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Several Ga-MCM-41 materials, prepared using different synthesis and template removal procedures, were
used for the immobilisation of Cp,ZrCl; by a direct impregnation method. Supports were carefully char-
acterised by XRD, N, adsorption, ICP-AES, AAS, XPS and FTIR (using pyridine as probe molecule for acid
sites), in order to assess their structural features, chemical composition (bulk and surface) and surface

Supported catalysts were tested for the polymerisation of ethylene, using methylaluminoxane (MAO)
as cocatalyst/activator. The relationships established between concentration/strength of acid sites of
Ga-MCM-41 and the catalytic performance of zirconocene dichloride supported in these materials demon-
strate that the behaviour of the catalytic systems analysed in this paper is compatible with existing models
for the interaction of single-site olefin polymerisation catalysts with other inorganic acidic oxides.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The activity of metallocenes and similar single-site catalysts
olefin polymerisation catalysts is known to depend on a multi-
tude of factors related to the nature of activator-catalyst-monomer
interactions. Heterogenisation of some of these components, aim-
ing at a better control of polymer morphologies, brought additional
levels of complexity to the study of the catalytic system, due to addi-
tional interactions with the support. Mesoporous silicates of the
MCM-41 family are one of the many types of inorganic materials
being investigated as supports for olefin polymerisation catalysts
[1-7]. These materials present structures with nanoscale-organised
one-dimensional mesopores deemed responsible for the unusual
morphologies and mechanical properties sometimes observed in
the resulting polyolefins [8,9]. Mesoporous silicates also present
high potential in the preparation of hybrid organic-inorganic
nanocomposites by in situ polymerisation of olefins [10-13], where
they act as nanofillers.

Moreover, mesoporous silicates are also known to allow an easy
modification of their acidic surface properties. The most frequently
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used pathway to achieve that is by incorporation of aluminium
atoms in their structures, although boron and some transition met-
als such as Zn, Ti and Fe may also be employed. The nature of the
element introduced, together with its content (Si/element atomic
ratio) will determine the acid site distribution (i.e. the number and
strength of Lewis and Brensted sites) [14,15]. Some authors have
already pointed out the determinant role that surface acidity prop-
erties of solid supports may play in the activation of the metallocene
catalyst and, consequently, on the corresponding polymerisation
activity [16-19].

So far, few research groups have directly characterised the
surface acidity of mesoporous materials and related it with the
performance of metallocene catalysts immobilised in their surfaces
[20-24].

Recently, we reported the use of Ga-MCM-41 as support for
metallocene catalysts. It was shown that the resulting supported
Cp,ZrCly catalysts (Cp=n°-CsHs), prepared by a direct impregna-
tion method, presented high activities for ethylene polymerisation,
and it was suggested that the acidity derived from the introduction
of Ga in the mesoporous silicate support would play an important
role on the formation of the active species and on the resulting poly-
merisation activity [25]. In the present work, several mesoporous
gallosilicates, prepared by two main methods (direct synthesis and
post-synthesis treatment), are extensively characterised to assess
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their structural features, chemical composition (bulk and surface)
and surface acidity and correlate these properties with the ethylene
polymerisation behaviour.

2. Experimental

2.1. Synthesis of MCM-41 materials containing gallium
(Ga-MCM-41)

Purely siliceous MCM-41 (Si-MCM-41) was prepared according
to the method described by Kim et al. [26]. Ga-MCM-41 supports,
with different Si/Ga ratios (samples GaMR, where R stands for the
Si/Ga ratio), were prepared by a direct synthesis method adapted
from the synthesis of AIMCM-41 described by Lindlar et al. [27]. The
metal source in this case was Ga(NOs3);. The template was partially
removed by extraction with a 0.1 M NH4NO3 in 96% ethanol at reflux
for 2 h. After drying, the products were calcined under a flow of dry
air at 550 °C for 12 h. Selected samples were extracted twice with
the alcoholic solution of NH4NOs and calcined under a flow of dry
air at 550°C for 24 h (samples GaMRX).

