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Abstract—Immobilization and activation of a broad range of titanium-, chromium- and nickel-based single-
site catalysts for ethylene polymerization has been carried out using supports of type MgCIL,/AIR,(OEt); _,,
prepared by reaction of AIR; with adducts of magnesium chloride and ethanol. The spherical particle morphol-
ogy of the support is retained and replicated during catalyst immobilization and polymerization, yielding poly-
ethylenes with controlled particle size and morphology. The single-site nature of these catalysts is also retained,
giving polymers with narrow molecular weight distribution. Furthermore, very high catalyst activities can be
obtained as a result of a stabilizing effect of the support, which prevents the rapid decay in activity often
observed in homogeneous polymerization with these catalysts.
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INTRODUCTION

In recent years, considerable research efforts have
been applied to the development of effective techniques
for the immobilization of homogeneous, single-site cat-
alysts for olefin polymerization, an essential prerequi-
site for the widespread implementation of such cata-
lysts in polyolefins production [1]. The most commonly
used support for the immobilization of a single-site cat-
alyst is silica, but several groups have investigated the
use of magnesium chloride, either as support or as
(co)activator for a single-site catalyst. Marks [2]
showed that (CsMes),ThMe, can be activated by
MgCl,, the Lewis acidity of the latter leading to
abstraction of a methide anion and generation of a cat-
alytically active center. Soga and Kaminaka [3, 4] used
MgCl, in combination with a zirconocene catalyst and
AIR;, while Kissin et al. [5] used mixtures of MgR, and
AIR,CI (generating MgCl, and AIR;) as cocatalyst
components for olefin polymerization using various
metallocenes. An important feature of magnesium
chloride—based supports for single-site catalysts, which
will be highlighted in the present contribution, is the
stabilization of the active species. Sivaram [6] found
stable kinetics in ethylene polymerization after immo-
bilizing Cp,TiCl, on a MgCl,-based support, in contrast
to the rapid decay normally observed with such metal-
locenes under homogeneous polymerization condi-
tions.

A particularly useful approach for the preparation of
magnesium chloride-based supports that are not only
effective for single-site catalyst immobilization and

! The text was submitted by the authors in English.

activation but can also provide excellent control over
the particle morphology of the resulting polymer
involves the use of MgCl,/alcohol adducts. Spherical
supports of type MgCl, - nEtOH are well established as
starting materials in Ziegler—Natta catalyst production
[7]. Some years ago, it was demonstrated that effective
single-site catalyst immobilization of a metallocene
could be achieved by partial dealcoholation of an
adduct MgCl, - 3EtOH, followed by reaction with AIR;
and subsequently with a metallocene [8]. Subsequently,
other groups employed similar approaches for the
immobilization of methylaluminoxane (MAO) and/or a
metallocene [9-11].

Another recent approach to the use of MgCl,/alcohol
adducts in catalyst immobilization and activation com-
prises the reaction of Al(i-Bu); with a hydrocarbon
solution of a MgCl,/2-ethylhexanol adduct, leading to
the precipitation of a MgCl,/Al(i-Bu),(OR);_,, support.
These supports proved to be very effective for the acti-
vation of Ti-, Zr- and V-based FI catalysts, giving well-
defined polymer particle morphology and activities
comparable with those obtained via activation with
MAO [12, 13].

In the present work, we have investigated the use of
supports of type MgCl,/AIR,(OEt);_, obtained by
reaction of AlEt; or Al(i-Bu); with adducts of mag-
nesium chloride and ethanol, for the immobilization
and activation of a wide range of single-site catalysts,
without the use of MAO or a borate activator in poly-
merization.
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Table 1. Composition of MgCl,/AIR,(OEt); _, supports

Product
Starting material Al alkyl Composition
Al, wt % OEt, wt %

MgCl, - 1.1EtOH AlEty 4.1 4.9 MgCl, - 0.18AIEt, 5(OEt), 5

MgCl, - 1.1EtOH Al(i-Bu); 2.8 3.1 MgCl, - 0.12Al(i-Bu), 3(OEt)q ;

