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Abstract

Classical Ziegler—Natta catalysts are capable of producing homopolypropylenes with high isotacticities. New trends are focussed on

obtaining polypropylenes with different properties through control of the polymer microstructure. Metallocene catalysts with variabgesstructur
revealed a great potential toward this challenge.

The flexibility of the indenyl ligand substitution proved to be the key in controlling the stereoerror formation. Error type and error distribution
have major implications on the mean isotactic sequence length, and therefore also on the mechanical properties of the polymer products.
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This review focuses on the synthesis of asymmetrizz-metallocene catalysts, their polymerization mechanism and chain transfer
reactions. The impact of the presented asymmeiria-metallocene extends beyond simple propylene polymerization disclosing a way to
materials that fill the gap between “soft” thermoplastic elastomers and stiff polypropylene materials.
© 2005 Elsevier B.V. All rights reserved.
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1. From elastomers to plastomers by homogeneous By introducing a bulkier moiety, e.g. fluorenyl in the
catalysis bis(cyclopentadienyl)-based structures, a new class of cata-
lysts was developed, known &&-symmetric metallocenes
1.1. Transition metal-based catalysts for propylene [5]. Due to the enantiotopic nature of their coordination
polymerizations positions, the chain-end control is present as the only stereo-
control mechanism leading to syndiotactic polypropenes.
1.1.1. Metallocenes Highly syndiotactic polypropenb,6] was first obtained by

The discovery that organic and organometallic tools can Ewen with Cs-symmetric catalyst MgC(Cp)(9-Flu)-ZrCh
be applied for a rational catalyst design laid the foundation [7] (Fig. 1).
of worldwide activities at academia as well as in indus- Lacking any symmetry element by introducing one or
try, leading to several types of metallocenes with precise more substituents in different positions of the cyclopen-
correlation to the corresponding polymer microstructures tadienyl moiety, C1-symmetric metallocenes possess two
(Fig. 1). These catalysts enable not only the synthesis of diastereotopic coordination sites. Thus, the stereochemistry
highly isotactic or more or less atactic polypropylenes but of the polymerization reaction can be converted from the pro-
also syndiotactic, hemiisotactic and different kinds of stere- duction of syndiotactic polypropene to a hemiisotactic form
oblock polymer structures, providing a portfolio of tailor- and even to a highly isotactic materjd]. Chien[8] reported
made microstructures for different industrial applications first the synthesis of’1-symmetric species [1rP-indenyl)-
[1]. 1-(n°-tetramethylcyclopentadienyl)ethane] TiClproviding

Isospecific by virtue of their symmetnf2,3], C»- elastic polypropylenes with narrow molecular weight distri-
symmetric ansa-zirconocene catalysts produce isotactic bution and of fairly uniform composition. Modification of the
polypropylene by enantiomorphic control. The same system introduced by Chien toward dimethylsilane bridged
mechanism can be employed as a tool toward produc-indenyl—-cyclopentadienyl zirconium or hafnium complexes
ing polymers with a wide range of isotacticities and by Collins et al.[9,10] (1, Fig. 2) afforded an improved
molecular weights. Kaminsky et d¥] designed the basic activity and higher molecular weightd4(, ~ 49 000 g/mol
structure of theC,-symmetric catalysts (ethylene-bridged with hafnium complex). In analogy to the work of Chien,
bis(tetrahydroindenyl) zirconium complekig. 1). In time, the elastic properties of these new materials were attributed
many variations of this catalyst have been realised by to blocklike structures composed of isotactic and atactic
changing the substitutions on the cyclopentadienyl rings.  sequences.

@

ZrCl, /"c ZrCl, °C TiCL
é% é%a’s
CH;
CH, CH,
C, - symmetric C, - symmetric C, - symmetric
isotactic syndiotactic hemiisotactic

Fig. 1. Correlation of the polymer microstructure with the catalyst symmetry.
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Fig. 2. Asymmetric catalysts for the production of elastomeric polypropylenes investigated by different research groups.

Ewen etal[7,11]reported the first effectively hemiisospe-
cific metallocene catalyst [2-(82-fluorenyl)-2-(3-methyl-
n®-cyclopentadienyl)propane] zirconium dichloride and its

5H and indenyl-4H), showed for the first time a strong depen-
dence of stereoselectivity on monomer concentration. Thus,
these unique species with two aryl groups on one side intro-
hafnium analogue2( Fig. 2). They demonstrated that the duced the possibility to influence the rate and the position of
two different coordination sites available for asymmetric stereoerror formation along the chain by a second parameter,
metallocenes customize a broad range of material proper-different from temperature, which can be easily controlled.
ties in migratory polyinsertion reactions of propylene by The fact that the content of the [mmmm] pentads in the
modification of the polymer microstructure. The stereo- polymers, prepared with complek remained unchanged
chemistry of the polymerization reaction can be changed with variations of monomer concentration was explained
from the production of syndiotactic polypropene to a on the basis that only ong-substituent is not sufficient to
hemiisotactic form and even to a highly isotactic mate- define a chiral cage which is tight enough to favor a single
rial by opening or blocking selective and nonselective transition state geometry. Hence, the polymer stereoregu-
sides in successive insertion steps. The highest molec-larities are low ([mmmm} 40%). Further research showed
ular weights £, ~200000-300000g/mol) are obtained that this concept can be used for an arbitrary control of the
with the hafnium analogue whereas the zirconium complex crystalline/non-crystalline segments within an isotactic poly-
gives lower molecular weights4, ~ 50 000 g/mol). Fink5] mer chain and hence to conduct phase separation phenomena
investigated the effect of other alkyl groups (ethyl and iso- leading to stereoregular polyolefins with new material
propyl) in the position 3 of the cyclopentadienyl ring. Both properties.

systems have been calculated to have one nonenantioselective

geometry (polymer chain in more crowded region) and one [1.1.2. Stereocontrol of propylene polymerization via
enantioselective geometry (polymer chain in less crowded ansa-asymmetric catalysts

region). These catalytic systems proved to be hemiisospe-

cific, producing elastomeric polypropylend<2].
Recently, Resconi et dl13,14] described the use df;-

symmetriansa-zirconocenes based on substituted cyclopen-

tadienyl or indenyl—dithienocyclopentadienyd, (Fig. 2).

A theoretical investigation of the stereoselectivity depen-
dence of the asymmetric complxn the monomer concen-
tration was recently reported by Guerra effa6] A signifi-
cant feature of the structure of the asymmetric catalysts is the
presence of the two distinct catalytic sites diastereotopically

These methylaluminoxane (MAO) activated zirconocenes related to each oth§b,17] (Fig. 3). Therefore the monomer

produce fully regioregular polypropylenes with relatively
high molecular weightsM ~ 500 000), which, depending

insertion can occur at either site with different stereochem-
istry, one site being stereospecific whereas the other is aspe-

on the pattern of indene substitution, have largely variable cific or even counter specific. Coordination at the isospecific

degree of isotacticity and melting temperaturBg from 80
up to 160°C).

Novel C1-symmetric ethylene-bridged (Ind-Ph-Cp) and
(Ind-H-Flu) complexes4 and5, Fig. 2) have been investi-
gated15]. Similar to complex, complex4 is provided with
only one sterically demandinf-CH-substituent (indenyl-

site leads to an isospecific migratory insertian¢ B). The
catalyst, now in its aspecific state, can either interconvert to
its isospecific state through a back-skip of the polymer chain
(B— C), or the coordination of a new monomer can lead to
an aspecific monomer insertioB - D). If the chain back-
skip reaction from the aspecific state to the isospecific state

4H) allowing facile monomer coordination at each catalyst is faster than the coordination/insertion of a monomer at the

side. Consequently, the polymer stereoregularity is influ-

enced only by the polymerization temperature. Com§jex
the other hand, with two oppos@dsubstituents (fluorenyl-

aspecific state, several isospecific insertions will occur, while
consecutive insertions at the aspecific state would account for
the formation of atactic sequences.
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Fig. 3. Monomer coordination, insertion and chain back-skip of two diastereomeric catalytic centers.

