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Abstract

Polymerizations of ethylene have been carried out by usinZGNMe,), (Cp* = CsMes) compound combined with common alkyl
aluminums (AIR) and methylaluminoxane (MAQO) as cocatalysts. The AlMecatalyzed system showed no activity due to the forma-
tion of stable but inactive heterodinuclear [REr(-Me),AlMe,]* cations; however, the bulkier AIJAIEt;, Al(i-Bu); and Al{-Bu);H]
cocatalyzed systems showed very high activities. Especiall§ZICNMe,),/Al (i-Bu); catalyst showed higher catalytic activity and pro-
duced higher molecular weight (MW) polymer than}Zp(NMe,),/MAQ catalyst, demonstrating both MAO and bulky AlRre effective
cocatalysts for CjZr(NMe;), compound.
© 2003 Published by Elsevier B.V.
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1. Introduction problem unsolved. Because of the low efficiency of AIR
as a cocatalyst there have been no detailed reports on the
Before the invention of the methylaluminoxane (MAO) olefin polymerizations by metallocene catalysts cocatalyzed
as an effective cocatalyst for the olefin polymerizations by by AIRs.
metallocene compounds, they have only remained model Group 4ansa-metallocene amide compounds have been
catalysts for the mechanistic study for the olefin polymer- considered as a new class of stereoselective olefin poly-
ization, because they showed only negligible activity when merization catalysts since Jordan et al. reported an efficient
common alkyl aluminums (AIR) were used as cocatalysts synthesis method ofansa-metallocene CthZZr(NRz)z
[1-3]. The continuing commercial interests on the metal- (‘"Cp,Zr = chiral ansa-metallocene framework) via an
locene catalysts are attributed to the outstanding features ofamine elimination rout¢s]. The efficiency of amine elimi-
MAO to increase the activity of polymerizatidd]. How- nation route was proven to be exploited because the amide
ever, MAO itself is a formidable obstacle to commercial- derivatives could be used directly in catalyst formulation in
ize the metallocene technology, because excess amount ishe presence of MAO or AlgInon-coordinationg anionic
needed to activate metallocene, increasing the cost of thecompoundg6].
technology. In addition, the exact structure and the role of In this study we investigate an effectiveness of Ald
MAO have not been fully understood. MAO cocatalysts for the ethylene polymerizations by using
The utilization of AlRs as a cocatalyst of metallocene a metallocene diamide compound, ¥Zp(NMey), (Cp* =
compound as in the case of heterogeneous Ziegler—NattaCsMes). The effects of the type and the amount of AIR
catalysts has been a main issue, since the metallocen®n the catalytic activity and the properties of polymer are
compounds was developed, resulting in failure. Various reported.
types of cocatalyst such as non-coordinationg anions have
been developed as a substitute for MAO, leaving the cost
2. Experimental
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Polymerization grade of ethylene (SK Co., Korea) was 3. Results and discussion

purified by passing it through columns of Fisher RIDOX

catalyst and molecular sieve 5A/13X. Trimethylaluminum 3.1. Effect of AIRz on the ethylene polymerization

(AlMe3), triethylaluminum (AIE$), diethylaluminum chlo-

ride (AIEtCI), triisobutylaluminum (Al{-Bu)3), and di- Metallocene catalysts for the polymerization of ethylene
isobutylaluminum hydride (Al(Bu),H) donated by Korea  are almost as old as Ziegler—Natta catalysis itself. In 1957,
Petrochemical Co. and were used without further pu- Natta et al[8] and independently Breslow and Newbuigj
rification. MAO was purchased from Akzo Chemical as reported on a soluble, crystalline and isolobal complex from
8.4wt.% total Al (Al in MAO is composed of 81.5wt.%  Cp,TiCl,/AlEt3 catalyst which was active towards ethylene
from MAO and 18.5wt.% from AlMeg) solution in toluene. polymerization but much slower than a comparative het-
Solvents were distilled from Na/benzophenone and storederogeneous Ziegler—Natta catalyst, e.g. Ti8lEt3. Even
over molecular sieves (4 A). Literature proceduf@swere though there have been tremendous research about and
employed to synthesize Gpr(NMe,), complexes. developments on the metallocene catalyst systems, MAO
invented by Kaminsky et a[9] remains the most effective
cocatalyst for the metallocene complexes. We revisited the
effectiveness of AIR as a cocatalyst for the metallocene
amide compound. Common alkylaluminums such as AlMe
AlEts, AIEt>CI, Ai(i-Bu)z, and Al({-Bu)>H, were tested as
cocatalysts for CjZr(NMez), complex. The rate of poly-
merization Rp) obtained by using CjZr(NMe;)2/AlMe3

