects with a
Ziegler-Natta catalyst of type MgCl2/TiCl4 and reported that
the proportion of active centers increased greatly when the
titanium loading was lowered to less than 0.1 wt %.35 These
results indicate that magnesium chloride supports contain
relatively low proportions of surface coordination sites for
effective catalyst activation. We therefore investigated the effect
of different loadings of various catalysts on a MgCl2/AlEtn-
(OEt)3-n support. The results in Table 11 show that, with (n-
PrCp)2ZrCl2 as the catalyst and AlEt3 as the cocatalyst, the
activity increased from 1560 to 17 600 kg/mol bar h on
decreasing the loading from 50 to 1µmol/g. A similar trend
was found wheniBu2AlOAl iBu2 was employed as the cocata-
lyst.

Further experiments to determine the effects of loading were
carried out at 70°C with a support of composition MgCl2‚
0.25AlEt2.51(EtO)0.49and with AliBu3 as the cocatalyst, the data
in Tables 8 and 9 having shown that the highest activities were
obtained under these conditions. It was found that, when the
catalyst loading was decreased to 1µmol/g, the activities
obtained with (n-PrCp)2ZrCl2 and (n-PrCp)2ZrMe2 were 44 000
and 28 600 kg/mol bar h, respectively. These are spectacularly
high activities, but it should be taken into account that an activity
of 44 000 kg/mol bar h at a catalyst loading of 1µmol/g
corresponds to a productivity of only 44 g/(g support) bar h.

In order to establish a broader picture of the effect of catalyst
loading on activity, polymerizations were also carried out with
vanadium complexes containing amidinate36 or pincer37 ligands.
Complexes having heteroatom-containing ligands are considered8e

to be particularly suitable for immobilization on MgCl2 supports,
although the above results show that certain MgCl2-immobilized
metallocenes can also give high activity even though no
heteroatom is present in the ligand. We have previously shown
that the amidinate complex{PhC(NSiMe3)2}VCl2(THF)2 (1,
Scheme 1) can be immobilized and activated on MgCl2/AlEtn-
(OEt)3-n, with retention of its single-center characteristics.9c

Recently, it has been found that the pincer complex2 (Scheme
1) gives very high polymerization activity when immobilized
on MgCl2-based supports.37 The effects of loading with these
amidinate and pincer complexes are given in Tables 12 and 13,
respectively. It is apparent that these complexes also give higher
activity as the loading is decreased, although the effect is not
quite as large as with the zirconocene. For example, a decrease
in loading from 20 to 1µmol/g increased the zirconocene

Table 7. Effect of Cocatalyst in Ethylene Polymerization Using
(n-PrCp)2ZrCl 2 on a Support of Composition

MgCl2‚0.17AlEt1.92(EtO)1.08
a

cocatalyst

activity
(kg/mol of
Zr h bar)

Tm2

(°C)
øc

(%)

AlEt3 7200 135.8 57.2
MAO 8560 136.4 55.5
AliBu3 3440 135.6 58.7
iBu2AlOAl iBu2 5420 136.3 57.1

a Polymerization conditions: 500 mL of light petroleum, immobilized
catalyst 100 mg (1µmol Zr), cocatalyst1 mmol, 50°C, ethylene pressure
5 bar, time 1 h.
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activity by a factor 5.5, whereas the activity of the vanadium
pincer complex2 increased by a factor 3.5. Furthermore, it is
apparent from Table 13 that complex2 gave an activity greater
than 5000 kg/mol bar h even at a high loading of 40µmol/g,
making it more attractive than the Zr-based system in terms of
kg of polymer obtainable per g of support.

