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Abstract

A series of heterogeneous catalyst systems was prepared by the immobilization of bis(n-butylcyclopentadienyl)
zirconium dichloride, (nBuCp),ZrCl,, on silica supports activated at different temperatures. Silica dehydroxylation was
evaluated in terms of retained metal loading and activity in ethylene homopolymerization. Characterization of the catalyst
systems was accomplished by Rutherford back-scattering spectrometry and infrared spectroscopy. The highest metal loading
(0.48 wt.% Zr /SiO,) was achieved with silica treated under vacuum at room temperature (298 K), but the catalyst showed
only a minor polymerization activity which may be attributed to a large number of inactive Zr-support bidentate species
formed a a high surface density of OH in silica. IR spectroscopic data show that, regardiess of support activation
temperature, a significant number of isolated OH groups remains after zirconocene fixation. The presence of bulky ligandsin
the catalyst molecule seems to prevent the remaining OH groups from reacting with additional metallocene complexes,
keeping the metal loading around 0.35 wt.% Zr/SiO, for silica activated between 373 and 723 K. High polymerization
activity observed for the system based on 373 K-activated silica suggests a role for these OH groups in the generation of
active alkylated species when methylaluminoxane and trimethylaluminum (contained in MAO itself) are added at the
beginning of the polymerization reaction. IR analysis shows that TMA, which is a less sterically demanding compound than
MAO, can effectively access the remaining OH groups consuming them thoroughly. Practically al the prepared systems
presented activity in ethylene polymerization with MAO as cocatalyst, the highest activity (5.1 X 10° PE g mol =% Zr h™1)
having been obtained with silica dehydroxylated at 723 K. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction tions. In fact, heterogeneous catalyst systems
are required for modern gas-phase and slurry
polymerization processes and for large-scale
polymer production. Only heterogeneous cata-
lysts can lead to the formation of uniform poly-
mer particles with a narrow particle size distri-
bution and a high bulk density. Thus, in the last
few years a significant number of papers de-

* Corresponding author scribing the preparation of supported metal-

Metallocene complexes activated with MAO
combine high activity with excellent stereoregu-
larity in the polymerization of «-olefins. How-
ever, homogeneous metallocene/MAQO systems
present some disadvantages in practical applica-
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locene catalyst systems appeared in the litera-
ture [1-5].

Among metallocene complexes, a large num-
ber of patents report the potential of immobi-
lized (nBuCp),ZrCl, in ethylene homopoly-
merization. In many cases, modified silicas are
employed as supports. For instance, the catalyst
system prepared by pressurized impregnation of
a mixture of (nBuCp),ZrCl, and MAO into
silica is claimed to reduce fouling and sheeting
in the reactor during ethylene homopolymeriza-
tion [6]. Similar results were observed when the
zirconocene was supported on akylaluminum-
modified silica by the wet impregnation method
[7]. The same catalyst combined with Al(i-Bu),
and (EtO);PO-modified MAO produced ethy-
lene polymers with a high melt tension [8].

Supported (NBuCp),ZrCl, has also been used
in copolymerization reactions. The system resul-
tant from the treatment of silica with the cata-
lyst, MAO, and akylaluminum compounds ex-
hibits activity for the production of linear ethy-
lene 1-hexene copolymers. These products are
used to manufacture containers for medical and
food packing purposes; their melting points (T,
are higher than sterilization temperatures [9].
More complex systems, obtained from the com-
bination of dibutylmagnesium, titanium tetra-
chloride, MAO, and (nBuCp),ZrCl ,, have aso
been used to prepare ethylene 1-hexene copoly-
mers with bimodal molecular weight distribu-
tions [10].

