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(57) ABSTRACT 

A propylene polymeric composition With elastic character 
that is soluble in at least one nonpolar organic solvent 
selected from the group consisting of toluene, Xylene, hep 
tane, and hexane, comprises greater than 3 Weight percent 
and up to 45 Weight percent homotactic sequences each 
having only r or m diads, all of Which homotactic sequences 
have a helical length in the range of 20 to 150 A, and in the 
range of 55 to 97 Weight percent of the sum of homotactic 
sequences of less than 20 A in helical length, each homot 
actic sequence having only r or m diads and having feWer 
than 10 repeat units With mmmm pentads being present in 
the range of 0 to 35 Weight percent of the total composition, 
and heterotactic sequences having r and m diads of unequal 
number, the polymer having a molecular Weight (MW) of at 
least 70,000. 
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ELASTIC POLYPROPYLENES AND CATALYSTS 
FOR THEIR MANUFACTURE 

FIELD OF THE INVENTION 

[0001] This invention relates to a novel class of polypro 
pylenes that possess elastic character and are hybrid poly 
mers having stereregularity intermediate betWeen those that 
are highly syndiotactic (or highly isotactic) and those that 
are atactic, as Well as catalysts that produce these hybrid 
polymers. 

BACKGROUND OF THE INVENTION 

[0002] Elastic polypropylene Was ?rst isolated by solvent 
extraction of polypropylene obtained by Ziegler-Natta poly 
meriZation of propylene (inter alia, US. Pat. No. 3,175,999). 
A process for preparing primarily isotactic, fractionable, 
elastomeric polyole?ns has been described (US. Pat. No. 
4,335,225), using a catalyst prepared by reacting a solid 
support such as alumina With, e.g., a tetraalkylZirconium 
compound. US. Pat. No. 5,594,080 discloses preparation of 
a stereoblock elastomeric polypropylene using a metal 
locene catalyst containing tWo unbridged phenylindenyl 
ligands connected to Zirconium, i.e. (phenylindenyl)2ZrCl2. 
Chien et al. (J. Am. Chem. Soc., 112, 2030 (1990); Macro 
molecules, 25, 1242 (1992); Macromolecules, 24, 850 
(1991)) prepared a thermoplastic, elastomeric polypropy 
lene containing about 30% crystalline isotactic polypropy 
lene, using a metallocene catalyst. 

[0003] Collins et al. (Macromolecules, 28, 3771 (1995); 
Macromol. Symp, 98, 223 (1995)) describe the use of 
Zirconium and hafnium metallocene catalysts to prepare 
elastic polypropylene. These polymers had 29-54% mmmm 
pentads, ie they Were predominantly isotactic. Signi? 
cantly, elastic polypropylene could only be obtained When 
the molecular Weight Was greater than 50,000 and When the 
mmmm content of the polymer exceeded 38%, using exclu 
sively hafnium complexes. 

[0004] European Patent Application No. 666,267 
describes the use of a metallocene catalyst of the type 
{?uorenyl-C2H4-indenyl}ZrCl2 to prepare polypropylene in 
the presence of hydrogen. Polymer properties are not 
described. The same catalyst Was used (Organometallics, 
13, 647 (1994)) to polymeriZe propylene in toluene in the 
absence of hydrogen; highly isotactic polymers having 
mmmm contents ranging from 38 to 64% and melting points 
of 104-110° C. Were obtained. When the CZH4 bridging 
group Was replaced by —SiMe2— (US. Pat. No. 5,391, 
789), only a viscous, tacky oil Was obtained. 

[0005] European Patent Application No. EP 707,016 
describes a catalyst system comprising {2-Me-4-naphthyl 
indenyl-SiMez-?uorenyl}ZrCl2, a LeWis acid compound 
and an organoaluminum compound, to prepare elastomeric 
polypropylene. US. Pat. No. 5,516,848 describes a process 
for making elastomeric polypropylenes employing a mixture 
of tWo different metallocene catalysts, one of Which Was a 
monocyclopentadienyl transition metal compound. 

[0006] Metallocene catalysts generally can be de?ned as 
catalysts comprising one or more cyclopentadienyl groups, 
including substituted cyclopentadienyl groups, in combina 
tion With a transition metal, typically a metal of Group IVB 
of the Periodic Chart (i.e., titanium, Zirconium, and 
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hafnium). Useful metallocenes have been described com 
prising tWo cyclopentadienyl-type rings, in Which both rings 
are identical (symmetrical metallocenes) and in Which the 
tWo rings are different, due either to differing substitution 
patterns on identical ring systems or to the presence of tWo 
different ring systems (unsymmetrical metallocenes). The 
?rst reports of the use of cyclopentadienyl metallocenes to 
catalyZe the polymeriZation of 1-ole?ns appeared in 1957. 
British Patent Application GB 934,281 ?rst described met 
allocene catalysts of the type (R-indenyl)2MX2 and 
(R-?uorenyl)2MX2, Where R represents an alkyl or aryl 
substitutent on the aromatic ring, M represents titanium, 
Zirconium or hafnium, and X represents a halide or an alkyl 
or alkoxy group, or the like, having from 1 to 12 carbon 
atoms. Since then, numerous patents and other publications 
have provided ample evidence of the commercial interest in 
these materials. 

[0007] Four limiting cases illustrate the possibilities for 
stereoregularity in polypropylene. The isotactic structure is 
typically described as having the methyl side groups ori 
ented so that they are all on the same side of the plane 
containing the polymer backbone. Another Way of describ 
ing the isotactic structure employs Bovey’s NMR (nuclear 
magnetic resonance) nomenclature: An isotactic diad, rep 
resented by m (for meso), is a pair of propylene units placed 
in the polymer chain so that both methyl side groups lie on 
the same side of the plane containing the polymer backbone. 
Similarly, a mmmm pentad represents ?ve monomer units 
With their methyl groups all oriented the same Way. 13C 
NMR can be used to determine the relative amounts of the 
various pentads present in a propylene polymer. 

[0008] In contrast, in the syndiotactic structure, the methyl 
groups are oriented alternately above and beloW the plane 
containing the polymer backbone. Apair of propylene units 
With this up-doWn arrangement comprises an r (for racemic) 
diad, and rrrr Would correspond to ?ve similarly arranged 
monomer units. 

[0009] Hemi-isotactic polypropylene is similar to the iso 
tactic kind except that every other methyl side group has a 
random orientation. 

[0010] Finally, in the atactic polymer, the orientation of 
the methyl groups With respect to the plane containing the 
polymer backbone is random and the number of r and m 
diads is the same. 

[0011] The physical properties of polypropylene depend 
greatly on polymer stereoregularity. For example, isotactic 
and syndiotactic polypropylene are crystalline polymers that 
are insoluble in hydrocarbon solvents such as cold xylene. 
Because of the presence of crystallites that scatter light, they 
are often opaque or translucent. Additionally, these polymers 
are stiff, inelastic, and high-melting, their melting points 
being 171 and 138° C., respectively. 

[0012] In contrast, hemi-isotactic and atactic polymers are 
non-crystalline and soluble in cold xylene. Atactic polypro 
pylene is transparent, ?exible and elastomeric. 

[0013] Because isotactic and syndiotactic polypropylenes 
are such useful materials, their preparation has been the 
object of extensive research. For example, catalysts that 
produce isotactic polypropylene are disclosed in US. Pat. 
Nos. 4,794,096 and 4,975,403; catalysts that lead to syndio 
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tactic polyole?ns are described in US. Pat. Nos. 3,258,455, 
3,305,538, 3,364,190, 4,892,851, 5,155,080 and 5,225,500. 

[0014] The precise effect of changes in catalyst structure 
on catalyst activity and polymer stereoregularity is dif?cult 
to predict. For example, US. Pat. No. 5,459,218 describes 
catalysts of the type {?u-bridge-Cp}ZrCl2, Wherein ?u= 
?uorenyl, bridge=Me2Si or PhZSi, and Wherein Me=methyl, 
Ph=phenyl, and Cp=cycl0pentadienyl. It is broadly stated 
and claimed that the propylene polymers contain at least 
50% rr content, Whereas the syndiotactic content actually 
achieved ranged from 74 to 82%. The highest molecular 
Weight given for the propylene polymers is 66,000. No 
unusual properties of these polymers Were disclosed nor 
Were any clues provided as to hoW the catalysts could be 
modi?ed to produce polymers having a lesser or greater 
syndiotactic content. By comparison, US. Pat. No. 4,892, 
851 describes a catalyst of a very similar type, namely 
{?u-CMe2-Cp}ZrCl2, Which is reported to produce even 
more highly syndiotactic (92% rr) polypropylene. 

[0015] A relationship betWeen catalyst symmetry and 
polypropylene stereostructure has been proposed (Trends in 
Polymer Science, 2, 158 (1994)). Symmetry elements, typi 
cally described in terms of “point groups” of a bis(?uore 
nyl)MX2-type catalyst are shoWn in FIGS. 1 and 2 (com 
parative). FIG. 1 illustrates the different symmetry elements 
that can occur in metallocene catalysts and FIG. 2 provides 
illustrative examples. A catalyst (FIG. 1 and, e.g., FIG. 2 
entry 20) having point group C2V has three symmetry ele 
ments: the structure is unchanged after a 180 degree rotation 
about the bisector of the MX2 plane and there are tWo mirror 
planes of symmetry, re?ections in Which leave the structure 
unchanged. One contains the MX2 plane oh and the other is 
orthogonal to and bisects the MX2 plane ov. Looking 
straight on at the MX2 plane, one sees that the top and 
bottom as Well as the left and right hand side of the catalyst 
molecule are the same. Acatalyst 21 having point group C2 
(entry 21 in FIG. 2) contains only a C2 axis: the top and 
bottom of the molecule are the same, so that 180 degree 
rotation about the bisector of the MX2 plane leaves the 
structure unchanged. Catalyst 22 having point group CS 
contains only a mirror plane of symmetry orthogonal to and 
bisecting the MX2 plane. VieWed as described above, the 
left- and right hand sides of the catalyst are the same but the 
top and bottom are different. Catalyst 25 of C1 point group 
symmetry contain none of these three symmetry elements. 

