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bstract

The reactivity of the silyl ether-substituted zirconocene [Zr{�5-C5H4(CH2)3OSiMe3}(�5-C5H5)Cl2] (1) towards dehydroxylated silica was
valuated and comparative studies with respect to the unmodified analogue [Zr(�5-C5H5)2Cl2] (2) were performed. The different reactions were
onitored by FT-IR spectroscopy. The resulting materials were activated with MAO and the catalytic systems were evaluated in ethylene polymer-

zation. The catalysts were characterized by elemental analysis as well as by FT-IR and UV–vis spectroscopy. In addition to the classical reaction
etween Zr Cl bonds and acidic silanol surface groups, grafting of complex 1 occurs to some extent by reaction between the silyl ether group

nd reactive siloxane bridges on the silica surface. In contrast, complex 2, as one would expect, only reacts through the Zr Cl groups. Supporting
irconocene 1 on MAO-modified silica gives rise to a more efficient catalyst. The effects caused by these different grafting reactions, as well as
he catalytic activities of the resulting materials, are presented and discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The production of polyolefins is continuously growing as
hey are indispensable materials in society. Increasing research
ffort is being directed towards olefin polymerization catalysts
n an attempt to develop and improve new catalytic systems
uitable for industrial applications and capable of producing new
olyolefinic materials.

In comparison with Ziegler–Natta catalysts, zirconocene-
ased systems offer high activity and versatility [1–4]. However,
hese new polymerization catalysts are soluble systems. A solu-
ion polymerization process requires separation of the polymer
nd recovery and purification of the solvent. As most of the

xisting polymerization plants run slurry or gas-phase processes
ith heterogeneous Ziegler–Natta or chromium catalysts, the
omogeneous catalysts must be heterogenized [5] on a sup-

∗ Corresponding author. Tel.: +34 26295326; fax: +34 26295318.
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ort (in most cases silica) in order to apply these processes. In
ddition, the heterogenized catalysts avoid reactor fouling and
roduce polymer particles of a desired regular morphology. The
ain routes reported in the literature for zirconocene immo-

ilization have been classified by Ribeiro et al. [6]. The first
ethod involves direct impregnation of the zirconocene onto

he support, either with or without prior modification of the sup-
ort. This method has been extensively studied by dos Santos
nd co-workers [7–9] for different zirconocenes. Silica that had
een dehydroxylated at higher temperatures led to lower catalyst
oadings but, after reaction with MAO, afforded highly active
atalyst systems. High grafting temperatures and long contact
imes led to higher metal contents but led to a reduction in the
ctivity of the system. Lower activity was found when high graft-
ng temperatures or long reaction times were used. In the first
ase, �-oxo surface species of the type Si O Zr(Cp)2Cl were
roposed. These species are believed to form an active species

ith MAO, presumably by metathesis of the surface Si O M
ond. Alkyl substitution of the cyclopentadienyl ligand did not
ave a significant effect on the metal loadings of the catalyst
r the activity when compared to the corresponding homoge-
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eous systems. Furthermore, the ethyl-bridged indenyl deriva-
ives gave higher metal contents than the bulkier dimethylsilyl-
ridged analogues. More active systems were obtained when
he same zirconocenes were reacted with MAO-modified
ilica.

One of the most promising methods for zirconocene hetero-
enization involves the reaction between a functional group of
he zirconocene molecule and a reactive group on the carrier sur-
ace. Recently, we described the synthesis and characterization
f a series of indenyl zirconocenes bearing pendant chains with
ilicon ether groups [10]. These supported complexes show sim-
lar or higher activities than their corresponding homogeneous
atalysts and have low Al/Zr ratios.

In this paper we describe spectroscopic studies on the
eaction between a similar substituted zirconocene, [Zr{�5-
5H4(CH2)3OSiMe3}(�5-C5H5)Cl2] (1) and partially dehy-
roxylated silica. The reactivity is compared with that of
he analogous unsubstituted complex, [Zr(�5-C5H5)2Cl2] (2),
hich we studied previously [11].