UV-Visible Studies on Zirconocene Immobilization and
Activation. It is well documented that the active species in
zirconocene-catalyzed olefin polymerization are zirconocenium
cations. The formation of cationic active species in the presence
of MAO has been detected by X-ray photoelectron spectroscopy

(XPS) as well as by1H and 13C NMR.38,39 A particularly
convenient method for the investigation of zirconocene alky-
lation and activation by aluminoxanes is ultraviolet-visible
(UV-vis) spectroscopy.40 The ligand to metal charge-transfer
bands in the UV-vis spectrum of a zirconocene are sensitive
to changes in the electron density on zirconium. Replacement
of a chlorine by a methyl group leads to a hypsochromic shift
to lower wavelength due to a decrease in net positive charge
on the metal atom, whereas a bathochromic shift to higher
wavelength is indicative of the formation of cationic active
species. UV-vis spectra taken at various time intervals in the

Table 8. Effect of Cocatalyst and Temperature on Ethylene Polymerization Activity Using (n-PrCp)2ZrCl 2 on a Support of Composition
MgCl2‚0.25AlEt2.51(EtO)0.49

a

entry cocatalyst
temperature

(°C)

activity
(kg/mol of
Zr h bar)

Tm2

(°C)
øc

(%)
Mw

(g/mol)
Mn

(g/mol) Mw/Mn

1 AlEt3 50 9 360 135.9 62.1 250 300 120 000 2.1
2 AlEt3 70 3 900 134.7 60.3 185 300 89 100 2.1
3 AliBu3 50 8 960 136.1 60.4 212 800 104 300 2.0
4 AliBu3 70 12 680 135.3 61.3 179 300 86 000 2.1
5b Al iBu3 70 11 660 135.8 63.2
6 iBu2AlOAl iBu2 50 9 080 135.7 60.5 212 600 102 900 2.1
7 iBu2AlOAl iBu2 70 10 400 134.6 60.8
8 AlEt2Cl 50 2 000 135.3 59.7 265 100 121 500 2.2
9 AlEt2Cl 70 200 133.4 62.0

a Polymerization conditions: 500 mL of light petroleum, immobilized catalyst 100 mg (1µmol Zr), cocatalyst1 mmol, ethylene pressure 5 bar, time 1
h. b 3 mmol AliBu3.

Table 9. Effect of Cocatalyst and Temperature on Ethylene Polymerization Activity Using (n-PrCp)2ZrMe 2 on a Support of Composition
MgCl2‚0.25AlEt2.51(EtO)0.49

a

entry cocatalyst
temperature

(°C)

activity
(kg/mol of
Zr h bar)

Tm2

(°C)
øc

(%)
Mw

(g/mol)
Mn

(g/mol) Mw/Mn

1 AlEt3 50 5 860 135.4 58.0 253 400 119 100 2.1
2 AlEt3 70 3 700 134.9 60.1 189 100 91 200 2.1
3 AliBu3 50 9 800 136.3 59.3 203 900 97 800 2.1
4 AliBu3 70 11 640 135.3 62.3 175 500 82 800 2.1
5b Al iBu3 70 10 800 135.2 62.9
6 iBu2AlOAl iBu2 50 9 000 135.9 59.5 204 400 97 200 2.1
7 iBu2AlOAl iBu2 70 9 360 135.2 62.7
8 AlEt2Cl 50 2 220 135.4 58.8 272 300 126 200 2.2
9 AlEt2Cl 70 240 133.8 64.2

a Polymerization conditions: 500 mL of light petroleum, immobilized catalyst 100 mg (1µmol Zr), cocatalyst1 mmol, ethylene pressure 5 bar, time 1 h.
b 3 mmol of AliBu3.

Figure 3. Rate-time profiles for polymerizations carried out at 70°C with (a) (n-PrCp)2ZrCl2 and (b) (n-PrCp)2ZrMe2 immobilized on a MgCl2/
AlEtn(OEt)3-n support. Cocatalyst:b, Al iBu3 (1 mmol); 2, Al iBu3 (3 mmol); 9, AlEt3 (1 mmol).
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reaction of (n-BuCp)2ZrCl2 with MAO in toluene, at an Al/Zr
ratio of 3000 and a MAO concentration of 1 mol/L, are shown
in Figure 4. Alkylation of the zirconocene is apparent from a
hypsochromic shift of the main absorption band, while the
gradual formation of cationic species is evident from the
formation of an absorption band at around 365-370 nm.