[0016] According to FIG. 2, catalysts of point group C2V 
are said to produce atactic polypropylene, except that 
CpZTiPh2 (24) atypically produces a stereoblock isotactic 
polymer (perhaps by a different polymeriZation mechanism) 
at loW temperatures. Metallocenes having C2 and CS point 
group symmetry are said to produce isotactic and syndio 
tactic polymers, respectively. HoWever, US. Pat. No. 4,769, 
510 describes catalysts of the type {ind-bridge-ind}MX2, 
Which exists in tWo isomeric forms. One form is chiral and 
consists of a d,l pair of enantiomers; it produces isotactic 
polypropylene. The second (meso) form is achiral and 
produces atactic polypropylene (Organometallics, 14, 1256 
(1995)). Catalysts With C1 symmetry are said to produce 
either hemi-isotactic 23 (in FIG. 2) or stereoblock isotactic 
atactic 25 (in FIG. 2) polypropylene. 

[0017] European Patent Application No. 537,130 
describes the effect of the siZe of an organic group attached 
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to a cyclopentadienyl ring in metallocenes of the type 
{Cp-CMe2-?u}ZrCl2 (CS point group symmetry), Which Was 
shoWn to produce syndiotactic polypropylene. Introduction 
of a methyl group into the 3-position of the cyclopentadienyl 
ring led to {3-MeCp-CMe2-?u}ZrCl2 (C1 point group sym 
metry), Which produced a hemi-isotactic polymer. When the 
3-CH3 group Was replaced by a t-butyl group to form 
{3-t-BuCp-CMe2-?u}ZrCl2 (also C1 point group), isotactic 
polypropylene Was obtained instead. 

[0018] US. Pat. No. 5,459,218 relates to syndiotactic 
polypropylene prepared using silyl bridged metallocenes 
and having molecular Weights up to 66,000. US. Pat. No. 
5,668,230 discloses certain speci?c ethylene bridged ?uo 
renyl-containing metallocenes to catalyZe ole?ns polymer 
iZation. 

[0019] One skilled in the art can only conclude that there 
are no reliable, general correlations betWeen the structure of 
a metallocene catalyst and the stereospeci?city or the ste 
reoregularity of polymers produced thereby. 

SUMMARY OF THE INVENTION 

[0020] Brie?y, the present invention provides propylene 
homopolymers that are elastomeric and are soluble in at 
least one nonpolar organic solvent selected from the group 
consisting of toluene, xylene, heptane, and hexane, the 
polymer comprising 

[0021] a) greater than 3 Weight percent and up to 45 
Weight percent of homotactic sequences, each having 
only r or m diads, all of Which homotactic sequences 
have a helical length in the range of about 20 to 150 
A, and 

[0022] b) in the range of 55 to 97 Weight percent of 
the total composition being the sum of 

[0023] 1) homotactic sequences, each having only 
r or m diads, and being less than 20 A in helical 
length and having feWer than 10 repeat units With 
mmmm pentads being present in the range of 0 to 
35 (preferably 0 to 31) Weight percent of the total 
composition, and 

[0024] 2) heterotactic sequences having unequal 
numbers of r and m diads, 

[0025] the polymer having a Weight average molecu 
lar Weight (MW) of at least about 70,000, preferably 
greater than 70,000 and up to 2,000,000, more pref 
erably 75,000 to 1,000,000, and most preferably 
80,000 to 500,000. The tWo b) components can be 
present in any amount so long as their sum amounts 
to 55 to 97 Weight percent of the total composition. 

[0026] The propylenes of the invention include homotac 
tic sequences of length as speci?ed above having all r or all 
m diads. As is appreciated by those skilled in the art, these 
homotactic sequences can assume a helical con?guration. 
Connecting these homotactic sequences are similar homot 
actic sequences of less than 20 A in helical length and 
having less than 10 repeat units as Well as heterotactic 
sequences having both r and m diads present in unequal 
numbers. These polymers exhibit elastomeric character that 
varies from a stiff rubber to that of a very stretchy rubber 
band. The homotactic sequences can be all r or all m and 
preferably they are all r, i.e., syndiotactic. In general, the 
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polymers comprise discontinuous small (20 A to 150 A in 
length) hard segments in a continuous softer matrix. 

[0027] The length of the homotactic sequences can be 
estimated in the following Way. Helical chains of polypro 
pylene run approximately parallel to the c-axis of the unit 
cell of orthorhombic syndiotactic polypropylene. Four 
monomer units are contained in the unit cell Which is 7.6 A 
long. Therefore, each molecule of propylene contributes 
7.6/4 or 1.9 A to the chain length. This is a reasonable 
estimate because if the chain Were fully extended, each 
propylene Would contribute the distance of tWo C—C bonds 
or 3 A to the chain length. 

[0028] The heterotactic sequences comprise both r and m 
diads and are of variable lengths and are randomly dispersed 
as to siZe and distribution in the polymer chain. 

[0029] Preferably, the propylene polymers of the invention 
also have one or more of the folloWing characteristics: 

[0030] i) a stereoregularity index betWeen 1.30 and 
10.0, preferably 1.30 to 7.00 and more preferably 
1.60 to 6.40. 

[0031] ii) a heat of fusion (AHfuS) that is less than 
50% of the AHfus of 100% isotactic polypropylene 
When mm>rr; or less than 50% of the AHfus of 100% 
syndiotactic polypropylene When rr>mm, (AHfus val 
ues are as given in J. Brandrup et al., POLYMER 
HANDBOOK, 3d Edition, John Wiley & Sons, NY 
(1989), section V, p. 29); and 

[0032] iii) optical clarity. 
[0033] In another aspect, this invention provides blends of 
tWo or more different propylene polymers, at least one of 
Which exhibits the properties described above. Blends of one 
or more propylene polymers as described above can further 
comprise crystalline or amorphous polypropylene, tackify 
ing resins, antioxidants, ?llers, and other adjuvants knoWn in 
the art. 

[0034] In yet another aspect, this invention provides 
copolymers of propylene Wherein the propylene sequences 
are as de?ned above, and Wherein the comonomers can be 
ole?ns having 2 to 20, preferably 2 to 8, carbon atoms. 
Copolymers can be blended With one another as Well as With 
homopolymers Which provides a Way to tailor or modify 
polypropylene properties. Molecular Weight of copolymers 
(MW) can be in the range of 35,000 to 2,000,000, preferably 
50,000 to 1,000,000, more preferably 70,000 to 500,000. 

[0035] In a further aspect, this invention provides metal 
locene catalysts for propylene polymeriZation, having the 
structure 

{ligandl —bridge—ligand2}MX2, 

[0036] Wherein 

[0037] ligand1 and ligand2 are different and are 
selected from the group consisting of substituted and 
unsubstituted cyclopentadienyl (Cp), indenyl (ind), 
?uorenyl (?u), 4,5-dihydrocyclopentaphenanthryl 
(H2CPA), and cyclopentaphenanthryl (CPA) ring 
groups, Wherein, When present, ring group substitu 
ents can be selected from the group consisting of 

[0038] i) Cl-C4 straight-chain or branched alkyl, 

[0039] ii) C6-C2O aryl, 
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[0040] iii) C7-C2O alkylaryl, 

[0041] 
[0042] v) (—CH2—)n, Wherein n is 2, 3, 4, or 5, or 
(—CH=CH—)rn Wherein m is 1, 2, 3, or 4, 
connecting tWo positions (i.e., adjacent or non 
adjacent ring carbon atoms) in the same ring 
structure, preferably the 4 and 5 positions in 
?uorenyl or indenyl, 

iv) C4-C7 cycloalkyl, 

[0043] vi) fused aromatic rings, and 

[0044] vii) fused aromatic rings substituted by any 
one of groups i)-v); 

[0045] bridge is a linking group joining ligand1 and 
ligand2 at C-1 of Cp or ind ligands or C-9 of ?u and 
CPA ligands and is selected from the group consist 
ing of 

[0046] i) >CR1R2, 

[0047] ii) >SiR1R2, 
[0048] iii) —CR1R2—CR3R4—, 

[0051] Wherein R1, R2, R3, and R4 can be the same 
or different and are selected from the group con 
sisting of H, Cl-C2O straight-chain or branched 
alkyl groups, C6-C2O aryl groups, and C3-C8 
cycloalkyl groups; 

[0052] M is a metal atom selected from the group 
consisting of Zr, Hf, and Ti, preferably is Zirconium 
or hafnium, and most preferably Zirconium, and 

[0053] X is selected from the group consisting of Cl, 
Br, I, Cl-C2O straight-chain or branched alkyl groups, 
CG-C2O aryl groups, C7-C2O alkaryl groups, and 
C7-C2O aralkyl groups, 

[0054] Wherein the metallocene catalyst exhibits an 
asymmetry parameter of 1.03 to 1.69, preferably 
1.03 to 1.45, more preferably 1.05 to 1.35, 

[0055] With the proviso that the metallocene catalyst 
provides propylene polymers described above. 

[0056] In a still further aspect, this invention also provides 
a method of making novel catalyst precursor compounds of 
the type 

[0058] 

wherein ligand1 and ligand2 are as previously 

the method comprising the steps: 

[0059] 1) deprotonating the hydroxyl group of a 
compound of the type 

ligand1-CH2CH2OH; 

[0060] 2) reacting the deprotonated compound With a 
per?uoroalkylsulfonyl ?uoride of the type RfSOZF to 
obtain a stable per?uoroalkylsulfonate of the type 
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[0061] wherein Rf means an alkyl group having 1-20 
carbon atoms or an aryl group having 5 to 12 carbon atoms 
in Which at least 75% of H atoms have been replaced by F 
atoms; 

[0062] 3) condensing the per?uoroalkylsulfonate 
With the conjugate base of a compound of the type 

ligand2-H; 

[0063] Wherein ligand1 and ligand2 are as previously 
de?ned and Rf is independently selected from the group 
consisting of highly ?uorinated or per?uorinated alkyl radi 
cals containing from 1-20 carbon atoms. 