In a previous work [11] we determined the
surface saturation isotherms of Zr and Al com-
pounds on different commercia silicas (Grace
948, 952, and 956) employing Cp,ZrCl,, MAO,
and TMA as precursors. Those results suggest a
stronger interaction between the metallocene and
Grace 948 silica. This paper presents a compar-
ative analysis of the behavior of (nBuCp),ZrCl,
supported on Grace 948 silica pretreated at dif-
ferent temperatures and activated by MAO in
the homopolymerization of ethylene. Surface
metal loadings were determined by the Ruther-
ford back-scattering spectrometry (RBS); sur-
face reactions were monitored by transmission

infrared spectroscopy (FT-IR). The catalytic be-
havior of the supported systems was evaluated
in terms of activity in ethylene slurry ho-
mopolymerization; molecular weights and melt-
ing (T,,) and crystallization (Ty) points of the
polymers were also obtained.

2. Experimental
2.1. Materials

Grace 948 silica (255 m?/g) was used for
RBS analysis and polymerization tests, and py-
rogenic silica Degussa Aerosil 200 (200 m?/g)
was used for transmission FT-IR analysis. The
silicas were activated under vacuum for 16 h at
various temperatures between 298 and 723 K.
The supports were cooled to room temperature
under vacuum and stored under dried argon.
MAO (Witco, 10.0 wt.% toluene solution, 1.7
Al as TMA, average molar mass 900 g/mol),
TMA (Witco, 10.0 wt.% toluene solution), and
(nBuCp),ZrCl, (Witco) were used without fur-
ther purification. Ethylene, provided by COPE-
SUL, and argon were deoxygenated and dried
gver columns of activated molecular sieve (13
A) prior to use. Toluene (purum grade) was
deoxygenated and dried by standard techniques.

2.2. Preparation of supported catalyst systems

All experiments were performed under argon
using the Schlenk technique. 1.5 wt.% Zr /SO,
toluene solutions of (nBuCp),ZrCl, were added
to 1.0 g of pretreated Grace 948 silica and the
mixtures were stirred for 30 min at room tem-
perature. The durries were then filtered through
fritted disks. The resulting solids were washed
with 12 times 2 cm?® of toluene and dried under
vacuum for 4 h.

2.3. Polymerization reactions

Ethylene homopolymerization reactions were
performed in 0.25 dm? of toluene in a 1.00 dm?
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Pyrex glass reactor connected to a constant
temperature circulator and equipped with a me-
chanical stirrer and inlets for argon and the
monomer. MAO or TMA was used as cocata-
lyst in an Al/Zr molar ratio in the range of
100-5000. For each experiment, 10~° mol of
Zr (~50-60 mg of catalyst system) was sus-
pended in 0.01 dm® of toluene and transferred
into the reactor under argon, followed by the
introduction of the corresponding amount of a
cocatalyst. The reactions were performed at an
atmospheric pressure of ethylene at 343 K for
30 min. Acidified ethanol was used to quench
the processes, and reaction products were sepa
rated by filtration, washed with distilled water
and dried under reduced pressure. Each poly-
merization reaction was repeated at least 3 times
under identical conditions, leading to similar
products.

2.4. Analytical procedures

2.4.1. Rutherford back-scattering spectrometry
(RBS)

Zirconium loadings in catalysts were deter-
mined by RBS using a-particle beams of 2.0
MeV incident on homogeneous tablets of the
compressed (12 MPa) powder of the catalyst
systems. The method is based on the determina
tion of the number and the energy of the de-
tected particles of a monoenergetic ion beam
which are elastically scattered in the Coulombic
field of the atomic nuclei in the target [12]. The
most commonly used incident beam is “He*,
and backscattered-particle detection is usually
accomplished with surface barrier detectors
placed at 165° with respect to the incidence
direction of the ion beam (Fig. 1, inset). Among
other factors [12], the energy of the scattered
particles depends on their energy of incidence,
on the atomic masses of the atoms involved
(probe and target), and on the depth in the
sample where the scattering event occurs. The
height of the signal (number of counts) corre-
sponding to a certain element is proportional to
the surface density of that element in the thick-
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Fig. 1. RBS spectrum of (nBuCp),ZrCl, on Grace 948 silica, at
the calculated wt.% Zr/SiO, ratio of 0.48. The spectrum was
obtained using an «-particle beam of 2.0 MeV with normal
incidence on the sample and detection at 165° with respect to the
incidence direction (see scheme in the inset). The channel number
is proportional to the energy of the scattered particles (see energy
scale at the top). The arrows indicate the outermost position of the
corresponding elements in the sample.