The procedure for the preparation of Ga-MCM-41 by a post-
synthesis treatment (samples GaMRI) was adapted from the
method described by Lang et al. for the incorporation of other
metals [28]. In a typical procedure, 2 g of as-synthesized Si-MCM-
41 were dispersed in a solution containing 160 mL H,O and the
required amount of Ga(NOs3)3. The mixture was stirred at room
temperature for 1 h followed by 20 h at 80 °C. After recovering and
drying at 80°C, the template was removed by the same procedure
described above for the samples GaMR.

2.2. Characterisation of Ga-MCM-41 materials

All the samples prepared were checked for phase identification
by powder X-ray diffraction on a Panalitycal X’Pert Pro diffractome-
ter using Cu Ko radiation filtered by Ni and a X'Celerator detector.
Nitrogen adsorption isotherms were obtained at —196 °Cin an ASAP
2010 Micromeritics equipment. Prior to the measurements, the
samples were degassed at 350°C for 3 h.

The bulk compositions of the various materials prepared were
determined using a combination of AAS and ICP-AES techniques.

Surface chemical analysis was performed by XPS in an
XSAMS8O00 spectrometer (Kratos) operated in Fixed Analyzer Trans-
mission (FAT) mode, with a pass energy of 20eV and the
non-monochromatised Mg Ko and Al Ka X-radiation (hv=1253.7
and 1486.7 eV, respectively). Power was 120W (12kV x 10 mA).
Samples were mounted on a double-face tape and analysed in
an ultra-high-vacuum chamber (~10~7 Pa) at room temperature.
Spectra were recorded by a Sun SPARC Station 4 with Vision soft-
ware (Kratos) using a step of 0.1eV. A Shirley background was
used for baseline subtraction and curve fitting for component peaks
was carried out with Gaussian-Lorentzian products. No flood-gun
was used for charge compensation. Binding energies were cor-
rected relative to C 1s (binding energy = 285 eV) from carbonaceous
contamination [29]. X-ray source satellites were subtracted. For
quantification purposes, sensitivity factors were 0.66 for O 1s, 0.25
for C 1s, 4.74 for Ga 2p3; and 0.27 for Si 2p.

The acid sites of the different mesoporous gallosilicates were
characterised by FTIR, using pyridine as probe molecule. Self-
supported wafers (5-10 mg) were placed in an IR quartz cell and
then evacuated under secondary vacuum (10-6 Torr) at 300°C for
1h, prior to pyridine adsorption at room temperature (equilib-
rium pressure ~1Torr). Subsequent desorption of pyridine was
performed at 150 and 300°C under secondary vacuum. IR spec-
tra were recorded on a Thermo Nicolet Nexus instrument (64 scans
with a resolution of 4cm~1). The background spectrum, recorded

under identical operating conditions, was automatically subtracted
from each sample spectrum. In order to obtain a quantitative mea-
surement of the acidity of the materials, the amounts of pyridine
adsorbed for each type of acid site were calculated using extinction
molar coefficients from Emeis [30].

2.3. Preparation of the supported catalysts and ethylene
polymerisations

Full accounts of the procedure followed in the preparation of the
catalyst, as well as the polymerisation setup and methods, were
already published [31]. In this paper, a brief description of these
procedures will be given.

A direct impregnation method was used for the immobiliza-
tion of zirconocene dichloride (Cp,ZrCly, Cp =7>-CsHs, Aldrich) in
the Ga-MCM-41 supports. Prior to use, the mesoporous solids are
heated at 5°C/min up to 300°C, with nitrogen purging, and kept
at this temperature for 2 h. The method used for the preparation
of the supported catalysts is described in a previous paper [31]. In
this method, the support is contacted for 16 h, at room tempera-
ture, with a dilute metallocene solution, in such a concentration
(1.7 x 10~3 M) that all metallocene is adsorbed. Therefore the con-
centration of Zr in the solid is determined from stoichiometric
calculations. The quantitative adsorption of the metallocene is con-
firmed using the following procedure: after contacting the Cp,ZrCl,
solution with the support, the catalyst slurry is decanted and the
remaining solution is injected in the polymerisation reactor, and
MAQO is added. No polyethylene is formed from this solution, thus
confirming that the adsorption of the metallocene by the solid
was complete. This way, a large set of Ga-MCM-41-supported cat-
alysts were obtained in the form of identical suspensions (34 mg
solid/mL) with constant Cp,ZrCl, loads (50 wmol Zr/g solid), and
subsequently tested under identical polymerisation conditions.

