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Abstract

Reaction of hydroxylated silica and alumina supports with methyl aluminoxane in toluene suspension provides
chemically modified supports suitable for use in slurry and gas-phase polymerizations of ethylene or propylene on treatment
with a variety of metallocene dichloride complexes. In particular, aluminas derived from calcination of sol—gel precursors
feature high degrees of surface hydroxylation in comparison with commercialy available silica (or even alumina) of similar
surface area and total porosity. This feature provides a mechanism for increasing the amount of aluminoxane on the former
supports, such that commercially acceptable productivities (> 10 kg PE /g support X h) are observed at relatively low, total
levels of aluminoxane or other alkylaluminum compounds in slurry or gas-phase polymerizations, respectively. A variety of
evidence indicates that leaching of active catalyst from these alumina supports occurs to a minor extent under slurry
conditions, particularly at higher temperatures in the presence of additional aluminoxane. At lower temperatures, this does
not occur to an appreciable extent but the morphology and bulk density of the polymer formed is unsuitable for use in a
gas-phase process. This can be attributed to the method for synthesis of the sol—gel alumina precursor which results in
irregular particles with a broad particle size distribution. Copolymerization of ethylene with 1-octene or 1-hexene results in
formation of linear, low density, PE with a narrow composition distribution as revealed by temperature rising elution
fractionation. These studies indicate that less comonomer is incorporated using these supported metallocene catalysts than
their soluble analogues under otherwise identical conditions. Finally, some of the resins prepared under slurry conditions
(and to a lesser extent in a gas-phase process), exhibit properties consistent with the presence of low levels of long-chain
branching; this feature appears to be reasonably genera for a variety of simple metallocene complexes. © 1998 Elsevier
Science B.V.

1. Introduction with aluminoxane or single, component co-
o o catalysts will supplant traditional Z—N catalysts
It is widely anticipated that metallocenecom- iy commercial polymerization processes. Attrac-

plexes of the group IV elements in combination  tjve features of these catalysts include high

intrinsic activity based on the transition metal,
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trol of polymer stereoregularity; indeed a num-
ber of poly(olefin) producers have aready com-
menced production of these resins using sup-
ported versions of these catalysts [1].

Most of the commercial applications empha-
size the superior properties of the polymer ob-
tained; barriers to commercidization for the
production of commodity thermoplastics include
low activity with respect to co-catalyst and the
support, leaving high levels of ash content in
the final product at commercially acceptable
rates of productivity, as well as difficulties en-
countered in melt-processing of some of these
resins.

The latter phenomenon can be largely allevi-
ated through the use of constrained geometry
catalysts in a solution process [2,3]. Under these
conditions, HDPE, and, to a greater extent,
LLDPE with a narrow MWD and containing
low levels of long-chain branching is produced;
the latter phenomenon leads to LLDPE resins
with vastly improved, melt-processability be-
cause of improved melt-strength through forma-
tion of entanglements. It has been claimed that
the level of branching can be controlled, is
process dependent, and requires a constrained
geometry catalyst system, presumably so as to
allow competive co-polymerization of ethylene
with long-chain oligomers with terminal unsatu-
ration .

In this paper, we summarize the results of
extensive studies concerning the utility of vari-
ous approaches to supported catalyst systemsin
both durry and gas-phase processes. In particu-
lar, supported systems based on alumina offer
the promise of much higher productivities at
relatively low co-catalyst loadings. In addition,
we demonstrate that incorporation of long chain
branching into LLDPE and to a lesser extend
HDPE is possible using a supported catalyst in a
durry or, to a lesser extent, gas-phase process

" For mathematical simulations of long-chain branching in
poly-olefins see Ref. [4]. For mechanistic work on this process see
Ref. [5].

using conventional metallocene complexes. This
latter finding does not seem to be widely appre-
ciated 2.

2. Development of supported catalysts

Earlier work involving propylene polymeriza
tion using silica and alumina supports and met-
alocene catalysts had revealed that partialy,
hydroxylated supports, when treated with alky-
laluminum compounds (e.g. AIMe,), were suit-
able for the preparation of supported metal-
locene catalysts in the presence of methylalumi-
noxane co-catalyst [8]. At about this time, a
more useful approach in terms of overal pro-
ductivity was reported [9], which involved treat-
ment of hydroxylated silica with aluminoxane,
followed by the metalocene complex; this ap-
proach forms the basis for numerous patents and
patent applications in this field 3.