. Experimental

.1. Materials

Grace Davison XPO 2407 silica (200 m2/g, according
o data from supplier) was dehydroxylated under vacuum
10−2 mmHg) for 16 h at the desired temperature [SiO2(T)],
ooled and stored under dry nitrogen. [Zr(�5-C5H5)2Cl2]
2) (Strem), MeMgBr (Aldrich), ethylene (Alphagaz), AliBu3
TIBA, Aldrich) and methylalumoxane (MAO, EURECENE
0, Crompton) were used without further purification.
Zr{�5-C5H4(CH2)3OSiMe3}(�5-C5H5)Cl2] (1) and [Zr(�5-
5H5)2Me2] (4) were prepared as described in the literature

12,13]. Toluene was distilled over sodium under a dry nitrogen
tmosphere.

.1.1. Synthesis and characterization of
Zr{η5-C5H4(CH2)3OSiMe3}(η5-C5H5)Me2] (3)

MeMgBr (3 M in THF) (0.53 mL, 1.60 mmol) was added
o a solution of 1 (0.30 g, 0.71 mmol) in THF (50 mL)
t 195 K. The reaction mixture was allowed to warm up
o room temperature and stirred for 4 h. The solvent was
emoved in vacuo and hexane (25 mL) was added. After
ltration, the solution was concentrated to 5 mL and cooled

o −20 ◦C overnight to afford the title complex (0.15 g, 45%).
H NMR (ppm, C6D6): δ = −0.17 (s, 6H, ZrMe2), 0.07 (s,
H, SiMe3), 1.89 (m, 2H, CpCH2CH2CH2O), 2.62 (m, 2H,
pCH2CH2CH2O), 3.64 (m, 2H, CpCH2CH2CH2O), 5.59

m, 2H, H3H4, C5H4(CH2)3OSiMe3), 5.81 (m, 2H, H2H5,
5H4(CH2)3OSiMe3), 5.88 (s, 5H, C5H5). 13C NMR (ppm,
6D6): δ = −0.47 (SiMe3), 26.42 (CpCH2CH2CH2O),

0.15 (ZrMe2), 34.64 (CpCH2CH2CH2O), 61.74
CpCH2CH2CH2O), 107.77 (C3C4, C5H4(CH2)3OSiMe3),
10.23 (C5H5), 110.61 (C1, C5H4(CH2)3OSiMe3), 110.93
C2C5, C5H4(CH2)3OSiMe3). Anal. calcd. for ZrC18H30OSi:
, 56.93, H, 7.92; found: C, 56,80, H, 7.90.

u
h
o
o

lysis A: Chemical 258 (2006) 236–245 237

.2. Catalyst preparation

The supported catalysts were prepared under an inert atmo-
phere using Schlenk techniques and a glove-box. A solution of
he zirconocene in toluene (30 mL) was added to partially dehy-
roxylated silica (1 g) and the mixture was stirred at 333 K for
6 h. The slurries were filtered through fritted discs and washed
0 times with toluene (20 mL). The resultant solids were dried
nder vacuum at 343 K for 16 h. In the case of MAO-modified
ilica, SiO2(298, 473, or 733) (1 g) was treated with 5 mL of
he toluene MAO solution. The mixture was stirred at 333 K
or 1 h and dried in vacuo. The resulting materials were impreg-
ated with zirconocene toluene solutions, and the mixtures were
tirred for 6 h at 333 K. The slurries were filtered through fritted
iscs and washed 10 times with toluene (20 mL). The resultant
olids were dried under vacuum at 343 K for 16 h.