The presence of two active polymerization sites on the erties is extended from low isotactic elastomers toward
same metal center of metallocene catalysts, sites that carultrahigh molecular weight isotactic plastomers.
be different in shape or symmetry, enable a much larger set
of possible polymer microstructures than any other catalyst.
In addition, as metallocenes are discrete molecules whose2. Isotactic elastomeric polypropylenes by
molecular structures can be studied in detail, the shape of theC;-symmetric metallocenes
active sites can be tuned in order to obtain the desired type

and degree of stereoregularjgj. BesidesC,>-symmetric catalysts, particular attention has
been paid to the need to also provide asymmetric catalysts
1.1.3. Polymer microstructures and material properties producing polypropylenes with variable isotacticities so that

The particular features of the asymmetric catalysts theresulting materials can behave as elastomers or plastomers
make it possible to correlate metallocene structures with [5]. This chapter deals with the synthesis of differemta-
polymer properties such as stereochemical microstructuredsymmetric catalysts and the interpretation of polymerization
and mechanical propertieBig. 4). Polymeric products with ~ data in terms of catalytic activity, molecular weight and tac-
lower tact|c|ty (20_50% [mmmm]) d|sp|ay typ|ca| mecha- thlty of the reSUlting elastomeric pOlymerS. The influence
nical elastomer behavior as demonstrated by stress—strairPf different parameters such as polymerization temperature
curves. Once values of the tacticity increase (50-90% and monomer concentration on stereoselectivity enabled us
[mmmm])1 the e|astici[y of the po|ymers declines in favor of to establish the polymerization mechanism. The difference
increasing rigidity. As a consequence, these materials exhibitfound in the microstructures of the polymers when using
low elastic recoveries. This review will focus on complexes different activation methods led to the hypothesis of an addi-
with asymmetric structures of the indenyl-fluorenyl type, tional reversible chain transfer to aluminum by activation
designed to tailor the microstructures of the resulting With MAO.

polypropylenes so that the portfolio of the material prop-
2.1. Homogeneous asymmetric catalysts for propylene

% [mmmm] polymerization
atactic 20-50 50-90 isotactic The initial ideas for the design af1-symmetricansa-
clastomers plastomers metallocenes for elastomeric polymers consisted in the

ethylene-bridged diastereoisomess and 6b [18] (Fig. 5

> with bulky bridge substituents that stabilize the conforma-
tion of metallacycles. The highly stereoselectd#orward

Fig. 4. Correlation of the tacticity of polymers with material properties. conformeréa [15] shows, like the unsubstituted derivatie

stiffness (crystallinity)
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12 a: n-butyl b: n-hexyl
¢: n-octyl d: n-decyl

Fig. 5. Substituted ethylene- and dimethylsilane-bridged indenyl—fluorenyl zirconium complexes.

a strong decline of the stereoselectivity with the increase in 7, 8 and9a—c [18,21](Fig. 5), bearing a 2-methyl substituent
propylene concentration, whereas thbackward conformer  on the indenyl moiety, was developed. The catalysts resulting
6b is nearly independent of monomer conformation. This after MAO activation show an unexpected high and constant
phenomenorjl6] has been attributed to energy differences activity toward the polymerization of propylene (about six
(2-3kcalmot ) for propylene coordination to the less times higher) and lead to significantly increased molecular
hindered (favored) and to the more highly substituted side weight products (up to 8 times) comparedsto6a,b. The
(nonfavored), depending on the bridge conformation. Since explanation is based on the ability of these “dual-side”
catalysts like 5-6a,b/MAO produce only low-molecular  complexes to combine an isoselective side with one leading
weight polymers with low activity, the control of stereoerror predominantly to single stereoerrors within one particular
formation could not be used to tailor the microstructure of species. The fact that this non-selective side can be exposed
polypropylenes in such a way that new material properties to migratory insertion reactions, depending on the monomer
can be created. concentration, provided a new tool to control the amount
The next approach towards the preparation of elastomericand the distribution of single stereoerrors along an isotactic
polypropylene was based on conclusions regarding thechain. The 2-methyl substituent enhances, at the same time,
influence of the different substitution patterns on the the molecular weight of the resulting polypropenes, so that
cyclopentadienyl rings inCy-symmetric indenyl-based tacticities of 20< [mmmm]<70% can be combined with
catalystg19,20]. According to these studies, the methyl sub- molecular weights up to 2.8 10° g/mol.
stituents in 2,2positions give rise to a significant increase A matter of particular interest was to combine both,
in molecular weight whereas bulky substituents in’4,4 the unique polymerization properties of tlig-symmetric
positions lead to catalysts with increased activity and higher metallocene catalysts with the high potential for extending
degrees of isotacticities in the resulting polypropylenes. As a the concept of ligand design by introducing heteroatoms
consequence, a new family of asymmetric metallocenes, likeinto the ligand framework. Therefore, the oxygen-substituted
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complexes10a—c (Fig. 5 were synthesized and tested 2.1.1. Ligand and complex synthesis
in propene polymerization experiments using MAO and All 2,4-substituted indene precursors were prepared by
[(CgH5)3C*][(CeFs)4B~] as co-catalyst$22]. By embed- a recently published three-step procedi2& describing a
ding the heteroatoms into a dioxane ring, it was intended facile route to 2-methylindenes in up to 90% overall yield
to protect the heterocycle against-Q splitting reactions  (Fig. 6). Starting from methacrylic acid chloride (MAC) and
with MAO and thus to improve the catalyst stability. The readily available substituted benzene derivatives, the corre-
polymerization activities of the oxygen-containing catalysts sponding ketones were obtained in a one-pot reaction by
10a,c/MAO correlate closely with the total amount of MAO.  Friedel-Craft acylation and subsequent Nazarov cyclization.
Adistinctincrease in catalyst activity could be observed with These reactions show a remarkable regioselectivity. For naph-
decreasing MAO concentration (180AI/Zr <2000). Seem-  thalene and tetrahydronaphthalene, the acylation—cyclization
ingly, the polar oxygen substituents promote the approach of sequence leads nearly quantitatively to the angular indanones,
the Lewis acidic aluminum co-catalyst to the zirconium cen- while in the case of the indane, almost exclusively the lin-
ter and accelerate the activation reaction in the apolar poly- ear derivatives are formed. Reduction of the ketones with
merization medium. The incorporation of the heteroatoms LiAIH 4 followed by the elimination of water afforded the sub-
into a ring system sufficiently protects the oxygen groups stituted indenes as crystalline solids. Published procedures
against MAO-induced €0 splitting and, consequently, [37-39]were followed for the synthesis of the ethylene- and
inhibits catalyst decompositiof23]. A further significant dimethylsilane-bridged asymmetric fluorenyl-indenyl com-
activity increase, up to 5100 kg PP (mol ZrJ®) %, could plexes5-12.
be observed for the cataly$0b/[(CeH5)3Ct][(CsFs)4B~]
indicating that this co-catalydP4-29] provides a maxi- 2.1.2. Polymerization experiments
mized concentration of active Prcenters. The declineofthe 2727, Polymerization activities. The experimental data
molecular weights of the polypropenes at higher Al/Zr ratios of the polymerization reactions of propylene performed
shows that the chain transfer to aluminum plays a decisive with the metallocene compounds of the serfed2 after
role [30-34] After borate activation ol0b, excluding the MAO or [(CeHs)3C*][(CeFs)sB~] activation are sum-
possibility of transfer to aluminum, the values of the molecu- marized in Table 1 [18,21,22,35] The polymerization
lar weights increased from 3:010* up to 16.0x 10% g/mol. activities of all species increased with raising polymer-
For further investigations on the influence of sterical jzation temperature and monomer concentration. Of all
effects on the polymerization performance of this type of gnsa-asymmetric catalysts investigated in this study, the
dual-side catalysts, it was examined the incorporation of the complexe®a and9b showed the highest activity. Activities
sterically demanding triptycene ligand in several bridged zir- yp to 32x 10% kg PP (mol Zr [G] h)~1 (entry 18) in toluene
conocenes and hafnocerda,b (Fig. 5) [35]. In comparison  solution or 50x 10° kg PP (mol Zr hy® (entry 21) in liquid
to the sterically less demanding 5,6-cyclopentylsubstitution, monomer are higher, up to five times, than the activities of
the triptycene unit leads to significantly lower tacticities and the corresponding complexes without any substitution of the
activities. indenyl moiety. A correlation of the polymerization activity
Studies of the asymmetric cataly$2a—d (Fig. 5), bearing  with the total amount of MAO could be noticed for the
5,6-di(z-alcoxy)-substituted indenyl rings, revealed a sig- catalysts bearing 5,6-substituted indenyl rings. Higher Al/Zr
nificantly increased solubility in hydrocarbon solvents like ratios led to a distinct increase in catalytic activity of the
hexane and heptar{@6]. Propene polymerization experi- complex9a, whereas the activity of the oxygen containing
ments resulted in atactic materials ((mmmm] = 10-15%) with  complexes]0a,c/MAOQ, proved to be favored when the MAO
low molecular weightsi¥\, =20 000-70 000 g/mol) butwith  concentration decreased (18®\/Zr <2000). The maxi-
higher yields (up to factor 8) than catalyht (in toluene).  mum activity is reached at Al/Zr ratios of around 300:1. At
A probable explanation for these unexpected results might higher co-catalyst concentrations excessive MAO operates
be seen in an enhanced interaction of the active sites withas a polymerization-inhibiting agent. A further significant

aluminum scavenger molecules. activity increase could be observed for the catal9btsi0b,

o CH; CH,
R
@ 1. LiAIH, i
a: R=-C;H,- R 2. p-Tos-OH R ©
CH, b: R=-(CH,),-
(o

CH,=C— .- Cl —

I -
o (CHZ)\“
R —R 1. LiAIH, —R
—— P (CH), CH; ————— (CH)y, CH,4
a: R=CH,, n=1 R 2. p-Tos-OH R