MgCl, - 2.1EtOH AlEty 4.8 5.6 MgCl, - 0.22AlEt, 5(OEt), 7

MgCl, - 2.1EtOH Al(i-Bu); 2.9 3.8 MgCl, - 0.13Al(i-Bu), 3(OEt), 7

MgCl, - 2.8EtOH AlEty 6.0 6.5 MgCl, - 0.29AlIEt, 4(OEt), ¢

MgCl, - 2.8EtOH Al(i-Bu); 4.1 4.6 MgCl, - 0.21Al(i-Bu), 3(OEt)q ;
Table 2. Ethylene polymerization with Cp,TiCl, and related immobilized catalysts

Catalyst Support Activity, kg mol™! bar~! h~! M, M, /M,
Cp,TiCl, MgCl, - 0.12Al1(i-Bu), 3(OEt) 5 207 729000 2.5
Cp,TiCl, MgCl, - 0.22AlEt, 5(OEt), 5 327 1106000 2.7
Cp,TiCl, MgCl, - 0.13Al(i-Bu), ,(OEt) 268 1040000 2.0
Me,Si(Me,Cp)(N-t-Bu)TiCl, | MgCl, - 0.22AlEt, 3(OEt), ; 217 1579000 24
Cp,ZrCl, MgCl, - 0.22AlEt, 5(OEt), 5 114 897000 2.7
EXPERIMENTAL removed by decantation and the solid was dried under

Materials. All manipulations were performed under
an argon atmosphere using glove box (Braun MB-150
GI or LM-130) and Schlenk techniques. Toluene and
heptane were distilled from sodium and stored over 4 A
molecular sieves. Petroleum ether (b.p. 40-70°C) was
passed over a column containing activated alumina. All
solvents were freeze-thaw degassed twice before use. The
various catalyst components used in this work were pur-
chased or synthesized, as described previously [14—17].

Support preparation and catalyst immobiliza-
tion. The MgCl,/AIR,(OEt);_, supports used in this
work were prepared using methods similar to those
described in [8]. Typically, 10-50 ml of n-heptane were
added to 1-5 g of a spherical adduct of magnesium
chloride and ethanol under argon and the mixture was
cooled to 0°C. A 25-28 wt % solution of AIR; was then
added gradually, over 5-10 min, to give a molar ratio
AIR3/EtOH =2, the reaction being carried out in a stan-
dard Schlenk vessel equipped with a pressure release
valve. The mixture was allowed to warm slowly to
room temperature and the reaction was continued with
occasional agitation for a further 2 days (AlEt;) or
3 days (Al(i-Buy)). The solid support was isolated by
filtration, washed with heptane and petroleum ether,
and then dried under a flow of argon and subsequently
in vacuum.

Catalyst immobilization with these supports was
carried out by heating a mixture of catalyst, support,
and toluene (typically 10 ml/g support) to 50-60°C and
reacting for 1-4 h, after which the liquid layer was
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a flow of argon at 60°C.

Polymerization conditions. Ethylene polymeriza-
tion was typically carried out in a 1-1 autoclave by
charging 100 mg of immobilized catalyst (containing
0.5-10 pumol Ti) to 450 ml petroleum ether or toluene,
to which 1 mmol Al(i-Bu); had been added, at 50°C and
an ethylene pressure of 5 bar. Polymerization was then
carried out at either 5 or 10 bar for 1 h at 50°C.

Polymer characterization. Molecular weights and
molecular weight distributions of the resulting poly-
mers were determined by high temperature GPC (PL-
GPC210) at 135°C using 1,2,4-trichlorobenzene as a

Activity, kg mol~! bar~! h~!
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Fig. 1. Effect on polymerization activity of Cp,TiCl, load-
ing on support.
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Fig. 2. Ti-based single-site catalysts immobilized on MgCl,/AIR,,(OEt); _,, supports (polymerization activity in kg mol ™! bar™! h’l).

solvent and using narrow-molecular-weight-distribu-
tion polystyrene for calibration.

RESULTS AND DISCUSSION

The reaction between a MgCl,/ethanol adduct and
excess aluminum alkyl generates alkylaluminum
ethoxide species, most of which are washed out of the
final solid product. However, on account of strong
Mg—O(Et)-Al bridging, a significant quantity of the
AIR,(OEt); _, species formed is retained by the sup-
port. It can be seen from Table 1 that the content of
alkylaluminum ethoxide species in the final support is
higher with AIEt; than with Al(i-Bu); and increases
with increasing ethanol content in the MgCl,/ethanol
adducts used in support preparation. The particle sizes
of the MgCl,/EtOH adducts used were in the range 10—
100 um and remained essentially unchanged through-
out the support preparation.