ness in which scattering occurs. In this study,
the Zr /Si atomic ratio was determined from the
ratio of the signals corresponding to each of the
elements (Fig. 1) and converted to wt.%
Zr/SI0,. Homogeneity of element distribution
in the samples in the probing depth can be
assured from the plateaus obtained for the Zr
and Si signals. The plateaus in the Zr and Si
signals mean that the same amount of element
(Zr or Si) is found in the whole probing depth,
characterizing their depth concentration homo-
geneity.

2.4.2. Fourier-transform infrared spectroscopy
(FT-IR

Transmission FT-IR spectra were recorded
on a Bomem MB-102 Spectrometer, (32 scans
a a4 cm™ ! resolution). The study was re-
stricted to the mid-infrared region (4000-1300
cm™1) due to strong bulk absorption of silica at
lower wavenumbers. The samples analyzed by
this technique consisted of 50—60 mg of Aerosil
silica pressed under 12 MPainto a self-support-
ing tablet (& = 17 mm) which was introduced
into a Pyrex cell with CaF, windows. The unit
was attached to a greaseless glass gas/vacuum
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handling system and the silica tablet was acti-
vated in situ under vacuum (< 10~* mbar) at
temperatures between 373 and 723 K for 16 h.
Zirconocene impregnation was then conducted
from a toluene solution containing an amount of
catalyst calculated to produce the same Zr/Si
ratio as determined by RBS in the sample ob-
tained when Grace 948 silica was pretreated at
the same temperature.

2.4.3. Polymer characterization

Polymer melting points (T,,,) and glass transi-
tion temperatures (T,) were determined with a
DuPont DSC 2910 differential scanning
calorimeter calibrated with indium, using a heat-
ing rate of 10 K min~! in the temperature range
of 313-513 K. The heating cycle was per-
formed twice, the results of the second scan are
reported. Intrinsic viscosities of the polymers
were measured at 408 K using an Ubbelohde
viscometer and decalin (decahydronaphthalene)
as a solvent, and were used to calculate the
viscosity-average molecular weights (M, ).

3. Results and discussion

The surface metal loadings determined for
the systems under investigation are presented in
Fig. 2 (left Y-axis). For comparative reasons,
the result observed for a totally hydroxylated
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Fig. 2. (O) Zr loading (left) in silicas activated between 298 and

723 K. The neat (nBuCp),ZrCl, toluene solutions contained 1.5

wt.% Zr /SiO, (typical error bars are shown); (O) the correspond-

ing activities of these catalyst systems (right) in ethylene ho-

mopolymerization using MAO (3000 Al /Zr) as cocatalyst.
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silica (pretreated under vacuum at 298 K) is
also included. This silica has the highest zirco-
nium loading (0.48 wt.% Zr/SiO,) in accor-
dance with what is expected from mechanisms
of metallocene immobilization and thermal acti-
vation of silica. Immobilization takes place by
eimination of one or more of the origina
organometalic ligands (such as halides or
alkoxides) in a 1:1 ratio with hydrogen atoms
from silanol groups (Si—OH) in the support. It
is well established that the surface OH density
in silica decreases with thermal activation tem-
perature, so that after treatment at high tempera-
tures (> 723 K) the silica surface presents
mainly isolated (1) and, to a lesser extent, gemi-
nal (11) hydroxyl groups, as well as surface
siloxane bridges (I11) [13] (Scheme 1). Since
the number of substitution reaction sites is max-
imum at room temperature, the amount of Zr
loading should also be the highest.