b: R=0, n=2

Fig. 6. Synthetic pathway leading to substituted 2-methyl indenes.
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Table 1
Selected polymerization results obtained with the cataBst2 after MAO or borate activation
Entry Catalyst Ty (°C) [Cs] (mol/l) Activity ( x10° kg PP/mol Zr [G] h) My (x10% g/mol) AllZr [mmmm] (%)
1 5 50 0.4 1.26 n.& 2000 68.1
2 50 0.7 2.66 28 2000 63.9
3 50 1.8 4.06 n.d. 2000 42.8
4 70 0.7 5.69 19 2000 59.3
5 50 1.9 3.59 33 2000 39.8
6 7 50 0.4 2.67 15 4300 79.5
7 50 1.1 6.41 22 8600 78.0
8 50 1.9 7.04 43 4300 78.4
9 70 1.1 8.87 20 4300 78.6
10 8 50 0.4 5.37 19 3400 72.6
11 50 1.1 6.42 38 3400 74.4
12 50 1.9 7.81 55 3400 74.7
13 70 1.1 12.54 33 3400 66.3
14 9a 30 1.1 2.88 71 575 47.8
15 50 0.4 8.85 54 1700 72.1
16 50 11 10.57 43 2300 63.9
17 50 1.9 13.01 48 2300 59.6
18 70 11 32.02 25 3400 64.0
19 9hP 0 CsHe(l) 6.0 4900 - 17.0
20 20 GHe(l) 23.0 1600 - 24.0
21 50 GHs(l) 50.0 700 - 34.0
22 9¢ 30 1.2 0.5 103 2000 61.6
23 30 3.0 0.5 132 2000 50.6
24 30 51 0.7 158 2000 44.0
25 50 3.0 11 85 2000 67.4
26 10a 30 3.0 1.0 65 100 34.7
27 30 3.0 1.2 60 300 335
28 30 3.0 0.7 45 1000 34.7
29 30 3.0 0.5 30 2000 35.7
30 30 51 1.5 115 300 354
31 10b° 30 1.2 5.1 135 - 55.6
32 30 3.0 2.9 150 - 42.5
33 30 5.1 3.1 160 - 36.8
34 10c 30 3.0 0.6 90 200 54.1
35 30 3.0 0.5 75 500 53.3
36 30 3.0 0.1 50 1000 53.0
37 30 3.0 0.15 55 2000 51.5
38 50 3.0 3.8 70 500 65.1
39 11a 30 1.3 0.7 45 2000 26.0
40 30 3.0 0.8 63 2000 18.0
41 30 5.1 1.0 78 2000 15.0
42 50 3.0 4.0 42 2000 35.0
43 11b° 30 1.3 2.4 153 - 23.0
44 30 3.0 1.3 262 - 20.0
45 30 5.1 2.4 295 - 19.0
46 12a° 30 1.3 0.8 20 - 11.3
47 30 3.0 0.7 50 - 10.0
48 50 3.0 1.7 40 — 12.0

@ Not depicted.
b Borate activation.

11b/[(CgH5)3C*][(CeFs)4B~]indicating that this co-catalyst ~ 2.1.2.2. Molecular weights. The molecular weights of the

provides a maximized concentration of active centers. polypropylenes obtained with the cataly%td0 decrease at
Unlike Cy-symmetric ansa-metallocenes [40], the higher AL/Zr ratios Table J). This decline shows again that

Si-bridged asymmetric complexe8cj exhibit lower poly- chain transfer to aluminum plays a decisive r{#6-33] in

merization activities (0.5 10°kg PP (mol Zr[G] h) 1, line with the above discussion about catalysts activities. After

entry 22) than their ethylene-bridged analoguéha)(  borate activation 09b, 10b, 11b, excluding the possibility
(2.9x 10°kg PP (mol Zr[G] h)~1, entry 14). A fast decom-  of transfer to aluminum, the molecular weights improved.
position of these complexes — especially at elevated The methyl substitution in 2-position and the substituents
temperatures — is the explanation for the lower productivities on the indenyl moiety also lead to an increase in molecu-
observed. lar weight compared to the unsubstituted compdexrhe
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linearly substituted complexels-11, which carry the sub-
stituents at the 5,6-positions of the indenyl ring, produce
polymers with higher molecular weights than the angularly
substituted complexe® and 8. Of the linearly substituted
complexes, after MAO activation, the dimethylsilane-bridged
derivatives 9¢ and10c, lead to polypropylenes with higher
molecular weights. Lowering the polymerization tempera-

tures (at constant monomer concentration) and enhancing the

monomer concentration (at constant polymerization temper-
ature) leads to an increase of the molecular weights.

2.1.2.3. Stereoselectivity. The [mmmm] pentad concentra-
tion of the polymer products resulting frofr12 varies over

a broad range (10-80%able 1), depending on the tempera-
ture, monomer concentration and bridging unit. The catalysts
bearing a substitution in 4-position of the indenyl riignd

8, lead to polymers with increased isotacticities (66—80%),
as equally observed fo€2-symmetric catalyst§5]. The
5,6-substituted catalysts produce polymers with moderate
[mmmm] pentad concentrations. Slightly increased isotac-
ticities are found for dimethylsilane-bridged zirconocepes
and10c in comparison with their ethylene-bridged analogues.

The polymerization temperature has a direct influence
on the polymer isotacticity. For the catalysts9 and11a
an increase in stereoselectivity is observed by raising the
polymerization temperature from 50 to 70 (at constant
monomer concentration of 1.1mol/l) for compléx or
from 30 to 50°C (at a constant monomer concentration of
3.0mol/l) for complexe9®, 11a and12a. A decrease in iso-
tacticity is observed for the polymers produced w8thA
stronger influence of the polymerization temperature was
shown to affect the linearly substituted cataly8tsc for
which the isotacticity is increased from 48% (at°&) to
64% (at 50°C) for catalyst9a and from 17% (at OC) to
34% (at 50°C) for catalys®9b.

Some remarks on the influence of the monomer con-
centration on polymers isotacticities conclude this section.
Propylene concentrations from 0.4 up to 1.9 mol/l were used
in polymerization experiments with complexgand8 but
these concentrations showed little influence on the level of
isotactic placements. This is not the case for the linearly sub-
stituted complexe8-11 which exhibit a strong effect of the
monomer concentration on stereoselectivity. Inspecting the
data achievedTable 1 entries 15-17, 22—-24, 29-33, 39-41,
43-45) leads one to the conclusion that the stereoselectivity
achieved declines at higher propylene concentratieigs 7).

2.2. Tacticity control of polypropylenes

2.2.1. Control of stereoerror formation

2.2.1.1. Proposed polymerization mechanism based on '3C
NMR analysis. To get a closer insight into the polymer-
ization mechanism which is responsible for the strong
dependence of stereoselectivity on monomer concentration
observed for catalyst®a—c, the pentad distribution of the
polypropenes prepared with cataly® was investigated

9
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Fig. 7. Plot of polymer stereoregularity (mmmm] pentads) vs. propene con-
centration ([G]).

using'3C NMR spectroscopfl8]. The [nmmm] pentad fol-
lows a sharp decline as thed{Jeconcentration increases. At
the same time, higher monomer concentrations are corre-
lated with higher values of all the pentads characteristic for
isolated stereoerrors ([mmmr], [mmrr] and [mrrmig. 8).

A pentad distribution of [mmmr])/[mmrr]/[mrrm]=2:2:1 for
[mmmm]>40% also indicates the formation of isolated
stereoerrors. Below 40% [mmmm] pentads, the [mrrr],
[rrrr] and [mmrr] signals increase overproportionally, due
to the fusion of isolated stereoerrors to longer stereoer-
ror sequences. However, the content of the [rrrr] pen-
tads is not high enough to characterize the polymers as
block isotactic—syndiotactic, since the [rrrr] concentration
is present in only minor quantities relative to the [mmmm]
sequences.

The formation of single isolated stereoerrors is further-
more supported by the fact, that the [mrmr] pentad is absent
in the polymer samples or only detectable in minor concen-
trations (below 1%). The same pentad is also not allowed in
hemiisotactic polypropene, due to the occurrence of consec-
utive selective and nonselective insertions. However, none of
our polymer products fits the pentad distribution required for
hemiisotactic polypropernid1,42] They can best be charac-
terized as isotactic with variable amounts of stereoerrors that
fuse to longer stereoerror sequences as isotacticity declines.

[mmmr]
[rmmr]
[mmrr]
[rrrr]

[rrrm]

® X O »r H ¢

[mrrm]

Stereoerror Pentads, %

40
[mmmm], %

60

Fig. 8. Variation of stereoerrors ((mmmr], [mmrr], [mrrm], [mrrr], [rmmr],
[rrrr]) in polypropenes with reduced isotacticity ((mmmm]) as a fingerprint
for the polymerization mechanism.
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Fig. 9. Proposed mechanism for the formation of isotactic polypropenes with isolated stereoerrors obtained by theséhgyesroétric catalysts.

Fig. 10. EBI=ethylenebis(4°-indenyl) zirconium dichloride and 1-[5,6-(ethylenedioxy)-2-methyl-#®-indenyl]-2-(9.°-fluorenyl)ethang zirconium
dichloride (10a).