[0064] In yet a further aspect, there is provided a novel 
class of metallocene catalysts that are particularly useful to 
prepare hybrid polymers of the present invention, ie those 
having intermediate stereoregularity betWeen those that are 
highly syndiotatic (or highly isotactic) and those that are 
atactic, the novel catalysts of the present invention having 
the formula: 

strap 

@ MaXZ 
b ridge 

[0065] 
[0066] strap can be a (—CH2—)n group or a 
(—CH= CH—)m group, 

[0067] 

[0068] 

[0069] 

[0070] 
[0071] With the proviso that When M"‘=Zr, X=Cl, and 
bridge=C2H4, then strap can (—CH2—)n or (—CH=CH— 
)m, Wherein n=3, 4 or 5, and m=2, 3, or 4, preferably m is 
2, 3, or 4 and can be designated m‘. 

[0072] In yet another aspect, this invention also provides 
a method of controlling the stereostructure of polypropylene 
by choosing the shape of a metallocene catalyst, as de?ned 
by its asymmetry parameter, from the class of catalysts 
having the structure 

Wherein 

bridge is as previously de?ned, 

Ma is Zr or Hf, 

n is 1, 2, 3, or 4 and m is 1, 2, 3, or 4, and 

X is as previously de?ned, 

{ligandl —bridge—ligand2}MX2, 

[0073] Wherein 

[0074] ligandl and ligand2, bridge, M, and X are as 
previously de?ned, and Wherein the metallocene 
catalyst exhibits an asymmetry parameter of 1.03 to 
1.69, and the stereoregularity index of said polypro 
pylene increases from about 1.30 to about 10.00 With 
an increase in the asymmetry parameter of the cata 
lyst. 

[0075] Preparation of the hybrid polypropylenes of the 
invention is accomplished by combining propylene With a 
metallocene catalyst, preferably in the absence of solvent for 
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the monomer, in an inert atmosphere at a pressure in the 
range of 69 to 6890 Kpa at a temperature in the range of 
—20° C. to about 120° C. When a solvent is used, it can be 
a hydrocarbon, preferably aliphatic, cycloaliphatic, or aro 
matic, more preferably it is toluene or cyclohexane. Acti 
vation of the metallocene is accomplished by activators 
knoWn in the art, preferably methylaluminoxane alone or in 
combination With trialkylaluminum compounds such as tri 
methylaluminum, triethylaluminum, or triisobutylalumi 
num. 

[0076] As used herein: 

[0077] “asymmetry parameter (A.P.)” is de?ned as 
the ratio of the van der Waals surface area of the 
larger ligand to that of the smaller ligand, Wherein 
the van der Waals surface area can be calculated by 
CACheTM Satellite molecular modeling program 
(version 3.8) (Oxford Molecular Ltd., Oxford, 
United Kingdom) on a Macintosh computer; this is a 
measure of the asymmetric character of a molecule; 

[0078] “atactic” means “polypropylene having no 
dominant tacticity and having 25% mm triads and 
25% rr triads, as determined by NMR spectroscopy; 

[0079] 
[0080] 
[0081] “elastomeric” or “elastic” means a material 

that at room temperature can be stretched repeatedly 
to at least tWice its original length and, immediately 
upon release of the stress, returns With force to its 
approximate original length; 

[0082] “entanglement molecular Weight (M6)” means 
average molecular Weight of chains betWeen 
entanglements in a polymer; 

“Cp or cp” means cyclopentadienyl; 

“CPA” means cyclopentaphenanthryl; 

[0083] “?lm” means a self-supporting layer; 

[0084] “?u” means ?uorenyl; 

[0085] “group” or “radical” or “compound” or 
“ligand” or “monomer” or “polymer” means a 
chemical species that alloWs for substitution or 
Which may be substituted by conventional substitu 
ents Which do not interfere With the desired product; 
e.g., substituents can be alkyl, aryl, phenyl, etc.; and 

[0086] “HZCPA” means 4,5 -dihydrocyclopen 
taphenanthryl; 

[0087] “helical length” means the length of a segment 
in a coiled con?guration in contrast to the ?lly 
extended polymer segment; 

[0088] “heterotactic” sequences are those having 
both r or m diads; 

[0089] “highly ?uorinated” (Rf) means having at 
least 75% of H atoms in an alkyl cycloalkyl, or aryl 
group substituted by ?uorine atoms; 

[0090] “highly isotactic” means polypropylene hav 
ing an mm content of at least 80%, as determined by 
NMR spectroscopy; 

[0091] “highly syndiotactic” means polypropylene 
having an rr content of at least 80%, as determined 
by NMR spectroscopy; 
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[0092] “homotactic” sequences are those having 
diads Which are all r or all m. 

[0093] 
[0094] “isotactic” or “isotactic-rich” means polypro 

pylene having tacticity shown in FIG. 2 (second 
entry) and having an mm content of greater than the 
rr triad content, as determined by NMR spectros 

“ind” means indenyl; 

COPY; 

[0095] “Me” means methyl; 

[0096] “metallocene” means a metal-organic com 
pound characteriZed by J'lZ-bOIldS betWeen a transition 
metal and a cyclopentadienyl, indenyl, or ?uorenyl 
ligand, or such substituted ligands; 

[0097] “mm triads” refers to an isotactic structure having 
three propylene units placed in a polypropylene backbone 
such that all three methyl side groups lie on the same side of 
the plane containing the polymer backbone, as determined 
by NMR spectroscopy; 

[0098] “mr triads” refers to a stereoregular polypropylene 
structure having three successive propylene units placed in 
a polypropylene backbone such that, relative to the ?rst 
propylene unit, the methyl group of the second propylene 
lies on the same side of the plane containing the polymer 
backbone and the methyl group of the third propylene lies on 
the opposite side of the plane containing the polymer 
backbone, as determined by NMR spectroscopy; 

[0099] “nanocystalline” means having crystallites in 
the nanometer siZe range (largest length), preferably 
2 to 200 nm; 

0100 “o tical clarit ” means transmittance of P y 
greater than 80% of light of Wavelengths of 400-750 
nm; 

[0101] “peak molecular Weight,” Mp, means the 
maximum molecular Weight in a curve relating 
molecular Weight and the abundance of a species of 
a given molecular Weight determined by gel phase 
(or siZe exclusion) chromatography; 

[0102] 
[0103] “rr triads” refers to a syndiotactic structure 

having three propylene units placed in a polypropy 
lene backbone such that each successive methyl side 
group is alternately above and beloW the plane 
containing the polymer backbone, as determined by 
NMR spectroscopy; 

[0104] “soluble” means dissolves to an extent of 
greater than 98 Weight percent at a temperature up to 
the boiling point of the stated solvent; 

[0105] “stereoregularity index (5.1)” of a propylene 
polymer is de?ned as the ratio of the percentage of 
mm triads to rr triads, Wherein the ratio represents 
the larger of mm or rr over the smaller of mm or rr 

(i e., the ratio is positive and greater than 1); and 

[0106] “syndiotactic” or “syndiotactic-rich” means 
polypropylene having tacticity shoWn in FIG. 2 
(third entry) and having an rr content of greater than 
the mm triad content, as determined by NMR spec 
troscopy. 

“Ph” means phenyl; 
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[0107] Metallocene catalysts that produce highly isotactic 
or highly syndiotactic polymers exhibit a number of chemi 
cal and/or structural similarities: 

[0108] 1) These catalysts very often contain a MX2 
unit (M=Ti, Zr, or Hf, X=Cl, Br or CH3, most 
commonly Cl) bonded to tWo variously substituted 
cyclopentadienyl-type ligands such as cyclopentadi 
enyl itself, 1-indenyl or 9-?uorenyl. 

[0109] 2) The tWo cyclopentadienyl-type ligands 
may be connected by a bridging group joined at the 
C-1 position in the indenyl moiety or the C-9 posi 
tion in the ?uorenyl moiety. The groups —CH2— 
CH2— and —SiMe2—, Wherein Me=methyl, are 
common examples. 

[0110] 3) During the course of activation by an 
organoaluminum compound such as methylalumi 
noxane or mixtures of methylaluminoxane and other 
co-catalysts, Cl is replaced by one or tWo alkyl 
groups derived from the organoaluminum compound 
so that equivalent results for compounds containing 
a MCl2 or M(Me2) moiety are often seen. 

[0111] 4) Once a basic catalyst structural type that 
provides isotactic or syndiotactic polymer has been 
recogniZed, stereoregularity can be increased by 
further adjustments of the structure through intro 
duction of organic groups on the cyclopentadienyl 
type ligands. 

[0112] HoWever, prior to the present invention it Was not 
possible to predict the physical properties of polypropylene 
of intermediate stereoregularity based on the shape of the 
metallocene catalyst. 

[0113] Metallocene catalysts of the invention produce 
novel propylene polymers, herein sometimes referred to as 
hybrid polymers, Whose stereoregularity lies betWeen highly 
syndiotactic (or highly isotactic) and atactic. Polymers thus 
obtained exhibit novel and useful properties, for example 
resistance to creep at high temperatures or extreme exten 
sibility, Which properties have not been previously observed 
in polypropylene. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0114] FIG. 1 shoWs the symmetry elements of an unsub 
stituted, bridged bis?uorenyl metallocene catalyst that is 
knoWn in the art. 

[0115] FIG. 2 shoWs the relationship betWeen metallocene 
catalyst symmetry and polypropylene stereostructure for 
selected catalysts (20, 21, 22, 23, 24, 25) as is knoWn in the 
art. 

[0116] FIG. 3 shoWs the relationship betWeen stereoregu 
larity index (5.1.) and asymmetry parameter (A.P.) for met 
allocene catalyst-polypropylene pairs of the invention; pre 
ferred pairs fall Within area II, IV, V, VII; more preferred 
pairs fall Within area II, III, VI, VII. 

