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Abstract: The kinetics of propene polymerization catalyzed by ansa-metallocenes were studied using
quenched-flow techniques. Two catalyst systems were investigated, (SBI)ZrMe,/AlBus/[PhsC][CN{ B(CsFs)s} 2]
(1:100:1) at 25.0 °C and (SBI)ZrClo/methylalumoxane at 40.0 °C (Al:Zr = 2400:1) (SBI = rac-Me,Si(1-
Indenyl),). The aims of the study were to address fundamental mechanistic aspects of metallocene-catalyzed
alkene polymerizations, catalyst initiation, the quantitative correlation between catalyst structure and the
rate of chain propagation, and the nature of dormant states. One of the most important but largely unknown
factors in metallocene catalysis is the distribution of the catalyst between dormant states and species actively
involved in polymer chain growth. Measurements of polymer yield Y versus reaction time t for propene
concentrations [M] = 0.15—0.59 mol L~* and zirconocene concentrations in the range [Zr] = (2.38—9.52)
x 1075 mol L* for the borate system showed first-order dependence on [M] and [Zr]. Up to t ~ 1 s, the
half-life of catalyst initiation is comparable to the half-life of chain growth; that is, this phase is governed by
non-steady-state kinetics. We propose a rate law which takes account of this and accurately describes the
initial rates. Curve fitting of Y(1) data provides an apparent chain growth rate constant k,?*" on the order of
10% L mol™! s™1. By contrast, the evolution with time of the number-average polymer molecular weight,
which is independent of the concentration of catalyst involved, leads to a k, which is an order of magnitude
larger, (17.2 £ 1.4) x 10° L mol~* s™%. The ratio k,2*P/k, = 0.08 indicates that under the given conditions
only about 8% of the total catalyst is actively engaged in chain growth at any one time. The system (SBI)-
ZrCly/methylalumoxane is significantly less active, k,°° = 48.4 &+ 2.7 and k, = (6 £+ 2) x 102 L mol™! s71,
while, surprisingly, the mole fraction of active species is essentially identical, 8%. Evidently, the energetics
of the chain growth sequence are strongly modulated by the nature of the counteranion. Increasing the
counteranion/zirconium ratio from 1:1 to 20:1 has no influence on catalyst activity. These findings are
consistent with a model of closely associated ion pairs throughout the chain growth sequence. For the
borate system, propagation is ~6000 times faster than initiation, while for the MAO catalyst, ky/k ~ 800.
Polymers obtained at 25 °C show 0.1—0.2 mol % 2,1-regioerrors, and end-group analysis identifies 2,1-
misinsertions as the main cause for chain termination (66%), as compared to 34% for the vinylidene end
groups. The results suggest that 2,1-regioerrors are a major contributor to the formation of dormant species,
even at short reaction times.

Introduction behavior of this important class of catalysts, and little is known
about the rate laws that govern catalyst initiation, polymer chain

Metallocene-based olefin polymerization catalysts have in growth, and termination,

recent years revolutionized polyolefin production and have

(2) (a) Jordan, R. F.; LaPointe, R. E.; Bajgur, C. S.; Echols, S. F.; Willett, R.
dramatically extended the range of polymeric materials that is S am Chem’ Sod087 108, 4111, (o) Bochmann. M.: Wilsom, L. M.
now available: Apart from their industrial impact, soluble Hursthouse, M. B.; Short, R. LOrganometallics1987 6, 2556. (c)
i H “ _ i ” Bochmann, M.; Wilson, L. M.; Hursthouse, M. B.; Motevalli, Mrga-

metallocene systems, and in particular _weII def_lned catalyst nometallics1988 7. 1148, (d) Tumer, H. W, Eur. Patent Appl 0277 004,
systems based on metallocene alkyls activated with borate-based  1988. (e) Bochmann, M.; Jaggar, A. J.; Nicholls, JABgew. Chemlnt.

; ; i i Ed. Engl.199Q 29, 780. (f) Horton, A. D.; Frijns, J. H. GAngew. Chem.
cation g,er,‘era“”g agerﬁshave S|gn|f|gant!y advanced the Int. Ed. Engl.1991, 30, 1152. (g) Siedle, A. R.; Lamanna, W. M.; Newmark,
mechanistic understanding of polymerization proceddes- R. A.; Stevens, J.; Richardson, D. E.; Ryan, Makromol. Chem.,

f s ; ; Macromol. Sympl993 66, 215. (h) Ewen, J. A.; Elder, M. Makromol.
tensive structural modlflcatlon of the_ metalloc_ene ligand Chem, Macromol. Symp1993 66, 179, () Ewen. J. AStud. Surf. S,
framework has permitted the construction of a wide range of Catal. 1994 89, 405.
catalysts with different stereo- and regioselectivities and activi-
ties? Despite this, there are remarkably few studies on the kinetic

(3) (a) Jordan, R. FAdv. Organomet. Chentl991, 32, 325. (b) Brintzinger,
H. H.; Fischer, D.; Milhaupt, R.; Rieger, B.; Waymouth, Rngew. Chem.
Int. Ed. Engl.1995 34, 1143. (c) Bochmann, MJ. Chem. So¢Dalton
Trans.1996 255. (d) Bochmann, MCurr. Opin. Solid State Mater. Sci.
1997 2, 639. (e) Chen, E. Y. X.; Marks, T. CThem. Re. 200Q 100, 1391.

(4) (a) Resconi, L.; Cavallo, L.; Fait, A.; Piemontesi, Ghem. Re. 2000

1) (a) Kaminsky, W.; Laban, AAppl. Catal.2001, 222, 47. (b) Tullo, A. H.

Chem. Eng. NerOOl October 22, 35. (c) Lee, MChem. Br.1998
September, 22. (d) Kaminsky, W. Chem. SocDalton Trans.1998 1413.
(e) Kaminsky, W.; Arndt, MAdv. Polym. Sci1997 127, 143.

10.1021/ja029150v CCC: $25.00 © 2003 American Chemical Society

100, 1253. (b) Coates, G. WChem. Re. 200Q 100, 1253. (c) McKnight,
A. L.; Waymouth, R. MChem. Re. 1998 98, 2587. (d) Alt, H. G.; Kppl,
A. Chem. Re. 200Q 100, 1205.
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Scheme 1. Fink's Intermittent Chain Growth Model®¢ & erization of ethene and propene. Curve fitting suggested an

K “initiation” process that converts the catalyst precursor into the
Tie12my =——= © active species and a second-order propagation rate constant

Ke which was ca. 19times smaller for propene than for ethene.
Landis and co-workers have recently studied the kinetics of
1-hexene polymerization withrac-CoHa(Ind),ZrMey/B(CeFs)3
catalyst using quenched-flow and deuteriolysis techniques and
Aly suggested a molecular interpretation for initiation, propagation,
and termination steps.

It is now accepted that the active species in metallocene-
based catalysts are electron-deficient 14-electron alkyl com-
plexes [CpRMR]™, paired with weakly coordinating anions X
(M = Ti, Zr, or Hf).3 In the case of activation by methylalu-
moxane (MAO)! R = Me and X = anion derived from
methyl ligand abstraction by a Lewis acidic site on MAO,
[MeMAQ] ~, while activation of metallocene dimethyl catalyst
precursors with cation-generating activators such as §lEPh

C+Al, c* + Aly

C+M —F— Py ——— P, —> — CP,

Al || ALy Al || ALy Al

CP4 CP, CP,

aC = catalyst precursor, C= active CpTiCl,/[AICIR ;] catalyst species,
P, = polymer chain. C*Rdenotes active species carrying polymeryl chain
afterz monomer insertions, in equilibrium with the resting state.CP

Investigations on the reaction kinetics of metallocene catalysts
to elucidate elementary mechanistic steps in Zieghatta
polymerizations were pioneered by Fink and co-workeriso
used quenched-flow kinetics af¥C NMR labeling techniques 12 3 - =
to study the ethene oligomerization catalyzed byTGRCI/AIR - [B(CeFe)a] * and B(GFs)s™ give [B(GeFs)s] ~ and [MeB(GFs)s]