and CgZr(NMez)2/AlEt,Cl catalysts were too low to

2.1. Polymerization of ethylene

Ethylene polymerizations were performed in a 250 ml
round-bottom flask equipped with a magnetic stirrer and a
thermometer. In a dry box, the reactor was charged with
toluene (80 ml) and a prescribed amount of MAO or alky-

laluminum cocatalyst. The reactor was immersed in a con- o .
stant temperature bath previously set to desired temperaturedeteCt by our rate monltorlng system, as reported earlier.
However, AIEg, Al(i-Bu)s, and Al{-Bu);H cocatalyzed

When the reactor temperature had been equilibrated to the . o
. ; systems showed unexpectedly high activity in the ethylene

bath temperature, ethylene was introduced into the reactor A . . .
polymerizationsFigs. 1-3llustrate rate profiles of ethylene

after removing argon gas under vacuum. When absorpuonpolymerization obtained by using AWt Al(i-Bu)s, and

of ethylene into toluene ceased, a prescribed amount of met'AI(i-Bu) H as cocatalvsts. respectively. Polvmerization rate
allocene catalyst dissolved in toluene was injected into the 2 ySIS, resp y. moly

reactor and then the polymerization was started. Polymer-prcjflle obtained by CfZr(NMe;)2/MAO (Al /Zr = 2000)

o S . catalyst is also shown for the comparisonHig. 1 The
ization kinetics was determined at every 0.01 s from the rate , .

) ; Al(i-Bu)z and Al(-Bu)2H cocatalyzed systems are charac-
of consumption, measured by a hot-wire flowmeter (model

5850 D from Brooks Instrument Div.) connected to a per- terized by both higher activity and better stability than the

sonal computer through an ac/dc converter. Polymerization
was quenched by the addition of methanol containing HCI 20 ] ' . .
(5vol.%) and then the unreacted monomer was vented. The w

. 18 41 i
polymer was washed with an excess amount of methanol 11
and dried in vacuo at 5TC. 16 1 | MAO 1
14 4 ¥ .
2.2. Characterization techniques . \\;( )
| (c)
\

Thermal analysis of polymer was carried out by using a
dupont differential scanning calorimeter (DSC, model 910)
at 10°C/min heating rate under nitrogen atmosphere. The
results of the second scan are reported to eliminate dif-
ferences in sample history. Infrared spectra were obtained
with an ATl Mattson Genesis Series FTIR. Polymer films of
100pm thickness were prepared for IR examination by us-
ing a hot press (Graseby Specac Film Maker) at°15or
30s. Molecular weight and its distributioM{,/Mp) were
determined by gel permeation chromatography (GPC) on a
Waters 150-C at 13%C in 1,2-dichlorobenzene with a data Time (min)
processor, equipped with polystyrene gel columhsNMR
spectra of compounds were recorded on a Bruker WM-300 erization conditionsy — 30°C, Peyy, — 13am, 2] = 1.275uM
spectrometer using tetramethylsilane as an internal standar(ﬂluene: 80ml: and Fa) (AY[Z1] SHE;‘; (b) 12: () 18; and (5 27,
CD,Cl; solvent. Wilmad NMR tube with J Young valve was MAO cocatalyzed system polymerized at the same conditions except
used for a NMR-scale reaction. [Al] /[Zr] = 2000.

R, x 10°° (g-PE/mol Zr h)

Fig. 1.Ry vs. time curve obtained by GAr(NMe,)»/AlEt3 catalyst. Poly-
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R, x 10 (g-PE/mol Zr h)

Time (min)

Fig. 2. Ry vs. time curve obtained by GAr(NMez)2/Al (i-Bu)s catalyst.
Polymerization conditions: 7, = 30°C, Pc,H, = 13atm,
[2r] = 1.275pM, toluene= 80 ml; and (a) [Al}[Zr] = 24; (b) 48; (c)
72; (d) 96; (e) 167; (f) 238; and (g) 334.

The best activity as the average rate of polymerization
(Rp) for Al(i-Bu)s and Al({-Bu);H cocatayzed systems
was recorded when [Al]/[Zr] is around 250; however, the
AlEts cocatalyzed system showed high activity at very
narrow [Al)/[Zr] range, demonstrating that the activity of
Cp5Zr(NMey), complex is very sensitive to the type and
the concentration of cocatalyskgble J).

