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Abstract

This work presents the results of homopolymerization of ethylene using an hybrid sy@a@p)ZrCl,—CpZrCl,, supported on silica.
The catalytic systems were analyzed by RBS, DRIFTS and EXAFS and polyethylenes (PE) by GPC and DSC. The catalytic activities and
the polymer properties showed dependence on the different ratio nBa@§)»ZrCl,/Cp,ZrCl, at the preparation step. Theoretical studies
permit us to conclude that the metallocenes interact with the surface in different ways. Depending on the addition order and the molar ratio
between both metallocenes, distribution and nature of active species would be different. Possibility of binuclear active sites with different
propagation and termination constants is analyzed and discussed. EHMO calculations allow us to conclugértbat@g a strong affinity
by AIS plane, whereasBuCp)ZrCl, shows similar affinity for both silica planes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and environmental crack resistance. On the other hand, PE
with a broad MwD show greater flowability in the molten

Metallocene/methylaluminoxane (MAO) systems com- state at high shear rate, which is important for blowing and
bine high activity inc-olefins polymerization with the pos-  extrusion techniques.
sibility of tailoring polymer properties, such as molecular ~ Thus industrial application of metallocene-based pro-
weight (Mw) and molecular weight distribution (MwD) as  cesses is restrained by two factors, the necessity to het-
well as stereochemical structure through a suitable ligand erogeneize them and to produce polymers with broader
design around the metal center. However, such catalyst sysfywD. One approach to achieve these goals resides in
tems should be modified in order to be employed in the ex- the immobilization of two different catalyst systems on
istent industrial plants. These modifications basically imply the same support. Few examples have dealt with this ap-
their immobilization onto supports, mainly on sili¢a,2]. proach. Kim et al. studied hybrid metallocene systems
The use of the supported system improves the morphologichased on Zr and Hf derivatives. By varying the kon-
control of the resulting polymers, increases polymer bulk centration in the reaction, the authors obtained polymers
density, and may reduce the use of MAg). showing bimodality [4]. D'Agnillo et al. [5] reported

In polymer processing, the molecular weight and the the production of bimodal polymers employing hybrid
molecular weight distribution are important factors since systems—Et(In@ZrClo/Cp,TiClo. Han et al. tested two
they determine both the mechanical and the rheological hybrid metallocene systems using MAO as co-catalyst:
properties, respectively. Metallocene are characterised byCp,TiCl,/Cp,ZrCl, and CpZrCly/Et(Ind),ZrCl, [6]. The
producing polymers with narrow molecular weight and com- former produced bimodal polymer (MiMn = 3.5). Nev-
position distributions, which lead to many improvements ertheless, in the the latter, each catalyst produces polymers
in physical properties, such as clarity, impact resistance, with similar Mw values and therefore no bimodality was

observed (MwMn = 4.0), except varying the temperature
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The combination of Ziegler-Natta and metallocene was tablets of the compressed (12 MPa) powder of the catalyst
also reported in the literature. A hybrid catalyst was gener- systems. During analysis the base pressure in the chamber
ated by the immobilization of a Ziegler-Natta catalyst and is kept in the 107 mbar range using membrane (to prevent
Cp2ZrCl;, onto a support MgGISiO, which was prepared  oil contamination of the sample) and turbodrag molecular
by the sol-gel technique. The resulting polymers showed pump. The method is based on the determination of the

high polidispersity (Mw/Mn between 3.5 and 95j-9]. number and the energy of the detected particles which are
Modification of a commercial Ziegler-Natta catalyst with elastically scattered in the Coulombic field of the atomic
CpTiCls afforded two different specid40]. nuclei in the target. In this study, the Zr/Si atomic ratio was

In previous works, we evaluated the effect of grafting determined from the heights of the signals corresponding to
(nBuCphZrCl, and CpZrCly onto silica under different  each of the elements in the spectra and converted to wt.%
molar ratio and addition sequence on the resulting metal Zr/SiO,. For an introduction to the method and applications
content, on the catalyst activity and on polymer proper- of this technique the reader is referred elsewtigf16].
ties [11,12] Theoretical and experimental previous works
on (nBuCpyZrCl,/SiO, allowed us to discuss experimen- 2.3.2. X-ray absorption fine structure (EXAFS)
tal data considering the structure and interaction of zir- spectroscopy
conocenes with the suppdit3,14] In the present work, a X-ray absorption spectra were recorded on the Syn-
theoretical work of the nature of the surface species gen-chrotron Radiation Source at the Laboratério Nacional
erated by grafting bothnBuCp)ZrCl, and CpZrCl, onto de Luz Sincrotron (Campinas). Measurements at the ZrK
silica is proposed. edge were performed at the LNLS XAS beam line using a