Cl (R = Me, Et), a relatively slow catalyst system that allowed stabilized ion pairs, r_e_sp_ectlvely. The_actlve_ species is part of
the determination of the relative rates of first, second, and & cOmPplex set of equilibria where the incoming monomer may
subsequent ethene insertions into the Nie bond. The authors compete for the.metal coord!natlon site with the solvent, other
were able to show that the slowest insertion step is the first mgtal alkyl spegles, or, most !mportantly, the counteraﬁ?bﬁ‘!.
monomer insertion; that is, the insertion oftG into a Ti-Me Anion association, even with “super-weakly” coordinating
bond was 120 times slower than that into the-Et bond. anionst®is pa_rtlcularlylmpor_tantln low-polarity media typically
Subsequent insertion into higher alkyitanium bonds was ~ USed for olefin polymerizatiotf

slower but still significantly faster than the first insertion. The ~ Studies on metallocenium borate systems have identified a
first insertion was rate-determining, and long polymer chains number of catalyst resting stat€$.Thus, metallocene dimethyls
could build up before the majority of the catalyst precursor had "€act with B(GFs)s to give zwitterions of the type MMe(u-
been activated. Polymerization was explained by a series of M€)B(CeFs)s (L = cyclopentadieny! derivative, M= group 4
equilibria, the “intermittent growth” model that seems typical metal)® which are thought to dissociate under catalytic condi-
of most metallocene polymerization catalysts (Scheme 1). Thelions to some extent into catalytically active ion pairs
model assumes that the active species are in equilibrium with [{ Lz2MMe(monomer) *+--{MeB(CsFs)s} “]. An equilibrium con-
observable dormant states which may constitute the bulk of the Stant for this process has yet to be determined. As we showed
catalyst, while chain growth resumes at intervals before a SOMe time ago, the reaction of metallocene dimethyl complexes
termination reaction liberates the polymer ch#iiThe kinetic with [CPH][B(CeFs)a] leads primarily to homobinuclear com-
behavior of metallocene catalysts differs therefore fundamentally Plexes, [(llMMe)a(u-Me)]*[B(CeFs)a] ~,*" which in some cases
from Brookhart's cationic nickel and palladium polymerization are sufficiently stable to allow isolation and structural charac-

catalysts where the resting state is the ethene complg™-[L

(R)(C:H4)]™ (M = Ni, Pd; L, = diazadiene), the alkyl transfer

terization'8 Conversion of [(LMMe),(u-Me)]T[B(CgFs)4] ~ into
the mononuclear ion pair pfMMe-+-B(CgFs)47] is slow; for

step is zero-order in monomer, and kinetic parameters can be€xa@mple, for b = rac-Me,Si(Ind, itis much slower than chain

determined directly by spectroscopic methéds.
Subsequently, Shiono et Aland Terano and co-workérs

propagatiort®@ In the presence of AlMg the predominant

(10) (a) Liu, Z.; Somsook, E.; Landis, C. R.Am. Chem. So2001, 123 2915.

employed quenched-flow methods to study heterogeneous
Ziegler catalysts, while Busico et dadopted this method for
the study of the homogeneous zirconocene catalyst system
Me,Si(2-Me-4-Phind)ZrCly/methylalumoxane for the polym-

(b) Liu, Z.; Somsook, E.; White, C. B.; Rosaaen, K. A.; Landis, CJR.
Am. Chem. So001, 123 11193.

(11) (a) Sinn, H.; Kaminsky, WAdv. Organomet. Cheml98Q 18, 99. (b)
Harlan, C. J.; Bott, S. G.; Barron, A. R. Am. Chem. Sod 995 117,
6465. (c) Fusco, R.; Longo, L.; Masi, F.; Garbassi,Macromolecules
1997 30, 7673. (d) Panchenko, V. N.; Zakharov, V. A.; Danilova, I. G.;
Paukshtis, E. A.; Zakharov, I. I.; Goncharov, V. G.; Suknev, AJ.AMol.
Catal. 2001 174, 107. (e) Zurek, E.; Ziegler, TOrganometallics2002
21, 83.

(12) (a) Chien, J. C. W,; Tsai, W. M.; Rausch, M. D.Am. Chem. S0d.99]
113 8570. (b) Bochmann, M.; Lancaster, SJJOrganomet. Chen1992
434, C1.

(13) Yang, X.; Stern, C. L.; Marks, T. J. Am. Chem. S0d.994 116, 10015.

(14) Bochmann, M.; Lancaster, S. J.; Hursthouse, M. B.; Malik, K. M. A.
Organometallics1994 13, 2235.

(15) (a) Lupinetti, A. J.; Strauss, S. i@hemtracts— Inorg. Chem.1998 11,
565. (b) Reed, C. AAcc. Chem. Redl998 31, 133. (c) Strauss, S. H.
Chem. Re. 1993 93, 927.

(16) Beck, S.; Geyer, A.; Brintzinger, H. Lhem. Commuril999 2477.

(17) (a) Bochmann, M.; Lancaster, S.Angew. Chem.Int. Ed. Engl.1994
33, 1634. (b) Bochmann, M.; Lancaster, SJJOrganomet. Cheni995
497, 55. (c) For related MeB(gs);~ complexes, see: Haselwander, T.;
Beck, S.; Brintzinger, H. H. IiZiegler CatalystsFink, G., Muhaupt, R.,
Brintzinger, H. H., Eds.; Springer: Berlin, 1995; p 181. Beck, S.; Prosenc,
M. H.; Brintzinger, H. H.J. Mol. Catal. A Chem.1998 128 41.

(18) Chen, Y. X,; Stern, C. L.; Yang, S.; Marks, T.JJAm. Chem. Sod996
118 12451.

(5) (a) Schnell, D.; Fink, GAngew. Makromol. Chem974 39, 131. (b) Fink,
G.; Zoller, W.Makromol. Chem1981, 182, 3265. (c) Fink, G.; Schnell,
D. Angew. Makromol. Chert982 105 31. (d) Mynott, R.; Fink, G.; Fenzl,
W. Angew. Makromol. Chemi987 154, 1. (e) Fink, G.; Fenzl, W.; Mynott,
R. Z. Naturforsch., B1985 40hb, 158.

(6) (a) Johnson, L. K,; Killian, C. M.; Brookhart, M. Am. Chem. S0d995
117, 6414. (b) Svejda, S. A.; Johnson, L. K.; Brookhart, MAm. Chem.
Soc.1999 121, 10634.

(7) (a) Shiono, T.; Ohgizawa, M; Soga, Rolymer1994 35, 187. (b) Soga,
K.; Ohgizawa, M.; Shiono, TMakromol. Chem.Rapid Commun1989
10, 503.

(8) (a) Keii, T.; Terano, M.; Kimura, K.; Ishii, KMakromol. Chem.Rapid
Commun1987, 8, 583. (b) Terano, M.; Kataoka, T.; Keii, 7. Mol. Catal.
1989 56, 203. (c) Terano, M.; Kataoka, T.; Keii, 3. Polym. Scj.Part A:
Polym. Chem199Q 28, 2035. (d) Mori, H.; Tashimo, K.; Terano, M.
Macromol. Rapid Commuril995 16, 651. (e) Mori, H.; Tashino, K;
Terano, M.Macromol. Chem. Phy4.996 197, 895. (f) Mori, H.; Iguchi,
H.; Hasebe, K.; Terano, MMacromol. Chem. Phy<4.997 198 1249.

(9) Busico, V.; Cipullo, R.; Esposito, Wacromol. Rapid Commuril999
20, 116.
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Scheme 2. Mechanistic Principles for Catalyst Activation and the Propene Insertion Process
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species are heterobinuclear cations;Mu-Me),AlMe;]™,
which are more stable than the homobinuclear complékes.

fraction of total metal actively involved in the chain growth
process at any one time remained unknown but is of key

These binuclear compounds have also been identified by NMR importance for an understanding of catalyst activity. Eventually,

spectroscopy in MAO-activated catalyst systefhs.

most of the precursor complex (C in Scheme 1) will become

A detailed mechanism of the activation process, consistentinvolved in the chain growth process. In that sense, all metal
with these ideas and with the work to be presented here, isspecies bearing a polymeryl chain can be thought of as active

shown in Scheme 2. Both methyl-bridged spedids D2 are

species. With this definition, the ratio of active to inactive

regarded as dormant states. While species with methyl-bridgescatalytic centers will rise toward 1.0 with reaction time (or to

are an important feature of AIMeor MAO-containing systems,
the stability of u-alkyl complexes decreases rapidly with
increasing bulk of the alkyl group, and in cases whereZtp
iBu, precursors or ABus scavengers are usea;Bu species
are thought to be unimportafitUnder such conditions, contact
ion pairs are likely to be the dominant resting stBite

a slightly lower figure due to partial catalyst death). In another
definition, the term “active species” is defined as comprising
species of typ@\ in Scheme 2, in which case the mole fraction
will remain <1.0.

During the propene polymerization process, the monomer can
insert either in 1,2- or in 2,1-fashion, to give either a primary

It has been shown that the first step in the formation of a or a secondary alkyl product. As Busico has pointed out,
catalytically active metallocene species is the monomer associa-although 2,1-insertions are infrequent, the rate for the insertion

tion/dissociation preequilibrium to an electron-deficient metal-
locene specie€-22Eventually, alkene binding will be followed

of another monomer following a 2,1-regioerror i3 times
slower than for insertion into a primary Zr alkyl bond, and even

by a sequence of steps involved in the alkyl group migration to few 2,1-insertion events can convert a large proportion of the
the coordinated monomer. Together, this multiplicity of states catalyst into dormant species and thus inhibit catalytic actity.