In the previous reportg6] we showed thatansa-
metallocene amidecthZZr(NRg)z is stoichiometrically
alkylated by AlMe to afford “"Cp,ZrMes.

"Cp,Zr(NR2)2 + Al2Meg
— NCp,Zr(NR2) (Me) + Al,Mes(NRy) (1)

"Cp,Zr(NRy)(Me) + AlMeg
— NCp,ZrMe, + 2AI,Mes(NRy) 2)

After alkylating CthZZr(NRz)z by four equivalents of
AlMes, methylzirconium cations fpc-(EBI)ZrMe]™)

are in situ generated successfully by reacting com-
plexes with ammonium salts (e.g., [HNW®h][B(CsFs)a],
[HNMePh][B(Ce6Fs)a], and [HNELPh][B(CeFs)4]) and
alkyl abstraction reagents. The formation of these cationic

MAO cocatalyzed system. It is interesting to note that all SPecies which polymerize propylene stereospecifically was
catalyst systems cocatalyzed by common alkyl aluminums &/SO proved by using spectroscopic measuremiéipts

have quite long induction periods, about 12 niing( 1(d)).

In general, the induction period becomes longer at higher

Similar NMR-scale reactions of GAr(NMey), with one
to four equivalents of AlMg showed that CjZr(NMey)»

alkyl aluminum concentrations. The MAO cocatalyzed sys- compound is stoichiometrically alkylated _b{ AlJeto
tem is characerized by the negligible induction period and &fford Cp.ZrMe; [§(Zr-Me) = —1.43ppm in“H NMR

rapid deactivationKig. 1).
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Fig. 3. Ry vs. time curve obtained by G@r(NMey)2/Al(i-Bu)oH
catalyst. Polymerization conditionsl, = 30°C, Pc,n, = 1.3atm,
[2r] = 1.275pM, toluene solvent= 80 MI; and (a) [All/[Zr] = 59; (b)
82; (c) 118; (d) 153; (e) 235; (f) 352; (g) 471; and (h) 588.

spectrum (CRCly solvent)] compound. Further, addition
of AlMes ([Al] /[Zr] = 8) led to the formation of heterod-
inuclear [CBZr(n-Me)2AIMes] ™t [§(n-Me) = —0.80 ppm
ands(Al-Me) = —0.59 ppm intH NMR spectrum] cations,
the adduct of the base-free [§fr Me]* cation and AlMe.
These dinuclear species show polymerization activity if they
undergo loss or displacement of Alilduring polymeriza-
tion, ultimately leading to [C§Zr Me]™ cations. However,
the dinuclear species remains unchanged even after in-
creasing the amount of AlMegto [Al] /[Zr] = 16. Addition

of small amount of ethylene monomer to the NMR tube
containing this mixture yielded no polymer.

Reactions of CjZr(NMey), with 10-40 equivalents of
MAO (Al in MAO is composed of 81.5wt.% of MAO
and 18.5wt.% AIMg) in an NMR tube showed that
Cp5Zr(NMe2)2 compound is alkylated by MAO and/or free
AlMe3 contained in MAO, followed by activated to give
[Cp5Zr Me]T[MAO] ~ cations p(Zr-Me) = —0.65 ppm in
IH NMR spectrum], which are very active for the ethylene
polymerizations. These results obtained from the reactions
of Cp;Zr(NMey)2 with AIMez and MAO are summarized
in Scheme 1The alkylated CpZrMe; species react further
with MAO to generate cationic alkylzirconium complexes,
[Cp5Zr Me]T[MAO] ~, which polymerize ethylene. How-
ever, in the presence of AlMdnstead of MAO, the alky-
lated CyZrMe> species react with AIMgin excess to form
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Table 1
The effect of cocatalyst on ethylene polymerization by, ZiiNMe»)»/AIR3 catalysts
Cocatalyst [Al/[Z1] Rp x 10760 DSC GPC
Tm (°C) Te (°C) AHs® (J/g) X (%) My x 1073 MWD
AlEt3 9 1.70 131.8 1155 173.9 64.4 37.8 4.8
12 3.57 131.4 1151 167.5 62.1 38.7 5.8
18 1.34 1314 1151 154.1 57.1 38.7 5.6
27 1.23 132.1 115.3 178.1 66.0 23.0 3.2
Al(i-Bu)z 24 0.53 132.6 116.2 170.4 63.1 42.3 4.8
48 1.32 132.9 115.4 195.6 72.5 50.9 3.6
72 2.02 132.6 114.6 162.5 60.2 35.8 29
96 2.58 133.1 114.7 156.9 58.1 334 2.8
96d 0.69 1334 117.9 2211 81.9 3.31 5.6
96° 4.86 132.9 115.3 160.4. 59.4 27.8 2.6
167 3.45 132.2 1151 161.3 59.8 30.9 2.8
238 4.33 132.5 115.4 175.3 64.9 26.2 24
334 3.47 133.1 115.9 158.7 58.8 26.1 2.7
Al(i-Bu)H 59 0.65 132.4 117.7 232.1 86.0 9.6 5.2
82 0.88 132.0 118.4 213.0 78.9 10.1 4.8
118 1.43 132.0 118.4 212.7 78.8 8.1 2.9
153 3.01 132.4 118.1 204.8 75.9 7.8 3.1
235 4.01 132.8 117.7 181.4 67.2 7.8 2.7
352 3.27 133.1 116.8 197.9 73.3 7.3 2.6
471 1.75 132.8 118.8 180.0 66.7 6.7 3.3
588 1.67 132.3 119.7 181.6 67.3 6.3 3.6
MAO 2000 1.71 131.4 116.6 118.8 44.0 4.2 2.3

