
Ž .Journal of Molecular Catalysis A: Chemical 158 2000 541–557
www.elsevier.comrlocatermolcata

Supported metallocenes using inorganic–organic
hybrid xerogels

J.H.Z. dos Santos, H.T. Ban, T. Teranishi, T. Uozumi), T. Sano, K. Soga
School of Materials Science, Japan AdÕanced Institute of Science and Technology, 1-1 Asahidai, Tatsunokuchi, Ishikawa 923-1292, Japan

Received 25 January 2000; accepted 6 February 2000

Abstract

Four metallocene catalysts were prepared using two indenyl-containing aerogels as supports, treated under different
Ž Ž . Ž . .conditions triethylaluminum TEA , methylaluminoxane MAO and butyllithium . The catalysts were characterized by

Ž .complementary spectroscopic techniques: ultraviolet–visible spectroscopy UV–Vis , X-ray photoelectronic spectroscopy
Ž . Ž .XPS , matrix-assisted laser desorptionrionization time-of-flight mass spectroscopy MALDI-TOF-MS , scanning electron

Ž . Ž . Ž .microscopy SEM and electron probe microanalysis EPMA . The highest metal content 1.32 mmol Zrrg-cat. was
achieved in the case of xerogel treated with TEA prior to metallocene synthesis. After MAO leaching, such content is
reduced to 0.82 mmol-Zrrg-cat., exhibiting the highest activity in ethylene polymerization among the four developed
catalysts. A relationship between catalyst activity and binding energy of Zr 3d5r2 core level could be evidenced. The most
active catalyst system showed a better Zr distribution, being the catalyst grain covered by aluminum cocatalyst. Depth
profile monitoring by XPS measurements showed that, in fact, MAO leaches the zirconocene low binding energy species,
being deposited in the uttermost surface of the grains. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The discovery of metallocene-based catalysts
for the polymerization of a-olefins has opened
the possibility of synthesizing new materials.
The single site metallocene catalysts offer sev-
eral advantages with respect to the traditional
Ziegler–Natta catalysts, as narrow molar mass
distribution, control of molar mass of end
groups, of stereo- and regioregularities, of
comonomer incorporation, and of low residual
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metal content, just to mention a few. The
progress in metallocene-catalyst polymerization
and correlation between metallocene structure
and polymer properties has been constantly re-

w xviewed in the literature 1–4 .
From the industrial gas phase and slurry

polymerization processes, however, heteroge-
neous catalyst systems are an important require-
ment. Research groups throughout the world are
focusing most of their efforts towards the devel-
opment of supported catalysts that can be used
as drop in technology in the existing processes.
Moreover, the heterogeneization of metallocene
is necessary to avoid reactor fouling with finely
dispersed swelling of polymers, and to produce

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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polymer particles of a desired regular morphol-
ogy.

Partial success has been prepared by using
inorganic carriers, in particular, SiO and2

MgCl , as well as polymer as carriers. The2

main disadvantages of such systems comprise
Žleaching of the catalyst active sites especially

Ž .by methylaluminoxane MAO during the poly-
.merization process , incomplete fragmentation

Žof the carrier matrix complete fragmentation
with exposure of new active sites is necessary in
order to improve productivity and polymer mor-

.phology and a sensible loss in catalyst activity
Žcompared to the homogeneous system since

during the immobilization process, some surface
.reaction might lead to inactive species .

Supported metallocene catalysts are prepared
w xby a number of methods 5–7 . Silica is the

most used carrier. Generally, they are classified
in three categories: adsorption on the support

w xwithout pretreatment 8–10 ; the chemical mod-
w xification of silica with MAO 11,12 , alkylalu-

w x w xminum 13 , organosilanes 14–16 or borates
w x17 prior to metallocene grafting, and finally,
the in-situ synthesis of metallocenes on silica
w x w x18 or on polymer support 19,20 . All these
procedures afford different catalysts, and these
in turn produce polyolefins with different prop-
erties.

In the first case, MAO might leach some
adsorbed metallocene species during the poly-
merization process. Nevertheless, polymers pro-
duced by such systems exhibit higher molecular
weight when compared to those obtained by
soluble systems. In the case of MAO-modified
silicas, it has been proposed that metallocene
complexes are bonded to the support by loosely

w xionic forces 21 . According to the preparative
conditions and catalyst precursor, it is claimed

w xthat no cocatalyst is necessary 16 . The steric
effect played by silica can be attenuated if the
metallocenes are grafted on organosilanes, which
play the role of spacers, leading to an increase

w xin the catalyst activity 14,22 .
We have performed the in situ synthesis of

metallocenes on silica by initially treating the

support with SiCl , followed by ligand reaction,4
w xand finally by metallation 18 . Such a proce-

dure led to an increase in the metal content and
in the catalyst activity. An alternative approach

Žto increase the metal content and the catalyst
.activity resides in performing in-situ metal-

locene synthesis, in supports carrying already
the ligands. We have previously investigated the

Ž .synthesis of poly siloxane -supported metal-
locene, which showed much higher activity in
ethylene and propylene homopolymerizations in
comparison to silica-supported analogues
w x Ž .23,24 . In the case of poly siloxane with bisin-
denyl groups, the systems were shown to be
composed of toluene soluble and insoluble frac-
tions.

