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ABSTRACT: The reduction of a constrained-geometry cat-
alyst (CGCTiMe,) activated with a series of cocatalysts, in-
cluding modified methylaluminoxane (MMAO), tris(pen-
tafluorophenyl) borane [B(C¢Fs);], and combined B(C4Fs);/
MMAQO, was experimentally investigated using an on-line
electron spin resonance spectroscopy (ESR) technique. The
effects of the solvent type, cocatalyst/catalyst ratio, and
temperature on the reduction were examined. In the CGC-
TiMe,/MMAO system, increasing the Al/Ti molar ratio
from 20 to 250 significantly increased the Ti(Ill) content.
Adding trimethylaluminum to the system lowered the

Ti(Ill) content. Three trivalent Ti species, Ti(a) (g = 1.972),
Ti(b) [g = 1.992, «(H) = 7.4 G], and Ti(c) (g = 1.995), were
observed. In the CGCMe,/B(CFs); system, only one triva-
lent Ti species (g = 1.988) was observed. The CGCTiMe,/
B(C4Fs); system was more stable to reduction than the CGC-
TiMe,/MMAO system. © 2003 Wiley Periodicals, Inc. ] Appl
Polym Sci 89: 2474-2482, 2003
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INTRODUCTION

Metallocene-based coordination catalysts have a sig-
nificant impact on polyolefin industries." An impor-
tant development in technology is the constrained-
geometry catalyst (CGC)*™® [(Cp*SiR,NR)MX,, where
Cp* = tetramethylcyclopentadienyl, R = alkyl, M
= Group 3 or 4 transition metal, and X = CH; or Cl
(e.g., Scheme 1)]. The CGC system, among the first
commercialized single-site catalysts,” is able to pro-
duce a new family of polyethylene with long-chain
branching.'™'* This exceptional characteristic pro-
vides polymers with the combination of good proces-
sibility and desirable strength properties. Meanwhile,
the CGC system is remarkably stable even at high
polymerization temperatures (>140°C). Moreover, it
was reported that the reduction of titanium CGCs by
methylaluminoxane (MAO) was less significant than
that of other titanocenes.'?

The study of catalyst reduction is very important for
elucidating the active site structure and for under-
standing the reaction mechanism and kinetics in cat-
alyst polymerization. In this regard, the electron spin
resonance (ESR) technique appears to be a useful tool
for investigating catalyst reduction in the polymeriza-
tion of olefin'*™'” and that of syndiotactic styrene.'® >
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On-line monitoring of the paramagnetic trivalent
Ti(Ill) or Zr(Ill) signals provides both qualitative and
quantitative information about the reduction mecha-
nism and kinetics. In olefin polymerization, some
studies showed that tetravalent cationic metallocene
complexes are the active sites for olefin monomers and
are reduced to inactive paramagnetic trivalent com-
plexes during polymerization.'*™'” The reduction is
believed to be attributable to a reductive decomposi-
tion of an electron-deficient bridging complex of cat-
alyst and cocatalyst by ejecting nonbridged alkyl
groups.'*'® In an early study on a homogeneous
Cp,TiCl,/AIR,Cl,_, system, Olivé et al.'* proposed
that reduction was from a bimolecular second-order
mutual deactivation of two Ti(IV) active sites. How-
ever, the attribution of active sites in half-sandwich
metallocene catalysts for syndiotactic styrene poly-
merization remains a controversy. It used to be be-
lieved that reduced trivalent cationic complexes were
the active sites based on the correlations between po-
lymerization kinetic data and ESR analysis,'® ™ al-
though other studies observed no or very weak ESR
signals attributed to trivalent complexes, showing no
correlation with the polymerization data.”®

As an important catalyst system, CGC has attracted
considerable investigative efforts. However, to the
best of our knowledge, a systematic reduction study
on this catalyst system has not been reported. In this
work we used an on-line ESR technique to investigate
experimentally the reduction of the CGCTiMe, cata-
lyst activated with different cocatalyst systems, in-
cluding modified MAO (MMAO), tris(pentafluoro-
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phenyl) borane [B(C4Fs);], and combined MMAO/
B(C¢F5)3 cocatalyst systems.

