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Abstract

A series of supported catalysts were prepared by combinBgQp)ZrCl, and CpZrCl, sequentially grafted on silica in

different ratio (1:1 and 1:3) and immobilization order. Catalyst systems were characterized by Rutherford backscattering spec-
trometry (RBS), diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), scanning electron microscopy (SEM)
and electron probe microanalysis (EPMA). Grafted metal content remained comprised between 0.37 and 0.53 wk% Zr/SiO
All the systems were shown to be active in ethylene homopolymerization having methylaluminoxane as co-catalyst. Catalyst
activity was shown to be dependent on the metallocene nature, but not on the addition order or molar ratio. The highest activity

was achieved with GIZrCl,/(nBuCp»ZrCl, (1:3) catalyst system (ca. 4.26 kg PE (mmol Zr}) Resulting polymers were

characterized by GPC and DSC. In spite of bearing two catalyst centers, no bimodality was observed in the resulting polymers.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction erogeneization have been proposed in the literature
[2], involving, for instance, directly immobilization
Metallocenes have been at the center of attention on silica or on chemically-modified supports just to
in the past 15 years as olefin polymerization catalysts mention a few.
and continue to gain an importance as new product In polymer processing, the molecular weigh,)
properties and market share potentials are discoveredand the molecular weight distribution (MWD) are
[1]. Highly active soluble metallocene catalysts can important factors since they determine both the
be used aslrop in substitute in existing solution and mechanical and the rheological properties, respec-
high pressure manufacturing plants. For gas-phasetively. MWD is a measure of the polydispersity of
and slurry processes, however, such catalysts have tothe polymer chain in a polymer samp[8]. Met-
be immobilized, usually by supporting on appropriate allocene are characterized by producing polymers
carrier, while retaining the essential characteristics with narrow molecular weight and composition dis-
of their homogeneous analogs. Several routes of het-tributions, which lead to many improvements in
physical properties, such as clarity, impact resistance,
" Corresponding author. Tel+55-51-33167238: and environmental crack resistance. On the other
fax: +55-51-33161499. hand, polyethylenes (PE) with a broad MWD show
E-mail addressjhzds@iq.ufrgs.br (J.H.Z. dos Santos). greater flowability in the molten state at high shear
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rate, which is important for blowing and extrusion silica[15]. Polyethylenes produced by Et(IndyCly/
techniques. CpeHfCl, supported catalysts can present MWD
Several methods for controlling ti,, and MWD varying from unimodal to bimodal, with high and low
of polymers have been proposed. From the technolog- molecular weight shoulders at different hydrogen pres-
ical point of view, one approach is to carry out the sures[16]. Zirconocenes with different coordination
polymerization in a series of reactors, presenting dif- sphere, such as ME(Cp)(2,7-(-Bu),FluzrCl, and
ferent polymerization conditions such as temperature, PrpC(Cp)(FIu)ZrCh [17], MexSi(2-Melnd}ZrCl,
pressure, and hydrogen partial pressure. However, thisand MeC(Cp)(Flu)ZrC} [18] were also co-supported
method involves additional processes and increaseson silica.
in capital costs. A second possibility is to blend the  In a previous work, we studied the influence of
polymers produced by individual catalysts. Although preparative conditions on supportingBuCpyZrCl,
blends can contrdll,, and the MWD of polymers, the  and CpNbCl,, sequentially grafted on bare silica
blends contain high gel level, and, as a result, miscibil- and MAO-modified silica under different combi-
ity problems can take place. Finally, another approach nations[19]. In the present study, we evaluate the
involves the combination of two or more transition effect of supporting fBuCpyZrCl, and CpZrCl,
metal catalysts bearing different responses to hydro- onto silica under different molar ratio and adding
gen and monomer in a single reactor, thus producing sequence on the grafted metal content, on the cata-
polymers with different,, ranges. lyst activity and on the resulting polymer properties.
Thus, commercialization of metallocene technology The resulting supported catalysts were characterized
can be partially hampered by two factors: the neces- by Rutherford backscattering spectrometry (RBS),
sity of developing supported metallocene catalysts and diffuse reflectance infrared Fourier transform spec-
of producing polymers with broader MWD. The use troscopy (DRIFTS), scanning electron microscopy
of two different metallocene compounds was already (SEM) and electron probe microanalysis (EPMA).
proposed to produce bimodal polyethylene, which Hybrid supported catalysts were tested in ethylene ho-
processability was improvejd]. D’Agnillo et al. [5] mopolymerization having MAO as co-catalyst. Poly-
studied the combination of homogeneous metallocene mers were characterized by their molecular weight,
catalysts. Polymer properties were also controlled by crystallinity, polydispersity, and meltingT§,) and
using mixtures of metallocene compounds, consider- crystallization {¢) temperatures.
ing the known individual responses to polymerization
process variables as the basis for polymer defyn
Concerning supported systems, most of the studies
consists in the development of hybrid catalysts com- 5 1 Materials
bining Ziegler-Natta and metallocene cataly3ts13].