Polymerization conditions are the same as thosEigs. 1-3

a Alkylaluminum cocatalysts such as AlMend AIELCI showed negligible activities.

b Unit is g-PE/mol-Zr h.

¢ AHs is the heat of fusion ani is the crystallinity calculated from the heat of fusiquf/AHfO) x 100, WhereAHf0 is the heat of fusion of
folded-chain polyethylene (269.9 J/ff)].

d Polymerization was performed in heptane in the same conditions.

€ Polymerization was performed in methylene chloride in the same conditions.

. NMe,
Cprzr<
p2 \NMeZ
AR,
AlMeg MAO (R=Et, /BU)
. Me . Me R . H
Cp ozl Cprzril Cp,rzr< cpLzrld Szrcp'
p2 \Me p2 “Me P2 SR p2 SH p2
AlM MAO
es } AR lAI(i—Bu)ZH
. Me Me . Me_  _Me R 1t +
cpLzrl AL Cpozrl AL 2l \ H
P2 e Me P2 SMe” T Me szzr\l:] Cp 2Zr<|:|
ethylene ethylene i
\ ethylene
no polymer

C*Z/Me*' C,Z/Pn+ T
I " *
P2 \I:l [MAO] P2 r\D [Cp22r< :I

l ethylene
P, = polymer chain
* _Pn * P
[ Cp 22r\|:| ] [MAOT [ Cp’, 2r<|:|” }

Scheme 1.
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cationic alkylzirconium species, [GAr(pn-R)2AIR2]T,
which are coordinatively saturated and lack a vacant orbital
suitable for binding the ethylene monomer. This heterodin-
uclear complexes reacts further to form [ZpR]* cations
to be activated for the polymerization. The negligible ac-
tivity of Cp5Zr(NMez)2/AlMe3 system demonstrates that
[Cp5Zr(n-Me)2AIMe ] T cations remain inactive due to the
stability of the AIMe; adduct.

Similar NMR-scale reactions of G@r(NMez), with
AlEt3 and Al(-Bu)z by increasing [Al]/[Zr] ratios from 2
to 8, followed by the addition of small amount of ethylene
monomer yielded white precipitates of polymer, indicat-
ing the formation of active [CRZrR]* cations. In these
cases no evidence indicating the formation of heterod-
inuclear [CBZr(n-R)2AIR2]T cations was found. These
results mean that [GEIR]T [8(Zr—CHp) 0.35ppm
for R = Et and 0.37ppm for R= i-Bu in 1H NMR
spectra] cations are directly formed from correspond-
ing alkylated CPZrR, species as shown ischeme 1
NMR-scale reactions of G@r(NMey), with four equiva-
lents of Al({-Bu);H in CD,Cl; solvent resulted in homod-
inuclear [CEZr(H)(u-H)2Zr(H)] [§(n-H) = —0.81ppm
andd(Zr-H) = —1.87 ppm in'H NMR spectrum] species.
Addition of four more equivalent of Ai{Bu);H and then
small amount of ethylene yielded white precipitates of poly-
mer, indicating the formation of active cationic [§4rH]*
species which are easily transformed to JZfEt]™ by the
reaction with ethylene monomeg¢heme 1[10].
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Fig. 4. FTIR analysis of polymer produced by $Zp(NMe,), combined
with (a) MAO (sample inFig. 1); (b) AlEtz (sample inFig. 1(c); (c)
Al(i-Bu)z (sample inFig. 2(e); and (d) Al{-Bu);H (sample inFig. 3(d).