In our temperature interval, the surface den-
sity of OH in silica decreases from 4.5 nm~2 at
298 K to around 1.7 nm~? at 723 K [14], which
corresponds to a 60% reduction of the initial
value. According to Fig. 2, the reduction in the
amount of supported catalyst over the same
range is only one fourth. This fact suggests that
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the steric effect of ligands that remain attached
to zirconium after immobilization hampers load-
ings in the potential immobilization sites of the
vicinities when in the presence of high OH
coverages, as in the case of a partialy hydroxyl-
ated silica pretreated at 373 K. Another evi-
dence of the steric effect of ligands on the
immobilization of organometallic compounds is
the difference in metal loadings observed be-
tween the systems reported here and those with
Cp,ZrCl, [11]. Under identical experimental
conditions, the latter leads to metal loadings
between 0.57 and 0.45 wt.% Zr /SO, (on sili-
cas pretreated at 373 and 723 K, respectively).
liskola et al. [15] recently found that CpZrCl,,
an even less sterically demanding metallocene,
produces a higher zirconium loading (0.90 wt.%
Zr/Si0,) when grafted on a 320 m?/g silica
pretreated at 873 K in air.

The attainment of the same Zr loading on
silicas pretreated at different temperatures (Fig.
2) does not mean that the surface species are the
same. In fact, the lower OH surface density in
the support activated at the highest temperature
preferentially leads to monodentate Si—O-Zr
surface species (1V), while a totally or partialy
hydroxylated silica, in which species (I1) are
present, leads to elimination of both Cl ligands
of the original metallocene and produces biden-
tate (V) species (Scheme 1). This last species
should be inactive in polymerization reactions
since the absence of a labile ligand (Cl) pre-
vents the formation of the active centers which
are generated through alkylation of the complex
in areaction with MAO. Indeed, totally hydrox-
ylated silica produces systems with a lower
activity (0.5x 10° PE g Zr mol~* h™*) when
compared to those supported on thermally pre-
treated silicas. As the pretreatment temperature
is raised, an increment in the fraction of mon-
odentate species formed in immobilization is
expected, and an increasing catalytic activity is
accordingly observed (Right Y-axis of Fig. 2).
An apparent paradox is raised by the catalyst
system prepared with silica activated at 373 K,
which exhibits a surprisingly high activity. One

would expect this system to have a significant
amount of inactive bridged-metallocene species
due to a high OH surface density prior to cata-
lyst immobilization. The fact that this system is
even more active than those supported on silica
pretreated at 473 and 573 K suggests that the
presence of surface monodentate species is not
the only factor that is responsible for a high
polymerization activity. The residual surface OH
groups probably react with MAO (and with the
TMA that it invariably contains) prior to poly-
merization originating active catalytic species.
The reaction between TMA and silanol groups
is known for along time and it is the basis of a
well-established method for surface OH deter-
mination [16-19], and AIMe groups in MAO
have also shown reactivity towards OH species
[11]. Another reason for a high activity was
presented in a recent article [20]: high poly-
merization activities supposedly observed for
supported systems may be due to desorption of
metallocene complexes and formation of homo-
geneous catalytic species. However, according
to our polymer characterization data, this should
not be the case in the present study. Further
experiments are currently in progress to provide
a better understanding of the catalytic properties
shown by the system based on silica pretreated
at 373 K.

Fig. 3 presents IR spectra of the reaction
products between (nBuCp),ZrCl, and silica
The number and types of v, bandsin the IR
region is well documented [21,22]. Spectrum a
(collected before modification with the metal-
locene complexes, silica pretreated at 723 K)
has a sharp band at 3746 cm™! attributed to
isolated surface OH groups with a broad shoul-
der centered at 3694 cm ™! and assigned to OH
groups perturbed by hydrogen bonding. Broad
bands centered at 1971, 1867, and 1632 cm™*
are overtones and combinations of intense Si—O
fundamental modes. When the metallocene so-
lution is added to the pretreated silica, new
bands, characteristic of aromatic and akyl
groups, appear in the following regions (spec-
trum b): 3100-2800 cm~! (C—H stretching)
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Fig. 3. IR spectra in the 4000-1300 cm~?! range: (a) SO,
dehydroxylated at 723 K for 16 h; (b) after impregnation at 298 K
with a0.34 wt.% Zr /SiO, toluene solution of (nBuCp),ZrCl,. In
the inset, the absorbance in the region correspondent to C-H
stretching from Bu and ring is multiplied by 3.