[0117] FIG. 4 shoWs the dynamic mechanical analysis 
spectrum and the variation of tensile storage modulus E‘, 
loss modulus E“ and loss tangent (tan delta) With tempera 
ture for a polypropylene prepared using a metallocene 
catalyst in accordance With the invention (see Example 19, 
beloW). 
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[0118] FIG. 5 shows the variation of tensile modulus E‘ 
With temperature, after 28 days of aging at 23° C., for a 
polypropylene prepared using a metallocene catalyst in 
accordance With the invention (see Example 20, beloW). 

[0119] FIG. 6 shoWs Raman scattering traces of polypro 
pylenes of the invention (18T and 18N) and comparative 
polypropylenes (18A and 18E). 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0120] The present invention presents a simple, quantita 
tive (numerical) means of describing the shape of metal 
locene catalysts, even those Which have yet to be made. 
Using this simple metrical parameter, and noting the sym 
metry planes present in the structure of the catalyst mol 
ecule, it is possible to predict Whether the catalyst Will 
produce a highly isotactic polypropylene, one that is highly 
syndiotactic, or atactic. Polymers of the invention have 
properties that are not adequately described by any of the 
conventional designations, and may be referred herein as a 
hybrid polymer. The invention also presents a numerical 
measure of the stereoregularity of a poly(1-ole?n). 

[0121] As described above, propylene homopolymers can 
be divided according to their stereoregularity into three 
broad categories: isotactic, syndiotactic and atactic. The 
former tWo materials are crystalline, high melting, insoluble 
in (and resistant to) common organic solvents, stiff, tough 
and nontacky. They are particularly Well suited to engineer 
ing applications Where their high strength is bene?cial. 

[0122] These are, as has been mentioned, limiting cases 
and they are describable in essentially statistical terms. 
Commercially available isotactic polypropylene can have an 
mm content of 90% or higher and commercial syndiotactic 
polypropylene can have an rr content of 70% or higher. 
Atactic polypropylene is not at present commercially avail 
able but descriptions of it in the art refer to tacky material in 
Which the mm and rr content are each about 25%. 

[0123] The present invention is directed toWard prepara 
tion of novel propylene polymers Whose mm (or rr) content 
exceeds 25% (Which can be characteriZed as constituting a 
?exible, tacky polymer) to greater than 65% (Where a high 
degree of structure can contribute signi?cantly to the physi 
cal properties such as modulus and resistance to ?oW). 
Polymers of intermediate stereregularity can be hybrids, ie 
they can combine some of the properties of both highly 
crystalline and amorphous polymers, such as, for example, 
a material that is both tough and tacky. 

[0124] In order to obtain such hybrid polymers, hybrid 
catalysts, intermediate in structure betWeen those used to 
make highly isotactic (or highly syndiotactic) polypropylene 
and atactic polypropylene, are required. Unfortunately, as 
described above, the necessary features of such a hybrid 
catalyst have been dif?cult or impossible to identify by study 
of the art. What is needed, and provided by the present 
invention, are loW symmetry catalysts (loW A.P.) as Well as 
a means of describing their shape, e.g., molecules that could 
not be adequately described by point group symmetry. 

[0125] Metallocene catalysts in Which tWo cyclopentadi 
enyl-type ligands are connected by a bridging group are 
knoWn. Such a bridge holds the tWo ligands in ?xed posi 
tions relative to one another. Rotation of the ligands is 
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prevented, substituents on the ligands are ?xed in the 
molecular structure, and the catalyst has, therefore, a per 
manent and de?nite shape. 

[0126] When bridged metallocene catalysts are used, poly 
meriZation activity, i.e., joining an entering monomer mol 
ecule to the groWing polymer chain, takes place in a very 
speci?c region of the metallocene catalyst molecule. For 
example, in a metallocene catalyst of the type 
(ligand)2ZrCl2, polymeriZation activity takes place around 
the —ZrCl2 region. Numerous metallocene catalysts have 
been described having substituent groups at every conceiv 
able free site of the ligand ring groups. HoWever, many 
positions at Which substituents could be introduced are so 
distant from the polymeriZation site (i.e., metal center) that 
substituents placed there have little or no effect on the 
stereochemical outcome of the polymeriZation. In the 
present invention, substituents located more than about 5 A 
from the metal center are ignored. For example, in ?uorenyl 
ligands connected at C-9 to a bridge, substituents placed at 
the C-1, C-2, C-7 or C-8 ring positions are of essentially no 
stereochemical signi?cance. In contrast, the C-4 and C-5 
positions are quite close to the metal atom at Which poly 
meriZation occurs so the siZe and nature of substituents 
located there are critical determinants of the catalyst’s 
stereospeci?city. Similarly, in bridged metallocenes contain 
ing a cyclopentadienyl-bridge-indenyl moiety (With the 
bridge being connected at C-1 of the indenyl ring group), 
substituents located at C-3 or C-4 in the cyclopentadienyl 
ligand; or at C-2, C-3, C-4, or C-5 in the indenyl ligand are 
considered of primary importance. 

[0127] The numbering systems for cyclopentadienyl, 
indenyl, ?uorenyl, and cyclopentaphenanthryl ligands are 
shoWn beloW: 

4 3 4 3 

5 
5 2 2 

6 

l l 
7 

bridge bridge 
cyclopentadienyl indenyl 

(CP) (ind) 

bridge bridge 
?uorenyl cyclopentaphenanthryl 

(flu) (CPA) 

[0128] Unsymmetrical bridged metallocene catalysts of 
the invention can be characteriZed by an asymmetry param 
eter (A.P.) as folloWs. For a metallocene catalyst of the type 
{ligandl-bridge-ligand2}MX2, Wherein M is selected from 
the group consisting of Ti, Zr, and Hf and each X is as 
previously de?ned, AP. is the ratio area of the van der Waals 
surface of the larger ligand to that of the smaller, as 
determined by computer-assisted molecular modeling, such 
as, for example, the CACheTM suite of programs from 
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Oxford Molecular Inc. It is always continuous, positive and 
equal to or greater than 1. The surface areas of the ligand 
includes contributions from substituents at the critically 
important positions described above (i.e., those that are less 
than about 5 A from the metal center). Substituents at other 
positions are ignored and hydrogen atoms are assumed to 
reside at those positions. The AP. provides a numerical 
measure of the degree of asymmetry of a catalyst. The larger 
the value of AP. for a metallocene, the more unsymmetrical 
it is. Surface areas for the individual ligands are the areas 
comprising the constituent atoms at their van der Waals 
radii. They can be readily calculated using, e.g., the 
CACheTM molecular modeling program. This program also 
permits placement of a substituent at a given position in an 
optimiZed geometry that minimizes non-bonded repulsions. 
For example, in calculating the surface area of a 3-phenyl 
cyclopentadienyl ligand fragment, the ?ve- and six-mem 
bered rings are not coplanar. The phenyl ring is alloWed to 
rotate out of the plane of the cyclopentadienyl ring so as to 
reduce unfavorable steric interactions betWeen hydrogen 
atoms. Several examples that illustrate hoW A.P. values are 
calculated folloW. 

[0129] AP. for {?u-C2H4-?u}ZrCl2 is 1.00 by de?nition 
because both ligands are the same. Because the bulky but 
distant t-butyl groups are ignored, it is 1.00 as Well for the 
analogous {2,7-di-t-butyl-?u-C2H4-?u}ZrCl2. Surface areas 
of ?uorenyl and indenyl groups are calculated to be 151 and 
112 square Angstroms, respectively. Therefore, A.P. for both 
of the catalysts {?u-C2H4-ind}ZrCl2 and {?u-SiMeZ 
ind}ZrCl2 is 151/112, or 1.35. 

[0130] We have found that one effective Way of altering 
the shape (and AP.) of catalysts is to connect the 4 and 5 
positions of one of the ?uorene rings by means of (—CH2— 
)n or (—CH=CH—)m, Wherein n=2, 3, 4, or 5, and m=1, 2, 
3, or 4, methylene or vinylene groups that are connected to 
one another so as to form a ring. Relative to an unsubstituted 
?uorene ring, these substituents increase the van der Waals 
surface areas thus making the substituted ?uorene portion of 
the ligand larger and so increase the asymmetry parameter. 
In Table 2, these moieties are referred to as a STRAP. The 
tWo halves of the ligand molecule are connected With a 
BRIDGE Which serves to inhibit rotation or movement of 
the different parts of the catalyst molecule and imparts to it 
a permanent and persistent shape. 

[0131] Another effective means of providing asymmetri 
cal catalysts is to use a ligand of the type ?u-bridge-ind. This 
is related to the symmetrical ?u-bridge-?u ligand by replace 
ment of one (CH)4 benZo rings by tWo hydrogen atoms. 
Again, the catalyst molecule has a persistent shape in 
contrast With asymmetrical, unbridged catalyst molecules. 
Unlike (ind(1)-bridge-ind(2))MCl2 catalysts, Wherein (1) 
and (2) indicate nonequivalent indenyl-type ligands and 
Which exist as d,I and meso isomers (the former gives 
isotactic and the latter atactic polypropylene), such isomer 
ism is not possible. 

[0132] In order to correlate AP. with stereoregularity, a 
numerical measure of stereoregularity, called the stereoregu 
larity index, or S.I., is de?ned as folloWs: In a perfectly 
atactic polymer, the tWo homotactic triads, mm and rr, are 
present in equal amounts, 25% each. As the polymer 
becomes increasingly stereoregular, the relative amounts of 
mm and rr change so that one increases to be greater than the 
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other. S.I. is the ratio of the larger of mm or rr to the smaller 
of mm or rr and is alWays positive and greater than 1. SI. 
expresses in a numerical Way hoW the stereochemical 
arrangement of monomer sequences shifts aWay from 1.00 
for a random, atactic polymer to larger values characteristic 
of more stereoregular polymers. For example, 13C NMR 
analysis of polypropylene made using the catalyst {?u 
C2H4-ind}ZrCl2 (activated With methylaluminoxane) 
shoWed that the mm:mr:rr ratio is 26:31:43, so the S1. is 
43/26, or 1.65. 