Polymerisations were carried outin a glass reactor, using toluene
as solvent, at 25°C and ethylene monomer at 1.2 bar abs. After
loading the solvent and saturating it with ethylene, an adequate
amount of MAO cocatalyst was added (such that Al/Zr~ 500 or
Al/Zr ~1500), and the supported catalyst suspension was injected
to the reactor (~1 mL=2 pmol Zr). The total volume in the reactor
was matched to 50 mL. The reaction time in these polymerisations
was set to 30 min, after which the polymer was quickly precipitated
over a mixture of methanol and HCI (5%). Polymer was thoroughly
washed twice, with fresh methanol, before drying and weighting.
For each supported catalyst polymerisation tests were repeated 2-3
times under the same experimental conditions, in order to check
reproducibility. Activity values correspond to the average of the
independent experiments.

Some additional exploratory experiments were also performed,
using TIBA (Aldrich) in place of MAO. In these cases the Al/Zr ratio
used was 50:1 and the reaction time was 120 min.

3. Results and discussion

3.1. Synthesis and structural characterisation of Ga-MCM-41
materials

The incorporation of Ga into the structure of MCM-41 by direct
synthesis causes a broadening of the peaks in the XRD pattern char-
acteristic of the hexagonal symmetry, when compared with the
pure siliceous counterpart, a result already observed for the incor-
poration of Al [14,31]. Nevertheless, as shown in Fig. 1 for GaM82,
the hexagonal structure of the Ga-containing materials is clearly
identified by the three diffraction peaks that can be indexed as
(100), (110) and (200) in this symmetry. The more severe con-
ditions used for the template removal did not have a significant
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Table 1

The mesoporous solids prepared and their structural characteristics.

Sample type Sample designation Bulk Si/Ga ap (A)? Sger (M2/g) V, (cm3/g)° D, (A)

Si-MCM-41 MSI o0 48.7 1007 0.850 33.8

Ga-MCM-41 by direct synthesis GaM139 139 47.8 868 0.699 322
GaM116 116 49.4 841 0.704 335
GaMs82 82 50.3 1016 0.890 35.0
GaM63 63 49.5 734 0.628 342
GaM47 47 51.5 800 0.688 344
GaMg2xd 82 48.2 1020 0.872 34.2
GaM63X4 63 47.8 847 0.720 34.0
GaM47x4¢ 47 49.3 859 0.745 34.7

Ga-MCM-41 by impregnation of Si-MCM-41 GaM1501 150 47.0 977 0.826 338
GaM1261 126 47.8 1085 0.875 323
GaM83I 83 47.3 964 0.764 31.7

a Calculated for a hexagonal symmetry as ag =2d;90/3"/2.
b Calculated at the top of the adsorption step.

¢ Dy =(4Vy/Sper).

d Extended treatment for template removal.

influence on the structural integrity of these samples. In fact the
XRD patterns of the samples GaM82 and GaM82X are very similar.
The sample Ga83I, prepared by a post-synthesis method reveals
a diffraction pattern closely matching the one of Si-MCM-41 pre-
cursor. This was expected and shows that the technique used for
the deposition of Ga over the surface of a pre-formed mesoporous
material did not change its framework structure. It is important to
note that the XRD patterns of the other Ga-containing samples (not
shown in Fig. 1) display the same behaviour.

In order to check the formation of aggregates of Ga oxide or other
Ga phases during the synthesis or the calcination procedures, a
diffraction pattern was recorded in the 20 range from 1.5° to 80°, for
all samples. Diffraction peaks due to the presence of Ga crystalline
phases were not detected. This indicates, even for the samples with
low Si/Ga ratio, that the distribution of Ga is rather homogeneous
or at least that the aggregates formed do not have a significant size
to be detected by XRD.