and 1500-1300 cm~! (methyl and methylene
deformation modes). Table 1 gives the
wavenumbers for these bands, as well as their
vibrational modes, whose attributions are based
on the literature [23]. The butyl groups in a
(nBuCp),ZrCl, are dightly affected by immo-
bilization, as it can be observed from the shift
of the bands assigned to them to higher
wavenumbers (=7 cm™?1). Similar results are
reported to other silica-supported organometal-
lic compounds with butyl ligands [24].

The grafting of the metallocene complex is
also accompanied by the appearance of three
bands in the region of aromatic v, al of
them at much lower wavenumbers compared to
the aromatic v, of the metallocene complex
itself. Simultaneoudly, three other bands appear
in the v, region: 3679, 3616, and 3444 cm™*.
The existence of three different vy, for the Cp
groups and three bands in the v, region
suggests that a part of the surface silanol groups
isstrongly affected by the presence of the grafted
metallocene. Those bands may result from an
interaction between surface silanol and aromatic
Cp groups, in analogy with literature data at-
tributing surface silanol v, bands at 3645
and 3510 cm~* to vicina OH groups interact-
ing through hydrogen bonding [25]. Similar re-
sults have been reported concerning the adsorp-
tion of anisole onto surface silanol groups [26],

Table 1
IR bands assigned to neat and silica-supported (nBuCp),ZrCl,

Vibrational mode [23]

Band wavenumber (cm~1)
(nBuCp),ZrCl, (nBuCp),ZrCl, /SiO,

3108 3088, 3067, 3038 »(CH ring)
2955 2962 1,(CH;)
2927 2932 Vs (CH)
2870 2877 1(CH,)?
2857 2864 1(CH,)°
1491 1495 8,(CH3)
1457 1452 8{CH,)

#Fermi resonance between »(CH,) and 28 (CH,).
PFermi resonance between »(CH,) and 28 (CH.,).

the IR bands in the 3600-3400 cm™! region
having been attributed to surface species result-
ing from the interaction between hydroxyl
groups and the w-electron system of the aro-
matic ring.

According to band absorbance measurements
at 3746 cm~*, only 30% of the initially isolated
OH groups are consumed or perturbed (gener-
ating the wide v, bands at lower wavenum-
bers) by metallocene grafting. IR spectra (Fig.
4) of a 723 K pretreated silica after successive
impregnations of (nBuCp),ZrCl, from solution
(employing multiple aliquots of the surface sat-
uration concentration as determined by RBS on
Grace 948), shows that the OH surface density
remains practically constant for up to 1.36 wt.%
Zr /SIO,. When the total amount of metallocene
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Fig. 4. IR spectra in the 3800-2800 cm™? range of SiO, dehy-
droxylated at 723 K and impregnated at 298 K with toluene
solutions corresponding to the saturation loading (0.34 wt.%
Zr/SiO,) of (nBuCp),ZrCl,: (a) twice; (b) 4 times; (c) 8 times
the aliquot. The right-hand side of the spectra is multiplied by 3.
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employed is eight times higher than the satura
tion loading (left side of spectrum c), a small
reduction in the band peak at 3746 cm™?! is
observed, but it is accompanied by the increase
of the intensity of the broad band at a lower
wavenumber suggesting that it may not corre-
spond to OH consumption but probably to its
perturbation. Indeed, it seems that the bulky
nBuCp ligands from the grafted metallocene
reduce the access of the complex to the remain-
ing OH sites solely by steric reasons. This
hypothesis may explain why the intensity of the
IR band corresponding to isolated OH groups
remains amost constant after the addition of
four aliquots of metallocene solution to the
silica. Morrow and McFarlan [27,28], in an
attempt to develop a method for silanol number
determination, have already observed that the
OH reaction rate is inversely proportional to a
reagent size: bulky chemically adsorbed species
in silica are capable of preventing the neighbor-
ing silanol groups from reacting. It is worth
mentioning that concerning nBu ligands (right
side of Fig. 4), the relative absorbance of the
bands at different wavenumbers is not affected
by the successive impregnation, only the inten-
sity at a given wavenumber increases as the
amount of added metallocene does.