In a previous study we produced hybrid catalysts by  All the chemicals were manipulated under in-
grafting CpTiC on a fourth generation Ziegler-Natta ert atmosphere using the Schlenk technique. Silica
catalyst, whose morphology was kept after metallo- Grace 956 (200 fg—1) was activated under vacuum
cene grafting14]. Usually the narrow MWD of poly- (P < 10 °mbar) for 15h at 450C. MAO (Witco,
mers produced by the metallocene catalysts can be10.0wt.% toluene solution)nBuCp»ZrCls (Aldrich)
broadened by the metallocene/Ziegler-Natta hybrid ca- and CpzrCl, (Aldrich) were used without further
talyst, due to the relatively higher molecular weight of pyrification. Pure ethylene and argon (White Martins)
polymers derived from the Ziegler-Natta component. were passed through molecular sieves columns. Pure
A few reports involving the immobilization of  grade toluene and 1-hexene (Aldrich) were deoxy-
two metallocene on the same support are reported genated and dried by standard techniques before use.
in the literature. MWD and chemical composition
of co-polymer was shown to be controllable by the 2.2, Preparation of supported catalysts
combination of metallocenes such as Et(b@Cly/
CpxHfCl, and Et(Ind}ZrClo/CGCTi (CGC, constra- In a typical catalyst preparation, 1:3 @Bu system
ined geometry catalysts) supported on MAO-modified was prepared by adding a &4rCl, toluene solution

2. Experimental and methods
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to 1.0 g of activated silica corresponding to 0.25wt.% techniques. The employed accelerating voltage was
Zr/SiO, and stirred at room temperature for 30 min. 20kV and current ca. % 10-8 A for EPMA and ca.
After removing the solvent, aiBuCp»ZrCl, toluene 1 x 10~ 10A for SEM.

solution corresponding to 0.75wt.% Zr/SiOvas

added and the resulting slurry was stirred for 30 min at 2.4. Polymerization reactions

room temperature, and then filtered through a fritted

disk. The resulting solid was washed with:8.0 cn? Polymerizations were performed in 0.30¢mf

of toluene and dried under vacuum for 4 h. toluene in a 1.00 dfPyrex glass reactor connected
to a constant temperature circulator and equipped

2.3. Characterization of supported catalysts with mechanical stirring and inlets for argon and the

monomers. For each experiment, a mass of catalyst

2.3.1. Rutherford backscattering spectrometry (RBS) system corresponding to 1®mol I~ of Zr was sus-

Zirconium loadings in catalysts were determined by pended in 0.01dfof toluene and transferred into
RBS using H& beams of 2.0 MeV incident on homo- the reactor under argon. The polymerizations were
geneous tablets of the compressed (12 MPa) powderperformed at atmospheric pressure of ethylene at
of the catalyst systems. During analysis the base pres-60°C for 60 min at AyZr = 1000 or 2000, using
sure in the chamber is kept in the 10mbar range MAQO as co-catalyst. Acidified (HCI) ethanol was
using membrane (to prevent oil contamination of the used to quench the processes, and reaction products
sample) and turbodrag molecular pump. The method were separated by filtration, washed with distilled
is based on the determination of the number and the water, and finally dried under reduced pressure at
energy of the detected particles which are elastically 60°C. Co-polymerization reaction was performed
scattered in the Coulombic field of the atomic nu- under some experimental conditions using 0.4 M of
clei in the target. In this study, the Zr/Si atomic ratio 1-hexene.
was determined from the heights of the signals corre-
sponding to each of the elements in the spectra and2.5. Polyethylene characterization
converted to wt.% Zr/Si@ For an introduction to the
method and applications of this technique the reader Molar masses and molar mass distributions were in-

is referred elsewher0,21] vestigated with a Waters 150-C ALC/GPC instrument,

equipped with a diffraction rate detector, and four
2.3.2. Diffuse reflectance infrared spectroscopy Shodex GPC AT-806 M/S columns and one Shodex
(DRIFTS) GPC AT-G pre-column. 1,2,4-Trichlorobenzene was