Structural parameters, after template removal, calculated for the
mesoporous materials from XRD and nitrogen adsorption data are
presented in Table 1. The various samples are identified according to
the procedure used in their synthesis and to their bulk Si/Ga ratios
obtained from elemental analysis. Adsorption of nitrogen clearly
shows that all samples have a high surface area and a rather similar
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Fig. 1. XRD patterns obtained for the purely silicecous MCM-41 and for three Ga-
MCM-41 materials with identical Ga loadings, prepared according to the methods
presented in the current paper.

pore diameter, in the range 31.7-35.0 A. The extended calcination
procedure carried out on the samples prepared by direct synthesis,
caused, as expected, just a small contraction of the hexagonal unit
cell but did not change significantly the structural parameters as
observed by XRD and nitrogen adsorption data (series GaMR and
GaMRX). Adsorption data of series GaMRI indicate, in line with the
XRD measurements, that the technique used for the deposition of
Ga on the surface of MCM-41 did not have significant influence
on the structural parameters of the parent material. Just a small
reduction in the pore diameter is observed for the sample with the
highest amount of Ga.

3.2. XPS analysis of Ga-MCM-41 materials

The various Ga-MCM-41 materials were surveyed by XPS. While
elemental analysis affords the bulk Si/Ga ratio, XPS provides infor-
mation regarding surface compositions. For porous, powdered
materials, since the surface is not flat no information can be
obtained about in-depth elemental composition by angle resolved
XPS analysis. Instead, two different anodes, Al and Mg, were used,
the former with higher radiation source energies than the latter.
Since the escape depth of photoelectrons is a function of their
kinetic energy, and it is higher when the source radiation has a
higher energy, the information brought by photoelectrons gener-
ated by Al anode radiation comes from deeper thickness than when
they are generated by Mg anode radiation. This way, shallower and
deeper Si/Ga ratios were calculated for various Ga-MCM-41 sam-
ples, giving an idea of the depth distribution of gallium atoms in
the surface of the solid. For Ga 2p photoelectrons, for instance, the
escape depths are 0.64 and 1.37 nm in the case of Mg and Al anode,
respectively. For the greater part of the samples, the Si/Ga ratio
obtained with Al anode is larger than the one obtained with Mg
anode, suggesting that gallium segregation exists at the external
surface when compared with the region underneath, but still of the
order of magnitude of 1 nm. However, for the same samples, Si/Ga
ratios for both Al and Ga anodes are larger than those obtained
by elemental analysis for the bulk material. These results are con-
sistent with an intermediary zone of gallium depletion near the
surface and a gallium enriched nucleus in the samples with lower
gallium contents.

The three Si/Ga ratios become the same, within the experimen-
tal error, for samples with higher Ga loadings. The exception to this
pattern is the sample GaM82, where a large segregation of gallium
at the outer surface exists, confirmed by the smaller XPS Si/Ga ratios
obtained with both anodes, when compared to the bulk elemen-
tal analysis. This sample also exhibits structural differences when
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Table 2
Results of surface chemical analysis by XPS.

Sample type Sample Bulk Si/Ga Si/Ga inner (Al anode) Si/Ga outer(Mg anode)

Ga-MCM-41 by direct synthesis GaM139 139 n.d. n.d.
GaM116 116 268 143
GaM82 82 47 37
GaM63 63 130 90
GaM47 47 44 50
GaM82Xx2 82 51 72
GaM63X? 63 107 103
GaM47Xx3 47 n.d. n.d

Ga-MCM-41 by impregnation of Si-MCM-41 GaM1501 150 21 19
GaM1261 126 17 15
GaM83I 83 14 11

n.d.: not determined.
3 Extended treatment for template removal.

compared with the remaining samples (Table 1). It is interesting
to notice that after preparing the same material using a longer
calcination treatment (sample Ga82X), there is a decrease in the
amount of gallium in its surface, particularly in the outer layers
(Mg anode ratio). This suggests that a migration of gallium towards
the particle nucleus occurred. In the sample GaM63, the same treat-
ment induces a gallium homogenisation in the surface decreasing
its amount in the outer layers but causing the depletion zone to
disappear.