EXPERIMENTAL
Materials and preparations

CGC catalyst precursor {[CsMe,(SiMe,N'Bu)]TiMe,
(Me: methyl, ‘Bu: isobutyl, Cs: cyclopentadiene)} and
borane cocatalyst [B(C4F5);] were provided by Dow
Chemical (Midland, MI) and Boulder Scientific, re-
spectively. Modified methylaluminoxane (MMAO-3A
with 65.9% methane and 31.7% isobutene; Akzo-Nobel
Corp.) as 6.68 wt % aluminum in heptane and 11.6% in
toluene was used as the MAO source in the experi-
ments. Trimethylaluminum (TMA) was provided by
Aldrich Chemical (Milwaukee, WI) as 2 mol/L solu-
tion in toluene. The catalysts and cocatalysts were
used as received. Anhydrous-grade toluene and hep-
tane supplied by Aldrich Chemical were refluxed over
sodium with benzophenone as indicator for 48 h and
distilled out before use. All manipulations of catalyst
and cocatalyst solutions and ESR samples were con-
ducted in a controlled nitrogen drybox or under ni-
trogen protection.

ESR sample preparation and analysis

Screw-capped ESR sample tubes were used in this
work. The samples were prepared as follows. In a
drybox, a proper amount of solvent was injected into
the ESR tube by syringe. A prescribed amount of
cocatalyst solution [MMAO or B(CgFs);] was then
added to the tube. For the mixed cocatalyst systems
[MMAO/TMA, MMAO/B(C4Fs);], MMAO solution
was added first, followed by the addition of a certain
amount of TMA or B(CFs); solution by syringe. The
ESR tube was then capped and wrapped with
Parafilm. The sample was then transferred to an Al-
drich AtmosBag filled with UHP nitrogen. A desired
amount of the catalyst precursor solution was finally
added before ESR measurement.

The ESR measurements were conducted at different
temperatures using a Bruker EP072 X-band ESR spec-
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trometer (Bruker Instruments, Billerica, MA)
equipped with a temperature-control unit. Spin con-
centration calibrations at different temperatures were
carried out by use of standard TEMPO solutions
(107°-10"° molar) for quantitatively determining the
Ti(Ill) concentration. The magnetic field was cali-
brated with DPPH. The ESR measurement conditions
were as follows: magnetic modulation frequency 100
kHz, intensity 20 dB, central magnetic field 3400 G,
swift range 600 G, receive gain 2 X 10™4, and modu-
lation amplitude 5 G. Bruker WinEPR SimFonia (ver-
sion 1.25) software was used to simulate the experi-
mental spectrum.

RESULTS AND DISCUSSION
MMAO as cocatalyst

MAO is one of the most commonly used cocatalysts
for metallocene polymerization of olefin monomers.
However, conventional MAO has a low solubility in
aliphatic solvents as well as poor storage stability in
solution. Modified MAO (MMAO) prepared by con-
trolled hydrolysis of TMA and TiBA has greater sol-
ubility and better storage stability in solvent than that
of MAO for olefin polymerization.'® In this work
MMAOQO was used as MAO source.

The Ti(IV) reduction in the CGCTiMe,/MMAO sys-
tem with different Al/Ti ratios was carried out in
toluene at various temperatures. Figure 1(a) shows a
set of experimental ESR spectra at different aging
times and 100°C with an original CGCTiMe, concen-
tration of 5 X 10~* mol/L and Al/Ti molar ratio of
100. The ESR spectra collected after 2-min reaction
with Al/Ti molar ratios ranging from 20 to 2000 are
presented in Figure 2. Three Ti(Ill) paramagnetic sig-
nals can be resolved by a computer simulation: two
singlets, Ti(a) (g = 1.972) and Ti(c) (g = 1.995); and
one doublet, Ti(b) [g = 1.992, «(H) = 7.4 G]. The
simulated signals and their combined resulting spec-
tra with relative intensities of the three individual
signals are also included in Figure 1(b) and (c), respec-
tively. The singlet Ti(c) and doublet Ti(b) overlap
each other. There are some satellite lines in Ti(b) at-
tributed to the a(Ti) = 8.2 G hyperfine interaction with
47Ti (7.28% abundance, I = 5/2) and *Ti (5.51% abun-
dance, I = 7/2). These lines, although weak because of
signal overlap, are observable in Figure 1. The integral
intensity of the satellite lines constituted about 12.8%
of the total area, corresponding to the natural abun-
dance of ¥Ti and *’Ti. No resolvable hyperfine split-
ting was found with Ti(a) and Ti(c) signals.