In most of those cases, the grafting step takes
place by the surface reaction between the silanol

Žgroups and a labile ligand mostly chloride or
.methyl from the metallocene, from the cocata-

Žlyst or from organometallic complexes in the
.case of in situ synthesis . In all these cases, the

number of surface OH groups on the surface
limits the amount of grafted catalyst. Moreover,
the metallocene ligands themselves might im-
pinge some steric effect preventing further reac-

w xtion 25 .
The sol–gel technique has wide potential ap-

w xplications in the synthesis of new materials 26 .
Inorganic–organic hybrid xerogels are materials
in which organic molecules or building blocks
are combined with structural elements of ce-
ramic materials aimed at widening or improving
xerogel properties without influencing the exist-
ing ones, such as heat insulation, transparency,

w xand high surface area 27–29 .
The most effective way to generate such

hybrid xerogel consists in the covalent binding
of the organic groups. In the case of silicate

`systems, due to the hydrolytic stability of Si C
bonds, precursors can be used in which the
functional organic group is bonded through a

`stable Si C link to the network-forming inor-
ganic part of the molecule.

w xIn a previous paper 30 , we reported the
synthesis and characterization of two silica xe-
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rogels prepared by the sol–gel method and con-
Ž .taining indenyl groups IndSiO on their sur-2

face. The chemical composition and texture were
shown to be highly dependent on the prepara-
tive conditions. In the present study, we discuss
the synthesis and characterization of four-sup-
ported zirconocene catalysts, prepared under
different protocols using these two xerogels.
The xerogels were analyzed by matrix-assisted
laser desorptionrionization time-of-flight mass

Ž .spectrometry MALDI-TOF-MS . The sup-
ported zirconocenes were characterized by in-
ductively coupled plasma-atomic emission spec-

Ž .troscopy ICP-AES , ultraviolet–visible spec-
Ž .troscopy UV–Vis , transmission infrared spec-
Ž .troscopy FT-IR , X-ray photoelectron spec-
Ž .troscopy XPS , MALDI-TOF-MS and magic

angle spin nuclear magnetic resonance spec-
Ž .troscopy MAS-NMR . Particle shape image and

X-ray maps of the catalyst elements were ob-
tained through scanning electron microscopy
Ž .SEM analysis and electron probe microanaly-

Ž .sis EMPA . The catalyst activities of the sup-
ported systems were evaluated in ethylene
homopolymerization, using MAO and triiso-

Ž .butylaluminum TIBA as cocatalysts.

2. Experimental part

2.1. Materials

Ž .Indene q85%, Kanto Chemical, Japan and
Žtetraethyl orthosilicate extra pure reagent,

.Nacalai Tesque, Japan were purified by vac-
Žuum distillation. Toluene extra pure grade, from

. ŽNacalai Tesque , tetrahydrofuran THF; first
. Žgrade from Kanto Chemical , diethylether first

. Žgrade, from Wako, Japan , heptane extra pure
.grade, from Nacalai Tesque were purified ac-

cording to the usual procedures. Zirconium
Žtetrachloride ZrCl , q98%, Merck-Schuchardt,4

. ŽGermany , dimethoxydichlorosilane ShinEtsu,
. ŽJapan and butyllithium n-BuLi; reagent grade

.in hexane solution, from Kanto Chemical were
Ž .used without further purification. Nujol Wako

was purged by bubbling nitrogen for 6 h. Ethy-
Žlene polymerization grade, Takachiho Trading,
.Japan was purified with columns of NaOH

Ž .extra pure grade, from Nacalai Tesque and
Ž . ŽP O q98.9%, from Wako . MAO in toluene2 5
. Ž .solution , triethylaluminum TEA and TIBA

were donated by Tosoh Akzo, Japan, and were
used without further purification.