On the other hand, XPS data for the materials prepared by
impregnation showed the lowest surface Si/Ga ratios of the entire
set of samples. This is not surprising, as the impregnation tech-
nique will deposit and concentrate gallium over a thin layer in the
surfaces of the Si-MCM-41, and not disperse it inside the siliceous
framework, as it would happen if a gallium source had been added
to the synthesis gel prior to crystallisation.

3.3. Surface acidity

The acidity of the Ga-MCM-41 materials was determined by
adsorption of pyridine (probe molecule) at room temperature and
subsequent desorption at 150 and 300 °C. The quantitative results
are presented in Table 4. The amount of pyridine obtained at
150°C corresponds to total acid sites, while that observed at 300°C
corresponds to medium-strong acid sites. For simplicity, weak
(150°C) and strong (300 °C) acid sites will be considered hereafter.
Fig. 2 shows the typical FTIR spectra (before and after pyridine

1700 1650 1600 1550 1500 1450

Absorbance (a.u.)

3000 2500 2000

Wavenumber(cm™)

3500

4000

Fig. 2. Typical FTIR spectra, mass corrected, for Ga-MCM-41 materials. Spectra
acquired before (a) and after pyridine adsorption-outgassing at 150 °C (b), and detail
ofthe corresponding difference spectra (c), with band assignments. B, Brgnsted sites;
L, Lewis sites.

adsorption) obtained for GaMCM-41 samples (in this case GaM47X)
and consequently the difference spectrum. Bands at 1457 and
1621 cm™1, attributed to Lewis acid centres, are observed together
with bands at 1545 and 1640 cm™!, usually assigned to Brensted
acid sites [14,32] Band at 1491 cm~! corresponds to both acid sites.
Pure Si-MCM-41 does not show either Lewis or Brgnsted acidity.
For both the samples, the amount of Brensted acid sites is very
low, suggesting a low concentration of this type of acid sites in
the mesoporous gallosilicates prepared. In all the cases, the band
observed at 3740 cm~! and related to silanol groups is not perturbed
by adsorbed pyridine, since these OH groups do not present an acid
character.

Itis expected that the number of acid sites present at the surface
of the Ga-MCM-41 materials will follow the order of decreas-
ing Si/Ga ratio (increasing concentration of Ga). Nevertheless,
Ga-MCM-41 materials obtained by the standard direct synthesis
procedure (series GaMR) presented a rather irregular variation of
Lewis acidity with bulk Si/Ga ratio. When combining the direct
synthesis method with extended template removal procedures
and longer calcination times (series GaMRX), the overall acidity
of the materials is increased and follows the order of decreas-
ing Si/Ga ratios. Ga-MCM-41 materials prepared by impregnation
of Si-MCM-41 with gallium nitrate (series GaMRI) also follow the
expected acidity trend. These results suggest that incomplete tem-
plate removal may have occurred for series GaMR, thus blocking up
the access of pyridine molecules to acid sites present in the surface
and diminishing their chemical effects.

From Table 4 it is clear that the main fraction of the acid sites
detected in the prepared Ga-MCM-41 is Lewis sites (over 90%). As
the outgassing temperature rises from 150 to 300 °C, the gallosili-
cates keep 55-68% of the amount of pyridine adsorbed in the Lewis
sites. Therefore, most of these sites can be considered to be strong
acid sites. On the other hand, Brgnsted sites are present in much
lower concentrations than Lewis sites. For series GaMR, Brensted
sites are barely detectable, while for series GaMRX and GaMRI these
sites are responsible for only ~6% and ~8% of the total amount of
pyridine adsorbed. Nevertheless, at 300°C pyridine associated to
Brognsted sites is not observed in the spectra for both the mate-
rials analysed. Accordingly, the Brgnsted acid sites present in the
Ga-MCM-41s can be considered as weak acid sites.