(box A) constitutes the “active species” involved in the chain
growth process.
As will be discussed below, different definitions of “active

In the absence of rapid chain transfer and other reactivation
pathways (such as hydrogenolysis), the formatiosesfalkyl
zirconocene species is therefore likely to be an important

species” have been used in kinetic studies. In particular, the deactivation pathway (Scheme 2, st&d) and will have a

(19) (a) Zhou, J.; Lancaster, S. J.; Walker, D. A.; Beck, S.; Thornton-Pett, M.;
Bochmann, M.J. Am. Chem. So@001, 123 223. (b) Lancaster, S. J.;
Rodriguez, A.; Lara-Sanchez, A.; Hannant, M. D.; Walker, D. A.; Hughes,
D. L.; Bochmann, M.Organometallics2002, 21, 451—453.

(20) (a) Tritto, I.; Donetti, R.; Sacchi, M. C.; Locatelli, P.; Zannoni, G.
Macromoleculed997, 30, 1247. (b) Tritto, I.; Donetti, R.; Sacchi, M. C.;
Locatelli, P.; Zannoni, GMacromoleculed999 32, 264. (c) Babushkin,
D. E.; Semikolenova, N. V.; Zakcharov, V. A.; Talsi, E. Macromol.
Chem. Phys.200Q 201, 558. (d) See also: Vanka, K.; Ziegler, T.
Organometallics2001, 20, 905.

(21) For example, the reaction of &5'Bu, with [CPh][B(CFs)4] leads to fast
formation of [CpZr(13-methallyl)*, without evidence for-Bu intermedi-
ates: Carr, A. G.; Dawson, D. M.; Thornton-Pett, M.; Bochmann, M.
Organometallics1999 18, 2933.

(22) (a) Karl, J.; Dahlmann, M.; Erker, G.; Bergander, XX.Am. Chem. Soc.
1998 120, 5643. (b) Dahimann, M.; Erker, G.; Bergander, JXAm. Chem.
Soc.200Q 122, 7986.

(23) (a) Wu, Z.; Jordan, R. F.; Petersen, JJLAmM. Chem. Sod995 117,
5867. (b) Casey, C. P.; Hallenbeck, S. L.; Pollock, D. W.; Landis, G.R.
Am. Chem. Sod 995 117, 9770. (c) Galakhov, M. V.; Heinz, G.; Royo,
P.Chem. Commuri998 17. (d) Casey, C. P.; Carpenetti, D. W.; Sakurai,
H. J. Am. Chem. S0d.999 121, 9483.

profound influence on polymerization kinetics.

We have recently set out to quantify the factors that govern
catalyst activity, such as the contribution of anions to the
activation barrier of propene polymerization. Using batch
polymerizations with the catalyst system (SBI)Zri#d Bus/
[CPhg]™X~ (SBI = rac-Me;Si(Ind),) and extrapolating catalyst
activity as a function of the counteranion to zero anion
concentration has enabled us to quantify the anion contribution
to the activation barrier of zirconocene-catalyzed propene
polymerizations? with barriers increasing in the series %
[CN{B(CeFs)s}2] < [H2N{B(CeFs)s}2] ~ [B(CeFs)s] < [MeB-

(24) (a) Busico, V.; Cipullo, R.; Corradini, Makromol. Chem1993 194,
1079. (b) Busico, V.; Cipullo, R.; Corradini, Rlakromol. Chem.Rapid
Commun.1993 14, 97. (c) Busico, V.; Cipullo, R.; Chadwick, J. C;

Modder, J. F.; Sudmeijer, @lacromoleculed994 27, 7538. (d) Busico,
V.; Cipullo, R.; Ronca, SMacromolecule®002 35, 1537.

J. AM. CHEM. SOC. = VOL. 125, NO. 25, 2003 7643
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Scheme 3 N, propene
L L + L * +
\_ R solvent N\ R | alkene N
Zr __— Zr. —_— Zr. 1
L/ N, -solvent L/ N L/ \/ """"""""""""""
A B
L L L
R e N, N

Zr, — ! or Zr, 11
L/ N, -alkene L/ )// I_/ / _____ -
-

(CgFs)3). Such an effect could have two reasons: (i) catalyst
activity is limited by the extent of dissociation of the initial
contact ion pair into a solvent-separated ion pair which then
picks up a monomer molecule (Scheme 3, madjlebr (ii) the
alkene reacts with the contact ion pair with associative displace-
ment of the anion to give a monomer-separated ion pair (model
II'). In modelll , one may expect the anion to remain sufficiently
closely involved to influence subsequent migratory alkene
insertion events. Theoretical approaches suggest the latter to
be energetically favore®. The current study was undertaken
partly to seek clarification of this point, and we now report here
the results of a kinetic study of this system using quenched-
flow methods.

=L

Figure 1. Schematic representation of quenched-flow apparatus. (A)
Experimental Section Jacketed and thermostated (26) toluene reservoir. (B) Jacketed and
thermostated (28C) reservoir containing toluene saturated with 1 bar of
Materials. All manipulations were performed under dry nitrogen  propene. (C) 100 mL syringe with monomer solution. (D) Swagelock valves.
gas using standard Schlenk techniques. Solvents were purified by (E) L2ZrMez/Al'Bus 1:7 in toluene. (F) Catalyst activator in toluene. (G)
distillation under nitrogen from sodiurpotassium (light petroleum, Mixing chamber. (H) 14-gauge stainless steel tube reactor. (I) Thermostated

o . jacket connected to a water bath. (J) Methanol reservoir. (K) Quenchin
bp 40—,60 C) or S‘?d'“m (low-sulfur toluene). Propgne (BOC, 99%) Jpoint. (L) Collecting vessel with acic(lif%ed methanol. T denot(es)a(t?tachmen?
was dried by passing through a column packed with suppori€d P points for thermocouples for temperature control.
with moisture indicator, followed by a columri 4 A molecular sieves.

The compounds (SBI)ZrM&SBI = rac-Me;Si(1-Indenyl}),}*2¢[PheC]-
[B(CeFs)al,*2 and [PRCI[CN{B(CsFs)3}2]?” were made according to  0.0001u«L/h, with an accuracy oft1% and reproducibility of0.1%
published methods and stored as solids in a drybox under nitrogen at(Harward Apparatus Co., model PHD2000 with infusion/withdraw

room temperature. The compoundefECHzNEL]"[B(CeFs)] ~ was modes). The precatalyst plus scavenger (E) and cocatalyst solutions
synthesized by reaction of [E8sCH,NEts] "Br~ with Li[B(CeFs)a] in (F) are contained in 10 mL Hamilton gastight precision glass syringes
dichloromethane and purified by recrystallization from dichloromethane/ with Teflon plungers, driven simultaneously by a second stepless
light petroleum (1:4). Li[B(GFs)4] was made from B(€Fs)s and LiGsFs syringe pump (PHD2000). Connecting tubes are 16-gauge stainless steel

in petroleum ether and was free from other borate impurities within connected with T-pieces with Luer fittings. The mixing chamber (G)
NMR detection limits. Solutions of triisobutyl aluminum were made is constructed from glass capillary tubing of 1 mm i.d., with Luer fittings
by dissolving the required amount of neatB\; (Aldrich) in toluene and a dead volume of AL, corresponding to a dead time of ca. 1 ms
in a large Schlenk tube. Methylalumoxane (MAO) in toluene (Witco) (calculated for a typical flow rate of 42 mL nif). Polymerization
was specified as containing-8% weight % MAO and 24% weight starts at (G) and is quenched at junction (K).

% AlMes. The reactor tube (H) was either £Q9 gauge stainless steel with
Apparatus. *H NMR and *C NMR spectra were recorded on a lengths of 12-24 in. or, for preliminary experiments only, 14-gauge
Bruker Avance DPX300 spectrometer. Chemical shifts were referenced Teflon tubing. The reactor tube was surrounded by a water jacket (1)

to residual solvent peaks. Curve fitting was carried out using Origin connected to a thermostated water bath (Haake C10-K1G; 251
6.1 Scientific Graphing and Analysis software. °C). The quenching agent in reservoir (J) is a solution of HCI (0.1 M)
A schematic representation of the quenched-flow apparatus is shownand water (0.5 M) in methanol, running continuously from a tube of
in Figure 1. (A) and (B) are, respectively, reservoirs for neat toluene the same diameter as the reactor tube. The two solutions were arranged

and for toluene solutions of propene, both thermostated te- Zb1 to cross at right angles in open air, a few millimeters from the respective
°C (Haake C10-K10 water bath, nominal accurag.04 °C), while outlets, which are enclosed within a larger glass tube. This arrangement
the temperature of the whole apparatus was controlled tér 25°C was found to satisfactorily avoid clogging of the flow lines with solid

by air conditioning. Both reservoirs are connected to a three-way polymer.