2.2. Synthesis of indenyl-silica

Synthesis of diindenyldimethoxysilane is re-
w x Žported elsewhere 30 . Modified xerogels In-

.dSiO were prepared by hydrolysis and con-2
Ž . Ž .densation reactions of Si OEt TEOS and4

Ž .EtO SiInd under two deliberate conditions.2 2

In route A, the components ratio TEOS:
Ž .EtO SiInd was 5:1, with water corresponding2 2

to the half of the number of ethoxy groups. The
reaction was carried out in toluene at 808C for 6

Ž .h. In route B, the TEOS: EtO SiInd ratio was2 2

3:1, with added amount of water corresponding
to the total consumption of ethoxy groups. The
reaction was performed in ethanol at 308C for
60 h, using 0.01 N NH OH solution as catalyst.4

ŽBoth xerogels A and B obtained respectively
.by routes A and B were dried under vacuum.

More details of such syntheses are reported
w xelsewhere 30 .

2.3. Synthesis of the catalysts

The supported catalysts were prepared ac-
Ž .cording to three different routes Scheme 1 . In

route 1, the IndSiO was reacted with 10 cm3 of2
Ž -3.TEA in toluene solution 1 mmol of Al cm .

The mixture was kept under stirring for 16 h.
The resulting solid was then reacted with 6 cm3

of n-BuLi hexane solution. The reaction mix-
ture was heated to reflux temperature at 708C
for 8 h and kept stirring at room temperature for
16 h. After removing the solvent, the resulting
solid was washed with 3=30 cm3 of hexane
and dried under vacuum. In a two-neck flask
equipped with a dropping funnel and a magnetic
stirring bar, 1.0 g of treated IndSiO was dis-2
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Scheme 1.

solved in 40 cm3 of THF, followed by the
dropwise addition of 5 mmol of ZrCl P2THF in4

50 cm3 of THF at room temperature. The result-
ing brown solid was washed with 3=30 cm3 of
THF and dried under vacuum. The slurry was
then transferred to a fritted disk, and washed
with 25=2 cm3, and dried under vacuum.

In route 2, the same procedure described
above was performed with the additional step
that the resulting solid obtained in route 1 was
further reacted with 12 cm3 of MAO toluene

Ž y3.solution 1 mmol Al cm in toluene at room
temperature for 18 h. The catalyst was then
washed with 5=30 cm3 of toluene and dried
under vacuum.

The third route was performed by reacting
IndSiO with 9 cm3 of n-BuLi at room temper-2

ature. The reaction mixture was then kept under
reflux for 8 h. To the resulting solid, 2 mmol
ZrCl P2THF in THF was added at room tem-4

perature. The resulting solid was washed with
20=5 cm3 of hexane and dried under vacuum.

Catalyst B1 was synthesized as the procedure
described in route 1, using xerogel B instead of
A as support.

2.4. Polymerization procedure

To a 100 cm3 stainless steel autoclave
equipped with a magnetic stirrer were intro-
duced measured amounts of toluene, cocatalyst
and catalyst solution. After stirring at room
temperature for 30 min, the system was de-
gassed at liquid nitrogen temperature. After in-

Ž 3troducing 0.29 mol of ethylene monomer 7 dm
.at STP , polymerization was started by rapidly

warming up to the polymerization temperature.
The polymerization was terminated by adding
acidic methanol. The precipitated polymers were
washed with methanol and dried under vacuum
at 608C for 6 h.

2.5. Analytical procedures

2.5.1. Characterization of the support and the
catalysts

Ž .The metal contents Al and Zr were mea-
sured by ICP-AES. The samples were previ-
ously attacked by acid digestion using 2 N
H SO solution.2 4

UV–Vis analysis was performed in a DW-
Ž .2000 spectrometer Sim-Aminco, USA

equipped with a beam scrambler, which diffuses
the entering light to form a uniform field of
illumination, eliminating any spatial differences
between beams. In order to increase the sample
transparency and the viscosity, the solids were
mixed with Nujol to form a slurry. All the
samples were prepared in a glove box in quartz

Ž .cells 1.0 cm path length . The absorption spec-
tra were recorded under dry N between 2502

and 550 nm, having Nujol as a reference.
MAS-NMR spectra were recorded with a

Varian 400-MHz Spectrometer operating at
100.7 MHz for 13C and 104.3 MHz for 27Al.
Peak assignment was relative to external hex-

Ž13 . Ž . Ž27 .amethylbenzene C and Al NO Al . The3 3
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number of scans varied from 1000 to 3000.
Prior to spectra recording, samples were trans-
ferred in a glove box and packed into 7.0-mm
diameter zirconia rotors.

FT-IR absorption spectra in the range of
4000–550 cm-1 were recorded with a Jasco

Ž .FT-IR spectrometer model Valor-III with a
y1 Ž .resolution of "4.0 cm 16 scans . Samples

were analyzed as pellets in KBr.
MALDI-TOF-MS was performed at Kompact

Ž .MALDIII Kraton Analytical using 20 shots
and 50 eV. Higher number of shots or higher
energy increased the number of fragments, ren-
dering the spectra complex. The solids were
pressed on the sampler in a glove box and
transferred under N flow. Analyses were per-2

formed using positive ionization in reflectron
mode.