The decline of the [mmmm] pentad contents with an complexes9a,c afford relatively high isotacticities at low
increasing monomer concentration were attributed to the Cz-concentrations and elevated temperatures. At higher C
existence of two coordination sitekig. 9) in these “dual- concentrations, the coordination of the monomer on the less
side” complexes, which show different stereoselectivities hindered sitelV) is favored over back-skip of the polymer
for monomer coordination and insertiériThis hypothesis  chain. Coordination of the monomer at sl followed by
is supported by Guerra et al. in a theoretical styiti§] migratory insertion leads to the formation of a stereoerror
performed on the complex®a,b. (IV — V). Insertion fromV — VI proceeds in a stereoselec-

The two sites available for monomer coordination are tive way and leads to the observed rr triad. At low monomer
depicted inFig. 9along with the proposed reaction pathway concentration, the back-skip of the polymer chain to the less
that explains the formation of isotactic polypropenes with encumbered sittMI — III) is favored over monomer coordi-
variable degrees of stereoerrors. nation (Il — IV). At sitelll, the catalyst follows the isotactic

The incoming monomer can be coordinated between thecyclel — II — III.
sterically demanding fluorenyl-indenyl moieties (sljeor
at the less hindered site of the catalyst (4¥. Isotactic 2.2.1.2. Supporting deuterium labeling studies. Besides
[mmmm]-sequences are produced when the polymerizationelectronics effect§43-47] for which it was assumed that
reaction is performed in the following orddr:—> IT — III, they are not relevant for this type of asymmetric catalysts with
that means repeated migratory insertion of the monomer coor-different side selectivity (back-skip), chain end epimerization
dinated at sitd (I— II) and consecutive back-skip of the  [48-50] could be responsible for stereoerror formation. In
growing polymer chain to the less crowded sit-{- I1I). order to rule out this mechanism, deuterium labeling exper-
The difference between the activation energies of the back-iments on stereoerror distributions of the asymmetric zir-
skip and the formation of the high-energy alkene coordi- conocend0a have been performed and referenced the results
nated intermediatelV) is a decisive factor in determining to EBI/MAO (Fig. 10, as a representativ€,-symmetric
the probability of back-skipping process of the polymer catalyst, typically undergoing chain end epimerization at
chain. The back-skip of the polymer chain is faster than |ow monomer concentrations. Such deuterium labeling stud-
monomer coordination at low monomer concentration. Thus, jes enable differentiation between intrinsic errors that are

formed by a wrong enantiofacial discrimination of the prochi-
1 Early studieg15,18]demonstrated that different conforme$sa and ral monomer and isomerization-induced errors, which result
6b) exhibit different catalytic activities but the same mechanism. from a intramolecular rearrangement of the Zr-bound chain.
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Table 2

Polypropene pentad distribution f6p-symmetric EBI/MAO andC1-symmetric10a/MAO (T, =50°C) [22]

Entry Catalyst MonomeP [Monomer] (mol/l) Al/Zr [mmmm] (%) [mmrr] [mrrm] [p]-[mrrm]
1 EBI Cs 0.4 3000 74 8.6 4.0 -
2 EBI GCs 0.85 3000 80 5.6 29 -
3 EBI Cs 1.9 3000 84 5.7 2.3 -
4 EBI Cs 33 3000 85 4.7 1.9 -
5 EBI [p]-C3 0.4 1500 69 9.5 1.9 2.6
6 EBI [p]-C3 0.85 1500 79 6.4 2.0 1.3
7 EBI [p]-C3 1.3 1500 82 5.5 2.0 <0.2
8 10a Cs 1.9 1000 55 141 6.9 -
9 10a Cs 1.9 2000 53 14.2 7.1 -

10 10a Cs 1.9 5000 53 14.0 7.1 -

11 10a Cs 0.4 1000 60 11.7 6.0 -

12 10a [p]-Cs 1.9 300 57 14.1 6.5 n.o.

13 10a [p]-C3 0.4 300 65 12.6 5.1 n.o.
a[Zr] = (1-2) x 10~3 mol/l for Cz polymerizations, [Zr] = 3.3< 10~* mol/l for [p]-C3 polymerizations.
b C3=propene, p]-Cz = 1-[p]-propene.

Table 3

Selected propylene polymerization results obtained with the catd§sidMAO and10b/borate

Entry Catalyst Tp (°C) [Cg] (mol/l) Activity ( x10° kg PP/mol Zr [G] h) My, (x10° g/mol) Al/Zr [mmmm] (%)

1 10a 30 3.0 1.2 60 300 335

2 10a 30 3.0 0.7 45 1000 34.7

3 10a 30 5.1 15 115 300 354

4 10b 30 1.2 5.1 135 - 55.6

5 10b 30 3.0 2.9 150 - 425

6 10b 30 5.1 3.1 160 - 36.8

7 10c 30 3.0 0.5 75 500 53.3

8 10c 30 3.0 0.1 50 1000 53.0

9 10c 50 3.0 3.8 70 500 65.1

Isomerization-induced stereoerrorst@a/MAO have not

of the [mrrm] pentad is — to a large extena consequence

been detected at any of the applied monomer concentra-of the isomerization of the Zr-alkyl bond. The decisive factor
tions, whereas for EBI/MAO a decrease in the monomer causing stereoerrors il0a/MAO at high monomer concen-

concentration raised the amount of{mrrm] stereoerror
pentads, as expecteHi¢. 11, Table 9. These observations

trations is the kinetic competition between chain back-skip
and monomer coordination to the aspecific side of the catalyst

reflect a significant difference in the mechanism of stereoer- structure. At low G pressure, a significant fraction of stere-
ror formation between these two catalyst systems due to theoerrors can most likely be ascribed to a reversible transfer to

different positions of the substitutions on the indenyl rings.

For EBI/MAQO, at low monomer concentration, the formation

r-2 s
—

26 25 24 23 22 21 20 19

Fig. 11.13C NMR spectra of the methyl region of a polypropene sample
(10a/MAO; T, =30°C; 1.2 mol/l 1-p]-propene); the marked peaks denote
signals arising from isobutyl end groups.

aluminum.

Deuterium labeling studies performed with d1-propylene
and catalys9a? further support the proposed mechanism of
stereoerror formatiofi21], explained on the basis of non-
selective insertion of the prochiral monomer.

2.2.2. Reversible chain transfer to aluminum

2.2.2.1. Influence of the substitution. The [mmmm] pentad
concentration of the polymer products resulting from 5,6-
ethoxy indenyl complexe$0a,c varies over a broad range
(33—65%,Table 3 depending on temperature (entries 8 and
9), monomer concentration (entries 2 and 3) and bridging unit
(entries 2 and 8) but is independent of the Al/Zr rdfa].

This is a surprising observation because, in contrast to typical
MAO-induced polymerizations, reduced activities at higher

2 The dimethylsilane-bridged systems showed a relative rapid decompo-
sition during the first minutes of the polymerization reacti@2®,82] Thus
they could not be fully investigated.
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Fig. 12. The proposed mechanism of reversible chain transfer to aluminum.

aluminum contents indicate a direct interaction of MAO and we suggested reversible chain transfer reaction as the most
Zr'V centers. probable explanatio?.

As expected, the lower Al/catalyst ratio within in situ The catalytic system consists of two diastereocisomers as
TIBA/borate activation method of0b leads to increased a result of the intrinsic chirality at the metal cen{éd].
molecular weights{able 3 entries 4-6), butalsotoincreased Under different polymerization conditions, the coordination
isotacticities. This proves that the higher aluminum content, and insertion of the monomer can take place at the metal
when using MAO as co-catalyst, does contribute to the overall center of either of the two enantiomers. The reduced molec-
stereoselectivity of the polymerization reaction. ular weights of the polymer products at higher Al/Zr ratios

As previously demonstratg¢d8,51]the co-catalystsintro-  suggest the unidirectional transfer of polymer chains from
ducing the B(GFs)4~ counteranion exhibit the highestactiv-  Zr'V (enantiomerR, for example) to aluminum. Relocation
ities and stereoregularities, yielding the highest molecular from aluminum to the other enantiomer of @ig-symmetric
weights for a given precatalyst and polymerization tem- catalyst species (enantiomgrFig. 12 and then back t®
perature. On the other hand, the ion-pairing tendency of would lead to the formation of a single stereoerror [mrrm]
LoZrCHg* cations in solution (L-ligand) is a key contributor  (Table 4 and could — at enhanced frequencies — account for
to the overall propagation rate. The stability of the ion pair the observed reduction of the isotacticities in case of MAO-
for a given counterion is expected to decrease as L becomesctivated complexef3,55,56] If the insertion of the new
more sterically encumbered and, thus, more reactive despitemonomer unit takes place further at the Zr center of the enan-
the reduced electrophilicity of the metallocenium i&2]. tiomer S then stereoerrors of type [mrmm] are found along
Taking into account these facts one can expect that, with highthe polymer chain.
sterically hindered systems as discussed in the present study, The relatively strong decline of the polymers molecular
the relative rates of insertion versus chain back-skip are only weights (up to 20 000 g/mol) at higher Al/Zr ratioEaple 3
slightly counterion-dependent. The differences in the poly- entries 1-2, 7-8) is one of the effects of the reversible chain
merization data still found for the two activation methods led transfer to aluminum at constant polymerization temperature
us to the conclusion that, besides chain “back-skip”, a differ- and monomer concentration. Additionally, this mechanism
ent mechanism occurs when using MAO-activated catalysts.could lead to different polymer microstructures in terms of
Fink [53] reported the manufacture of stereoblock polymers the [mmrm] content. The formation of a stereodefect such as
of polypropylene by simultaneous supporting of two metal-
locenes W|.th different selectivities on the same S|I|cq. These ; Co-catalyst effects, as reported for otirsymmetric catalysti51],
polymer microstructures were obtained due to a chain trans-might be also considered for the changes in polymer microstructure. Model
fer between the two active species using aluminum alkyls studies on ion pairs provided evidence for the dependence of the counter ion
as chain transfer agents. The transfer reaction takes placeffects on the nature of the bridging group or metal center of the catalyst,
from the isotactic working species to the syndiotactic work- as well as on the chain back-skip (chain ‘end epimerizatiqn)/insertion‘rates.
. . . . ... Therefore, we suggested reversible chain transfer as being responsible for
ing ones as well as to another isotactic working catalyst with

= ” different product molecular weights and microstructural features, obtained
the same probability. Based on the above-mentioned facts,n this study, with both activators.
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Table 4

