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CATALYST SYSTEMS CONTAINING A BRIDGED METALLOCENE
REFERENCE TO RELATED APPLICATION
This application is a continuation-in-part application of co-pending U.S. Patent
S Application No. 12/899,753, filed on October 7, 2018, which is incorporated herein by
reference in its eutirety.
BACKGROUND OF THE INVENTION
The present invention relates generally to the field of olefin polymerization
catalysis, metallocene catalyst compositions, methods for the polymerization and
16 copolymerization of olefing, and polyolefins,
SUMMARY OF THE INVENTION
Disclosed herein are polymerization processes employing catalyst systems
containing a bridged metallocene and at least one additional metallocene compound for
the production of olefin polymers. The olefin polymers produced from the disclosed
15 polymerization processes demonstrate unexpected properties due to the presence of the
bridged metallocene in the catalyst system.
In accordance with an aspect of the present invention, a catalyst composition is
provided, and this catalyst composition comprises an ansg-metallocene compound, a
second metallocens compound, and an activator (e.g., an activator-support). In another
20 aspect, an olefin polymerization process is provided and, in this aspect, the process
comprises contacting a catalyst composition with an oletin monomer and optionally an
olefin comonomer under polymerization conditions to produce an olefin polymer,
wherein the catalyst composition comprises an ansa-metallocene compound, a second
metallocene compound, and an activator {e.g., an activator-support).
25 In these catalyst compositions and polymerization processes, the ansa-
metallocene compound has formoula (I
E(Cp R NCp R OMX, . wherein:
Mis Ti, Zr, HE Cr, 5¢, Y, La, or a lanthanide;
Cp® and Cp® independently are a cyclopentadienyl, indenyl, or fluorenyl group;
30 cach R® and R® independently is H or a hydrocarbyl, hydrocarbylsilyl,

hydrocarbylamino, or hydrocarbyloxide group having up to 1¥ carbon atoms;
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E is a bridging chain of 3 to 8 carbon atoms or 2 to 8 silicon, germanium, or tin
atoms, wherein any substituents on atoms of the bridging chain independently are H or
a hydrocarbyl group having up to 18 carbon atoms;

cach X independently is F; Cl; Br; I; methvl; benzyl; phenyl; H; BHa OBR, or

S SG:R, wherein R s an alkyl or aryl group having up to 18 carbon atoms; or a
hydrocarbyloxide group, a hvdrocarbylamino group, or a hydrocarbylsily] group, any
of which having up to I8 carbon atoms;

misQ, 1,2, 3 or4;

nis(, 1,2, 3, ord;

10 gis 2 when M s Th, Zr, or HY, and

gis | when M is Cr, Sc, Y, La, or a lanthanide.

Polymers produced from the polymerization of olefins using these catalyst
systems containing an gnsa-roetallocene compound, resulting in homopolymers,
copolymers, and the like, can be used to produce various articles of manufacture,

15 BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 illustrates the impact of hydrogen addition on molecolar weight in a
representative standard dual catalyst system.

FiG. 2 tHustrates the impact of hydrogen addition on molecular weight in a
representative dual catalyst systern in accordance with an aspect of this invention.

20 FiG. 3 dlustrates the definitions of D90 and D10 on a molecular weight
distribution curve.

FiG, 4 presents a plot of the molecular weight distributions of the polymers of
Examples 3, 5, and 7.

FIG. 5 presents a plot of the molecular weight distributions of the polymers of

25  Examples 2, 6, and 15,

FIG. 6 presents a plot of the molecolar weight distributions of the polymers of
Examples 2, 3, and 16,

FiG, 7 presents a plot of the molecular weight distributions of the polymers of
Examples 6-7 and 44-485.

30 FIG. 8 presents a plot of the radius of gyration versus the logarithm of

molecular weight for a linear standard and the polymers of Examples 2-3 and 6-7.
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FIG, 9 presents a plot of Delta versus the log G* (complex modulus) for the
polymers of Examples 2-3 and 6-7.
FIG. 18 presents a plot of catalyst activity versus initial 1-hexene comonomer
concentration for Examples 2-7 and 40-45.
S FIG. 11 preseunts a plot of first order models of catalyst activity versus intial 1-
hexene comonomer concentration for Examples 2-7 and 40-45,
FiG, 12 presents a plot of the fogarithm of melt index versus hydrogen feed
concentration for the polymers of Examples 4-5, 7, and 17-24.
FIG. 13 presents a plot of the high load melt index versus the melt index for the
10 polymers of Examples 4 and 17-24,
FIG. 14 presents a plot of zero shear viscosity versus weight-average molecular
weight, specifically, log{ns) versus log{Mw), for the polymers of Examples 2-3, 5-7,
18, 44-45, and 66-67.
FIG. 15 presents a plot of the molecular weight distributions of the polvmers of
1S Examples 100-102
DEFINITIONS
To define more clearly the terms used herein, the following definitions are
provided. To the extent that any definifion or usage provided by any document
incorporated herein by reference conflicts with the definition or usage provided herein,
20 the definition or usage provided herein controls,
The term “polymer” is used herein generically to include olefin homopolymers,
copolymers, terpolymers, and so forth. A copolymer is derived from an olefin
monomer and one olefin comonomer, while a terpolymer is derived from an olefin

monomer and two olefin comonomers.  Accordingly, “polymer” encompasses

N2
j@ 2]

copolymers, terpolymers, ete., derived from any olefin monomer and comonomer(s)
disclosed  herein. Similarly, an cthylene polymer would include ethylene
homopolymers, ecthylene copolymers, ethylene terpolymers, and the like. As an
example, an olefin copolymer, such as an cthylene copolymer, can be derived from
sthylene and a comonomer, such as I-butene, 1-hexene, or t-octenc. If the monomer
30 and comonomer were ethylene and 1-hexene, respectively, the resulting polymer would

be categorized an as ethylene/1-hexene copolymer.
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In like manner, the scope of the term “polymerization” includes
homopolymerization, copolymerization, terpolymenzation, etc. Theretore, a
copolymerization process would involve contacting one olefin monomer (e.g.,
ethylene} and one olefin comonomer {e.g., 1-hexene) to produce a copolymer.

Hydrogen in this disclosure can refor to either hydrogen (H:) which is used in a
polymerization process, or a hydrogen atom (H), which can be present, for example, on
a metallocene compound. When used to denote a hydrogen atom, hydrogen will be
displayed as “H,” whereas if the intent is to disclose the use of hydrogen in a
polymerization process, it will simply be referred to as “hydrogen.”

The terra “co-catalyst” 15 used generally hercin to refor to organocaluminum
compounds that can constitute one component of a catalyst composition. Additionally,
“co-catalyst” can refer to other components of a catalyst composition including, but not
Hiratted to, aluminoxanes, organchoron or organoborate compounds, and ionizing ionic
compounds, as disclosed herein, when used in addition to an activator-support. The
term “co-catalyst” is used regardless of the actual function of the compound or any
chemical mechanism by which the compound may operate.  In one aspect of this
imvention, the torm “co-catalyst” is used to distinguish that component of the catalyst
composition from the metallocene compound(s).

39 G4

The terros “chemically-treated solid oxide,” “activator-support,” “treated solid
oxide compound,” and the hike, are used herein to indicate 4 sohid, inorganic oxide of
relatively high porosity, which can exhibit Lewis acidic or Bronsted acidic behavior,
and which has been treated with an clectron-withdrawing component, typically an
anion, and which i3 calcined. The electron-withdrawing componeut is typically an
electron-withdrawing anion source compound.  Thus, the chemically-treated solid
oxide can comprise a calcined contact product of at least one solid oxide with at least
one electron-withdrawing anion source compound. Typically, the chemically-treated
solid oxide comprises at least one acidic solid oxide compound. The termos “support”
and “activator-support” are not used to imply these components are inert, and such
components should not be construed as an inert component of the catalyst composition.
The activator-support of the present invention can be a chemically-treated solid oxide.
The term “activator,” as used berein, refers generally t0 a substance that is capable of

converting a metallocene corponent into a catalyst that can polymerize olefins, or

PCT/US2013/034373
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converting a contact product of a metallocene component and a component that
provides an activatable ligand (e.g., an alkyl, a hydride) to the metallocene, when the
metallocene compound does not already comprise such a ligand, into a catalyst that can
polymerize olefins. This term is used regardiess of the actual activating mechanism.

S Hhustrative activators include activator-sapports, aluminoxanes, organcboron or
organoborate corapounds, jonizing ionic compounds, and the like. Aluminoxanes,
organoboron or organoborate compounds, and ionizing ionic compounds generally are
referred to as activators if used in a catalyst composition in which an activator-support
is not present. I the catalyst composition confains an activator-support, then the

10 aluminoxane, organoboron or organocborate, and 1onizing ionic materials are typically
referred to as co-catalysts.

The term “fluorcorgano boron compound” is used herein with its ordinary
meaning to refer to neutral conmpounds of the forra BY:. The torm “fluoroorgano
borate compound™ also has s usual meaning to refer to the monoanionic salts of a

15 fluoroorgano boron compound of the form [cation] [BY4). where Y represenis a
fluorinated organic group. Materials of these types are generally and collectively
referred to as “organoboron or organoborate compounds.”

The term “metallocene,” as used herein, describes a compound comprising at
least one ¥ to 1 -cycloalkadienyl-type moiety, wherein v to 1 -cycloalkadienyl

20 moieties include cyclopentadienyl ligands, indenyl ligands, fluoreny! ligands, and the
fike, inchuding partially saturated or substituted derivatives or analogs of any of these.
Possible substituents on these ligands way inchude H, therctore this invention
comprises partially saturated ligands such as tetrshydroindenyl, tetrshydrofluorenyl,

octahydrofluorenyl, partially saturated indenyl, partially saturated fluorenyl, substituted

N2
j@ 2]

partially saturated indenyl, substituted partially satwrated fluorenyl, and the hke. In
some coutexts, the metallocene 1s referved to siraply as the “catalyst,” in much the same
way the term “co-catalyst” is used herein to refer 1o, for example, an organcaluminum
compound. Metallocene also is used generically herein to encompass dinuclear
metallocene compounds, 1.e., compounds comprising two metallocene moieties hinked
30 by a connecting group, such as an alkenyl group resulting from an olefin metathesis

reaction or a saturated version resulting from hydrogenation or derivatization.
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The terms “catalyst composition,” “catalyst mixture,” “catalyst system,” and the
like, do not depend upon the actual prodact or cornposition resulting from the contact
or reaction of the imitisl components of the claimed catalyst
composition/mixture/system, the nature of the active catalytic site, or the fate of the co-
catalyst, the metallocene compound(s), any olefin monomer used to prepare a

precontacted mixture, or the activator (e.g., activator-support), after combining these

ok 29 ok

components. Therefore, the terms “catalyst composition,” “catalyst mixture,” “catalyst
system,” and the like, encompass the initial starting components of the composition, as
well as whatever product(s) may result from contacting these initial starting
componeunts, and this is inclusive of both heterogencous and homogenous catalyst
systems or Compositions.

The term “contact product” is used herein to describe compositions wherein the
componenis are contacted together in any ovder, in any manuer, and for any length of
time. For example, the components can be contacted by blending or mixing. Further,
contacting of any component can occur in the presence or absence of any other
component of the composttions described herein.  Combining additional materials or
componeuts can be done by any suitable method. Further, the term “contact product”
includes mixtures, blends, solutions, shurries, reaction producis, and the like, or
combinations thereof. Although “contact product” can include reaction products, it is
not required for the respective components to react with one another.  Similarly, the
term “contacting” is used herein to refer t0 materials which may be blended, mixed,
slurried, dissolved, reacted, treated, or otherwise contacted in some other manner,

The term “precontacted” wmixture s used herein to describe a first mixture of
catalyst components that are contacted for a first period of tirse prior to the first
mixture being used to form a “posteontacted” or second mixture of catalyst components
that are contacted for a second period of time. Typically, the precontacted mixture
describes a mixture of metaliocene compound {one or more than one), olefin monomer
{or monomers), and organcaluminum compound {or corapounds), before this mixture is
contacted with an activator-support(s) and optional additional organcahiminum
compound. Thus, precontacted describes components that are used to contact each
other, but prior to contacting the coraponents in the second, posteontacted ouxture.

Accordingly, this invention may occasionally distinguish between a component used to

PCT/US2013/034373
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prepare the precontacted mixture and that component after the mixture has been
prepared. For example, according to this description, it 1s possible for the precontacted
organoaluminum compound, once it 18 contacted with the metallocene compound and
the olefin monomer, to have reacted to form at least one different chemical compound,
formulation, or structure from the distinct organcahiminur compound used to prepare
the precontacted mixture. In this case, the precontacted organcaluminum corapound or
component is described as comprising an organcaluminum compound that was used to
prepare the precontacted mixture.

Additionally, the precoutacted mixtire can describe a mixture of metallocene
compound(s} and organcalursinurn corapound(s), prior to contacting this muxture with
an activator-support(s). This precontacted mixture also can describe a mixture of
metallocene compound(s), olefin monomer(s), and activator-suppori(s), before this
mixture is contacted with an organocaluminam co-catalyst corapound or compounds.

Similarly, the term “postcontacted” mixture is used herein to describe a second
mixture of catalyst components that are contacted for a second period of time, and one
constituent of which 1s the “precontacted” or first mixture of catalyst components that
were contacted for a first period of time. Typically, the term “posteontacted” mixture
is used herein to describe the mixture of metaliocene compound(s), olefin monomer(s),
organcaluminam compound(s), and activator-support{s} formed from countacting the
precountacted mixture of a portion of these components with any additional components
added to make up the postcontacted mixture. Often, the activator-support comprises a
chemically-treated solid oxide. For instance, the additional component added to make
ap the posteontacted mixtore can be a chemically-treated sohid oxide {one or more than
one), and optionally, can include an organcaluminure corapound which is the same as
or different from the organcaluminum compound used to prepare the precontacted
mixture, as described herein.  Accordingly, this invention may also occasionally
distinguish between a cornponent used to prepare the postcontacted mixture and that
component after the mixture has been prepared.

Although any methods, devices, and materials simlar or equivalent to those
described herein can be uvsed in the practice or testing of the invention, the typical

methods, devices and materials are herein desceribed.

PCT/US2013/034373
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All publications and patents mentioned herein are incorporated herein by
reterence tor the purpose of describing and disclosing, for example, the coustructs and
methodologies that are described in the publications, which might be used in
connection with the presently described invention. The publications discussed
throughout the text are provided solely for their disclosare prior to the filing date of the
present application.  Nothing herein s to be construed as an admission that the
inventors are not entitied to antedate such disclosure by virtue of prior invention.

For any particular compound disclosed herein, any general or specific structure
presented  also  encompasses  all  conformational isomers, regioisomers, and
stereoisomers that may arise from a particular set of substiuents, unless stated
otherwise.  Similarly, voless stated otherwise, the general or specific structare also
encompasses all enantiormers, diastercorsers, and other optical isomers whether in
cnantiomeric or racemic forms, as well as mixtures of stereoisomers, as would be
recognized by g skilled artisan.

Applicanis disclose several types of ranges in the present imvention. These
imchude, but are not limited to, a range of number of atoms, a range of weight ratios, a
range of molar ratios, a range of surface arveas, a range of pore volumes, a range of
catalyst activities, a range of temperatures, a range of times, and so forth. When
Applicants disclose or claim a range of any type, Applicants’ intent is to disclose or
claim individually cach possible nurober that such a range could reasonably encompass,
inchuding end points of the range as well as any sub-ranges and combinations of sub-
ranges encompassed therein. For example, when the Applicants disclose or claim a
chemical molety having a certain namber of carbon atoms, Applicants’ intent is to
disclose or claim individually every possible number that such a range could
encompass, consistent with the disclosure herein. For example, the disclosure that a
moiety 18 a4 C; to Cyg hydrocarbyl group, or in alternative langoage a hydrocarbyl! group
having up to 1R carbon atoms, as used herein, refers to a moiety that can be selected
independently from a hydrocarbyl group having 1,2, 3,4, 5,6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17, or 18 carbon atoms, as well as any range between these two numbers
{for example, a Cy to Cs hydrocarbyl group), and also including any combination of
ranges between these two numbers (for example, a2 ) to €y and 3 Cpp to Cys

hydrocarbyl group).

PCT/US2013/034373
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Similarly, another representative example follows for the molar ratio of olefin
comonomer to olefin monower provided in one aspect of this mvention. By a
disclosure that the olefin comonomermonomer ratio can be in a range from about
(3.01:1 {0 about 8.25:1, Applicants intend to recite that the comonomer:monomer ratio
¢an be about 0.01:1, about 0.02:1, about ¢.03:1, about (.04:1, about 0.05:1, about
(.06:1, about 8.07:1, about 0.03:1, about 0.09:1, sbout $.1:1, about $8.12:1, about
0.14:1, about {.16:1, about 0.18:1, about 0.2(:1, about 0.22:1, about 0.24:1, or about
0.25:1. Additionally, the comonomer:monomer ratio can be within any range from
about 0.01:1 to about 0.25:1 {(for example, from about 8.01:1 to about 8.1:1), and this
also includes any compbination of ranges between about 6.01:1 and about 0.25:1 (for
example, the comonomer: monomer ratio is in a range from about 8.01:1 to about 0.1:1,
or from about 0.15:1 to about 0.2(0:1). Likewise, all other ranges disclosed herein
should be interpreted in a manner sirailar to these two exaraples.

Applicants reserve the right to proviso out or exchude any individual members
of any such group, inchuding any sub-ranges or combinations of sub-ranges within the
group, that can be claimed according to a range or in any similar manner, it for any
reason Applicants choose to claim less than the full measure of the disclosure, for
example, to account for a reference that Applicants may be unaware of at the time of
the filing of the application. Further, Applicants reserve the right to proviso out or
exclude any individual substituents, analogs, compounds, Hgands, structures, or groups
thereof, or any members of a claimed group, if for any reason Applicants choose to
claim less than the full measure of the disclosure, for example, to account for a
reference that Applicants may be unaware of at the time of the filing of the application.

The terms “a,” “an,” “the,” cte., are intended 10 include plural aliormatives, e.g.,
at least one, unless otherwise specified. For instance, the disclosure of “an activator-
support” or “an ansg-metallocene compound” 13 meant (0 encompass one, OF Mixhres
or combinations of more than one, activator-support or ansa-metallocene corapound,
respectively.

While compositions and methods are described in terms of “comprising”
varions components or steps, the compositions and methods can also “consist
cesentiatly of” or “consist of” the various components or steps. For example, a catalyst

composition of the present invention can comprise; alternatively, can consist essentially

PCT/US2013/034373
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of; or alternatively, can consist of; (i) an anse-metallocene compound; (1) a second
metatlocene compound; and (311) an activator.
DETAILED DESCRIPTION OF THE INVENTION
The present invention is directed generally to catalyst compositions, methods
S for preparing catalyst compositions, methods for using the catalyst compositions to
polymerize olefins, the polymer resing produced using such catalyst compositions, and
articles produced using these polymer resins.  In one aspect, the present invention
relates to a catalyst composition, said catalyst composition comprising {or consisting
easentiatly of, or consisting of) an ansa-metallocene compound, a second metallocene
10 compound, and an activator (e.g., an activator-support),

In another aspect, an olefin polymerization process is provided and, in this
aspect, the process comprises {or consists essentially of, or consists of) contacting a
catalyst corpposition with an olefin monomer and optionally an olefin comonomer
under polymerization conditions to produce an olefin polymer, wherein the catalyst

15 composition comprises {or consists essentially of, or consists of) an ansa-metallocene
compound, a second metaliocene compound, and an activator.

Olefin homopolymers, copolymers, terpolymers, and the like, can be producec
using the catalyst compositions and methods for olefin polymerization disclosed herein.
ANSA-METALLOCENE COMPOUND

20 A catalyst composition of the present invention can comprise an ansa-
metallocene compound having formula (1), Formula (D is:
F(Cp RANCp R IMX,, . wherein:
Mis Ty, Zr, HE, Cr, Sc, Y, La, or a lanthanide;

Cp® and Cp” independently are a cyclopentadienyl, indenyl, or fluorenyl group;

25 cach R* and R” independently is H or a hydrocarbyl, hydrocarbylsilyl,
hydrocarbylamino, or hydrocarbyloxide group having up to 18 carbon atoms;
E is a bridging chain of 3 to 8 carbop atoms or 2 to B silicon, germanium, or tin
atoms, wherein any substituents on atoms of the bridging chain independently are H or
a hydrocarby! group having up to 18 carbon atoms;
36 cach X independently is F; Cl; Br; I[; methyl; benzyl; phenyl; H; BHy OBR, or

SOsR, wherein R is an alkyl or aryl group baving up to 18 carbon atoms; or a
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hydrocarbyloxide group, a hydrocarbylamino group, or a hydrocarbylsilyl group, any
of which having up to 18 carbon atoms;

mis{, 1,2, 3, or4;

nisG, 1,2, 3, ord;

g 1s 2 when M 15 Ti, Zr, or Hf, and

gis 1 when M is Cr, Sc, Y, La, or a lanthanide.

Unless otherwise specified, formmla (1) above, any other structural formulas
disclosed herein, and any metallocene species or compound disclosed herein are not
designed to show sterecochemistry or isomeric positioning of the different moieties
{e.g., these formoulas are not intended to display ¢is or trans isomers, of R or 8
diastercoisomers), although such compounds are contemplated and encompassed by
these formulas and/or structures.

Hydrocarbyl is used herein to specify a hydrocarbon radical group that includes,
but is not himited to, arvl, alkyl, cycloalkyl, alkenyl, cycloalkenyl, cycloalkadienyl,
alkynyl, aratkyl, aralkenyl, aratkynyl, and the like, and includes all substituted,
ansubstituted, hinear, and/or branched derivatives thercof. Unless otherwise specified,
the hydrocarbyl groups of this invention typically comprise up to about 18 carbon
atoms. In another aspect, hydrocarbyl groups can have up to 12 carbon atoms, for
mnstance, up to 10 carbon atoms, up to 8 carbon atoms, or up to 6 carbon atoms. A
hydrocarbyloxide group, therefore, s used generically to include alkoxide, aryloxide,
and —{alkyl or ary1}-O-(alkyl or aryl) groups, and these groups can comprise up to about
IR carbon atoms. [Hustrative and non-limiting examples of alkoxide and aryioxide
groups {i.e., hydrocarbyloxide groups) include methoxy, ethoxy, propoxy, butoxy,
phenoxy, substituted phenoxy, and the ke, The term hydrocarbylamino group is used
generically to refer collectively to alkylamino, arylamino, dialkylamino, diarylamino,
and —(alkyl or aryl}-N-{alkyl or aryl} groops, and the like. Unless otherwise specified,
the hydrocarbylamino groups of this invention comprise up to about 18 carbon atoms.
Hydrocarbylsily!l groups include, but are not limited to, alkylsilyl groups, alkenyisilyl
groups, arylsilyl groups, arylalkylsilyl groups, and the hike, which have up to about 1¥
carbon atoms.  For example, illustrative hydrocarbylsilyl groups can include

frimethylsilyl and pheoyloctylsilyl.  These hydrocarbyloxide, bydrocarbylamino, and

PCT/US2013/034373
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hydrocarbylsilyl groups can have up to 12 carbon atoms; alternatively, up to 18 carbon
atoms; or alternatively, up to & carbon atoms, in other aspects of the present invention.

Unless otherwise specified, alkyl groups and alkeny! groups described herein
are intended to include all structural isomers, linear or branched, of a given moiety; for
example, all enantiomers and all diastercomers are included within this definition. As
an example, unless otherwise specified, the torm propyl 18 meant to nclude n-propyl
and iso-propyl, while the term butyl! is meant to include n-butyl, iso-butyl, t-butyl, sec-
butyi, and so forth.  For instance, non-limiting examples of octyl isomers inchide 2-
ethyl hexyl and neooctyl. Suitable examples of allyl groups which can be employed in
the present invention include, but are not limited to, methyl, ethyl, propyl, butyl, pentyl,
hexyl, heptyl, octyl, nonyl, decyl, and the like. Hiustrative examples of altkenyl groups
within the scope of the present mnvention include, but are not limited to, cthenyl,
propenyl, butenyl, pentenyl, hexenyl, heptenyl, octenyl, nonenyl, decenyl, and the like.
The alkenyl group can be a terminal alkenyl group, but this is not a requirement. For
instance, specific alkenyl group substituents can include, but are not limited to, 3-
butenyl, 4-pentenyl, 5-hexenyl, 6-heptenyl, 7-octenyl, 3-methyi-3-butenyl, 4-methyl-3-
pentenyl, 1, 1-dimethyl-3-butenyl, 1,1-dimethyl-4-pentenyl, and the like,

In this disclosure, aryl is meant to include aryl and aryvialiyl groups, and these
include, but are not himited to, phenyl, alkyl-substituted phenyl, naphthyl, alkyl-
substituted naphthyl, phenyl-substituted alkyl, vaphthyl-substituted alkyl, and the like.
Hence, non-limiting examples of such “ary!” moieties that can be used in the present
invention include phenyl, tolyl, benzyl, dimethyiphenyl, trimethylphenyl, phenylethyl,
phenyipropyl, phenylbutyl, propyl-Z-phenylethyl, and the like. Unless otherwise
specified, any substituted aryl motety used herein is meant to include all regioisomers;
for example, the term tolyl is meant to inclhude any possible substituent position, that is,
ortho, meta, or para.

In formula (1), M s Ti, Zr, Hf, Cr, 8¢, Y, La, or 8 lanthanide. In one aspect of
thig invention, M is Ti, Zr, Hf, or Cr. In another aspect, M s Sc, Y, or La. In still
angther aspect, M is a lanthanide. Yet, in some aspects disclosed herein, M 18 T4, Zr,
Hf, Cr, or a lanthanide; alternatively, M is T1 or Cr; slternatively, M is Ti, Zr, or Hf;

alternatively, M is Ti; alternatively, M is Zr; or alternatively, M is Hf,
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When M is Ti, Zr, or Hf, q is 2. However, when M is Cr, Sc, Y, La, or a
lanthanide, g is 1.

Cp™ and Cp” in formula (¥) independently can be a cyclopentadienyl, indenyl,
or fluoreny! group. In one aspect of this invention, at least one of Cp” and Cp” is a
eyclopentadienyl group. In another aspect, at least one of Cp™ and Cp® is an indeny]
group. In yet another aspect, at least one of Cp™ and Cp” is a fluorenyl group. In still
another aspect, Cp™ and Cp® independently are a cyclopentadieny! or indenyl group.
For instance, Cp™ can be a cyclopentadienyl group and Cp™ can be an indenyl group, or
bath Cp™ and Cp” can be an indeny! group.

n formufa (1), cach R* and R” independently can be H or a hydrocarbyl,
hydrocarbylisilyl, hydrocarbylamino, or hvdrocarbyloxide group having up to 18 carbon
atoms or, alternatively, up to 12 carbon atoms. Tn some aspects, ecach R and R®
independently can be H or an alkyl group, an alkenyl group (e.g., a terroinal alkenyl
group), or an aryl group having up to 12 carbon atoms; alternatively, having up to 10
carbon atoms; or alternatively, having up to 8 carbon atoms. Accordingly, each R® and
R? independently can be H, methyl, ethyl, propyl, butyl, pentyl, hexyl, bepiyl, octyl,
nonyl, decyl, cthenyl, propenyl, butenyl, pentenyl, hexenyl, heptenyl, octenyl, nonenyl,
decenyl, phenyl, tolyl, or benzyl.

Each R® and R® substituent, independently, can be difforent. For example, Cp®
can have both a methyl substituent and a propenyl substituent.  As another example,
Cp® can have two t-butyl substituents. Hence, a Cp™R™, group can be an indeny! group
with a both a methy! substituent and a propenyl substituent, while a Cp®RY, group can
be a fluorenyl group with two t-butyl substituents.

fo formula (D), mcanbe §, 1, 2, 3, or 4, while independently necan be §, 1, 2, 3,
or 4. The integers m and n reflect the total number of substituents on Cp™ and Cp”,
respectively {exchiding bridging group E, to be discussed further below), wrvespective
of whether the substituents are the same or different. When m is equal to 0, Cp” can
be, for example, an unsubstituted cyclopentadienyl group or an unsubstituted indenyl
group, 1.€., no substitutions other than bridging group E.

Fach X independently can be F, CE Br I methyl; benzyl; phenyl; H; BHy;
OBR, (—OBRy) or SO:R (——OSO,R), wherein R is an alkyl or aryl group; or a

hydrocarbyloxide group, a hydrocarbylamine group, or a hydrocarbylsilyl group. The
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hydrocarbyloxide group, the hydrocarbylamino group, the hydrocarbylsilyl group and
R can have op to 18 carbon atoms or, alternatively, up to 12 carbon atoms. It is
conteraplated that each X independently can be F, Cl, Br, 1, benzyl, phenyl, or methyl
For example, each X independently can be Cl, benzyl, phenyl, or methyl in one aspect
of this invention. In another aspect, each X independently can be benzyl, phenyi, or
methyl, Yet, in another aspect, cach X can be Cl alternatively, cach X can be benzyl;
alternatively, each X can be phenyl; or alternatively, each X can be methyl.