XPS were taken with an Alvac PHI 5600
Ž .Esca System Physical Electronics , monochro-

Ž .mated AlKa radiation 1486.6 eV . Acquisition
was carried out at room temperature in high-res-

Ž .olution mode 0.1 eV step, 23.5 eV pass energy
for the Al 2p and Zr 3d regions. The samples
were mounted as thin films on an adhesive
copper tape in a glove box, introduced into a
transfer chamber and then evacuated to 10-6

Torr in 90 min using a turbomolecular pump.
During data collection, an ion-getter pump kept
the pressure in the analysis chamber under 10-9

ŽTorr. Takeoff angles angle between the surface
.plane and the irradiator of 208, 458, 608 and 758

were used to control the sampling depth in the
XPS experiment. For each of the XPS spectra
reported, an attempt has been made to deconvo-
lute the experimental curve in a series of peaks
representing photoelectron emission from atoms
in different chemical environments. These peaks
are described as a mixture of Gaussian and
Lorentzian contributions to take instrumental
error into account together with the characteris-
tic shape of photoemission peaks. All binding
energy values were charge referenced to the
Si2p at 103.3 eV.

SEM and EMPA experiments were carried
on a JOEL JXA-8900L WDrED combined mi-

croanalyzer. The catalysts were initially fixed
on a carbon tape and then coated with carbon by
conventional sputtering techniques. The em-
ployed accelerating voltage was 20 kV and
current ca. 3=10-8 A for EMPA and ca. 1=
10-10 A for SEM.

2.5.2. Characterization of the polymers
Ž .The polymer melting points T were mea-m

Ž .sured by differential scanning calorimetry DSC
in a Seiko DSC 220C. The analyses were per-
formed with a heating rate of 108C min-1 in the
temperature range of 25–2008C. The heating
cycle was performed twice, but only the results
of the second scan were recorded.

3. Results and discussion

w xIn a previous study 30 , we detected the
presence of residual ethoxyde and silanol groups
on the surface by diffuse-reflectance infrared

Ž . 13spectroscopy DRIFTS and C-MAS NMR.
Silica gels from alkoxydes contain considerable
amounts of water, organic by-products from the
precursors, and products of the hydrolysis and

w xpolycondensation reactions 31 . Additionally,
there are adsorbed hydroxy and ethoxy groups
on the surface of the gel. For instance, aerogels

Ž .made from Si OMe under basic conditions4

and supercritically dried with methanol present
30% of their silicon atoms still carrying a

w xmethoxy substituent 31 .
Therefore, in order to avoid reagent decom-

position, the metallation of the indenyl groups
demands a previous consumption of ethoxyde
and silanol groups. Such procedure can be
achieved by the reaction with organometallic
alkyl compounds. The reaction between silanol
groups with alkylaluminum compounds has been
known for a long time and it is the basis of a
well-established method for surface OH deter-

w xmination 32–34 .
Xerogel A or B was reacted with TEA prior

to the preparation of catalysts A1, A2 and B1.
According to 13C-MAS NMR measurements,
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Žthe peaks concerning the ethoxyde 60.7 ppm,
Ž . Ž ..O– CH y , and 19.1 ppm O–CH – CH2 2 3

disappeared. Ethyl groups bonded to aluminum
w xwere detected at 0.7 and y9.6 ppm 35 . The

27Al-MAS NMR spectra showed a high intensity
signal at 103.0 ppm assigned to tetrahedral Al

w xatoms 36 .
In the case of A3 catalyst preparation, xero-

gel A was previously reacted with n-BuLi in
excess. FT-IR measurements showed the pres-

Ž . Ž . Ž .ence of bands at 2955 as , 2927 as , 2870 s
Ž . y1and 2858 s cm corresponding to butyl groups

w x37 .
The surface metallation was initially evalu-

ated by UV–Vis spectroscopy. Xerogel A is
characterized by an intense absorption at 281.1

Ž .nm Fig. 1 . Such value is close to that observed
Ž .for neat indene 285.0 nm , being in accordance

w xwith the literature 38 .
In Fig. 1, we can also observe the resulting

spectra of the prepared catalysts. A large band
centered at 308, 320 and 304 nm was detected
for catalysts A1, A2 and A3, respectively.