Besides isolated and bridged silanol groups,
siloxane (I11) sites are also expected on the
silica surface. Tait and Ediati [29] have recently
suggested a reaction of metallocene complexes
with siloxane bridges formed in silica dehydrox-
ylated at 733 K. On the other hand, Hair [30]
has shown that at temperatures below 773 K
hydrogen-bonded silanol groups are removed to
generate large, unstrained rings similar to those
found in the bulk of silica. Only above this
temperature the dehydroxylation of isolated
silanols can create edge-shared tetrahedral de-
fects presenting strained bond angles which ren-
der silica highly reactive towards dissociative
chemisorption. Thus, it is very unlikely that
under our thermal pretreatment conditions the
metallocene is grafted by a reaction with surface
siloxane bridges.

Finally, the behavior of the catalyst system
after the cocatalyst addition was studied by the
IR method. Spectrum a in Fig. 5 corresponds to
a sample activated at 373 K and then impreg-
nated with (nBuCp),ZrCl,. The broad band
centered at 3563 cm~* indicates a high surface
density of vicinal OH groups at this lower pre-
treatment temperature, while the bands corre-
sponding to nBu groups do not differ signifi-
cantly from those observed on 723 K activated
Aerosil (compare to spectrum b in Fig. 3). From
the three bands assigned to ring VicH) in that
system, only one band at 3038 cm™*" is now
barely observed, the other two being probably
part of the wide band centered at 3563 cm™*.
Treatment of the supported system with MAO
(200 Al /Zr) (spectrum b of Fig. 5) generates
two sets of bands in the Vich) region, one at
2936 cm™* (vcy,) and another one at 2857
cm ™t (vycpy), attributed to methyl groups. The
shoulder observed at 2857 cm™* could also be
attributed to methoxy groups from MAO, in
analogy with the structure of the (Al,O;Meq) ™
anion proposed by Atwood et a. [31]. After
treatment with MAO, the band at 3038 cm™*
assigned to vy, Of the Cp ring is shifted to
3016 cm~! and its intensity increases, probably

5.0
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=)
1

3.0

2.0

7 (q)

T T T T T
3750 3500 3250 3000 2750

Abs orbance (a.u.)
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Fig. 5. IR spectra in the 4000-2600 cm™! range: (a) SO,
dehydroxylated at 373 K and impregnated at 298 K with a 0.37
wt.% Zr/SiO, toluene solution of (nBuCp),ZrCl,; (b) same as
(a) followed by additional impregnation with 10 wt.% MAO
toluene solution (200 Al /Zr); (c) same as (a) followed by addi-
tiona impregnation with 10 wt.% TMA toluene solution (200
Al /Zr). The low energy part of the spectrum (a) was multiplied
by 3.
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indicating a modification of surface species. A
wide band centered at 3645 cm ™! also indicates
the interaction of MAO with the surface. Never-
theless, isolated silanol groups (vq,, at 3746
cm™?1) are only partially consumed. This is rea-
sonable since one considers that nBuCp groups
prevent the access of bulky MAO molecules to
these Si—OH groups. Experiments at Al /Zr ra
tios higher than 200 led to a significant loss of
transmittance, rendering the analysis difficult.

In contrast to MAO, addition of TMA at the
200 Al /Zr ratio to a metallocene-grafted Aerosi
activated at 373 K leads to a complete consump-
tion of isolated OH groups as indicated by the
disappearance of the band at 3746 cm™! in
spectrum ¢ in Fig. 5. This is an evidence that
TMA is small enough to access the OH groups
protected by nBuCp ligands and to react with
them. After TMA impregnation, three bands
centered at 2955, 2898, and 2853 cm ™! appear
in the v, region, resembling the spectrum
produced with MAO (spectrum b) and suggest-
ing in situ hydrolysis of TMA yielding MAO.
As it was pointed out previously for the system
impregnated with MAO, the Cp ring vy, is
detected as a shoulder at 3016 cm ™.