Bridging group E can be a bridging chain of 3 to 8 carbon atoms or 2 0 &
silicon, germanium, or tin atoms. For example, E can be a bridging chain of 3 to &
carbon atoruns, of 3 to & carbon atoms, of 3 to 4 carbons atorms, of 3 carbon atoms, or of
4 carbons atoms. Alternatively, E can be a bridging chain of 2 to & silicon, germanium,
or tin atoms, of 2 to 6 silicon, germanium, or tin atoms, of 2 to 4 silicon, germaniam, or
tin atoms, of 2 10 4 silicon atoms, of 2 silicon atoms, of 3 silicon atoms, or of 4 silicon
atoms,

Any substituents on atoms of the bridging chain independently are H or a
hydrocarbyl group having up to 1R carbon atoms or, alternatively, having up to 12
carbon atoms. Suitable substituents can include, but are not limited to, H, methyl,
ethyl, propyl, butyi, pentyi, hexyl, heptyl, octyl, nonyl, decyl, ethenyl, propenyl,
butenyl, pentenyl, hexenyl, heptenyl, octenvl, nonenyl, decenyl, phenyi, tolvl, or
benzyl. In one aspect, the substituents independently can be H, roethyl, ethyl, propyl,
butvl, pentyl, hexyl, allyl, butenyl, pentenyl, hexenyl, phenyl, or benzyl. In another
aspect, the substituents independently can be methyl, ethyl, propyl, butyl, aliyl, butenyi,
pentenyl, or phenyl.

{n accordance with one aspect of this invention, E is a bridging chain having the
formula —(CR™R'), - wherein u is an integer from 3 to & (e.g., u is 3, 4, 5, or 6),
and R' and R'™ are independently H or a hydrocarbyl group having up to 18 carbon
atoms; alternatively, up to 12 carbon atoras; or alternatively, up to 8 carbon atoms. Ttis
contemplated that R'™ and R'” independently can be H, methyl, ethyl, propyl, butyl,
pentyl, hexyl, heptyl, octyl, nonyl, decyl, ethenyl, propenyl, butenyl, pentenvi, hexenyl,
heptenyl, octenyl, nonenyl, decenyl, phenvl, tolyl, or benzyl; alternatively, H, methyl,
ethvl, propyl, butyl, allyl, butenvl, peutenyl, phenyl, or benzyl; or alternatively, H,

methyl, ethyl, propyl, or butyl. In some aspects, u is 3, 4, §, or 6, and R and R'™®
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both are H, or methyl, or ethyl, or propyl, or butyl, or allyl, or butenyl, or pentenyl, or
phenyl, or benzyl.

In accordance with another aspect of this invention, E is a bridging chain having
the formula — (SiRHAR”B)V »»»»»» , wherein v is an integer from 2 to 8 {e.g, vis 2, 3, 4, 5,
or 6), and R™™ and R"™ are independently H or a hydrocarbyl group having up to 18
carbon atoms; alternatively, up to 12 carbon atoms; or alternatively, up to 8 carbon
atoms. It is contemnplated that R'' and R''® independently can be H, methyl, ethyl,
propyl, butyl, pentyl, hexyl, heptyl, octyl, nonyvl, decyl, ethenyl, propenyl, butenyi,
pentenyl, hexenyl, heptenyl, octenyl, nonenyl, decenyl, phenyl, tolyl, or benzyl;
alternatively, H, methyl, ethyl, propyl, butyl, allyl, butenyl, pentenyl, phenyl, or benzyl;
or alternatively, H, methyl, ethyl, propyl, or butyl. In some aspects, vis 2, 3,4, 5, 0r 6
(e.g., vis 2), and R'™ and R™ both are H, or methyl, or ethyl, or propyl, or batyl, or
allyl, or butenyl, or pentenyl, or phenyl, or benzyl.

It is contemplated in aspects of the invention that M in formula (1) can be Ti,
Zr, or Hf: q can be 2; each R™ and R® independently can be H or a hydrocarbyl group
having up 10 12 carbon atoros; and E can be a bridging chain of 3 to 6 carbon atoms or
2 to 4 silicon atoms, wherein any substitucnts on atoms of the bridging chain
independently can be H or a hydrocarbyl group having up to 12 carbon atoms.
Additionally, each X in formoula (F) independently can be F, CI, Br, 1, methyl, benzyl,
orphenyl; mecanbe 0, {,or Z;andncanbe O, 1, or 2.

In a further aspect, M can be Zr or Hf; each R® and R” independently can be H,
methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, nonyl, decyl, cthenyl,
propenyl, butenyl, pentenyl, hexenyl, heptenyl, octenyl, nonenyl, decenyl, phenyi,
tolyl, or benzyl; E can be a bridging chain of 3 10 4 carbon atoms or 2 to 3 silicon
atoms, wherein any substituents on atoms of the bridging chain independently can be H
or methyl; m can be 8 or 1; and n can be 0 or 1. Even further, Cp” and Cp°
independently can be a cyclopentadionyl group or an indenyl group, E can be —
SiMe;—SiMer—, and cach X can be Cl, in other aspects of this invention,

Non-limiting examples of ansa-metaliocene compounds having formula (1) that
are suitable for use in catalyst compositions and polymerization processes disclosed
herein, cither singularly or in cornbination, include, but are not limited to, the tollowing

compounds:
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; and the like, including combinations
thereot.

In accordance with another aspect of this invention, the awsa-metallocene
compound having formmla (I) can comprise {or consist essentially of, or consist of) an

ansa-metaliocene corapound having formula (1), or formula (31), or formula (AV), or

10 formula (V), or formula (V1), or formmula (VHD, or combinations thereof:

A
RHR(:SE \X
MQ“RB

formula (I¥) formula (311
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formula (VD) forraula (VIE).

In formulas (1), (I8, V), V), (VI), and (VH), X, RA, RB, m, and n are as
described above for formula (B). In some aspects, for exaraple, cach X in formulas (1),
(1), (IV), (V). (VD), and (VH) independently can be F, Cl, Br, 1, methyl, beazyl, or
phenyl, while each R® and R” independently can be H, methyl, ethyl, propyl, butyl,
pentyvl, hexyl, heptyl, octyl, nonyl, decyl, ethenyl, propenyl, butenyl, pentenyi, hexenyl,
heptenyl, octenyl, nonenyl, decenyl, pheoyl, tolvl, or benzyl

M can be Ti, Zr, or Hf in formmulas (1), (I, (IV), (V), (VI), and (ViL}, while
m'+ m" =mand n' + 1" = n. The sobstituents on atoms of the silicon bridging chain,
R”, RF, RS, and RY, independently can be H or a hydrocarby! group having up to 18
carbon atoms or, alternatively, having up to 12 carbon atoms. Accordingly, RY, RF, RS,
and RY independently can be H, methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl,
octyl, nonyl, decyl, ethenyl, propenyl, butenyl, pentenyl, hexenyl, heptenyl, octenyl,
soneny!, decenyl, phenyl, tolyl, or benzyl, altermatively, R, R, RY and R"
independently can be H, methyl, ethyl, propvl, butyl, pentyl, hexyl, allyl, butenyl,
pentenyl, hexenyl, phenyl, or benzyl; alteratively, RY, R, R and R" independently

can be methyl, ethyl, propyl, butyl, allyl, butenyl, pentenyl, or phenyl; aliernatively, RY,
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RY, RY, and RY can be H; alternatively, R® RY, RY and RY can be methyl; alternatively,
RY RY, RY and RY can be ethyl; alternatively, R®, RY, R", and R™ can be propyl:
altcrnatively, RE, RF, RG, and R” can be butyl; alternatively, RY, RF, RG, and R” can be
alivl; alternatively, RY RY R® and R" can be butenyi; alternatively, R" RY R" and RY
5 can be pentenyl; or alternatively, R”, R", RS, and R™ can be phenyl.

In accordance with another aspect of this invention, the amsa-metallocene
compound having formaula (I) can comprise {or consist cssentially of, or consist of} an
ansa-metallocene compound having formmla (C), formula (DY), foromula (E), or

combinations thereof.

10 Formula (C)is
M is Zr or HE
X and X° are independently F; Cl; Br; T, methyl benzyl; phenyl; H; BH,;

; wherein:

OBR; or SOsR, wherein R is an alky! or arvl group having up to 18 carbon atoms; or a
hydrocarbyloxide group, a hydrocarbylamine group, or a hydrocarbylsilyl group, any
1§ of which having up to 18 carbon atoms;
E' s a bridging group having the formula —SiR7PR™P—SIRRY™— wherein
®R'7RY™, R and R™ are independently H or a hydrocarbyl group having up to 10
carbon atoms;
R’ and R" are independently H or a hydrocarby! group having up to 18 carbon
20 atoms; and
Cp' is a cyclopentadienyl or indenyl group, any substituent on Cp' is H or a
hydrocarbyl or hydrocarbyisilyl group having up to 18 carbon atoms.
In formula (C), M° can be Zr or HE, while X" and X° independently can be F;
CL Br; I, methyl; benzyl; phenyl; H; BHa; OBR, or SOsR, wherein R can be an alkyl or

N2
[

aryi group; or a hydrocarbyloxide group, a hydrocarbylamino group, or a
hydrocarbylsilyl group. The hydrocarbyloxide group, the hydrocarbylamino group, the
hydrocarbyisilyl group and R can have up to 18 carbon atoms or, alternatively, up 1o 12

carbon atoms,
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X* and X° independently can be F, Cl, Br, I, benzyl, phenvl, or methyl, For
example, X* and X° independently are Cl, benzyl, phenyl, or methy! in one aspect of
this invention. In another aspect, X' and X° independently are benzyl, phenyl, or
methyl. Yet, in another aspect, both X* and X can be CI; alternatively, both X' and X’
can be benzyl; aliernatively, both X' and X° can be phenyl; or alternatively, both X'

5 .
and X can be methyl

group having up to 10 carbon atoros or, alternatively, up to 6 carbon atorns,
Accordingly, in aspects of this invention, R'”, R™, R7", and R™ independently can be
H or an alkyl or an alkeny! group having up o 6 carbon atoms: alternatively, R, R™,
R, and R™ independently can be H, methyl, ethyl, propyl, butyl, allyl, butenyl, or
pentonyl; alternatively, R™", R™, R, and R™ judependently can be H, methyl, or ethyl;
alternatively, R R™ R and R™ can be H; or aliernatively, RP R R'E, and R®
can be methyl.

R and R' on the fluorenyl group in formuls (C) independently can be H or a
hydrocarby! group having up to 18 carbon atoms or, alternatively, having up to 12
carbon atoms. Accordingly, R and R' independently can be H or a hydrocarby! group
haviug up to 8 carbon atoms, such as, for example, alkyl groups: methyl, ethyl, propyl,
butyl, pentyl, or hexyl, and the like. Tn some aspects, R” and R' are independently
methyl, ethyl, propyl, n-butyl, t-butyl, or hexyl, while in other aspects, R” and R'® are
independently H or t-butyl. For example, both R” and R'® can be H or, alternatively,
both R” and R' can be t-butyl,

T formula (), Cp' is a cyclopentadieny? or indeny] group. Often, Cp' is a
cyclopentadienyl group. Any substituent on Cp' can be H or a hydrocarbyl or
hydrocarbyisilyl group having up to 18 carbon atoms; or alternatively, any substituent
can be H or a hydrocarbyl or hydrocarbylsityl group having up to 12 carbon atoms.
Possible substituents on Cp' may include H, therefore this invention comprises partially
saturated ligands such as tetrahydroindenyl, partially saturated indenyl, and the like.

To one aspeet, Cp' has no additional substitutions other than those shown in
formula (C), e.g., no substituents other than the bridging group £, In another aspect,

w1 P . . .
Cp' can have one or two substituents, and cach substituent independently s H or an
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alkyl, alkenyl, alkylsilyl, or alkenvisiiyl group having up to 8 carbon atoms, or
alternatively, up to 6 carbon atoms. Yet, in another aspect, Cp' can have a single H,
methyl ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, ethenyl, propenyl, butenyl,
pentenyl, hexenyl, heptenyl, or octeny! substituent.

Tn accordance with one aspect of this invention, X' and X independently can be
E, Cl, Br, 1, benzyl, phenyl, or methyl, while R” and R'” independently can be H or t-
butyl, and Cp' cither has no additional substituents or Cp' can have a single substituent
selected from H or an allyl, alkenyl, alkylsilyl, or alkenylsilyl group having up to 8
carbon atoms. To these and other aspects, E' can be a bridging group having the
formula —

or methyl.

R‘ET
Formula (B) 18 ; wherein:

M*is Zr or HE;

X and X' are independently F; Cl; Br; T, methyl benzyl; phenyl; H; BHy;
OBR; or SO3R, wherein R is an alky! or arvl group having up to 18 carbon atoms; or a
hydrocarbyloxide group, a hydrocarbylamine group, or a hydrocarbylsilyl group, any
of which having up to 18 carbon atoms;

E' is a bridging group having the formula —SiRPRPP_giRPIRVE
wherein R, R R and RY are independently H or a hydrocarbyl group having
up to 10 carbon atoms; and

R™ RY R™ and R' are independently H or a hydrocarbyl group having up to
I8 carbon atoms.

In formufa (B, M* can be Zr or HY, while X°and X' independently can be F;
CL; Br; §; methvi; benzyl; phenyl; H; BHy: OBR; or 80:R, wherein R is an alkyl or aryl
group; or a hydrocarbyloxide group, a hydrocarbylamino group, or a hydrocarbylsily]
group. The hydrocarbyloxide group, the hydrocarbylamino group, the hydrocarbylsilyl

group and R can have up to 18 carbon atoms or, alternatively, up to 12 carbon atoms.
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X® and X independently can be F, Cl, Br, I, benzyl, phenyl, or methyl. For
example, X” and X’ independently are Cl, benzyl, phenyl, or methy! in one aspect of
this invention. In another aspect, X® and X independently are benzyl, phenyl, or
methyl. Yet, in another aspect, both X” and X can be CI; alternatively, both X% and X’
can be benzyl; alternatively, both X® and X' can be phenyl: or alternatively, both X°

and X' ¢can be methyl.

hydrocarbyl group having up to 10 carbon atoms or, aliernatively, up to 6 carbon
. . o . 12D i3 28 38
atoms.  Accordingly, in aspects of this invention, RV, R POR™ and RYF

independently can be H or an alkyl or an alkenyl group having up to 6 carbon atoms;

o &

12D

alternatively, R', RMP R™ and RPY independently can be H, methyl, ethyl, propyl,
butyl, allyl, butenyl, or pentenyl; alternatively, R'%, RVP R™ and R™ independently
can be H, methyi, ethyl, propyl, or butyl; alternatively, R gPE R and R'VP
independentiy can be H, methyl, or ethyl; alternatively, R R R and RY can
be H; or altermnatively, R”D, R,B’Dﬂ RIZE, and RPF can be methyl.

R RP R and RY on the fluoreny! groups in formula (D) independently can
be H or a hydrocarbyl group having up to 18 carbon atoms or, alternatively, having up
to 12 carbon atoms. Accordingly, R, R, R'® and R' independently can be H or a
bhydrocarbyl group having up to 8 carbon atoms, such as, for example, alkyl groups:
methyl, ethyl, propyl, butyl, pentyl, or hexyl, and the fike. In some aspects, R"Y, R",
R'® and R' are independently methyl, ethyl, propyl, n-butyl, t-butyl, or hexyl, while in
other aspects, R™, R, R and R" are independently H or t-butyl. For example, R™,
RY, R™, and R" can be H or, alternatively, R'Y, R, R'Y, and R can be t-buryl.

it is contemplated that X® and X’ independently can be F, 1, Br, I, benzyl,
phenyl, or methyl in formmla (), and R, R, R'®, and RV independently can be H or
t-butyl. Tn these and other aspects, E' can be a bridging group having the forula —
SRR GIRMRYE ) wherein RYP) RYP, RYE and R are independently H or

methyl
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Formula (E) s ; wherein:
M is Zr or HE
X% and X° are independently F; Cl; Br; T, methyl benzyl; phenyl; H; BH,;
OBR; or SO3R, wherein R is an alky! or arvl group having up to 18 carbon atoms; or a
S5 hydrocarbyloxide group, a hydrocarbylamino group, or a hydrocarbylsiiyl group, any
of which having up to 18 carbon atoms; and
E” is a bridging group selected from:
a bridging group having the formula —(CH:)—, wherein w is an
integer from 3 to &, inclusive, or
10 a bridging group having the formula —SIRIPRMF_gip R
wherein R, R¥®,) R, and R are independently H or a
hydrocarbyl group having up to 10 carbon atoms.
In formula (E3, M’ can be Zr or Hf, while X* and X’ independently can be F;
CL; Br; §; methyl; benzyl phenyl; H; BHy; OBR, or SO:R, wherein R s an alkyl or aryl
1§ group; or a hydrocarbyloxide group, a hydrocarbylarsine group, or a hydrocarbylsilyl
group. The hydrocarbyloxide group, the hydrocarbylamino group, the hydrocarbylsibyl
group and R can have up to 18 carbon atoms or, alternatively, up to 12 carbon atoms.
X® and X” independently can be F, CI, Br, 1, benzyl, phenvl, or methyl. For
example, X° and X independently are Cl, benzyl, phenyl, or methyl in one aspect of
20 this invention. In another aspect, X° and X independently are benzyl, phenyl, or
methyl. Yet, in another aspect, both X®and X can be Cl; alternatively, both X% and X’
can be benzyl; alternatively, both X% and X” can be phenyl; or alternatively, both X% and

X” can be methyl.
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In formula (E), E® is a bridging group. In accordance with an aspect of this
invention, B’ can be a bridging group having the formuila —(CHyhw—, wherein w is an
integer from 3 to §, inclusive. The integer w can be 3, 4, 5, o1 6 in some aspects of this
invention. In accordance with another aspect of this invention, B’ can be a bridging

5 group having the formmla —SiR™PR¥P SRR wherein ™", R?'"™ R™ and
R independently can be H or a hydrocarbyl group having up to 10 carbon atoras or,
alternatively, up to 6 carbon atoms. Accordingly, in aspects of this invention, R*,

R RYMC and R*'C independently can be H or an alky! or an alkeny! group having up

208

10 6 carbon atorms; alternatively, R™™, R*'®, R*™ and R™" independently can be H,

10 methyl, ethyl, propyl, butyl, allyl, butenyl, or pentenyl; alternatively, R™®, R¥'®, R

8 208

and R™" independently can be H, methyl, ethyl, propyl, or butyl; alternatively, R

21E ! 21C . ‘ . 20B 21
R R and RY'C independently can be H, methyl, or ethyl; alternatively, R*®, R*P

200

R

)
,and R*'“ can be H; or alternatively, R¥ R R and R can be methyl.

In an aspect of this invention, X" and X” in formula (£) independently can be F,

15 Cl, Br, I, benzyl, phenyl, or methyl, and in some aspects, E° can be a bridging group

having the fornmla —(CHa)e—, wherein w is equal to 3, 4, or 5, or alternatively, B

can be a bridging group having the formula —SiR*PRYP—SiR¥ R, wherein

R™ R R and R’ are independently H or methyl.
Non-limiting examples of gnse-moetallocene compounds having formula (E)

20 that are suitable for use herein include, but are not limited to, the following:

; and the like, or combinations thereof.
As noted above, unless otherwise specitied, formulas (C), (1), and (E), or any
other structural formulas disclosed herein, and any metaliocene species disclosed herein

are pot designed to show stereochemistry or isomeric positioning of the different

N2
j@ 2]

moteties {e.g., these formulas are not intended to display cis or trans isomers, or R or 8



10

WO 2013/151863

24

diastereoisomers), although such compounds are contemplated and encompassed by
these formulas and/or structures.
SECOND METALLOCENE COMPOUND

A catalyst composition of the present invention can comprise an @nsa-
metallocene compound having formula (I), as described hereinabove, and a second
metallocene compound.  Applicants contemplate that the catalyst coraposition can
contain one or more than one ansa-metaliocene compound having fornmla (1), and/or
one or more than one second metaliocene compound. Thus, the catalyst composition
can contain two metallocenes {(e.g., a dual catalyst system), three metallocenes, four
metallocenes, and so forth. Generally, there is no limitation on the selection of the
second metallocene compound, or compounds, that can be used in combination with the
ansa-metallocene compound having formala (1) disclosed herein, other than the second
metallocene corapound being different from the ansg-metallocene compound baving
formula (1)

In accordance with one aspect of the invention, the second metaliocene
compound can comprise a bridged metallocene compound.  In another aspect, the
second metallocene compound can coraprise an unbridged roetallocene compound. In
stitf another aspect, the sccond metallocene compound can comprise a dinuclear
metallocene compound. In yet another aspect of the invention, the second metallocene
compound can comprise a ructallocene compound {or dinuclear corapound) containing
an alkenyl moiety. For example, the second metaliocene compound, whether
vobridged or bridged, can contain an alkenyl substituent on a cyclopentadienyl,
imdenyl, and/or fluorenyl] groap. Alternatively, or in addition, the bridged metallocene
can contain an alkenyl substituent on the bridging group (or the bridging atom).

Often, in the second metallocene compound, the transition metal can be Ti, Zr,
Hf, Cr, 8¢, Y, La, or a lanthanide {or can be more than one, for example, if a dinuclear
metallocene compound s eroployed). For instance, the second metallocene, whether
bridged or unbridged, can contain g transition metal such as Ti, Zr, or Hf; alternatively,
the transition metal is Ti; alternatively, the transition metal is Zr; or alternatively, the
transition metal is HE

fo an aspect, the sccond roctallocene can comprise a bridged roctallocene

compound, and in this aspect, the bridged metallocene compound can comprise a single
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carbon bridging atom, or alternatively, a single silicon bridging atom. Moreover, the
bridged metallocene compound can comprise a substituted fluorenyl group.
In accordance with another aspect of this invention, the second metallocene can

comprise 3 bridged metallocene compound having formula (C2):

(C2); wherein:

M s T4, Zr, or HE

X* and X° are independently F; Cl; Br; I; methyl benzyl; phenyl; H; BHy;
OBR, (—OBRy) or SO:R (——OSOHRY, wherein R s an altkyi or aryl group having up to
i8 carbon atoms; or a hydrocarbyloxide group, a hydrocarbylamino group, or a
hydrocarbylsilyl group, any of which having up to 18 carbon atoms;

£ is a bridging group having the formula >E*R'*R™, wherein B'* is C or 8,
and R™ and R™ are independently H or a hydrocarbyl group having up to 18 carbon
atoms,

R’ and R' are independently H or a hydrocarby! group having up to 18 carbon
atoms: and

Cp' is a cyclopentadienyl or indenyl group, any substituent on Cp' is H or a
hydrocarbyl or hydrocarbylsilyl group having up to 18 carbon atorms,

In formula (C2), M’ can be Ti, Zr, or Hf {e.g., Zr or H), while X' and X°
imdependently can be F; CL Bry ) methyl; benzyl phenyl H; BHy OBR or SO:R,
wherein R can be an alkyl or aryl group; or a hydrocarbyloxide group, a
hydrocarbylamino group, or a hydrocarbyisilyl group. The hydrocarbyloxide group,
the hydrocarbylamino group, the hydrocarbyisityl group and R can have up to 18
carbon atoms or, alternatively, up to 12 carbon atoms.

X* and X independently can be F, Cl, Br, I, benzyl, phenyl, or methyl. For
example, X' and X° independently are Cl, benzyl, phenyl, or methyl in one aspect of
this invention. In ancther aspect, 3t and X° independently are benzyl, phenyl, or

methyl. Yet, in another aspect, both X% and X° can be Cl; alternatively, both X* and X°
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can be benzyl; alternatively, both X* and X° can be phenyl; or alternatively, both X*
and X’ can be methyl.

in formula (C2), E' can be a bridging group having the formufa >E*RR™,
wherein B is a C or $i bridging atom, and R™ and R™ are independently H or a
hydrocarbyl group having up to 13 carbon atoms or, alternatively, up to 12 carbon
atoms. For instance, R'* and R™ independently can be H or an alkyl, alkenyl (e.g., 2
terminal alkenyD), or aryl group having up to 12 carbon atoms. In one aspect, R’ and
R independently can be H, methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl,
nonyl, deeyl, ethenyl, propenyl, butenyl, pentenyl, hexenyl, heptenyl, octenyl, nonenyl,
decenyl, phenyl, tolyl, benzyl, dimethylphenyl, trimethyiphenyl, phenylethyi,
phenylpropyl, phenylbutyl, propyi-2-phenylethyl, and the lke. In another aspect, R’®
and R™ independently can be H, methyl, ethyl, propyl, butyl, pentyl, hexyl, ethenyl,
propenyl, butenyl, pentenyl, hexenyl, phenyl, tolyl, or benzyl In yet another aspect, at
least one of R™ and R™ is phenyl. In still another aspect, at least one of R™ and R*™ is
a terminal alkenyl group having up to 6 carbon atoms.

R’ and R" on the fluorenyl group in formula (C2) independently can bo H or a
hydrocarby!l group having up to 18 carbon atoms or, alternatively, having up to 12
carbon atoms. Accordingly, R” and R" independently can be H or a hydrocarby! group
haviug up to 8 carbon atoms, such as, for example, alkyl groups: methyl, ethyl, propyl,
butyl, pentyl, or hexyl, and the like. Tn some aspects, R” and R' are independently
methyl, ethyl, propyl, n-butyl, t-butyl, or hexyl, while in other aspects, R” and R'® are
independently H or t-butyl. For example, both R” and R'® can be H or, alternatively,
both R” and R' can be t-butyl,

To formula (C2), Cp' s 2 cyclopentadienyl or indenyl group. Often, Cp' is a
cyclopentadienyl group. Any substituent on Cp' can be H or a hydrocarbyl or
hydrocarbyisilyl group having up to 18 carbon atoms; or alternatively, any substituent
can be H or a hydrocarbyl or hydrocarbylsityl group having up to 12 carbon atoms,
Possible substituents on Cp' may include H, therefore this invention comprises partially
saturated ligands such as tetrahydroindenyl, partially saturated indenyl, and the like.

To one aspeet, Cp' has no additional substitutions other than those shown in
formula (C2), o.g., no substituents other than the bridging group E’. In another aspect,

w1 P . . .
Cp' can have one or two substituents, and cach substituent independently s H or an
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alkyl, alkenyl, alkylsilyl, or alkenvisiiyl group having up to 8 carbon atoms, or
alternatively, up to 6 carbon atoms. Yet, in another aspect, Cp' can have a single H,
methyl ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, ethenyl, propenyl, butenyl,
pentenyl, hexenyl, heptenyl, or octeny! substituent.

In accordance with one aspect of this invention, Xand X° mdependently can be
E, Cl, Br, 1, benzyl, phenyl, or methyl, while R” and R'” independently can be H or t-
butyl, and Cp' cither has no additional substituents or Cp' can have a single substituent
selected from H or an allyl, alkenyl, alkylsilyl, or alkenylsilyl group having up to 8
carbon atoms. To these and other aspects, E' can be a bridging group having the
formula >ERMR™, wherein ™ is C or §i, and R'™ and R*® are independently H,
methyl, cthyl, propyl, butyl, pentyl, hexyl heptyl, octyl, nonyl, decyl, ethenyl,
propenyl, butenyl, pentenyl, hexenyl, heptenyl, octenyl, nonenyl, decenyl, phenyl,
tolyl, or benzyl.

In accordance with another aspect of this invention, the second metallocene can

comprise a bridged metallocene compound having foromula (B2):

(D2} ; wherein:

M*is Ti, Zr, or Hf,

X and X are independently F; CL Br; I, methyl benzyl;, phenyl; H; BHy;
OBR, or 80:R, wherein R 1s an alkyl or aryl group having up to 18 carbon atoms; or a
hydrocarbyloxide group, a hydrocarbylamino group, or a hydrocarbylsiiyl group, any
of which having up to 18 carbon atoms;

£* is a bridging group having the formula >E*R™RPA wherein E* is C or §i,
and R"* and R" are independently H or a hydrocarby! group having up to 18 carbon
atoms: and

R R, R and RY are independently H or a hydrocarbyl group having up to

18 carbon atoms.
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In formula (D2), M* can be Ti, Zr, or Hf {e.g., Zr or Hf), while X® and X’
imdependently can be F; CL Bry I, methyl; benzyl; phenyl, H; BHy OBR; or SO5R,
wherein R is an alkoyl or aryl group; or a hydrocarbyloxide group, a hydrocarbylamino
group, or a hydrocarbylsilyl  group. The hyvdrocarbvloxide group, the
hydrocarbylamine group, the hydrocarbylsilyl group and R can have up to 18 carbon
atoms or, alternatively, up to 12 carbon atoms,

X and X independently can be F, Cl, Br, 1, benzyl, phenyl, or methyl. For
example, X® and X’ independently are Cl, benzyl, phenyl, or methy! in one aspect of
this invention. In awvother aspect, X* and X independently are benzyl, pheoyl, or
methyl. Yet, in another aspect, both X” and X can be Cl; alternatively, both X% and X’
can be benzyl; alternatively, both X® and X' can be phenyl: or alternatively, both X°
and X can be methyl.