The solid catalysts were analyzed as powder in a used as solvent (1chmin~1) and the analyses
DRIFT accessory, equipped with sampling cup. The were performed at 14GC. The columns were cali-
spectra were recorded at room temperature on abrated with standard narrow molar mass distribution
Bomem MB-102 Spectrometer, co-adding 36 scan at polystyrenes and with polyethylenes and polypropy-
resolution of 4 cm™. This study was restricted to the lenes.
mid-IR region (4000-1100 cmt) due to strong bulk Polymer melting pointsT(y) and crystallinities fc)
absorption of silica in low wavenumber region. The were determined on a TA Instrument DSC 2920 dif-
spectra were collected as reflectance units and trans-ferential scanning calorimeter connected to a thermal
formed to Kubelka—Munk (KM) units. All the mea- analyst 5000 integrator and calibrated with indium,
surements were performed at nitrogen atmosphere. using a heating rate of 2@ min~! in the tempera-

ture range of 30—150C. The heating cycle was per-
2.3.3. Scanning electron microscopy (SEM) and formed twice, but only the results of the second scan
electron probe microanalysis (EPMA) are reported, because the former is influenced by the

SEM and EPMA experiments were carried on a mechanical and thermal history of the samples.
JEOL JXA-8900L WD/ED combined microanalyzer. Co-polymer microstructure was determined by
The catalysts were initially fixed on a carbon tape and 3C nuclear magnetic resonanc®¢ NMR) spec-
then coated with carbon by conventional sputtering troscopy.l3C NMR spectra were obtained at @0 in
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a Varian Inova 300 equipment operating at 75 MHz. Table 2

Sample solution of co-polymer was prepared in a Crafted-metal content determined by RBS
o-dichlorobenzene (ODCB) and benzeng-(20% wt.% Zr/SiD
(v/v)) in 5 mm sample tubes. Spectra were taken with

Catalyst system

. s . 1:1 CpnBu 0.39

a 74 flip angle, an acquisition time of 1.5s and a ;.3 CpnBu 0.43
delay of 4.0s. 3:1 CpnBu 0.53
1:1 nBu:Cp 0.37

1:3 nBu:Cp 0.40

3:1 nBu:Cp 0.37

3. Results and discussion

As already mentioned, one of the approaches to af- ) o . )
ford hybrid catalysts consists in combining different P€ due to bimolecular deactivation reactions which
catalyst in the same reactor. We performed ethylene Would be favored under such molar ratio or due to

polymerization using CgZrCl, and fBuCp)ZrCl,

in different molar ratioTable 1reports data concern-
ing catalyst activity in ethylene homopolymerization.
In the following discuss along the text, we will report
CpZrCl, and fiBuCp)ZrCl, for as Cp andBu, re-
spectively.

According to Table 1 the highest catalyst activ-
ity was observed for the mixture G@Bu in equal
molar ratio. For the two other combinations 3:1 or
1:3 CpnBu lower catalyst activities were achieved.
It is worth mentioning that electronic and steric fac-
tors of the ligands affect catalyst activif2,23]

In the case of Cp ligands, the alkyl ligand plays an
electron donating effect of the alkyl group towards
the zirconium metal affording higher activity for
the resulting catalyst systef24]. Between the two
catalysts, iBuCpyZrCl, is reported as more active
than CpZrCl, [24]. The lower catalyst activity ob-
served in the case of 3:1 GBu might be due to the
lower molar ratio of the most active metallocene, i.e.
(nBuCp)ZrCl,. On the other hand, the opposite pro-
portion afforded the lowest catalyst activity among

the higher initial catalyst activity, which polyethylene
production would hinder diffusion of the monomer to
the catalyst centers.