The intensities of the three paramagnetic signals
varied with the aging time. At the beginning of aging,
only Ti(a) and Ti(b) were observed (see Fig. 1). The
intensity of Ti(b) then increased and that of Ti(a)
decreased gradually. In about 2 min a new signal,



Ti(c), appeared. The Ti(c) signal gained its intensity
quickly and gradually overlaid the Ti(b) signal. In 30
min the Ti(a) signal disappeared and Ti(b) was over-
whelmed by Ti(c). Applying a further derivative to
the shown spectra gave evidence for the existence of
Ti(b) through aging time. The intensities of the three
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Figure1 (a) ESR spectra (from 3300 to 3480 G) recorded at
different times during the reduction of the CGCTiMe,/
MMAO system in toluene with [Ti], = 5 X 107* M, Al/Ti
= 100 (molar), and T = 100°C. (b) The computer-simulated
Ti(a), Ti(b), and Ti(c) signals. (c) Computer-simulated spec-
tra parallel to (a).
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Figure 2 ESR spectra (from 3340 to 3460 G) recorded at T
= 100°C for the CGCTiMe,/MMAO system in toluene with
[Ti], = 5 X 10~* M and different Al/Ti molar ratios.

Ti(Ill) signals also changed with the Al/Ti molar ratio.
The Ti(a) signal was present in the initial period of
reaction with the Al/Ti molar ratios lower than 250.
At high Al/Ti molar ratios (>250), only Ti(b) and
Ti(c) were observable. The variation of the relative
intensities of these signals with the Al/Ti molar ratio
in Figure 2 followed the same pattern as that with the
aging time in Figure 1(a). Similar changes in spectra
with time and Al/Ti ratio were also observed in a
half-sandwich metallocene trichloride/MAO system
by Chien et al."”

In the CGCTiMe,/MMAO system, there could be
four CGCTiMe,/MMAQO complexes, as shown in
Scheme 2: weak complex of CGCTiMe, with MMAO
(2), binuclear cationic ion pair (3 and 4), and mono-
meric cationic ion pair (5). The existence of these four
species is dependent on the Al/Ti ratio. These species
have been elucidated by detailed >C- and 'H-NMR
studies on dialkyl metallocence/MAO systems.** Be-
cause binuclear cationic ion pairs 3 and 4 are quite
stable, the reduction is mainly attributed to the elim-
ination of the nonbridged methyl group from com-
plexes 2 and 5. The NMR studies showed that weak
complexes of metallocene/MAO were present only at
low Al/Ti ratios.?* Note that Ti(a) was also present
only at low Al/Ti ratios. Ti(a) is therefore believed to
be a reduction product from the weak complex of
CGCTiMe, with MMAO (2). In the CpTiCl;/MAO
system reported by Chien et al.'” a similar assignment
was proposed for the trivalent Ti species formed at
low Al/Ti ratio. The NMR studies on metallocene
dialkyl/MAOQO systems also showed that the concen-
tration of the monomeric ion pair increased with the
Al/Ti ratio and that it was the major complex at high
Al/Ti ratios. In this work Ti(c) was the dominant
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signal in the ESR spectra and its intensity increased
with the time and Al/Ti ratio. This parallelism leads
us to assign Ti(c) as a reduction product from the
monomeric cationic ion (5). The structures of Ti(a) and
Ti(c) are proposed in Scheme 3. Ti(b) is a trivalent
titanium hydride with g = 1.992, a«(H) = 74 G, and
a(Ti) = 8.2 G. The g and «(H) values of this species are
very similar to those of the previously reported triva-
lent Ti hydrides in the CpTiCl;3/MAO system [g
=1.989, a(H) = 74 G; g = 1.995, «(H) = 4.5 G],*° the
CpTi(OBu);/MAO system [g = 1.989, a(H) = 7.0 G],"
the Cp*TiMe;/B(C¢F5); system [g = 1.994, a(H) = 8.4
G]2) and the SiO,-supported CpTiCl;/MAO sys-
tem [g = 1.989, a(H) =74 G].2'@) Its o(Ti) value is also
very similar to that of the reported Ti(IIl) hydrides in
CpTiCl,/MAO [«(Ti) = 8 G]*° and CpTi(OBu);/MAO
[«(Ti) = 7 G] systems." These similarities suggest the
assignment of titanium hydride. This Ti(b) species,
shown in Scheme 3, is probably a further reaction
product of Ti(a). Titanium hydrides with similar
structures were also proposed in the CpTiCl;/MAO
and CpZrCl;/MAO systems.'?