The higher MWD values for alkyl aluminum cocatalyzed
systems demonstrate that the active sites generated in
Cp5Zr(NMey)2/AIR 3 catalysts are not so uniform as those
generated in CfZr(NMe)2/MAO catalyst. The broad

These results indicate that intermediate adducts derivedMWD by alkyl aluminum cocatalyzed systems is most

from the reaction of CjZr(NMe), with various alkyl
aluminums are different. The bulkier ethyl or isobutyl

probably due to complicated equilibrium reactions formed
during polymerization.

constituents render the inactive heterodinuclear complexes A strong enhancement of the polymerization rate was ob-
sterically unfavorable and this could result in a dissoci- served in polar methylene chloride solvent compared to that
ation of the dinuclear or intermediate complexes to the measured in toluene, while a low activity was observed in
active monomeric [CEZrR]* species. However, the long heptane solvent, as shownTable 1 As generally accepted,
induction periods Kigs. 1-3 of the bulky alkyl aluminum  the active species in the polymerization olefins with metal-
cocatalyzed systems demonstrated that the alkylation fol-locene systems is an ion pair. It is clear that, depending on
lowed by dissociation is a somewhat slow process. The the polarity of the solvent, the strength of association of the
bulkiness of isobutyl constituents also gives rise to more ion pair can change, and hence, an effect on the activity of
separate monomeric [GArR]* species, facilitating the  the catalytic system can be expected. The increase in the ac-
access of ethylene monomers to the active sites once thdivity is explained by an easier ionic dissociation of Zr—R-Al
active species form. The rapid rise to the maximum rate bond, which increases the population of the cationic active
(Fig. 2) explains this suggestion. species and to the low-coordinating power of the methylene
chloride molecule. Similar solvent effects were reported for
the olefin polymerizations by various metallocene catalysts
combined with MAO[11-15]

As summarized infable 7 the molecular weight (MW) Where no specific chain transfer agents have been added
of polymers decreases as the cocatalyst concentration inin metallocene catalyzed polymerization systems, two chain
creases. The MW value is the highest in the alkyl alu- transfer reactions are usually considergehydride elimi-
minum cocatalyzed systems when iAu)s is used as a  nation and alkylation of the cocatalyst. TRehydride elim-
cocatalyst and the lowest when ABu),H is used. The ination produces double bonds at the chain end and chain
MAO cocatalyzed system produced polymer of lower transferto Al cocatalyst produces alkyl groupsy. 4shows
MW than alkyl aluminum cocatalyzed systems; however, IR spectra of polymers obtained using different cocatalysts.
Cp5Zr(NMe)2/MAO catalyst showed an ability simi-  The peaks at 908 and 1378 thare assigned to vinyl and
lar to so-called single site catalyst to produce polymer alkyl end groups, respectively. The MAO cocatalyzed poly-
with narrow molecular weight distribution (MWB= 2.3). mer shows a strong peak at 908chindicating -hydride

3.2. Characterization of polymers
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elimination is a main chain transfer process. However, this
peak becomes very weak in the alkyl aluminum cocatalyzed
systems, especially in the AlBu); cocatalyzed system
(Fig. 4(b). In addition, the peak intensities at 1378t
band most probably induced by chain transfer to Al cocat-
alyst are relatively strong. These results demonstrate that
the chain transfer to Al cocatalyst becomes dominant in the
alkyl aluminum cocatalyzed systems. Thus, the lower MW
value of polymers obtained by ABu),H cocatalyzed sys-
tem can be explained by rapid chain transfer reactions to
cocatalyst (sed@able landFig. 4(c).

4. Conclusion

Zirconocene amide complex Gpr(NMez)> showed
high activity when combined with either MAO or common
alkylaluminum cocatalysts such as A$EtAl(i-Bu)s, and
Al(i-Bu)oH. The AlMes cocatalyzed system showed no
activity due to the formation of stable and heterodinuclear
[Cp5Zr(n-Me)2AIMes]t cations. In CHZr(NMez)2/AlIR3
systems, the easiness of dissociations of inactivezAIR
adducts to active [CiZrR]™ cations determines the cat-
alyst activity. End group analysis of the polymer showed
that B-hydride elimination is a main chain transfer process
for the MAO cocatalyzed system, while the chain transfer
to cocatalyst becomes dominant for the alkyl aluminum
cocatalyzed systems.
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