Immobilization of Cp,TiCl, and other metallocene
and nonmetallocene catalyst components on

Table 3. Ethylene polymerization with immobilized cata-
lysts (RCp), TiCl; _,

Catalyst ke m/zlc_tll \g;}rlil - M, M, IM,
Cp,TiCl, 606 619000 | 23
CpTiCl, 7510 1082000 2.2
(z-BuCp)TiCl, 7520 865000 2.4
(CsMe5)TiCly 5930 1767000 2.1
(Indenyl)TiCl4 9140 1624000 2.5
TiCly 25520 1600000 4.1

MgCl,/alkylaluminum ethoxide supports was carried
out by treatment of the support with a toluene solution
of the catalyst. An immediate green coloration of the
support was observed on addition of the bright red solu-
tion of Cp,TiCl, in toluene. Further reaction at 60°C
resulted in complete discoloration of the liquid phase,
indicating effective and quantitative immobilization of
the metallocene on the support.

The results of ethylene polymerizations carried out
using the quantitatively immobilized catalysts are given
in Table 2. In these experiments, a small quantity of Al(i-
Bu); was added to the polymerization medium in order
to ensure effective scavenging of impurities. Comparison
of the activities obtained using the various single-site
catalyst components reveals that good activity was
obtained both with Cp,TiCl, and with the constrained
geometry catalyst Me,Si(Me,Cp)(N-#-Bu)TiCl,,
whereas Cp,ZrCl, gave relatively low activity. The GPC
data reveal narrow molecular weight distributions, with

M, /M, in the range 2.0-2.8, indicative of retention of
the single-site behavior of the catalyst despite the use of
a magnesium chloride—based support. Previous studies
have indicated that the polydispersity of polyethylene
prepared using metallocenes on MgCl, supports can
range from narrow to broad, depending on the catalyst
immobilization approach used [3-5, 9, 18, 19].

Further experiments showed that catalyst activity
increased as the loading of catalyst on the support was
decreased. Figure 1 shows that a doubling in activity
could be achieved in this way, and low catalyst loadings
(typically 5 or 10 wmol/g support) were subsequently
used for the immobilization of a range of other catalysts
on MgCl,/AIR,(OEt); _,, supports.

Catalysts of type 1 and 2 in Fig. 2 have been shown
to give activities of up to around 1600 kg mol~! bar! h™!

KINETICS AND CATALYSIS Vol. 47 No.2 2006
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Fig. 3. Temperature profile of ethylene polymerization
using [(IndenyD)TiCls] immobilized on a
MgCl,/AlEt,(OEt); _,, support: (/) internal temperature;
(2) cooling mantle temperature.

under homogeneous polymerization conditions [20,
21]. The results in Fig. 2 show that similar activities can
be obtained, without MAO or borate activator, after
immobilization on magnesium chloride. Good activity
is also apparent with the FI catalyst [22] 3, the effective
activation of which with a MgCl,-based support has
previously been demonstrated by Fujita and coworkers
[12, 13]. Catalyst 4 has been shown by Deckers et al.
[23] to be effective for the trimerization of ethylene to
1-hexene under homogeneous conditions with MAO
and also when immobilized and activated using a
Si0,/MAO support. However, the data in Fig. 2 show
that immobilization on a MgCl,/AIR,(OEt); _,, support
leads to a highly active polymerization system. No evi-
dence for 1-hexene formation was found, and the trans-
formation from a trimerization to a polymerization sys-
tem indicates that coordination of the pendant aryl ring
to the metal center, an essential feature of the trimeriza-
tion mechanism [23, 24], is no longer operative.

The results of immobilization and activation of
CpTiCl; and related precatalysts on a support of com-
position MgCl, - 0.14AlEt, ,(OEt), 3 are given in Table 3,
from which it is apparent that high activities of around
6000-9000 kg mol™!' bar! h™' were obtained. Excep-

WD
SE 16.0 031014-1

tionally high activity was obtained using TiCl,, but in
this case a broader molecular weight distribution was
obtained, signifying that this is no longer a single-site
system and that in this series we are at the border of sin-
gle-site and Ziegler—Natta catalysis. There was no evi-
dence for catalyst deactivation during the course of any
of these polymerizations. A typical plot illustrating this
is given in Fig. 3, from which an essentially constant
rate of polymerization is evident from the constant tem-
perature difference between the reactor contents and
the cooling mantle. Furthermore, spherical polymer
particle morphology was obtained without reactor foul-
ing, as illustrated by the scanning electron micrographs
in Fig. 4, which reveal that the spherical morphology of
the original support has been retained and replicated
throughout catalyst immobilization and polymeriza-
tion.