In the present work, UV-vis was also found to be useful to
investigate the rate of immobilization of a zirconocene on a
support, by following the decrease in UV-vis absorbance from
solution when the zirconocene was brought into contact with a
support of composition MgCl2‚0.14AlEt1.92(OEt)1.08. These
experiments were carried out in a sealed 1.4 mL cuvette,
containing 100 mg of support and 1µmol zirconocene dissolved
in 1 mL of toluene. The immobilization rate was found to be
strongly related to catalyst structure. As can be seen from Figure
5, the uptake of Cp2ZrCl2 from solution was much slower than
that of (EtCp)2ZrCl2 or (n-PrCp)2ZrCl2, indicating a beneficial
effect of an electron-donating alkyl substituent in the cyclo-
pentadienyl ring on the rate of immobilization on the support.
However, this does not explain the different activities obtained
with these systems, as the data in Table 1 show that, despite
their similar ease of immobilization, (EtCp)2ZrCl2 gives much
lower activity than (n-PrCp)2ZrCl2. A somewhat lower rate of
immobilization was observed with (i-PrCp)2ZrCl2 (Figure 6a),
but the rate of immobilization of (n-PrCp)2ZrMe2 (Figure 6b)
was similar to that of (n-PrCp)2ZrCl2. UV-vis spectroscopy
can also be used to study species formed after immobilization,
and silica-supported metallocenes have been investigated by
various groups.41 However, UV-vis spectra of MgCl2-im-
mobilized zirconocenes prepared in the present studies failed
to provide useful information, probably as a result of the low
catalyst loading on the support.

General Considerations.It is interesting to compare the large
effects of cyclopentadienyl ring substitution on the activation
of MgCl2-immobilized zirconocenes with results obtained by
Resconi et al. usingiBu2AlOAl iBu2.42 The latter aluminoxane

Table 10. Ethylene Polymerization Using (RCp)2ZrX 2 (X ) Cl or
Me) on a Support of Composition MgCl2‚0.25AlEt2.51(EtO)0.49

a

entry R X

activity
(kg/mol of
Zr h bar)

Tm2

(°C)
øc

(%)

1 H Cl 300 134.7 52.9
2 H Me 240 134.0 51.1
3 Et Cl 480 135.2 54.8
4 Et Me 400 135.4 54.6
5 Bu Cl 5540 135.2 59.9
6 Bu Me 4560 135.1 58.8
7 pentyl Cl 4480 136.1 58.1
8 pentyl Me 3720 135.8 59.5
9 dodecyl Cl 2880 133.9 58.3

10 dodecyl Me 2100 135.1 57.7

a Polymerization conditions: 500 mL of light petroleum, immobilized
catalyst 100 mg (1µmol Zr), AlEt3 1 mmol, 50°C, ethylene pressure 5
bar, time 1 h.

Table 11. Effect of Catalyst Loading on Ethylene Polymerization
Activity Using (n-PrCp)2ZrCl 2 on a Support of Composition

MgCl2‚0.22AlEt2.35(EtO)0.65
a

loading
(µmol/g) cocatalyst

activity
(kg/mol of
Zr h bar)

Tm2

(°C)
øc

(%)

1 AlEt3 17 600 134.8 58.1
5 AlEt3 7 840 135.6 57.6

10 AlEt3 6 520 135.0 56.7
20 AlEt3 3 200 135.7 57.3
50 AlEt3 1 560 136.0 57.9
1 iBu2AlOAl iBu2 14 400 135.1 58.2
5 iBu2AlOAl iBu2 4 000 135.9 58.1

10 iBu2AlOAl iBu2 3 300 135.5 59.1
20 iBu2AlOAl iBu2 2 720 137.2 59.2

a Polymerization conditions: 500 mL of light petroleum, immobilized
catalyst 100 mg (0.1-5 µmol Zr), cocatalyst1 mmol, 50°C, ethylene
pressure 5 bar, time 1 h.

Scheme 1. Structures of Vanadium Amidinate and Pincer
Complexes

Table 12. Effect of Catalyst Loading on Ethylene Polymerization
Activity Using a Vanadium Amidinate Complex (1) on a Support of

Composition MgCl2‚0.22AlEt2.35(EtO)0.65
a

loading
(µmol/g)

activity
(kg/mol of
V h bar)

Tm2

(°C)
øc

(%)

1 9000 135.6 46.3
5 3880 135.5 47.7

10 3040 135.7 45.2
20 2080 136.1 48.5

a Polymerization conditions: 500 mL of light petroleum, immobilized
catalyst 100 mg (0.1-2 µmol V), AlEt3 1 mmol, 50°C, ethylene pressure
5 bar, time 1 h.