Polypropene pentad distribution (%)

Entry Catalyst [mmmm] [mmmr] [rmmr] (mmrr) [mmrm] + [rrmr] [rrrr] [rrrm] [mrrm]
26 10a 34.7 17.1 2.1 19.5 7.6 2.7 4.8 10.0
27 10a 33.5 17.6 2.5 20.4 7.5 2.2 4.7 10.1
28 10a 34.7 17.1 2.0 20.5 7.2 3.0 5.4 9.1
29 10a 35.7 17.3 2.7 21.4 7.0 3.0 3.9 8.2
30 10a 35.4 17.5 2.4 19.4 7.3 29 4.9 9.2
31 10b 55.6 14.8 - 15.5 2.8 - 1.4 7.5
32 10b 42.5 17.3 15 18.8 59 11 3.0 9.3
33 10b 36.8 18.0 32 195 6.8 3.0 4.7 8.3

[mmrm] requires two chemical steps while the chain termina- Table 5
tion (responsible for molecular weight decline) takes place in Pentads distribution (%) and lengths of isotactic blocks of the two polymer

only one step. As a consequence, the variation of the [mmrm] $2Ples

pentad is less sensitive to Al/Zr ratios. Sample [mmmm] [rmmm] [rr] niso
Based on the experimental evideri6&,58] the nature of MAQ 54 54 14.5 10.6 11.4

the polymerization medium affects the stability of the active B 51 51 153 118 107

species. In accordance with these observations it is expected
that the partially reduced solubility of the compourida,b

in hydrocarbon solvents might hinder important aspects of polypropylenes containing similar amounts of isotactic

the polymerization process. To us the necessary COﬂditiOﬂpentads [mmmm] but prepared either by using MAO (MAO

for clarifying this assumption was to study the polymeriza- 54) or borate (B 51) as co-catalyst have been studied.

tion process catalysed by similar derivatives with increased |t has been showfi.8,35] that the polymer microstruc-

solubility in hydrocarbon solvents (hexane, heptane). The ture and the resulting properties depend on the

synthesis of the zirconocene derivatives containing 56-di(  amount of isolated stereoerrors indicated by rr defects

alkoxy) indenyl complexesl@a—d) provided the catalysts  (mmmr]:[mmrr]:[mrrm]=2:2:1). From their’3C NMR

needed. Propylene polymerization experiments performed inspectra, the microstructures of the polymers MAO 54 and B

toluene and heptane solutions revealed significant changes1 cannot be distinguished. Nearly equal amounts of rr triads

compared to their ethoxy-substituted analogues. have been found for both polymergaple 5. Since these
The resulting polypropylenes (toluene solution experi- defects also influence the length of the isotactic sequences,

ments) possess reduced molecular weights and isotacticitieshen this parameter might reveal some differences.

(Table 1 entries 46-48), even after MAO-free activation It has been reported that the average isotactic block length

processes. These characteristics are very similar for polymer-;s, between two isolated stereoirregular insertions can be

izations in heptang6]. An explanation mightbe foundinthe estimated by the following equati¢&9]:

amphiphilic nature of the catalyst sites bearing polar “Zr-head

functions” and apolat-alkoxy substituents. In apolar media 2[mmmm]

this might allow a close contact of oxygen-substituted Zr cen- "iso = -+ “Trmmm] @

ters and Al(lll)-activator molecules via formation of aggre-

gates. This would lead to a reversible chain transfer, which is where [mmmm] is the percentage of isotactic pentads and

accepted for analogue systems and results in reddgeshd [rmmm] is the percentage of pentads containing one syn-

[mmmm] values[36]. The influence of the polymerization  dijotactic stereoerror. Within the accuracy of the method, the

conditions, such as temperature and monomer concentrajsotactic block lengths determined by this equation are equal

tion, on polymer tacticity suggests the same chain back-skipfor samples with comparable amounts of isotactic pentads

polymerization mechanism as followed by the asymmetric (Taple 5. This sustains the result of triad analysis. Neverthe-

catalysts above discussed. less, differences in the crystalline microstructure, thermal and
mechanical behavior of these samples sustain the proposed

2.2.2.2. Differences in the chain microstructure of plas- mechanism of reversible chain transfer.

tomers polymerized using different co-catalysts. Based on WAXS experiments can be used to estimate the crys-

the polymerization data regarding the influence of the Al/Zr tallinity and the crystalline microstructure of a polymer. The

ratio on molecular weights and isotacticities of the polymers, measured scattering curve of a semicrystalline polymer is
it was suggested that a reversible chain transfer to aluminuma combination of an amorphous halo and the crystalline
could occur when MAO participates to the polymerization WAXS curve. If crystalline and amorphous phases of the
reaction. As a consequence, the chain microstructures ofWAXS curves are separated, the ratio between the integral
polymers with similar tacticity but obtained with differ- of the crystalline WAXS curve and integral of the whole

ent co-catalysts are expected to be different. Therefore,curve, corrected for the background, determine the crys-
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Table 6 WAXS peaks can be used to discriminate between the
Crystalline fractions determined by WAXS analysis two crystalline forms. Whereas themodification reveals a
Sample Xcwaxs (%) aly Xa (%) WAXS peak at 2=18.6 (130),, they-modification appears
MAO 54 32 38/62 12 at 2=20.T (117),. The WAXS curves of the plastomeric
B51 31 28/72 7 polypropylenes, MAO 54 and B 51, clearly show that they

crystallize in mixedx/y modification Fig. 13. Fitting indi-

o vidual peaks using a Lorentzian function, as shown in the
tallinity Xcwaxs” (Table §. For the samples MAO 54 and B smaji graph irFig. 13 can be used to estimate the fractions
51 the achieved difference in crystallinity is under one per- ¢ the corresponding- andy-phases. This analysis reveals
cent. This is an indication that the WAXS crystallinity of  {nat in both samples the-modification prevails, but in the
plastomeric polypropylenes depends on the total amount of ;56 of using MAO as co-catalyst, higher relative amounts

isotactic pentads and on the amount of stereoerrors as well o e v-modification can be found compared to polymers
The distribution of the isotactic blocks seemed to have minor synthesized with borate as co-catalyEilfle §. This gives

influence. o ~a strong indication that higher amounts of longer isotactic
Isotactic polypropylene can crystallize in different modi- sequences have been prepared when MAO was used as co-

fications[60-65] Here, thea- and they-modifications are catalyst.

fche most commonly formed unit cells. Themodification For isotactic polypropylene the melting temperatiike

is the preferred crystalline form of polypropylenes synthe- i getermined by the lamellar thickness. If all variables are
sized by conventional Ziegler—Natta cataly8,67} High held constant, thinner lamellae will melt at lower tempera-
molecular weight isotactic polyproylenes prepared by met- res than thicker ones. Taking into account that DSC yield
allocene catalysts preferentially crystallize in theform non-equilibrium melting data, a kinetic relationship given by

[14,68-70,75,71] The different polymorphic behavior of  \yynderlich[75] can be used to determine the lamellar thick-
metallocene and Ziegler—Natta iPP samples can be related,qgg-

to the different distribution of the defects in the polymeric 0
chains generated by the different types of catalytic systems; _ 20eTu M + kT
[14,72] Whereas in metallocene-made iPPs the distribution ~ pcAH{(Tm — T)  boos
of defects along the chains is random, in Ziegler—Natta iPP 1. .o I=average lamellar thickness in nm = specific

samples the majority of defects are segregated in small frac-t |4 syrface free energy = 100 m&m 79 = equilibrium
tions of poorly crystallizable macromolecules or in the more melting temperature = 460.7 K; M =molecular ~ weight
irregular portions of the chain. Therefore, much longer fully of repeating unit=42 g/mol:pc =isotactic crystal den-
isotactic sequences can be produced, leading to the Crys'sity:0.94 glcr; AH? =molar heat of fusion = 8.79 kJ/mol;

tallization c_Jf thea-form even for a relatively high overall Tw = observed melting temperaturés= Boltzmann's con-
concentration of defects. This point out that the amount of ;- ..~ 1 3g, 10-23 J/K, bo=single layer thickness = helix

stereo defects a_nd the stereoerror distribution will deter- jismeter=0.65 nm: andrs=
mine the crystalline modification. Most recently, De Rosa
et al.[14,73]found a linear correlation of stereo defects and
stereoerror distribution and the amountyeform crystals.
Furthermore, a dependence of the crystal modification on the
isotactic block length has been repori&d,74] Fischer and
Mulhaupt showed that thg-form is favored when isotactic
blocks are present, which exhibit a block length below 40
monomerg74]. For the polymers obtained with MAO acti-
vatedC1-symmetric zirconocene8l§) the amount ofy-form
crystals increases linearly with decreasing isotactic block ! 3)

. . ) Niso,DSC = — X 3
length. Hence it can be deduced that, for isotactic sequences bo

below 20 monomers, only 10% of the present crystals fea- combining Eqs(2) and (3)enable one to estimate the average
tures thea-form [14]. Thus, the structural analysis of iPP in  isotactic block length when the melting temperature of the
particular the crystallization of the-form might give infor- sample has been measured.

mation about the microstructure of the polymer chain. DSC curves of polypropylene plastomers with an isotac-

ticity between 40 and 60% typically reveal three melting
- transitions within their DSC diagranfrig. 14 Table 7. Itis
# Comparing the amorphous halos of a PP sample, which is X-ray- |ikely that the different melting transitions refer to the forma-

amorphous both at room temperature and at melting temperature, with thetion of three distinct lamellar populations ofa given thickness

semi-crystalline samples after melting, revealed a goodfit to the WAXS due t | distributi fisotactic block | th
records. This proves that the amorphous structure of the semi-crystalline ue to a non-equal distribution orisotactic block lengtns.

samples feature the same scattering properties as a totally amorphous sam- 1 N€ meltipg peakiiv1) appearing between 320 and 325K
ple. Thus, the different amounts of scattering could be separated. and the melting pealfty3) appearing between 400 and 405 K

)

specific side surface free
energy. The melting temperature, molar heat of fusion,
crystal density ande were suggested by Wunderli¢i5].