Si (220) monochromator. The standard compounds were
measured in transmission mode using two ion chambers

2. Experimental and methods filled with Ar. The samples of the catalysts were measured
in fluorescence mode using an ion chamber and a Nal scin-
2.1. Materials tillator. Pellets were prepared from the catalysts powders in

a globebox and covered with Kapton tape to avoid any oxi-
All the chemicals were manipulated under inert at- dation by the air exposure. The measurements were carried
mosphere using the Schlenk technique. Silica Grace 9560out with the sample at room temperature.
(200 n? g~ 1) was activated under vacuun® & 10-° mbar) The EXAFS analysis was performed using the WINXAS
for 15h at 450C. (nBuCpyZrCl, and CpZrCl, (Aldrich) program[17]. The phase shift and amplitudes were obtained
were used without further purification. Pure argon (White from the FEFF cod¢l8].
Martins) was passed through molecular sieves columns.
MAO (gently supplied by Witco, 10.0wt.% toluene solu- 2.3.3. Diffuse reflectance infrared spectroscopy (DRIFTS)
tion, average molar mass 900 g mb). Pure ethylene and The solid catalysts were analyzed as powder in a DRIFT
argon (White Martins) were used. Pure grade toluene wereaccessory, equipped with sampling cup. The spectra were
deoxygenated and dried by standard techniques before userecorded at room temperature on a Bomem MB-102 Spec-
trometer, coadding 36 scan at resolution of 4émThis
2.2. Preparation of supported catalysts study was restricted to the mid-IR region (4000-1100&m
due to strong bulk absorption of silica in low wavenumber
In a typical catalyst preparation, 1:3 @Bu system was  region. The spectra were collected as reflectance units and
prepared by adding a GgrCl, toluene solution to 1.0g  transformed to Kubelka—Munk (KM) units. All the measure-
of activated silica corresponding to 0.25wt.% Zr/giénd ments were performed at nitrogen atmosphere.
stirred at room temperature for 30 min. After removing the
solvent, a (BuCp)yZrCl; toluene solution corresponding to  2.4. Polymerization reactions
0.75wt.% Zr/SiQ was added and the resulting slurry was
stirred for 30min at room temperature, and then filtered  Polymerizations were performed in 0.30#of toluene in
through a fritted disk. The resulting solid was washed with a 1.00 dm Pyrex glass reactor connected to a constant tem-
15 x 2.0cn® of toluene and dried under vacuum for 4h. perature circulator and equipped with mechanical stirring

More experimental details are reported elsewlfieté In all and inlets for argon and the monomers. For each experiment,
preparation, initial Zr nominal total percentage was 1.0 wt.% a mass of catalyst system corresponding to”Ifol |1 of
Zr/SiO. Zr was suspended in 0.01 dnof toluene and transferred
into the reactor under argon. The polymerizations were per-
2.3. Characterization of supported catalysts formed at atmospheric pressure of ethylene at@Gor
30 minat Al/Zr = 1000, using MAO as cocatalyst. Acidified
2.3.1. Rutherford backscaterring spectrometry (RBS) (HCI) ethanol was used to quench the processes, and reaction

Zirconium loadings in catalysts were determined by RBS products were separated by filtration, washed with distilled
using He™ beams of 2.0 MeV incidents on homogeneous water, and finally dried under reduced pressure &30
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2.5. Polyethylene characterization

Molar masses and molar mass distributions were investi-
gated with a Waters CV plus 15C high-temperature GPC
instrument, equipped with viscosimetrical detector, and three
Styragel HT type columns (HT3, HT4 and HT6) with ex- Zn
clusion limit 1x 107 for polystyrene. 1,2,4-trichlorobenzene |
was used as solvent, at a flow rate of %enin—1. The anal- T
yses were performed at 14Q. The columns were calibrated
with standard narrow molar mass distribution polystyrenes
and with linear low density polyethylenes and polypropy-
lenes.