Interestingly, in our earlier work, the activity
of aumina based systems was comparable to
that of silica based systems despite having lower
surface area and total porosity [8]. This sug-
gested that use of alumina based supports might
offer considerable advantage, in terms of pro-
ductivity, over silica. Relatively high surface
area aluminas are available commercially, while
very high surface area and total porosity alumi-
nas are available by calcination of super-criti-
cally dried boehmite 4, produced by sol—gel
hydrolysis of aluminum alkoxide precursors °.

We decided to investigate the latter approach
as a method for obtaining aluminas of compara-
ble porosity to readily available silicas (many of

2 Reported in part at Worldwide Metallocene Conference, Met-
con'95 sponsored by Catalyst Consultants, Houston, TX, May
1995. The same phenomenon has been noted using polymer-sup-
ported, metallocene catalysts in a gas-phase process [6,7].

3 Selected patents; see e.g. Refs. [10-13]. Publications; for a
lead reference to the literature see Ref. [14].

4 For applications of super-critically dried alumina precursors,
see e.g. Ref. [15].

® For a lead reference to sol—gel alumina chemistry see Ref.
[16].
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Fig. 1. Cumulative porosity (ml /@) vs. In[pore radius (A)] for ¥-boehmite and y-alumina along with comparison data for Ketjen Grade G

alumina (BET data summarized in Table 1).

which are produced by the same approach).
Having said that, control of particle morphology
and size distribution is an important feature for
successful use in gas-phase (or durry) poly-
merization processes; this technology is well-
developed in the case of silica but not in the
case of alumina derived from sol—gel precur-
Sors.

Hydrolysis of Al(O°Bu), using the condi-
tions developed by Klein et a. [17], provides
access to high surface area ¥-boehmite (ca
400-500 m? /g), which can be calcined under a
variety of conditions to provide, poorly crys-
talline, y-Al,O,, as revealed by powder X-ray
diffraction ®. During this process, collapse of
large pores (r > 100 A, Fig. 1) is observed so
that total surface area and porosity decreases
significantly (to ca. 250-350 m? /g and 0.4-0.8
ml /g, respectively), athough the pore-size dis-
tribution becomes noticeably narrower on calci-
nation.

Following calcination, fully hydroxylated
aumina was obtained by passage of water-
saturated helium over the surface at 300°C [18].
Related approaches were used for the prepara-
tion of partialy hydroxylated silica (Davison

® Data available from the authors on request. We thank Profes-
sor Linda F. Nazar of the Department of Chemistry, University of
Waterloo for access to this equipment.

655 or PQ silica) and a commercialy available
aumina (Ketjen, Grade G) of similar total
porosity and surface area ’.

The hydroxyl content of these supports was
estimated by titration with AIMe; as described
earlier [8], and typical data are summarized in
Table 1 for avariety of alumina and silica based
supports. As can be seen from these results,
alumina based supports feature much higher
levels of surface hydroxylation than silica, and
the effect is particularly pronounced for the
sol—gel derived material.

This feature can obviously be exploited using
the approach described earlier [9—-14]. Reaction
of these hydroxylated supports with methylalu-
minoxane in toluene suspension at 25°C, fol-
lowed by thorough washing of these materials,
provides the chemically modified supports,
whose properties are summarized in Table 2.
Based on both weight gain, recovered alumi-
noxane, and in certain cases, methane evolved it
is clear that significant quantities of aluminox-
ane can be deposited on the alumina supports,
compared with silica, and the effect is particu-
larly dramatic in the case of the sol—gel derived
alumina, the chemically treated support being
about 2/3 by weight aluminoxane.

7 For dehydroxylation of silicas and aluminas see Ref. [19].
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Table 1

Properties of supports used

Entry Support Code SA2(m?/g) PV.2 (ml/g) PR (A) mol OH? /mol support
1 Davisil-645 DS 300 1.15 75 0.064

2 PQ silica PQ 440 3.10 144 0.075

3 Dispal 18N4 DN 150 0.43 58 0.230

4 Ketjen G KG 345 0.90 52 0.370

5 sol—gel alumina SG 300 + 50° 0.6 +0.2° 50 + 5° 0.50 + 0.05°

@Surface area as measured by BET. s
PCumulative adsorption pore volume for pores < 400 A.
“Average pore radius.

dSurface hydroxylation as measured by titration with trimethyla uminum.