Swagelock valve (D) that allows either purging with neat toluene or Propene Polymerizations with (SBI)ZrMey/[PhsC][CN{B(CsFs)3} 7.
delivery of monomer solution to syringe (C). Syringe (C) is a 100 mL  Stock solutions of the catalyst precursor were made by dissolving (SBI)-
Hamilton gastight syringe with Teflon plunger, driven by a stepless ZrMe; in the required volume of toluene together withB\s (Al:Zr

syringe pump with programmable flow rates from 220 mL/min to = 7:1). Because dilute solutions of metallocenes were found to
deteriorate despite stringent precautions, fresh stock solutions were
(25) (a) Lanza, G.; Fragala L. Top. Catal.1999 7, 45. (b) Chan, M. S. W.; i
Vanka, K. Pye, C. C.. Ziegler, Torganometallicsi999 18, 4624. (c) pr'epared for each set Qf experiments. All measurements were cqnducted
Vanka, V.; Chan, M. S. W.; Pye, C. C.; Ziegler, Organometallic200Q with metallocene solutions that were lessti2eh old. Propene solutions
(26) }(9, 1834%] 13, Polym. Sci., Part A, Polym. Ched89g 37, 1071 were prepared by thermostagii L of toluene containing 2 mmol of
im, I, Zhou, J.J. Polym. Sci., Part A. Polym. Che \ . i o e
(27) Lancaster, S. J.; Walker, D. A.; Thornton-Pett, M.; BochmannChem. Al'Buz at 25+ 0.1°C under 1 bar of propenef@ h ([M] = 0.62 mol
Commun.1999 1533. LY.
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Table 1. Polypropylene Yields Y as Functions of Reaction Time t for the Borate-Based Catalyst System?@
t/s Ylg
[Cl+/10-5 mol L™ 2.38° 476 7.14¢ 9.52¢ 9.52° 9.52° 9.52°
[M]o/mol L% 0.59 0.59 0.59 0.59 0.44 0.30 0.15

0.2337 0.0027 0.0001 0.0058: 0.0003 0.014% 0.0009 0.019% 0.0009 0.0175 0.0005 0.0119 0.0002 0.0074: 0.0003
0.3069 0.0038: 0.0003 0.0094t 0.0007 0.0209%t 0.0013 0.0259% 0.0015 0.023@t 0.0012 0.0172: 0.0002 0.010%Z 0.0008
0.4511 0.0058t 0.0003 0.017Gt 0.0013 0.0332£ 0.0018 0.044G: 0.0024 0.0367 0.0029 0.028@: 0.0014 0.0149: 0.0012
0.5566 0.0079t 0.0006 0.0233t 0.0016 0.0436t 0.0020 0.059Gt 0.0022 0.048G: 0.0040 0.0355: 0.0012 0.019G: 0.0010
0.7157 0.0124: 0.0010 0.0323: 0.0022 0.0642: 0.0037 0.0796t 0.0033  0.0634t 0.0027 0.0453: 0.0020 0.0233: 0.0017
0.9552 0.019H 0.0014 0.0485: 0.0030 0.092Gt 0.0052 0.119Gt 0.0054 0.0897 0.0085 0.0618 0.0015 0.0288 0.0026
1.1823 0.0273£ 0.0021 0.0676t 0.0046 0.1163t 0.0074 0.1575: 0.0051 0.1095: 0.0085 0.0774t 0.0012 0.0336: 0.0021
1.6995 0.0458: 0.0033 0.1033: 0.0069 0.1648: 0.0101 0.2287 0.0085 0.1635 0.0093 0.109@: 0.0015 0.0472 0.0025
2.5016 0.0837 0.0062 0.157Gt 0.0080 0.2342- 0.0144 0.3062t 0.0108 0.223@t 0.0178 0.1538: 0.0017 0.065H 0.0024
3.2251 0.3790
3.9636 0.4303
5.2257 0.5340

a (SBI)ZrMey/Al'Bus/[PhsC][CN{ B(CeFs)3} 2] (1:100:1), 25.0°C, toluene. Values listed are averages of the specified number of experiments, with standard
errors of estimate? Average of five experiment$.Average of seven experimentsAverage of 10 experiments.

The glass reservoirs (A) and (B) were connected to a Schlenk line oxidant at 160°C using a Polymer Laboratories GPC220 instrument
for anaerobic operation. The propene solution was drawn into syringe equipped with a refractive index and a PD2040 light scattering detector
(C) by means of the syringe pump, but with a small positive propene and equipped with two PLGel mixed-B columns. Some samples were
pressure applied at (B). Propene concentrations were varied by dilutingdetermined at 140C using the refractive index detector only, relative
a toluene solution saturated with propene a#28.1 °C with additional to polystyrene standarddd NMR spectra were recorded in CDGit
toluene, to give monomer concentrations [M] of 0-1659 mol L1, 70 °C, and*3C NMR spectra were recorded in 1,2,4H3Cly/CsDe at
while the zirconocene concentration was varied over the range<{2.38 120 °C. Samples showed relativammmpentad intensities of 95%
9.52) x 1075 mol L~%. Flow rates were 40 mL mirt (monomer) and and 90% for samples obtained at 25 and°@0) respectively.

1 mL min~! each for catalyst and activator, to give a total flow rate of
42 mL min %, which was kept constant for this series of experiments.
Collection time was 1 min. At the quenching point, the ratio of methanol Borate-Activated Catalyst SystemThe kinetics of propene
to toluene was a_bgut 1.5:1. The quenched so_lutiqn was coIIecte_d in apolymerization using the catalyst system (SBI)Zgi#¢iBus/
beake_r (L) contaln_lng excess methanol. Rea_ctlon times were va_rled by[PmC][CN{ B(CsFs)s}2] (1:100:1)8 were measured at 258
selectllng. appropriate tube Igngths and diameters. Whgn dn‘rerento_loc in a purpose-built quenched-flow apparatus depicted in
combinations of lengths and diameters were selected to give the sameFi . . . .
gure 1. The zirconocene stock solutions contained 7 mol equiv

flow rate, yields were typically consistent withifi5%. In a typical . . .
run, the total volume of solution passed was sufficient to produce about ©f triisobutylaluminum as transalkylation reactant and scaveng-

0.01-0.3 g of polymer, and the volume of quench solution was about INg @gent. NMR studies have shown that at this Al/Zr ratio all
200 mL. The polymer was collected by filtration on a no. 4 glass sinter zirconocene methyl ligands are exchanged for isobutyl, within
filter, washed with methanol, and dried overnight at 1@ Each NMR detection limits. We make the assumption that the
experiment was generally repeated D times. Reproducibility was ~ subsequent reaction with [E®|[CN{B(CsFs)3}2] to generate
typically £5%. After each run, the reactor tube was cleaned out with [(SBI)ZrBu*+*CN{B(C¢Fs)3} 2] ion pairs is complete by the
hot toluene to remove a thin surface layer of polymer deposit. time the mixture of catalyst precursor and trityl salt solutions

The progress of the reaction, defined as change in monomer g reached the mixing chamber of the quenched-flow apparatus
concentration, was calculated using (0.5 s). Under such conditions, the presence of methyl ligands

M], — [M] = Y/Vm, is thought not to be important, so that the participation of

methyl-bridged species (Scheme B1 and D2) can be
neglected. The monomer was supplied as a toluene solution
thermostated at the reaction temperature and containing ad-
ditional AlBus, to give an overall Al:Zr molar ratio of 100:1.
Polymerizations were conducted using jacketed thermostated
stainless steel tube reactors to give reaction times from 0.2 to
ca. 8 s.

Reaction Order. Polymerization reactions are generally

Results

where [M}, and [M] are the concentrations of propene at reaction times
0 andt, Y is the yield (mass) of polymer collected from the solution
volumeV, andmy is the monomer molecular weight. The results are
collected in Table 1.

Polymerizations with (SBI)ZrCl //MAO. A catalyst stock solution
of [Zr] = 6.0 x 102 mol L~* was prepared by dissolving (SBI)ZtCl
(81.0 mg, 0.18 mmol) in 30 mL of MAO in toluene (Al content 1.5
mol L™1). This solution was allowed to age for 30 min at room
temperature prior to polymerization. The monomer solution was described by the empirical rate law:
prepared by saturating a mixture of 200 mL of MAO solution and 1 L
of toluene (final [Al] = 0.36 mol L% with propene at 40C. The d[M] o
polymerization was conducted at 4@, with flow rates of 10 mL/min rate= — a KC][M] 1)
(monomer) and 0.25 mL/min (catalyst), with a collection time of 8
min. The Al:Zr ratio was 2400:1. Polymerizations were conducted at
nine different polymerization times using nine different stainless steel
needle reactors (gaugein.: 16 x 12, 15x 12, 14x 12, 13x 12,
12 x 12, 12x 18, 12x 24, 11x 24, 10x 24). The collecting time

where [M] is the monomer concentration, [C] is the catalyst

concentration (variously defined)js the reaction time, ank

is a rate constant, generally taken to be the chain propagation

of each experiment was 8 min. rate constant. Although most polymerizations are first-order in
Polymer Analysis.Polymer molecular weights were determined by monomer, in some instances, a noninteger dependence on [M]

gel permeation chromatography in 1,2,4-trichlorobenzene with anti- has been found, & o < 2. Values ofa. > 1 in some systems
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tils Figure 4. Time-dependence of polymer yield. [CF [Zr] = 2.38 x 1075
mol L™%; [M]o = 0.59 mol L%, T = 25.0°C. Each point represents an