Polymer melting pointsT,) and crystallinities f¢) were
determined on a Polymer Laboratories DSC differential Plane was modelled with 58 atoms. These OH groups have
scanning calorimeter calibrated with Indium, using a heat- €nough Bronsted acidity to react with zirconocenes, such as
ing rate of 20°C min—! in the temperature range 30—15D. (nBuCp)ZrCl, and CpZrCl; generating supported species
The heating cycle was performed twice, but only the results and liberating HCIFig. 1represents the surface species for
of the second scan are reported, because the former is influboth zirconocenes on the SiIG\IS plane. The real amor-

enced by the mechanical and thermal history of the samples.Phous structure looks 85% like (111) plane. Since the real
structure has defects and grain borders which are very dif-

2.6. The theoretical method ficult to model we think that following this approach in our
model is nearer to the real situation for the surface and its

The molecular orbital calculations were carried out by 2dsorption capabilitiefL4].
means of an Extended Huckel modified method (EHMO). ]
This semiempirical procedure provides a useful preliminary 2:6-2. The zirconocenes

approach and has been used to study electronic changes in 1 N€ Zirconocenes were modelled with all their atoms, con-
adsorption reactions and is useful for obtaining qualitative Sidering the structural information availabjiz3-25] The

trends in adsorption processg9]. In this method, the  Structures ofBuCppZrCl; and CpZrCl; grafted on silica
non-diagonal elements of one electron Extended Hiickel '€ represented ifig. 1

Hamiltonian are proportional to the overlap matrix elements .
[20]. 2.6.3. The surface reactions

The program used was ICONC, which was developed To understand the interaction between the zirconocenes

by Calzaferri and co-workerf21] and includes repulsive with SiO, structure at the molecular level and to correlate
terms to the total energy, which are not explicitly included it with the supported species, a theoretical calculation was

in the EHMO. The repulsive coulombic energy is taken into done. The reactions to be considered are:

f/s'\O/S'\O/S'\O/ﬁ'\o/f'\0/7'\

Fig. 1. Surface species ohiBuCpyZrCl, and CpZrCl, onto SiQAIS.

account in a pairwise term. The total enerdsy)(of our Cp,ZrCl, _
adsorbate/substrate system is expressed as: —(nBuCp) ,ZrCl> + SIQAIS
1 Cp,ZrCl

— B P - HCI - HCI 1

E =) niki+ 22 2 Ereptij ~ T BUCPLZICl/ — OSIQAIS T @
ii#]

The first term in the preceding expression corresponds to the  Cp,ZrCl; SIO.GEM
attractive valence electron contribution)(and the second  (,BuCp),ZrCl, +SI10
term to the pairwise interatomic repulsions. Each valence Cp,Zr

level i has an associated enerywith occupancyn;. The — HCI + +2HCl  (2)
repulsion energy of a nucleus the presence of a fixed atom
j is calculated as an electrostatic term and the summationThe active sites are considered to be located onSi®

extended to all possible atom pai&dp). because SIGGEM produces inactive zirconium sites.

(NBUCP2Zr// — O SIO,GEM

2.6.1. The Si@surface

The surface of amorphous silica can be considered from 3. Results and discussion
the structure off3-cristobalite [22]. There are two main
planes: (100) and (111). The (111) plane or AIS con- In the following discuss along the text we will report
tents isolated silanols (Si—-OH), whereas at the (1 00) planeCppZrCl; and fBuCp)ZrCl, for as Cp andhBu, respec-
or GEM geminal groups are located Si(QHYhe (111) tively. Besides, for the supported systems, the employed ab-
plane was modelled with 115 atoms, whereas the (100) breviations report the addition order and the molar ratio.
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Table 1 Table 2

Zr content for different catalystidl1] Simple and hybrid homogenous catalysts

Catalyst system Zr—-RBS (wt.%) Catalyst Activity (x103gPol. My, Mw/Mpn T
system mmol Zrhy1 10° gmol? °C

o> 060 y ( ) (x10°gmol ) §)

1:1 CpnBu 0.39 nBu 7.34 0.7 2.5 133

3:1 CpnBu 053 3:1 CpnBu 4.9 1.0 2.0 134

1:3 nBu:Cp 0.47

Activity and polymer characterization. [Al/Zg 1000; [Zr]= 1x 1075 M;

3:1nBu-Cp 0.37 solvent: toluene (300 ch);, 7 = 60°C.