Average values for different samples.

Having said that the stoichiometry of reaction
between alumina and auminoxane compared
with silica and this material is considerably
different (as might be expected); considerably
more aluminoxane can be deposited on silica,
based on surface OH concentration — the limit-
ing factor with silicais the lower total degree of
surface hydroxylation possible .

These chemically treated supports were then
contacted with various metallocene complexes
(1-3) in toluene solution at 25°C; following
filtration and washing, the amount of metall-
locene remaining in the filtrate was estimated
using UV-visible spectroscopy on treatment of
the filtrate with a solution of anhydrous HCI in
toluene [8]. This data is summarized in Table 2
for metallocene 1; significant quantities of vari-
ous common metallocene complexes can be de-
posited on these supports, and again the alu-
mina-based supports incorporate significantly
higher total levels of a given metallocene com-
plex compared with silica.

1: en(n®-indenyl), ZrCl,
2: Me,Si(n®indenyl),ZrCl,
3: Me,C(Cp)(n>-Flu)zrCl,

The surface Al:Zr ratio (ca. 20-25:1) for all
of these supports is reasonably similar at maxi-

8 Fully hydroxylated silica has a surface OH coverage corre-
sponding to 0.12 mol OH /mol support [20]. This corresponds to a
maximal loading of ca. 20 mmol MAO /g support.

mal loadings of both MAO and metallocene.
This illustrates, to a first approximation, that
surface—catalyst interactions are dominated by
chemistry between aluminoxane and metal-
locene and are only indirectly influenced by the
support material itself. The physiochemical state
of both the adsorbed aluminoxane and metal-
locene complex is of obvious interest; all of
these supported catalysts were obtained as yel-
low to red, free-flowing solids and future work
will focus on these important issues °.

3. Screening of supported catalystsin propy-
lene polymerization

Based on work reported earlier [8-14], it was
expected that these supported catalysts should
behave in a manner similar to that of their
soluble counterparts if the support chemistry
leads to ‘single-site’ catalysts. This feature was
borne out by conducting propylene polymeriza-
tion using both 1/SG/MAO and 3/SG/MAO.
These polymerizations were conducted in the
presence of additional aluminoxane (total Al:Zr
= 1000:1); at lower loadings of aluminoxane
(< 200:1) or on substitution of aluminoxane by
other alkylaluminum compounds, productivities

® The interaction of metallocene complexes with both inorganic
oxide supports and with aluminoxanes has been studied by a
variety of techniques. There appears to have been less work
conducted on the hybrid materials reported here. For lead refer-
ences see Refs. [21-23]. See aso a review in Ref. [24] for recent
developments in aluminoxane chemistry.
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Table 2
Adsorption of MAO and metallocene 1 on supports

Entry Support? mmol OH® /g oxide

mmol MAQO®/g oxide

Al:OH mmol Zr¢/g oxide  Al:Zr Code®

1 DS 1.07 11.7
2 PQ 1.25 138
3 DN 2.26 138
4 KG 3.63 214
5 sG 490 29.0

109 0.39 279  1/DS/MAO
11.0 0.43 256  1/PQ/MAO
611 059 233  1/DN/MAO
589 098 218  1/KG/MAO
591 150 193  1/SG/MAO

@For descriptions of the supports, see Table 1.
®Determined by titration with AlMe,.
“Based on final weight and also from recovered MAO.

4Maximum loadings determined from residual catalyst in solution.

*MAO-modified support designation.

were much lower in these slurry polymeriza-
tions.

Inthecase of 1/SG/MAO or 2/SG/MAOQ,
isotactic poly(propylene) was formed with a
microstructure consistent with that produced by
its soluble counterpart under similar conditions
(Table 3). Syndiotactic PP was produced using
the supported version of 3, in contrast to recent
work where the formation of isotactic material
has been observed [25].