Figure 2. Time-dependence of polymer yield for different initial monomer average of the yields observed for a given time, as shown in Table 1.

concentrations. [ZrE 9.52 x 10°mol L™1; T = 25°C. [M]o = 0.15 @),
0.30 (a), 0.44 @), and 0.59 mol L1 (#).

parameterB estimated in this way) versus initial monomer

0.35 concentration [M] and total catalyst concentration [Chre
shown in Figure 5° They support the expression
0.3 1
Ry = (—d[MJ/dt), _ o = KIM] ¢[Cl ®)
021 and confirm that, in eq Ig. = 1 in the present case.
g The Polymerization Mechanism.The stoichiometric mech-
0.15 anism we use to rationalize these data is shown in Scheme 4.
We assume that the catalyst precursor C reacts with the
017 monomer M with an initiation rate constaktto generate an
0.05 1 active species #£*, consisting of an active center carrying an
incipient polymer chain P No further assumption is made at
0 ‘ : . , . this stage about the nature of the initiation process or the
0 05 1 15 2 25 3 structure of PC*. It is also assumed that the propagation rate
tis constantsk, for subsequent monomer insertion events are
Figure 3. Time-dependence of polymer yield for different catalyst identical. All species £ (z =1, 2, ...) contain essentially
concentrations. [M]= 0.59 mol L™%; T = 25°C. [Cly = [Zr] = 2.38 @), the same active center with the polymeryl chain contaireing

4.76 @), 7.14 @), and 9.52x 107 mol L™ (#). units of monomer. As compared to our detailed Scheme 2,

above, C corresponds to the catalyst species on the left of the
scheme, and_E* corresponds to the aggregate of active species

have led to the hypothesis that a second monomer molecule; box A. Finall hat i ble chai O
may the involved in the transition staA%2° in box A. Finally, we assume that irreversible chain termination

In the present system, typical plots of yield against time for Z?gs;g:ao;seee?hzon;raeg)étqf;heofprimimliIgi?tlgi!;?afit
qguenching times up to about 2.5 s are shown in Figures 2 and u Ive polymey Iv y

3 C*, which is assumed to react rapidly and completely with

. . L monomer to start a new polymer chain. These termination steps
Negative curvature (deceleration) at longer reaction times and/ POy P

) . : . : ~ . are not shown in Scheme 2.
or higher catalyst concentrations is consistent with depletion in . . . L
: . . With this scheme, the growth of the total active species is
monomer, while positive curvature (acceleration) at shorter

reaction times is accounted for by the mechanism presentedglven by

below. Curves fitted using the expressign= A + Bt 4+ Ct d[c

extrapolated satisfactorily to the origin, with valuesfoih the T kIM][C] (3a)
range zerot two standard errors of estimate, with no initial

time delay greater than the experimental erroe®.03 s. An [C*] = [Cl,(1— efk.[M]ot) (3b)

example is shown in Figure 4. Plots of initial rates (i.e., the

. . . "
(28) (a) Nerfert, N.; Fink, GMakromol. Chem.Macromol. Symp1993 66, where [C]r is the total zirconocene concentration [GE] [C ]

157. (b) Jugling, S.; Mihaupt, R.; Stehling, U.; Brintzinger, H. H.; Fischer, = [C] + Y[P,C*], and [C] is the concentration of nonactive

Dy Langhauser, FMakromol. Chem. Macromol. Symp 1995 97, catalyst. For low conversions, we neglect the change of [M]
(29) (a) Ystenes, MJ. Catal 1991, 129 383. (b) Thorshaug, K.; Stavneng, J.

A.; Rytter, E.; Ystenes, MMacromoleculesl998 31, 7149. (c) Muioz- (30) The positive intercept in Figure 5b is assumed to be due to loss of catalyst,

Escalona, Ramos, J.; Cruz, V.; Martinez-Salaza¥, Polym. Scj.Part A for example, by deactivation with unscavanged impurities at a level of ca.

Polym. Chem200Q 38, 571. 1.7 x 105 mol L%
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Scheme 4. Proposed Mechanistic Scheme for the Polymerization
Reaction
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over this time scale. The rate of monomer conversion is given
by
—d[MJ/dt = K[M][C] + (k,[M] + Kk)([P,C*] + [P,C*] +

e

f:
c*

= KIM]([C] + (k[M], + K)[C*]
= (kMo + KIClr + KMo — k,[M] g —
kIClre M (4)
This can be integrated to give eq 5:
M]o— [M] = [C](k,[M] , +
[Cl+(k[M] o — kp[M] 0o~ k)
e K1,
Given that in practicd; < k, andk; < k;[M] o, eq 5 reduces to
1 — g KMot
(M & ) ©

In the limit of t = 0, it gives—d[M]/dt = k[M] o[C]+, but in
the limit of k[M] ot — o, it gives—d[M]/dt = k,[M] o[C]+. Thus,
in the evolution of yield with time, the role d{ is to provide

(1— "M (5)

M]o— [M] = kp[M] olCly t(l -

an initial reaction phase, after which the rate law becomes as

in eq 2, with the empirical rate constant identifiedlas: k.

As we show below, an initial phase can in fact be detected,
but it becomes insignificant at times longer than about 0.5 s.
Over the main reaction phase, uptte= 5 s, the kinetics are

lower values found for the higher catalyst concentration where
monomer depletion effects are felt.

The initiation rate constant is more difficult to determine with
accuracy. Because the influence of the initiation process is most
pronounced at the very early stages of the reaction where few
data points are available, it was important to test the validity of
the curve fitting approach. The effect of the initiation phase is
seen most clearly in Figure 6, where representative polymer
yield data for the (SBI)ZrMgAI'Buy/[PhsC][CN{ B(CgFs)3} 2]
catalyst are superimposed, with no averaging, but with each
experiment normalized with respect to the final limiting slope:
all of the data deviate from linearity at short reaction times, as
would be expected during catalyst initiation. Evaluating the half-
life ty,2Mt for this initial phase in a series of about 20 such curves
providesty 7"t = 0.244 0.03 s k°Ps= In(2)/ty"t = 2.94+ 0.4
s, andk; = ki°9[M] o = 5.2+ 0.6 mot* L~1 s, where we have
used the average value of [yH= 0.56 mol L~ over all of the
experiments?

Polymer Molecular Weights. The molecular weights of
polypropene obtained with the (SBI)ZrMAl'Bus/[PhC]-
[(CeFs)sBCNB(CsFs)3] system as a function of reaction time
are shown in Table 2 and Figure 7. They show a sharp increase
over the early stages of polymerization, ug te 1.5 s, followed
by a leveling atM, ~ 4.4 x 10* up to 5 s, the longest
polymerization time employed for this set of experiments. Even
at these early stages, the polymerization is not living, as
indicated by the polydispersity and the observation of unsatur-
ated polymer end groups Bl NMR spectroscopy (vide infra).

At reaction times of 1 s, on average, about-0170 polymer
chains are produced per metal center, rising to ca. 1.8 per Zr at
5 s, implying that chain transfer to aluminum is negligible.

In our notation, the number-average molecular weldhand

the number-average degree of polymerizafibfare given by

mo M >,
My ZPZ

wheremy is the monomer molecular weight € 1, 2, 3, .. ).
Because from our kinetic scheme the rate of formation of

()

pseudo-first-order in monomer. Fitting the data to eq 5 provides polymer R is given by d[R]/dt = k{P,C*], at time t we have

an estimate of,.3! For the range of catalyst concentrations listed
in Table 1,ky ~ (1.3-1.9 + 0.1) x 10°* L mol~* s, with the

(31) ki is too small as compared tQ to be determined by this method.

[PJ =k of" [PC4dt ®)

and finally
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Figure 7. Number-average degree of polymerization as a function of
reaction time for the borate-based catalyst system.§29}52 x 10-5 mol

Figure 6. Slope-normalized logarithmic plots. Each data point represents |-1; [M], = 0.59 mol L%, T = 25.0°C.

the quantityS™1 In{[M]/[M] o}, calculated from plots of In[M] versus time,
where S is the limiting slope ast — «. Data are superimposed for

Table 3. Polymer Yields Y and Molecular Weights for

representative catalyst and monomer concentrations. The deviations fromMAO-Activated rac-(SBI)ZrCl, Catalyst?

linearity at short reaction times reflect the first kinetic phase of the reaction.