It has been claimed that methylaluminum
surface species in the presence of zirconocenes
may lead to ion pair formation, producing zir-
conocenium ions (Zr*) weakly attached to silica
in such a manner that they would be free to
move within the surface layer. Using different
MAO-modified silicas, Tait and Ediati [29] ob-
served that the SO,/MAO/Et(Ind),ZrCl, sys-
tem exhibits the higher polymerization activity
when the support is pretreated at relatively low
temperatures, i.e., when a fairly high number of
OH groups is present (recal the high activity
obtained at 373 K). This result reinforces the
idea that the reaction between silanol groups
and an organoal uminum compound, either TMA
or MAO, might be a very important step in the
formation of the catalytic species. Indeed, a
patent has already been issued claiming the
preparation of a supported metallocene catalyst
system in whose preparation undehydrated silica

gels (containing 7.2 wt.% H ,0) are treated with
TMA in solution, bearing very active systems
for high-pressure polymerization of olefins [32].

Only traces of polyethylene were obtained
when the zirconocene complex grafted on 373
K-pretreated silica was tested as a catalyst in
presence of TMA (3000 Al /Zr) instead of MAO
at the same Al /Zr ratio. Experiments conducted
with lower or higher TMA Al /Zr ratios (100,
1000, 2000 and 5000) did not indicate any
activity. It was recently postulated that the role
of MAO is that of a carrier and delivery agent
of TMA (contained in MAO itself) in suitably
low concentrations, such that controlled alkyla-
tion of the zirconium species is achieved [33].
Furthermore, there is a general consensus on the
idea that MAO may assist the formation of the
Zr*Cl~ pair acting as a receptor of the nega-
tively charged moiety. Under our experimental
conditions, the large OH density at 373 K would
permit the production of separated SO,/
(nBuCp),Zr*Me and SiO,/MAO(TMA)
Cl~ ion pairs in the reactor when the cocatalyst
is added, leading to a higher activity.

The supported systems produced polymers
with practically constant melting (408—409 K)
and crystallization (391-393 K) temperatures
typical of polyethylene. All samples (including
the one prepared with the system based on 373
K-activated silica) had higher molecular weights
(~ 3.6 X 10° g/mol) when compared to those
produced by (nBuCp),ZrCl, in a homogeneous
reaction (~ 1.1 X 10° g/mol). In the case of
supported catalysts, the necessary bimolecular
reaction between two metallocene centers, that
makes the B-hydrogen transfer possible, is hin-
dered, resulting in a longer growth of the poly-
mer chain (higher molecular weight).

4, Conclusion

RBS analysis of catalyst systems produced
by grafting (nBuCp),ZrCl, on Grace 948 silica
dehydroxylated at different temperatures showed
a saturation loading around 0.35 wt.% Zr /SO,
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when 1.5 wt.% Zr/SiO, catalyst solutions in
toluene were employed. The highest metal load-
ing was achieved with untreated silica. This low
temperature activation produces a highly hy-
droxylated support which, in turn, leads mainly
to bridged (nBuCp),Zr species which are inac-
tive in polymerization reactions. Monodentate
surface species, as expected, are obtained from
silicas pretreated at higher temperatures yielding
catalysts with higher activities in ethylene poly-
merization reactions.

IR analyses showed that, at the catalyst satu-
ration levels, most of the isolated silanol groups
are not consumed. They did not react with
MAO either, but TMA could efficiently reach
them and react. In these processes, the steric
effect of nBuCp ligands was seen to play an
important role. Moreover, it was observed that
the silanol groups remaining on silica after im-
pregnation of the metallocene complex may also
have an important effect on polymerization ac-
tivity, as evidenced by the high polymer yield
achieved with the system based on 373 K pre-
treated silica, most probably for allowing the
formation of active cocatalyst species after MAO
(or TMA contained in MAO itself) is added to
the systems.
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