The effects of the Al/Ti molar ratio on the reduction
of the CGCTiMe,/MMAO/toluene system are shown
in Figures 3 and 4. The reduction occurred with a
relatively high initial rate, but slowed down quickly
with the Ti(Ill) concentration being leveled off after
about 5 min of reaction. Increasing the Al/Ti molar

N

H3C\ / i

HJC/\/
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Ti(a)

ratio increased the reduction rate as well as the final
Ti(IIl) concentration, particularly in the ratio range of
20-250, as shown in Figure 4. This is probably attrib-
utable to the increasing concentrations of 5 with the
increase of Al/Ti ratios. However, further increases of
the Al/Ti ratio from 250 had little effect on the reduc-
tion behavior.

MAO is an efficient cocatalyst for metallocene po-
lymerization. It is prepared by a controlled hydrolysis
of TMA with hydrated metal salts. Studies showed
that free and associate TMA exist in the MAO solu-
tion. Polymerization studies were also conducted to
examine the roles of TMA in catalysis.* In this work
the effect of TMA on the CGCTiMe,/MMAO reduc-
tion was conducted. A series of catalyst toluene solu-
tions with [Ti], = 5 X 10~* M, AI(MMAO)/Ti = 500
(molar), and different [TMA]/[MMAQ)] ratios were
prepared and investigated at 100°C. The ESR spectra
showed the same three signals as those in the CGC-
TiMe,/MMAO/toluene system. The changes of Ti(III)
concentration with time are presented in Figure 5.
Increasing the [TMA]/[MMAQ] ratio decreased the
Ti(III) concentration. This can be attributed to the co-
ordination of TMA with the monomeric cationic ion
pair (5) to form the methyl-bridged binuclear com-
plexes [CGCTi(u-Me),AlMe,] "[MeMMAO]~  (4),
which is stable toward reduction and inactive for po-
lymerization. The higher the [TMA]/[MMAOQO] ratio,

w
MMAO 7 _
.CH T - + / MeMMAO
Hsc\ Ti~™ HsC ./ /Ti

MMAO HJC/

Y

Ti(c)

Scheme 3
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Figure 3 Ti(lll) concentration versus time for the CGC-
TiMe,/MMAO system with different Al/Ti molar ratios at
[Ti]l, = 5 X 107* M and T = 100°C in toluene.

the more 5 species were converted into 4, and the
lower the Ti(Ill) concentration. This result may have
implications of lower activities with TMA addition in
metallocene/MMAO systems.

The solvent effect on the CGCTiMe,/MMAOQO reduc-
tion, by use of toluene and heptane, was also investi-
gated. Figure 6 shows the ESR spectra for the CGC-
TiMe,/MMAO/heptane system. Different from the
CGCTiMe,/MMAOQ/toluene system, the spectrum
shows a three-line overlapping signal. However, sim-
ilar to the CGCTiMe,/MMAO/toluene system, the
spectrum changed with the aging time and Al/Ti
molar ratio. Figure 7 shows the change of Ti(IIl) con-
centration with time in both heptane and toluene so-
lutions. About 60% of the original Ti(IV) was reduced
to Ti(Ill) in toluene in 10 min. However, in heptane
only 10% original Ti(IV) was reduced to Ti(III).

One possible explanation of this phenomenon is the
solvent coordination effect on the reduction of Ti(IV)
complexes. Solvent coordination with cationic metal-
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Figure 4 Ti(Ill) concentration versus Al/Ti molar ratio for
the CGCTiMe,/MMAQO system with [Ti], = 5 X 10" * M, ¢
= 10 min, and T = 100°C in toluene.
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Figure 5 Ti(Ill) concentration versus time for the CGC-
TiMe,/MMAO/TMA system in toluene with different
[TMA]/[MMAQ] (molar Al) ratios at [Ti], = 5 X 107* M,
AI(MMAO)/Ti = 500 (molar), and T = 100°C.