3.4. Preparation of the supported catalysts

Modification of AI-MCM-41 supports, by pre-treatment with
MAQO, prior to zirconocene immobilisation, reduces the influence
of framework acidity on polymerisation behaviour [2,31]. This way,
in the present study, only the direct immobilisation method was
employed to prepare the supported catalysts. It is known that
aluminium present in AI-MCM-41 improves the retention of the
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Table 3
Catalysts prepared and activities obtained in the polymerisation of ethylene.

Support Bulk Si/Ga Zr contents in support (mol/g) Polymerisation activities (kg/(molz h))
AlMAQ/Zl'=500 AlMAo/ZI'= 1500

None - (a) >5000 -
Si-MCM-41 00 13 310 830
GaM139 139 50 1260 2210
GaM116 116 1660 2700
GaM82 82 1030 1790
GaM63 63 1320 2590
GaM47 47 400 1060
GaM82Xx2 82 50 1100 3030
GaM63X? 63 1030 1970
GaM47Xx? 47 560 920
GaM1501 150 50 790 1290
GaM1261 126 1340 2190
GaM83I 83 890 1250

(a) Solution polymerisation, 1 pmol Zr in reactor.
2 Extended treatment for template removal.

metallocene in the siliceous support in a direct impregnation,
when compared to Si-MCM-41 [2,31]. As discussed above, XPS
data (Table 2) report surface compositions with much lower Ga
concentrations than expected from the bulk composition of the Ga-
MCM-41 materials. Nevertheless, for any of the supports, the very
low Ga loadings proved to be enough to immobilise at least four
times more metallocene than Si-MCM-41 did. Gallium seems to be
as effective as aluminium (if not better) in creating a surface able
to capture the metallocene.

3.5. Study of ethylene polymerisation behaviour

A previous communication highlighted that zirconocene dichlo-
ride could be efficiently supported over Ga-containing MCM-41
materials, producing supported catalysts with high activities over
mild polymerisation conditions [25]. In this paper, the study is
expanded to a greater number of supports, prepared according to
distinct procedures. The three sets of Ga-MCM-41 supports pre-
pared present surfaces with different “chemical properties”, in
terms of chemical composition, Ga segregation effects and acidity
properties, while keeping the same general structural characteris-
tics, as demonstrated by the results discussed thus far. The influence
of these “chemical properties”, over polymerisation activity is dis-
cussed in the present section.

Table 3 presents the catalysts prepared and the corresponding
polymerisation activities, using Alyao/Zr ratios equal to 500 and
1500. For comparison, previous results from solution polymeri-
sation and Si-MCM-41 are also included [31]. The activity values
obtained with Cp,ZrCl, /Ga-MCM-41 systems for Al/Zr =500 repre-
sent around 30% of the activity obtained in solution, which can be
considered a very good result [25]. A preliminary characterisation
of polyethylene samples obtained from these supported systems
by DSC technique showed an increase in the melting temperature
of about 1°C relatively to the non-supported system. Accordingly
a slight increase of the average molecular weight may be expected
for the supported systems when compared to the value obtained in
the corresponding homogeneous conditions (My =4 x 10° g/mol).

3.5.1. Relation with support chemical composition

The dependence of polymerisation activity on the XPS and bulk
Si/Ga ratio is shown in Figs. 3 and 4. According to structural data
presented in the previous sections, Ga-MCM-41 support particles
provide, besides its external surface area, a high porous volume
and internal surface area for metallocene binding and activation
and consequent polymer formation. Therefore both bulk and exter-
nal chemical compositions are expected to contribute individually
to the overall polymerisation activity: if polymer formation occurs

predominantly at the external surface of the mesoporous gallosil-
icates, activity should correlate to Si/Ga ratios assessed by XPS;
on the contrary, if polymer formation at external surface can be
neglected relatively to the total amount of polymer formed, bulk
Si/Ga ratio should correlate better.