In formula (B2), E* can be a bridging group having the formula >E*RM¥RPA,
wherein E* is a € or $i bridging atom, and R and R arc independently H or a
hydrocarbyl group having up to 18 carbon atoms or, alterpatively, up to 12 carbon
atoms. For instance, R and R independently can be H or an alkyl, alkenyl {c.q., 2
terminal alkenyl), or aryl group having up to 12 carbon atoms. In one aspect, R'** and
RV independently can be H. methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl,
nonyl, decyl, ethenyl, propenyl, butenyl, pentenyl, hexenyl, heptenyl, octenyl, nonenyl,
decenvl, phenyl, tolvl, beozyl, dimethylphenyl, truncthyiphenyl, phenylethyl,
phenylipropyl, phenylbutyl, propyl-2-phenylethyl, and the like. In another aspect, R'*
and RV independently can be H, methyl, ethyl, propyl, butyl, pentyl, hexvl, ethenyl,
propenyl, batenyl, pentenyl, hexenyl, phenyl, tolvl, or benzyl. In yet another aspect, at
feast one of R'™ and R7 is phenyl. 1o still another aspect, at least one of R and
R is 2 terminal alkenyl group having up to 6 carbon atoms.

R RY R and RY ou the fluorenyl groups in formula (D2) independently
can be H or a hydrocarbyl group having up to 18 carbon atoras or, alternatively, baving
up to 12 carbon atoms. Accordingly, R™, R, RS, and R" independently canbe Hor a
hydrocarbyl group having up to 8 carbon atoms, such as, for example, alkyl groups:
methyl, ethyl, propyl, butyl, pentyl, or hexyl, and the like. Tn some aspects, R, R™,

1'% and R are independently methyl, ethyl, propyl, n-butyl, t-butyl, or hexyl, while in
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other aspects, R™, R, R'® and R' are independently H or t-butyl. For example, R,
RY R and R canbe H or, alternatively, R™ R¥ RY and R canbe t-butyl

1t is contemplated that X* and X’ independently can be F, Cl, Br, |, benzyl,
phenyl, or methy! in formula (B2), and RY, R", R'®, and R'" independently can be H
or t-butyl. To these and other aspects, E' can be a bridging group having the formula
SEMRPARYY wherein E* is C or S, and R™® and R are independently H, methyl,
cthyl, propyl, butyl, pentyl, hexyl, hepiyvl, octyl, nonyl, decyl, ethenyl, propenyl,
butenyl, pentenyl, hexenyl, heptenyl, octenyl, nonenyl, decenyl, phenyl, tolvi, or
henzyl.

In sccordance with another aspect of this invention, the second metallocene can

comprise 3 bridged metallocene compound having formula (E2):

sz
Eé// \ 5»}(

AN W/ ~yE

Cp (E2); wherein:

M is Ti, Zr, or HE

X and X are independently F; Cl; Br; I, methyl; benzyl, phenyl; H; BHy;
OBR; or SO3R, wherein R is an alkyl or aryl group having up to 18 carbon atoms; or a
hydrocarbyloxide group, a hydrocarbylamine group, or a hydrocarbylsilyl group, any
of which having up to 18 carbon atoms;

E” is 2 bridging group having the formula >E>*R™ R4 wherein E** is C or S,
and R™™ and R*'* are independently H or a hydrocarbyl group having up to 18 carbon
atoms; and

Cp’ and Cp’ are independently a cyclopentadienyl or indenyl group, any
substituent on Cp” and Cp’ is independently H or a hydrocarbyl or hydrocarbylsilyl
group having up to 18 carbon ators.

In formula (E2), M° can be Ti, Zr, or Hf (e.g., Zr or H), while ¥* and X’
independently can be F; CI; Br; I methyl; benzyl; phenvl; H; BHy OBR; or SGsR,
wherein R is an alkyl or aryl group; or a hydrocarbyloxide group, a hydrocarbylamino
group, or a hydrocarbyisilyl group. The hydrocarbyloxide group, the
hydrocarbylamino group, the hydrocarbyisilyl group and R can have up to 18 carbon

atoms or, alternatively, up to 12 carbon atoms.
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X* and X7 independently can be F, Cl, Br, I, benzyl, phenyl, or methyl. For
example, X® and X independently are CI, benzyl, phenyl, or methyl in one aspect of
this invention. In another aspect, X* and X° independently are benzyl, phenyl, or
methyl. Yet, in another aspect, both X¥ and X° can be Cl; alternatively, both X° and X’
can be benzyl; alternatively, both X and X’ can be phenyl; or alternatively, both X° and
X’ can be methyl,

in formula (B2}, E” can be a bridging group having the formula >ER¥ARYA,
wherein E™ is a € or Si bridging atom, and R** and R** are independently H or a
hydrocarbyl group having up to 18 carbon atoms or, alternatively, ap to 12 carbon
atoms. For instance, R*™ and R*® independently can be H or an alkyl, alkenyl (c.g., a

204
and

terminal alkenyl), or aryl group having up to 12 carbon atoms. In one aspect, R
R independently can be H, methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, oetyl,
nonyl, decyl, ethenyl, propenyl, butenyl, pentenyl, hexenyl, heptenvl, octenyl, nonenyl,
decenyl, phenyl, tolyl, benzyl, dimethyiphenyl, trimethyiphenyl, phenylethyi,
phenylpropyl, phenylbutyl, propyl-2-phenylethyl, and the like. In another aspect, R
and R*™ independently can be H, methyl, ethyl, propyl, butyl, pentyl, hexyl, ethenyl,
propenyl, butenyl, pentenyl, hexenyl, phenyl, tolyl, or benzyl. In yet another aspect, at
feast one of R™ and R™" is phenyl. In still another aspect, at least one of R™™ and
R is a terminal alkeny! group having up to 6 carbon atoms.

In formula (E2), Cp® and Cp’ are independently a cyclopentadienyl or an
indenyl group. Often, Cp® and Cp’ are both a cyclopentadienyl group or both an
indenyl group. Any substituent on Cp’ and Cp’ independently can be H or a
hydrocarby] or hydrocarbylsilyl group having up to 13 carbon atorns; or aliernatively,
any substituent can be H or a hvdrocarbyl or hydrocarbylsilyl group having up to 12
carbon atoms. Possible substituents on Cp” and Cp’ may include H, therefore this
mvention comprises partially saturated ligands such as tetrahydroindenyl, partially
saturated indenyl, and the like.

In one aspect, Cp’ and Cp’ have no substitutions other than those shown in
formula (E2), e.g.. no substituents other than the hridging group E°. In another aspect,
Cp” and/or Cp” can have one or two substituents, and each substituent independently
can be H or an alkyl, alkenyl, alkylsilyl, or alkenylsilyl group having up to 8 carbon

. . - . 2 ; ~.3
atoms, or alternatively, up to 6 carbon atoms. VYet, in another aspect, Cp” and/or Cp®
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can have a single H, methyl ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, ethenyl,
propenyl, butenyl, penteonyl, hexenyl, heptenyl, octenyl, phenyl, tolvl, or benzyl
substituent.

As noted above, unless otherwise specified, formulas (C2), (B2), and (E2), or
any other structural formulas disclosed herein, and any metallocene species disclosed
herein are not designed 1o show stercochemistry or Bomeric positioning of the different
maoictics (e.2., these formulas are not intended to display cis or trans isomers, or R or S
diastercoisomers), although such compounds are contemplated and encompassed by
these formulas and/or structures.

Non-limiting examples of bridged metallocenes that are suitable for use as the
second metaliocene compound include, but are not limited to, the following (Ph =

phenyl, Me = methyl; and t-Bu = tert-butyl):
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; and the like, or any combination thereof.

In accordance with other aspects of the invention, the second metallocene
compound can comprise an unbridged metallocene compound. In one aspect, the
unbridged metallocene compound can comprise a cyclopentadienyl group and an

indeny! group. In another aspect, the unbridged metallocene compound can comprise
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two cyclopentadienyl groups. In yet another aspect, the unbridged metallocene
compound can comprise two indenyl groups.
In accordance with certain aspects of this invention, the second metallocene can

comprise an unbridged metallocene compound having formula (F2):

Cp* 10
\ X
/meﬂ

Cp®

(F2); wherein:

M®is Ti, Zr, or Hf:

X' and X' are independently F; CI; Br; [, methyl; benzyl; phenyl; H; BHa;
OBR; or SOsR, wherein R is an alkyl or aryl group having up to 18 carbon atoms; or a
hydrocarbyloxide group, a hydrocarbylamine group, or a hydrocarbylsilyl group, any
of which having up to 18 carbon atoms; and

Cp* and Cp° are independently a cyclopentadienyl, indenyl or flucreny! group,
any substituent on Cp’ and Cp’ is independently H or a hydrocarbyl or hydrocarbylsityl
group having up to I8 carbon atoms.

In formula (F2), M® is Ti Zr, or Hf {e.g., Zr or Hf), while X ang XM
imdependently can be F; CL Bry I, methyl; benzyl; phenyl, H; BHy OBR; or SO5R,
wherein R is an allyl or aryl group; or a hydrocarbyloxide group, a hydrocarbylamino
group, or a hydrocarbyisilyl  group. The hydrocarbyloxide group, the
hydrocarbylamine group, the hydrocarbylsilyl group and R can have up to 18 carbon
atoms or, alternatively, up to 12 carbon atoms,

X' and XY independently can be F, Cl, Br, I, benzyl, phenyl, or methyl. For
example, X' and X' independently are Cl, benzyl, phenyl, or methyl in one aspect of
this invention. In another aspect, X'¥ and X' independently are benzyl, phenyl, or
methyl. Yet, in another aspect, both X'"and X' can be Cl; alternatively, both X'%and
X" can be benzyl; alternatively, both X'" and X'' can be phenyl; or alternatively, both
X and X' canbe methyl.

in formula (F2), Cp* and Cp° are independently a cyelopentadienyl, indenyl ot
fluorenyl group. Often, Cp® and Cp are independently a cyclopentadienyl or indenyl

group. Any substituent on Cp* and Cp’ independently can be H or a hydrocarbyl or
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hydrocarbylsilyl group having up to 18 carbon atoms; or alternatively, any substituent
can be H or a hydrocarbyl or hydrocarbyisilyl group having up to 12 carbon atoms.
Possible substituents on Cp® and Cp’ may inchude H, therefore this invention comprises
partially  satwrated ligands such as  tetrahydroindenyl, tetrahvdrofluorenyl,
octahvdrofluorenyl, partially saturated indenyl, partially saturated fluorenyl, and the
tike.

In one aspect, Cp’ and Cp® have no substitutions other than those shown in
formula (F2), eg, Cp' and Cp’ independently can be an unsubstituted
eyclopentadienyl or unsubstituted indenyl. In another aspect, Cp” and/or Cp° can have
one or two substituents, and cach substituent independently can be H or a hydrocarbyl
group having up to 10 carbon atoms, such as, for example, an alkyl, alkenyl, or aryl
group. Yet, in another aspect, Cp‘i’ and/or Cp5 can have one or two substituents, and
cach substituent independently can be H, methyl, ethyl, propyl, butyl, pentyl, hexyl,
heptyl, octyl, ethenyl, propenyl, butenyl, pentenyl, hexenyl, heptenyl, octenyl, pheayl,
tolyl, or benzyl, while in other aspects, cach substituent independently can be methyl,
ethvl, propyl, butyl, ethenyl, propenyl, butenvi, or pentenyl.

In some aspects of this invention, X' and X" independently can be F, Cl, Br, 1,
benzyl, phenyl, or methyl, while Cp' and Cp° are independently an unsubstituted
cyclopentadienyl or unsubstituted indenyl group.  Altematively, Cp' and Cp’
independently ray be substituted with one or two substituents, and these substituents
independently can be H or 2 hydrocarbyi group having up to 10 carbon atoms, such as,
for example, methyl ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, ethenyl, propenyl,
butenyl, pentenyl, hexenyl, heptenyl, octenyl, phenyl, tolyl, or benzyl,

Non-limiting oxaraples of unbridged metallocenes that are suitable for use as

the second metallocene compound include, but are not Himited to, the following:
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; and
the like, or any combination thereof.
Additional bridged and unbridged metallocene compounds can be employed as

the second metallocene compound in catalyst compositions of the present invention

A

Therefore, the scope of the present invention is not limited to the bridged and
unbridged metallocene species provided above. Other representative bridged and/or
unbridged and/or dinuclear merallocene compounds which may be employed as the
second metallocene compound in some aspects of this invention are disclosed in U.S.
Patent Nos. 7,026,494, 7,041,617, 7,119,153, 7,148,298, 7,226,886, 7,294,599,
10 7,312,283, 7,468,452, 7,517,939, 7,521,572, 7,619,047, T.R63,210, 7,884,163,
7,919,639, 8,012,900, 8,080,681, and §,114,946; and U.S. Patent Publication Nos,
2010/0331505, 2011/0257348, and 2012/0010375; the disclosures of these patents and
publications are incorporated herein by reference in their entivety.
ACTIVATOR-SUPPORT
15 The present invention encompasses various catalyst compositions containing an
activator, which can be an activator-support.  In one aspect, the activator-support
comprises a chemically-treated solid oxide. Alternatively, the activator-support can
comprise a clay mineral, a pillared clay, an exfoliated clay, an extoliated clay gelled
into another oxide matrix, a layered silicate mineral, a non-layered silicate mineral, a
20 layered aluminosilicate mineral, a non-lavered aluminosilicate mineral, or any
combination thercof,

Generally, chemically-treated solid oxides exhibit eonhanced acidity as
compared to the corresponding untreated solid oxide compound. The chemically-
treated solid oxide also functions as a catalyst activator as compared to the

25 corresponding untreated solid oxide, While the chemically-treated solid oxide activates

the metallocene(s) in the absence of co-catalysts, it is not necessary to eliminate co-
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catalysts from the catalyst composition. The activation function of the activator-
support 1s evident in the enhanced activity of catalyst composition as a whole, as
compared to a catalyst composition containing the corresponding unireated solid oxide.
However, it is believed that the chemically-treated solid oxide can function as an
activator, even in the absence of an organcalominum compound, aluminoxanes,
organoboron or organoborate compounds, jonizing ionic compounds, and the like.

The chemically-treated solid oxide can comprise g solid oxide treated with an
electron-withdrawing anion. While not intending to be bound by the following
staternent, it is believed that treatmeut of the solid oxide with au electron-withdrawing
component augraents or enhances the acidity of the oxide. Thus, etther the activator-
support exhibits Lewis or Bromsted acidity that is typically greater than the Lewis or
Bromsted acid strength of the untreated sohid oxide, or the activator-support has a
greater mumber of acid sites than the untreated solid oxide, or both. One method to
quantify the acidity of the chemically-treated and untreated solid oxide materials is by
comparing the polymerization activities of the treated and untreated oxides under acid
catalyzed reactions.

Chemically-treated solid oxides of this invention are formed generally from an
inorganic solid oxide that exhibits Lewis acidic or Bronsted acidic behavior and has a
relatively high porosity.  The solid oxide is chemically-treated with an electron-
withdrawing component, typically an clectron-withdrawing anion, to form an activator-
support.

According to one aspect of the present invention, the solid oxide used to prepare
the chemically-treated solid oxide has a pore volume greater than asbout G.1 cc/g.
According to another aspect of the present invention, the solid oxide has a pore voluroe
greater than about 0.5 co/g. According to vet another aspect of the present invention,
the solid oxide has a pore volume greater than about 1.0 ce/g.

In another aspect, the solid oxide has a surface area of from about 100 to about
1000 m/g. In yet another aspect, the solid oxide has a surface arca of from about 200
to about 800 m’/g. In still another aspect of the present invention, the solid oxide has a
surface area of from about 250 to about 600 m”/g.

The chemically-treated solid oxide can comprise a solid inorganic oxide

comprising oxygen and one or more clements selected from Group 2, 3,4, 5,6, 7,8, 9,
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10, 11, 12, 13, 14, or 15 of the periodic table, or comprising oxygen and one or more
clements selected from the lanthanide or actinide elements (See: Hawley's Condensed
Chemical Dictionary, 11" Bd., john W iley & Sons, 1995; Cotton, F.A., Willinson, G,
Murillo, . A, and Bochmann, M., Advanced Inorganic Chemisiry, 6" Ed., Wiley-
Interscience, 1999). For example, the inorganic oxide can comprise oxygen aund an
clement, or clements, selected from AL B, Be, By, Cd, Co, Cr, Cy, Fe, (Ga, La, Mn, Mo,
Ni, Sb, Si, Sn, Sr, Th, Ti, V, W, P, Y, Zn, and Zr.

Suitable examples of solid oxide materials or compounds that can be used to
form the chemically-treated solid oxide include, but are not imited to, ALG;, B:Os,
BGO, BiQO}, CdO, CO304, CI‘QOL CHOV, FQQ(.)}, 63,203, Lagﬁgﬁ B{nz()g, 1\/100% NiOﬁ
Py, SbaOs, 810, Sn0y, SrO, ThO,, Tid,, Vo0s, WOs, Y205, 200, Zr0,, and the like,
including mixed oxides thereof, and combinations thereof. For example, the solid
oxide can comprise silica, alumina, silica-alumina, silica-coated ahumina, alwninum
phosphate, aluminophosphate, heteropolytungstate, titania, zirconia, magnesia, boria,
zine oxide, mixed oxides thereof, or any combination thereof.

The solid oxide of this invention encompasses oxide materials such as ahimina,
“mixed oxide” compounds thereof such as silica-aluming, and corsbinations and
mixtures thereof. The mixed oxide compounds such as silica-alumina can be single or
multiple chemical phases with more than one metal combined with oxygen to form a
solid oxide compound. Examples of mixed oxides that can be used o the activator-
support of the present invention inchude, but are not limited to, silica-alumina, silica-
titania, silica-zirconia, zeolites, various ¢lay minerals, alumina-titania, alumina-
zircomia, zinc-aluminate, alumina-boria, silica-bona, aluminophosphate-silica, titania-
zivconia, and the like. The solid oxide of this mvention also encompasses oxide
materials such as silica-coated alumina, as described in ULS. Patent Publication No.
2010-0076167, the disclosare of which 13 incorporated herein by reference n its
entirety.

The clectron-withdrawing component used to treat the solid oxide can be any
component that increases the Lewis or Bronsted acidity of the solid oxide upon
treatment {as compared to the solid oxide that is not treated with at least one electron-
withdrawing anion). According to one aspect of the present invention, the electron-

withdrawing component is an clectron-withdrawing anion derived from a salt, an acid,
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or other compound, such as a volatile organic compound, that serves as a source or
precursor for that anion. Exarples of electron-withdrawing anions inchude, but are not
fimited to, sulfate, bisulfate, fluoride, chloride, bromide, iodide, fluorosulfate,
fluoroborate, phosphate, fluorophosphate, trifluoroacetate, triflate, fluorozirconate,
fluorotitanate, phospho-tungstate, and the like, including mixtures and combinations
thercof. Tn addition, other ionic or non-ionic compounds that serve as sources for these
clectron-withdrawing anions also can be cmployed in the present imvention. I is
contemplated that the clectron-withdrawing anion can be, or can comprise, fluoride,
chioride, bromide, phosphate, triflate, bisulfate, or sulfate, and the hke, or any
combination thereof, in some aspects of this invention. In other aspects, the electron-
withdrawing anion can comprise sulfaie, bisulfate, fluoride, chloride, bromide, iodide,
fluoorosulfate, fhioroborate, phosphate, {fluorophosphate, triflucroacetate, triflate,
fluorozirconate, fluorctitanate, and the like, or any combination thereof.

Thus, for example, the activator-support {¢.g., chemically-treated solid oxide)
used in the catalyst compositions of the present invention ¢an be, or can comprise,
fluorided atumina, chiorided alumina, bromided alomina, sulfated alumina, fluorided
silica-alumina, chlorided silica-alumina, bromided silica-alumina, sulfated silica-
alumina, fluorided sifica-zirconia, chlorided silica-zirconia, bromided silica-zirconia,
suifated silica-zirconia, fluonided silica-titania, fluorided silica-coated alumina, sulfated
silica~coated alumina, phosphated silica-coated alumina, and the like, or combinations
thercof.  In one aspect, the activator-support can be, or can comprise, fluorided
afuming, sulfated alumina, fluorided silica-alumina, sulfated silica-alumina, fluorided
silica-coated alumina, sulfated silica-coated alumina, phosphated silica-coated alurmina,
and the like, or any combination thereof, o another aspect, the activator-support
comprises fluorided alumina; alternatively, comprises chlorided alumina; alterpatively,
comptises solfated alomina;  alternatively, comprises  fluorided  silica-alumina;
alternatively, comprises sulfated silica-alumina; alternatively, coroprises fluorided
silica-zirconia; alternatively, comprises chlorided silica-zirconia; or alternatively,
comprises fluorided silica-coated alumina.

When the electron-withdrawing component comprises a salt of an clectron-
withdrawing anion, the counterion or cation of that salt can be selected from any cation

that allows the salt to revert or decompose back to the acid during calcining. Factors
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that dictate the suitability of the particular salt to serve as a source for the electron-
withdrawing anion include, but are not himited to, the solubility of the salt in the
desired solvent, the lack of adverse reactivity of the cation, ion-pairing effects between
the cation and anion, hygroscopic properties imparted to the salt by the cation, and the
like, and thermal stability of the anion. Examples of suitable cations in the salt of the
clectron-withdrawing anion inchide, but are not hmited to, ammonium, trialkyl
ammonium, totraalky! ammoniun, tetraatkyl phosphonium, H', [H(OEG),1, and the
like.

Further, combinations of one or more different electron-withdrawing anions, in
varying proportions, can be used to tailor the specific acidity of the activator-support to
the desired level. Combinations of electron-withdrawing components can be contacted
with the oxide material simaltancously or individually, and in any order that affords the
desired chemically-treated solid oxide acidity.  For examgple, oue aspect of this
mvention is crmploying two or more electron-withdrawing anion source compounds in
two oF more separate contacting sieps.

Thas, one example of such a process by which a chemically-treated solid oxide
is prepared is as follows: a selected solid oxide, or combination of solid oxides, is
contacted with a first electron-withdrawing anion source compound to form a first
mixture; this first mixture s calcined and then contacted with a second electron-
withdrawing anion source compound to form a second mixture; the second mixture is
then calcined to form a treated solid oxide. In such a process, the first and second
electron-withdrawing anion source compounds can be either the same or different
compounds,

According to another aspect of the present jovention, the chemically-treated
solid oxide comprises a solid inorganic oxide material, a mixed oxide material, or a
combination of morganic oxide materials, that is chemically-treated with an electron-
withdrawing compouent, and optionally treated with a metal source, jnchuding metal
salts, metal ions, or other metal-containing compounds. Non-limiting examples of the
metal or metal ion inchide zine, mickel, vanadium, titanium, silver, copper, gallivm, tin,
tungsten, molybdemum, zivconitum, and the like, or combinations theveof. Examples of
chemically-treated solid oxides that contain a metal or metal ion include, but are not

fimited to, chlorided zinc-impregnated alumina, fluorided titanium-imprognated
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alumina, fluorided zinc-impregnated alumina, chlorided zinc-impregnated silica-

alumina, fluorided zinc-impregnated silica-atumina, sulfated zinc-impregnated ahimina,

chlorided zinc alumuinate, fluorided zinc aluminate, sulfated zinc alumunate, silica-

coated aluming treated with hexafluorotitanic acid, silica-coated alumina treated with
S zinc and then fluonded, and the tike, or any combination thereof,

Any method of impreguating the solid oxide material with a metal can be used.
The method by which the oxide s contacted with a metal source, typically a salt or
metal-containing compound, can include, but s not limited to, gelling, co-gelling,
impregnation of one compound onto another, and the Iike. T desired, the metal-

10 countaining compound 15 added to or impregnated 1uto the solid oxide in solution form,
and subsequently converted into the supported metal upon calcining. Accordingly, the
solid inorganic oxide can further comprise & metal selected from zing, titanium, mckel,
vanadium, silver, copper, galliom, tin, tungsicn, molybdenum, and the like, or
combinations of these metals. For example, zinc is often used to impregnate the solid

15  oxide because it can provide improved catalyst activity at a low cost.

The sohid oxide can be treated with metal salts or metal-containing compounds
before, after, or at the same time that the solid oxide is treated with the electron-
withdrawing anion. Following any contacting method, the contacted mixture of solid
compound, electrop-withdrawing anion, and the metal ion s typically calcined.

20 Alternatively, a solid oxide material, an electron-withdrawing anion source, and the
metal salt or metal-containing compound are contacted and calcined simultancously.

YVarious processes are used to form the chemicaliy-treated solid oxide useful in
the present invention. The chemically-treated solid oxide can comprise the contact
product of one or more solid oxides with one or more clectron-withdrawing anion

25 sources. It is not required that the solid oxide be calcined prior to contacting the
clectron-withdrawing anion source. The contact product typically is calcined either
during or after the solid oxide is contacted with the electron-withdrawing anion source.
The solid oxide can be calcined or uncalcined. Various processes to prepare solid
oxide activator-supports that can be employed in this imvention have been reported.

30 For example, such methods are described in US, Patent Nos. 6,107,230, 6,165,929,
6,294,494, 6,300271, 6,316,553, 6,355,594, 6,376,415, 6,383,017, 6,391,816,
6,395,666, 6,524 987, 06,548,441, 6,548,442, 6,576,583, 6,613,712, 6,632,894,
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6,667,274, and 6,750,302, the disclosures of which are incorporated herein by reference
in their entirety.
According to one aspect of the present invention, the solid oxide material is
chemicaliy-treated by contacting it with an clectron-withdrawing component, typically
S an electron-withdrawing anion source. Further, the solid oxide material optionally i
chemically treated with a metal ion, and then caleined to form a metal-containing or
metal-imprognated chemically-treated solid oxide. According to another aspect of the
present invention, the solid oxide material and electron-withdrawing anion source are
contacted and calcined simultancously.

10 The method by which the oxide 15 contacted with the electron-withdrawing
component, typically a salt or an acid of an clectron-withdrawing anion, can include,
but is not hmited to, gelling, co-gelling, impregnation of one compound onto another,
and the bike. Thus, following any contacting method, the contacted mixture of the solid
oxide, clectron-withdrawing anion, and optional metal ion, is calcined.

15 The solid oxide activator-support (i.e., chemically-treated solid oxide) thus can
be produced by a process comprising:

) contacting a solid oxide (or solid oxides) with an electron-withdrawing

anion source compound (or compounds} to form a first mixture; and

2} calcining the first mixture to form the sohid oxide activator-support.
20 According to another aspect of the present invention, the solid oxide activator-

support {chemically-treated solid oxide) is produced by a process comprising:
iy contacting a solid oxide {or solid oxides) with a first clectron-

N

withdrawing anion source compound o form a first mixture;

2) calcining the first mixture to produce a caleined tirst mixture;
25 3 contacting the calcined first nuxture with a second electron-withdrawing

anion source compound to form a second mixture; and
43 calcining the second mixture to form the solid oxide activator-support.
According to yet another aspect of the present invention, the chemically-treated
solid oxide is produced or formed by contacting the solid oxide with the electron-
30 withdrawing anion source compound, where the sohid oxide compound 1s calcined

hefore, during, or after contacting the electron-withdrawing anion source, and where
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there is 3 substantial absence of aluminoxanes, organcboron or organoborate
compounds, and ionizing ionic compounds.

Calcining of the treated solid oxide generally is conducted in an ambient
atmosphere, typically in a dry ambient atmosphere, at a temperature from about 200 °C
to about 800 °C, and for a time of about | minute to about 100 hours. Calcining can be
conducted at a temperature of from about 300 °C to about 800 °C, or altemnatively, at a
temperature of from about 400 °C to about 700 °C. Calcining can be conducted for
about 30 nunutes to about 50 hours, or for about 1 hour to about 15 hours. Thus, for
example, calcining can be carried out for about 1 to about 10 hours at a temperature of
from about 350 °C to about 550 °C. Any suitable ambient atmosphere can be emploved
during calcining. Generally, calcining is condacted in an oxidizing atmosphere, such
as air.  Alternatively, an inert atmosphere, such as nifrogen or argon, or a reducing
atmosphere, such as hydrogen or carbon monoxide, can be used.