.3. Characterization

Infrared spectra were recorded on a Nicolet Magna 550-FT
pectrophotometer using an infrared cell equipped with CaF2
r KBr windows; this set-up allowed in situ studies. A total of
2 scans were typically accumulated for each spectrum (res-
lution 2 cm−1). The samples consisted of ca. 20 mg of silica
ressed into a self-supported disc of 1 cm diameter. The sam-
les were dehydroxylated at the desired temperature for 16 h.
AO-modified samples were treated with a 10% solution in

oluene and dried in vacuo. Zirconocene grafting was performed
sing a 10−2 M solution of the zirconocene in toluene. The sam-
les were warmed at 333 K for 1 h, washed with toluene and
ried in vacuo at 343 K until no further change was observed
sublimation of a slight excess complex was observed in some
ases). For unmodified silica, MAO was also added. Finally,
he samples were exposed to ca. 50 Torr of ethylene for 10 min
nd evacuated in vacuo. The FT-IR analyses were repeated on
hree different samples in order to ensure reproducibility. NMR
nalyses were performed in CDCl3 or toluene-d8 using a Var-
an Unity 300 spectrometer. UV–vis analyses were performed
sing a Shimadzu UV-2501PC spectrophotometer. The soluble
omplexes were dissolved in dry toluene and placed in special
ells under dry nitrogen (1.0 cm path length). The solid samples
ere suspended in Nujol to form a slurry. The absorption spectra
ere recorded between 190 and 900 nm and toluene or Nujol was
sed as a reference. The catalyst and polyethylene morphologies
ere identified by scanning electron microscopy (SEM) using
Philips XL 30 microscope. The solids were fixed on a car-

on tape and then coated with gold by conventional sputtering
echniques. Elemental analyses were determined at the Mikro-
nalytisches Labor Pascher (Remagen-Bandorf, Germany).

.4. Polymerization tests

Polymerizations were carried out in a 250 mL glass reactor

sing toluene as a solvent. Catalysts (6 × 10−6 mol for the
omogeneous reactions and 300 mg for the heterogeneous
nes) were treated with the appropriate quantity of a solution
f MAO in toluene (10% Al) for 15 min. In the case of
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Fig. 1. (a) SiO2(773). (b) After grafting of 1. (c)
AO-modified silica, additional MAO was not added. Toluene,
IBA scavenger (2 mL) and the activated catalyst (final volume
a. 100 mL) were introduced, in this order, into the reactor and
hermostated at the desired temperature. Nitrogen was removed

a
3
a
m

Fig. 2. (a) SiO2(773). (b) After grafting of 2. (c) After
addition of MAO. (d) After contact with C2H4.
nd a continuous flow of ethylene (1.5 bar) was introduced for
0 min. The reaction was then quenched by the addition of
cidified methanol. The polymer was collected, washed with
ethanol and dried under vacuum at room temperature for 24 h.

addition of MAO. (d) After contact with C2H4.
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ligands and the weak acidity of the Si OH groups could explain
ig. 3. Adsorption isotherms (333 K) of Zr incorporated onto SiO2(773) as a
unction of the theoretical expected loading, from solutions of 1 (a) and 2 (b) in
oluene.

. Results and discussion

The IR spectra corresponding to the reaction between a
oluene solution of 1 and the surface of partially dehydrox-
lated silica after removal of the solvent (see Section 2) are
hown in Fig. 1. The spectrum of silica preheated at 773 K in
acuo [SiO2(773 K)] has a sharp band at 3747 cm−1 (assigned
o isolated OH groups [14]) with a small, broad shoulder at
670 cm−1, which can be attributed to silanols that are per-

urbed due to interparticle contacts [14] or to OH groups deeply
etained within the pores [15] (Fig. 1a). The magnitude of the
ilanol number, which is independent of the origin and struc-
ural characteristics of amorphous silica, is considered to be ca.

t
t
t
c

Fig. 4. (a) FT-IR spectrum of 1.SiO2(773). (b) F
lysis A: Chemical 258 (2006) 236–245 239