The silica surface, at least for moderate activation
temperatures, is mainly composed of isolated and, to a
lesser extent, vicinal and geminal hydroxyl groups, as
well as relatively unreactive siloxane bridges. Lewis
acid/base sites are absent unless it has been activated
at very high temperatures, and Bronsted acidity is low
or non-existenf25]. Silanol groups are capable to re-
act with sequestering agents such as organometallic
chlorides and alkoxides, with elimination of one or
more of the original ligands. In the present case, met-
allocenes are grafted on the silica surface by elimina-
tion of the chloride ligand with hydrogen atoms from
silanol groups on the support.

Table 2reports the grafted metal content for the dif-
ferent supported systems determined by RBS. In the
following discussion the employed abbreviations re-
port the addition order and the molar ratio. For exam-
ple, 3:1 CpnBu refers to catalysts systems prepared
in a CpZrCly/(nBuCphZrCl, molar ratio in which

the tested systems. Such results cannot be justified ex-CP2ZrCl2 was initially immobilized onto silica, fol-

clusively by the presence ofiBuCpyZrCl; in higher
concentration. The lowest catalyst activity might

Table 1
Catalyst activity of the homogeneous hybrid systems

Catalyst system Catalyst activity(0®g PE (mmol Zrhj?1)

1:1 CpnBu 7.0
3:1 CpnBu 4.9
1:3 CpnBu 3.4

[Al /Zr] = 1000; [Zr] = 1 x 10~>M; solvent: toluene (300 ch);
T =60°C; t = 60min.

lowed by BuCp)ZrCl, in a 3:1 molar ratio.

Taking into account RBS results, metal content
remained comprised between 0.37 and 0.53wt.%
Zr/Si0y. Considering catalysts system produced with
equal molar ratio rfBu:Cp and CmBu), the result-
ing metal content is roughly the same, being slightly
higher in the case in which Cp was initially immobi-
lized. The steric effect impinged by the ligands seems
to influence on the grafted metal content. On the other
hand, the more steric demanding coordination sphere
of nBu led to a initial lower metal content than that
probably taken place in the case of Cp grafting.
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In the case where the supported systems were ini- (0.53wt.% Zr/SiQ) among the prepared supported
tially prepared by graftingiBu, it seems that there  systems. Intermediate metal loading was observed for
is no influence on the grafted metal content, whether 1:3 CpnBu system (0.43 wt.% Zr/Si§).
the molar rationBu:Cp is 3:1 or 1:1. The steric in- In order to verify the catalyst behavior during the
fluence played by theBu might restrict the accessi- grafting reaction, the 1:8Bu:Cp catalyst system was
bility to residual silanol groups on silica surface. It analyzed step-by-step during catalyst preparation. The
seems that maximum loading oBu on silica sur- metal content was initially analyzed when the first cat-
face might be achieved for metal contents close to alyst had been immobilized to determine the metal
0.37wt.% Zr/SiQ. On the other hand, higher metal content, and then when both catalysts had been im-
content observed in the case mBu:Cp molar ratio mobilized. According to RBS measurements, metal
equals to 1:3 (0.40wt.% Zr/SKP. The excess of the  contentincreased after successive graftings. AilBar
less steric demanding metallocene (Cp) seems to shiftgrafting, Zr content was 0.37 wt.% Zr/SiQwhile af-
the chemical equilibrium, affording higher grafted Zr ter grafting Cp, final metal content attained 0.41 wt.%
content. Zr/SiO.

Grafting initially the less steric demanding metal- The catalysts were further analyzed by DRIFTS.
locene (Cp) afforded higher metal loading in com- Fig. 1shows a typical spectrum of an hybrid supported
parison to those systems, in whioBu was initially catalyst. The band placed at 3747chis attributed to
grafted. Besides, molar ratio seems to have a more pro-isolated silanol groups. The bands at 2964—-2936'cm
nounced effect in such systems. Higher 1@&u mo- (inset of Fig. 1) corresponds respectively to asym-
lar ratio (3:1) led to the highest grafted metal content metric v(CHz) and v(CHy), while those at 2880 and
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Fig. 1. DRIFTS spectrum of 1:3 OuBu supported catalysts.
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Fig. 2. Correlation between grafted metal content and isolated silanol band area.