locene species is an important interaction for such
complexes as [Cp*ZrMe,] " [MeB(C¢Fs);] . The com-
plex acts as a toluene adduct both in solution and in
the solid state.?® The coordination effect of arene with
the constrained-geometry Zr cation [CGCZrMe] " was
observed from both analytical and spectroscopic evi-
dences.” Toluene is a coordinating solvent and hep-
tane is a noncoordinating solvent. In our system, when
toluene coordinates with the Ti(IV) complexes, it de-
stabilizes the titanium-methyl bond in complexes 2
and 5, leading to an easier breakup of the titanium-
methyl bond and thus generate more Ti(Ill) species.
Moreover, solvent coordination will also change the
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Figure 6 ESR spectra (from 3270 to 3500 G) recorded after
different aging times for the CGCTiMe,/MMAO system in
heptane with [Ti], = 5 X 10~* M, Al/Ti = 300 (molar), and
T = 100°C.
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Figure 7 Ti(Ill) concentration versus time for the CGC-
TiMe,/MMAO system in different types of solvent with
[Ti], = 5 X 107* M, Al/Ti = 1500 (molar), and T = 80°C.

unpaired spin density around the Ti(IIl) nucleus and
cause the change of ESR signal.

Figure 8 shows the effect of temperature on the
CGCTiMe,/MMAO/toluene reduction with an origi-
nal CGCTiMe, concentration of 5 X 10~* M and [Al]/
[Ti] molar ratio of 500. High temperature accelerated
the reduction.

B(C¢F5); as cocatalysts

Different from MAO type of cocatalysts, perfluoroaryl
boranes and borates react with metallocene com-
pounds and yield an isolable and characterizable cat-
alyst system.'® Many studies on this isolated complex
have been carried out to elucidate this highly efficient
catalytic system, especially for ethylene and a-olefin
copolymerizations.*®

The reaction of CGCTiMe, with B(CFs); generates the
monomeric cationic species [CGCTiMe] [MeB(C¢Fs)s] ™
(6 in Scheme 4). Studies also showed that witha 2:1
ratio of CGCTiMe,/B(C¢Fs5); in toluene, the dinuclear
species [CGCTiMe(u-Me)MeTiCGC] " [MeB(CgFs)5]~
(7 in Scheme 4), in equilibrium with the monomeric
species, was also generated.”

The ESR spectrum for equimolar CGCTiMe, and
B(C4Fs); with [Ti], = 2 X 1072 M in toluene after 20
min at 100°C exhibited a singlet Ti(d) centered at g
= 1.988, as shown in Figure 9. There were also some
additional resonances at the shoulders of the singlet.
These additional signals, also observed in the 2 X 1072
M CGCTiMe,/toluene without B(CFs);, were proba-
bly attributable to Ti(III) alkoxides and/or other prod-
ucts arising from oxygen traces and impurities in the
ESR tube at this high initial titanium concentration.
The singlet is attributed to the Ti(Ill) species produced
by the reductive methyl group elimination from the
monomeric cationic species 6. Its structure is proposed
in Scheme 5. The intensity of this signal increased
with the reduction time (Fig. 10).
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For comparisons, a parallel ESR experiment under
the same conditions but at 2:1 CGCTiMe, and
B(C¢F5); molar ratio showed no Ti(Ill) species pro-
duced even after 1 h of reaction, except for the shoul-
der signals from impurities. It is known that at this
B/Ti ratio, there is a large amount of species 7. This
result indicated that the dinuclear species are quite
stable toward reduction.

Figure 10 shows the Ti(Ill) concentration as a func-
tion of reduction time for the CGCTiMe,/B(C¢Fs);/
toluene system at 100°C with different B/Ti molar
ratios. It can be seen that after a 1-h reaction only
about 1% of Ti(IV) was reduced to Ti(Ill) at B/Ti = 1,
compared to the 60% for the CGCTiMe,/MMAO at
Al/Ti = 500 and the same temperature. Moreover, the
reduction rates were much slower than that of the
CGCTiMe,/MMAO/toluene system. These results in-
dicated that the monomeric cationic center 6 is much
more stable than that of 5. Increasing the B/Ti molar
ratio increased the Ti(Ill) concentration because of the
higher concentrations of 6 at the higher B/Ti ratios.

To investigate the temperature effect on the reduc-
tion, a series of samples with [Ti], = 2 X 1072 M and
B/Ti = 1 (molar) at temperatures 40, 60, 80, and 100°C
were analyzed. Unlike the CGCTiMe,/MMAO sys-
tem, no detectable signal was observed when the re-
action temperature was lower than 80°C.