According to one aspect of the present invention, the solid oxide material is
treated with a source of halide jon, sulfate ion, or a combination of anions, optionally
treated with a metal ion, and then calcined to provide the chenucally-treated solid oxide
in the form of a particulate solid. For example, the solid oxide material can be treated
with a source of sulfate (termed a “sulfating agent™), a source of chloride ion (termed a
“chloriding agent™), a sowrce of fluoride ion (termed a “fluoriding agent™), or a
combination thercof, and calcined to provide the solid oxide activator. Useful acidic
activator-supports inchude, but are not fimited to, bromided alumina, chlorided alumina,
fluorided alumina, solfated aluming, bromuded silica-alumina, chlorided silica-aluming,
fluorided sihea-alumina, sulfated sibica-alumina, bromided silica-zurconta, chlorided
silica-zirconia, fluorided silica-zirconia, sulfated silica-zirconia, flucrided silica-titania,
aluming treated with hexafluorotitanic acid, silica-coated alwmna treated with
hexafluorotitanic acid, silica-alumina treated with hexafluorozirconic acid, silica-
alumina treated with trifluoroacetic acid, fluorided boria-alumina, silica treated with
tetraflucroboric acid, alumina treated with tetrafluoroboric acid, alumina treated with
hexafloorophosphoric acid, a pillared clay, such as a pillared montmorillonite,
optionally treated with fluoride, chloride, or sulfate; phosphated alumina or other

aluminophosphates optionally treated with sulfate, fluoride, or chloride; or any
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combination of the above. Further, any of these activator-supports optionally can be
treated with a metal ion.

The chemically-treated solid oxide can comprise a thuorided solid oxide in the
form of a particulate solid. The fluorided solid oxide can be formed by contacting a
solid oxide with a flaoriding agent. The fluoride ion can be added to the oxide by
forming a shurry of the oxide in 2 suitable solvent such as alcohol or water including,
but not limited to, the one to three carbon alcohols because of their volatility and low
surface tension. Examples of suitable fluoriding agents include, but are not limited to,
hydrofinoric acid (HF), ammoniom fluoride (NH4F), ammonium bifluoride (NHHF,),
ammonium tetrafluoroborate (NH4BE,), aromoniom silicofluoride (hexafluorosilicate)
{({NHy»5IiFg), ammonium hexafluorophosphate  (NH4PFe), hexafluorotitanic  acid
{(HyTiFe), ammonium hexafloorotitanic acid ((NHs)nTiFs), hexaflaorozircome acid
{(H,ZxF ), AlF;, NH4AIF,, analogs thereof, and combinations thereof. Triflic acid and
amunonium triflate also can be employed.  For cxample, ammonium bifluoride
(NH4HF;) can be used as the fluoriding agent, due to its ease of use and availability.

If desired, the solid oxide is treated with a fluoriding agent during the calcining
step. Any fluoriding agent capable of thoroughly contacting the solid oxide during the
calcining step can be used. For example, in addition to those fluoriding agents
described previously, volatile organic floaoriding agents can be used. Examples of
volatile organic tluoriding agents useful in this aspect of the invention include, but are
not  Hmited to, freons, perfluorohexane, perfluorobenzene, fluoromethane,
triffuoroethanol, and the like, and combinations thereof. Calcining temperatures
generally moust be high enough to decompose the compound and release fluoride.
Gaseous hydrogen fluoride (HF) or fluorine (Fy) uself also can be used with the solid
oxide if fluorided while caleining.  Silicon tetrafluoride (SiFy) and compounds
containing tetrafluyoroborate (BF4) also can be emploved. One convenient method of
contacting the solid oxide with the fluoriding agent 18 to vaporize a fluoriding agent
into a gas stream used to fluidize the solid oxide during calcination.

Similarly, in another aspect of this invention, the chemically-treated solid oxide
comprises a chlorided solid oxide n the form of a particulate solid. The chlorided solid
oxide is formed by contacting a solid oxide with a chloriding agent. The chloride on

can be added to the oxide by forming a shurry of the oxide in a suitable solvent. The
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solid oxide can be treated with a chloriding agent during the calcining step. Any
chloriding agent capable of serving as a sowrce of chloride and thoroughly contacting
the oxide during the calcining step can be used, such as SiCly, SiMe,Cly, TiCly, BCl;,
and the like, inclading mixtures thereof. Volatile organic chloriding agents can be
used.  Examples of suitable volatile organic chlonding agents include, but are not
himited to, certain  freons, perchlorobenzene, chioromethane, dichloromethane,
chioroform, carbon tetrachioride, trichlorocthanol, and the like, or any combination
thereof. (Gaseous hydrogen chloride or chiorine itself also can be used with the solid
oxide during calcining. One convenient method of contacting the oxide with the
chloriding agent 18 to vaporize a chloriding agent into a gas stream used to fluidize the
solid oxide during calcination.

The amount of fluoride or chloride 1on present before calciming the solid oxide
generally is from about 1 1o about 50% by weight, where the weight percent 1s based on
the weight of the solid oxide, for example, silica-alumina, betore caleining. According
to another aspect of this invention, the amount of fluoride or chioride ion present before
calcining the solid oxide s from asbout 1 to about 25% by weight, and according to
another aspect of this invention, from about 2 to about 20% by weight. According to
vet another aspect of this invention, the amount of fluoride or chloride ion present
before calcining the sohid oxide is from about 4 to about 10% by weight. Once
mmprognated with balide, the halided oxide can be dried by any suitable method
including, but not limited to, suction filtration followed by evaporation, drying under
vacoum, spray drying, and the like, although it is also possible to initiate the calcining
step immediately without drying the impregnated solid oxide.

The silica-alumina used to prepare the treated silica-alumiva typically has a
pore volume greater than about (.5 co/g. According to one aspect of the present
mvention, the pore vohume is greater than about 0.8 cc/g, and according to another
aspect of the present invention, greater than about 1.0 cc/g. Further, the silica-alumina
generally has a surface arca greater than about 100 m'/g. According to another aspect
of this invention, the surface arca is greater than about 250 m/g. Yet, in another
aspect, the surface area is greater than about 350 m%/g.

The silica-alumina utilized in the present invention typically bas an alumina

content from about 5 to about 95% by weight.  According to one aspect of this
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invention, the alumina content of the silica-alumina is from about 5 to about 50%, or
from about §% to about 30%, alumina by weight. In another aspect, high alumina
content silica-alumina compounds can employed, in which the alumina content of these
silica-alumina compounds typically ranges from about 60% to about 90%, or from
about 63% to about 80%, alumina by weight. According to vet another aspect of this
mvention, the solid oxide component comprises alumina without silica, and according
to another aspect of this invention, the solid oxide component comprises silica without
alumina.

The sulfated solid oxide comprises sulfate and a solid oxide compouent, such as
alumina or silica-alumina, o the form of a particulate solid. Optionally, the sulfated
oxide is treated further with a metal 1on such that the caicined sulfated oxide comprises
a metal.  According to one aspect of the present invention, the sulfated solid oxide
comprises sulfate and alumina. To some instances, the sulfated alumiva is formed by a
process wherein the alumina is freated with a sulfate source, for example, sulfuric acid
or a sulfate salt such as ammonium salfate. This process is generally performed by
forming a shary of the alumina in a suitable solvent, such as alcohol or water, in which
the desired concentration of the sulfating agent has been added.  Suutable organic
solvents include, but are not limited to, the one o three carbon alcohols because of
their volatility and low sarface tension,

According to one aspect of this jnvention, the amount of sulfate ion present
before calcining is from about 0.5 to about 100 parts by weight sulfate ion to about 100
parts by weight solid oxide. According to another aspect of this invention, the amount
of sulfate ion present before calcining is from about 1 to about 50 parts by weight
sulfate ion to about 100 parts by weight solid oxide, and according to still another
aspect of this invention, from about 5 to about 30 parts by weight sulfate ion to about
100 parts by weight solid oxide. These weight ratios are based on the weight of the
solid oxide before calcining. Once impregnated with sulfate, the sulfated oxide can be
dried by any suitable method including, but not limited to, suction filtration followed
by evaporation, drying under vacuum, spray drying, and the like, although it is also
possible to jnitiate the calcining step immediately.

According to another aspect of the present invention, the activator-support used

in preparing the catalyst compositions of this invention comprises an ion-cxchangeable
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activator-support, including but not Hmited to silicate and aluminosilicate compounds
or minerals, either with layered or non-layered structures, and combinations thereof. In
another aspect of this invention, ion-exchangeable, layered aluminosificates such as
pillared clays are used as activator-supports.  When the acidic activator-support

S  comprises an ion-exchangeable activator-sapport, it can optionally be treated with at
least one clectron-withdrawing anion such as those disclosed herein, though typically
the ion-exchangeable activator-support is not treated with an clectron-withdrawing
anion.

According to another aspect of the present invention, the activator-support of

10 this invention comprises clay minerals having exchangeable cations and layers capable
of expanding. Typical clay mineral activator-supports include, but are not limited to,
ion-exchangeable, layered alominosilicates such as pillared clays. Although the term
“support” is used, it is not rucant 1o be construed as an inert component of the catalyst
composition, but rather is to be considered an active part of the catalyst composition,

15 because of its intimate association with the metallocene components.

According to apother aspect of the present invention, the clay matenals of this
imvention encornpass materials either in their natural state or that have been treated with
various ions by wetting, ion exchange, or pillaring.  Typically, the clay material
activator-support of this invention comprises clays that have been ion exchanged with

20 large cations, including polynuciear, highly charged moetal complex cations, However,
the clay muaterial activator-supports of this invention also encompass clays that have
been ion exchanged with simple salts, including, but not Hmited to, salts of A1),
Fe(Il), Fe(It), and Zn(IT) with higands such as halide, acetate, sulfate, nitrate, or nitrite.

According to another aspect of the present invention, the activator-support

25 comprises a pillared clay. The term “pillared clay” is used to refer to clay materials
that have been jon exchanged with large, typically polynuclear, highly charged metal
complex cations, Examples of such ions include, but are not limited to, Keggin ions
which can have charges such as 7+, various polyoxometalates, and other large ions.
Thus, the term pillaring refers o a simple exchange reaction in which the exchangeable

30 cations of a clay matenial are replaced with large, highly charged ions, such as Keggin
ions. These polymeric cations are then imynobilized within the interlayers of the clay

and when calcined are converted to metal oxide “pillars,” effectively supporting the
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clay layers as column-like structures. Thus, once the clay is dried and calcined to
produce the supporting pillars between clay lavers, the expanded lattice structure is
maintained and the porosity is enhanced. The resulting pores can vary in shape and
size as a function of the pillaring material and the parent clay material used. Examples
of pillaring and piltared clays are found in: T.J. Pinnavaia, Science 220 (4595), 365-371
{1983); J.M. Thomas, Intercalation Chemistry, (8. Whittington and A. Jacobson, eds.)
Ch. 3, pp. 55-99, Academic Press, Inc., (1972); U.S. Patent No. 4,452,910; UK. Patent
No. 5,376,611, and U.S. Patent No. 4,060480; the disclosures of which are
imcorporated herein by reference in their entirety.

The pillaring process utilizes clay minerals having exchangeable cations and
fayers capable of expanding. Any pillared clay that can enhance the polymerization of
olefins 1o the catalyst composition of the present invention can be used. Therefore,
suitable clay minerals for pillaring include, but are not limited to, allophanes; smectites,
both dioctahedral (Al} and tri-octshedral (Mg) and derivatives thereof such as
montmoriiionites  (bentonites), nontronites, hecloriles, or laponites; halloysites;
vermiculites; micas; fluoromicas; chlorites; mixed-layer clays; the fibrous clays
inchiding but not lumited to sepiolites, attapulgites, and palvgorskites; a serpentine clay;
illite; laponite; saponite; and any combination thereof. In one aspect, the pillared clay
activator-support comprises bentonite or mountmorillontte. The principal component of
bentonite is montmoritiontte,

The pillared clay can be pretreated if desired. For example, a pillared bentonite
i pretreated by drying at about 300 °C under an inert atmosphere, typically dry
nitrogen, for about 3 hours, before being added to the polymerization reactor.
Although an exemplary pretreatment is described herein, it should be understood that
the preheating can be carried out at many other teraperatures and times, including any
combination of temperature and time steps, all of which are encompassed by this
HIVENtion.

The activator-support used to prepare the catalyst compositions of the present
mvention can be combined with other inorganic support materials, including, but not
imnited to, zeolites, inorganic oxides, phosphated inorganic oxides, and the like. In one
aspect, typical support materials that are used inchide, but are not limited to, silica,

silica-alumina, shumina, titanis, zirconia, magnesia, boria, thoria, ahuminophosphate,
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aluminum phosphate, silica-titania, coprecipitated silica/titania, mixtures thereof, or
any combination thereof.

According to another aspect of the present invention, one or more of the
metallocene compounds can be precontacted with an olefin monomer and an

S organcaluminam compound for a first peried of time prior o contacting this mixture
with the activator-support.  Once the precontacted rixture of the metallocene
compound(s), olefin monomer, and organcaluminum compound is contacted with the
activator-support, the composition further comprising the activator-support is termed a
“postcontacted” mixtore. The postcontacted mixture can be allowed to remain in

10 further contact for a second period of time prior to being charged into the reactor in
which the polymerization process will be carried out.

According to vet another aspect of the present invention, one or more of the
metallocene compounds can be precontacted with an olefin monomer and an activator-
support for a first period of time prior to comtacting this mixture with the

15  organcalumimim compound. Once the precontacted mixture of the metaliocene
compound(s}, olefin monomer, and activator-support s contacted with the
organoaluminum coropound, the composition further comprising the organcaluminum

(13

is termed a “postcontacted” mixture. The postcontacted mixture can be allowed to
remain in further contact for a second period of fime prior to being introduced into the
20 polymerization reactor.
ORGANOCALUMINUM COMPOUNDS
In some aspects, catalyst compositions of the present invention can comprise
one or more organoalominam compounds.  Such compounds can inchude, but are not
hinuted to, compounds having the fornula:
25 (ROnAL
where R” is an aliphatic group having from | to 10 carbon atoms. For example, R” can
be methyl, ethyl, propyl, butvl, hexyl, or iscbutyl.
Other organocaluminum compounds which can be used in catalyst compositions
disclosed herein can include, but are not limited to, compounds having the formula;
30 A s,
where X is a hydrocarbyl; X® is an alkoxide or an aryioxide, a halide, or a hydride;

and p is from 1 to 3, inclusive. Hydrocarbyl is used herein to specify a hydrocarbon
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radical group and includes, but s not himited to, arvl, alkyl, cycioalkyl, alkenyl,
cyeloalkenyl, cycloalkadienyl, altkynyl, aralkyl, aralkenyl, aralkynyl, and the hike, and
includes all substituted, unsubstituted, branched, lincar, and/or heteroatom substituted
derivatives thereof.

Tn one aspect, X is a hydrocarbyl having from 1 to about 18 carbon atoms. In
another aspect of the prosent fnvention, X* is an alkyl having from 1 1o 10 carbon
atoms. For example, X can be methyl, ethyl, propyl, n-butyl, sec-butyl, isobutyl, or
hexyl, and the like, in yet another aspect of the present invention,

According to one aspect of the present imvention, X 15 an afkoxide or an
aryioxide, any onc of which has from 1 to 18 carbon atoms, a halide, or a hydride. In
another aspect of the present invention, X© is selected independently from fluorine and
chlorine. Yet, in another aspect, X is chiorine.

In the formuls, AE(XA)p(XB)g,m p 18 a number from 1 to 3, inclusive, and
typically, p is 3. The value of p is not restricted to be an integer; thercfore, this formmula
inchudes sesquihalide compounds or other organcahumimim cluster compounds.

Examples of organoaluminum compounds suitable for use in accordance with
the present mvention include, but are not luntted to, trialkvialuroinum compounds,
dialicylaluminum  halide  compounds, dialkylalominum  alkoxide compounds,
dialkyialuminam hydride compounds, and combinations thereot. Specific non-limiting
examples of suttable organcaluminum compounds nclude trimethylaluminum (TMA),
tricthylaluminum (TEA), tri-n-propylaluminum (TNPA), tri-n-butylaluminum (TNBA),
triisobutylaluminum {(TIBA), tri-n-hexylaluminum, tri-n-octylaluminum,
ditsobutylaluminurm hydnde, diethylaluominum ethoxide, diethylalaminem chloride,
and the like, or combivations thereof,

The present invention conternplates a method of precontacting a metallocene
compound(s) with an organocalominum compound and an olefin monomer to form a
precontacted mixture, prior to contacting this precontacted wuxture with an activator-
support to form a catalyst composition. When the catalyst composition is prepared in
this manner, typically, though not necessarily, a portion of the organoaluminum
compound 15 added to the precontacted mixture and another portion of the
organoaluminum corapound is added to the posteontacted mixture prepared when the

precontacted mixture is contacted with the solid oxide activator-support. However, the
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entire organoaluminum compound can be used to prepare the catalyst composition in
cither the precontacting or postcontacting step.  Alternatively, all the catalyst
components are contacted in a single step.

Further, more than one organoaluminum compound can be used in either the

§  precoutacting or the postcontacting step. When an organcaluminum compound is
added in multiple steps, the amounts of organoalurairurn compound disclosed herein
inclhude the total amount of organcaluminum compound used in both the precontacted
and postcontacted mixtures, and any additional organoaluminum compound added to
the polymerization reactor. Therefore, total amounts of organoalominum compounds

10 are disclosed regardless of whether a single organoaluminum compound or more than
one organocaluminum compound is used.
ALUMINOXANE COMPOUNDS
The present invention further provides a catalyst composition which can
comprisc an aluminoxane conmpound. As used herein, the term “aluminoxane” refers to
15  aluminoxane compounds, compositions, mixtures, or discrete species, regardless of
how such aluminoxanes are prepared, formed or otherwise provided. For example, a
catalyst composition comprising an aluminoxane corapound can be prepared in which
aluminoxane is provided as the poly(hvdrocarbyl shuminum oxide), or in which
aluminoxane is provided as the combination of an aluminum alky!l compound and a

20 source of active protons such as water.  Alurninoxanes are also referred to as
poly{hydrocarbyl aluminum oxides) or organocaluminoxanes.

The other catalyst components typically are contacted with the aluminoxane in a
saturated hydrocarbon compound solvent, though any solvent that is substantially nert
to the reactants, intermoediates, and products of the activation step can be used. The

25 catalyst composition formed in this manner is collected by any suitable method, for
example, by filtration. Alternatively, the catalyst composition is introduced into the
polymerization reactor without being solated.

The aluminoxane compound of this invention can be an oligomeric aluminum
compound comprising linear structures, cyclic structures, or cage structures, or

30 yoixtures of all three, Cyclic aluminoxane compounds having the formmila:
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wherein R in this formula is 2 linear or branched alkyl having from 1 to 10 carbon
atoms, and p in this formula is an integer from 3 to 20, are encompassed by this
mvention. The AIRO motety shown here also constitutes the repeating unit in a lincar

aluminoxane. Thus, inear aluminoxanes having the formula:

/R
R‘('K?E Qf};ﬁ!\g\
R R.
wherein R in this formula 5 2 lincar or branched alkyl having frora 1 to 10 carbon
atoms, and g in this formula is an integer from 1 to 50, are also encompassed by this
mvention.

Further, aluminoxanes can have cage structures of the formula Rf’s,.wa,._.
«Aly,03,, wherein R is a terminal linear or branched alkyl group having from 1 to 10
carbon atoms; R" is a bridging fingar or branched alkyl group having from 1 to 10
carbon atorns; » 18 3 or 4; and o 15 equal 0 nayy - noe) T How, wherein na 1S the
nurnber of three coordinate aluminum atoms, fow 18 the numsber of two coordinate
oxygen atoms, and #g4 18 the number of 4 coordinate oxygen atoms.

Thus, aluminoxanes which can be emploved in the catalyst compositions of the
present invention are represemied generally by formwlas such as (R-ALO),, R(R-Al-
0),AlR,, and the like. In these formulas, the R group is typically a linear or branched
Ci-Cs alkyl, such as methyl, ethyl, propyl, butyl, pentyl, or hexyl. Examples of
aluminoxane compounds that can be used in accordance with the present invention
include, but are not Hmited 1o, methylaluminoxane, cthylaluminoxane, n-
propylaluminoxane, iso-propylaluminoxane, n-butylaluminoxane, t-butylaluminoxane,
sec-butylaluminoxane, iso-butylaluminoxane, I-pentylaluminoxane, 2-
pentvlaluminoxane, 3-pentylahiminoxane, isopentylaluminoxane,
neopentylaluminoxane, and the like, or any combination thereof. Methylaluminoxane,
cthylalaminoxane, and iso-butylaluminoxane are prepared from trimethylalominum,
triethylalominum, or trisobutylahuminom, respectively, and sometimes are referred to

as poly(methyl aluminum oxide), poly(ethyl aslumunum oxide), and poly(isobutyl
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aluminum oxide), respectively. It is also within the scope of the invention to use an
aluminoxane in combination with a trialkylaluminum, soch as that disclosed w U.S.
Patent No. 4,794,096, incorporated herein by reference in its cntirety.
The present invention contemplates many values of p and g in the aluminoxane
S formulas (R-Al-O) and R{R-AL-O)AIR,, respectively. In some aspects, p and g are at
teast 3. However, depending upon how the organcaluminoxane is prepared, stored, and
used, the value of p and g can vary within a single sample of aluminoxane, and such
combinations of organocaluminoxanes are conternplated herein.

Tu preparing a catalyst composifion containing an aluminoxane, the rolar ratio

10 of the total moles of aluminum in the alurinoxane (or aluminoxanes) to the total moles
of metallocene compounds in the composition is generally between about 1:10 and
about 100,000:1. In another aspect, the molar ratio is in a range from about 5:1 o
about 15,000:1. Optionally, aluminoxane can be added to a polymerization zone in
ranges from about 0.01 mg/L to about 1000 mg/L, from sbout 0.1 mg/L to about 100

15 mg/L, or from about T mg/L to about 50 mg/L.

Organoaluminoxanes can be prepared by various procedures. Examples of
organoaluminoxane preparations are disclosed 1o U8, Patent Nos. 3,242,099 and
4,808,561, the disclosures of which are incorporated hergin by reference in their
entirety. For example, water in an inert organic solvent can be reacted with an

20 aluminum alkyl compound, such as (R¥pAL to form the desired organoaluminoxane
compound. While not intending to be bound by this statement, it is believed that this
synthetic method can afford a mixture of both linear and cyclic R-Al-( alaminoxane
species, both of which are encompassed by this invention.  Alternatively,
organoaluminoxanes are prepared by reacting an aluroinurn alkyl compound, such as

25 (RYpAL with a hydrated salt, such as hydrated copper sulfate, in an inert organic
solvent,

ORGANOBORON/ORGANOBORATE COMPOUNDS

According to another aspect of the present invention, the catalyst composition
can comprise an organchoron or organoborate compound. Such compounds include

30 neutral boron compounds, borate salts, and the bike, or combinations thereof. For
example, fluorcorgano boron compounds and fluorcorgano borate compouvnds are

conteraplated.
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Any fluoroorgano boron or fluoroorgano borate compound can be utilized with
the present invention. Examples of fluoroorgane borate compounnds that can be ased in
the present invention include, but are not limited to, fluorinated aryl borates such as
N, N-dimethylanilinium tetrakis(pentaftuorophenylborate, triphenylcarbeniom
tetrakis(pentatluorophenylborate, lithium  tetrakis(pentattaorophenylborate, N, N-
dimethylanilidom  tetrakas{3,5-bis(trifluoromethyDphenyliborate, triphenvicarbentum
tetrakis{3,S-bis(irifluoromethyphenyiiborate, and the like, or nuxtures thercot
Examples of fluorcorgano boron compounds that can be vsed as co-catalysts in the

)

present invention include, but are not Himited to, tris(pentaflucrophenyiboron, tris{3,5-
his(trifluoromethyhphenyiiboron, and the like, or muxtures thereof.  Although vot
intending to be bound by the following theory, these examples of fluoroorgano borate
and fhioroorgano boron compounds, and related compounds, are thought to form
“weakly-coordinating” anions when combined with organometal or metallocene
compounds, as disclosed i US. Patent 5,919,983, the disclosure of which is
mcorporated herein by reference in its entirety. Applicants also contemplate the use of
diboron, or bis-boron, compounds or other bifunctional compounds containing two or
more boron atoms in the chemcal structure, such as disclosed in J. Am. Chem. Soc.,
2005, 127, pp. 14756-14768, the content of which is incorporated herein by reference
in its entirety.

Generally, any amouunt of organoboron compound can be used.  According 1o
one aspect of this invention, the molar ratio of the total moles of organoboron or
organcborate compound {or compounds) to the total moles of metallocens compounds
in the catalyst composition s in a range from about 0.1:1 to about 15:1. Typically, the
amnount of the fluoroorgano boron or fluorcorganoe borate compound used s from about
(0.5 moles to about 10 moles of borow/borate compound per mole of metallocene
compounds. According to another aspect of this invention, the amount of fluoroorgano
boron or fluorcorgano borate compound is from about 0.2 mwoles 0 about § moles of
boron/borate compound per mole of metallocene compounds.

IONIZING IONIC COMPOUNDS

The present invention further provides a catalyst composition which can

cOmprise an ionizing iouwic compound.  An ijonizing tonic compound 18 an ionic

compound that can function as a co-catalyst to enhance the activity of the catalyst
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composition. While not intending to be bound by theory, it is believed that the ionizing
ionic compound s capable of reacting with a metallocene compound and converting the
metallocene into one or more cationic metallocene compounds, or incipient cationic
metallocene compounds.  Again, while not intending t0 be bound by theory, it is
believed that the ionizing ionic compound can function as an iomizing compound by
completely or partially extracting an anjonic Higand, possibly a non-alkadieny! ligand,
from the metallocene. However, the ionizing ionic compound is an activator or ¢o-
catalyst regardiess of whether it is ionizes the metallocene, abstracts a ligand in a
fashion as to form ap ion pair, weakens the metal-ligand boud in the metallocene,
simply coordinates 1o a ligand, or activates the roctallocene by some other mechanism.

Further, it is not necessary that the ionizing ionic compound activate the
metallocene compounds only. The activation function of the ionizing ionic compound
can be evident in the enhanced activity of catalyst composition as a whole, as coropared
to a catalyst composition that does not contain an ionizing ionic compound.