.8 OHnm−2 for a silica dehydroxylated at 733 K [16]. Bands
t 1866 cm−1 and 1640 cm−1 are combinations and overtone
ands, respectively, of Si O network bonds. After contact with
he zirconocene solution and removal of the solvent (Fig. 1b),
ew bands can be seen in the 2900 cm−1 and 1400 cm−1 regions
nd these correspond to stretching and bending modes of organic
igands. The OH groups that were initially isolated are now par-
ially perturbed, generating broad ν(OH) bands at lower frequen-
ies due to an interaction with the Cp �-electron system through
ydrogen bonding [17]. The total intensity of the band due to
he hydroxyl groups was slightly different after the addition of
n excess of zirconocene solution, a situation also observed by
os Santos et al. [7] in the reaction between partially dehydrox-
lated silica and CpnBu

2ZrCl2. Similar spectra were obtained
ith complex 2 (Fig. 2).
The amount of zirconocene grafted onto silica from toluene

olutions was determined by increasing the zirconium contents
n the initial solutions. The resulting adsorption isotherms, at
33 K, are shown in Fig. 3. The curves show that the zirconium
oading approaches a saturation limit, near to 1%, that is
ypical of chemisorption. The limit was very low, even when

large excess of zirconocene and long reaction times were
sed. Taking in account the aforementioned [OH] of about
.8 OHnm−2, one can expect a theoretical maximum loading of
–6% of Zr on the assumption that one zirconocene molecule
eacts with one silanol group. The weak basicity of the chloro
he difficulty in obtaining higher loadings. It is noteworthy
hat complex 1 allows us to obtain more grafted complex
han the unsubstituted complex 2 for solutions with similar
oncentrations.

T-IR spectrum of nPrOSiMe3·SiO2(773).
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and three weak bands at 2898, 2856 and 2838 cm−1. These bands
are assigned to stretching vibrations of C H bonds of the methyl
groups in MAO. In this way, the grafted MAO could activate the
surface bonded zirconocenes of the neighbouring regions [23].
Scheme 1.

It is well established that the surface hydroxyl density in silica
ecreases with thermal activation as result of an increase in the
umber of siloxane reactive bridges. These strained groups can
ctivate covalent bonds [18] such as the Si O bond in silicon
thers (Scheme 1).

Basset et al. proposed [19] the reaction between a supported
irconium hydride and vicinal SiOSi bridges on silica dehydrox-
lated at 723 K. Yoshida et al. [20] proposed that the strained
iloxane groups are, in fact, radical sites of the type Si O• and
Si present in silicas dehydroxylated above 673 K. These sites
re characterized by bands at 891 and 910 cm−1 in their IR spec-
ra. Similar weak bands at 908 and 897 cm−1 were observed in
he spectra of SiO2(773). After contact with zirconocenes, these
ands are no longer present, indicating a reaction between 1 or
and these groups. A new band is observed at 900 cm−1 and

his can be tentatively assigned to ZrOSi bonds.
In order to gain a deeper insight into the possible type of

eaction between complex 1 and the surface of the dehydrox-
lated silica, we carried out the reaction with nPrOSiMe3 in
n attempt to provide a simpler model for this zirconocene.
he IR spectra corresponding to both grafted complex 1 and
odel nPrOSiMe3 are shown in Fig. 4. We observed a similar

pectrum to those described in the literature, where this silyl
ther was proposed to reacts with the reactive siloxane bridge
roups [21,22]; a decrease in the intensity of the signal due to
he isolated silanol groups was not observed, although a broad
eighbouring wide appeared when the compound was fixed, due
o the perturbation of these silanol groups by the anchored silyl
ther. If we compare the bands of this supported organosilane
ith those of the supported complex 1, a clear similarity can
e observed. The similar bands could be due to the trimethylsi-
yl group (2960 cm−1; the free organosilane compound shows
strong band at 2970 cm−1) and alkyl chains of the two mate-

ials, although an additional band corresponding to the methyl
roup (1985 cm−1) is observed in the spectrum of the silyl ether
ut is not present in the supported zirconocene spectrum. This
imilarity in the two spectra indicates that complex 1 may be
ble to react with the surface of the silica in a similar way to
he organosilane, namely through the interaction with siloxane
ridge groups. However, this possibility does not rule out the
lternative interaction between the chloro ligands and the more
cidic silanol groups in the reaction of complex 1 with the silica
urface.