For example, 3:1 CpBu refers to catalysts systems pre- L1 ratio catalyst activity roughly remains as the same as
pared in a CpZrCl,/(nBuCpyZrCl, molar ratio in which that obs_erved in the_cassBu. Lower activity was observed_
CppZrCl, was initially immobilized onto silica, followed by ~ for hybrid catalysts in 3:1 and 1:3 ratios. Mw increases in
(NBUCpYLZrCl, in a 3-1 molar ratio. the following order: 3 : 1< 1 : 1 < 1 : 3. Polydispersity
Table 1shows the results of Zr content for different prepa- ©f the polymer obtained with catalyst 1:3 is similar to that
ration procedures. The Zr contents are very similar, whatever 00Served with simple systemsgple 3. o
the addition order, but for 3:1 OpBu and 3:1nBu:Cp the The supported catalysts show a complex behavior in terms
impregnation order affects the final result (0.53 vs. 0.37% Of activity and molecular weight of the resulting polymer.
total Zr). DRIFTS studies of the supported catalysts permit Depending on the addition order and on the ratio between the
us to conclude that, even at the maximum amount of immo- Zirconocenes, activities and molecular weights vary without
bilization, there are remaining OH at the silica surfgcH. an evident trend. Simple catalysts show similar activities.
As shown in the spectrura of Fig. 2, in the case of 1:1 'I_'h_is fact implies that after th«_a grafting step, C_p catalyst ac-
nBu:Cp system, there are still available OH groups (band at tVity is reduced by a half, whil@Bu to the third in compar-
3747 cntY). The bands at 2964—2936 chcorrespond, re- 150N 10 those data observed for the homogeneous systems.
spectively, to asymmetrie(CHs) and v(CHy), while those Concerning 1:1nBu:Cp catalyst activ_ity is 50% lower and
at 2880 and 2864 crit, respectively, to symmetrig(CHg) Mw 20% higher than that observed in case of 1:1rﬂ§m:.
and v(CHy) from butyl ligands. After addition of MAO in  The 1:3 CpnBu and 3:1nBu:Cp catalysts show the highest
Al/Zr = 1000 ratio (spectrunb), the band attributed to  activities, almost twice of the simple catalysts, but molec-
isolated silanol disappeared and a large band centered at!l@r weight of resulting polymers produced by these cata-
2945cnT is observed due to presence of methyl groups 'Ysts is different (4.2 versus3x 10° Day). The 3:1 CmBu
from grafted MAO. and 1:3nBu:Cp show similar activities but Mw data are to-
Table 2presents data concerning catalyst activity and Mw tally different (3.1 versus.® x 10°Da). The polyethylene
of the polymers obtained with the homogeneous systems,Mw obtained with hybrid systems is between two and three
simple and hybrid ones. In the case of simple catalysts, Cptimes higher than obtained with simple systems.
activity is lower than that of Bu, although polymer Mw Table 4presents the structural parameter obtained from

obtained with the former is higher. For hybrid catalysts, in EXAFS measurements for 111Bu:Cp catalyst (2 adjust-
ments considering distinct spheres of coordination) and 1:3

CpnBu [12]. The EXAFS spectra of the two catalysts are
totally different from that of CpZrCl, or ZrO,. The anal-
ysis by Fourier Transformer shows two main peaks around

= ®) Table 3
%’ Simple and hybrid supported catalysts
s Catalyst  Activity (x 10°gPol. My Mo/Mn T
£ system (mmol Zrhy1) (x 10°gmol1) (°C)
2 Cp 2.76 0.9 2.8 133
M nBu 2.60 15 2.4 133
1:1 CpnBu 2.53 3.3 2.1 137
(a) 1:3 CpnBu 5.45 4.2 2.0 135
04 3:1 CpnBu 2.89 3.1 2.1 136
j J ) ! ) T ) J i ! j ! 1:1 nBu:Cp 1.69 3.8 2.1 135
4000 3800 3600 3400 3200 3000 2800 1:3nBu:Cp  2.90 19 20 ND
Wavenumber (cm’) 3:1nBuCp 4.09 3.4 2.0 136

Fig. 2. DRIFTS spectra of (a) 1:hBu:Cp catalyst system; (b) after Activity and polymer characterization. [Al/Zg 1000; [Zr]= 1x 105 M;
addition of MAO [Al/Zr = 1000]. solvent: toluene (300 cf); T = 60°C.