Examples of ionizing ionic compounds include, but are not limited to, the
following compounds:  tri{n-butyDammonium  tetrakis{p-tolybborate, tri{n-butylh)
armoninm tetrakis(ro-tolyDborate, frin-butyDammoniam tetrakis(2,4-
dimethylphenyhborate,  tri{n-butyhammonium  tetrakis(3,S-dimethylphenyhborate,
tri{n-butyhammonium tetrakis[3,5-bis(tnfluoromethyDphenyliborate, tri{n-
butyhamroniur tetrakis(pentaftuorophenvhborate, N, N-dimethylanthiniurn tetrakis(p-
tolyliborate, N, N-dimethylanilinium tetrakis{m-tolyl)borate, N N-dimethylanilinium
tetrakis(2,4-dimethylphenylborate, N, N-dimethylanilinium  tetrakis(3,5-dimethyl-
phenybhborate, N, N-dimethylanilintom  tetrakis[3,5-bis(tritluoromethyDphenyliborate,
N, N-dimethylanthinium etrakis(pentafluorophenyliborate, wriphenylearberium
tetrakis(p-tolylyborate, triphenylcarbenium tetrakis(m-tolyhborate, triphenylicarbenium
tetrakis(2,4-dimethylphenybborate, triphenylcarbeniom tetrakis(3,5-
dimethylphenylborate, iriphenyicarbenium tetrakis]3,5-bis(iritluoro-
methyDphenyliborate, triphenylcarbenium tetrakis(pentafiuorophenyiiborate, tropylium
tetrakis(p-tolyhborate, tropvlium  tetrakis(m-tolyl}borate, tropylium tetrakis(2,4-
dimethylphenylborate, tropyham  tetrakis(3,5-dimethylphenyhborate,  tropylium
tetrakisi 3, S-bis{trifluoromethylphenylborate, fropylium

tetrakis(pentafluorophenyliborate, lithium tetrakis(pentafluorophenybiborate, lithium
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tetraphenylborate, lithium  tetrakis(p-tolyl}borate, lithium tetrakis(m-tolyl)borate,
hthium tetrakis(2,4-dimethylphenyDborate, lithtom tetrakis(3,5-dimethylphenyliborate,
fithium  tetrafluoroborate, sodiwm  tetrakis(pentafluorophenybiborate,  sodium
tetraphenyliborate, sodmim  tetrakis(p-tolyhiborate, sodium  tetrakis{m-tolyljborate,
sodium tetrakis(2,4-dimethylphenyhborate, sodim tetrakis(3,S-dimethylphenyliborate,
sodium  tetrafluoroborate, potassium  tetrakis(pentafiuorophenyhborate, potassium
tetraphenylborate, potassiurm tetrakis{p-tolyliborate, potassium tetrakis(m-tolyl)borate,
potassium tetrakis(2,4-dimethylphenyliborate, potassium tetrakis(3,5-
dimethylphenyliborate, polassium tetrafluoroborate, Hithium
tetrakis(pentafluorophenylaluminate, Hthivm tetraphenylaluminate, lithiom totrakis(p-
tolyhaluminate, hithium tetrakis{m-tolylaluminaie, hthivm tetrakis(2 4~
dimethylphenyDahuminate, Tithium  tetrakis(3,5-dimethyiphenybhaluminate,  lithiom
tetrafluoroaluminate, sodium etrakis(pentafluorophenybhaluminate, sodium
tetraphenylaluminate, sodium  totrakis(p-tolyljaluminate, sodium  tetrakis(m-
tolyhaluminate, sodium tetrakis(2,4-dimethylphenyllaluminate, sodium tetrakis(3,3-
dimethylphenyljalominate, sodium ictratluoroaluminate, potassivm
tetrakis(pertafluorophenylaluminate, potassium  tetraphenylaluminate,  potassium
tetrakis(p-tolyljahuminate, potassium tetrakis{m-tolylaluminate, potassiom tetrakis(2,4-
dimethylphenyDahiminate,  potassium  tetrakis  (3,5-dimethylphenylaluminate,
potassiurn tetrafluoroaluminate, and the like, or combinations thercof. Ionizing ionic
compounds usetul in this invention are not limited to these; other examples of onizing
ionic compounds are disclosed in U.8. Patent Nos. 5,576,259 and 5,807,938, the
disclosures of which are incorporated herein by reference in their entivety.
OLEFIN MONOMERS

Unsaturated reactants that can be employed with catalyst compositions and
polymerization processes of this invention typically include olefin compounds having
from 2 to 30 carbon atoros per raolecule and baving at least one olefinic double bond.
This invention encompasses homopolymerization processes using g single olefin such
as ethyvlene or propylene, as well as copolymerization, terpolymerization, etc., reactions
asing an olefin monomer with at least one different olefinic compound. For example,
the resultant ethylene copolymers, terpolymers, ete., generally contain a roajor arsount

of ethylene (>50 mole percent) and a minor amount of comonomer (<50 mole percent),
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though this is not a requirement. Comonomers that can be copolymerized with
ethylene often have from 3 to 20 carbon atoms in thewr molecular chamn,

Acvyclic, cyclic, polycyclic, terminal (@), internal, Hinear, branched, substituted,
unsubstituted, functionalized, and non-functionalized olefins can be employed in this
mvention. For example, typical unsaturated compounds that can be polymerized with
the catalyst compositions of this mvention include, but are not limited to, cthviene,
propylene, l-butene, 2-butene, 3-methyl-1-butene, isobutylene, 1-pentene, Z-pentene,
3-methyl-1-pentene, 4-methyl-1-pentene, 1-hexene, 2-hexene, 3-hexene, 3-ethyl-1-
hexene, 1-heptene, 2-heptene, 3-heptene, the four normal octenes {e.g., 1-octene), the
four normal nonenes, the five normal decenes, and the like, or mixtures of two or more
of these compounds. Cyclic and bicyclic olefins, including but not limited to,
cyclopentene, cyclohexene, norbormnylene, norbornadiene, and the like, also can be
polymerized as described above. Styreue can also be eroployed as a monomer in the
present invention, In an aspect, the olefin monomer is a Cy-Cyp olefin; alternatively,
the olefin monomer is ethylene; or alternatively, the olefin monomer is propylene.

When a copolymer (or alternatively, a terpolymer) is desired, the olefin
monomer can comprise, for example, ethylene or propylene, which is copolymerized
with at least one comonomer. According (o one aspect of this invention, the olefin
monomer i the polymerization process cormnprises ethylene. In this aspect, examples
of suttable olefin comonomers 1nclude, but are not limited to, propyiene, I-butene, 2-
butene, 3-methyl-1-butene, isobutylene, I-pentene, 2-pentene, 3-methyl-1-pentene, 4-
methyi-1-pentene, I-hexene, Z-hexene, 3-cthyi-1-hexene, 1-heptene, Z-heptene, 3-
heptene, f-octene, T-decene, styreng, and the like, or combinations thereof. According
1o one aspect of the present invention, the comonomer can comprise 1-butene, 1-
pentene, 1-hexene, 1-octene, 1-decene, styrene, or any combination thereof,

Generally, the amount of comonomer introduced into a reactor zone to produce
the copolymer 18 from about 0.01 to about 50 weight percent of the comonomer based
on the total weight of the monomer and comonomer. According to another aspect of
the present invention, the amount of comonomer introduced into a reactor zone is from
about 0.01 to about 40 weight percent comonomer based on the total weight of the
monomer and comounomer.  In stll another aspect, the amournt of comonorner

mtroduced into a reactor zone i from about 0.1 to about 35 weight percent comonormer
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based on the total weight of the monomer and comonomer. Yet, in another aspect, the
amount of comonomer ntroduced into a reactor zone is from about 0.5 to aboat 20
weight percent comonomer based on the total weight of the monomer and comonomer.,

While not intending to be bound by this theory, where branched, substituted, or
functionalized olefins are used as reactants, it 18 believed that a steric hindrance can
mmpede and/or slow the polymerization process.  Thus, branched and/or cyclic
portion{s) of the olefin removed somewhat from the carbon-carbon double bond would
not be expected to hinder the reaction in the way that the same olefin substituents
situated more proximate to the carbon-carbon double bond mught.  According to one
aspect of the present invention, at least one monomer/reactant is ethylene, so the
polymerizations are either a homopolymerization involving only ethylens, or
copolymerizations with 8 different acychic, cyclic, terminal, internal, Hingar, branched,
substituted, or unsubstituted olefin.  In addition, the catalyst compositions of this
imvention can be used in the polymerization of diclefin compounds including, but not
limited to, 1,3-butadiene, isoprene, 1,4-pentadiene, and 1,5-hexadiene.
CATALYST COMPOSITIONS

{n some aspects, the present invention employs catalyst compositions containing
an ansa-metallocene compound having formula (1), a second metallocene compound,
and an activator (one or more than one). These catalyst compositions can be utilized to
produce polyolefins — homopolymers, copolymers, and the like — for a variety of end-
use applications. The ansa-metaliocene compound having formula (3) and the second
metallocene compound are discussed hereinabove. In aspecis of the present invention,
it 15 contemplated that the catalyst composition can contain more than one ansa-
metaliocene compound having forrmoula (1) and/or wore than one sccond metallocene
compound. Further, additional catalytic compounds — other than those specified as an
ansa-metallocene compound having formula (I) or 8 second metallocene compound —
can be employed in the catalyst compositions and/or the polyrerization processes,
provided that the additional catalytic compound(s) does not detract from the advantages
disclosed herein. Additionally, more than one activator also may be utilized.

Metallocene compounds having formula (1) are discussed above, For instance,
in one aspect, the ansa-metallocene compound having formoula (1) can comprise (or

consist essentially of, or consist of) an ansg-metallocene compound having formula
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(1), formula (IF1), formula (IV), formula (V), formula (VI), formuia (VI or
combinations thereof. Yet, in another aspect, the ansa-metallocene coropound having
formula (1) can comprise {or consist essentially of, or consist of} an ansa-metaliocene
compound having formmila (), formula (B, formula (E}, or combinations thereof.

Second metallocene compounds are discussed above.  For instance, in one
aspect, the second metallocene compound can comprise (or consist essentially of, or
consist of) an unbridged metallocene compound and/or a bridged mcetaliocene
compounnd. Yet, in another aspect, the second metallocene compound can comprise {or
consist casentially of, or consist of) a metallocene compound having formmia (C2),
formula (132), formula (E2), formula (F2), or combinations thereof,

Generally, catalyst compositions of the present invention comprise an ansa-
metallocene compound baving formula (I), a second metallocene compound, and an
activator, In aspects of the invention, the activator can comprise an activator-suppott.
Activator-supports useful in the present invention are disclosed above. Such catalyst
compositions can further comprise one or more than one organcalmminum compound
or compounds (suitable organcaluminum compouunds also are discussed above). Thus,
a catalyst composition of this invention can comprise an ansa-metallocene compound
having formula (I), a second metaliocene compound, an activator-support, and an
organocaluminam compound.  For instance, the activator-support can comprise (or
consist essentially of, or consist of) fluorided aluming, chlonided alumina, bromided
alumina, sulfated alumina, fluorided silica-alumina, chiorided silica-alumina, bromided
silica-alumina, sulfated silica-alumina, fluorided silica-zirconia, chiorided silica-
zircomia, bromided silica-zirconia, sulfated silica-zirconia, fluonided silica-titama,
fluorided silica-coated alurnina, sulfated silica-coated alumina, phosphated silica-
coated alumina, and the like, or combinations thereof Additionally, the
organcaluminam compound can comprise {(or consist essentially of, or consist of)
trimnethylaluminom, tricthylalurotmure,  wri-n-propylalumeinure,  wi-n-butylaluminum,
triisobutylaluminum, tri-n-hexylaluminum, tri-n-octylaluminum, disobutylalumimam
hydride, dicthylaluminum cthoxide, dicthylaluminum chionide, and the ke, or
combinations thereof.

{n another aspect of the present mvention, a catalyst composition is provided

which comprises an anse-metallocene compound having formula (), a second
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metallocene compound, an activator-support, and an organcabuminum compound,
wherein this catalyst composition is substantially free of alaminoxanes, organoboron or
organoborate compounds, ionizing ionic compounds, and/or other similar materials;
alternatively, substantially free of aluminoxanes; alternatively, substantially free or
organoboron or organoborate compounds; or alternatively, substantially free of ionizing
ionic compounds. In these aspects, the catalyst composition has catalyst activity, to be
discussed below, in the absence of these additional materials, For example, g catalyst
composition of the present invention can consist essentially of an amsa-metaliocene
compound having forroula (1), a second roetallocene compound, an activator-support,
and an organoaluminum compound, wherein no other materials are present in the
catalyst composition which would increasc/decrease the activity of the catalyst
composition by more than about 10% from the catalyst activity of the catalyst
composition in the absence of said materials,

However, in other aspects of this invention, these activators/co-catalysts can be
employed.  For example, a catalyst composition comprising an ansg-metaliocens
compound having formula (I), 2 second metallocene compound, and an activator-
support can further comprise an optional co-catalyst.  Suitable co-catalysts in this
aspect include, but are not limited to, aluminoxane compounds, organoboron or
organoborate compounds, jonizing ionic compounds, and the like, or any combination
thereof. More than one co-catalyst can be present in the catalyst composition.

In a different aspect, a catalyst composition is provided which does not require
an activator-support.  Such a catalyst composition can comprise an ansg-metaliocene
compound having formula (§), & second metallocene compound, and an activator,
wherein the activator coroprises an alurninoxane comgpound, an orgasochoron or
srganoborate compound, an ionizing ionic compound, or combinations thereof.

In a particular aspect contemplated hercin, the catalyst composition is a dual
catalyst composition comprising an activator {one or more than one), only one ansa-
metallocene compound having formmla (1), and only onc second metallocene
compound. In these and other aspects, the catalyst composition can comprise an
activator {e.g., an activator-support comprising a solid oxide treated with an electron-
withdrawing anion); only one awmse-metallocene compound having formmla (B,

formula (i11), formula (IV), formula (V), formula (VI), or formula (VII}; and only
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second metallocene compound having formula (C2), formula (D2), formula (E2), or
formula (F2). In yet other aspects, the catalyst composition can comprise an activator
{e.g., an activator-support comprising a solid oxide treated with an electron-
withdrawing anion); only one ausg-metaliocene compound having formula (O),
formula (B), or formula (E); and only second metallocene compounnd having formula
(C2), formula (D2), formula (E2), or forraunla (F2).

While not being limited thercto, Applicants contemplate the following catalyst
compositions: a catalyst composition comprising an activator {e.g., an activator-
support coraprising a solid oxide treated with an electron-withdrawing anion), an ansa-
metallocene compound having formula (11}, and 3 second metallocene compound
comprising an unbridged metallocene compound; alternatively, a catalyst composition
comptrising an activator, an ansa-metallocene compound having formula (1), and a
second  merallocene compound  coraprising a bridged wmetallocene  compound;
alternatively, a catalyst composition comprising an activator, an ansa-metallocene
compounnd having formula (1), and 2 second metallocene compound comprising a
compound having formula (C2); alternatively, a catalyst composition comprising an
activator, an awnsg-moctaliocene compound having formmla (3I), and a second
metallocene compound comprising a compound having formula (F2); alterpatively, a
catalyst composition comprising an activator, an gnsg-metallocene compound having
formula (FHl), and a sccond metallocene compound comprising an  unbridged
metallocene compound; alternatively, a catalyst composition comprising an activator,
an ansa-metallocene compound having formula (1If), and a second metallocene
compound comprising a bridged metallocene compound; alternatively, a catalyst
cOmpOsition coraprising an activator, an ansg-metallocene compound having formula
(Ii1), and a second metallocene compound comprising a compound having formula
(C2), alternatively, a catalyst composition comprising an activator, an ansa-
metallocene compound having fornwla (1Y), and a second metallocene compound
comprising a compound having formula (F2); alternatively, a catalyst composition
comprising an activator, an gnsa-metallocene compound having formuda (1Y), and a
second metallocene compound comprising an unbridged metallocene compound;
alternatively, a catalyst composition comprising an activator, an ansa-metallocene

compound having formula (IV), and a second metallocene compound comprising a
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bridged metallocene compound; alternatively, a catalyst composition comprising an
activator, an amse-metallocene compound having formula (FV), and a second
metallocene compound comprising a compound having formula (C2); alternatively, a
catalyst composition comprising an activator, an ansg-metaliocene compound having
formula (IV), and a second metallocene compound comprising a compound having
formula (F2); alicrnatively, a catalyst composition comprising an activator, an gusa-
metallocene compound having formula (V), and a second metallocene compound
comprising an unbridged metaliocene compound; alternatively, a catalyst composition
comprising an activator, an agusa-roctallocene compound having formula (V), and a
second metallocene compound comprising a  bridged metallocene  compound;
alternatively, a catalyst composition comprising an activator, an gssa-metallocene
compound having formula (V), and a second metallocene compound comprising a
compound having formula (C2); alternatively, a catalyst coraposition comprising an
activator, an amsg-metaliocene compound having formula (V), and a second
metallocene compound comprising & compound having formula (F2); alternatively, a
catalyst coroposition comprising an activator, an gnsa-metaliocene compound having
formula (VI), and a sccond mctaliocene compound comprising an unbridged
metallocene compound; alternatively, a catalyst composition comprising an activator,
an ansa-rmoetallocene compound having formula (VI), and a2 second metallocene
compound comprising a bridged metallocene compound; aliernatively, a catalyst
composition comprising an activator, an ansa-metaliocene compound having formmula
{(V1), and a sccond metallocene compound comprising a compound having formula
(C2); alternatively, a catalyst composition comprising an activator, an ansa-
metallocene compound having formula (VI), and a second metallocene compound
comprising a compound having formula (F2); alternatively, a catalyst composition
comptising an activator, an ansg-metaliocene compound having formula (VIH), and a
second metallocene compound comprising an unbridged roetallocene compound;
alternatively, a catalyst composition comprising an activator, an ansa-metallocene
compound having formula (VH), and a second metallocene compound comprising a
bridged metallocene compound; aliernatively, a catalyst composition coraprising an
activator, an ansq-ractallocene compound having formula (VIHE), and a second

metallocene compound comprising a compound having formula (C2); alterpatively, a
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catalyst composition comprising an activator, an gnsa-metaliocene compound having
formuda (VI), and a second metallocene compound comprising a compound having
formula (F2); and the like.

This invention further encompasses methods of making these catalyst
compositions, such as, for example, contacting the respective catalyst components in
any order or sequence.

The anse-ractaliocene compound having formula (§), the second metallocene
compounnd, or both, can be precontacted with an olefinic monomer if desired, not
necessarily the olefin monomer to be polymerized, and an organcaluminum coropound
for a first period of tine prior to contacting this precontacted mixture with an activator-
support.  The first period of time for contact, the precontact time, botween the
metallocene compound(s), the olefinic monomer, and the organcaluminam compound
typically ranges from a time period of about 1 minute to about 24 hours, for example,
from about 3 minutes to about 1 hour. Precontact times from about 10 minutes to about
30 mimutes are also employed. Alternatively, the precontacting process is carried out in
multiple steps, rather than a single step, in which muoltiple mixtures are prepared, each
comprising a different set of catalyst coraponents. For cxample, at least two catalyst
components are contacted forming a first mixtare, followed by contacting the first

mixture with at least one other catalyst compounent forming a second mixture, and so

forth.
Multiple precontacting steps can be carried out in a single vessel or in multiple
vessels.  Further, multiple precontacting steps can be carried out in series

{sequentially), in parallel, or a combination thereof. For example, a first mixture of two
catalyst components can be formed in a first vessel, a4 second mixture comprising the
first mixture plus one additional catalyst component can be formed in the first vessel or
in a second vessel, which is typically placed downstream of the first vessel.

In another aspect, one or more of the catalyst components can be split and used
in different precontacting treatments. For example, part of a catalyst component is fed
imto a first precontacting vessel for precontacting with at least one other catalyst
componeunt, while the remainder of that same catalyst component is fod into a second
precontacting vessel for precountacting with at least one other catalyst component, ot 15

fed directly into the reactor, or a combination thereof. The precontacting can be carried
4 K &
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out in any suitable equipment, such as tanks, stirred mix tanks, various static mixing
devices, a flask, a vessel of any type, or combinations of these apparatus.

In another aspect of this invention, the various catalyst components (for
example, an ansa-metallocene compound having formula (I), a second metallocene
compound, an activator-support, an organoahiminum co-catalyst, aud optionally an
unsaturated hydrocarbon) are contacted in the polymerization reactor simultaneousky
while the polymerization reaction is proceeding.  Alternatively, any two or more of
these catalyst components can be precontacted in a vessel prior to entering the reaction
zone., This precoutacting step can be continuous, in which the precontacted product is
fed continuously to the reactor, or it can be a stepwise or batchwise process i which a
batch of precontacted product is added to make a catalyst composition. This
precontacting step can be carvied out over a time period that can range from a few
seconds to as youch as several days, or longer. In this aspect, the continuous
precontacting step generally lasts from about | second to about 1 hour. In another
aspect, the contimuous precontacting step lasts from about 10 seconds to about 45
minutes, or from about | minute to about 30 minutes.

Once the precontacted mixture of the amsg-metaliocene compound having
formula (1) and/or the second metallocene, the olefin monomer, and the
organoaluminam co-catalyst 18 contacted with the activator-support, this composition
{with the addition of the activator-support) is termed the “postcontacted mixture.” The
posteontacted mixture optionally remains in contact for a second period of time, the
posicontact time, prior to initiating the polymerization process. Postcontact times
between the precontacted mixture and the activator-support generally range from about
I mimute to about 24 hours. In a further aspect, the postcountact time is in a range from
about 3 minutes to about 1 hour. The precontacting step, the postcontacting step, or
both, can increase the productivity of the polymer as compared to the same catalyst
composition that 6 prepared without precontacting or postcontacting. However, neither
a precontacting step nor g postcontacting step is required.

The postcontacted mixture can be heated at a temperature and for a time period
sufficient to allow adsorption, impregnation, or interaction of precontacted mixture and
the activator-support, such that a portion of the coraponents of the precontacted mixiure

i immobilized, adsorbed, or deposited thercon. Where heating is emploved, the
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postcontacted mixture generally is heated to a temperature of from between about 0 °F
1o about 150 °F, or from about 40 °F t0 about 93 °F,

According to one aspect of this nvention, the weight ratio of the awsa-
metallocene compound having formula (1) to the second metallocene compound in the
catalyst composition generally is in a range from about 100:1 to about 1:100. In
another aspect, the weight ratio is in a range from about 75:1 to about 1175, from about
50:1 to about 1:50, or from about 30:1 10 about 1:30. Yet, in another aspect, the weight
ratio of the ansa-metallocene compound having fornmla (1) to the second metallocene
compound in the catalyst composition is in a range from about 25:1 to about 1:25. For
instance, the weight ratio can be in a range from about 20:1 to about 1:20, from about
15:1 to about 1:135, from about 10:1 to about 1:10, from about 5:1 to about 1:5; from
about 4:1 1o about 1:4, or from about 3:1 to about 1:3.

When a precontacting step is used, the molar ratio of the total moles of olefin
monomer to total moles of metallocene(s) in the precontacted roixture s typically in a
range from about 1:10 to about 100,000:1, Total moles of each component are used in
this ratic to account for aspects of this invention where more than one olefin monomer
and/or more than one metallocene compound is employed in a precontacting step.
Further, this molar ratio can be in a range from about 10:1 to about 1,000:1 n avother
aspect of the invention.

Generally, the weight ratio of organoaluminum compound to activator-support
is i a range from about 10:1 to about 1:1000. I wore than one organoaluminum
compound and/or more than one activator-support is emploved, this ratio is based on
the total weight of each respective component. In another aspect, the weight ratio of
the organcalumingm compound to the activator-support is in a range from about 3:1 1o
about 1:100, or from about 1:1 to about 1:50.

In some aspects of this invention, the weight ratio of metallocene compounds
{total of the anse-metaliocene compound having formula (1) and the second
metallocene compound) to activator-support is in a range from about 1:1 to about
1:1,000,000. If more than one activator-support is emploved, this ratio is based on the
total weight of the activator-support. In another aspect, this weight ratio is in a range

from about 1:5 to about 1:100,000, or from about 1:10 to about 1:10,006. Yet, in
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another aspect, the weight ratio of the metallocene compounds to the activator-support
is in a range from about 1:20 to about 11000

Catalyst compositions of the present invention gencrally have a catalyst activity
greater than about 100 grams of polyethylene (homopolymer, copolymer, ete., as the
context requires) per gram of activator-support per hour (abbreviated g/g/hr). In
another aspect, the catalyst activity is greater than about 150, greater than about 250, or
greater than about 500 g/g/hr. In still another aspect, catalyst compositions of this
imvention can be characterized by having a catalyst activity greater than about 550,
greater than about 650, or greater than about 750 g/g/hr. Yet, in another aspect, the
catalyst activity can be greater than about 1000 ¢/g/he. This activity is measured under
shury polymerization conditions using isobutane as the dihuent, at 3 polymerization
temperature of about 90°C and a reactor pressure of about 390 psig.

In accordance with another aspect of the present jovention, catalyst
compositions disciosed herein can have a catalyst activity greater than about 10 grams
of polyethyiene (homopolymer, copolymer, ¢tc., as the context requires) per pmol of
total metallocenes per hour (abbreviated g/umolhr).  Ap activity of 10 g/pmol/hy
equates to an activity of 10,000 kg/molhr. In another aspect, the catalyst activity of the
catalyst composition can be greater than about 15, greater than about 20, or greater than
about 25 g/umol/hr. In still another aspect, catalyst compositions of this invention cap
be characterized by having a catalyst activity greater than about 30, greater than about
49, or greater than about 50 g/umolhr. Yet, in another aspect, the catalyst activity can
be greater than about 100 g/umocl/hr. This activity is measured under slorry
polymerization conditions using isobutane as the diluent, at a polymerization
temperature of about 90°C and a reactor pressure of about 390 psig.

As discussed above, any combination of the amse-metallocens compound
having formula () and/or the second wmwetallocene, the activator-sapport, the
organcaluminam coropound, and the olefin monomer, can be precontacied in some
aspects of this invention. When any precontacting occurs with an olefinic monomer, i
is not necessary that the olefin monomer used in the precontacting step be the same as
the olefin to be polymerized. Further, when a precontacting step among any
combination of the catalyst components is employed for a first period of time, this

precontacted mixture can be used in a subsequent postcontacting step between any
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other combination of catalyst components for a second period of time. For example,
one or more metallocene compounds, the organoalaminem compound, and I-hexene
can be used in a precontacting step for a first period of time, and this precontacted
mixture then can be contacted with the activator-support to form a postcontacted
mixture that is contacted for a second period of time prior to inliating the
polymerization reaction.  For exaraple, the first period of time for contact, the
precontact time, between any combination of the metallocene compound(s), the olefinic
monomer, the activator-support, and the organcahiminum compound can be from about
1 munute to about 24 hours, from about 3 minutes to about 1 hour, or from about 10
minutes t0 about 30 mumutes. The postcontacted mixture optionally 5 allowed to
remain in contact for a second period of time, the postcontact time, prior to initiating
the polymerization process. According o one aspect of this invention, postcontact
tirnes between the precontacted mixture and any remaining catalyst components is from
about 1 minute to about 24 hours, or from about 5 minutes to about 1 hour.
POLYMERIZATION PROCESSES

Catalyst compositions of the present invention can be wused to polymerize
olefing 1o form homopolymers, copolymers, terpolyvmers, and the ke, One such
process for polymerizing olefins in the presence of a catalyst composition of the present
mvention comprises contacting the catalyst composition with an olefin monomer and
optionally an olefin corsonomer {one or more) under polymerization conditions o
produce an olefin polymer, wherein the catalyst composition comprises an agnsa-
metallocene compound having formula (), a second metallocene, and an activator {e.g.,
an activator-support comprising a solid oxide treated with an electron-withdrawing
anion}. Metallocene compounds baving forraunla ()

E(Cp "R™(Cp RIDMX, .
and second metallocenes are discussed above. For instance, in one aspect, the ansa-
metallocens compound having formela (1) can comprise {or consist essentially of, or
counsist of) an ausa-metallocene compound having formula (1), formula (Fi), formula
V), formmula (V), formula (VI), formula (VH), or combinations thereof Yet, in
another aspect, the anse-metailocene compound having forrmiia (3) can comprise (or
consist essentially of, or consist of) an ansa-metallocene compound bhaving formula

{C), formula (£}, fornmula (E), or combinations thereof. in these and other aspects, the
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second metallocene compound can comprise {or consist essentially of, or consist of) an
pnbridged metallocene compound and/or a bridged metaliocene compound. In another
aspect, for cxamaple, the second metallocene compound can comprise {or consist
essentially of, or consist of) a metallocens compound having formula (C2), formula
(D2, formula (E2), formula (F2), or combinations thereof,

In accordance with one aspect of the invention, the polymerization process
cemiploys a catalyst composition comprising an ansa-metaliocene compound baving
formula (I}, a second metaliocene compound, and an activator, wherein the activator
comprises an activator-support.  Activator-supports useful in the polymerization
processes of the present invention are disclosed above. The catalyst composition can
further comprise one or more than one organoaluminum compound or compounds
{suitable organcaluminum compounds also are discussed above). Thus, a process for
polymerizing olefins in the presence of a catalyst coruposition can employ a catalyst
composition comprising an ansa-metallocene compound having formula (1), a second
metallocene compound, an activator-support, and an organcaluminum compound. In
some aspects, the activator-support can comprise {(or consist essentially of, or consist
of) fluorided alumina, chiorided alumina, bromided alumina, sulfated alumina,
fluorided silica-alumina, chlorided silica-alumina, bromided silica-alumina, sulfated
sitica-atuming, fluorided silica-zirconia, chiorided silica-zirconia, bromded silica-
zivconia, sulfated silica-zircoma, fluorided silica-titania, fluorided silica-coated
alumina, sulfated silica-coated alumina, phosphated silica-coated aslumina, and the like,
or combinations thereof. In some aspects, the organocaluminum compound can
comprise {or consist essentially of, or consist of) trimethylaluminum, trethylatuminom,
tr-n-propy laluminum, tri-o-butylaluminurm, trissobutylalurminum, tri-n-hexylaluminum,
tri-n-octylaluminum,  disobutylalominum  hyvdride,  diethylaluminom  cthoxide,
diethylaluminam chioride, and the like, or combinations thereof.

In accordance with another aspect of the mvention, the polymerization process
cemiploys a catalyst composition comprising only one ansa-metallocene compound
having formula (I) (e.g., an ansa-metallocens compound having formula (1f), formila
(ITY), formala (1Y), formula (V), formula (VI), or formula (VD) only one second

metallocene compound {¢.g., a metallocene compound having formula (C2), fornuls
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(D2, formula (E2), formula {(F2)); at least one activator-support; and at ieast one
organoaluminum compound.