2864 cnt1, respectively, to the symmetri¢CHz) and very comparable: 4.09 and 4.26 kg PE (mmol Zrh)
v(CHy). Similar spectra were observed for the other Lower but also very similar activities were found for
supported systems. 1:3 nBu:Cp and 3:1 CmBu systems, respectively:
Fig. 2 shows the correlation between the grafted 2.90 and 2.89kgPE (mmol Zrhy. According to
metal content and the area of the band placed atthese results it seems that for such systems, there is
3747 cm! attributed to isolated silanol groups. As no influence of the grafting order on catalyst activity.
we can see fronfig. 2, a negative correlation ex- Considering all the six catalysts, higher activity was
ists between the area of this band and the grafted exhibited by the system in whichBu was either im-
metal content evidencing that grafting takes place by mobilized in the first order (in the case of lhBu:Cp)
consumption of silanol surface groups. Nevertheless, or in higher molar ratio. These results suggest that
taking into accounfig. 1, after grafting both metal-  in such hybrid supported catalysts, activity is dictate
locene, we observe that there are still silanol groups by the nature of the metallocene, sina8u is more
available for surface reactions. In spite of having active than Cp catalys{24].
enough metallocene available in solution, it seems In order to evaluate the effect of grafting sequen-
that the resulting grafting content is limited by the tially two zirconocene, SEM-EPMA measurement
accessibility to surface silanol groups. It seems that was performed from BuCpyZrCl,/SiO, and 1:1
steric effect impinged by the metallocene ligands pre- nBu:Cp. According toFig. 4, the spherical morphol-
vents further reaction with the silanol groups which ogy of the support is maintained after catalyst prepa-
remained unreacted on the silica surface. Similar ration. Moreover, a more uniform Zr distribution is
results have been already in the literat[#6]. observed in the case of the hybrid system, suggesting
The catalysts were evaluated in ethylene homopoly- that this procedure might afford more well dispersed
merization reactionFig. 3 shows the catalysts activ- catalysts systems.
ity for the different supported systems. Grafted metal Table 3 shows the influence of the ratio of ho-
content determined by RBS is also included. mogeneous catalysts over the polymer molar weight
Among the supported systems, the best activities (My). The highest polymei,, was obtained with 1:3
were observed for 3:4Bu:Cp and 1:3 CmBu, being Cp:nBu and the lowest with 3:1 CpBu. It can be
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Fig. 3. Catalytic activity and metallocene content supported for the hybrid systems.

probably explained by a higher activity of thBu havior has already been obserj@é] and attributed
catalyst that promotes polymer chain growth reaction. to blocking of one of the sides of polymerization ac-
Table 4 shows that heterogeneous catalysts pro- tive sites by the support, hindering the deactivation
duce polymer with higher molecular weigiMy) than step. In other wordsp-elimination transfer between
those obtained by homogeneous catalysts. This be-two metallocene centers is hindered, resulting in a

Fig. 4. EPMA (left) and SEM (right). Top:nBuCp)ZrCl,/SiO, and bottom: 1:InBu:Cp.
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Table 3
Properties of the polymers obtained by homogeneous catalysis

Catalyst system My Mw/M,  Tm (°C)  xc (%)
(x10° gmot1)

1:1 CpnBu 1.4 2.2 134 65

3:1 CpnBu 1.0 2.0 134 66

1:3 CpnBu 2.4 2.6 135 59

[Al /Zr] = 1000; [Zr] = 1 x 10~°M; solvent: toluene (300 c#);
T =60°C; t = 60 min.

Table 4
Properties of the polymers obtained by supported catalysts

Catalyst system My Mw/M,;, T (°C)  xc (%)
(x10° gmot-1)
1:1 CpnBu 3.3 21 137 52
1:3 CpnBu 4.2 2.0 135 66
3:1 CpnBu 3.1 21 136 63
1:1 nBu:Cp 3.8 2.0 135 63
1:3 nBu:Cp 1.9 2.0 nd nd
3:1 nBu:Cp 3.3 2.0 136 60

[Al /Zr] = 1000; [Zr]= 1 x 10> M; solvent: toluene (300 c#);
T =60°C; t = 60 min; nd: not determined.

F. Silveira et al./Journal of Molecular Catalysis A: Chemical 206 (2003) 389-398

larger growth of the polymer chain, and so in higher
molecular weight[27]. It is worth mentioning that
polymers with high average molecular weights show
better mechanical properties as compared to polymers
with low average molecular weights.