[0133] The S1. does not indicate Whether a particular 
polymer is isotactic or syndiotactic but this can be shoWn by 
adding the letter S or I after the SI. value. In the example 
above, one Would have 1.65S, indicating that the polymer is 
syndiotactic-rich. HoWever, this distinction matters little 
When S.I. values are large, because highly iso- or syndio 
tactic-rich polymers share properties outside of the scope of 
the present invention: high crystallinity, opacity, high melt 
ing points, stiffness and insolubility in aromatic and aliphatic 
hydrocarbons. These properties begin to occur in polypro 
pylenes Whose stereoregularity indices are greater than 
about 6.6. 

[0134] The asymmetry parameter of a metallocene cata 
lyst can be related to the stereoregularity index of the 
polypropylene that it produces and therefore to the physical 
and mechanical properties of the polymer. Polypropylenes 
produced With metallocene catalysts Whose asymmetry 
parameters are about 1.0 are essentially atactic With stereo 
regularity indices betWeen about 1.0 and about 1.3. 

[0135] The stereochemical irrelevance of large bulky 
groups that are placed in positions far removed (i.e., greater 
than 5 from the reaction center is illustrated by the 
metallocene catalysts {(2,7-R2?u)-C2H4-(?u)}ZrCl2 
(Wherein R=t-butyl or p-tolyl). These produced polypropy 
lenes with S1. values of 1.26 and 1.08, respectively, and 
Whose NMR spectra Were consistent With that of an atactic 
polymer. 

[0136] Asymmetry in the bridging element has little effect 
on the stereochemical outcome of the polymeriZation. For 
example, polypropylene obtained With the catalyst {?u 
CH2-SiMe2-?u}ZrCl2 is atactic and has an S1. value of 1.04. 

[0137] When the asymmetry parameter of a metallocene 
catalyst is above about 1.69, both stereoregularity and 
crystallinity of the product polypropylene rise sharply. This 
is illustrated by FIG. 3 and Table 1. For example, the 
catalyst {4-(1-naphthyl)-2,7-di-t-butyl-?u-C2H4-?u}ZrCl2 
(18H, beloW, A.P.=1.70) produced crystalline, very isotactic 
rich polypropylene With mm:mr:rr 80:14:6 (stereoregularity 
index=13.3). The catalyst {?u-CMe2-Cp}ZrCl2 is even more 
asymmetric and has a very large A.P. value of 2.09 (18E, 
beloW). It is reported (EWen, et al., in Catalytic Ole?n 
Polymerization, T. Keii and K. Soga, eds., Elsevier (1990), 
p. 439) to produce highly isotactic polypropylene With an 
S.I. value of 27.3. 

[0138] Thus, the shape of a metallocene catalyst, re?ected 
in its asymmetry parameter, is a critical determinant of 
polymer stereoregularity and crystallinity. Catalysts Whose 
A.P. values lie betWeen about 1.03 and 1.69 have been found 
to be useful in the preparation of hybrid polypropylenes, that 
is, polypropylenes having physical and mechanical proper 
ties that are not characteristic of the extremes represented by 
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either atactic or very stereoregular materials, but rather are 
intermediate betWeen the tWo limiting cases. Such catalysts 
enable synthetic access to a continuum of neW polypropy 
lenes, With a continuum of properties, that lies betWeen these 
tWo extremes. Hybrid polymers can have a Wide variety of 
microstructures and their S.I. values can vary from 1.30 to 
10.00. In FIG. 3, area II, IV, V, VII indicates the range of 
asymmetry parameters and stereoregularity indices found to 
be associated With these neW, hybrid polymers of the present 
invention. 

[0139] While many of the catalysts of this invention 
contain ?uorenyl moieties, their presence is not necessary in 
order to obtain polypropylenes in the range of SI. values 
claimed. This is illustrated by Example 18-V, beloW, in 
Which the 6-membered benZene rings have been catalyti 
cally hydrogenated; in this Way, they become tetramethyl 
ene, (CH2)4, moieties connected to cyclopentadienyl rings. 
This example underscores the fact that it is not the speci?c 
nature of the cyclopentadienyl-type rings in the catalysts that 
determines steroregularity. Rather, it is the shape of the 
catalyst (taken as a single molecular unit) expressed through 
its asymmetry parameter (AP) that controls the stereoregu 
larity index. 

[0140] Metallocene catalysts useful in the invention can be 
represented generally by { (ligand1)-bridge-(ligand2}MX2, 
Wherein 

[0141] ligand1, ligand2, bridge, M, and X are as 
previously de?ned and 

[0142] Wherein the metallocene catalyst exhibits an asym 
metry parameter of 1.03 to 1.69. The metallocene catalysts 
provide propylene polymers as de?ned above. Preferably, 
the catalysts exhibit one or more of 

[0143] 
10.00, 

[0144] ii) a heat of fusion (AHfus) that is less than 
50% of the AHfus of either isotactic or syndiotactic 
polypropylene, and 

i) a stereoregularity index betWeen 1.30 and 

[0145] iii) optical clarity. 
[0146] Preferably, metallocene catalysts of the invention 
comprise the structure 

{ligandl—bridge—ligand2}MX2, 

[0147] Wherein ligand1 and ligand2 are different and are 
selected from the group consisting of ?uorenyl, indenyl, 
4,5-dihydrocyclopentaphenanthryl, and cyclopentaphenan 
thryl, optionally having substituents as described above, 
bridge is selected from the group consisting of C2H4, SiPh2 
and Si(CH3)2, M is Zr, X is individually selected from the 
group previously de?ned, and the catalyst asymmetry 
parameter is betWeen 1.03 and 1.50. 

[0148] Preferably, metallocene catalysts comprise various 
substituent groups on the ligand rings, typically alkyl or 
alkenyl groups, preferably C1-C2O alkyl, are placed near the 
metal-containing reactive center in the catalyst (i.e., Within 
5 A). 
[0149] Metallocene catalysts of the present invention hav 
ing asymmetry parameters betWeen about 1.03 and 1.50 can 
be subdivided into tWo classes, designated A and B, beloW, 
depending on Whether or not they possess a mirror plane of 
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symmetry bisecting the MX2 angle. This mirror plane is 
represented by sigma v (0V) in FIG. 1. 

[0150] Catalysts of Type A have such a symmetry plane. 
They produce novel polypropylenes Whose molecular 
Weight distributions, as assessed by gel permeation chroma 
tography (GPC) of toluene solutions, typically are mono 
modal. These polymers are syndiotactic-rich, that is 
%rr>%mm, and they are optically clear and transparent. 
They may be noncrystalline or only slightly crystalline. That 
is, they may either exhibit no melt endotherm by differential 
scanning calorimetry (DSC) analysis or may exhibit an 
endotherm corresponding to less than 50% crystallinity, 
preferably less than 40% crystallinity. 

[0151] The percentage of crystallinity of an isotactic-rich 
polypropylene approximately equals the ratio of the 
observed heat of fusion (AHfus) to the literature heat of 
fusion of 100% crystalline isotactic polypropylene. The 
percent crystallinity of a syndiotactic-rich polypropylene is 
calculated similarity but using instead the literature value of 
AHfus for 100% crystalline syndiotactic polypropylene. Fur 
thermore, polypropylenes of the invention can exhibit melt 
ing transitions at temperatures at least 500 C. beloW the 
melting temperature for any knoWn purely crystalline form 
of polypropylene. All shoW a glass transition at about 00 C., 
consistent With a substantially noncrystalline character. In 
addition, the X-ray diffraction (XRD) patterns can shoW 
Weak, sharp lines due to a very minor crystalline component 
superimposed upon a broad, structureless peak arising from 
the predominant, noncrystalline component. 

[0152] Depending on the catalyst design and polymeriZa 
tion conditions (see beloW), the rr content of polypropylenes 
of the invention resulting from use of Type A catalysts can 
range from about 35% to greater than 65%. Stereoregularity 
indices can vary betWeen 1.30 and 10.00 preferably in the 
range of 1.30 to 7.00, and most preferably 1.80 to 6.30. 
These polymers are soluble in toluene at room temperature. 
Films made by the latter technique are transparent, elasto 
meric and shoW no evidence of haZe. It is noW appreciated 
that the properties of the propylene polymers such as modu 
lus, particularly modulus at 150° C., crystallinity, and tensile 
strength, are very sensitive to, and increase sharply With, 
small changes in rr content. This has not been taught in the 
prior art. 

[0153] The Weight average molecular Weight of the poly 
mers of the invention can be in the range of 70,000 to 

1,000,000 preferably 80,000 to 750,000. 

[0154] When the Weight average molecular Weight of 
these polymers is betWeen about 70,000 and 200,000, more 
preferably 80,000 to 200,000, and When the 5.1. is in the 
range of 2.5 to 4.0, preferably about 3.0, the materials are 
both elastic and tacky. They may be used, e.g., to make 
pressure sensitive adhesives. 

[0155] As molecular Weight increases, an unexpected 
property, resistance to How at elevated temperature, devel 
ops in these elastomers. As an illustrative example, a novel 
polypropylene having an 5.1. of 2.6 Was prepared using the 
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metallocene catalyst {CPA-C2H4-?u}ZrCl2 (A.P.=1.08) (I) 
(referred to in Table 1, below, as 18Q). 

o 
[0156] This compound has one ligand in Which a vinylene 
or —CH=CH—“strap” joins the 4 and 5 positions of a 
?uorene ring group, Which has the systematic name 
4H-cyclopenta{d,e,f}phenanthrene, abbreviated as CPA. In 
FIG. 4, it can be seen that dynamic mechanical analysis of 
the resulting polypropylene shoWs that the polymer resists 
?oW up to about 170° C. The curve relating storage modulus 
(E‘) and temperature exhibits a broad, rubbery plateau 
betWeen about 25° C. and 170° C. One interpretation of the 
DMA spectrum can be that the material behaves as though 
it Were crosslinked or contained a hard structural, load 
bearing phase in a softer continuous matrix. HoWever, the 
polymer is completely soluble in toluene at room tempera 
ture, Which is inconsistent With crosslinking, and it exhibits 
neither a melt endotherm nor sharp X-ray diffraction lines, 
Which indicates the absence of crystallinity. In contrast, both 
atactic polypropylene and commercial syndiotactic polypro 
pylene begin to How at about 100° C. The shear modulus is 
6.0><105 Pa betWeen 25 and 150° C. and is much higher than 
that of atactic polypropylene, 3.0><105 Pa at 150° C. The 
polymer is highly elastic and exhibits only a 4.5% inelastic 
deformation after 10% of strain (ASTM D1774-90). 