Table 13. Effect of Catalyst Loading on Ethylene Polymerization
Activity Using a Vanadium Pincer Complex (2) on a Support

MgCl2‚0.22AlEt2.35(EtO)0.65
a

loading
(µmol/g)

activity
(kg/mol of V

h bar)
Tm2

(°C)
øc

(%)

1 26 400 136.2 41.5
5 12 400 136.0 42.4

10 8 600 136.0 42.7
20 7 480 135.7 43.2
40 5 560 136.6 41.2

a Polymerization conditions: 500 mL of light petroleum, immobilized
catalyst 100 mg (0.1-4 µmol V), Al iBu3 2 mmol, 50°C, ethylene pressure
5 bar, time 1 h.

Figure 4. UV-vis determination of the reaction of (n-BuCp)2ZrCl2
with MAO in toluene (Al/Zr ) 3000).
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was found to be able to activate (RCp)2ZrCl2 but not Cp2ZrCl2.
It was suggested thatiBu2AlOAl iBu2 was insufficiently Lewis
acidic to activate Cp2ZrCl2, but activation became possible when
an electron-donating substituent was present in the ligand.
Likewise, recent studies with an AlPO4 support and AliBu3 have
indicated much easier activation with (n-BuCp)2ZrCl2 than with
Cp2ZrCl2.43 A particularly strong effect of an electron-donating
substituent on metallocene activation has been noted with siloxy-
substitutedansa-zirconocenes.40e,44Electron donation from the
siloxy group was proposed to decrease the local Lewis acidity
of the Zr atom, influencing alkylation and/or ionization and
weakening the coordination of the MAO counterion, so that high
activities could be obtained at low Al/Zr ratios. Bryliakov et
al.39d,e have investigated the active intermediates formed on
contacting zirconocenes of type (RCp)2ZrCl2 with MAO.
Increased ethylene polymerization activity with increasing
MAO/Zr was ascribed to the formation of [(RCp)2Zr(µ-
Me)2AlMe2]+[Me-MAO]-, the main precursor for the active
species in that system. At a MAO/Zr ratio of 1000, the activities
obtained39ewith Cp2ZrCl2 and (n-BuCp)2ZrCl2 differed by less
than 30%, however, whereas in the present work (Tables 1 and
6) and in ref 23, large differences in activity were noted. Other
reports, describing zirconocenes immobilized on MgCl2 or SiO2/
MAO and used with MAO as the cocatalyst, have even indicated
lower activity for (n-BuCp)2ZrCl2 than for Cp2ZrCl2.13d,26 A
uniform picture of the effect of cyclopentadienyl ring substitu-

tion on catalyst activity in ethylene polymerization is therefore
lacking.

Our results indicate that, in both MgCl2-immobilized and
homogeneous systems, much higher activities are obtained with
(n-PrCp)2ZrCl2 or (n-BuCp)2ZrCl2 than with Cp2ZrCl2. The
requirement for a linear alkyl substituent having at least three
carbon atoms is in agreement with the results presented by Rytter
and co-workers23 and supports their proposal of a strong agostic
interaction between Zr and aγ-H on the alkyl substituent R in
(RCp)2ZrCl2. Immobilization and activation of a zirconocene
on the MgCl2/AlEtn(OEt)3-n supports used in the present studies
is clearly impeded by the introduction of branched alkyl
substituents. Zirconocenes of type L2ZrMe2 are immobilized as
easily as L2ZrCl2 but do not give increased activity. The limiting
factor in achieving high activity with MgCl2-immobilized
zirconocenes is therefore not the alkylation step but the
generation of active species on the support. The large increase
in catalyst activity observed when the loading on the support is
decreased indicates that catalyst activation is by no means
quantitative, but the very high activities obtained at low loading
demonstrate that a limited number of highly active catalytic
centers can be generated in these systems.

The nature of the active species present in MgCl2-supported
catalysts is still far from being resolved. This applies both to
immobilized single-center catalysts and to Ziegler-Natta cata-
lysts. For the latter, a fundamental question is whether the active

Figure 5. UV-vis determination of the rate of immobilization on a MgCl2/AlEtn(OEt)3-n support of (a) Cp2ZrCl2, (b) (EtCp)2ZrCl2, and (c)
(n-PrCp)2ZrCl2.