In accordance with another aspect of the inveantion, the polymerization process
can employ a catalyst composition comprising an ansg-metatiocene compound having
formula (I}, a second wmetallocene compound, and an activator, wherein the activator
comprises an aluminoxane compound, an organoboron or organoborate compound, an
ionizing ionic compound, or combinations thereof.

The catalyst compositions of the present invention are intended for any olefin
polymerization method using various types of polymerization reactors. As used herein,
“polymerization reactor” includes any polymerization reactor capable of polymerizing
slefin monomers and comonomers (one or more than one comonomer) o produce
homopolymers, copolymers, terpolymers, and the hike. The various types of reactors
include those that may be reforred to as a bhatch rveactor, slurry reactor, gas-phase
reactor, solution reactor, high pressure reactor, tubular reactor, auwtoclave reactor, and
the like, or combinations thereof. The polymerization conditions for the various reactor
types are well known to those of skill in the art.  Gas phase reactors may comprise
fluidized bed reactors or staged horizoutal reactors.  Shurry reactors may COmprise
vertical or horizontal loops. High pressure reactors may comprise autoclave or tubular
reactors,  Reactor types can inchide batch or continuous processes.  Continuous
processes could use intermittent or continuous product discharge. Processes may also
include partial or full direct recycle of unreacted monomer, unreacted comonomer,
and/or diluent.

Polymerization reactor systems of the present invention may comprise one type
of reactor in a system or multiple reactors of the sarse or different type. Production of
polymers in multiple reactors may include several stages in at least two separate
polymerization reactors interconnected by a transfer device making it possible to
transfer the polymers resulting from the first polymerization reactor inte the second
reactor. The desired polymerization conditions in one of the reactors may be different
from the operating conditions of the other reactors. Alternatively, polymerization in
multiple reactors may inchude the manual transfer of polymer from one reactor o
subsequent reactors for continued polymerization.  Multiple reactor systemas may

inchude any combination including, but not limited to, multiple loop reactors, multiple

PCT/US2013/034373



10

WO 2013/151863

78

gas phase reactors, a combination of loop and gas phase reactors, multiple high
pressure reactors, or a combination of high pressure with loop and/or gas phase
reactors, The multiple reactors may be operated in series, in parallel, or both.

According to one aspect of the invention, the polymerization reactor system
may comprise at least one loop slarry reactor comprising vertical or horizontal loops.
Monomer, dituent, catalyst, and comonormer may be continvously fed 1o a loop reactor
where polymerization occurs. Gencrally, continuous processes may comprise the
continuous introduction of monomer/comonomer, a catalyst, and a diluent into a
polymerization reactor and the continuous removal from this reactor of a suspension
comprising polymer particles and the diluent.  Reactor effluent may be flashed to
remove the solid polymer from the liquids that comprise the diluent, monomer and/or
comonomer. Various technologies may be used for this separation step including but
not Hotted to, flashing that may include any combination of heat addition and pressure
reduction; separation by cyclonic action in either a cyclone or hydrocyclone; or
separation by centrifugation.

A typical shurry polymerization process {alse known as the particle form
processy s disciosed, for example, in UK. Patent Nos. 3,248 179, 4,501,885,
5,565,175, 5,375,979, 6,239235, 6,262,191, and 6,833,415, each of which is
mncorporated herein by reference in its entirety.

Suitable diuents used in shurry polymerization include, but are not liratied to,
the monomer being polymerized and hydrocarbons that are liquids under reaction
conditions. Examples of suitable diluents inchude, but are not limited to, hydrocarbons
such as propane, cyclohexane, isobutane, n-butane, n-pentane, isopentane, neopentane,
and n-hexane. Some loop polymerization reactions can occur under bulk conditions
where no diluent is used. An example is polymerization of propylene monomer as
disclosed in U.S. Patent Nos. 5,455,314, which 1 incorporated by reference herein in
s entirety.

According to yet another aspect of this invention, the polymerization reactor
may comprise at least one gas phase reactor. Such systemns may employ a continuous
recycle stream containing one or more monomers continuously cyeled through a
fluidized bed in the preseonce of the catalyst under polymerization conditions. A

recycle stream may be withdrawn from the fluidized bed and recycled back into the
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reactor. Simultaneously, polymer product may be withdrawn from the reactor and new
or fresh monomer may be added to replace the polymerized monomer. Such gas phase
reactors may comprise a process for multi-step gas-phase polymerization of oletins, in
which olefins are polymerized in the gaseous phase in at least two independent gas-
phase polymerization zones while feeding a catalyst-containing polymer formed i a
first polymerization zone to a sccond polymerization zone. Oune type of gas phase
reactor is disclosed in U.S. Patent Nos. 5,352,749, 4,588,790, and 5,436,304, each of
which is incorporated by reference in its entirety herein.

According to still another aspect of the invention, a high pressure
polymerization reactor may comprise a tubular reactor or an autoclave reactor,
Tubular reactors may have several zones where fresh monomer, initiators, or catalysts
are added. Monomer may be entrained in an inert gaseous stream and ntroduced at
one zone of the reactor, Trutiators, catalysts, and/or catalyst coroponents roay be
entrained in a gascous stream and introduced at another zone of the reactor. The gas
streams may be imtermixed for polymerization. Heat and pressure may be emploved
appropriately to obtain optimal polymerization reaction conditions.

According to vet another aspect of the invention, the polyroerization reactor
may comprise a solution polymerization reactor wherein the monomer/comonomer are
contacted with the catalyst composition by suttable stirring or other means. A carrier
comprising an inert organic diluent or excess rnonomer may be employed.  If desired,
the monomer/comonomer may be brought in the vapor phase into contact with the
catalytic reaction product, in the presence or absence of liquid materiall The
polymerization zone i1s maintained at temperatures and pressures that will resalt in the
formation of a solution of the polymer in a reaction medium.  Agitation may be
eraployed to obtain betier temperature control and to maintain uniform polymerization
mixtures throughout the polymerization zone. Adequate means are ulilized for
dissipating the exothermic heat of polymerization.

Polymerization reactors suitable for the present invention may further comprise
any combination of at least one raw material feed system, at least one feed system for
catalyst or catalyst components, and/or at least one polymer recovery system. Suitable
reactor systems for the present invention roay further comprise systems for feedstock

purification, catalyst storage and preparation, extrusion, reactor cooling, polymer
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recovery, fractionation, recycle, storage, loadout, laboratory analysis, and process
control.

Polymerization conditions that are controlied for efficiency and to provide
desired polymer properties can include tomperature, pressure, and the concentrations of
various reactants. Polymerization temperature can affect catalyst productivity, polymer
molecular weight, and molecular weight distribution. A suitable polymerization
temperature may be any temperature below the de-polymerization temperature
according to the Gibbs Free encrgy equation. Typically, this includes from about 60 °C
1o about 280 °C, for example, or from about 60 °C to about 110 °C, depending vpon the
type of polymerization reactor., In some reactor systems, the polymerization
temperature generally is within a range from about 70 °C to about 90 °C, or from about
75 °C to about 85 °C.

Suitable pressures will also vary according to the reactor and polymerization
type. The pressure for liquid phase polymerizations in a loop reactor is typically lfess
than 1000 psig. Pressure for gas phase polyroerization is usually at about 200 to 500
psig. High pressure polymerization in tubular or autoclave reactors is generally run at
about 20,000 to 75,000 psig. Polymerization reactors can also be operated in a
supercritical region occurring at generally higher ternperatares and  pressures.
Operation above the critical point of a pressure/termperature diagram {supercritical
phase} may offer advantages.

Aspects of this mvention are directed to olefin polymerization processes
comprising contacting a catalyst composition with an olefin monomer and optionally
an olefin cornonomer vader polymerization conditions to produce an olefin polymer.
The olefin polymer produced by the process can have a density greater than about (.90
glem’, or greater than about 0.91 glem’, for instance, in a range from about 0.91 to
about 0.96 g/om’. In addition, or alternatively, the olofin polymer can bave an average
of less than abowt 10 short chain branches (SCB’s) per 1000 total carbon atoms, or fess
than about 5 SCB’s per 1000 total carbon atoms, for instance, from 0 to about 4 SCB’s
per 1000 total carbon atoms. In addition, or alternatively, the olefin polymer can have
tess than about 0.005 long chain branches (LCB’s) per 1000 total carbon atoms, for
instance, less than about (LO02, or less than about (L0011, LCB’s per 1000 total carbon

atoms.
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In another aspect, the olefin polymer (¢.g., copolymer) produced by the process
can have a density greater than about 0.90 g/em’, or greater than about 0.91 g/om’, for
instance, in a range from about 0.91 to about 0.95 g/em’. In addition, or alternatively,
the olefin polymer can have an average of from about 0.5 to about 10 short chain
branches (SCB’s) per 1000 total carbon atoms, for instance, from about 0.5 to about 4
SCB’s per 1000 total carbon atorns, o addition, or alternatively, the olefin polymer
can have less than about 0.005 long chain branches (LCB’s) per 1000 total carbon
atoms, for instance, less than about 0.002, or less than about 0.601, LCB’s per 1600
total carbon atoms. In addition, or alternatively, the olefin polymer can have a bimodal
molecular weight distribution.  Additionally, or alternatively, the olefin comonorer
can have a conventional comonomer distribution.

Aspects of this invention also are directed to olefin polymenization processes
conducted in the absence of added hydrogen. In this disclosure, “added hydrogen” will
be denoted as the feed ratio of hydrogen to olefin monomer entering the reactor (in
vnits of ppm by weight). An olefin polymerization process of this invention can
comprise contacting a catalyst coroposition with an olefin monomer and optionally an
olefin comonoraer under polymerization conditions to produce an olefin polymer,
wherein the catalyst composition comprises an ansg-metallocene compound having
formula (I), a second metallocene compound, and an activator, wherein the
polymerization process is conducted in the absence of added hydrogen. As disclosed
above, the ansa-metallocene compound having formula (I) can comprise an ansa-
metallocens compound having formula (1), formula (1), formula (IV), formula (V),
formula (VI), formula (VII), fornmla (C), formoula (D), formula (E), or combinations
thereof; and the second metallocene compound can coraprise a roctallocene compound
having formula (£2), formula (D2), formmda (E2), formula (F2), or combinations
thereof. As one of ordinary skill in the art would recognize, hydrogen can be genevated
m-situ by metallocene catalyst corgpositions in various olefin  polymerization
processes, and the amount generated may vary depending upon the specific catalyst
composition and metallocene compound(s) employed, the type of polymerization
process nsed, the polymerization reaction conditions utilized, and so forth.

{n other aspects, it may be desirable to conduct the polymerization process in

the presence of a certain amount of added hydrogen. Accordingly, an olefin
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polyvmerization process of this invention can comprise contacting a catalyst
composition with an olefin monomer and optionally an olefin comonomer under
polymerization conditions to produce an olefin polymer, wherein the catalyst
composition comprises an agnsg-metallocene compound having fornmula (3), a second
metallocene compound, and an activator, and wherein the polymerization process is
conducted in the presence of added hydrogen. For example, the ratio of bydrogen to
the olefin monomer in the polymerization process can be controlied, often by the feed
ratio of hydrogen to the olefin monomer entering the reactor. The added hydrogen to
olefin monomer ratio in the process can be controlled at a weight ratio which often falls
within a range from about 10 to about 2000 ppm, from about 25 ppm to about 1500
ppm, from about 50 to about 1000 ppm, from about 75 ppm to about 750 ppm, or from
about 100 to about 500 ppm (by weight).

FiG. 1 depicts graphically the impact of hydrogen addition on molecular weight
in a represemtative standard dual catalyst system, for molecular weight distribution
curves as a function of increasing logarithm of the molecular weight. In this
conventional dual catalyst systers, the addition of hydrogen broadens the overall
polymer molecular weight distribution.  In contrast, FIG. 2 depicts graphically the
mmpact of hydrogen addition on molecular weight in a representative dual catalyst
system in accordance with aspects of the present invention, for molecular weight
distribution curves as a function of increasing logarithm of the molecular weight. o
FIG. 2, the addition of hydrogen unexpectedly narrows the overall polymer molecular
weight distribation. For instance, the arsa-metallocene compound having foromla (1)
with an activator {e.g., a chemically treated solid oxide) may produce a lower
molecular weight component of the polymer and be relatively unaffected by hydrogen
addition. Hence, a higher molecular weight component of the polymer produced via
the second metallocene can be independently controlled with hydrogen addition.

In a particular aspect, the polymerization process is conducted in the presence
of added hydrogen, and the Mw/Mn ratio of the olefin polymer produced by the
process can decrease as the amount of added hydrogen increases from about 160 to
about 1000 ppm, for nstance, from about 100 to about 500 ppm, or from about 100 to
about 400 ppm. The decrease in the Mw/Mn ratio can be up to 10%, up to 15%, or up

to 20%, or more; non-limiting examples of ranges of the percentage decrease in the
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Mw/Mn ratio include from about 0.19 to about 209, from about 0.5% io about 15%,
from about 0.53% to about 10%, from about 1% to about 109, or from about 1% to
about 8%, and the like. Unexpectedly, the molecular weight distribution of the olefin
polymer can be narrowed as hydrogen addition increases. For instance, the Mw/Mn
ratio of the polymer produced by the process in the presence of about 350 ppm added
hydrogen (or about 300 ppro, or about 400 ppm) can be less than the Mw/Mn of a
polymer produced by the process in the presence of about 150 ppm added hydrogen {or
about 100 ppm, or about 200 ppm), when produced under the same polymerization
conditions. Tn one aspect, the Mw/Mn ratio can be up to 109 less, up to 15% less, or
up to 20% less, ete., while in another aspect, the Mw/Mn can be less by 4 percentage in
a range from about (.1% to about 20%, from about .5% to about 15%, from about
(.5% o about 10%, from about 1% to about 10%, or from about 1% to abouwt 8%. Ina
further aspect, the Mw/Mu ratio of a polymer produced by the process in the presence
of added hydrogen can be reduced from a Mw/Ma of greater than 6 to 3 Mw/Mn of less
than 5.3, reduced from a Mw/Mn of greater than 5.5 to a Mw/Mn of less than 5
reduced from a Mw/Mn of greater than 5 to a Mw/Mu of less than §, or reduced from a
Mw/Mn of greater than 4.5 to a Mw/Mnu of less than 4.5, Additionally, although not
required, these processes can be conducted in the presence of a comonomer (one or
more), such as, for instance, at a comonomerimonomer molar ratio in a range from
about 0.01 1o about 0.25:1, about 0.02:1 10 about 0.20:1, or about 0.01 1o about 0.18: 1.
Applicants also contemplate a method of decreasing a Miw/Ma ratio of an olefin
polymer, and this method comprises contacting a catalyst composition with an olefin
monomer and an optional olefin comonomer under polymerization conditions (o
produce the olefin polymer; contacting the catalyst composition with the olefin
monomer and the optional olefin comonomer in the presence of added hydrogen; and
increasing the amount of added hydrogen within the range of from about 100 to about
1000 ppro, or from about 100 to about 500 ppm, or frore about 100 to about 400 ppiy
wherein the catalyst composition comprises an ansg-metallocene compound having
formula (I}, a sccond metaliocene compound, and an activator {e.g., an activator-
support). For instance, the amount of added hydrogen can be increased from about 150
ppm to about 350 ppm, uncxpectedly resulting in a decrease in the Mw/Mn of the

polymer. In this method, the Mw/Mn ratio can be decreased up to 10%, up to 15%, or
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up to 20%, etc., for instance, the Mw/Mn can be decreased by a percentage in a range
from about 0.1% io about 20%, from about 0.5% to about 15%, from about 0.5% to
about 10%, from about 1% to about 10%, or from about 1% to about 8%. Further, in
some aspects, the Mw/Mn ratio can be decreased from a Mw/Mn of greater than 6 to a
Mw/Mn of less than 8.5, decreased from a Mw/Mn of greater than 5.5 to a Mw/Mn of
less than 5, decreased from a Mw/Mu of greater than 5 to a Mw/Mn of less than 5, or
decreased from a Mw/Ma of greater than 4.5 to a Mw/Mn of less than 4.5,

In accordance with another aspect, an olefin polymerization process of this
imvention can comprise contacting a catalyst composition with an olefin monomer and
optionally an olefin comonormer under polymerization conditions to produce an olefin
polymer, wherein the catalyst composition comprises an gasg-metallocene compound
having formuda (1), a second metallocene compound, and an activator, and wherein the
polymerization process is conducted in the presence of added hydrogen. o this aspect,
the Mw of the high molecular weight component of the olefin polyvmer can be
imdependently controlled.  For example, the Mw of the high molecular weight
componeut of the olefin polymer can be reduced by the addition of hydrogen, while the
Mw of the low molecular weight component of the olefin polymer is not reduced by the
addition of hydrogen. Such can be the case over a range of added hydrogen falling
generally between about 100 and aboat 1000 ppm, between about 100 and about 500
ppm, or between about 100 and about 400 ppro.

Consistent with another aspect of the invention disclosed herein, an olefin
polymerization process can comprise contacting a8 catalyst composition with an olefin
monomer and an olefin comonomer under polymerization conditions to produce an
olefin polymuer, and in this aspect, the olefin polymer (e.g., an oletin copolyraer) bas a
conventional comonomer distribution.  The catalyst composition cmployed can
comptise an ansg-metallocene compouand having formula (1), a second metallocene
compound {e.g., a metallocene containing hafoium or, alternatively, zirconium), and an
activator {e.g., an activator-support comprising a solid oxide treated with an electron-
withdrawing anion). Often, this polymerization process can be conducted in the
presence of added hydrogen. Typical levels of added hydrogen can include, but are not

hinuted to, from about 50 ppro to about 2000 ppm, from about 75 ppm to about 1500
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ppm, from about 75 ppm to about 1250 ppm, from about 180 ppm to about 1000 ppm,
or from about 100 ppm to about 750 ppm, and the hike.

Applicants also contemplate a method of producing an olefin polymer (e.g., an
slefin copolymer) having a conventional comonomer distribution, and this method
comptises contacting a catalyst composition with an olefin monowmer and an olefin
comonomer under polymerization conditions to produce the olefin polymer; contacting
the catalyst composition with the olefin monomer and the olefin comonomer in the
presence of added hydrogen; wherein the catalyst composition comprises an ansa-
metallocene compound having formula (1), a second metallocene compound, and an
activator {(e.g., an activator-support). For instance, the ansg-metaliocene compound
having formula (¥) and the second metallocene in the catalyst composition can be
selected such that the ansg-metallocene compound having formula () can prodoce the
higher roolecular weight component of the polymer, and the secoud metaliocene can
favor comonomer incorporation and produce the lower molecular weight component of
the polymer.

{n some aspects of this jnvention, the feed or reactant ratio of hydrogen to olefin
monomer can be maintained substantially constant during the polymerization run for g
particular polymer grade. That is, the hydrogen:olefin monomer ratio can be selected at
a particular ratio within a range from about S ppm up to about 1500 ppm or so, and
maintained at the ratio to within about +/- 25% during the polyrserization run. For
instance, if the target ratio is 100 ppm, then maintaining the hydrogen:olefin monomer
ratio substantially constant would entail maintaining the feed ratio between about 75
ppm and about 125 ppm. Further, the addition of comonomer {or comonomers) can be,
and generally is, substantially counstant throughout the polymerization ron for a
particular polymer grade.

However, in other aspects, it 1s contemplated that monomer, comonomer {(or
comonomers ), and/or hydrogen can be periodically pulsed to the reactor, for mstance,
in a manner similar to that cmployed in U.S. Patent No. 5,739,220 and U.S. Patent
Publication WNo. 2004/0059070, the disclosures of which are incorporated herein by
reference in their entirety,

The concentration of the reactants entering the polyrerization reactor can be

controlled to produce resins with certain physical and mechanical properties. The
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proposed end-use product that will be formed by the polymer resin and the method of
forming that product ultimately can determine the desired polymer properties and
atiributes.  Mechanical properties include tensile, flexural, impact, creep, stress
relaxation, and hardness tests. Physical properties include density, molecular weight,
molecular weight distribution, wmelting temperatore, glass transition temperature,
teraperature melt of crystallization, density, stercoregularity, crack growth, long chain
branching, and rheological measurements.

This invention is also directed to, and encompasses, the polymers produced by
any of the polymerization processes disclosed herein.  Articles of manufacture can be
forroed from, and/or can comprise, the polymers produced in accordance with this
Hmvention.

POLYMERS AND ARTICLES

If the resultant polymer produced in accordance with the present invention is,
for example, a polymer or copolymer of cthylene, its properties can be characterized by
various analytical techniques known and used in the polyolefin mdustry. Articles of
manuofacture can be formed from, and/or can comprise, the ethylene polymers of this
mvention, whose typical properties are provided below,

Polymers of ethylene {copolymers, terpolymers, etc.) produced in accordance
with this invention generally have a melt index from 0 to about 100 /10 min. Melt
indices 1o the range from 0 to about 75 ¢/10 roin, from O to about 50 g/10 min, or from
0 to about 25 g/10 min, are contomplated in some aspects of this invention. For
example, a polymer of the present invention can have a melt index {MI) in a range from
0 to about 5 g/10 min, from 0 to about 1 g/10 min, or from § to about 8.5 ¢/10 min.

Fthylene polyroers produced in accordance with this jnvention can have a ratio
of HLMI/MI of greater than about 5, such as, for example, greater than about 10,
greater than about 18, or greater than about 20. Contersplated ranges for HLMI/MI
include, but are not lmited to, from about 5 to about 150, from about 10 1o about 125,
from about 10 to about 100, from about 15 to about 90, from about 13 1o about 80,
from about 15 t0 about 70, or from about 15 o about 65.

The densities of ethylene-based polymers produced using the catalyst systems
and processes disclosed herein often are groater than about 0.90 g/em’. In one aspect of

this invention, the density of an cthylene polymer can be greater than about 0.91,
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greater than about (.92, or greater than about 0.93 g/cm’. Yet, in another aspect, the
density can be in a range from about 0.90 to about 0.97 g/cm’, such as, for example,
from about 0.91 to about 0.96 g/em’, from about 0.92 to about 0.96 g/em’, or from
about 0.91 to about 0.95 g/em’.

Ethylene polymers of this invention geuerally can have an average of from 0 to
about 10 short chain branches (SCB’s) per 1000 total carbon atoms. For example,
average SCB contents in a range from 0.5 to about 10, from 0§ to about &, from 0 to
about 5, or from about 0.5 to about 5, SCB’s per 1000 total carbon atoms are
conteroplated herein.

Ethylene polymers, such as copolymers and terpolymers, within the scope of the
present invention generally have a polydispersity index — a ratio of the weight-average
molecular weight (Mw) to the number-average molecular weight (Mn) — in a range
from 2 to about 10. Tn some aspects disclosed herein, the ratio of Mw/Mn is in a range
from about 3 to about 9, from about 3 to about 2, or from about 4 to about 7. The ratio
of Mz/Mw for the polymers of this invention often is in a range from about 1.6 to about
12, Mz is the z-average molecalar weight. Tn accordance with one aspect, the Mz/Mw
of the ethylene polymers of this invention can be in a range trom about 1.6 10 about 10,
from about 1.7 to about 5, from about 1.7 to about 3, or from about 1.7 to about 2.5.

Generally, olefin polymers of the present mvention have low levels of long
chain branching, with typically loss than 0.05 long chain branches (LCB's) per 1000
total carbon atoms. In some aspects, the number of LCB’s per 1000 total carbon atoms
is less than about .02, less than about 0.01, or less than about §.008. Furthermore,
olefin polymers of the present invention {¢.g., ethylene polymers) can have less than
about 0.003, less than about 0.004, less than about 0.003, less than about 0.002, or less
than about 0.001 LCB’s per 1000 total carbon atoms, in other aspects of this invention.

Certain ethylene polymers {(e.g., certain copolymers) produced wsing the
polymerization processes and catalyst systeros described above can bave a conventional
comonomer distribution, i.e., a short chain branch content that decreases as molecular
weight increases, for example, the higher molecuiar weight components of the polymer
generally have lower comonomer incorporation than the lower molecular weight
componeuts, Generally, there is decreasing comonorer fncorporation with jacreasing

molecular weight. Often, the amount of comonomer incorporation at higher molecular
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weights can be abowut 20% lower, or about 30% lower, or abowt 50% lower, or about
70% lower, or about 90% lower, than at lower molecular weights, For instance, the
number of SCB’s per 1000 total carbon atoms can be greater at Mn than at Mw,
Ethylene polymers of this mvention may have a SCBD (short chain branching
distribution) that is similar to the SCBD found in ethylene polymers produced using
traditional Zicgler-Natta catalyst systems (i.¢., a conventional comonorer disiribution).

In addition, the SCBD of certain polymers of the present invention can be
characterized by the ratio of the number of SCB’s per 1000 total carbon atoms of the
polymer at DIG to the number of SCB’s per 1000 total carbon atoms of the polymer at
DY, 1e., (SCB’s at D10}/ (SCR’s at DY), DY0 18 the roolecular weight at which 90%
of the polymer by weight has higher molecular weight, and D10 is the molecular
weight at which 10% of the polymer by weight has higher molecular weight. D90 and
10 are depicted graphically 1n FIG. 3 for a molecular weight distribution curve as a
function of increasing logarithm of the molecular weight.  In accordance with one
aspect of the present invention, a ratio of the number of SCB’s per 1000 total carbon
atoms of the polymer at D10 to the number of SCB’s per 1000 total carbon atoms of
the polymer at 190 is less than about 0.9, For instance, the ratio of (SCB’s at DIO) /
(SCB’s at D90) can be in a range from about G.1 to about 0.9. In another aspect, the
ratio is less than about 0.8, or less than about 0.7, VYet, in ancther aspect, the ratio of
the number of SCB’s per 1000 total carbon atoras of the polymer at D10 to the number
of SCB’s per 1000 total carbon atoms of the polymer at D90 is in a range from about
0.2 to about 0.8, such as, for example, from about (.3 to about 0.7.

An illustrative and non-limiting example of an ethylene polymer of the present
invention can be characterized by a density greater than about 0.90 g/cnt’, or greater
than about 0.91 g/cm’ (e.g.. in a range from about 0.91 to about 0.96 g/om™); and/or an
average of less than about 10 short chain branches (SCB’s) per 1000 total carbon
atoms, or less than about § SCB’s per 1000 total carbou atoms {e.g., n a range from 0
to about 4 SCB’s per 1000 total carbon atoms); and/or less than about 0.005 long chain
branches {(LCB’s) per 1000 total carbon atoms (e.g., less than about 0.002, or less than
about 0.001, LCB’s per 1000 total carbon atoms); and/or a roelt index in a range from 0

to about 5 g/10 roin {e.g., from O to about 0.5 g/10 min); and/or a ratic of Mw/Mn 1u a
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range from about 2 to about 10 (e.g., from about 3 to about 7); and/or a ratio of Mz/Mw
in a range from about 1.6 to about 10 {¢.g., from about 1.7 to about 3).

Another illustrative and non-limiting example of an cthylene polymer {e.g.,
copolymer) of the present invention can be characterized by a density greater than
about 0.90 glem’, or greater than about 0.91 g/om’ (e.g., in a range from about 0.91 to
about (.95 g/e;:nf); and/or an average of from about 0.5 to about 10 short chain
branches (SCB’s) per 1000 total carbon atoms (e.g., 1 2 range from sbout (.5 to about
4 SCB’s per 1000 total carbon atoms); and/or less than about 0.0035 long chain branches
(LCB’s) per 1000 total carbou atorns {e.g., less than about 0.002, or less than about
0.001, LCB's per 1000 total carbon atoms; and/or a bimodal molecular weight
distribution; and/or a conventional comonomer distribution (e.g., a number of SCB’s
per 1000 total carbon atoms being greater at Mn than at Mw); and/or a ratio of (SCB’s
at D10/ (SCB’s at D90) 10 4 range frorn about 0.1 to about 0.9; and/or roclt judex in a
range from O to about 100 ¢/10 min (e.g., from O to sbout 25 ¢/10 min); and/or a ratio
of Mw/Mn in a range from about 2 to about 10 {¢.g., from about 3 to about 7); and/or a
ratio of Mz/Mw in a range from about 1.6 to about 18 {e.g., from about 1.7 to about 3.

Polymers of cthylene, whether homopolymers, copolymers, terpolymers, and so
forth, can be formed into various articles of manufacture. Articles which can comprise
polymers of this invention include, but are not lmited to, an agricultural film, ap
autormobile part, a bottle, a drum, a fiber or fabric, a food packaging film or container, a
food service article, a fuel tank, a geomembrane, a houschold comtainer, a liner, a
molded product, a medical device or material, a pipe, a sheet or tape, a toy, and the like.
Various processes can be employed to form these articles. Mon-limiting examples of
these processes include fojection moelding, blow molding, rotational moolding, film
cxtrusion, sheet extrusion, profile extrusion, thermoforming, and the like. Additionally,
additives and modifiers are often added to these polymers in order to provide beneficial
polymer processing or end-use product attributes.  Such processes and materials are
described in Modern Plastics Encyclopedia, Mid-November 1995 Issue, Vol 72, No.
12; and Film Extrusion Manual — Process, Materials, Properdies, TAPPL Press, 1992;
the disclosures of which are incorporated herein by reference in their entirety.