Following the above studies, we decided to investi-
gate the effectiveness of these spherical supports for the
immobilization and activation of other early- and late-
transition-metal catalysts, such as the chromium and
nickel complexes shown in the scheme. The MAO-acti-
vated polymerization of ethylene with the chro-
mium(IIl) complex § has been described by Jolly and
coworkers [25, 26]. In the present work, immobiliza-
tion of this complex on a support of composition
MgCl, - 0.14AlEt, ,(OEt), 5 resulted in an ethylene poly-
merization activity of 2690 kg mol! bar' h™!, compara-
ble to the activities obtained under homogeneous con-
ditions using MAO. The single-site characteristics of
the immobilized system were apparent from both GPC

data (M, /M, = 1.8) and rheological properties of the
polyethylene obtained [17]. It is believed that this is the
first example of a high-activity, heterogeneous chro-
mium-based system exhibiting genuinely single-site
behavior in ethylene polymerization.

Recently, there has been increasing interest in late-
transition-metal catalysts for the polymerization of ole-
fins, following the discovery by Brookhart and cowork-
ers of aryl-substituted o-diimine nickel(Il) and palla-
dium(IT) complexes able to polymerize ethylene to give

Acc.V  Spot Magn Det WD
1.00kV 3.0 60x SE 16.0 031014-3
= g, T

1 mm

Fig. 4. Scanning electron micrographs of polyethylene prepared using catalysts immobilized on a MgCl,/AIR,,(OEt); _,, support:

(a) (-BuCp)TiCly; (b) TiCly.
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Scheme. Chromium and nickel complexes used in
catalyst immobilization.

new types of polyethylene with substantial chain
branching [27-29]. The polymer chain microstructure
is dependent on the steric bulk of the ortho substituents
on the aryl rings and on the polymerization conditions,
chain branching increasing with increasing temperature
and decreasing ethylene pressure. In the present work,
a support of composition MgCl, - 0.24AlEt, ;(OEt), ,
was used to support various Ni diimine complexes.
Very high ethylene polymerization activity was
obtained with complex 6. The productivity in a 1-h
polymerization at 50°C was 7160 kg mol™' bar™! h™!,
significantly higher than the productivities previously
reported [30, 31] for this and analogous complexes
under homogeneous polymerization conditions or
immobilized on silica. As is the case in homogeneous
polymerization with Ni diimine complexes, the degree
of chain branching is strongly influenced by the nature
of the substituents in the ortho positions of the aryl
rings. The polyethylene prepared with the MgCl,-
immobilized complex 6 contained 7 branches per
1000 carbon atoms, whereas a complex with the same
o-diimine backbone but with 2,6-diisopropyl substitu-
ents in the aryl rings gave 24 branches per 1000 carbon
atoms [16]. Again, narrow polydispersities (M, /M, =
2.1-2.9) were obtained, indicating that the single-site
characteristics of these catalysts are unaffected by
immobilization on the support. Magnesium chloride—
based supports have now also been used for the immo-
bilization of iron-based catalysts for polyethylene [32,
33], providing a further demonstration of the usefulness
and versatility of such supports for the immobilization
of homogeneous catalysts.

CONCLUSIONS

The wuse of spherical supports of type
MgCl,/AIR,(OEt); _,, obtained by reaction of AlR;
with adducts of magnesium chloride and ethanol, offers
a simple and effective approach for the immobilization
of a broad range of single-site catalysts for olefin poly-
merization, without the use of methylaluminoxane or
borate activators. The method is effective for both
early- and late-transition-metal catalysts and in many
cases leads to significantly higher activities than have
been reported for homogeneous polymerization. This is

to a large extent due to the stabilizing effect of the
MgCl,-based support, leading to negligible catalyst
decay during polymerization. The particle morphology
of the starting support is retained and replicated
throughout the catalyst immobilization and polymer-
ization, giving spherical polymer particle morphology
with no reactor fouling.
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