After metallation, we expect to generate
Ind ZrCl surface species. In this case, Zr is a2 2

d0 system, the most intense bands in the UV–Vis
spectrum being the ligand-to-metal-charge

Ž .transfer LMCT bands.
The UV–Vis spectra of metallocene systems

have been reported in the literature. Neverthe-
less, most of the studies deal with homogeneous
system in toluene and dichloromethane, being
therefore analyses restricted to 300 nm as infe-

Ž .rior wavenumber limit. In the case of Et Ind -2

ZrCl , a large band centered at 426 nm has2

been attributed to the LMCT process in the
w xcatalyst precursor 39 . A large band at 390 nm

Ž .was observed for the Et Ind ZrCl rMAO2 2
Ž .AlrZrs30 system and attributed to the pre-

w xcursor methyl derivative 40 , while at 368 nm,
w xit was attributed to the dimethyl derivative 41 .

Since in the case of the catalyst A2 the system
was treated with MAO, the large band observed
for such system might contain these species,
taking into account the presence of shoulders at
ca. 360 and 420 nm.

Ž . Ž . Ž . Ž .Fig. 1. UV–Vis absorption spectra of a xerogel A, b catalyst A1, c catalyst A2 and d catalyst A3.
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Considering the maximum absorption of the
three systems, the higher wavelength shift in the

Ž .case of A2 in comparison with A1 means that
Žthe LMCT transition becomes easier less en-

.ergy is required , probably due to the formation
of a positive Zr-center upon addition of MAO,
corresponding therefore to the generally ac-

w xcepted ion par catalytically active species 35 .
The shoulder at 287 nm suggests that part of

the indenyl groups remain uncoordinated on the
surface.

The Zr and Al contents present in the differ-
ent catalysts were determined by ICP-AES mea-

Ž .surements. According to those results Table 1 ,
the first preparative route affords the highest Zr

Ž .content 1.32 mmol Zrrg-cat. .
Comparing the amount present in the prepar-

ative solutions, either Zr or Al derivatives, the
immobilized metal content was lower than 26%
of the initial concentration present in the reac-
tion milieu.

Taking into account the results of catalyst
A2, we can observe a reduction of the Zr con-
tent, accompanied by the increase in the Al
loading. The capacity of Zr leaching by MAO

w xhas been discussed in the literature 42,43 .
MAO can interact with supported metallocene

Ž .forming an ion pair metallocene cation –MAO
Ž .anion . It is believed that the charged species
are in equilibrium between the surface and the

w xsolution 43 . Comparing data from A2 to A1
catalysts, we observe a reduction of ca. 38% of

w xthe initial content. Tait and Ediati 43 also
observed a reduction of 37% when a zir-
conocene-supported silica was treated with
MAO. On the other hand, we can also observe
that MAO might remain adsorbed on the sup-

Table 1
Al and Zr contents determined by ICP

Catalyst systems

A1 A2 A3 B1

Ž .Zr mmolrg-cat. 1.32 0.82 0.68 0.78
Ž .Al mmolrg-cat. 0.24 3.41 – 1.51

port, since the Al content increased about 14
times after MAO treatment.

The treatment with n-BuLi prior to metalla-
tion afforded the lowest Zr content among the
four catalysts. Probably, this alkylating agent is
less effective in consuming residual OH and
ethoxyde groups in comparison to TEA. Com-
paring xerogels A and B, we observe that the
metallation of xerogel B leads to lower metal
content, comparable to those obtained after
MAO treatment or previous reaction with n-
BuLi.

It is worth mentioning that the metal contents
observed in the present systems are much higher
than those usually reported in the literature.

Ž Ž .Similar complexes Et Ind ZrCl or Ind -2 2 2
.ZrCl , when grafted on silica lead to metal2

w x w xcontents ca. 0.16 44,45 or 0.17 43 mmol
Zrrg-cat., i.e., eight times lower than those
achieved in the case of A1, or roughly five
times lower than those observed in the other
three catalysts.

XPS measurements were also performed to
identify the surface composition and characteri-
zation of the four catalysts. A representative
survey spectrum of the supported catalyst is
shown in Fig. 2. The constituent atoms of the

Ž .catalysts Si, O, C, Zr, Cl and Al were ob-
served to exist on the XPS measurable surface,
approximately 6 nm in sampling depth.

The catalyst surface composition is shown in
Table 2. Comparing the Zr amount on the sur-
face, we observe almost the same tendency
obtained by ICP results, the highest amount of
grafted Zr being those reported by sample A1.
Nevertheless, although the total Zr content in
A2 is roughly higher than that in A3 or B1
Ž .Table 1 , we observe that, in fact, this catalyst
presents the lowest Zr content among the cata-
lysts. It is worth mentioning that XPS is a
surface analysis, while the ICP measurements
register the total metal content after sample acid
digestion. In other words, the Zr uttermost sur-
face content is higher in the case of A3 or B1
than A2, in spite of the higher amount in the
case of A2.
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Fig. 2. XPS survey spectra, catalyst A2.