Table 4

Structural EXAFS parameters for selected systems

Catalyst system

Coordination numbé)

DistanceR (A)

1:1 nBu:Cp
Zr-0 1.1+ 05 1.82+ 0.02
Zr-C 1.8+ 05 2.22+ 0.02
1:1 nBu:Cp
Zr-0 14+ 05 1.87+ 0.02
Zr-Cl 05+ 05 2.34+ 0.02
Zr-Si 14+ 05 3.29+ 0.04
1:3 CpnBu
Zr-0 1.7+ 05 1.9+ 0.02
Zr-C 144+ 05 2.3+ 0.02
Zr-Si 16+ 05 3.2+ 0.04

Resolution 0.02 A.

1.3 and 2.7 A. Comparing Zr—C and Zr—O distances from
both catalysts, 1:3Bu:Cp shows longer values than those
found for 1:1nBu:Cp.

Table 5presents data obtained in terms of relative energy
in eV for the proposed reactions at the minimum distance
found for Zr-O bond. These results allow us to establish
that CpZrCl,, due to the lack of sterical hindrance, is sup-
ported preferentially on the Si@IS plane. In the case of
(nBuCp)ZrCl, the energies permit us to think in a different
distribution of this zirconocene and for €£rCl, between
these planes. From catalyst activity data, it is clear that us-
ing similar ratios (1:1),nBu first generates a more active
catalyst, being higher also the molecular weight.

Depending on the addition order and of the different
ratios, AIS would present different concentrations/kinds of
active sites, with higher or lower interaction between the zir-
conocenes. WheamBu is impregnated first, Cp can be grafted
on SIQAIS at higher amounts. Cp shows high affinity for
the AIS plane, whereasBu shows similar affinity for both
planes. When Cp is first impregnated, it is located mainly
on AIS plane, whereasBu is mainly fixed on GEM plane.

3.1. Mechanism of formation of active sites

MAO includes tricoordinated Al, capable to develop
tetracoordination (terminal Al) and tetracoordinated Al

S. Rodrigues et al./Journal of Molecular Catalysis A: Chemical 216 (2004) 19-27 23

3 CH,
“/\ on /Al/\o_
=3_
-y Al—0
\‘) “ CH,/
(‘) +

m H3C\ Al\o_
G s
o H;C

|
/T'\

Fig. 3. First step of interaction of MAO with supported zirconocene.

Fig. 4 presents a possible mechanism of methylation of
zirconocene and ion-pair formation on the surface. The
ion-pair formation considers the coordination and insertion
of ethylene by only one side of the supported zirconocene as
the sole possibilityFig. 5 shows a possible model of ethy-
lene coordination. ComparingBu with Cp, the presence
of butyl group impinges sterical hindrance to the ethylene
approach in they plane, being lower the interaction when
the approach takes place by theplane. In the case of Cp,
there is no sterical hindrance for ethylene coordination in
the xy plane.

3.2. General discusion

The supported catalyst 3:1 Q@Ru presents higher

generated by methyl addition/exchange. Tetracoordinatedamount of grafted Zr and this fact can be assigned to the

Al is a methyl donor, whereas tricoordinated Al is a
methyl/electro/Cl acceptoj27]. Fig. 3 shows a possible
mechanism of precursor of active site formation for these
supported catalysts.

Table 5

Theoretical characterization results

Sio, nBu Dzr—o Cp Dzr—o
AlS —-4.8 2.4 -10.9 1.45
GEM -5.3 3.4 -5.6 2.80

Energy values in eV. Distances Zr—O at the energetic minimBon
(nBuCp)ZrCly; Cp: CpZrCl,.

high affinity of Cp by the AIS plane of silica. In case of
3:1 nBu:Cp, the steric effect introduced by butyl groups
makes difficult the approach of Cp to the supportél
and therefore the amount of supported Zr is lower.

Analyzing the soluble systems, the decrease in activity
can be assigned to bimolecular deactivation reactions and
to the formation of binuclear cations of lower activity. It
is known that active binuclear cations are present in the
ethylene polymerizatiof22].

The presence ofBu makes possible the formation of
Cp-nBu binuclear cations and increase the probability of for-
mation of Zr1-CH-Zr2 bonds, with Zr1 and Zr2 belonging
to different zirconocenes in homogeneous systems. Looking



24 S. Rodrigues et al./Journal of Molecular Catalysis A: Chemical 216 (2004) 19-27

; with supportednBu working independently from Cp can
cm be related to the maximum activity and molecular weight,
He \ CHy whereas the interactiamBu:Cp withnBu as Cp modifier can
H/\ ) \ /A o— explain the decrease of the molecular weight because of the
@a _An—% decreased strength of the Zr—C bond. Inactive sites concen-

‘ tration is also different depending on the addition order and

‘|’ on the different zirconocenes ratio. In case of 1:3rBp:

g the high activity can be related to the consumption of gem-
/| [N inal OH by Cp and the higher amount of active sites from

supportednBu on the SiQAIS plane. This mechanism is

proposed following the concepts reported in referg2é.