Table 2. Polypropene Molecular Weights (GPC) in the
Borate-Based System as a Function of Reaction Times?

reaction time [s] M, x 1074 M, x 1074 M/,
0.234 4.17 2.18 1.9
0.307 4.57 2.54 1.8
0.451 5.34 2.98 1.8
0.557 5.67 3.09 1.8
0.716 6.03 3.34 1.8
0.955 6.63 3.97 1.7
1.182 6.76 3.93 1.7
1.700 7.19 4.15 1.7
2,502 7.16 4.35 1.6
3.225 7.53 4.35 1.7
3.964 7.62 4.41 1.7
5.226 7.58 4.38 1.7

2[2r] = 9.52x 1075 mol L%, [Ph;C][CN{B(Cer)g}z] =952x 1075
mol L%, [M]o = 0.59 mol L'; 25.0°C

Again, assuming tha¢ < k, andk; << k;[M] o, we approximate
this to

M=
k g gy KMo
kp[M]ot+|(i[M]o(l(t_ki[M]o) €D kMg © Y
k KIMlot _
K[M]o(e b
(10)

Applying the steady-state conditions with respect to both
initiation and termination, that is, expk[M]ot) — 0 and
exp(—kt) — 0, reduces eq 11 further to

K [M] ot
1+ kt

11)

This form has been attributed to Natta and Pasétiand has
been widely used;® but it is not applicable her¥.

(32) The influence ok; on the determination of the propagation rate constant
k, is slight. For example, varying by a factor of 4 resulted in changes in
ko of only about<10%.
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tls Yig M, My/M,

2.281 0.0075

2.933 0.0110

3.913 0.0158 9530 1.7

4.844 0.0184 9470 1.7

6.966 0.0351 11 800 1.8
10.250 0.0695 13 500 1.7
13.215 0.0945 15500 1.7
16.241 0.1146 15 600 1.7
21.419 0.1774 15 200 1.7

a[zr] = 1.46 x 104 mol L™% [M]o = 0.42 mol L"%; 40 °C. Y = mass
of polymer collected from 82 mL of effluent, corresponding to an input of
0.034 mol of propene.

Using eq 10 and the data shown in Figure 7, we obitain
9.4+ 0.7 st and an observed propagation rigggM] o = (10.1
+0.8) x 1 s, thatis,k, = (17.2+ 1.4) x 1CFL mol 1s%
The curve fitting is rather insensitive to the valuekgfbut least-
squares calculations with starting valuesk@#] o in the range
of 1-5 s71 converged on a value &[M]o = 1.5+ 1.9 s,
with k; ~ 2.5+ 3.2 L mol~! s7%, in satisfactory agreement with
the value determined from th¥t) data.

Methylalumoxane-Activated Catalysts.It was of interest
to compare the results from the borate-based catalyst system,
(SBI)ZrMey/TIBA/[PhsC][CN{ B(CsFs)3} 2], with the methyla-
lumoxane-activated catalystac-(SBI)ZrCl/MAO (Al/Zr
2400:1). The productivity of the MAO system is lower, and, to
obtain sufficient amounts of polymer, the reaction temperature
was raised to 40C, the catalyst concentration was increased
t0 1.46x 1074 mol L1, and the flow rate was reduced to 10.25
mL min1.

The experimental results are given in Table 3. The time-
dependence of polymer yield (Figure 8) shows a shape very

(33) Natta, G.; Pasquon, Adv. Catal. 1959 11, 1.

(34) Trial calculations with typical parameters show that eqs 10 and 11 agree
well only whenhhas developed beyond 90% of the limiting value. For
data which are predominantly within the range-80%, fitting to eq 11
can give values df, which are in error by up to a factor of 2. The limiting
value ky[M]/ k; is, however, quite well defined.



Zirconocene-Catalyzed Propene Polymerization ARTICLES

0.2 Scheme 5

o
o
[}

Polymer yield /g
o
)
‘\i/:
o

o
=}
<3

polarity solvents, the participation of ion multiples, either of
which would tend to enhance the rafe®
Observations on this point reported in the literature are
apparently contradictory. For example, Schrock and co-workers
0 —— —— " found that in the living 1l-hexene polymerization system
0 5 10 15 20 25 [(‘BUNON)ZrMet---B(CsFs)4~] the addition of excess catalyst
t/s activator [PRC][B(CeFs)4] strongly suppressed the polymeri-
Figure 8. Time-dependence of polymer yield in the system (SBI)grCl  zation, the rate constant falling from 9.2 to 3.8 L moiin—?!
MAO. with 1 additional equiv of trityl salt, which they attributed to
the effect of the common anion [B§Es)4] .26 On the other
hand, Landis found that in the systawc-CH4(Ind),ZrMey/
B(CsFs)3 at 0°C, also polymerizing 1-hexene, the addition of
1—4 equiv of [PhNMeg][MeB(CgFs)3] had no influence on the
rate10b
We have found that, in the present system, adding [RIN=H
(C2Hs)3] T[B(CeFs)4]~ up to borate/Zr ratios of 20:1 had es-
sentially no effect on the polymerization r&teThis finding is
in agreement with the report by Landis on the effect of added
[MeB(CgFs)4] ~.1%° On the other hand, the addition of incremental
amounts of [PEC][B(CsFs)4] had a positive effect and led to
an increase in the rate of propene polymerization, up to & @Ph
2007 Zr ratio of 3:1. Further additions had little effect. These findings
. . mirror earlier observations in batch reactiéf3° The chemical
2 4 6 8 10 12 14 16 18 20 22 origin of this effect is not clear; further studies of this aspect
t/s are in progress.
Figure 9. Time-dependence of polymer molecular weightrac-(SBI)- Misinsertion. As pointed out in the Introduction, the lack of
ZrClIMAO catalyzed propylene polymerization. [Z# 1.46 x 10-* mol reactivity of secalkyl zirconocenes formed by propene 2,1-
L% [M]o = 0.42 mol L'L; T = 40 °C. . . . S )
insertion can tie up a significant proportion of catalyst (Scheme
2, specie®4), even though these regioerrors are féuss noted

similar to that of the borate-activated catalysts (Figure 4), @bOve, in the present system, the limitif value is reached
although the time scale is longer. Analysis according to eq 5 in only 0.1 s. The*C NMR spectrum of a polymer sample
gavek, = 48 + 3 L mol- s~* andk = 0.25-+ 0.05 L mot* collected after a reaction time of= 0.95 s showed ca. 0-1

s L 0.2 mol % 2,1-regioerrors, that is, one in every 50000
insertions. Given the rate of growth, 2,1-misinsertions must
therefore be considered as an important contributor to the
edormant state concentration even at very short reaction times.

This picture was supported by polymer end-group analysis.

In line with the slower reaction rate, this value is only reached '€ Sample witht = 0.95 s showed three types of olefinic
after ca. 15 s. Curves fitted to eq 10 resulteckjn= 600 + groups,a—c (Scheme 5). The vinylidene end-groapformed

230 L mol! st andk = 0.6+ 0.2 s, but no definite value by uni- or bimolecular-H transfer and usually the most

(kA 10
ofki(k~08+26L mor $7)- ) (35) Beck, S.; Lieber, S.; Schaper, F.; Geyer, A.; Brintzinger, HJHAM.
Effect of Counteranion Concentration. The commonly (36) %her(rjl. Soc2J00Tl 1823F] 14E3.R 5 allic2001 20, 5205
. . . . f ooaman, J. 1.; SChrock, R. Rrganometallic A .
accepted polymerization mechanism postulates cationic metal(37) some batches of [PhGN(CHe)sJ[B(CeFs)] did suppress the reaction rate

complexes as active species that are formed by dissociation of  to varying degrees. This was traced to a borate impurity, most probably
| | dinated ioR& If this is t di iafi it should [BrB(CeFs)s] ~ generated in the preparation directly from BBsigh purity
oosely coordinated aniors.If this is true dissociation, it shou Li[B(CeFs)4] was therefore made from B(Es)s and LiGsFs.

be detectable by the retarding effect of added common anion.(38) Vathauer, M.; Kaminsky, WPolymer2001, 42, 4017. .
(39) A reviewer suggested inefficient catalyst activation as a likely cause.

“True dissociation” here means that some of the anions move However, the same effect was found in batch reactions with our catalyst
out of the solvent cage reversibly and at a rate comparable to ~ System at longer reaction times (5 min, 20), that is, under conditions
X where any time delay due to catalyst initiation is negligible as compared
the rate of propagation, and of course the same would apply to to the polymerization time.
B i ; (40) (a) Corradini, P.; Busico, V.; Cipullo, Rlakromol. Chem., Rapid Commun.
the 9dded salt: Cpntrary factors discussed by Brlntzmger et al. 1992 13, 21. (b Busico. V.: Cipullo, R - Coradin, Rakromol. Chem..
are increased ionic strength due to added salt and also, in low-  Rapid Commun1992 14, 97.