Sample A2 was submitted to MAO treatment
and, thereafter, there was an increase in Al
content. Varying the angle between the surface
and the irradiator can perform a surface depth
profile of such sample. Fig. 3 shows the AlrZr
ratio at different takeoff angles. Since the atomic
percentage might change in function of the X-ray
depth, we expressed the surface composition in
terms of AlrZr ratio.

In the case of catalyst A2, the highest Al
2prZr 3d5r2 core-level signal intensity ratio is

Ž .observed at as208 more surface glancing
than at as758, indicating that the aluminum
graft layer is preponderant to the outermost
surface of the catalyst substrate. This phe-
nomenon differs from that observed in the case
of A1, where this ratio is practically constant,

Table 2
Surface elemental analysis measured by XPS

Ž .Element transition Catalyst systems

Ž . Ž . Ž . Ž .A1 % A2 % A3 % B1 %

C 1s 56.9 47.3 60.4 59.0
O 1s 24.3 35.8 31.6 28.5
Cl 2p 9.1 2.7 2.8 1.5
Zr 3d 5.9 0.7 2.9 1.4
Si 2p 3.0 2.4 2.3 7.6
Al 2p 0.8 11.1 – 2.0

indicating a more homogeneous AlrZr ratio
along the measured surface depth.

XPS core-level spectra of C, O and Si of both
w xA and B xerogels were previously reported 30 .

The XPS Zr 3d spectrum of sample A1 is
presented in Fig. 4a. The two signals are due to
the spin-orbital coupling of the 3d electrons of

Ž 5r2 . Ž 3r2 .Zr: ca. 183.8 3d and ca. 186.2 3d eV.
The large signal suggests the presence of two

Ž 5r2 . Žspecies: one centered at 183.8 eV 3d cor-
.responding to 95% of total area ; and another

Žone centered at 181.8 eV corresponding to
. Ž .5% . The analysis nearer the surface as458

Fig. 3. Relationship between the takeoff angle and the AlrZr
Ž . Ž .ratio: B A1 and v A2.
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Ž . Ž . Ž . Ž . Ž . Ž .Fig. 4. High-resolution spectra of Zr 3d core level. a A1 takeoff angle: 758 , b A1 takeoff angle: 458 and c A2 takeoff angle: 758 .

shows more clearly the presence of two Zr
Ž 5r2 . Ž 3r2 .species: 183.4 3d and 185.9 3d eV,

corresponding to 85% of total area; while 181.3

Ž 5r2 . Ž 3r2 .3d and 184.5 3d eV corresponds to
Ž .15% Fig. 4b . It seems that as we approach the

surface, there are clearly a lower binding energy
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Ž .181.3r184.5 and a higher binding energy
Ž .183.4r185.9 species.

The analysis of the XPS Zr 3d core level
Ž .spectrum as758 of catalyst A2 shows the

presence of a unique species, with BE at
Ž .183.8r186.2 eV spectrum c of Fig. 4 . Such

values are close to those observed for the case
Ž .of the high BE species spectrum b of Fig. 4 .

These results suggest that MAO washing re-
moves the low BE species, remaining then are
the high BE ones. The spectrum of A2 mea-
sured at as458 is very similar, indicating a
higher homogeneity in the nature of the zir-
conocene species along the measuring depth.

Based on spectroscopic 29Si-MAS NMR
spectroscopy, we have proposed that the surface
species generated on these hybrid xerogels were

Ž .constituted essentially of mono- I and tricoor-
Ž .dinate II and III species, as shown in Scheme

2.
The surface compositions of xerogels A and

B in the present paper were further analyzed by
MALDI-TOF-MS. This technique has been used
to vaporize and ionize involatile and thermally

Scheme 2.

Ž .Fig. 5. Positive ion MALDI-TOF-MS spectra mr z 30–500 for
Ž . Ž .a xerogel A and b xerogel B.

labile organic molecules. The short analysis
time, ease of operation and low costs have
guaranteed a growing use of this technique in

w xsurface analysis 46,47 . This technique is very
sensitive to the topmost layers of the surface,
implying the necessity of purified samples, free
of contaminants or of the starting products. For
this reason, the samples were washed in Soxhlet
apparatus with refluxing THF for 6 h.

Spectra a and b of Fig. 5 represent, respec-
tively, the positive ion mass spectra of xerogels

w xqA and B. In both cases, the ion SiOH at mrz
45 was present, indicative of the presence of
`Si O bonds and SiOH groups at the surface. In

xerogel A, no peaks corresponding to alkoxy
Žw xq.groups at mrz C H OSi was observed,2 5

although residual ethoxy groups were detected
by DRIFTS and 13C CP-MAS NMR. Similar
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results have been reported for other organic–in-
organic hybrid solids analyzed by time-of-flight

Ž .secondary ion mass spectrometry TOF-SIMS
w x48 . The absence of peak in the spectra corre-

q Ž .sponding to Si 28D has suggested that the
w xsubstrate is completely covered 49 .