HC

o, 3.2.1. Interaction between supported zirconocenes
A possibility to take into account is the interaction of
. I R the different zirconocenes on the surface. If we consider
A—0 N[ / © that CpZrCl, can modifynBuCp,ZrCls, the resulting sites
CH; 0 1L,C would have different properties than those generated by im-
| mobilizing independently each zirconocene on the surface.
— N Fig. 6 shows a model of interaction of this binuclear active
site with MAO. Even being Cp only a dispersor nBu,
: it is evident that this effect is important particularly on the
\ { molecular weight. The possibility of interactionsnBu:Cp
oy, giving rise to active Cp modified byBu or activenBu mod-
f\ “sC\ \A'/\o— ified by Cp cannot be ruled out. These sites would have ac-
\AI m{;@d a _A,_O/ tivities and termination constants for the growing polyethy-
\ [ €] lene chain different from that of the isolated supported Cp
o o HC or nBu.
) | Concerning the homogeneous systems, we consider than
—$ nBu has higher activity because almost no binuclear sites are
formed, whereas in case of Cp, there is no steric hindrance
Fig. 4. Methylation of zirconocene and ion-pair formation. to the Cp2 formation. Therefordables 6 and 7resume
this information. In case of the supported catalysts we can
see that Cp andBu have similar activities, but molecular
at the supported systems, the decrease imBeactivity in weight is different for the polymer. If we consider thau
respect to the soluble system can be assigned to the lowepresents a higher propagation constant we can understand
amount of active sites present on the AIS plane at the samethe results for the supported catalyst.
concentration of supported zirconocene. However, in case In the case of 1:1 CpBu, Cp is located on AIS (follow-
of supported Cp, the relative number of species supporteding the EHMO results) and the structures are different from
on the AIS silica plane is going to be higher, but the propa- those in the case of the homogeneous system and this is clear
gation constant is lower than in case of supportBd. The from the molecular weight analysis. @Bu sites are also
similar activities can be explained through a compensation present. Number of active sites must be different (lower) but
effect between the active site number and the propagationpropagation constant could be higher, changing also the ter-
constant. This kind of analysis is useful to investigate the mination reactions. The catalyst addition order changes the
increase of the activity when 1:3 @jBu or 3:1nBu:Cp are number and distribution of sites. When Bu:Cp is ana-
considered. Catalyst activity of 3:1 @yBu is similar to that lyzed, activity is higher, even in comparison to that of the
of the simple systems, but molecular weights of the result-
ing polymers are three times higher than those obtained with
the homogeneous systems. Table 6 _
The molecular weights of polyethylene obtained with 1:1 ACtVe Sites present in homogeneous systems
Cp:nBu, 3:1 CpnBu and 3:1nBu:Cp are similar. This fact = Homogeneous
can be related to a different numististribution of active cp nBu 1:1 CpnBu 3:1 CpnBu 1:3 CprBu
sites, although being the same kind of active sites. In the
case of 3:1 CmBu the molecular weight increases signif- cp
icantly in respect to the simple catalysts, whereas with 1:3 Cp2 nBu Cp2 Cp2 Cp2
nBu:Cp the molecular weight of polyethylene is in the order CpnBu CpnBu CpnBu
of the simple catalysts. Distribution of sites on the SNB nBu nBu nBu

nBu Cp Cp Cp
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CH,=CH,

CH,
H,C-H,CH,C-H;C \ CH;
\“//\\(CHZ-CHZ-CHZ -CH
O_
CH—=> \i'n% a H3C‘Al—0/
\‘) B¢ O
o)
f |
)iy /Si\
X

,/\~

CHy-CH,-CHy-CH,
HyCHy-CHy-CHj ./

CHZ-CHz’\ 3 e eH;C HoC-HyC- Hzc\‘/\ CECHCECE, |
N 5_'7/‘—c1 w7 GH-CH | 00

A ~a S
CH2 \/‘ H3C/ \CH3 CH}\/T{)_CI Al .
‘ o H;C
/Si\ |

\ly

Zr—<—plano zy

4

I/

>Zr— <— plano xy

Fig. 5. Model of ethylene coordination.