Data from Fig. 3 show rather dispersed sets of points that do not
seem to follow a specific trend. When looking to Fig. 4, more defined
trends are apparent; activity increases with bulk Si/Ga ratio up to a
maximum value and then decreases. However, bulk Si/Ga is not the
only parameter determining activity and other factors influence the
overall activity. In particular, at identical bulk Si/Ga ratios, impreg-
nated supports led to lower polymerisation activities compared to
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direct synthesis ones. This result may be tentatively interpreted
on the basis of the much higher segregation effect occurring in
the impregnated samples (which exhibit external Ga loads roughly
eight times higher than the bulk Ga compositions) when compared
with direct synthesis supports. In that case very high Ga segre-
gation will be reflected negatively on polymerisation activity. One
explanation could be the formation of Ga aggregates on the particle
surface of impregnated samples with low XPS Si/Ga ratio, although
no crystalline aggregates of gallium oxide or other gallium phases
were detected by X-ray diffraction.

3.5.2. Relation with support surface acidity characteristics

As pointed out before, differences on synthesis and template
removal procedures affect not only chemical composition and Ga
segregation, butalso induce significant changes on the overall acidic
properties of the support (type, number and strength of acid sites).
It is known that the acidic properties of supports may influence the
type of interaction with the metallocene complex and its activation
process, with consequent effects on overall productivity. The rela-
tion between the polymerisation activity and the surface acidity
characteristics of the support will be now analysed, on the basis
of the models proposed in published literature that explain the
interaction of methylated metallocenes with silica—alumina and
alumina [16-18].

One common feature in these models is the generation of
cationic, “cationic-like” or polarised species when one of the labile
ligands in the methylated metallocene is captured by the Lewis
acidic aluminium present in the surface. On the other hand, weak
Bregnsted sites would be responsible for the displacement of the lig-
ands in the metallocene, converting it to inactive species containing
p-oxo Zr-0-Si structures. Strong Brensted sites, in some less fre-

quent cases, have been proposed to ionize with delocalisation of
the resulting negative charge but do not produce inactive p-oxo
structures.

Scheme 1 represents an adaptation of the above-described
models to the case of the interaction of zirconocene dichloride
(Cp2ZrCly) with the acid sites known for zeolites and zeolite-like
mesoporous aluminosilicates. Weak Brgnsted sites lead to p.-oxo
species with a small charge separation in the Zr-O bond, which
however is not enough to originate the cationic active species.
With stronger Bronsted sites, negative charge delocalisation with-
draws electronic density from the p-oxo bond, creating a much
more polarised species. Although none of the species represented
in Scheme 1 is active by itself, it was already proposed that .-
oxo species may be activated in presence of MAO [19], explaining
the low polymerisation activity levels obtained for pure silica sup-
ports. In the present model it is proposed that neutral and slightly
polarised p-oxo complexes, issued from weak Brgnsted sites, are
less prone to be converted to active species, than the cationic or
strongly polarised species, formed on Lewis or strong Brgnsted
sites. According to this scheme, and depending on the nature and
strength of the existing acid sites of the support, the activation of the
metallocene and the corresponding formation of the active species
can be favoured or hindered.

As mentioned previously, many of the Ga-MCM-41 samples
present weak Bronsted sites. Therefore a negative effect on activ-
ity is expected. On the other hand, a positive effect on activity is
expected for Ga-MCM-41 samples exhibiting increased number of
Lewis centres and acidity strengths. In a rather simplified picture,
the polymerisation activity of catalysts prepared from supports
containing both Lewis acid sites and weak Brensted acid sites will
be affected by two opposite effects. Accordingly, the polymerisa-
tion activity observed when using these mesoporous gallosilicates
is expected to increase with the fraction of “strong” Lewis sites
present in these mesoporous gallosilicates.

The dependence of polymerisation activity on the fraction of
Lewis sites (ratio between number of Lewis sites and total num-
ber of acid sites, according to data reported in Table 4) is shown
in Fig. 5 and seems to follow the expected trend. Maximal activity
is obtained for samples without Brensted acidity, and very small
amounts of weak Brensted sites (less than 10%) lead to a severe
reduction of activity. This drastic effect can also be seen in Fig. 6,
representing the polymerisation activity as a function of total con-
centration of weak Bronsted sites.