The valueos was arbitrarily taken to be the same as for
polyethylend59]. Thus, the observed melting transitions can
be used to determine the lamellar thickness. Since crystalline
isotactic polypropylene has a 8elix conformation and the
c-axis of the repeat unit is 0.665 nm long, the isotactic block
lengthniso psccorresponds to the lamellar thicknédsy
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Fig. 13. The WAXS diffraction diagram show different amounteform andy-form when different co-catalysts are used for the polymerization.

a

seemed to be independent of the nature of the co-catalyst
used. The first transitiorT{,1) can be correlated to the melt-
ing of lamellae consisting of isotactic blocks, which have an
average block length of about 15 isotactic monomers. This
result is in good agreement with the literatym®] where
it was proposed that at least 11 monomers are necessary
to form crystalline lamellae. ATz melt thicker lamellae
containing isotactic blocks of 37-39 consecutive monomers.
Temperature-dependent WAXS experiments allow the allo-
cation of the two transitions to the melting of eitheror -
modification[77]. Whereas the melting of themodification
starts at about 320 Ky-modification lamellae do not melt
below 360K. Thus, the thin lamellae melting &y, are
LN SRS LS UL UL UL UL B crystallized ina-modification. Thicker lamellae containing

240260 280300 Tefjoerauf:: / K360 380400 420 longer isotactic sequencesy3) preferentially form thex-

P modification. These results are in good agreement with the

Fig. 14. DSC curves of plastomeric polypropylene prepared by different Crystalline modifications that have been proposed from the
co-catalysts reveal three melting transitions. isotactic block lengtlj14]. The quantity of a specific crys-
talline phase, melting at a specific temperatiiyg, can be
estimated from the corresponding peak area (specific heat
of fusion AH). Comparing, for the two polypropylenes, the
peaks areas dfy; allow estimation of the amount of-
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Table 7

Thermal characteristics and lengths of isotactic blocks determined by DSC

Sample Tw (K) Twz2 (K) Tmsz (K) Niso2 Niso3 AHges(J g AH, (Jgh)
MAO 54 322 356 396 21 34 48.7 8.4

B 51 322 345 405 19 39 33.9 5.7
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phase crystals. The larger area observed for sample B 5lestimated from DSC. Since the angle between the main direc-
shows that higher amounts of the lamellae crystallized in a tion of a branch and the lamellae is abouf 400ost likely
v-modification, are present. This result supports the observa-the branches consist of co-crystallize)-form lamellae. In
tions of the WAXS experiments. contrast to this, in sample B 51 two types of lamellae can
In contrast, the melting transition appearin@iat reveals be observed that clearly differ in thickness. Lamellae with
a clear dependence on the type of the used co-catalysta thickness of about 15nm act as nuclei for the secondary
(Table j. When MAQ is used as co-catalyst, forasample with crystallization of shorter lamellae. Since this lamellae grow
54% isotacticity the melting transitidfy2 appear at 375K.  edge-on with an angle of about §lcrystallization in the
This refers to the formation of a lamellar population, which «-form can be proposed. Thus, in agreement to the results
contains blocks of 25 monomers in the isotactic sequence.shown above, the longer isotactic sequences will crystallize
According to temperature-dependent WAXS measurementsin a-modification. Additionally, in between these structures
[77] these lamellae can crystallize in bath andy-phase, 5nm thin lamellae with an average length of about 200 nm
respectively. For the corresponding sample prepared usingcan be seen forming a sort of an underlying lamellar network.
borate as co-catalyst, the melting transitityy, appears at  The thickness of the lamellae refers to the presence of isotac-
lower temperatures of about 345 K. This melting tempera- tic sequences of about 20 monomers, which may crystallize
ture can be correlated to the presence of lamellae contain-in y-modification.
ing blocks of 19 monomers. Due to temperature-dependent  The differences in the crystalline microstructure and the
WAXS measuremen{§7], these lamellae are crystallized in morphology result in variations in the mechanical behav-
v-modification. The results points out clearly that the nature ior, especially in the elastic recovery. Samples containing
of the co-catalyst influences the length and the distribution lower amount ofx-form crystals are more flexiblé={g. 16).
of the isotactic blocks. The reduced flexibility of the sample MAO 54 might be due
The differences in the prevailing crystalline form are to the extended lamellar structures, which are transformed
reflected in the morphology of the sample. For lower iso- into fibrils during mechanical deformation. This irreversible
tactic polypropylenes the lamellae crystallizedHfiorm can process leads to the reduced elasticity of the sample. The
be detected by an angle of 8between the primary and the lamellar network present in sample B 51 seemed to be more
secondary branched lamellg&]. When higher amounts of ~ flexible. Possibly they can be re-formed after mechanical
these lamellae are present cross-hatched structures can béeformation.
seen[79]. In case that-form lamellae crystallized edge-on
primarily formeda-phase lamellae, the branching angle is 2.2.2.3. Activating agent. Although metallocene-based cat-
41° [78]. To visualize the different polymer morphologies alysts are, as soluble systems, in principle more amenable to
microtome cuts of melt pressed films are prepared becausemechanistic study than heterogeneous catalysts, it proved for
such surfaces reflect nicely the volume structure. a long time rather difficult to underpin the various mechanis-
In Fig. 15 the topography images of plastomeric tic ideas with firm experimental evidenf#0].
polypropylenes MAO 54 and B 51 are shown. The sample  Materials like silica or aluminum oxides have been used
MAO 54, where MAO is used as co-catalyst, forms extended for supporting the heterogeneous Ziegler—Natta sysfgijs
branched lamellae, which have an average thickness of abouBut for asymmetric dual-side metallocenes this strategy can-
7+ 2nm. According to Eq(2) this thickness can be corre- not be applied82,18] The reason is based on the influence
lated to an isotactic block length of about 33 monomer units, of the supporting material surface on the specific stereoerror
which is in good agreement with the average block length formation mechanism of these new polymerization catalysts.

Fig. 15. Surface morphology of microtome cut polypropylene films reflect the ability of the different chain microstructures obtained for MAO (adnd b) a
borate (c) activation to form different lamellar super-structures.
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--------- ; activities were found for the polymeric activators as a conse-

quence of the particular nature of the hyperbranched nanos-
tructure ofIII, which leads to reduced catalyst mobility thus
enhancing the concentration of the active species.
All polypropylenes are isotactic materials bearing vari-
Strain / A able [mmmm]-pentad concentrations. The isotacticities are
identical to solution experiments and are found to be inde-
Fig. 16. Elastic recovery of polypropylene plastomer_s prepared using dif- pendent of the nature of the activating species. The occurring
ferent co-catalysts (MAO 54: black line; B 51: dotted line). stereoerrors, identified by the pentad distribution, are typi-
cal for variable tacticity PP prepared with these asymmetric,
Easily accessible materials, used for supporting the asymmetdual-side catalysts, which afford increased [mmmm] pentad
ric catalysts, are the hyperbranched polysilg88% A major contents (30-50%) when the polymerization temperature is
advantage of the hyperbranched polymers is the distributionraised from 30 to 56C [83,87]
of functional end groups throughout their globular structure.  Incontrastto conventional supports, like silica or alumina,
This leads to an encapsulation of the active sites inside theno influence of this polymer-based supporting method on the
polymeric matrix[84], so that the catalysts are not exclu- PP microstructure was found. This lack of influence is con-
sively located on the particle surfacgiq. 17) [85]. More- sidered as an additional advantage of the approach presented
over, the nature of the functional end groups (borane) allows here because there is no hindrance of a solid support surface,
the study of the polymerization mechanism with a different that in most cases affects the intrinsic stereoerror formation
co-catalyst. mechanism of the particular metallocene catalyst.
After in situ pre-activation with an excess of triisobutylalu-
minum (TIBA ratio 100:1), the complea was reacted with
the polymeric borandll to yield the active catalyst species 3. Isotactic plastomeric polypropylenes by
in equilibrium (Fig. 18. C1-symmetric metallocenes
Hyperbranched polyborane co-catalysts, |KH, are
excellent activating systems for our asymmetric, “dual-side” 3.1. Asymmetric metallocene catalysts based on
metallocene catalysts leading to homopolypropylene elas-dibenzothiophene
tomers with increased molecular weights, compared to solu-
tion experiments with MAQ[86], due to hindered chain While the asymmetric catalysts described in the previous
transfer reactions to the MAO species. Significantly increased chapters are highly active in producing high molecular
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13 a: Zr/Cl b: Hf/Me

(A)
Fig. 19. Chemical structures of complex&a,b (A) and X-ray crystal structure of compld8a (B) front view.