soluble catalyst. IinBu is located widespread on the sur-
face, but the most active sites are placed in i3, Cp

addition generates especialigu:Cp sites, but probably not
Cp2. Therefore we haveBu andnBu:Cp species, more ac-
tive than Cp, Cp2 andBu:Cp species. If we consider that

(|)\
A
Al

\
6

HC\T
C4Hy ? Al/ CHs

| f\
‘|’ o

/T'\O/| \0/|S \O/

Fig. 6. Model of a binuclear active site iBu:CpnBu upon methylation.

the activity of the species changes in the onddu > Cp >

Cp2 > nBu : Cp, for homogeneous system and this order
changes when Cp amaBu are supported we can explain
all the results. Molecular weight is lower foBu in this
case. Specifically, the activity order in the heterogeneous
catalyst would be:Bu : Cp > nBu = Cp > Cp2. In the
case ofnBu versus Cp, we do not know if we have similar
active sites number with similar propagation constants (but
lower growing chain termination constant) or lower/higher
amount of active sites with higher/lower propagation con-
stant and lower growing chain termination constants. Molec-
ular weight of polymer produced by supportasiu is higher
than Cp in this case, and therefore active sites have differ-
ent ratio propagation to termination constants. The effect of
the support as ligand is very important to change this order.
Both electronic and geometric factors contribute to achieve
this activity order. For these reasons, changes must surely
arise whemBu is supported, related to the presence of the
support as a ligand, combined with the effect of the butyl
groups. In case of 1:3 OpBu and 3:1nBu:Cp, activities
are similar. We can think thatBu is in an isolated form at
high concentration in this case, especially in the first case,
when Cp is a dispersant species fBu on the surface
and mainly the isolated AIS plane is covered by Cp. In the
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Table 7

Active sites present in heterogeneous systems

Cp nBu 1:1 CpnBu 1:3 CpnBu 3:1 CpnBu 1:1 nBu:Cp 1:3nBu:Cp 3:1nBu:Cp

Cp nBu CpAIS CpAIS CpAIS CpAIS CpAIS CpAIS
nBUAIS nBUAIS nBUAIS nBUAIS nBUAIS nBUAIS
Cp:nBu CpnBu CpnBu CpnBu CpnBu CpnBu

Cp2 Cp2 Cp2 Cp2 Cp2

second caseBu is distributed on the surface and the rela- termination constants are similar. Moreover, narrow MWD
tive amount ofnBu must be higher than in case 1. But the polyolefins do not have the desired balance of rheologi-
difference is the relative amount of Cp isolated active sites cal and physical-mechanical properties. Increase of MWD
andnBu:Cp sites. Therefore molecular weight is different. can be achieved by using two or more metallocenes with
If nBu:Cp sites have high propagation constant when they different central atom or completely different structure
are supported, distribution of Cp amBu isolated besides (for instance hafnocene and zirconocene, nonbridged and
nBu:Cp must be considered. It is worth noting that the activ- bridged). Trimodal or even broader MWD is possible by
ity is near the Cp homogeneous activity. When 3:1rBjp: this approach. Judicious mixing of metallocenes haviag C
systems are analyzed, the potential sites at the AIS planeand C2 symmetries can produce an in situ blend of high
are covered first by Cp and Cp2 and consequently activity MW atactic PP and moderate MW iPP which will possess
is lower. HowevernBu:Cp sites are present and this is clear properties of TPE-PP. In our case probably depending on
from the molecular weight of the produced polymers. It is temperature, MAO concentration and zirconocene concen-
worth noting that the activity of 3:1 CpBu is almost the tration, Cp andhBu separately present in the reaction media
same as supported Cp and nBu but molecular weight is two different active sites whose ratio changes but all these dif-
or three times higher. Compensation effects can explain theferent active sites have similar ratios from termination to
activity but the molecular weight allow us to conclude that propagation constant. We can appreciate the differences
nBu:Cp, nBu and Cp sites distribution and amount are dif- in activity (related to propagation constant) and molecular
ferent in these case3able 7shows that in case of 1:1 or weight (related to termination constant) for each catalyst,
3:1 nBu:Cp probability of Cp2 formation on the surface is soluble or supported presentedTiables 2 and 3

lower, considering the EHMO results.
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