[0157] As polymer stereoregularity increases, room tem 
perature shear storage modulus (E‘) increases signi?cantly. 
For example, a novel polypropylene prepared using the 
novel metallocene catalyst {H2CPA-SiMe2-?u}ZrCl2(II) 
(the abbreviation HZCPA indicates hydrogenation of the 
vinylene “strap” of CPA), having an AP. of 1.13 (18T, 
beloW), yields polypropylene having an rr content of 59% 
and an S1. of 5.9. 

CH3 
HZC 

Ti 
CH3 

HZC 
ZrCl 2 

[0158] The subtle changes in catalyst design lead to a 
polymer that is considerably stiffer at room temperature, 
With a E‘ value for pressed ?lms of 13.0><106 Pa. It exhibits 
a melt endotherm at 48° C.; the heat of fusion, 12 J/g, 
corresponds to a crystallinity content of 12/50 or 24 Weight 
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% (50 J/g is the literature heat of fusion (AHfus) of totally 
syndiotactic polypropylene). The crystallinity is due to small 
amounts of an oriented syndiotactic polypropylene phase. 
Signi?cantly, both DSC and X-ray diffraction shoW that the 
crystalline phase has disappeared at a temperature of about 
60° C., yet a plot of E‘ versus temperature (FIG. 5) again 
demonst6rates a broad, rubbery plateau, With a value of 
2.20><10 Pa, from about 50° to about 170° C., at Which 
temperature the material begins to ?oW. BetWeen 50° and 
170° C., the plot of E‘ versus temperature strongly resembles 
that of FIG. 4, trace A, 18Q, in Table 2, beloW, Where the 
polypropylene had an S1. of 2.8. Therefore, resistance to 
How at elevated temperatures displayed by these tWo poly 
mers cannot be attributed to crystallinity, the presence of 
Which has heretofore been assessed, as it is here, by DSC 
and X-ray diffraction. Without Wishing to be bound by 
theory, it is proposed that this phenomena, Which to our 
knoWledge has never before been reported for non-crystal 
line polypropylene, may be due to nanocrystallinity, that is, 
crystalline or structurally-ordered domains that are very 
much smaller, perhaps 150 A, than has previously been 
considered as important. Small angle light scattering experi 
ments disclose that additional orientation of large crystallites 
(i.e., those melting at about 48° C.) in this polymer may be 
achieved by stretching and Which diffract X-rays. 

[0159] This polymer is exceptionally elastic and exhibits 
essentially no inelastic deformation folloWing extension to 
10% strain. The presence of a loW-melting component 
confers heat sealability upon the polymer. Films of the 
material may be fused together above about 50° C. 

[0160] Raman spectra can be used to characteriZe the 
hybrid nature of propylene polymers. Spectra in the 200-500 
cm'1 skeletal stretching region are shoWn in FIG. 6. Atactic 
polypropylene (Example 18A beloW) has a broad scattering 
peak at about 400 cm'1 and crystalline syndiotactic polypro 
pylene (Example 18E) has a sharp peak at 313 cm_1. The 
spectra of polymers from (Examples 18 N and 18 T, beloW) 
shoW bands at both about 400 and 310 cm-1 due both 
heterotactic and homotactic sequences, respectively, in the 
same chain. That is, a single chain, if it Were extracted from 
the polymer mass, Would be seen to contain both types of 
sequences. 

[0161] Table 7, beloW, summariZes some of the physical 
properties of polypropylenes obtained With the novel cata 
lysts of the invention. 

[0162] AnoteWorthy result is that crystallinity (as detected 
by DSC and XRD) is present generally When the SI. index 
is about 3.9 or greater. 

[0163] Table 2, beloW, presents data that shoW hoW SI. 
(and % rr content) change With catalyst design and With 
polymeriZation conditions. It reveals hoW changes in cata 
lyst structure and polymeriZation temperature may be used 
to change the polymer stereoregularity index and polymer 
physical properties. 
[0164] Several trends can be found: 

[0165] (1) Connecting the 4 and 5 positions of a 
?uorene ligand (i.e., dihydrocylopentaphenanthrenes 
of Examples 18S, 18T, and 18U, beloW) via a 
—CH2—CH2— unit provides a catalyst that is more 
stereoregulating (higher SI. and % rr content) than 
one having a —CH=CH— unit in the same position 
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(i.e., cyclopentaphenanthrenes of Examples 18Q and 
18R). Both groups are more effective in controlling 
stereoregularity than is a single methyl group at the 
4 position (18W) or even tWo methyl groups at the 4 
and 5 positions as found, for example, in compounds 
having the general formula shoWn in Table 2 but in 
Which the 4,5-dimethyl?uorenyl group replaces 
(strap)?u; 

[0166] (2) Stereoregularity and polymer molecular 
Weight both decrease With increasing polymeriZation 
temperature (Examples 18Q1 vs. 18Q2; 18T1 vs. 
18T2; 1851 vs 1852); the temperature effect on MW is 
much larger than on 5.1.; 

[0167] (3) OtherWise identical metallocenes With a 
SiMe2 bridge connecting the tWo ligands (Examples 
18R, 18T, and 18U) Wherein Me=methyl are more 
stereoregulating than those having a —CH2—CH2— 
bridge (18Q and 185); 

[0168] Small changes in stereoregularity index (and % rr 
content) bring With them substantial changes in polymer 
properties, as explained above. Thus, catalysts of the inven 
tion make possible synthesis of a Wide variety of neW 
polypropylenes Whose %rr content varies from 29 to 73%, 
preferably 29 to 65%, a range of 36% When considering both 
Type A and Type B catalysts. This is in advantageous 
contrast With prior art catalysts, Which enabled a range of 

only 8% (from 74-82%) in rr content (US. Pat. No. 5,459, 
218). 
[0169] The pentad intensities of polypropylenes produced 
by Type Ametallocenes of the invention can be described in 
terms of a single catalytic site. They folloW Bernoullian 
statistics based upon a single, unique value of Pr, the 
probability of obtaining a syndiotactic insertion each time a 
propylene monomer is added to the groWing polymer chain. 
PI values can be used in a Monte Carlo calculation to 
determine the length distributions of all-r sequences and 
their Weight percent abundances. 

[0170] Metallocenes of type B have the general structure 
{R1-ligand1-bridge-ligand2}ZrCl2, Wherein ligand1, 
ligand2, bridge, and R1 have been previously de?ned. The 
mirror plane of symmetry bisecting the Cl—Zr—Cl angle is 
absent in Type B metallocenes; in fact, these metallocenes 
have C1 point group symmetry. The microstructure of poly 
mers obtained using Type B metallocenes of the invention, 
as deduced from 13C NMR analysis, cannot be described in 
terms of a single catalytically active site. 

[0171] Polypropylenes obtained using Type B catalysts of 
the invention can be either syndiotactic- or isotactic-rich. 
They are elastomeric but lack the resistance to How at 
elevated temperatures found in high molecular Weight poly 
mers obtained using Type A catalysts. Table 3 summariZes 
results obtained using Type B catalysts. It can be seen that 
the polymer microstructure, ie whether syndiotactic- or 
isotactic rich, appears to vary unpredictably depending on 
the nature of the substituent on the indenyl ring and, more 
surprisingly, on the nature of the bridging moiety connecting 
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the indenyl and ?uorenyl moieties of the ligand. Unlike the 
polypropylene elastomers prepared by Collins et al. (supra), 
Which had a mmmm content of 38% or greater, the maxi 

mum mmmm content in elastomeric polymers prepared 
using catalysts of the invention is 31%, and the mm triad 
content Was in range of 24 to 50 percent. This indicates that 
materials have been obtained that are distinguishable and 
very different. 

[0172] Polymers listed in Table 3, beloW, also exhibit large 
polydispersity (PD) values (i.e., greater than 2.5), that is, the 
Weight average molecular Weight MW divided by the number 
average molecular Weight Mn. In fact, GPC analysis dis 
closes that the molecular Weight distributions of polymers 
obtained using Type B catalysts are actually bimodal and in 
the case of catalysts 18B and 181, possibly trimodal. In Table 
3, the values given in parentheses represent the percent 
composition of each major constituent. That is, these cata 
lysts appear to produce tWo different kinds of polypropylene. 
The tWo kinds are differentiable by their distribution of 
molecular Weights and peak molecular Weights, Mp. Neither 
of the tWo kinds of polymers corresponds to a highly 
stereoregular, e.g., crystalline, component because all of the 
polymers are soluble in or completely extractable by hydro 
carbons such as toluene or heptane. In other Words, the tWo 
kinds of polypropylene produced by a given catalyst of the 
invention cannot be fractionated according to solubility. 
Lack of signi?cant levels of crystallinity is af?rmed by the 
transparency of pressed ?lms of the novel polymers. 

[0173] A particularly interesting elastomer is produced 
using the class B metallocene {ind-C2H4-?u}ZrCl2 
(Examples 3, 4 and 18N). It has a tensile strength at break 
and modulus (at small strain) of 718 and 2300 KPa, respec 
tively. The material is exceptionally elastic or stretchy: 
elongations Without break of 4,000% or more Were achieved 
and a maximum elongation of 5200% has been achieved and 
the sample did not break. U.S. Pat. No. 5,595,080 describes 
a different homopolymer of propylene obtained by a catalyst 
of a different class having an ultimate elongation of 3000% 
that Was reported as the highest knoWn value for elongation. 