The solvent coordination also affected the reduction
of the CGCTiMe,/B(C¢F5); system. Two samples with
[Ti]o = 2 X 107 M and B/Ti ratio = 1.0 (molar), but
in different solvents (toluene and heptane), were pre-
pared and investigated at 80°C. For the sample with
heptane, no paramagnetic signal, except for those
from impurities, was observed even after 1 h of reac-
tion. However, for the sample in toluene, the Ti(d)
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Figure 8 Ti(Ill) concentration versus time for the CGC-
TiMe,/MMAO system at different temperatures with [Ti],
=5 X 10w A and Al/Ti = 500 (molar) in toluene.
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signal was detected after 5 min and its intensity in-
creased with the aging time.

B(C4F5)s/MMAO as combined cocatalyst system

The CGCTiMe,/B(C¢Fs); system is very active for ole-
fin polymerization. However, its high sensitivity to-
ward trace impurities usually requires an addition of
aluminum alkyls or MAO in polymerization. In this
study the reduction of CGCTiMe, with the combined
cocatalyst system B(C¢F5);/MMAO was also studied.

The ESR spectra of the Ti(Ill) species in this mixed
cocatalyst system were the same as those in the CGC-
TiMe,/MMAO/toluene system. Figure 11 shows the
effect of B/Ti molar ratio on the reduction with [Ti], =
5% 10"* M and Al/Ti = 20 (molar). Compared to the
CGCTiMe,/MMAO system (B/Ti = 0 in Fig. 11), the

Figure 9 ESR spectrum for the CGCTiMe,/B(C¢Fs)5 sys-
tem in toluene recorded at [Ti], = 2 X 107> M, B/Ti = 1.0
(molar), t = 20 min, and T = 100°C.

Ti(Ill) concentrations were lower. Increasing the B/Ti
molar ratio led to a lower Ti(Ill) concentration. This is
attributed to the formation of the monomeric cationic
ion pair [CGCTiMe] " [MeB(C4Fs);] ™ (6), which is more
stable than 2 and 5 toward reduction.

A final point worth mentioning is that the activity of
metallocene-type catalysts in olefin polymerization is
well known to increase with the cocatalyst/catalyst
ratio followed by a leveling off. However, in this in-
vestigation, it was shown that the concentration of the
inactive Ti(IlI) species also increases with the Al/Ti or
B/Ti ratio. This apparent contradiction is caused by a
confusion of the activation/deactivation process.
MAO or B(C4Fs); as a cocatalyst is required to activate
the catalyst CGCTiMe, (i.e., to generate the active
species 5 or 6). A higher Al/Ti or B/Ti ratio yields a
higher active site concentration and thus a higher
polymerization rate. Viewed from another perspec-
tive, a higher active site concentration also induces a

_ »CH3B(CF9)s

Ti(d)

Scheme 5
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higher reduction (deactivation) rate, giving a higher
Ti(III) concentration.

CONCLUSIONS

In this work the reduction of CGCTiMe, activated
with three different cocatalyst systems [MMAO,
B(C¢Fs);, and combined B(CyF5);/MMAOQO] was inves-
tigated by use of an on-line ESR technique. In the
CGCMe,/MMAOQO system, three trivalent titanium
species were generated from the reductive elimination
of the methyl group in the CGCTiMe,/MMAOQO weak
complex (2) and in the monomeric cationic pair (5).
The solvent coordination of toluene made Ti(IV) com-
plex more amenable to reduction. The Ti(IlI) concen-
tration increased with the Al/Ti molar ratio from 20 to
250 and leveled off after Al/Ti = 250. The reduction
rate increased with temperature and Al/Ti molar ra-
tio. Adding TMA to the system lowered the Ti(III)
concentration as a result of the production of stable
heterogeneous dinuclear species [CGCTi(u-Me),-
AlMe,] "[MeMAQO]~ (4).

In the CGCMe,/B(C¢Fs); system, only one Ti(II)
species was observed. It was the reductive product
of [CGCTiMe] "[MeB(C4Fs);]~ (6). The Ti(Ill) con-
centration increased with the B/Ti molar ratio be-
cause the higher B/Ti molar ratio generated a
higher 6 content. The results indicated that the binu-
clear cationic ion pair [CGCTiMe(u-Me)MeTi-
CGC]"[MeB(C4Fs);]~ (7) was stable to reduction.
The CGCTiMe,/B(C¢Fs5); system was much more
stable to reduction compared to the CGCTiMe,/
MMAO system because of the higher stability of
[CGCTiMe] "[MeB(C4Fs);]1 ™ (6).
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