In addition, elemental analysis of supported complex 1
eveals a Cl/Zr = 1.2/1 ratio, which is slightly higher than one

ould find for a typical reaction with only silanol groups.
These results, in conjunction with the literature precedents,

eem to indicate that the reaction between 1 or 2 and the silica
urface, at mild temperatures, can occur through the interaction
lysis A: Chemical 258 (2006) 236–245

ith the acidic silanol groups but also, to some extent, with the
eactive siloxane bridges (Scheme 2). Complex 2 only can follow
uch a pathway by using the Zr Cl groups [11], while complex
also has the possibility of reacting through the silicon ether

unctional group with the bridge siloxane groups (Scheme 2).
his possibility would allow us to obtain a higher level of fixed
omplex 1 in comparison with complex 2 under similar condi-
ions.

The behaviour of the catalyst systems after the addition of
he MAO cocatalyst was also studied by FT-IR spectroscopy.
he IR spectra of samples of 1.SiO2(773) and 2.SiO2(773)

reated with MAO (approximately Al/Zr = 100) are shown in
igs. 1c and 2c. After this treatment, the infrared band attributed

o isolated silanol groups (at 3747 cm−1) disappeared com-
letely at room temperature, indicating that a reaction between
ome basic methyl groups of MAO (or TMA present in MAO)
nd acidic silanols had taken place. At the same time, new bands
ppeared in the ν(CH) region—one strong band at 2940 cm−1
Scheme 2.
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Fig. 5. UV–vis spectra of: (a) SiO2(773); (b) com
his situation could lead to the formation of the potentially active
lkylcationic surface species. The activity of these supported
irconocenes, after activation with MAO, towards ethylene poly-
erization was confirmed by following the appearance of vibra-

t
1
a
t

Fig. 6. UV–vis spectra of: (a) SiO2(773); (b) complex 1
; (c) 2.SiO2(773); (d) after the addition of MAO.
ions due to polyethylene in the regions 3000–2800 cm−1 and
500–1300 cm−1 (Figs. 1d and 2d). Intense bands were observed
t 2970, 2850 and 1380 cm−1, which correspond, respectively,
o the ν(CH) and δ(CH) vibrations of polyethylene.

; (c) 1.SiO2(773); (d) after the addition of MAO.



2 Cata

s
i
s
s
c
t
o
w
a
s
[

1
s
i
g
a
t
o
r
l
s
o
3
t
c
g
l
3
i
b

t
h
t

m
a
l
2
o
a
5

t
v
a
a
p
t
g
m
n
s
n
e
o
c
b
i

F
c

42 P. Carrión et al. / Journal of Molecular

We carried out an analysis of the activation process by UV–vis
pectroscopy. A UV–vis analysis of the supported catalyst 2
s represented in Fig. 5. After grafting, a broad band can be
een at 250 nm, corresponding to the SiO2 support, and two
houlders appear at 260 and 312 nm, assigned to the supported
omplex 2 (Fig. 5c). There is a notable difference with the spec-
rum of free complex 2 in Nujol (Fig. 5b). After the addition
f MAO (Al/Zr = 100, Fig. 5d), an increase in the 250 nm band
as observed due to the presence of supported MAO and, in

ddition, a weak band appeared at 288 nm. This bathochromic
hift suggests the formation of the active monomethyl cations
24].