Applicants also contemplate a method for forming or preparing an article of

manufacture comprising a polymer produced by any of the polymerization processes
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disclosed herein.  For instance, a3 method can comprise (i) contacting a catalyst
composition with an olefin monomer and optionally an olefin comonomer (one or
more) under polymerization conditions to produce an olefin polymer, whercin the
catalyst composition can comprise an ansa-metallocene compound having formmida (1),
a second metallocene compound, an activator {e.g., an activator-support), and ap
optional co-catalyst (e.g., an organcaluminum compound); and (i) forming an article of
manufacture comprising the olefin polymer. The forming step can comprise blending,
melt processing, extruding, molding, or thermoforming, and the like, including
combinations thereof.
EXAMPLES

The invention s further illustrated by the following examples, which are not to
be construed in any way as imposing limitations to the scope of this invention. Various
other aspects, embodiments, modifications, and equivalents thercof which, after reading
the description hergin, may suggest themselves to one of ordinary skill in the ant
without departing from the spinit of the present invention or the scope of the appended
claims.

Melt index (M1, g/10 tun) was determined in accordance with ASTM D238 at
190 °C with a 2,160 gram weight.

High load melt index (HLMI, ¢/10 min) was determined in accordance with
ASTM D238 at 190 °C with a 21,600 gram weight.

Polymer density was determined in grams per cubic centimeter (g/cm’) on a
compression molded sample, cooled at about 15 °C per hour, and conditioned for about
40 hours at room temperatare in accordance with ASTM D150S and ASTM D1928,
procedure C.

Molecular weights and molecular weight distributions were obtained using a PL
224 SEC high temwperature chromatography onit (Polymer Laboratories) with
trichlorobenzene (TCB) as the solvent, with a flow rate of | ml/minute at a
temperature of 145 °C. BHT (2,6-di-tert-butyl-d-methyiphenol) at a concentration of
0.5 g/l was used as a stabilizer in the TCB. An inyection volume of 200 pl. was used
with a nominal polymer concentration of 1.5 mg/mb. Dissolution of the sample in
stabilized TCB was carried out by heating at 130°C for 5 hours with occasional, gentle

agitation. The columns used were three PLgel Mixed A LS colurans (7.8x300mm) and
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were calibrated with a broad linear polyethylene standard (Phillips Marlex™ BHB 5003)
for which the molecular weight had been determined.

SEC-MALS combines the methods of size exchusion chromatography (SEC)
with multi-angle Hght scattering (MALS) detection. A DAWN EOS i&-angle light
scattering photometer (Wyatt Technology, Santa Barbara, CA) was attached to a PL-
210 SEC system (Polymer Labs, UK) or a Waters 150 CV Plus systern (Milford, MA)
through 2 hot transfer line, thermally controlied at the same temaperature as the SEC
columns and its differential refractive index (DRI} detector {145 °C). At a flow rate
setting of 0.7 mi/min, the mobile phase, 1,2,4-trichlorobenzene (TCB), was cluted
through three, 7.5 mm x 300 mm, 20 um Mixed A-LS coluomns (Polymer Labs).
Polyethylene (PE) solutions with concentrations of ~1.2 mg/ml, depending on
samples, were prepared at 150 °C for 4 h before being transferred to the SEC injection
vials sitting in a carousel heated at 145 °C. For polymers of higher molecular weight,
fonger heating tirnes were necessary in order to obtain triue homogeneous solutions. In
addition to acquiring a concentration chromatogram, seventeen light-scattering
chromatograms at different angles were also acquired for cach injection using Wyatt’s
Astra® software. At cach chromatographic slice, both the absolute molecular weight
(M} and root mean square (RMS) radius, also known as radius of gyration (Rg) were
obtained from a Debye plot’s intercept and slope, respectively.  Methods for this
process are detailed in Wyatt, P, Awal Chim. Acta, 272, 1 (1993, which is
incorporated herein by reference in its entirety.

The Zimnm-Stockmayer approach was used to determine the amount of LCB.
Since SEC-MALS measures M and Rg at cach slice of a chromatogram sinultancously,
the branching indices, gy, as a function of M could be determined at cach slice directly
by determining the ratio of the mean square Rg of branched molecules to that of hincar
ones, at the sarne M, as shown in following equation (subscripts br and /in represcut

branched and linear polymers, respectively).
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At a given gy, the weight-averaged number of LCB per molecule {B;.) was
computed using Zimm-Stockmayer’s equation, shown in the equation below, where the
branches were assumed to be trifunctional, or Y -shaped.

A

’ v p ) 1% L1/
6 112+ 33‘, 2 EnE i2 + B:\W}/Q + (B.%W)/?‘ ]

— ~i—1
r ' ; P NV [
By (20 B ) e s )80

5 LCB frequency (LCBuw), the number of LCB per 1000 C, of the / slice was then
computed straightforwardly using the following eguation (M is the MW of the /
shee):

LOBy = 1 000%14%B:/M,
The LCB distribution (LCBD) across the molecular weight distribution (MWD was

10 thus established for a full polymer.

Short chain branching distribution (SCBD) data was obtained using a SEC-
FTIR high temperature heated flow cell (Polymer Laboratories) as described by PL
Deslauriers, D.C. Rohlfing, and E.T. Hsich, Polvmer, 43, 159 (2002).

Melt rheological characterizations were performed as follows.  Small-strain

1§ (10%) oscillatory shear measurements were performed on a Rheometrics Scientific,

Inc. ARES rheometer using paralicl-plate geometry. Al rheological tests were

2%k
i

performed at 190 °C. The complex viscosity versus frequency () data were then
curve fitted using the moditied three parameter Carreau-Yasuda (CY) empirical model
to obtain the zero shear viscosity — ., characteristic viscous relaxation time — 7, and

20 the breadth paramucter — a. The simplified Carreau-Yasuda (CY) enpirical model 1s as

follows.
v 1o
{ gy R —
@) = — g
! ’ . ay{l-ny/a ’
-+ (1) |
wherein: 7% ) | = magnitude of complex shear viscosity;
76 = zero shear viscosity;
25 7, = viscous relaxation time;

a = "breadth” parameter;
7 = fixes the final power law slope, fixed at 2/11; and

w = angular frequency of oscillatory shearing deformation.
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Dictails of the significance and interpretation of the €Y model and derived
parameters may be foand in: C. A, Hieber and H. H. Chiang, Rheol Acta, 28, 321
(192%; C.A. Hicber and H.H, Chiang, Polvm. fng. Sci., 32, 931 (1992); and R. B.
Bird, R. C. Armstrong and O. Hasseger, Dynamics of Polvmeric Liguids, Volume I
Fluid Mecharnics, 2nd Edition, John Wiley & Sons (1987); each of which 1
imcorporated herein by reference in its entirety.

Nuclear Magnetic Resonance (NMR) spectra were obtained on a Varian
Mercury Phis 300 NMR spectrometer. CDCh and gDy were purchased from
Cambridge Tsotope Laboratories, degassed and stored over activated 13X molecular
sicves under nitrogen. NMR spectra were recorded using capped or J. Young NMR
tubes at ambient probe conditions. "H chemical shifts are reported versus SiMey and
were determined by reforence to the residual 'H and solvent peaks. Coupling constants
are reported in He.

Gas chromatography was performed using a Varian 3800 GC analyzer fitted
with dual Factor Fowr all-purpose capillary columns (30 m x 0.25 mm), flame
ionization detector, and Varian 8400 auntosampler unit.  Mass spectral analysis was
performed in conjunction with a Varian 320 MS instrument using electron jonization at
eV,

The sulfated ahumina activator-support (abbreviated ACT1) employed in some
of the examples was prepared in accordance with the following procedure. Bohermite
was obtained from W.R. Grace Company under the designation “Alumina A and
having 2 surface area of about 300 m’/g and a pore volume of about 1.3 mL/g. This
material was obtained as a powder having an average particle size of about 100
microns. This material was impregnated to incipient wetness with an aqueous solution
of ammonium sulfate to equal about 15% sulfate. This mixture was then placed in a
flat pan and allowed to dry under vacuum at approximately 110 °C for abowt 16 hours.

To calcine the support, about 10 grams of this powdered mixture were placed in
a 1.75-inch quartz tube fitted with a sintered quartz disk at the bottom. While the
powder was supported on the disk, air {nitrogen can be substituted) dried by passing
through a 13X molecular sieve column, was blown upward through the disk at the
hinear rate of about 1.6 to 1.8 standard cubic feet per hour. An electric furnace around

the quartz tube was then turned on and the termperature was raised at the rate of about
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400 °C per howr to the desired calcining temperature of about 600 °C. At this
temperature, the powder was allowed to flaidize for about three hows in the dry air
Afterward, the sulfsted alumina activator-support (ACT1) was collected and stored
under dry nitrogen, and was used without exposure to the atmosphere.

The fluorided silica-ahimina activator-support (abbreviated ACT2) employed in
sorge of the examples was prepared in accordance with the following procedure. A
silica-aluminag was obtained from W.R. Grace Company containing about 13% alumina
by weight and having a surface area of about 400 m”/g and a pore volume of about 1.2
ml/g. This material was obtained as a powder having an average particle size of about
70 microns.  Approximately 100 grams of this material were impregnated with g
solution containing about 200 mL of water and about 10 grams of ammonium hydrogen
flooride, resulting in a damp powder having the consistency of wet sand. This mixture
was then placed in a flat pan and allowed to dry under vacuoum at approximately 110°C
for about 16 hours.

To caleine the support, about 10 grams of this powdered mixture were placed in
a 1.75-inch quartz tube fitted with a sintered quartz disk at the bottom. While the
powder was supported on the disk, air (nitrogen can be substituted) dried by passing
through a 13X molecular sieve column, was blown upward through the disk at the
tinear rate of about 1.6 to 1.8 standard cubic feet per hour. An electric furmace around
the quartz tube was then turned on and the temperature was raised at the rate of about
400 °C per hour to the desired calcining temperature of gbout 450 °C. At this
temperature, the powder was allowed to fluidize for about three hours in the dry air
Afterward, the fluorided silica-alumina activator-support (ACT2) was collected and
stored under dry nitrogen, and was used without exposure to the atmosphere.

The fluorided silica-aluming activator-support (abbreviated ACT4) cmployed in
sorpe of the examples was prepared o accordance with the following procedure. A
silica~coated alumina was obtained from Sasol Company under the designation “Siral
28M” containing about 72% alumina by weight, and having a surface area of sbout 340
mY/g, a pore volume of about 1.6 mL/g, and an average particle size of about 90
microns,  About 20 g of the Siral 28M was first calcined at about 600 °C for
approximately 8 hours, then impregnated to incipient wetness with 60 ml of a

methanol solution containing 2 g of ammonium bifluoride. This mixture was then
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placed in a flat pan and allowed to dry under vacuum at approximately 110 °C for about
12 hours.

To calcine the support, the powdered mixture was placed in a 2-inch bed
fluidized by dry mitrogen. The temperatare was ramped up to 600 °C over a period of
1.5 hours, and then held at 600 °C for three hours. Afterward, the {luorided silica-
coated alumina (ACT4) was collected and stored under dry vitrogen, and was used
without exposure to the atmosphere.

The titanated fluorided silica-shumina activator-support {(abbreviated ACT3)
employed in some of the examples was prepared in accordance with the following
procedure, A silica-coated alurnina was obtained from Sasol Company under the
designation “Siral 28M™ containing about 72% alumina by weight, and having a
surface area of about 340 w’/g, a pore volume of about |.6 mL/g and an average
particle stze of about 90 microns. About 682 g of the Siral 28M was first calcined at
about 600 °C for approximately & hours, then impregnated to incipicnt wetness with
2200 mL of 3 methanol solution containing 147 g of a solution containing 60% H,TiFs.
This mixture, with the consistency of wet sand, was then placed in a flat pan and
allowed to dry under vacuum at gpproximately 110 °C for about 12 hours.

To calcine the support, the powdered mixture was placed in a 2-inch bed
floidized by dry mitrogen. The temperatare was ramnped up to 600 °C over a period of
1.5 hours, and then held at 600 °C for three hours. Afterward, the titanated fluonided
silica-coated alumina (ACT3) was collected and stored under dry nitrogen, and was
used without exposure to the atmosphere.

The polymerization runs were conducted in a one-gallon (3.8-liter) stainless
steel reactor as follows.  First, the reactor was purged with nitrogen and then with
isobutane vapor.  Approximately 0.5 ml of a 1M solution in heptane of either
triisobutylaluminum (TIBA) or triethylaluminom (TEA), the activator-support (ACTE,
ACT2, ACT3, or ACT4), and the metallocene(s) (METE, MET2, MET3, MET A;
structures provided below) were added through a charge port while venting isobutane
vapor. The charge port was closed and about 2 L of iscbutane were added. The
resulting mixture was stirred for § min, and then heated to the desired polymerization
temperature.  Upoun approaching the polymerization reactor temperature, ethylene was

charged to the reactor to achieve the desired total reactor pressure, along with a desired
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amount of I-hexene comonomer (if used). Ethylene was fed on demand as the
polymerization reaction proceeded to maintain constant reactor pressure.  If used,
hydrogen was added at a fixed mass ratio with respect to the ethylene flow, The reactor
was maintained and controlled at the desired temperature and reacior pressure
throughout the 60 min run time of the polymerization. Upon completion, the 1scbutane
and ethylene were vented from the reactor, the reactor was opened and cooled, and the
polymer product was collected and dried.
EXAMPLES 1-99

Polymers produced using an ansa-metallocene having formuda ()

Metallocene compounds used in these examples had the following structures

and abbreviations:

MET1 MET2 MET3

Synthesis of METE: A solution of 1,2-dichloro-1,1,2,2-tetramethyldisilane
(2.29 g, 12.3 vomol) in EnO (25 ml) was prepared. A solution of Lifallyl-indenyl)
(1.00 g, 6.17 mmol) in Et;O (25 mL) was prepared and added dropwise by cannula to
the stirred disilane solution at approximately 22 °C over 1 hr. The mixture was stirred
overnight and evaporated under vacuura. The residue was suspended in toluene (20
ml), filtered through a pad of Celite and an aliquot of the filtrate was removed. NMR
analysis showed the presence of MesSh{allyl-indenyDCl and starting disilane. "H NMR
data for MeySip(allyl-indenyDCE (CeDg)r & 7.31 {d, /=8, ZH, Te-Ind), 7.19 (4, /=8, 1H,
Ce-Indy, 7.08 {t, /=8, 1H, Ce-ind), 6.22 (m, 1H, Ts-Ind}, 5.96 {(m, 1H, CH=CH,), 5.14
{m, 1H, CH=CH,), 5.06 {m, 1H, CH=CH,), 3.30 (m, Cs-Ind), 3.20 (m, 2H, CHy), .21
{5, 3H, SiMe}, 0.15 (5, 3H, SiMe}, 0.12 (5, 3H, SiMey, —0.09 (s, 3H, SiMe). The filtrate
was evaporated and dried under vacuum overnight to obtain a yellow ot (1.9 g). THF

(2t mL) was added by cannula, and a solution of cyclopentadienyi-MgCl1 (7.0 mL, 1.0

PCT/US2013/034373



20

N2
j@ 2]

30

WO 2013/151863

97

M in THF, 7.0 mmol} was added dropwise by syringe to the stirred solution at
approximately 22 °C over 15 min. The mixture was stirred for 2 hr and an aliquot was

[

removed by syringe. GC-MS analysis showed about 95% conversion to the expected
ligand Me,Six{allyi-indenyl)cyclopentadienyly {(m/z, 337 {M"}), with the balance
comptrised of products derived from the starting materials. The mixture was stivred an
additional 1 br and evaporated under vacuum. The residue was dried under vacuurg at
35 °C for | hr and toluene {20 mL) was added. The suspension was filtered through a
pad of Celite and the Celite was washed with toluene (2 x 20 mL). The tohuene
solutions were combined and evaporated under vacuur to obtain a yellow oil (2.05 g).
EtO (50 ml) was added and the resulting solution was cooled in an ice water bath. A
solution of n-Buli (8.1 mL, 2.5 M in hexanes, 13 mmeol) was added by syringe over 3
min and the stirred mixture was warmed to room temperature over 30 min. A
suspension of ZrCl (1.49 g, 6.39 munol) in heptane (50 mi) was prepared and cooled
in an ice water bath, The lithium solution was added dropwise by cannula to the stirred
zirconium suspension over 30 min, and the mixture was stirred in the bath overnight.
The bright vellow shirry was evaporated under vacanm and CH:Ch (30 mL) was added
by cannula. The suspension was filtered through a pad of Celite and the Celite was
washed with CHyCh (2 x 2¢ mbL). The resulting solutions were combined and
evaporated under vacuum to obtain a dark yellow solid (2.76 g). The residue was
recrystaliized from toluene (10 mb) at —30 °C to obtain MET! as a yellow crystalline
solid, which was dried under vacuum {900 mg, 29% recrystallized yield based on
Li(allyl-indenyl). PH NMR (CDCLY: 8 7.73 (d, /=8, 1H, Cs-Ind), 7.63 {d, /=8, 1H, C¢-
Indy, 7.32 (1, =8, 1H, Ce-Ind), 7.24 (t, =8, 1H, Cs-1nd}, 6.73 {m, 1H, Cp), 6.72 (5, 1H,
Cs-Ind), 6.41 (m, TH, Cp), 6.18 (m, 1H, Cp), 6.13 (m, TH, Cp), 6.01 {(m, 1H, CH=CH,),
5.16 {m, TH, CH=CHy), S.11 (m, 1H, CH=CHy), 3.72 (d, &7, 2H, CH,), 0.62 (s, 3H,
SiMe), 0.5 (s, 3H, SiMe), 0.55 (s, 3H, SiMe), 0.52 (s, 3H, SiMe).

Synthesis of METZ: A solution of indene (10.0 mL, 86.1 mmol) in Et,O (200
ml} was prepared and cooled in dry ice/acetone. A sohiution of n-Buli (34.5 mL, 2.5
M, 86 mmol) was added by syringe over 3 min. The bath was rerooved and the mixture
was stirred for 4 hr, and then cooled again in dry ice/acctone. Neat 1-bromo-3-
phenylpropane (13.1 mL, 86.1 mmol} was added by syringe over 1 min and the stirred

mixture was slowly warmed out of the bath to approximately 22 °C overnight. The
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mixture was slowly quenched with water (S mbL) and then additional water (50 mL)
was added. The biphasic mixture was shaken, the organic layer was separated, dried
over MgSO,, filtered and evaporated under vacuum to obtain (3-phenyipropyl)-14-
indene as a yellow o1l (18.61 g, 95 mol® purity based on GC analysis). GC-MS: m/z,
234 (M), A solution of (3-phenylpropyl)-1H-indene (3.00 g, 12.8 mmol} in EL0 (30
mb) was prepared and cooled in an ice water bath, A solution of n-Buli (5.1 ml, 2.5
M, 13 mumol}) was added by syringe over 30 sec, the bath was removed and the mixture
was stirred for 1.5 hr. A solution of MeS,Ch (492 g, 26.2 mmol) in B0 (25 ml)
was prepared and the Li(indeny!) solution was added dropwise by cannula 1o the stitrec
disilane solution at approximately 22 °C over 1 hr. The mixture was stirred overnight,
and then evaporated and dried under vacuum for 4 hr o obtain a yvellow oil. THF {50
ml) was added by cannsla and a solution of cyclopentadienyl-MgCl (14.0 mL, 1.0 M
i THF, 14 mmol) was added to the stired solution by syringe over 5 min. The
mixture was stirred overnight, evaporated under vacuum, triturated with toluene (20
ml), allowed to settle, and the supernatant decanted. The trituration procedure was
repeated and the toluene sohutions were combined and evaporated under vacuam to
obtain an orange oil (4.11 g}, EO (75 mL} was added by cannula, and the resulting
mixture was cooled in an ice bath. A solution of n-BuLi (8.1 mL, 2.5 M in hexanes, 20
mmol) was added by syringe over 1 min to obtain a fine suspension.  The bath was
removed and the stirred suspension was warmed to approximately 22 °C over 2 hr.
THF (1.6 mL) was added by syringe. A suspension of ZrCly (2.37 g, 10.2 mmol) in

7

heptane (75 mL) was prepared and cooled in an ice water bath. The lithium solution
was added dropwise by canmula to the stirred zirconium suspension over 20 min, and
the mixture was warmed to approximately 22 °C overmight.  The volatiles were
removed under vacoum and CH,CL (100 mbL) was added by cannula. The suspension
was filtered through a pad of Celite and the Celite was washed with CHoChL (2 x 20
ml.). The filirate and washes were combined and evaporated under vacuum to obtain a
dark yellow solid (5.79 g). The residue was triturated in 1/1 toluene/heptane (20 mb)
at stored at -30 °C to precipitate impurities. The supernatant was decanted and
evaporated under vacuum, and the tritaration procedure was repeated. The sapernatant

was decanted and evaporated to obtain METZ as an orange o1l (3.03 g}
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Synthesis of MET3: Portions of the following synthesis procedure were based
on a method described in the Journal of Organometallic Chemstry, 1999, 583, 18-25,
the disciosure of which is incorporated hercin by reference in ifs entirety. A solution of
indene (95 mole percent purity, 10 mi, 81.8 mmol} in ELO (200 mb) was prepared,
cooled in dry ice/acetone, and charged with a solution of n-Buli (33 mi, 2.5 M in
hexanes, 83 nunol) by syringe over 1 min. The solution was stitred and aliowed to
warm slowly to approximately 22 °C over 16 hr. A separate solution of 1,2-dichloro-
1,1,2,2-tetramethyldisilane (7.54 g, 40.3 mmol) in ELO (100 mL)y was prepared and
cooled in ice water. The prepared Li-Tud solution was added dropwise by cannula to
the distlane solution over 1 hr. The resulting pale-yellow suspension was stirred and
warmed slowly to approximately 22 °C over 16 hr. The solotion was evaporated under
vacuum resulting in a beige solid. Toluene (75 mL) was added by cannula and the
rosulting suspension was cendrifuged.  The supernatant solution was removed by
cannula, and this toluene extraction procedure was repeated to produce two toluenc
extracts.  The two extracts were combined and c¢vaporated o a volume of
approximately 75 ral.. The resulting suspension was warroed 10 40 °C in a hot water
bath, and stirred to dissolve the precipitated solid.  The stirring was halied upon
complete dissohution of the solid, and then the solution was allowed to cool slowly to
approximately 22 °C for about 16 hours. The supernatant solution was decanted by
canunula and the resulting precipitate was dried under vacuum to obtain rac/meso-1,2-
bis(inden-1-yi}-1,1,2, 2-tetramethyldisilane as an amber, crystalline solid (5.55 g). The
supernatant solution was concentrated and a recrystallization procedure analogous to
the aforementioned was repeated twice to obtain two additional amounts of the
rac/meso-bridged ligand (2.83 g and 1.52 g, respectively) exhibiting coroparable NMR
purity to that of the first. Total isolated yield of rac/meso-1,2-bis(inden-1-yi)-1,1,2,2~
tetramethyldisilane was 9.90 g, 71%. 'H NMR data indicated the presence of a 2/1
mixture of diastercomers, neither of which could be unambiguously characterized as
rac or meso due to the presence of symmetry elements in both cases. Key 'H NMR
data for the major isomer (CDCh): 8 6.28 (dd, /=5, 2; 2H, Cs-Ind), 3.16 (5, ZH, Cs-
Ind), 0,18 (s, 6H, SiMey), ~0.30 {5, 6H, SiMey). Key "H NMR data for the minor
tsomer (CDCL): 8 6.42 (dd, /=5, 2; Z2H, Cs-Ind), 3.27 (s, 2H, Cs-Ind), -0.10 (s, 6H,
SiMes), —0.45 (s, 6H, SiMey). A solution of rac/meso-12-bis(iaden-1-y1)-1,1,2,2-
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tetramethyidisilane (2.82 g, .14 mmol) in E6O (75 mb} was prepared, cooled to -5
°C, and charged with a solution of v-Buli (6.7 mL, 2.5 M in hexanes, 17 mmol) by
syringe over 30 sec. The mixture was stirred for 10 min, and then allowed to warm to
approximately 22 °C over 16 hr while stirring. A suspension of Zr(Cly (1.90 g, 8.14
mmol)y in toluene (50 mL) was prepared and cooled to -5 C.  The lithiated
bis(indenide) solution obtained from the rac/meso-bridged ligand was added to the
stirred zirconium suspension by cannula over 30 sec. The cooling bath was removed
and the resulting vellow-orange suspension was stirred and warmed to approximately
22 °C over 16 hr. The yellow suspension was evaporated under vacuum and toluene
(50 mbL) was added by cannula. The suspension was centrifuged, and the supernatant
solution was removed by cannula and evaporated under vacuum at 40 °C to obtain
rac/meso-MET3 (111 rac/meso) as 8 yellow solid. The solid was recrystallized twice
from tolucue to obtain pure meso-MET3., NMR data for these samples in CDCly
solution matched those reported in the Journal of Organometallic Chemistry, 1999,
585, 18-25, for the MET3 compound.

Polymerization Experiments: The polymerization conditions and the resultant
polymer properties for Examples 1-99 are summarized in Table L Any listing of
MET3 in Table I is meant (o indicate the meso isomer of MET3, ie., meso-MET3.
The H; feed in ethylene is listed in ppm on a weight basis (pprow). Applicants believe
that a quality issuec with the batch of co-catalyst used in Fxamples 91-93 may have
adversely affected the catalyst activity and the polymer properties of these examples.

FIG, 4 illustrates the molecular weight distributions of the polymers of
Examples 3, S, and 7. For the copolymers of these examples, FIG. 4 demonstrates that
Mw was substantially constant over a range of amounts of added hydrogen.

FiG. 5 illustrates the molecular weight distributions of the polymers of
Examples 2, 6, and 15, For the homopolymers of these examples, FIG. § demonstrates
that Mw decreased as the amount of added hydrogen increased.

FiG, 6 illustrates the molecular weight distributions of the polymers of
Examples 2-3 and 16. For the polymers of these examples, FIG. 6 demonstrates that
Mw/Mn increased as comonormer content increased, in the absence of added hydrogen.

FiG. 7 illustrates the molecular weight distributions of the polymers of
7

Examples 6-7 and 44-45 at 250 ppm added hydrogen. FIG. 7 demonstrates that the
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Mw and the Mw/Mn of the copolymers were significantly greater than that of the
homopolymer.

FIG. 8 illustrates the radius of gyration versus the logarithm of the molecular
weight for a Hnear standard and the polymers of Examples 2-3 and 6-7, with data from

S SEC-MALS. FIG. 8 demonstrates these polymers were substantially Hnear polymers
with minimal amounts of LCB’s (long chain branches).

FiG, 9 illustrates the Delta versus the log G* {complex modulus) for the
polymers of Examples 2-3 and 6-7. Similar to FIG, B, the rheology data in FIG,
demonstrates that these polymers were substantially lincar.

10 FiG. 18 illustrates the catalyst activity versus initial 1-hexcne comonomer
concentration for Examples 2-7 and 43-45 at varying amounts of added hydrogen.
FIG. 10 demonstrates that the catalyst activities for these examples were substantially
constaut at a given comonomer concentration, even when hydrogen was added.
Additionally, FIG, 18 demonstrates that the catalyst activity generally decreased as

15 comonomer content increased.

FIG. 11 dlustrates plots of first order models of catalyst activity versus joitial 1-
hexene comonomer concentration for Examples 2-7 and 40-45. FIG. 11 demonstrates
that the catalyst activities (abbreviated A) of these examples varied uniformly with
comonomer concentration (1-hexene) at a given hydrogen content, following the first

20 order exponential profile of {eq.1) below, where k 1s the slope,
{ P Of.5 {

[ A- A 3 . )
In| ———>\=—kC, = (eg.1}
N A(} - Am g -

FIG. 12 illustrates plots of the logarithm of melt index versus the logarithm of

25 the hydrogen feed conceniration (hydrogen/ethylene) for the polymers of Examples 4-

S, 7, and 17-24. FIG, 12 demonstrates the difference in hydrogen response when a

copolymer was being produced as compared to when a homopolymer was being
produced.

FI1G, 13 illostrates a plot of the high load melt index versus the melt index for

30 the polymers of Examples 4 and 17-24. FIG. 13 demonstrates that the shear rate ratio
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{HLMI/MI) was substantially constant across a range of hydrogen concentrations under
homopolymer conditions.