0.04 7

350

= 3007

1=
2501

The reaction-time-dependence of the number-average mo-
lecular weight of the MAO-activated system is shown in Figure
9. The trend resembles that in the borate system, although th
limiting molecular weight is lowerM, ~ 1.5 x 10* g mol™.
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Scheme 6 the basis of the propagation rate deduced from molecular weight
Py Py measurements is accounted for by supposing that, although the
molar concentration of dormant Zr-polymeryl is greater than
the molar concentration of active Zr-polymeryl (becaksés
small), the mass is less because the chains grow more slowly.
The average chain lengths am0= ) ,Z[P,C']/> JP.C'] and
m*0= 3 Z4P,C*|/> [P, C*] for the dormant and active states,
respectively, and our mechanism requires théflis less than

M
. p f (m*[] Analysis of Scheme 6 in a steady-state approximation leads
= PO PoCt — Pt — PCt - - t0 ko/kp?PP = Kp(ko' + ka)/ky' (ko + k21). With our assumptions
M M M that bothky' andk,; are small as compared #g, this reduces
Jk' /{k, K K to 1+ kao/ky', which was measured to be 12.9; herlgglky' ~
cr cr cr cr 1223
P1 P2 Ps Fa Discussion

common end group, was only found in 24%. The internal  Rate Law and Initiation. The quenched-flow kinetic data
vinylidene moietyb (10 mol %) has been explained by the for propene polymerization with both the borate-based and the
intermediacy of a zirconiums3-allyl complex, a product of EH MAO-activated catalyst systems are best in agreement with a
activation of a vinylidene-terminated chafhSuch a process  mechanism that includes an initiation sequence as well as chain
would be expected to be relatively slow, and it was surprising propagation as kinetically relevant steps at the early stages of
to us to find evidence fob even in polymers prepared at such the polymerization, as described by eq 4. In their studies on
short reaction times. The most abundant end group, however,1-hexene polymerization kinetics, Landis et®have developed
was thecis-butenyl structure (66%) which results from a 2,1-  a similar polymerization mechanism leading to the rate law of
regioerror followed bys-H elimination. Allylic or isobutenyl eq 12:
end groups or 1,3-enchainments were not found. The predomi-
nance ofc shows that most chains are terminated following a d[M] kM)
2,1-misinsertion. kp[M][C ol — e Ot)
To qualitatively allow for part of the active catalyst to be
channeled into a resting state associated with 2,1-insertion, weThis differs from eq 4 in the preexponential factor. As a result,
propose the modified Scheme 6. eq 12 gives an initial rate{d[M]/dt);=o = 0, whereas eq 4
In this scheme, ' is a molecule with a regioerror adjacent gives a finite value. The difference, however, is small, being
to the catalytic center. In general, botyCP and BRC' may also due only to the amount of monomer consumed in the initiation
have regioerrors in the body of the polymeryl chain, but these step.
are not indicated in the scheme 0P and RC' together Our model showsk as a second-order rate constant, in
constitute the zirconium-bound polymer. Stéps denote the agreement with similar treatments in the literat®i#@ Strictly
misinsertions, and, denotes the 1,2-insertions following a speaking, although the reaction phase corresponding to initiation
regioerror. The scheme requires two terminatidgsand k¢, can be detected qualitatively, it is not possible to assign the
both of which yield active forms of the catalyst as in Scheme order of reaction with respect to catalyst concentration on the
4, and we neglect any differences between these two activebasis of existing kinetic data.
forms. The time scale of the initiation process implied by the kinetic
If we also neglect any chemical differences between polymers measurements is similar to the time scale of the initial growth
of different chain lengths and count all polymeg€Ptogether of the polymer as measured by the time-dependencipf
as one species and alf € together as another, and also assume (Figure 7); that is, we havi;"* = 0.24 s, while the time for
that termination is slow as compared to propagation, théh P growth of polymer chains to one-half of the average final length
and RC* can be considered to be in equilibrium. Thus, the ratio is about 0.25 s. In other words, a high proportion of polymer

12)

of molar amounts is given by [P,C'/3 [P,C*] = kai/ ko', and growth takes place under non-steady-state conditions. Further
the ratio of concentration of dead polymer formed by the two Progress in understanding this catalysis will depend on spec-
termination processes is approximateliulky)(kik'). As troscopic or other structural probes operating within these short
measured by théH NMR end-group analysis, this is 66/24 time scales, and further work on this area is planned.

2.8. Several possibilities exist for the molecular processes involved

At the time of quenchingt(=< 5 s), the mass of polymer in catalyst initiation. In catalysts based on metalethyl
isolated is derived mainly from metal-attached polymer chains, COMplexes as precursors, the largest activation barrier is
m\{ 3.ZP.C] + 3.ZP.C]} .2 The observation that the rate of ~associated with the first monomer insertion to give a higher
increase in mass with time is less than would be expected on@lkyl species bZr(CHCHMey)(X) (1, Scheme 7). On the other
hand, as mentioned above, the system (SBI)z/MéBus/

(41) (a) Resconi, R.; Piemontesi, F.; Camurati, I.; Sudmeijer, O.; Nifantev, I. [PhsC][CN{B(CsFs)3} 2] generates a zirconocene isobutyl species

E.; Ivchenko, P. V.; Kuz’'mina, L. GJ. Am. Chem. S0d.998 120, 2308. ; ; e i P
(6} Moscardi. G.: Resconi. L - Cavallo. Drganometallic001, 20, 1918, 1, that is, a complex where the alkyl ligand is identical to the

(42) Determination of the end-group concentration By NMR against

2-methoxynaphthalene as an internal standard in comparison Myth (43) A reviewer argued that it may not safe to assume Kiais small as
determined by GPC has shown that, far 5 s, about 90% of the quenched compared td,'. In that case, the estimate lofi/k," ~ 12 would need to be
polymer is saturated. revised upward.
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Scheme 7. Possible Formation and Structures of Active States 2 Table 4. Comparison of Kinetic Parameters for Trityl- and
as the Result of Changes in Anion Coordination MAO-Activated Zirconocene Catalysts
(SBI)ZrMe,ftrityl (SBI)ZrCl/MAQ®
th A
LyzZr = from Y(t) from My(t) from Y(t) from M,(t)
K . _——
% s 2a kp Lmolls? 1320420 17200+ 1400 48+3 600+ 230
Lz /Y koobs 571 780+ 13 10120+ 800 20+1 252+ 97
2 r\ ki, L mol~ts™t 5.2+ 0.6 25+32 0.25-0.05 0.8+2.6
X W /—< R ke, s71 9.4+0.7 0.6+ 0.2
1 ‘W LZZr\ - — ratio 0.08 0.08
- APRY)/ k(M
ﬁ KeEPROY) (M)
a[Zr] = 9.52x 105 mol L2, [M]o = 0.59 mol L%, 25.0°C. 2 [zr] =
Scheme 8. Anion Exchange-Assisted Monomer Insertion in lon 1.46 x 10~* mol L™%; [M]o = 0.42 mol L%, 40.0°C.
Aggregates
Ly Ly contributed to polymer production, that is, those zirconocenes

Zr, Zr.

é“‘ SR carrying a polymeryl chain (eq 13).
HORGHO,

\Z ¥ RN n="X
& & Lzz<\( —_ Lzz/@%w (13)

X X

Lo
JZre,
_ \ ﬁ / ‘ —» etc. . . . .
il —_— ‘\ Over time— in this case about 2.5-s the mole fraction of
\;;’ [C*] under this definition will approach 1.0. The value obtained
L by this method will therefore be similar to active species counts
by isotopic quenching or labeling methot<#

product of propene insertion into a ZMe bond. The first However, the possibility of catalyst initiation by an anion
monomer insertion into such a ZBu bond is therefore no  displacement equilibrium implies a similar set of such equilibria
longer rate-limiting, and in such a complex the first propene between active and dormant states throughout the chain growth
molecule should insert at about the same rate as subsequengrocess. If one admits the intermittent growth model, our
insertions. We therefore consider that catalyst initiation is mechanism needs to be refined to take these equilibria into
achieved by the displacement of the counteranion X from its account (Schemes 7 and 8). While under such conditions almost
coordination site in the contact ion pair, either to give a (possibly all of the added catalyst precursor will contribute to polymer
solvent-stabilized) ion paRawhich subsequently reacts rapidly  production over the duration of the reaction, only a small fraction
with monomer or to undergo an associative anion substitution is likely to be actively involved in the chain growth process at
by the monomer to give a tight ion p&th. Obviously, species  any one time. Under this definition, the term “active species”
2a and 2b possess coordination sites suitable for monomer refers, for example, to the species depicted in box A of Scheme
binding, whereas species of tydedo not and are akin to a 2. Although this active fraction is obviously a determining factor
resting state. On the other hand, the absence of a rate-retardingf catalyst activity, it has proved difficult to estimate in
anion concentration effect suggests that the anion remains withinmetallocene catalysts and remains an unknown quantity for most

the ion pair solvent cage. systems.
Recently, Brintzinger et al. determined the rate of anion  The value of the propagation rate constant measured from
exchange in zirconocene borate systems at@7by NMR the increase in the number-average polymer molecular weight