In contrast with these results (Fig. 6), supported complex
shows a similar spectrum to that of the free complex, i.e.,

lightly shifted to higher wavelengths, indicating some similar-
ty between the structure of the free molecular complex and the
rafted one (Scheme 2). A new spectrum was obtained after the
ddition of MAO and this had a broad band at 310 nm, tenta-
ively assigned to the active species on the basis of the spectrum
f complex 1 activated by MAO in solution (Fig. 7). We also car-
ied out UV–vis analyses of complexes 1 and 2 in solution. At
ow Al/Zr ratios (Fig. 7b and f) the spectra of solution samples
how a maximum wavelength shifted to lower values than those
f the original complexes (λmax = 298 nm for complex 1 and
02 nm for complex 2), as proposed in other zirconocene sys-
ems [25–27]. These spectra can be attributed to the monomethyl
hloride species by exchange of a chloro ligand with a methyl
roup of TMA or MAO. If we compare the bands obtained at

ow Al/Zr ratios with those of the spectra of dimethyl derivatives

and 4 (Fig. 7c and g, λmax = 284 nm for 3 and 293 nm for 4),
t can be observed that the spectra of the dimethyl species show
ands shifted to lower wavelengths. The higher electronic densi-

t
F
a

ig. 7. UV–vis solution spectra of: (a) complex 1; (b) complex 1 after MAO addition
omplex 2; (f) complex 2 after MAO addition Al/Zr = 70; (g) complex 4; (h) complex
lysis A: Chemical 258 (2006) 236–245

ies associated with these dialkyl zirconocenes lead to a greater
ypsochromic shift from the starting complex in comparison to
he respective monomethyl derivatives.

A shift to higher wavelengths was observed for higher alu-
inium contents, indicating a decrease in the electronic density

round the metal centre due to the formation of active cation-
ike species (Fig. 7d and h, λmax = 326 nm for 1 and 308 nm for
). These bands are very similar to those found in the spectra
f the supported species. It is noteworthy that complex 1 can be
ctivated at lower Al/Zr ratios than complex 2 (Al/Zr = 300 and
00, respectively).

In order to determine the influence of the sequence of steps in
he preparation of the catalyst, complex 1 was supported in pre-
iously modified MAO silicas. Silica was first dehydroxylated
t different temperatures (298, 473, 773 K) and then treated with
toluene MAO solution. For example, the IR spectrum of a sam-
le of SiO2(473) treated with MAO is shown in Fig. 8b. After
his treatment, the infrared band attributed to isolated silanol
roups disappeared, indicating a reaction between the basic
ethyl groups of MAO and acidic silanols. At the same time,

ew bands appeared in the ν(CH) region which were assigned to
tretching vibrations of the methyl groups in MAO. The impreg-
ation with a toluene solution of complex 1 and further solvent
limination gives rise to the appearance in the spectrum (Fig. 8c)
f new bands at 2953 and 2856 cm−1, assigned to the supported
omplex. We postulate a possible bonding between the Lewis
asic oxygen atom of the silyl ether and some aluminium centres
n MAO.
The activation process was followed by UV–vis spec-
roscopy. The spectra of the proposed active species are shown in
ig. 9 for the sample in which zirconocene 1 was first supported
nd then activated by MAO (Fig. 9b) along with that in which the

Al/Zr = 10; (c) complex 3; (d) complex 1 after MAO addition Al/Zr = 300; (e)
2 after MAO addition Al/Zr = 500.
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Fig. 8. FT-IR spectra of: (a) SiO2(473); (b) after m

omplex was supported on MAO-modified silica (Fig. 9b and d).
n both cases, a similar λmax band was observed (near 310 nm)
ut the intensity of this band was higher in the MAO-modified
upported samples, thus indicating a possible higher content in
ctive species.