[0174] This invention also encompasses heteropolymers, 
that is, co-polymers of propylene With up to 25 mole per cent 
of 1-ole?ns containing up to 18 carbon atoms, such as 
1-hexene, 1-octene or 1-octadecene, Which serve to render 
the polymers softer and more ?exible, loWer the glass 
transition temperature, or to facilitate their How and extru 
sion at elevated temperatures. One or more tacki?ers knoWn 

in the art may be added to the polymers in order to loWer 
their glass transition temperatures. TWo or more polymers of 
this invention may be mixed together to provide blends 
having intermediate properties. A similar result can be 
achieved by polymeriZing propylene, along With optional 
comonomers as described above, in the presence of tWo or 

more catalysts of this invention. Additionally, various anti 
oxidants, such as Irganox 1010TM, may be added to enhance 
thermal stability of the polymers. 

[0175] Metallocenes of the type {ligand1-bridge 
ligand2}MX2 require treatment With an activating cocatalyst 
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in order to produce an active catalyst. When X is CH3, 
CHZCGH5 or other alkyl or aralkyl groups, (C6H5)3C(+) salts 
of various noncoordinating anions can be used. Also useful 

are onium salts of the type R5R6R7QH(+), Wherein Q=N or 
P, and R5, R6, and R7 can be the same or different and are 
selected from the group consisting of Cl-C2O straight-chain 
group or branched alkyl group, CG-C2O aryl, and C3-C8 
cycloalkyl groups. Illustrative are (n-C4H9)3NH(+), 
PhN(CH3)2H(+) and Ph3PH(+). Effective noncoordinating 
anions include, but are not limited to, (C6F5)4B(—), 
(C6F5)3BCH3(_) and B11CH12(_) 
[0176] When X=halogen, the preferred activator com 
pound is an aluminoxane. Aluminoxanes are prepared by the 
partial, controlled hydrolysis of trialkylaluminums, See, for 
example, US. Pat. No. 4,752,597, col. 10, line 6 ff, Which 
is incorporated herein by reference. Particularly preferred is 
methylaluminoxane, (CH3AlO)X Which is obtained by con 
trolled hydrolysis of trimethylaluminum. Unreacted trim 
ethylaluminum may be removed from commercially avail 
able methylaluminoxane by vacuum distillation or other 
methods knoWn in the art, but such removal may not be 
necessary in order to obtain highly active catalysts. Indeed, 
trialkylaluminum compounds may be optionally added to 
the catalyst solution or monomer to scavenge harmful impu 
rities such as adventitious oxygen or Water. Methylalumi 

noxane can be used in excess so that the Al:M (Wherein 
M=Zr or Hf) ratio is 2:1 to 2000:1 With the preferred range 
being 10:1 to 100011. 

[0177] The active catalyst is prepared by combining the 
metallocene and the activator component in a nonreactive 
solvent such as toluene or xylenes and, optionally, nonre 
active hydrocarbons such as heptane or cyclohexane. The 
active catalyst may be used directly or it may be impreg 
nated onto a solid carrier such as silica. It is also possible to 
combine tWo or more metallocenes and to then treat this 

mixture With an activator component and to produce in this 
Way a catalyst blend that, When contacted With propylene, 
Will produce a polymer blend. 

[0178] It has been found that polymer properties such as 
stereoregularity and molecular Weight are greatly affected by 
the propylene concentration in the polymeriZing reaction 
mixture and also by hoW it changes during the course of the 
reaction. Thus, although catalysts of this invention may be 
used under a Wide variety of conditions, they are preferably 
used to prepare polypropylene in the absence of solvent. 
Propylene then serves as both monomer and diluent; its 

initial concentration, about 12M, changes little until high 
conversions to polymer have occurred. This Was the case in 

Examples 4 and 18N, beloW. 

[0179] Polymerization may be carried out as a batchWise 
slurry, solution or bulk reaction, or as a continuous process. 

In continuous polymeriZation, propylene, comonomer (if 
any) (as described above), and catalyst are continually 
supplied to a reactor in amounts equal to those removed 
from the reaction Zone in the product stream. When the 
catalyst is supported on a solid carrier, gas phase polymer 
iZation in a ?uidized bed can be conducted. 
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[0180] Processes for preparation of polypropylene in 
Which no solvent is added, i.e., in Which propylene serves as 
both monomer and diluent, are preferred. When solvents are 

used, preferably they are hydrocarbons, more preferably 
toluene or cyclohexane. PolymeriZation to produce neW 
polypropylenes of this invention may be carried out at a 

pressure of 69 to 6890 Kpa (about 10-1000 psi). A Wide 
range of reaction temperatures is possible but the range —20° 
to about 120° C. is preferred. Optionally, hydrogen gas may 
be added to modify the product molecular Weight. For 
example, as is knoWn in the ole?n-polymerization art, 
controlled addition of hydrogen gas to a catalytic ole?n 
polymeriZation reaction can loWer the molecular Weight of 
the polymer thus obtained, relative to the same polymeriZa 
tion procedure carried out in the absence of hydrogen. See, 
for example, U.S. Pat. No. 3,051,690, entire document, 
particularly Examples 1-32. 

[0181] After processing at elevated temperatures, e.g., 
pressing ?lms at about 170° C., mechanical strength devel 
ops at rates dependent on thermal treatment. The process 

may be hastened by brief cooling, e.g., in ice Water, or by 
passing the polymers over a chill roll or by the addition of 
a small amount of crystalliZation aid such as MilladTM 3905 

(Milliken Chemical Co., Spartanburg, NC). 

[0182] Unsymmetrical metallocenes, i.e., those having an 
AP. greater than 1.03, can be prepared using dissimilar 
ligands, e.g., ligand1 and ligand2. Such metallocenes con 
taining an —SiMe2— bridge may be prepared from the 
reaction of a compound such as {ligand1}SiMe2Cl (pre 
pared as described in US. Pat. No. 5,026,798, Example C, 
Part 2) With the conjugate base of ligand2. 

[0183] The present invention also describes a novel pro 
cess for the synthesis of compounds of the type H{ligand1 
C2H4-ligand2}H. For example, 2-(9-?uorenyl)ethanol, 
abbreviated as H{?u-CH2—CH2—OH}, in a hydrocarbon 
solvent such as toluene, heptane or cyclohexane or mixtures 
of such solvents, is treated With exactly one equivalent of a 
base having sufficient basicity to deprotonate the hydroxyl 
group. n-Butyllithium is preferred. Next, reaction With a 
highly ?uorinated alkyl sulfonyl ?uoride Wherein alkyl has 
1 to 20 carbon atoms, preferably a per?uoroalkyl sulfonyl 
?uoride RESOZF Wherein Rf is an alkyl group having 1 to 20 
carbon atoms, e.g., tri?uoromethanesulfonyl ?uoride, yields 
H{?u-CH2—CH2—OSO2R5}. In a second step, the conju 
gate base of ligand2 is used to displace RfSO3_. Thus, for 
example, reaction of ?u-C2H4—OSO2CF3 With the lithium 
salt of cyclopentaphenathrene produces 1-(9-?uorenyl)-2 
(cyclopentaphenanthrenyl)ethane Which can be abbreviated 

as H{CPA-C2H4-?u}H. 

[0184] In the above reaction sequence, Rf is independently 
selected from the group consisting of highly ?uorinated or 
per?uorinated alkyl radicals. 

[0185] The Rf alkyl group may contain from 1-20 carbon 
atoms, With 1- 12 carbon atoms preferred. The Rf groups 
chains may be straight, branched, or cyclic and preferably 
are straight. Heteroatoms or radicals such as divalent oxy 
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gen, trivalent nitrogen or hexavalent sulfur may interrupt the 
skeletal chain, as is Well recognized in the art. When Rf is or 
contains a cyclic structure, such structure preferably has 5 or 
6 ring members, 1 or 2 of Which can be heteroatoms. The 
radical Rf is also free of ethylenic or other carbon-carbon 
unsaturation: e.g., it is a saturated aliphatic, cycloaliphatic or 
heterocyclic radical. By “highly ?uorinated” is meant that 
the degree of ?uorination on the chain is suf?cient to provide 
the chain With properties similar to those of a per?uorinated 
chain, i.e., at least 75 percent ?uorination. More particularly, 
a highly ?uorinated alkyl group Will have more than half the 
total number of hydrogen atoms on the chain replaced With 
?uorine atoms. Although hydrogen atoms may remain on the 
chain, it is preferred that all hydrogen atoms be replaced 
With ?uorine to form a per?uoroalkyl group, and that any 
hydrogen atoms beyond the at least half replaced With 
?uorine that are not replaced With ?uorine be replaced With 
bromine and or chlorine. It is more preferred that at least tWo 

out of three hydrogens on the alkyl group be replaced With 
?uorine, still more preferred that at least three of four 
hydrogen atoms be replaced With ?uorine and most pre 
ferred that all hydrogen atoms be replaced With ?uorine to 
form a per?uorinated alkyl group. 

[0186] Surprisingly, the tri?uoromethane sulfonate pre 
pared by the method of the present invention is stable for at 
least 2 days at room temperature (about 23° C.), in contrast 
to the previously-reported method (Rieger et al., Organo 
metallics 13, 647 (1994)), Wherein the same compound Was 
obtained in a form that decomposed rapidly above 0° C. 

[0187] Other per?uoroalkylsulfonyl ?uorides, such as 
C4F9SO2F, Which is a liquid at room temperature, can be 
used in place of loW boiling CF3SO2F. 

[0188] Compounds of the type H{ligand1-bridge 
ligand2}H can be converted into to their titanium, Zirconium 
or hafnium dihalide complexes by methods long knoWn in 
the art. As an illustrative example, reaction of H{CPA-C2H4 
?u}H With tWo equivalents of butyllithium yields the salt 
Li2(CPA-C2H4-?u) Which, When alloWed to react With ZrCl4 
or ZrCl4.2(tetrahydrofuran) or ZrCl4OCH3OCZH4OCH3, 
affords {CPA-C2H4-?u}ZrCl2. The metallocene is obtained 
as a ?nely divided poWder. It may be freed from lithium 
chloride and other byproducts and impurities by extraction 
With a nonreactive solvent such as dichloromethane. HoW 

ever, this puri?cation step typically is not necessary and the 
crude metallocene can be used as such to prepare a catalyst. 