measurements. Various arguments supported the notion that thexs a function of timel, &~ 17.2 x 10* L mol~t s, is an order
[B(CeFs)4] ~ system exists in nonpolar solvents predominantly of magnitude higher than thg value determined from the time-
as ion quadruples or higher aggregates and that these provide @ependence of polymer yield at the same catalyst concentration.
mechanism for anion exchanffe.The apparent first-order  Relevant kinetic parameters are summarized in Table 4.
exchange rate constants for the productive anion exchange of Determination ofk, from eq 4 takes into account the total
[B(CeFs)4] ~ were estimated to be about 5000 times faster than zirconium concentration, whether active or dormant; to avoid
those for [MeB(GFs)s]~. For the [(SBI)ZrMé «++B(CeFs)s7] confusion, we will refer to the rate constant derived fr¥(t
system, they were on the order of 362 000 s* at the lower as the apparent propagation r&¢gPP. By contrast, the propaga-
limit, very comparable to the monomer insertion rates observed tion rate derived from eq 9 is only concerned with the rate of
here. It is tempting to hypothesize, therefore, that monomer growth of the polymer chain, irrespective of the number of metal
uptake is coupled to anion exchange in such aggregates; in othetenters involved. The ratig2°?k, = 0.08 for the trityl-activated
words, anion exchange may provide a chemically plausible low- catalyst suggests, therefore, that only about 8% of the total
energy pathway for weakening the catieemion interaction zirconocene concentration is involved in chain growth at any
sufficiently to allow monomer binding to the metal center one time#®
(Scheme 8). Comparison to the (SBI)ZrglMAO catalyst is instructive.
Active Species ConcentrationKnowledge of the concentra- It was known from previous work that the MAO system was
tion of species as a function of catalyst structure and/or the
nature of the activator is a key to the understanding of catalytic (44 6%“";213 C. W.; Tsai, W. MMakromol. Chem., Macromol. Sym{093
systems. The increase in active species concentration [C*] as &@45) Following the suggestion by a reviewer, these figures may be adjusted taking
function of time is given by eq 3b above. This describes the into account catalyst loss due to unscavenged impurities, as estimated by

. N i the intercept in Figure 5b. This would raise the rate values for the trityl
conversion of catalyst precursor into all of the species that have  system by about 18% and increase k@k, ratio from 0.08 to 0.09.
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about 30-40 times less active than the borate-based catilyst.  Scheme 9

The limiting molecular weight, too, is much lower. Evidently, © )
chain termination in the MAO catalyst is relatively more facile CM CW"
than that in the borate system, witjM]/k; = 1086 and 413

for borate and MAO, respectively.

At the outset of this investigation, we speculated that the
difference in activities of the two systems might be due to the
much lower concentration of active species in the MAO catalyst
and that the actual rate of chain growth was dictated primarily
by the structure of the metallocenium cation and essentially
ligand-dependent, with little influence from the “weakly coor-
dinating” anion, whether borate or [M&8VIAQ] ~. This argument
was apparently supported by the negligible influence of the
counteranion on the stereochemistry of polypropene that has
been reported for somensazirconocene catalyst§.

However, the kinetic data suggest a different scenario. For
the MAO-activated systenk,?"Yk, ~ 0.08; in other words, the ~ Conclusion

percentage of active species in the MAO system is essentially The s i .
; i . ystem (SBI)ZrMgAl'Bus/[PhsC][CN{ B(CsFs)3} 2] is a
identical to that found in the borate-based catalyst. On the otherhiglhly active catalyst for the polymerization of propene. The

hand,k; for the MAQ system is about 40 times smaller (Table initial phase of the polymerization process has been studied

4). We have to conclude, therefore, that the counteranion using quenched-flow techniques under atmospheric pressure.

profotgndly |n1;lue_r|1_ﬁes the.le.trjle.rgetlcs oftthet rgngtratory monorper Over the concentration range investigated, up to 1 bar of propene
Insertion cycie. The equiiibrium constant between an active pressure, the reaction is first-order both in catalyst and in

species [bZrR(monomen)]iX] and LZr(R)X (dormant staté3, monomer. Curve fitting of the time-dependence of polymer mass

Schem(_a 2) is apparently ?"m"af for either system. Howevgr, as gives an estimate of the rate of catalyst initiation, which for
shown in Scheme 2, the insertion process involves a series of

. duct dit that in the MAO ; short reaction times is commensurate with the rate of propaga-
SUCCESSIVE Products, and It appears that in the SYSI€Myiion A rate law taking account of these non-steady-state

some of these have longer residenc_e times,_ S0 thf_it it takes mucr3:onditions has been proposed which confirms the absence of
longer to follow the cycle through to its starting point. In effect, an induction period in these systems. At 250) the observed

such comparatively long-lived intermediates can be conslderedpropene insertion ratig,[M] is on the order of 10 s%. The

as another type of (albeit unst.able) dormant st.ate; they differ, methylalumoxane-activated system (SB)Z/®IAO shows
however, from stateB3 andD4 |n.that they remain part of the very similar initiation and propagation behavior, but is about
chaln growth sequence. The d!fferenceskmmeasured fpr .40 times slower (at 40C). Comparison of the polymer mass
different activator systems also imply that the counteranion is data to the propagation rate constant obtained from the number-
closely associated with the cation thr_oughout the insertion verage molecular weight as a function of time provides an
sequence, such as W.OUId be the case in a monomer-separate@stimate of the fraction of total zirconocene that is actively
or solvent-separated ion pd. engaged in the chain growth process at any one time. Surpris-
The Nature of Dormant States.As postulated above, the g1y “this fraction is about the same for both the borate- and
coordination site required for monomer binding prior to chain ihe MAO-based systems, ca. 8 mol %. While in an ion pair
growth can, in principle, be made available by one of two [L,ZrR]*[X]~, where X is the noncoordinating anion, the rate
processes. The anion might be envisaged to establish a dis; polymerization could be thought of as a function of the
sociation equilib.rium to give a solvent-separated ion pair, which gty cture of the ligand L but independent of X, our results
subsequently binds the monomer (Scheme 7, path A), or thejngicate that this is not the case. Monomer uptake and chain
anion is displaced by the monomer in an associated substltutlongrowth may be related to anion exchange processes, possibly
reaction but rg_mains within the immediate vicinity of the iz ion aggregates. The differences in propagation rates must
monomer-stabilized metallocene cation (Scheme 7 path B andimean that the counteranion strongly influences the residence
Scheme 8). The absence of a rate-retarding anion concentratiolimes of one or more of the intermediates of the monomer
effect is most in accord with the second scenario and suggestSpsertion sequence, from monomer binding yiaand 8-ago-
that the anion does not diffuse freely. stically stabilized metal alkyls back to a species capable of
The polymer end-group analysis supported the notion that monomer binding, which are much longer in the MAO system.
2,1-misinsertions are a major source for the formation of |n effect, these species may be regarded as a form of the dormant
dormant states. The model shown in Scheme 8 provided anstate, but they are different from nonproductive dormant states
estimate ofkxi/ky’. This has an interesting implication. As in that they are part of the chain growth cycle. These findings
are in qualitative agreement with earlier batch results which
(46) ((g)) l'jg{]fr?”'s'\_‘-'?:i';ipkéfﬂ’\gggfnfg?'Rcalhiedméofnam a%%?mmmﬁ% 14, 91. provided a measure for the increase in the activation barrier of
(47) The sugéesﬁon of close anion 'assc?ciation within the active épecies gainspropene polymerization with anion basiciyPropagation for
further support by the observation of strong counteranion effects on the the horate-activated systemi$000 times faster than initiation.
stereoselectivities and productivities of nansametallocene catalysts, . . -
notably Waymouth’s oscillating (2-Phin@rX, system: (a) Wilmes, G. Analysis of the polymer microstructure indicates that even at
M.; Polse, J. L.; Waymouth, R. MMacromolecule2002, 35, 6766. (b) short reaction times<1 s), 2,1-misinsertions anqs_a”w

Busico, V.; Cipullo, R.; Kretschmer, W. P.; Talarico, G.; Vacatello, M.; . i . . X
van Axel Castelli, V.Angew. Chem., Int. E®002 41, 505. zirconocene species are formed in kinetically relevant concen-

pointed out above, this is a measure of the equilibrium ratio
between dormant and active states, but it can equally well be
regarded as the equilibrium constant for the hypothetical methyl
shift reaction at the head end of the polymeryl chain (Scheme
9). Assuming as before that the termination reactions do not
significantly deplete the concentrations of dormant or active
states, we found that our data gave the vadue kai/ky' ~ 12.

This can be seen as a measure of the greater steric hindrance
between a methyl adjacent to another methyl in the 2- and
3-positions of the polymeryl chain, as compared to the methyl
group adjacent to the metallocene unit.
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trations. These misinsertions are likely to be the main source to be strongly ligand-dependent; work to explore this aspect
for the ~90% of total [Zr] in reversibly dormant states. Tight further is in hand.

ion pair formation may contribute to the dormant state concen-
tration, but the extent of this contribution could not be quantified.

The determination of the ratle./k,' ratio from the concentration

of 2,1-regioerrors allows the assessment of steric factors
experienced by an incoming monomer. This parameter is likely JA029150V
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