Concerning the aromatic groups, peaks usu-
ally due to aromatic groups at mrz 77 or 91 are

Žnot detected in the case of xerogel A the
spectrum must be amplified by a factor of 50 in

. w xorder to detect the peaks 50 . On the other
Ž .hand, in the case of xerogel B Fig. 5a , both

w xq w xqsignals at mrz 77 C H and 91 C H6 5 7 7

were present. Besides the different IndrOEt
ratio attributed for both xerogels, such results
might also indicate a different organization of
the solids although the organic precursors are
the same.

According to Scheme 2, the surface of both
xerogels is essentially constituted by the species
I, II and III. Evidences of species I are ob-
served by the presence of peaks issued from the
fragmentation or rearrangement of species cor-

wŽ . .xqresponding to mrz 188 OEt SiInd , 248
wŽ . Ž . xq w Ž . xqOSi OSi OEt Ind , 274 OSi Ind and 3792
w Ž . xqO SiOSi OEt Ind .2 2

Species II are essentially detected by the
w xqfragment O SiOEt at mrz 121. The absence3

of this signal in the case of xerogel B suggests
that species should be less abundant in this case.

Finally, species III are detected at mrz 424
wŽ . Ž .in both spectra, corresponding to O Si OEt -2

Ž . xqOSi OEt Ind fragments.2

Based on such results, it seems that, essen-
tially, these three species, I, II and III, should
be present on the surface of the xerogels. The
relative proportion among them can be responsi-
ble for the different fragment components ob-
served. The high intensity of mrz 121 peak
suggests that tridentate alkoxyde species are
abundant in xerogel A. In this case, it seems
that a higher quantity of OH groups are also
presented, due to higher intensity of the peak at
mrz 45.

The intensity of mrz 424 signal, attributed to
species III, is practically identical in both cases.

Ž .Fig. 6. Positive ion MALDI-TOF-MS spectra mr z 30–550 for
Ž . Ž . Ž .a A1, b A2 and c B1.
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Table 3
Activity and productivity in ethylene polymerization
Ethylene homopolymerization at toluene, 708C, AlrZrs1000.
CocatalystsMAO.

Catalyst system Activity Productivity
3Ž Ž10 kg PEr kg PEr

. .mol-Zr h g-cat. h

A1 146 193
A2 180 148

aA2 40 32
A3 40 27
B1 130 101

aCocatalystsTIBA.

Nevertheless, it is worth mentioning that it can
be easily cleaved, bearing fragments similar to
those produced by species I.

The catalysts were also analyzed by MALDI-
TOF-MS. Fig. 6 represents the ion positive
mass spectra of catalysts A1, A2 and B1. In the
case of A1, no signal concerning Si–OH groups
were detected, suggesting that, probably, the
treatment with TEA was efficient in the con-
sumption of OH groups on the surface. Frag-
ments related to surface alkyl compounds can

w Ž . xqbe detected at mrz 129 SiOAl Et , 1452
w Ž . xq w Ž . xqOSiOAl Et and 359 Ind SiOAl Et .2 2 2

Zirconocene derivatives were observed at mrz
349, 483 and 515. Fragments containing chlo-
ride were much less intense. An increase in its
intensity was observed using negative ioniza-
tion.

Similar spectrum was obtained in the case of
A2. In such systems, new signals at mrz 332,
448 and 478 could be attributed to fragments
issued probably from MAO-supported species,

wŽ . Žcorresponding respectively to SiOAl OAl-2
. xq w . Ž . xqMe O , SiOAl OAlMe SiAlO and3 3 2 4

wŽ . Ž . xqSiOAl OAlMe AlO .3 3 4

The peak associated to species I is absent in
the mass spectrum of B1, being in accordance
with previous results, where xerogel B was
estimated to present a much lower ethoxy con-
tent than xerogel A.

The catalyst activity of the supported metal-
locene was evaluated in ethylene polymerization
using MAO as cocatalyst in AlrZrs1000. Ac-

cording to Table 3, the activities exhibited by
the supported systems are high, with A2 being
the most active. In spite of the difficulty of
comparing activity results, since the catalyst
activity is very sensible to all experimental pa-

Žrameters temperature, AlrZr ratio, pressure,
.just to mention a few , such systems exhibited

high activities when compared to other sup-
Ž .ported systems. For instance, nBuCp ZrCl2 2

supported on silica exhibits catalyst activity of
the order of 1=103 kg PErmol Zr h, when

w xcocatalyzed by MAO at AlrZrs2000 51 .
Similar catalyst activity was reported in the case
of CpIndZrCl supported on silica modified2

with pentamethylene spacer, using MAO in
w xAlrZrs5000 52 . The activity of catalyst A2

was also evaluated using TIBA as cocatalyst.
The relative high activity exhibited by this sys-
tem shows its potential in polymerization using
common alkylaluminum instead of MAO.