Catalytic activities in ethylene polymerization were tested
or the zirconocene supported on unmodified and modified sil-

cas. The results are summarized in Table 1. In accordance
ith the surface species described, the catalysts based on com-
lex 1, which probably contains surface zirconocene molecules

ig. 9. UV–vis spectra of: (a) MAO-modified SiO2(473); (b) complex 1 sup-
orted on SiO2(773); (c) complex 1 supported on SiO2(773) after reaction with
AO; (d) complex 1 supported on MAO-modified SiO2(473).

w
t
d
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t
t
d
s

T
C
t

C

1
2
1
1
1
2

P
[
e

ation with (MAO); (c) after addition of complex 1.

nchored by the functional ether group, in comparison to the free
irconocene generally have higher activities than those based on
omplex 2. In the latter case, the activation by MAO involves
he breaking of strong Zr O(surface) bonds [11]. In addition,
hese activity results are very similar to those found in previous
tudies [7,8,28], even when the new grafted species were acti-
ated with a low Al/Zr ratio of 200. Better results were obtained
hen silica was previously modified by MAO, as expected from

he UV–vis spectra (see above). It can be seen that the dehy-
roxylation temperature has a significant influence on the final
ctivity of the catalyst. Silica dehydroxylated at room tempera-

ure probably contains enough physisorbed water to deactivate
he majority of the MAO. On the other hand, high temperature
ehydroxylation eliminates reactive surface groups, i.e., acidic
ilanols, which probably reduces the possibilities for adequate

able 1
atalytic activities in ethylene polymerization for the different supported sys-

ems on unmodified and modified silicas

atalyst % Zr % Al Activity
(kg PE/mol Zr h−1)

.SiO2(773) 0.30 – 247

.SiO2(773) 0.35 – 111

.[SiO2(298)-MAO] 0.25 17.5 316

.[SiO2(473)-MAO] 0.24 15.6 555

.[SiO2(773)-MAO] 0.29 15.5 343

.[SiO2(473)-MAO] 0.31 14.9 79

olymerization conditions are as follows: P = 1.5 bar; 300 mg of catalyst;
Al]/[Zr] approximately 200; T = 343 K; solvent = toluene (200 mL); scav-
nger = TIBA (2 mL); time = 30 min.
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ig. 10. SEM images of: (a) 1.[SiO2(473)-MAO] (200×); (b) the polyethyl
olyethylene produced with 1.SiO2(773) (100×).

AO fixation. Once again, complex 1 proved to be more active
han complex 2. Furthermore, these supported catalysts produce
olymers with good morphology. Scanning electron microscope
SEM) images of supported catalyst on unmodified and MAO-
odified silica as well as the resulting polyethylene are shown

n Fig. 10. The catalyst images predominantly show round parti-
les of around 50 �m. Likewise, the polyethylene obtained using
he MAO-modified silica catalysts grew as particles with a regu-
ar round shape (Fig. 10b), but shapeless aggregates were found
or the samples prepared from directly supported zirconocene
upported (Fig. 10d). This could be due to a better dispersion
f the catalyst in the former samples. From a practical point of
iew, and considering both the results of catalytic activity and
he polymer morphology, it seems that the procedure involv-
ng previous modification the silica with MAO and subsequent
upporting of the complex is the more effective.

. Conclusions

The reaction of [Zr{�5-C5H4(CH2)3OSiMe3}(�5-
5H5)Cl2] (1) or [Zr(�5-C5H5)2Cl2] (2) and SiO2(773)
t a mild temperature produces grafting of the zirconocene
y reaction between the weakly acidic silanol groups and the

eactive siloxane bridges on the surface and the Zr Cl bonds.
n addition, complex 1 was able to react with the surface of the
ilica by means of its silicon ether substituent, as proposed for
imilar organosilane compounds. This latter process gives rise
roduced with 1.[SiO2(473)-MAO] (100×); (c) 1.SiO2(773) (200×); (d) the

o more active zirconocene surface species. A better catalyst
as obtained when dehydroxylated silica was modified with
AO. In addition, this supported catalyst allows to produce

olyethylene particles with a regular shape.
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