weight elastomeric polypropylenes, the production of tures and monomer concentrations. In the case of
ultrahigh molecular weight plastomers remains an area of 13a/MAQO, the highest activity was obtained & =60°C
interest. To extend the portfolio of material properties toward (13.5x 10°kg PP (mol Zr[G]h)~1, entry 3) whereas for
isotactic plastomers (less stiff polypropylene materials), 13b/borate atf, =30°C an even higher activity is observed
it has been intended to look for other structural motifs (15.9x 10°kg PP (molZr[G]h)~1, entry 8). Taking into
that should maintain the excellent performance of these account that carbon (2.55) and sulfur (2.58) hardly differ in
type of asymmetric catalysts but might afford higher their electronegativities, and due to the remote position of
tacticity values. Rigid substituents in the 6,7-positions the sulfur atom, there were no contributed activity values to
of the 2-methylinden-1-yl fragment created a situation electronic effects of the heteroatom.

with a similar enantiofacial discrimination of the prochiral As shown by different investigations, a sufficiently high
propylene monomer on either complex side in the migratory molecular weight and isotacticities above 60% are a pre-
polyinsertion reaction. Recently it was reported the synthesisrequisite for the appearance of plastomeric properties. In
of such asymmetric, heteroatom-containing zirconocene polymerization experiments with the 6,7-substituted com-
and hafnocene complexdla—c, each bearing a substituted plexes13a,b were obtained isotactic polypropylenes with
indenyl fragment derived from dibenzothiophene which [mmmm] pentad concentrations ranging from 65 to 85%
adopts a backward orientation as shown in the investigation (entry 6) and molecular weights up to 1.5 g/mol (entry

of the single-crystal X-ray structuf88] (Fig. 19A and B). 9), properties which fall in the range expected for plastomers.
These achievements are unprecedented for asymmetric cat-
3.1.1. Polymerization studies alysts since the 5,6-substituted spedesl produced only
Polymerization reactions of the propylene using the zir- elastomeric polypropylenes.
conocenet3a,b after MAO activation have been performed. The isotacticity of the polypropylenes produced with

Monomer and temperature effects of these heterocenes werd3a/MAQO is highly temperature-dependent; increasing the
investigated in order to elucidate the mechanistic aspectspolymerization temperature from 30 to 60 causes the
(Table 8. [mmmm] pentad concentration to decrease from 86.3 to
Increased catalytic activities were achieved for both 70.2% (entries 5 and 2). These results are in contrast to
complexes, 13a—c, at higher polymerization tempera- the expected chain back-skip mechanism of the asymmetric

Table 8

Polymerization results of propylene with compled8a/MAO? and13b/[(CgHs)3C*][(CsF5)4B~1°

Entry Catalyst Amountmol) Tp (°C) [C3] (molfT) Activity ¢-9 [mmmm] (%) My (kg mol1) MyIMn
1 13a 4.0 60 0.7 5.4 64.8 7 2.2
2 13a 3.0 60 1.6 104 70.2 12 2.2
3 13a 1.9 60 2.6 135 70.4 16 2.3
4 13a 3.0 50 1.6 9.3 77.6 22 1.9
5 13a 5.0 30 16 1.6 86.3 148 1.8
6 13a 24 30 3.0 3.6 84.9 162 21
7 13a 25 30 5.1 8.6 82.2 200 1.9
8 13b 3.7 30 GHe(l) 15.9 77.7 254 2.6
9 13b 8.5 0 GHe(l) 53 75.4 1524 38

a Performed in toluene, Al/Zr = 2000.

b performed in liquid propylene, borate/Hf = 5.

¢ Entries 1-7 in toluenex10° kg PP (mol Zr [G] h)~1).

d Entries 8 and 9 in liquid propylene«@0® kg PP (mol Zr hy1).
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zirconocenes above discussed. A change in monomer conimerization temperature is lowered. Most importantly, the
centration has no significant influence on the tacticity of the hafnium catalyst3b/[(CgHs)3C*][(CsFs)4B~] opens access
resulted polypropylenes. to a novel family of polypropylene plastomers with isotac-
Afurther enhancement of the molecular weight of the plas- ticities above 60% and ultrahigh molecular weights (up to
tomers obtained witi3a/MAO was achieved performing  1.5x 10° g/mol).
propylene polymerizations with the hafnium dimethyl com-
plex 13b/[(CeH5)3C*][(CsFs)4aB~]. Polymerization experi-
ments in liquid propene showed that the molecular weight
could be highly increased, in accordance with recent obser-
vations that significantly higher molecular masses could be
obtained for borate-activated dimethyl complexes due to the
absence of the chain transfer to aluminf&h

3.2. Trimethyl-indenyl-based ansa-asymmetric catalysts

3.2.1. Background and motivation

It was illustrated so far that the substitution on the indenyl
ring of the asymmetric catalysts is of critical importance
in determining the microstructures of the resulted polymers
and the type of the polymerization mechanism. Asymmet-
ric 5,6-cycloalkyl-substituted metalloce®® proved to be
highly active (up to 50 000 kg PP (mol Hft}) in producing
ultrahigh molecular weight homopolypropylene elastomers
(between 700000 and 5000 000 g/mol) with low [mmmm]
pentad concentrations (15 <[mmmm]<40). Although with
low activities (15.9x 103kg PP (molHfhy1), the het-
eroatom containing catalyd3b bearing a 6,7-substituted
indenyl fragment is able to produce flexible polypropylene
plastomers with isotacticities in the range from 65 to 85% and
again ultrahigh molecular weights (up to &8.0° g/mol).
4—|owever, especially the area of plastomeric, less stiff
polypropylene homo- and copolymers was never investi-
gated in detail, so that further improvement of the catalyst
activity correlated with an easy synthetic approach was desir-
able. The 5,6- and 6,7-substitutions illustrated two different
orientations in the polymerization mechanism and material
wrong enantiofacial insertion on both sides. The pentad properties.'Therefore the effect§ ofthe5,7—substituti9n onthe
ratio of [mmmr]:[mmrr]:[mrrm]= 2:2:1, which is typical for polyme_r mlcrostructures_remalned to b_e explored n or_der
isospecific metallocenes operating under enantiomorphic siteto elucidate the _correlatlon between different subs_tltut_mn
control, supports this Cp-symmetry-like” polymerization patterns. of the ligand framevyork and the p_olymt_arlzatlon

mechanism. A new asymmetric hafnocene dichloride com-

behavior Table 9. X . ; . :
i . : .o plex, bearing a 2,5,7-trimethyl-substituted indenyl moiety
The chemical behavior of these catalysts is strongly influ (14, Fig. 20 was obtained following a similar reaction path-

enced by the orientation of the substituted indenyl fragment . ) .

derived %/rom dibenzothiophene. The thiophene f);agmgent in Way as described in Sectidnl.1 [89]
the 6,7-positions of the catalyst3a,b controls the gap aper-
ture between the fluorenyl and indenyl ligands by repulsing 3.2.2. Polymerization mechanism

steric interactions at the complex backside. This leads to  The stereoerror formation of th& -symmetric complexes
increased stereoselectivities (relativéstd2) and is respon-  5-12, discussed in the present study, originates predomi-
sible for a “C2-symmetry-like” polymerization mechanism, nantly from the kinetic competition between chain back-
characterized by increasing isotacticities when the poly- skip and monomer coordination at the aspecific site of the

3.1.2. Mechanistic considerations

In polymerization reactions with cataly$8a/MAO the
effect of increasing stereoselectivity with decreasing temper-
ature could be observed, leading to isotactic homopolypropy-
lenes with [mmmm)] pentad concentrations in the range of
65-85%. This is in accordance with the mechanism char-
acteristic forCo-symmetric metallocenes. Chien et HI7]
reported a similar behavior fofac-[1-(9-n°-fluorenyl)-2-
(2,4,7-trimethyl-1%°-indenyl)ethane] zirconium dichloride
and attributed this difference in the stereoerror formation to
the fact that both sides of the catalyst are stereoselective; thu
isotactic polypropylene is obtained in the same manner as in
the case ofC>-symmetric catalysts.

It was assumed for catalydBa/MAO a similar poly-
merization mechanism where chain back-skip plays only
a minor role and stereoerror formation is mostly due to

Table 9

Pentad distribution (%) for polypropylenes witBa/MAO?