The only differences observed in using the
supported vs. soluble catalysts was the dightly
lower MW of the polymer obtained in some
cases using the supported catalyst, while the
catalytic activity of the supported metallocene
catalysts was about 1/3 that of their soluble

Table 3
Propylene polymerization using supported and soluble metal-
locene catalysts

Catalyst? Al:zr® A AY M, M,/ Y%mmmm'
(K)e Mne
1/SG/MAO 1100:1 924 517 972 211 824
1/PQ/MAO 1100:1 2.68 222 991 229 812
1/MAO 2000:1 380 n/a 159 1.85 813
2/SG/MAO 1100:1 1524 7.62 279 191 872
2/MAO 2000:1 436 n/a 214 194 837
3/SG/MAO 2000:1 42 10 448 160 8189
3/MAO 2000:1 138 n/a 487 175 86.29

®For catalyst/support designations, see Table 1Table 2; condi-
tions: toluene 500 ml; C;H¢ 45 psig; 40°C.

PTotal aluminoxane to Zr ratio.

€10° kg PP/mol Zrxh.

dkg PP /g support X h.

°Determined by SEC.

"Determined by *C NMR spectroscopy.

99% rrrr for catalyst 3.

counterparts under identical conditions. Since
the propagation rate is significantly lower (i.e.
by a factor of 3), and the MW (which is propor-
tiond to R,/R,) of the polymer is largely
unaffected using a supported catalyst, this sug-
geststhat R, must decrease by at least the same
magnitude as R, — i.e. chain transfer reactions
areintrinsically slower using a supported metal-
locene catalyst.

Some authors have attributed this effect to a
reduction in bimetallic, chain-terminating reac-
tions on supporting the metallocene [26]; alter-
natively, the observation that dimers of cationic
and neutral alkyl metallocene complexes appear
to have lower propagation rates (which would
indirectly decrease polymer MW) under slurry
conditions [27], provides an aterrnative expla-
nation for the effects observed on supporting
metallocene complexes. While a recent report
suggests that supported catalysts of this type
studied here are not * site-isolated’ and a method
for doing so is disclosed [28] (for details of the
MWD of these polymers see Ref. [29]), based
on the broad MWD and the much lower produc-
tivities observed, there is reason to question
whether intact metallocene complexes are in-
volved °,

19 \We note the reaction of hydroxylated SiO, with eg. 1 even
under mild conditions (25°C, 1-2 h), results in formation of
bis(indenyl)ethane, suggesting partial, hydrolytic decomposition
of 1 [8]; surface-bound Zr species in which one indenyl ring was
still intact would still be chiral and could produce e.g. isotactic
poly(propylene). For further evidence indicating formation of
different sites, see Ref. [30].
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4. Ethylene polymerization using supported
metallocene catalysts

Ethylene polymerization using some of the
supported catalyst systems was investigated in
toluene suspension at 25°C and in hexane sus-
pension a 75°C in the presence of MAO and
modified MAO (Akzo MMAO-3A), respec-
tively; relevant data are summarized in Table 4.
While there islittle difference between the silica
and alumina based supports in terms of produc-
tivity based on metalocene complex, the pro-
ductivity based on the amount of support em-
ployed is obviously higher with the aumina
based systems because of their higher total met-
alocene (and auminoxane) content. Under
commercialy applicable conditions (Table 4,
entries 8-12), the activity based on Zr is only
about 1/3-1/2 that of the soluble catalyst and
the productivity based on the amount of support
(and to a lesser extent, total MAO) is usefully
high (> 20 kg PE /g support h).

A number of experiments were performed to
illustrate the heterogeneity of these catalysts in
toluene suspension. Contact of the support

Table 4
Ethylene polymerization using supported catalysts?
Entry Catalyst® Zr AC ALY M, M,/
(umol) K M,
1 1/DS/MAO 56 89 22 197 29
2 1/PQ/MAO 56 51 14 150 3.0
3 1/DN/MAO 4.0 56 29 132 24
4 1/KG/MAO 6.0 54 52 150 23
5 1/KG/MAO 6.0 55 55 138 23
6 1/SG/MAO 6.1 89 127 168 24
7 1/SG/MAO 6.1 71 101 188 25
8 1° 20 4000 na 111 24
9 1/SG/MAQ® 2.0 1140 654 97 23
10 1/SG/MAQ® 2.0f 680 390 93 23
11 1/SG/MAQ® 2.09 650 325 116 24
12 1/SG/MAQ® 20" 500 250 98 21

#Conditions: toluene (0.5 1), 20°C, C,H, 60 psig, Al:Zr 1000:1
except where noted.

PFor catalysts see Table 2.

“Activity in 10% kg PE/mal Zrxh.

dActivity in kg PE /g support X h.