The resulting polymers were unsoluble in
o-dichlorobenzene at 1408C. Therefore, we
could not evaluate the resulting polymer proper-
ties, such as molecular weight and polydisper-
sity indexes. Nevertheless, the high melting

Ž .point above 1428C suggests high molecular
weight.

Fig. 7. Relationship between activity and Zr 3d5r2 core binding
energy.
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The highest catalyst activity exhibited by sys-
tem A2 can be a consequence of three factors:
higher concentration of activity species, nature
of the active species or even better distribution
of metal on the surface. The fact of treating
metallocene catalyst with MAO, aiming at the
leaching part of the metallocene, reduced the
total metal content. For that reason, if both
catalyst A1 and A2 produced the same amount
of polymer, the latter would present naturally
higher activity, since the same amount of poly-
mer was produced with lower amount of zirco-
nium. In other words, the leaching with MAO
might have removed some inactive metallocene
species from the surface.

The nature of the surface species can be
evaluated by the binding energy of the Zr core
level determined by XPS. Fig. 7 represents the
relationship between the catalyst activity and

5r2 Žthe energy of Zr 3d level measured at as
.758 . According to these results, the activity

increases as the bonding energy is reduced.
It is worth mentioning that the nature of the

different catalyst system, as the number of
species, differs from each of the four systems.
Nevertheless, the reduction in binding energy
means that the Zr atoms are in environment
richer in electron density. This can take place
when withdrawing chlorine atoms are replaced
by electron-donating methyl groups, which is

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Fig. 8. SEM photographs of resulting catalysts. Top: a Al left and b A2 right . Bottom: c A3 left and d B1 right .
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Ž . Ž . Ž . Ž .Fig. 9. Element distribution map of Al and Zr in the resulting catalyst. From the top to the bottom: a Al, b A2, c A3 and d B1. Left:
aluminum. Right: zirconium.
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Ž .Fig. 9 continued .

possible in the case of A2 due to MAO treat-
w xment. Garbassi et al. 53 observed a similar

phenomenon in a series of homogeneous metal-
locene catalyst when treated with MAO.

The morphology of the xerogels was previ-
ously observed by natural scanning electron mi-

Ž . w xcroscopy N-SEM 30 . Xerogel A was shown
to be essentially constituted of spherical parti-
cles, while xerogel B, of aggregates. In the
present study, morphological information about
the catalysts was also obtained by SEM. The
SEM pictures illustrated in Fig. 8 clearly indi-
cates that the original xerogel morphology was
kept in the resulting catalysts, maintaining the
spherical shape in the case of catalyst A series.

The spatial distribution of the catalyst con-
stituents can be evaluated by EPMA, by detect-
ing their characteristic X-ray emission. The re-
sulting element distribution maps in the catalyst
particles are shown in Fig. 9. Low metal content
corresponds to the darker region, while higher
metal content, to the brighter one. Since the
particle diameter is ca. 2–3 nm, we can con-
sider that the metal distribution corresponds not
only to the most external surface, but also from
the contribution of those atoms situated deeper.

In the case of catalyst A1, the Al content is
roughly uniformly distributed on the surface,
while Zr shows three concentration zones, indi-

cating therefore a non-uniform distribution
throughout the catalyst particle.

Fig. 9b shows that Al is clearly observed as a
surface layer of the catalyst, while Zr is fairly
uniform throughout the catalyst particle. Less
uniform Zr distribution were observed for cata-

Ž .lysts A3 and B1 Fig. 9c and d .
Therefore, taking into account ICP, XPS and

EMPA analyses, it seems that the treatment
with MAO after xerogel metallation probably
removes part of the inactive species, generating
more uniformly distributed and more active
species. Moreover, the particle MAO coating
might impinge some stability to the zirconocene
species.

4. Conclusion

We have shown that indenyl-containing xero-
gels produced by the sol–gel technique are suit-
able for the development of heterogeneous met-
allocene catalysts. Since the produced xerogels
contain silanol and ethoxyde groups, chemical
treatment prior to metallation is necessary. The
best treatment was shown to be by TEA reac-
tion, alliated to MAO treatment after metalla-
tion. Such procedure affords the most active
systems for ethylene homopolymerization. Ac-
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cording to spectroscopic analyses, the highest
activity seems to be resulting from the removal

Žof part of zirconocene species probably inac-
.tive ones , generation of lower binding energy

species, and uniform distribution of zirconium
centers in the support grain.

Further studies have been carried out con-
cerning the effect of polymerization conditions
on the catalyst activity and on polymer proper-
ties.
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