Entry [mmmm] [mmmr] [rmmr] [mmrr] [mmrm] + [rrmr] (%) [rren [rrrm] (%) [mrrm]
1 64.8 14.5 n.é. 15.4 <1 n.o. <1 5.3

2 70.2 12.3 n.o. 12.6 <1 n.o. <1 49
3 70.4 12.7 n.o. 12.2 <1 n.o. <1 4.7
4 77.6 9.9 n.o. 9.5 n.o. n.o. n.o. 3.0
5 86.3 6.0 n.o. 6.0 n.o. n.o. n.o. 1.8
6 84.9 6.4 n.o. 6.8 n.o. n.o. n.o. 1.8
7 82.2 7.0 n.o. 7.4 n.o. n.o. n.o. 3.4

@ [rmrm]: entries 1-7 not observed.
b Pentads not observed.
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catalyst structur¢l5,18,21,22,82,87]This hypothesis was 20 30 40 50 60
confirmed studying the dependence of the polymer stereoreg- T,,°C

ularity on monomer concentration and polymerization tem- _ ) o
. . L . Fig. 21. Plot of the polypropylene stereoregularity vs. polymerization tem-

perature. An ent|rel_y d|ffe.rent polymerization behavior was perature (catalysi4: chain “back-skip” mechanism, cataly$sa: *C,-
observed for 6,7-disubstituted analoguéa,b. Although symmetric like” mechanism).
asymmetric in structure, these catalysts proved to @g “
symmetry-like” in polymerization mechanism which is char- a linear increase of the stereoselectivity (from 70 to 82%,
acterized by the decrease of the polymers tacticities while Fig. 21) at higher polymerization temperatures. This resulted
increasing the polymerization temperature and declining the most probably from the steric interaction induced by the
propylene concentratioi88]. 5,7-dimethyl substitutions. Especially the methyl group in

The newly designed compldX bears substitutionsinthe  5-position, which resembles the “front”-GHyroup of the
positions 5 and 7 of the indenyl moiety. The methyl group 5,6-cyclopentyl ring irfa, should support back-skip of the
in position 5 resembles the front substitution existent in 5,6- growing polymer chain before a new monomer inserts on
substituted complexes. On the other hand, the methyl groupthe aspecific side of the catalyj&1] and should hence be
in position 7 is expected to exhibit similar behavior as shown responsible for a stereochemical control which is character-
by 6,7-substituted compounds. As a consequence both mechistic to all of asymmetric 5,6-substituted, high-performance
anisms, chain back-skip and enantiomorphic site control, canpolymerization catalysts.

occur. The ChHs-substituent in 7-position of the indenyl ring,
In order to study the polymerization mechanism, however, plays most probably the role of the thiophene frag-
the hafnocene catalyst4/[(CgHs)3C*][(CeFs)4B~] (pre- ment in the same position of catalyk}a, which controls

activated with TIBA) was tested in propene polymeriza- the gap aperture between the bulky fluorenyl and indenyl lig-
tion experiments. Both the polymerization temperature and ands by repulsing steric interactions at the complex backside
monomer concentration were varied and the polymerization [88]. This led in13a to increased stereoselectivities (rela-
data have been compared with the result¥3af (Table 10. tive to 9a) and was responsible for aC3-symmetry-like”

The variation of the polymer tacticity with the poly- polymerization mechanism, characterized by increasing iso-
merization temperature suggested the existence of twotacticities when the polymerization temperature is declined
different polymerization mechanisms for the 6,7-substituted [5] (Fig. 2J).
complex, 13a, and the 5,7-substituted complek4. The As expected for the chain back-skip mechanism, the
experimental data df4 (Table 1Q entries 1-2, 5—6) showed stereoregularity of the polypropylenes produced with

Table 10

Polymerization data of3a and14/borate in toluene solution and liquid monomer

Entry Catalyst Tp (°C) [C3] (mol/l) Activity ( x10% kg PP (mol cat h)1) [mmmmPE (%) My, (g/mol) MyIMn
1 14 20 4.2 127 70 860000 2.4
2 14 30 2.1 80 76 200000 2.8
3 14 30 2.9 138 74 350000 2.4
4 14 30 3.9 166 72 380000 2.9
5 14 40 2.4 151 78 130000 2.5
6 14 50 19 214 82 50000 2.6
7 14 10 GsHe(l) 39 63 960000 3.3
8 14 40 GsHg(l) 321 72 300000 3.2
9 13a° 30 1.6 3 86 148000 1.8

10 13a 30 3.0 11 85 180000 2.1

11 13a 30 5.1 44 82 200000 1.9

12 13a 50 1.6 15 78 22000 1.9

2 Rounded values.
b Data from Refs[35,88]
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14/borate decreased from [mmmm]=76% (2.1 meliCto a subsequent chain termination reaction, leading to higher

72% (3.9 mol G/I) at increasing propene concentration. This molecular weight product®?2]. On the other hand, as data

variation supports the hypothesis that, at higher pressure,have shown previouslj20], high values of the molecular

the monomer coordination at the sterically less crowded weights are favored by the hindrance of the chain transfer to

side is faster than the chain back-skip which leads to the monomer provoked by the substitution of the indenyl ligand

formation of isolated stereoerrors. The tacticity values framework ofansa-metallocenes in the position 2.

(Table 10 illustrated that, although following a similar

mechanism as 5,6-substitution, the combination of 5 and

7 substitutions led to different polymer microstructures 4. Material properties

containing longer crystallizable isotactic sequences. These

microstructures are assigned to plastomeric material A well-tailored polypropylene architecture is the key to

properties. control polymer properties such as stiffness and strength.
Remarkably, the polymerization activities of the previ- With metallocene-based PP a large variety of stereoiso-

ously studied catalyss-13 were significantly improved. In mers can be formed using the phase separation of such

toluene solution the highest productivity was reached with stereoisomers in bulk and melt. Due to the uniform

14 at7, =50°C (up to 214x 103 kg PP (mol Hfhy1). In lig- nature of metallocene-based homopolymers it became pos-
uid monomer the activity ol4 reached values even up to sible to establish basic correlations between molecular and
321x 10°kg PP (mol Hf hyL. supramolecular polypropylene architectures and mechanical

Higher molecular weights of the polypropylenes at lower or thermal properties.
polymerization temperatures is the trend encountered so We have shown for variable isotactic polypropylene elas-
far for asymmetric metallocene catalyqt,18,82] Fol- tomers (30%< [mmmm] < 60%) that the mechanical prop-
lowing the same trend, ultrahigh molecular weight plas- erties clearly depend on the amount of the isolated stereoer-
tomeric polypropenes\,, =8.6x 10° g/mol at 20°C) were rors indicated by rr defects ([mmmr]:[mmrr]:;[mrrm] = 2:2:1).
obtained withl4/borate at low polymerization temperature [18,35,77,82,89,90]nteresting property profiles from elas-
(Tp=20°C). One possible explanation was that the back- tic to thermoplastic were achievelig. 22). Recently, it has
ward oriented 5,-tlialkyl substitution effectively suppressed been showrj14] that the same effect controls the mechan-
the chain end epimerization process (source of stereoerrordcal properties of highly isotactic polypropylenes (up to
in C2-symmetric catalysts) and hindered at the same time 97.5% [mmmm]) prepared witi1-symmetricansa-indenyl
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Fig. 22. Typical stress—strain curves of different types of polypropylenes.
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dithienocyclopentadienyl-based zirconocenes. Different con- stereoregularities of the resulting polymers. In order to dictate
centrations of the rr triad induce a different crystallization the steric demand at each of the active sites, the nature and the
behavior and, consequently, afford material properties rang- position of the substitutions on the indenyl moiety have been
ing from stiff to flexible plastomers. varied. This led to a competition between monomer coor-
Fig. 22 clarifies the connection between different tactic- dination and polymer chain migration to the less crowded
ities and the material properties of the resulting polypropy- site. A control over the most favored situation is achieved by
lenes. The length of the isotactic segments is — at increasedchanging two parameters: polymerization temperature and
[mMmmm)] pentad concentrations — long enough to afford a propylene pressure. The chain back-skip mechanism proved
high degree of crystallinity so that these materials display to be suitable in explaining the facts mentioned above. Nev-
the behavior of tough thermoplasts with relatively high melt- ertheless, a particular situation occurs when the substitution
ing temperatures. This behavior, specific for highly isotactic adopts a backward orientation in the ligand framework whose
polypropylenes, is demonstrated by the higher initial strength symmetry resembles one of thie-symmetric catalysts. As a
in the stress—strain curves. consequence, the asymmetric catalysts bearing this substitu-
A decline in tacticity is responsible for the significant tion follow a polymerization mechanism found responsible
improvement of the elastic properties of the materials dis- for stereoerror formation witli'>-symmetric catalysts.
playing less rigidity and more flexibility. As a consequence, Two different activation methods have been used in per-
for these materials lower yield points and higher maximal forming the propylene polymerization experiments. The cat-
elongations are recorded. Materials displaying this behavior alytic activities and molecular weights of the polymers
correspond to the plastomeric range of polymer properties. are a sensitive function of the aluminum content provided
Unlike thermoplasts with well-defined spherulites, the crys- by the activators. This dependence suggested an additional
talline phase of plastomers consists of branched lamellae.reversible chain transfer to aluminum when activating with
This is the case of the polymeric products obtained with cat- MAO. As lower contents of Al are provided in the polymer-
alystsl3 and14 as a consequence of the steric effects induced ization system in case of in situ activation with TIBA/borate,
by their specific backward orientation of the substitution on the only mechanism occurring is the chain back-skip. The dif-
the indenyl moiety. Only string-like structures are formed in ferences in the polymer microstructures prepared with MAO
materials with decreased tacticity. High molecular weights and borate as co-catalysts are reflected in their thermal and
combined with lower tacticity, as displayed by polymers pro- mechanical behaviors and sustain the proposed reversible
duced with catalyst5-12, lead to a new class of elastomers. chain transfer.
Their stress—strain curves clearly indicate a strong decline of  Taking into consideration the correlation between poly-
material stiffness in comparison with the above-mentioned mer tacticity and material properties it was demonstrated that
plastomeric and thermoplastic products. The interesting elas-ansa-asymmetric catalysts possess a high potential for tailor-
tic property profile results not from entanglements of the ingthe polymer microstructuresleadingto new materials with
polymer chain segments, but rather from a reinforcement properties ranging from thermoplastic elastomers to highly
of the amorphous phase by a crystalline network. This is isotactic plastomers with ultrahigh molecular weights.
validated in preliminary scanning force microscopy studies
giving a first insight into the size and the distribution of crys-
tallites needed for the formation of a stable three-dimensional References
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