Conditions: hexane (1.3 1), 75°C, 60 psig C,H,, 1 h.

'Al:Zr = 860:1.

9Al:Zr = 640:1.

"Al:Zr = 320:1.

1/SG/MAO with MAO (Al:Zr ca. 1000:1),
followed by filtration and washing, gave rise to
soluble and insoluble fractions; the former was
inactive for ethylene polymerization — i.e. <
100 mg PE after 1 h (unless additional catalyst
1 was deliberately added, indicating that signifi-
cant quantities of MAO were still present in the
soluble portion) while the insoluble fraction,
when resuspended in toluene containing MAO
showed the same activity as summarized in
Table 4. Moreover, exposure of 1/SG/MAO to
MAO and ethylene for ca. 10 min followed by
filtration, washing and drying led to PE-en-
capsulated catalyst and a soluble filtrate. The
former was active for ethylene polymerization
when re-exposed to the polymerization condi-
tions while the latter was inactive in the absence
of additional metallocene catalyst.

Having said that, at higher temperatures in
hexane suspension, some reactor fouling was
observed during polymerization. This may be
due to either some leaching of metallocene
complex from the support at elevated tempera
tures or agglomerization of primary polymer
particles due to higher productivity rates com-
pared with conventional, supported catalysts.

SEM studies revealed that at low coverages
of PE (ca. 10-20% by weight), polymer parti-
cles of irregular shape and a broad size distribu-
tion were produced in toluene suspension using
the alumina-based, supports (which more or less
mirrored the properties of the supports them-
selves) . The bulk density of these polymers
(ca. 0.1-0.2 g/cm® was generaly quite low
and may be reflective of both the primary parti-
cle properties as well as the high aluminoxane
content of the chemically treated supports.

Thus, these studies demonstrate that accept-
able levels of productivity are possible using
supported metallocene catalysts based on alu-
mina, however particle morphology and size

™ We thank D. Weber of the Department of Biology, University
of Waterloo for assistance with the SEM measurements, data
available from the authors on request.
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Table 5

Copolymerization of ethylene and 1-octene or 1-hexene with soluble and supported catalysts®

Entry Support C,H," t (min) A,° M,, (K) My, /M, M, m,®
1 none 15 30 10.0 333 23 0.0 0.0
2 none 15 10 11.3 57.4 11.2
3 none 15 30 17.2 80.2 25.2
4 none 15 10 19.2 80.2 29.6
5 none 30 10 14.7 111 24 40.3 52
6 none 30 10 36.6 66.9 17.6
7 none 30 30 235 66.9 15.7
8 none 45 10 10.4 31.0 2.8
9 none 45 10 417 60 24 57.4 11.8
10 SG/MAO 60 30 8.0 190 28 0.0 0.0
12 SG/MAO 15 30 9.9 80.2 189
13 SG/MAO 30 30 133 72 20 66.9 10.3
14 SG/MAO 45 30 16.4 73 21 57.4 9.4
15 SG/MAO' 60 60 65.0 116 24 0.0 0.0
16 SG/MAQO' 60 60 144.0 76 20 n.d. 2.6

@Conditions: 0.5 | of toluene, Zr = 5.54 wmol, Al:Zr 630:1, 20°C except where noted; data are for metallocene 1.

P Ethylene pressure (psig).
“Activity in 10% kg PE/mol Zr X h.
9Mol% 1-octene or 1-hexene in initial feed.

®Mol% 1-octene or 1-hexene in the copolymer as determined by BC NMR Spectroscopy.
fConditions: hexane 1.3 1, [Zr] = 2.0 mM, Al:Zr 640:1, 75°C, 15.0 ml 1-hexene.

distribution are unsuitable for use in eg. gas
phase processes.

5. Copolymerization of ethylene and a-olefins

Copolymerization of ethylene and 1-octenein
toluene suspension at 25°C, and of ethylene and
1-hexene in hexane suspension at 75°C were
studied, using some of these supported catalysts,
and the data are summarized in Table 5. Co-
monomer content was estimated from the °C
NMR spectrum of the polymers, using estab-
lished procedures [31]. A comparison of the
data obtained using supported vs. soluble cata
lysts reveals that somewhat less comonomer is
incorporated with the former compared with the
latter, at identical feed ratios. This finding is
consistent with small diffusional resistances to
co-monomer migration to the supported metal-
locene complex and/or modified reactivity of
the complex on the support towards co-mono-
mer. At higher temperatures, in hexane suspen-
sion, no attempt was made to limit conversion

and at a given feed ratio, these supported cata-
lysts incorporate significantly higher levels of
1-hexene compared to classical Z—N catalysts
under the same conditions.