When using non-methylated zirconocene dichloride (Cp,ZrCl,),
even if the acidity characteristics of support enable the abstrac-
tion of a chloride ligand and the formation of a cationic species,
it will be necessary to further alkylate this species in order to
obtain the active species (Cp,ZrR*). If no MAO or other alkylat-
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Fig. 5. Polymerisation activities (for Alyao/Zr~500) plotted as function of the frac-
tion of Lewis sites (as measured with pyridine at 150°C).
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Table 4
Amounts of pyridine adsorbed for each type of acid site, as measured by FTIR.

Sample type Sample Bulk Si/Ga Pyridine adsorbed (umol/g Ga-MCM-41)
150°C (total sites) 300°C (strong sites only)
Lewis sites Bronsted sites Lewis sites Bronsted sites
Ga-MCM-41 by direct synthesis GaM139 139 65 0 36 0
GaM116 116 53 0 36 0
GaMs82 82 31 0 19 0
GaM63 63 13 0 34 0
GaM47 47 93 7.0 59 0
GaM82Xx? 82 88 44 55 0
GaM63X? 63 97 5.7 60 0
GaM47Xx? 47 127 7.7 79 0
Ga-MCM-41 by impregnation of Si-MCM-41 GaM1501 150 52 4.6 26 0
GaM1261 126 66 5.0 38 0
GaM83I 83 92 8.0 54 0

2 Extended treatment for template removal.
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Fig. 6. Polymerisation activities (for Alyao/Zr~500) plotted as function of the total
concentration of Brgnsted sites (as measured with pyridine at 150°C).

ing agent is added during polymerisation, the active species cannot
be formed and therefore no activity is observed. In order to con-
firm that Ga-MCM-41 materials can indeed promote the formation
of the cationic precursor of the active species, some polymerisa-
tion experiments were performed using TIBA in place of MAO and
Almga/Zr~50. Indeed, after 2 h, polyethylene is recovered from the
reactor mixture. This supports the assumption that mesoporous
materials containing acidic Ga are able to polarise the Zr-Cl bond
in the metallocene and produce cationic metallocenium ions, or
cationic-like analogues that after alkylation by TIBA form the active
species, which are able to promote the polymerisation of ethylene.

The interpretation here presented although showing a correla-
tion between polymerisation activity and support acidity is a very
simplified picture of reality. In fact the type, number and strength
of the acid sites cannot be varied separately, leading to a very com-
plex system of interactions with opposite effects on polymerisation
activity. Moreover, we must keep in mind the possible role that non-
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acidic SiOH groups may play in polymerisation activity, since vicinal
silanol groups may lead to irreversible deactivation of Cp,ZrCl, dur-
ing the immobilisation procedure. Although in the present study all
the mesoporous solids were dried prior to impregnation using the
same conditions, at the present state of the investigation we cannot
exclude that differences may exist on the amount and type of sur-
face silanol groups. Further studies are in progress, aiming to clarify
this aspect.

4. Conclusion

A series of Ga-MCM-41 materials, prepared using well-
established procedures, was used to assemble a large set of
metallocene catalyst supports. The different synthesis and tem-
plate removal procedures used in the preparation of these supports
do not affect significantly its structural parameters. However, they
result in different surface characteristics in terms of chemical com-
position, segregation effects and surface acidity properties with
important effects on final polymerisation activity. XPS experiments
demonstrated that the Ga distribution is strongly dependent on
the synthesis procedure (direct synthesis or impregnation) and
also, in some extent, on the thermal treatment used for the tem-
plate removal. Careful characterisation of the structural features
and chemical properties of the supports prepared was of paramount
importance to assure that, as far as possible, all effects are accounted
for when explaining the catalytic performance.

The present work corroborates other studies pointing out to
the important role that acidity properties of the support may
play on the metallocene activation process. It has been shown
that polymerisation activities depend on the balance between
Lewis acid sites, which favour the formation of active species, and
weak Brensted sites forming p-oxo species less prone to activa-
tion.
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