Other metal alkyls, such as butylsodium or dibutylmagne 
sium, or benZylpotassium, or metal hydrides such as potas 
sium hydride may be used in place of butyllithium. 

[0189] Polypropylenes of this invention provide thermo 
plastic elastomers Which can be used as adhesives, binders, 
and ?lms. These polymers may be used alone or admixed 
With ?llers or adjuvants, such as carbon black, glass ?bers, 
metal particles or Whiskers, or cellulose. They may be used 
in combination With colorants and pigments such as iron 
oxide. They may be incorporated into blends With other 
polymers, such polyhexene or polyoctene, or With crystal 
line or amorphous polypropylenes, or as multilayer, lami 

Nov. 22, 2001 

nated construction With these same polymers. Amounts of 
adjuvants or ?llers added can vary depending on the appli 
cation desired. 

[0190] Objects and advantages of this invention are further 
illustrated by the folloWing examples, but the particular 
materials and amounts thereof recited in these examples, as 
Well as other conditions and details, should not be construed 
to unduly limit this invention. 

EXAMPLES 

[0191] Methylaluminoxane Was obtained from Albemarle 
Corp., Baton Rouge, La., as a 30% solution in toluene. This 
Was diluted 1:2 (v/v) With dry, oxygen-free toluene (vacuum 
distilled from triisobutyl aluminum) to produce a solution 
having an aluminum concentration of 1.7M. 

[0192] Unless otherWise indicated, reactions Were carried 
out in an atmosphere of dry, oxygen free nitrogen. Solvents, 
When used, Were dried With molecular sieves or puri?ed by 
distillation from sodium-benZophenone. Uncomplexed, 
organic ligands Were handled and puri?ed in air but metal 
locenes, Which usually exhibited some degree of sensitivity 
to atmospheric moisture, Were puri?ed and stored in a 
nitrogen-?lled drybox. 

[0193] Unless otherWise indicated, all chemicals Were 
obtained from Aldrich Chemical Co., Milwaukee, Wis. The 
compounds 1-methyl- and 1-trimethylsilylindene Were pre 
pared according to the method of Ready et al., J. Organomet. 
Chem, 21, 519 (1996), and 1-phenylindene Was prepared 
according to the method of Greifenstein et al., J. Org. 
Chem, 46, 5131 (1981). 

[0194] Polymerization Grade propylene (Matheson Gas 
Products, Seacaucus, N] was passed through tWo Mathe 
son model 6406A puri?ers, connected in series, before use. 

[0195] 13C NMR analyses to determine microstructure of 
polymers at the pentad level Were obtained at 100° C. using 
1,2-dichlorobenZene solutions of the polymers With a Varian 
XL-500 spectrometer (Varian Associates, Inc., Palo Alto, 
Calif.) according to the method of Tonelli, “NMR Spectros 
copy and Polymer Microstructure: The Conformational 
Connection”, VCH, Deer?eld Beach, Fla. (1989). 

[0196] NMR chemical shifts are expressed in ppm relative 
to external Me4Si (1H and 13C) or CFCl3 (19F), positive 
shifts being doWn?eld of the reference. 

[0197] Positive ion mass spectra Were obtained in electron 
impact mode using 70 eV electron beam energy. AFinnigan 
FT/MS dual-cell Fourier transform mass spectrometer 
(Finnigan, San Jose, Calif.) With a 3.0 Tesla magnet Was 
utiliZed to obtain the high resolution exact mass measure 

ments. The samples Were introduced into the mass spec 
trometer by using a direct insertion probe that Was heated to 
350° C. The electron impact (El) mass spectral data Was 
obtained using standard EI conditions. All mass spectra Were 
acquired With a minimum resolving poWer of 3,000. 

[0198] Number average molecular Weights, Mn, Weight 
average molecular Weights, M , and peak molecular 
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Weights, Mp, for polymers Were determined by gel phase 
permeation chromatography (GPC) on ?ltered solutions 
using a Waters 150C system (Waters Corp., Milford, Mass.) 
equipped With Jordi Associates Inc. (Bellingham, Mass.) 
500 A and mixed bed columns Which Were calibrated With 

polystyrene standards. Toluene at room temperature Was 

used as solvent unless otherWise noted. 

[0199] Wide angle X-ray scattering (WAXS) data Was 
collected in a re?ection geometry using a Philips vertical 
diffractometer (Philips Electronic Instruments Co., Mah 
Wah, N.J equipped With variable entrance slits, graphite 
diffracted beam monochromator, and proportional registry 
of the scattered radiation. The radiation employed Was 

copper K alpha With generator settings of 45 kV and 35 mA. 
Step scans Were conducted betWeen 5 and 55 degrees 

(2Theta) using a 0.04 degree step siZe and 4 second count 
time. For elevated temperature scans, a similar diffractome 
ter ?tted With a platinum strip furnace and Paar HTK 

temperature controller (Paar, Anton, USA, Ashland, Va.) 
Was used. Software used to analyZe the diffraction data Was 
Philips PC-APD. 

[0200] DSC data Were obtained using a TA Instruments 
Model 2920 modulated differential scanning calorimeter 
(TA Instruments, Inc., NeW Castle, Del.). A linear heating 
rate of 5° C./min Was applied With a perturbation amplitude 
of +1° C. every 60 sec. Samples Were subjected to a cyclic 
heat-cool-heat pro?le ranging from —120° to 200° C. in a 
nitrogen atmosphere. Heats of fusion (AHfus) Were deter 
mined by integrating heat ?oW curves. 

[0201] Molecular modeling programs employed 
CACheTM Satellite, ProjectLeader and molecular mechanics 
programs (all version 3.8) (Oxford Molecular Ltd., Oxford, 
United Kingdom) Which Were run on a Macintosh computer. 

[0202] Counterions for the catalyst can be varied as is 
knoWn in the art. Metallocene catalysts can also include Ti 
metal centers as is knoWn in the art. 

Example 1 

2-(9-?uorenyl)ethyl Tri?uoromethane Sulfonate 

[0203] A 2.5M solution of n-butyllithium in hexane Was 
added With stirring to 5 g 2-(9-?uorenyl)ethanol, ?u-CH2— 
CH2—OH (prepared by the method disclosed in Organo 
metallics 13, 647 (1994)), in 90 mL toluene. Addition Was 
terminated When the reaction mixture became light orange; 
about 10 mL Was required. The resulting solution of Li 
{?u-CH2—CH2—O} Was cooled in a dry ice-acetone bath 
and 3.8 g tri?uoromethanesulfonyl ?uoride, CF3SO2F (pre 
pared according to US. Pat. No. 2,732,398, Example 1), Was 
added by vacuum transfer. After Warming to room tempera 
ture, any unreacted CF3SO2F Was removed by pumping. The 
desired compound Was obtained as a colorless oil, 7.7 g 
(95%) by ?ltration of the reaction mixture folloWed by 
evaporation of solvents. Spectroscopic and chemical analy 
sis con?rmed the identity of the desired compound. 
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1 -(9-?uorenyl)-2-(1 -indenyl)ethane 

[0204] To a solution of 21.0 g 2-(9-?uorenyl)ethanol, in 
495 mL toluene Was added dropWise With stirring 40 mL of 
a 2.5M solution of n-butyllithium in hexane. The resulting 
solution of Li{?u-CH2—CH2—O} Was cooled to beloW 
—25° C. Then, 16.7 g CF3SO2F Was condensed into the 
reaction mixture. The temperature Was alloWed to rise to 25° 
C. and the reaction mixture Was stirred for 6 h. Unreacted 

CF3SO2F Was removed by pumping about 10 mL of liquid 
into a dry ice-cooled trap. To the solution of ?u-CH2— 
CH2—OSO2CF3 thus obtained Was added a solution of 0.1 
mole indenyllithium in 100 mL diethyl ether. After stirring 
for 12 h, solvents Were removed under vacuum and the 
residue recrystalliZed in air from boiling heptane. The yield 
of White microcrystalline solid, mp 79-80° C., Was 8.9 g 
(29%). Spectroscopic and chemical analysis con?rmed the 
identity of the desired compound. 

Example 3 

{?u-C2H4-ind}ZrCl2(Designated 18N in Table 1, 
BeloW) 

[0205] A solution of 1.54 g 1-(9-?uorenyl)-2-(1-inde 
nyl)ethane (Example 2) in 70 mL diethyl ether Was treated 
With 4 mL 2.5M n-butyllithium in hexane. The resulting 
orange solution Was stirred overnight, after Which solvents 
Were pumped aWay on a vacuum line. Zirconium chloride 

(1.17 g) and 75 mL hexane Were added. The reaction mixture 
Was vigorously stirred for 18 h then ?ltered. The solids Were 
extracted With 350 mL dichloromethane. The ?ltered extract 
Was evaporated and the residue slurried With 10 mL portions 
of 1:1 (v/v) dichloromethane-hexane to produce 0.61 g 
(26%) bright orange, poWdery product that Was collected on 
a ?lter and vacuum dried. Spectroscopic and chemical 
analysis con?rmed the identity of the desired compound. 

Example 4 

Propylene PolymeriZation using {?u-C2H4 
ind}ZrCl2 

[0206] A 0.017 g quantity of {?u-C2H4-ind}ZrCl2 
(Example 3) Was dissolved in 16 mL methylaluminoxane 
solution. After 1 h, the solution Was diluted With 10 mL 
toluene and transferred to a 100 mL stainless steel cylinder 
?tted With a valve. The cylinder Was pressuriZed to about 
5520 KPa (800 psi) With nitrogen gas, inverted and attached 
to a reactor containing 1816 g propylene at a temperature of 
8° C. This reactor had a volume of about 8 L and Was 

equipped With a thermocouple, an agitator and a jacket 
through Which coolant could be circulated as needed in order 
to control the polymeriZation temperature. It Was evacuated 
With a vacuum pump then back?lled With nitrogen prior to 
charging With propylene. Upon opening the cylinder valve, 
the catalyst solution Was injected into the reactor. Over a 1 
h period, the temperature rose to 28° C. and Was maintained 
