One finding that was observed under both
sets of conditions, was that the productivity of
these catalysts was significantly higher in the
presence of comonomer; this effect, which has
been noted before [32], may be physical, or
alternatively, aluminoxane/metallocene interac-
tions that lead to (reversible) formation of less
active species [25] *2, may be lessened as a
result of competitive binding/incorporation of
comonomer. Another feature was that polymer
MW was reduced in the presence of co-mono-
mer, despite the significantly higher produc-
tivies, this suggests facile chain transfer to the
metal (or to co-monomer) by e.g. B-H-elimina-
tion. Future work will focus on this issue.

12 Alkylaluminum-stabilized, cationic metallocene complexes
have been reported; although more robust, these species are not as
active as in olefin polymerization, see e.g. Ref. [33].
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Fig. 2. Crystalizahility distribution for a 1-hexene, ethylene co-polymer (5.3 mol% 1-hexene) prepared using 1,/PQ/MAOQ in hexane slurry

(85°C, 200 psig C,H,) in the presence of MMAO-3A (Al:Zr 1000:1).

Some of the 1-hexene copolymers produced
were analyzed by temperature rising elution
fractionation (TREF). Unlike conventional
LLDPE, these resins have extremely narrow,
unimodal crystallizability distributions (e.g. Fig.
2), consistent with a homogeneous composition
distribution. This, in combination with the nar-
row MWDs observed, is convincing evidence
for the ‘single-site’ nature of these supported
catalysts. An important implication of these
findings, is that LLDPE copolymers produced
using supported metallocene catalysts, require
far lower levels of co-monomer incorporation to
obtain a given density of material; this should
allow for production of specialty LLDPE resins
(e.g. ULLDPE) at low total levels of co-mono-
mer.

6. Gas-phase polymerization of ethylene us-
ing supported metallocene catalysts

A limited number of runs involving ethylene
polymerization or ethylene/1-hexene copoly-

merization were conducted using these sup-
ported catalystsin a continuous, semi-pilot scale,
gas-phase reactor. Based on the work under
slurry conditions, using the alumina based cata-
lysts, considerable problems with reactor foul-
ing were anticipated and in fact, observed. It
was difficult to maintain continuous operation
for this reason, but initial productivities under
commercially applicable conditions were
promising (> 10 kg/g). Further work focused
on the use of silica-based catalysts, which were
less susceptible to this problem and will be
described elsewhere [34].

Some of the resins produced using these sup-
ported catalysts showed significant shear thin-
ning, as revealed by melt viscosity measure-
ments. Additional work, involving capillary,
melt viscosity measurements, reveaed that this
phenomenon was also observed in resins pre-
pared under slurry conditions in hexane at ele-
vated temperatures and even in toluene suspen-
sion at lower temperatures [35]. This melt be-
haviour is consistent with the presence of long-
chain branching (LCB) in these polymers. This
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Fig. 3. (8) *C NMR spectrum of ethylene homopolymer prepared using 1,/PQ/MAO in the gas phase (90°C, 200 psig C,H,) in the
presence of TIBAL (Al:Zr 200:1); LCB = 0.4 br/1000C. (b) *C NMR spectrum of 1-butene, ethylene copolymer (9.0 mol% 1-butene)
prepared using 1/PQ/MAO in the gas phase (90°C, 200 psig C,H,) in the presence of TIBAL (Al:Zr 200:1); LCB = 0.5 br /1000C.
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Table 6
Long-chain branching in ethylene homo- and copolymers

Catalyst Conditions (T, solvent, C,)

Co-catalyst (Al:Zr)

Comonomer (mol% in PE) LCB (br /1000 C)

1/PQ/MAO 85°C, hexane, 200 psig MMAO-3A (1000:1) 1-hexene (5.3) 0.6 + 0.05
1/PQ/MAO 85°C, hexane, 200 psig MMAO-3A (1000:1) none 0.4
1/PQ/MAO 90°C, none, 200 psig TIBAL (200:1) 1-butene (9.0) 05
1/PQ/MAO 90°C, none, 200 psig TIBAL (200:1) none 0.4

was subsequently verified by **C NMR analysis
of both HDPE (Fig. 3(a)) and LLDPE (Fig.
3(b)) prepared using the same supported catalyst
under similar conditions which revealed a diag-
nostic signal at 6 32.2 ppm that is associated
with branches longer than six carbon atoms
[31]. Also, in the homopolymer and in a 1-butene
copolymer, a weak signal at 42.8 ppm, due to
the presence of a methine carbon arising from
LCB was evident.