FiGz. §4 illustrates a plot of zero shear viscosity versus weight-average
molecular weight, specifically, log(mn) versus log(Mw), for the polymers of Examples
2-3, 5-7, 18, 44-45, and 66-67. FIG. 14 demonstrates the low levels of long chain
branches (LCB’s) attainable with this invention. Linear polycthylene polymers are
observed to follow a power law relationship between their zero shear viscosity, 776, and
their weight-average molecular weight, Mw, with a power very close 1o 3.4, This
relationship is shown by a straight line with a slope of 3.4 when the logarithm of 7 is
plotied versus the logarithm of Mw (labeled Linear PE in FIG, 14). Deviations from
this linear polymer line are generally accepted as being caused by the presence of
LCRB’s. Janzen and Colby presented a model that predicts the expected deviation from
the hnear plot of tog{#0) vs. Tog{Mw) for given amounts of LCB content as a function
of the Mw of the polymer. See “Dragnosing long-chain branching in polyethylenes,” J
Mol Struct. 485-486, 569-584 (1999), which s jncorporated herein by reference n its
entirety, The polymers of Examples 2-3, 5-7, 18, 4445, and 66-67 deviated only
slightly from the well-known 3.4 power law “Arnett line” which is used as an
mdication of a hinear polymer (J. Phys. Chem. 1988, 54, 649). All of these polymers
had fevels of LCB’s at or below the line representing 1 x 10 LCB’s per carbon ators,

which is equivalent to 0.001 LCB per 1000 total carbon atoms,
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Table I. Polvmerization Conditions and Polymer Properties for Examplss §-99.
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- . - N N T Reactor H2 .Fecd 3 ;‘ . PE Catalyst Activatos
Example | Catalyst | Catalyst | Activator | Activator Temgp in hexene/ . x cte
eatalyst Pressure . hexene Yield Activity Activity
Kthylene ethylene
No Type Wt (mg) Type {deg C} {psig} {ppaaw) {2} {mol/maol} {g/pmol/h) {g/g/ke}
] ACT] 200 TiBA 30 450 [ [ 3.00 59.0 2020
2 ACT] 204 A 30 390 1] 3 0.00
3 2 TBA a0 390 0 30
4 TIBA 20 390 125 [
5 TIRA 20 125 30
5 TIBA 20 2350 Q
7 TIBA 90 250 30
g TiBA 30 4] ¢
9 TBA 30 0 G
iy TEA 5y 0 0
il TIBA 0 0 G
iz TIBA 90 [ [
i3 TIBA 85 ¢ ¢
i4 TIBA 25 Q
i5 TIBA 90 ¢
6 TBA 890 58
17 TiBa 90 3
18 TiBa 20 3
19 TBA aQ 0
20 TIBA 0 0
21 TIBA 20 4] 5 A
27 TIBA 20 ¢ 2 1000
23 TIBA 20 260 ¢ N 960
24 . TIBA 20 275 ¢ 244 835
25 4 TIBA 160 0 0 37.7 1290
26 4 TiBA 80 [ 3} 381 1200
27 A TBA 20 1] 3 32.9 1125
28 4 TIBA 0 50 0 205 30.0
29 4 TIBA 90 300 [ 215 314
34 4 TIRA 20 ¢ 1 185 27.0
31 4 TIBA 20 Q 20 160 23.4
32 A TIBA 90 125 0 180 26.3
33 A TiBA 80 i8 b} 268 39.2
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H2 Feed

1.

Example | Catalyst | Catalyst | Activator | Activaior Co- Temp Reacior in 1 hezene/ P i Lm?l;vst ACE’YZ‘.“},!‘
' catalyst Pressure hexene Yield Activity Aectivity
Ethylene ethylene
No Type Wt (mg) Type Wt (mg) Type (deg Cy {psig} {ppurw) {g} {meol/mol} {g/wmol/R) {g/g/te}
34 METL 34 Ba 85 i85 3 3.00 2.8 i
35 T 24 TIBA 90 330 3 / L
38 MET!1 260 TIBA a5 420 0 1
37 MET! 200 TIBA 1060 448 0
38 MET] 200 TIBA 28] 390 0
39 MET] 200 TIBA 2 390 0
443 METT 200 TIBA 320 10
41 MET1 200 TIBA 350 20
42 METI 260 TiBA 3596 1o
43 METL 200 Ba 20
44 METL TBA 14
45 MET1 260 TIBA 20
46 MET1 260 TIBA 10
47 MET1 200 TIBA 20
48 MET] 200 TIBA 2
42 METT 200 TIBA 10
50 MET2 200 TIBA 0
51 MET2 200 TIBA a
52 200 Ba 3
53 200 THA 3
260 TIBA 1] 0
METZ 260 TIBA 0 0
MET2 200 TIBA 0 0
MET2 100 TIBA [ 0
MET2 200 TIBA 0 0
MET2 200 TIBA Q 0
MET2 200 TIBA 0 a
MET2 200 TIBA 0 Q
METZ 200 TBa 306 3
260 TRA 3 3
260 TIBA 390 1] 0
MET1 200 TIBA 390 0 0




Table I, Poly

WO 2013/151863

ization Conditions and Pol

Properties for Examples 1-99 (co

105

PCT/US2013/034373

Example | Catalyst { Catalyst | Activator | Activator Co- Temp Reactor 2 Feed I Ihexenss PR Catalyst Aciivator
¢ M catalyst Pressure | in Ethylene | Bexene cthylene Yield Activily Activity
Ne Type Wt {mg) Type Wt {mg} Type {deg C} {psig} {ppmw} {2) {rel/moly {2) {g/pmotik} {g/p/br}
66 MET: Q.5 ACT3 200 TIBA a0 350 O ¢ .60 140 139.1 700
67 2.5 200 TIBA 20 330 i%0 ¢ 0.60 215 1075
62 2.5 200 TIBA 30 335 0 ¢ 0.00 215 1675
69 3.5 200 TIBA 85 362 0 G 6.00 1883 S0
T 3.5 200 TiBA 30 %6 0 ¢ 6.00 125 275
7 0.5 260 TIBA 95 420 0 6 6.00 225 1123
7 0.5 200 TIBA 100 443 0 G 6.00 21 1050
73 1.0 200 TiBa 90 390 300 & 4,00 240 1200
74 1.3 200 TBA 90 390 323 i .00 176
7 1.0 200 TIBA a0 3%0 350 ¢ .60 182
7% Lo 200 TIBA 20 330 375 ¢ 0.60 170
7 Lo 200 TIBA 20 390 400 ¢ 154
72 Lo 200 TIBA 20 390 300 ig 235
7% Lo 200 TIBA 30 %0 325 Hy 1883
80 Lo 260 TIBA 50 350 350 i 185
31 1.0 200 TIBA S0 350 375 H 150
82 1.0 2060 TiBa 90 390 g 176
83 34 200 TRA 90 390 i 312
84 3.4 200 TIRA a0 3%0 ¢ 272
85 34 200 TIRA a0 350 ¢ 214
86 1.7 200 TIBA 20 330 ¢ 150
87 3.4 200 TIBA 20 390 ¢ 260
88 L7 200 TIBA 30 %0 Y 13
89 17 TIBA 50 350 6 235
90 1.7 TIBA 90 390 G 160
9i 1.7 TBa 90 390 30 120
R 1.7 TBRA 90 390 30 180
93 1.7 TIBA 90 390 30 192
94 1.7 TIRA a0 350 30 201
s L7 TIBA 20 330 ¢ 155
2% 1.7 TIBA 20 390 ¢ 230
a7 L7 TIBA i 350 G 166
98 MET3 17 TIBA 50 350 9 412
99 MET3 L7 TIBA 50 350 i0 176




WO 2013/151863 PCT/US2013/034373
106

Table I. Polvmerization Conditions and Polvmer Propesties for Examplss |-99 {continued).

. , ; SCB/100%
Example Mi HEMI HEMEME | Density M My M-z Mw/Ma | Me/Mw 7o £ i Carbons

No {2/10 min} | {g/10 min) {glec) (hgfmol) | (kgimoly | (ke/mol)

i 0.000 6.000 - - iNg 462.7 - - N
2 8.000 §.000 - 257.6 883000 0.4268

3 3.000 1629 505800 0.4324

4 0.040 - - - - -

s 0.018 - 45.1 157300 $.4469

3 9.940 0.9671 20.1 720 0.6335

7 . $.9354 37.0 1 59300 3.4486

(.000 2457 543.2 - -

3 [ 214.7 586.8 -
10 .00 R

i1 0.000 - - - - - - - - N
12 3.000 - - - - - - - N - -
13 0.000 044 - - - - - B

14 0.000 0.067 - - 2347 R47.1 2.15 -

15 i 836.000 - 8.3 70.1 3.74 - - - -
6 $.346 - 1028 598.9 3.1 - - - -
7 26.400 - - - R R

[ 18.600 26.8 336.7 S 242 3567 0210 3.5045 -
19 38.800 -

20 70.400 - - - - - - - - - N
21 159.4G0 12.56 - - - - - - - - - -
22 202 600 2.67 - - - - - B B

23 18.300 320.000 17.49 - - - - - - R - - -
24 20.100 364.000 18.11 - - - - - - - - - -
25 0.000 0.140 - - - - - - - - - N -
26 (.000 $.000 - - - - - - - - - - N
27 4020 93.700 22,56 - - - - - - - B N
28 0.000 6.000 - - - - - - B - . B .
29 0.000 6.000 - - - - - - - - - - N
30 8.000 §.000 - - - - - - - - - - -
31 0.000 000 - - - - - - - B
32 0.000 000 - - - - - - B B
33 0.710 17.360 24.37 - - -
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Table 1. Polvmerization Conditions and Polvmer Properties for Examplss |-99 {continued).

Example wy BLME | BLMIME | Density | Mo Mw Mz | Mwivia | MaMw | gy % a | s
Ne {g/I0 min} { {g/10 min) {g/ce} {kgimoly | {kg/mol) | (kg/mal)
5330 7452 . - - : : : -
6.9 2240 - - - : ) : : : : -
0400 2.5% - - - : ; ; : - - -
005 3694 : ; ) : : . - :
G060 73006:00 : : : : : : : ;
13100 3.5 : - : ] - - - - - :
3,000 1360000 - - - : - - - - - -
0.000 15500,50 . - } : - - - . : -
D.000 3160000 : - : ; - - ;
5012 50, : : : : :
6.005 3.0 - 3156 | 6327 AL 155 1 774500 | 04960 | 04476 -
6.029 ‘ 3267 - 2. 255 | 578 | oo 207 | 189706 | ©.1383 | 04473 -
; 6022 6,790 3591 : - : : ; : : : - -
¥ G000 G000 : ; : : - : ; : - - ;
G060 G.000 - - ; : ; : ; : - 3 -
5.060 6.000 - - - } : - - - - - -
0.000 - - } : : : : - - - -
0.060 - - - - - - - -
0.000 0.000 : ; : : ; - : :
5.000 0.0 - : - ; : : : -
6.000 0.000 - - : - - : - - - - -
.00 G.000 : . : : - . : . - - -
G000 G000 : ; : : - : ; : - - ;
3050 G000 - - : : ; : ; - - - -
3,000 C.008 - - - - } : : : - - -
0.000 0.000 - - } : - : : - - - :
0.000 0.000 : : : - - : : - : : :
0.000 0.000 : : : : ; : - : : ;
5! 5.630 30,500 FAT . X UGS L 15005 L 639 T T070 | 3654000 | 0.0000008 1 6.0561 -
3 6.000 6.7 - - - - : - - : - - -
4 0.000 6,520 - - - . : . . . - - -
65 000 6,000 - : ; : - : : . : - ;
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Table . Polvmerization Conditions and Polvmer Properties for Examples 1-99 {continusd).

PCT/US2013/034373

g2 . 7 TELME T M it ' . . . fr i SCB/OM
Exawmphe M3 LM FEMI/ME | Density M Viw Mz Mw/Mn | Mz/Mw 23} Ty & Carbous
Ne {g/10 miny | {3/10 min} {g/ee} {kg/mol) | (kg/mel) | (kg/mel}
[ 0.000 4.000 266.1 a05.2 13689 2.27 2.26 3674000 { 2.379¢ 0.334
67 0.042 - - 216.6 570.5 1433.3 2.63 2.51 2877000 { 1.4030 $.385 -
68 - - - - - - - - - - -
69 - - - -
70 - - N -
71 5.000 - - -
72 $.000 - - - - - - - - - - -
73 157.14 - - - - - - - - - -
74 620.37 - - -
75 - - -
76 - - - - - - - - - -
77 - - - - - - - - - -
78 - - - - - - - - - -
79 - - - -
80 6.000 - - -
81 $.000 - - - - - - - - - - -
82 - - - - - - - - - - -
83 30.26 - - -
84 32,68 - - -
85 1850.00 - - - - - -
86 34.02 - 22.4 2147 5874 S.45 2.78 - - - -
87 26.82 - - - - - - - - - -
B8 33 04 - 2258 568.0 5.62 2.3 -
89 27.58 99.0 291.3 8.37 2. -
30 23.60 - 48.7 1572 7.26 3. - - - -
91 27.79 - 171.6 4304 8.96 2. - - - -
92 28.00 - 162.6 4187 3.56 2. - - - -
95 26.32 129.8 342.1 £.08 2. - - -
94 5.910 3231 80.0 256.7 6.99 3.21 -
5 35.600 21.04 - 48,9 158.2 6.40 3.23 - - - -
26 0.004 45.94 - 235.2 603.6 713 2.57 - - - -
a7 - - - - R -
a8 - - - -

92
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EXAMPLES 100-102
Polymers produced using a dual caralyst system containing an ansa-metaliocene
having formula () and a second metailocene
S The ansa-metallocene having formula (B) used in these examples was METH,
and the second metallocene was MET A; following are their respective structures and

abbreviations:

MET A

10

The polymerization counditions and the resultant polyroer properties for

Examples 100-102 arc summuarized in Table H. The H, feed in cthylene is listed in

ppm on a weight basis (ppmw). The catalyst components were precontacted for S min

IS prior to polymerization. The catalyst activity hsted in Table 11 is based on etther the
weight of ACTT or on the total mooles of METT and MET A,

FIG, 18 illustrates the molecular weight distributions of the polymers of

Examples 100-102. For the copolymers of these examples, Table I and FIG, 18

demonstrate, unexpectedly, that the molecular weight distribution narrowed {e¢.g., the

20 Mw/Mn ratio decreased) as the amount of added hyvdrogen increased.
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Table II. Polymerization Conditions and Polymer Properties for Examples 100-102.

PCT/US2013/034373

- N 2 Feed 3- - S .
Exampie MET3 MET A | Activater | Activater Ce- Temsp Reaetor in } hexene/ ,) ¥ (/mf‘l? S Actufa.mr
catabyst Pressure hexene VYield Activity Activity
v Eihylese ethylene ‘
No Wi mg) | Wt (mge) Type Wi (s} Type {deg O} {psig} {pponew) {2 {mol/smoly {2} {g/pemolB) {/g/hr}
100 17 2.0 ACT1 200 TiBA aQ 33¢ 159 30 0.20 434 2156
101 1.7 34 ACTI 200 TiBA 0 390 200 30 0.20 403 2015
102 17 34 ACTI 200 TIBA 0 390 350 30 0.20 377 1885
Table TL. (copiinued).
Example Mt 8E.ME BEMEME | Bensity Mn Mw Mz Mw/Ma | Mz/Mw o a SUR/EO0
- ; ST i ) ) o B 7 ' Carbons
No (/10 min} { {g/10 min} {glecy {kgimody | {kg/woly
130 0 030 6.000 - - 2 3428 476 .34 -
161 0.000 6.000 - 4.60
102 0.000 6.000 - - 447 - - - -
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CONSTRUCTIVE EXAMPLES 103-108
Constructive polymerization process for producing a polvmer having a conventional
comonomer disiribution using a dual catalyst system containing an ansa-metailocene
having formula (1) and a second metallocene
Coustructive Example 103 uses the following metallocene compounds in a dual

catalyst systeny

MET1 MET A
Constructive Example 104 uses the following metallocene compounds in a dual

catalyst system:

Ph ——»CE

th \>\/

R—/\/

METZ MET B

N\

Constructive Example 105 uses the following metallocene compounds in g dual

catalyst system:

+-Bu” //{1@\ ) -Bu

i Hf”Ci

P \/

LN

N
MET3 METC
A stirred one-gallon stainless steel polymerization reactor can be used for the
Constructive Examples 103-105. The catalyst composition can contain approximately

3 mg of the disilyl metallocene (METE, MET2, or MET3); approximately | mg of the
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second metallocene (MET A, MET B, or MET () that can incorporate comonomer
more effectively than the disilyl metallocene; approximately 150 mg of an activator-
support such as ACT1 (alternatively, can be ACT2 or ACT3); and approximately 0.5
mlL of a | M heptane solution of a8 trialkylaluminum, e.g., TIBA. The catalyst
components are fed into the reactor via a charge port against a slow tlow of isobutane
vapor., The reactor is sealed, followed by the addition of 2 L of liquid 1sobutane. The
reactor contents are stirred and heated to a polymerization temperature of about 90 °C.
Prior to reaching the polymerization temperature, ethylene is charged to the reactor to
achicve the desived reactor pressure of 390 psig, along with 30 g of I-hexene
comonomuer. Ethylene can be fed on dernand as the polymerization reaction proceeds
in order to maintain constant reactor pressure. Hydrogen is introduced to the reactor by
dilution in the ethylene feed stream at a feed concentration of about 1000 ppmw
{alternatively, can be at another addition level in the 730 pprow to 1250 ppmw range).
The polymerization reaction can be conducted for 60 min. Upon corapletion of the
polymerization experiment, the reactor is vented, then the reactor is openad and cooled,
and the polymer product is coliected and dried.

Measurement of the comonomer distribution or SCBD of the polymer product
of Constructive Examples 103-105 via SEC-FTIR will reveal that the overall short
chain branch content decreases with increasing molecular weight, e.g., the number of

SCB’s per 1000 total carbou atoms s greater at Mo than at Mw.
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CLAIMS
I An oletin polymerization process, the process comprising:
contacting a catalyst composition with an olefin monomer and optionally an
slefin comonomer under polymerization conditions to produce an olefin polymer,

wherein the catalyst composition comprises:

(N an ansa-metallocene compound having forowla (1)
T ADA o BB vrav .,
E(Cp"RANCp"RPIMX, 1,
wherein:
Mis T1, Zr, HE, Cr, 8¢, Y, La, or a lanthanide;
Cp® and Cp” independently are a cyclopentadienyl, indenyl, or fluorenyl group;

cach R® and R” independently 18 H or a hydrocarbyl, hydrocarbylsilyl,
hydrocarbylamino, or hydrocarbyloxide group having up to 18 cartbon atoms;

E is a bridging chain of 3 to 8 carbon atoms or 2 to 3 silicon, germantum, or tin
atoms, wherein any substituents ou atoms of the bridging chain independently are H or
a hydrocarby! group having up to 18 carbon atoms;

each X mdependently is F; CL; Br; ) methyl; benzyl; phenyl; H; BHy OBR; or
SO:R, wherein R is an alkyl or aryl group baving up to I8 carbon atoms; or a
hydrocarbyloxide group, 8 hvdrocarbyvlamino group, or a hydrocarbylsilyl group, any
of which having up to 18 carbon atoms;

mis(, 1,2 3, ord;

nis @, 1,2, 3, ord;

g is 2 when M is Ti, Zr, or Hf; and

gis | when M is Cr, 8¢, Y, La, or a lanthanide;

{i1) a second metallocene compound; and

(il  an activator.

2. The process of claim 1, wherein the process is conducted in the presence of
added hydrogen, and a Mw/Mn ratio of the olefin polymer decreases as the amount of
added bydrogen increases from about 100 o about 300 ppm.

3. The process of claim 2, wherein the process is conducted in the presence of an
slefin comonomer at a molar ratio of olefin comonomer to olefin monomer in a range

from about 0.01:1 t0 about 0.25:1.
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4. The process of claim 1, wherein the process is conducted in the presence of
added hydrogen, and a Mw/Mn ratio of an olefin polymer produced by the process in
the presence of 350 ppm added hyvdrogen is less than a Mw/Mn ratio of an olefin
polymer produced by the process under the same polymerization conditions in the
presence of 150 ppm added hydrogen.

5. The process of claim 1, wheren:

a Mw of a high molecular weight component of the olefin polymer is reduced
by the addition of hydrogen; or

a Mw of a low molecular weight component of the olefin polymer 1s not
reduced by the addition of hydrogen; or

the olefin polymer has less than about 0.002 long chain branches per 1000 total
carbon atoms; or

the olefin polymer has an average of from 0 to about 5 short chain branches per
1000 total carbon atoms; or

the olefin polymer has a density of greater than about 0.91 g/em’; or

any combination thercof.

6. The process of claim 1, wherein:

Mis Ty, Zr, or HE,

each R® and R” independently is H or a hydrocarby! group having up to 12
carbon atoms;

E is a bridging chain of 3 to 6 carbon atoms or 2 to 4 silicon atoms, wherein any
substituents on atoms of the bridging chain independently are H or a hydrocarbyl group
having up to 12 carbon atoms;

cach X independently s F, Cl, Br, 1, methyl, benzyl, or phenyl;

mis{, 1, or2;

nis G, 1, or2; and

gis 2.

4

The process of claim 6, wherein:
M is Zr or Hf;

Cp™ and Cp® independently are 2 cyclopentadieny] or indenyl group;
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cach R and R® independently is H, methyl, ethyl, propyl, butyl, pentyl, hexyl,
heptyl, octyl, nonyl, decyl, ethenyl, propenyl, butenyl, pentenyl, hexenyl, heptenyl,
octenyl, nonenyi, decenyl, phenyl, tolyvl, or benzyl; and

E is —SiMe;—SiMey—.
8. The process of claim 1, wherein the ansa-roetallocene compound having

formula () coraprises:

; ot a combination thereof,
8. The process of claim 1, wherein the activator comprises an aluminoxane
compound, an organoboron or organcborate compound, an ionizing ionic compound, or

any combination thereof,
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10. The process of claim 1, wherein the activator comprises an activator-sapport,
and wherein the activator-support comprises a solid oxide treated with an electron-
withdrawing anion.
il.  The process of claim 10, wherein the activator-support comprises fluorided
alumina, chlorided alumina, bromided alumina, sulfated alumina, fluorided silica-
ahumina, chlorided silica-alumina, bromided silica-alumina, sulfated silica-alumina,
fluorided silica-zirconia, chiorided silica-zirconia, bromided silica-zirconia, sulfaied
silica-zirconia, fluorided silica-titania, fluorided silica-coated alumina, sulfated silica-
coated aluming, phosphated silica-coated alumina, or any combination thereof,
12, The process of claim 11, wherein the catalyst composition further comprises an
organoaluminum compound, and wherein the organoaluminum compound comprises
trimethylaluminum, tricthylalominam, tri-n-propylalumioum, tri-n-butylaluminum,
triisobutylalurninum, tri-un-hexylalurotmur, tri-u-octylaluminum, ditsobutylalursinure
hydride, dicthylaluminum ethoxide, dicthylaluminum chloride, or any combination
thereot.
13 The process of claim 1, wherein the second metallocens compound comprises
an unbridged metallocene corapound, a bridged metallocene compound, a dinuclear
metallocene compound, or a combination thereof.
i4.  The process of claimn I, wherein the process is conducted in a batch reactor,
slurry reactor, gas-phase reactor, solution reactor, high pressure reactor, tubular reactor,
autoclave reactor, or a combination thereof,
15. The process of claim 1, wherein the olefin monomer is ethylene, and the olefin
comonomer comprises propylene, I-butene, T-pentene, T-hexene, [-heptene, [-octene,
I-decene, styrene, or a mixture thereof,
16.  An olefin polymerization process, the process comprising:
contacting a catalyst composition with an olefin monomer and an olefin
comonomer under polymerization conditions 1o produce an olefin polymer, wherein the
catalyst composition comprises:
(1) an ansa~-metaiiocene compound having formula (3):

E(Cp"R™)(Cp R IMX ),

wherein:

M is Ti, Zr, HE, Cr, S¢, Y, La, or a lanthanide;
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"™ and Cp® independently are a cyclopentadienyl, indenyl, or fluorenyl group;

cach R and R” independently is H or a hydrocarbyl, hydrocarbylsilyl,
hydrocarbylamino, or hydrocarbyloxide group baving up to I8 carbon atoms;

E is 3 bridging chain of 3 to ¥ carbon atoms or 2 to & silicon, germanium, or tin
atoms, wherein any substituents on atoms of the bridging chain independently are H or
a hydrocarbyl group having up to 18 carbon atoms;

gach X independently is F; CL Br; I methyl; benzyl; phenyl; H; BH4 OBR, or
SR, wherein R is an alkyl or aryl group having up to 18 carbon atoms; or a
hydrocarbyloxide group, & hydrocarbylamino group, or a hydrocarbyisilyl group, any
of which having up to 18 carbon atoms;

mis{, 1,2, 3, 0ord:

nisQ, 1,2, 3, 0r4;

g is 2 when M is Ti, Zr, or Hf; and

gis 1 when M 18 Cr, S¢, Y, La, or g lanthanide;

(i) a second metallocene compound; and

(1) an activator;

wherein the olefin polymer has a conventional coraonomer distribution.

[e—y
-3

The process of claim 16, wherein:
M 1s Zr or HE;

and Cp® independently are a cyclopentadienyl or indeny! group;

cach R® and R” independently is H, methyl, ethyl, propyl, butyl, pentyl, hexyl,
heptyl, octyl, nonvi, decyl, ethenyl, propenyl, butenyl, pentenyl, hexenvl, heptenyl,
octenyl, nonenyl, decenyl, phenyl, tolyl, or benzyl;

His —SiMe,—SiMe;—;

each X mdependently is F, Cl, Br, 1, methyl, benzyl, or phenyl;

mis§, |, or2;

nis G, 1, or2;

qis 2;

the activator comprises an activator-support comprising a solid oxide treated
with an electron withdrawing anion;

the process s conducted in the presence of added hydrogen; and

the olefin polymer has:
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a bimodal molecular weight distribution; or

iess than about 0.002 long chain branches per 1000 total carbon atoms; or

an average of from about 0.5 to about 5 short chain branches per 1000 total
carbon atoms; of

a density of greater than about 0.91 glem’; or

any combination thereof.
i8. The process of claim 17, wherein the catalyst composition further comprises an
organocaluminmum compound, and wherein the organoaluminum compound comprises
trimethylahumimir, triethylalumimim, tri-n-propylalurimum, tri-n-butylaluminum,
wriisobutylaluminum, fri-n-hexylaluminom, n-n-octylaluminum, disobutylaloodnum
hydride, diethylaluminuom cthoxide, diethylaluminam chloride, or any combination
thereof; and

the activator-support coraprises fluorided alumina, chlorided alumina, bromided
alumina, sulfated alumina, fluorided silica-alumina, chlorided silica-alumina, bromided
silica-alumina, sulfated silica-alumina, fluorided silica-zirconia, chiorided silica-
zircomia, bromided silica-zirconia, sulfated sihica-zirconia, fluorided silica-titania,
fluorided silica-coated alumina, sulfated siica-coated alumina, phosphated silica-
coated alumina, or any combination thereof.
i9.  The process of claim 18, wherein the olefin monomer is ethylene, and the olefin
comonomer comprises propyvlene, 1-butene, I-pentene, I-hexene, 1-heptene, 1-octene,

i-decene, styrene, or a mixmure thereof.

20. A catalyst composition comprising:
(1) an ansa-metallocene coropound having formula (1)
~ i A A < Byy B - p
E(Cp R HCp REMX (D,
whergin:

Mis Ti, Zr, HE Cr, 5S¢, Y, La, or a lanthanide;

Cp™ and Cp® independently are a cyclopentadienyl, indenyl, or fluorenyl group;

cach R™ and R” independently is H or a hydrocarbyl, hydrocarbylsilyl,
hydrocarbylamino, or hydrocarbyloxide group baving up to I8 carbon atoms;

E is 3 bridging chain of 3 to 8 carbon atoms or 2 to & silicon, germanium, or tin
atomns, wherein any substituents on atoms of the bridging chain independently are H or

a hydrocarbyl group having up to I8 carbon atoms;
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gach X independently is F; CL Br; I methyl benzyl; phenyl; H; BH, OBR; or
SO:R, wherein R is an alkyl or ary] group having up to 18 carbon atoms; or a
hydrocarbyloxide group, a hydrocarbylamino group, or 3 hydrocarbylsilyl group, any
of which having up to 18 carbon atoms;

mis (3, 1,2,3, 0r4;

nisG 1,2, 3, 0r4;

g is 2 when M is Ti, Zr, or Hf; and

g is I when M is Cr, Sc, Y, La, or a fanthanide;

(i1} a second metallocene compound; and

(i1} an activator.