The polydispersitiesMw/M,,) are around 2, indi-
cating that the individual single-site nature of each
metallocene catalyst remained even after immobiliz-
ing both of them sequentially onto silica support. As
already mentioned, one approach to afford polymers
with bimodality consists in the use of two different
catalyst center on the same support. If the chemical na-
ture of the catalyst are extremely different, and there-
fore more prone to lead to polymer polydispersity, it
is necessary that both catalyst centers work in compa-
rable catalyst activity under the same polymerization
conditions. This is very rare. Therefore, our approach
resided in using catalyst slightly different in their coor-
dination sphere, which could present comparable cata-
lyst activity. In the present case, the absence/presence
of butyl ligands in the Cp ring is not enough to im-
pinge bimodality, probably due to the fact that both

2
—1:1 Cp:nBu homopolymer
= === 1:1 Cp:nBu copolymer
07 82.98 °C 125.77°C
_ 46.90J/g 154.4 /g
§0 16.17 % crystalized 53.23 % crystalized
<~ 3 -,.|-+--- IR :
% """'I"'"'--.. o
% 24 LLLIY T rr. ":'
3 96.12°C
4
136.78 °C
‘6 T T T T T T T T
20 40 60 80 100 120 140 160 180 200

Temperature (°C)

Fig. 5. DSC thermogramm of homo- and co-polymer produced by 1:bBIpcatalyst system.
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Table 5

Properties of the polyethylene and 1-hexene-polyethylene produced by supported riBl €ypstem

Co-monomer Incorporated Catalyst activity Mw Mw/M,, Tm (°C) xc (%)
1-hexene [M] co-monomer (mol.%) (x10° g PE (mol Zrhy?1) (x10~3gmol1)

0.0 0.0 3.92 3.0 2.2 137 52
0.4 6.0 4.68 0.24 2.0 96 16

[Al /Zr] = 1000; [Zr]= 1 x 10~>M; solvent= 300cn? (toluene);T = 60°C; r = 60 min; [1-hexene}= 0.4 M.

catalyst centers produce similar polymer chain in sim- polymerization. Catalyst activity was shown to be

ilar productivity. independent on the grafting order or molar ratio of
The degree of crystallinity for the resulting poly- the pure species. However, it is dependent on the

mers ranges from 52 to 66%, being these values ex- metallocene nature: systems prepared with higher

pected for polyethylene, which has a semicrystalline (nBuCp)ZrCl, ratio afforded more active catalyst.

structure. The grafted metal content was shown to be influ-
The 1:1 CpnBu supported system was evaluated in enced by the steric effect impinged by the ligands of

ethylene 1-hexene co-polymerizatidiig. 5shows the the catalytic species, which restricts the accessibility

DSC thermogram of a homopolymer and co-polymer to residual silanol groups on silica surface. According

obtained with catalyst system (1:1 @Bu). It can be to EPMA measurements, systems prepared by sequen-

seen that the melting point for the co-polymer is lower tial grafting seems to produce catalyst particle with

than that for the homopolymer. This expected behav- better metal distribution.

ior is related to the incorporation of hexene molecules  The resulting polymers present molecular weight

to the polymer chain modifying the polymer crys- higher than those obtained by homogeneous counter-

tallinity, and therefore lowering the melting tempera- part, but molecular weight polydispersity remained

ture. Besides, the co-polymer DSC curve is broader around 2, typical of single-site catalysts. In spite of

than the homopolymer one. This is characteristic of bearing two different catalyst centers, no bimodality

materials with crystals of different sizes. These dif- was observed in the obtained polymers, which degree

ferences might be caused by the presence of differentof crystallinity and melting point are typical of high

catalyst centers in the hybrid catalyst. Further system- density polyethylene. It seems that the difference of

atic studies in co-polymerization reaction using all the the coordination sphere in both employed catalysts

six hybrid supported catalysts are under investigation. is not enough to afford bimodality in such hybrid
Table 5 displays data comparing homo- and catalysts.

co-polymer produced by 1:1 GuBu catalyst system.

A reduction in the polymer molecular weighti(,),

in the melting temperaturel§,) and in the degree of ~ Acknowledgements
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