Some data concerning the level of LCB as a
function of polymerization conditions is out-
lined in Table 6. As a general feature, the
incidence of LCB was higher in copolymeriza-
tion than in homopolymerization, and LCB in-
corporation was also higher under surry condi-
tions than in gas-phase. The highest levels ob-
served (ca. 0.6 branches/1000 carbons), are
comparable to those claimed in a solution pro-
cess at much higher temperatures using a con-
strained geometry catalyst. Moreover, the occur-
rence of LCB was essentially independent of the
metallocene complex supported, athough the
levels of LCB were dependent on catalyst struc-
ture.

These findings are significant — it has been
implied, mainly in the patent literature [2,3],
that use of a constrained geometry catalyst is
‘required’ to obtain PE with LCB, wheresas the
present results suggest that this phenomenon is
much more general than had been previously
appreciated [6,7]. While, to our knowledge, the
mechanism for LCB formation has not been
conclusively determined [4,5], the most reason-
able explanation involves co-polymerization of
unsaturated oligomers. This makes a great deal

of sense in a solution process, but seems much
less likely in a durry or gas-phase process; the
observation that it does occur and relatively
efficiently at that, suggests that oligomeric
chains, produced by e.g. B-H-elimination, en-
counter significant diffusional resistances to mi-
gration away from the active sites of these
supported cataysts; this in turn may be related
to the significantly improved productivity of
these systems compared with earlier approaches
to supported catalysts. Alternatively, the mecha
nism for branch formation in these systems may
not involve copolymerization of unsaturated
oligomers 3,

7. Conclusions

In summary, we have developed supported
catalysts that combine high productivity with
formation of polymers and copolymers with
narrowv MW and composition distributions, that
can be used in both durry and gas-phase pro-
cesses. Although the alumina based systems are
the most active on a per support basis, problems
with particle morphology (and/or high produc-
tion rates) mitigate against their use in conven-
tional gas-phase reactors at present. The obser-
vation of LCB in many of the resins prepared
suggest that modifications to improve the per-

2 Other possibilities could include chain isomerization via
repetitive B-H elimination/insertion processes and/or remote
C—H activation processes, see e.g. [36,37].
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formance of these systems are worthwhile and
are under active investigation.

8. Experimental section

All synthetic work was conducted under N,
atmosphere using Schlenk techniques and
reagent grade solvents that were dried/de-
oxygenated and distilled under nitrogen accord-
ing to established methods [38]. All organic
reagents were received from commercial sources
and purified as required prior to use [39]. Methyl
aluminoxane (PMAO) and modified methyl alu-
minoxane (MMAO-3A) were obtained from
Akzo Chemicals; the former was concentrated
in vacuo to dryness (10~ mmHg) to provide
solid MAO for subsequent use. Zirconocene
complexes 1-3 were prepared by literature
methods 14, and purified by recrystallization
from toluene prior to use. Davison 655 silica
was purchased from Aldrich Chemical while PQ
silica (Grade 3010, Quantum Chemical) and
Ketien G alumina (Akzo Chemicals) were do-
nated by Novachem Chemicals. Aluminum tri-
sec-butoxide was distilled under vacuum and
stored under nitrogen prior to hydrolysis.
Toluene for polymerizations (Fisher Chemicals,
Optima Grade) was dried /deoxygenated by re-
flux and distillation from Na and benzophenone
under N,; it was stored over activated MS 4 A
under nitrogen prior to use. Propylene and ethy-
lene (C.P. grade) were purchased from Mathe-
son Gas and purified by passage through a 1 |
mixed bed catalyst consisting of BASF-R311
and MS 4 A (1:2 w:w). 1-octene was purified
by distillation from Na metal and 1-hexene and
hexane were purified by passage through beds
of Roche A-2 aumina and Q-5 catalyst under
nitrogen.