Figure 6. UV-vis determination of the rate of immobilization on a MgCl2/AlEtn(OEt)3-n support of (a) (i-PrCp)2ZrCl2 and (b) (n-PrCp)2ZrMe2.
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species derive from TiCl4 adsorption on the (100) or the (110)
face of MgCl2. Modeling studies carried out by Cavallo and
co-workers have indicated that, for monomeric TiCl4, coordina-
tion on the (110) face is favored.45 The most stable geometry
of TiCl4 epitactically adsorbed on the (110) face of MgCl2 is
one in which the Ti atom is octahedrally coordinated, but
adsorption of a metallocene on the (110) face is more likely to
occur via bridging coordination to a single Mg atom, as
illustrated in Scheme 2a for Cp2ZrMe2.46 A second possibility
for adsorption of a metallocene on MgCl2 is illustrated in
Scheme 2b; in this case, coordination of the zirconocene on
the (100) face of MgCl2 is analogous to that of a single TiCl4

molecule. Abstraction of a methyl group from either of the
species depicted in Scheme 2 will give rise to a zirconocenium
cation potentially active in polymerization. The formation of
catalytically active species will therefore depend on which
crystallite faces of MgCl2 are formed in the support preparation,
the energetics of formation of adsorbed species on a particular
crystallite face, and the ease of cationization of such species.
For the present supports, another factor to be taken into account
is competition between the metallocene and residual alkylalu-
minum ethoxide species with respect to coordination on MgCl2

surface sites. An alkoxy group can also form a strong bridge
between Al and Zr in complexes of R2AlOR′ with Cp2ZrX2 (X
) Cl or Me), although no reaction takes place between the
zirconocene and strongly associated dimers of type R2Al(µ-
OR′)2AlR2.47 Supports containing relatively low contents of
residual ethoxide would therefore be expected to give the highest
activities for immobilized zirconocenes, and this is in line with
the trends observed in the present work.

Conclusions

The activity in ethylene polymerization of zirconocenes of
type (RCp)2ZrCl2, immobilized on MgCl2-based supports and
used with AlEt3 or AliBu3 as the cocatalyst, is strongly
dependent on the substituent R. High activity can be achieved
when R is a linear alkyl chain containing at least three carbon
atoms, indicating the probability of aγ-agostic interaction
between the metal center and a hydrogen on the alkyl substitu-
ent. Positive effects of an alkyl substituent in one or both
cyclopentadienyl rings of a zirconocene are also apparent in
MAO-activated homogeneous polymerization. For the im-

mobilized systems, relatively low activity is obtained when R
is H, Et, i-Pr, or t-Bu. The activity is also dependent on the
loading of metallocene on the support and is highest at very
low loadings. Similar effects with other immobilized single-
site catalysts, as well as MgCl2/TiCl4 Ziegler-Natta catalysts,
indicate a relatively low proportion of highly active species in
these systems. The limiting factor in the AlR3-assisted activation
of a zirconocene immobilized on MgCl2 is not the alkylation
step; activities obtained with (RCp)2ZrMe2 are slightly lower
than those obtained using (RCp)2ZrCl2. The dimethyl derivatives
were immobilized as easily as the parent dichlorides, indicating
that effective immobilization on the support is not dependent
on the presence of a Cl bridge between Mg and Zr.

The MgCl2 support plays an important role in the generation
of active species, and activity is influenced by support composi-
tion, the highest activities being obtained with supports of the
type MgCl2/AlEtn(OEt)3-n with relatively low ethoxide contents.
The stability of the polymerization activity is dependent on the
aluminum alkyl used as a cocatalyst. At 50°C AlEt3 gives higher
activities than AliBu3, but at 70°C the highest activities are
achieved with AliBu3, as a result of relatively little decay in
activity during polymerization.

Further studies are in progress to define the nature of the
active species in these and other catalysts, with particular
reference to the similarities and differences between support-
catalyst interaction in MgCl2-immobilized single-center catalysts
and in related Ziegler-Natta systems.
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1030-1034. (e) Ma¨kelä-Vaarne, N. I.; Linnolahti, M.; Pakkanen, T.
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