14 Complex 1: Ref. [40]. Complex 2: Ref. [41]. Complex 3: Ref.
[42]. The procedure reported was modified by extracting the crude
product with dichloromethane (to remove LiCl) followed by re-
crystallization from toluene.

9. Polymerization procedure

A 1-2 | pressure vessel was charged with
solvent (0.5-1.0 |), co-monomer, if desired, and
additiona MAO (or MMAO-3A) and the solu-
tion was then saturated with monomer at the
required temperature and pressure with stirring
(500—1500 rpm). Solutions or durries of cata-
lysts in solvent were introduced via a small
sample cylinder (25 ml capacity) by over-pres-
surizing with nitrogen prior to introduction into
the reactor. Monomer was supplied on demand
and consumption was measured by calibrated
mass-flow meters. Polymerizations were
guenched by the addition of a solution of ethanol
in a small volume of solvent via the sample
cylinder. The reactor was then vented and cooled
to RT prior to discharging the contents through
adrain valve or following disassembly. Polymer
was filtered off and washed with methanol, or
solvent was removed in vacuo prior to precipita
tion of the polymer using methanol. Polymer
was de-ashed using a solution of 3.0 M HCI in
MeOH in a blender, followed by washing with
methanol and drying in vacuo at 60°C and 103
mm Hg.

10. Polymer characterization

C NMR and *H NMR spectra of polymers
prepared were acquired on a Bruker AC-300
spectrometer in 1,24-TCB and 1,1,2,2-tetra-
chloroethane-d, solution at 125—-140°C, respec-
tively. Chemical shifts were referenced with
respect to added benzene-dg (ca. 10% v:v) and
residual protonated solvent, respectively. Quan-
titative >°C NMR spectra of LLDPE were ac-
quired with inverse-gated decoupling, a 90°
pulse width, 10 s relaxation delay, a 200 ppm
sweep width and 32 K data points. Typically
10,000 transients were averaged.

SEC analyses were conducted on a Waters
150C chromatograph on a Jordi mixed-bed col-
umn (10-102 K), and equipped with DRI, Vis-
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cotek differential viscometer and Milton-Roy
KMX-6 LALLS detectorsat 145°Cin 1,2,4-TCB
solution. Samples were eluted at a flow rate of
1.0 ml/min and columns and detectors were
calibrated using both a broad MWD PE and
narrowv MWD polystyrene standards.

DSC anayses were conducted on a Perkin-
Elmer DSC-2 Model calibrated using indium
metal. A sweep rate of 20° /min from 25-200°C
was employed, the sample was then cooled to
25°C at 10°C/min and the second trace recorded
using the same heating program.

TREF analyses were conducted on a system
constructed in-house. Silica columns were equi-
librated in 1,24-TCB and the polymer, dis-
solved in TCB was loaded onto the columns at
130°C. The column was cooled to 20°C at arate
of 1°C/h and after severa hours a 20°C, the
polymer was eluted by raising the temperature
to 130°C at a rate of 10°C/h. Polymer concen-
tration was determined using a fixed wavelength
IR detector tuned to the C—H stretching fre-
quency of methylene groups (2920 cm™1) while
short chain branching frequency and distribution
were determined using a second IR detector
tuned to the stretching frequency of methyl
groups (2960 cm™1); deconvolution, as de-
scribed in detail elsewhere [43], was necessary
to correct for peak overlap and the IR response,
expressed in terms of branches,/1000 C atoms,
was calibrated using linear hydrocarbons of
known composition.

11. Preparation of sol—gel alumina [17]

A solution of water (13.5 ml, 0.75 mol) in
HLPC grade 'PrOH (500 ml) was heated to
80°C under nitrogen. Aluminum tri-sec-buto-
xide (61.5 g, 0.25 mol) was added with vigor-
ous stirring over a period of 15-20 min. The
mixture was kept at 80°C for 1-2 h, cooled to
room temperature and filtered, washed with
'PrOH, and dried in vacuo at 80°C and 102
mm Hg to provide boehmite precursor (12-13

9.

5 g quantities of this material were placed
inside a quartz tube inside a horizontal tube
furnace. The material was heated under a stream
of helium to 500—600°C and kept at this tem-
perature for 1 h. Oxygen was then passed over
the surface for another hour at this temperature
and then the furnace was cooled to 300°C under
a flow of helium. Water-saturated helium was
then passed over the surface for 12 h at 300°C
to fully hydroxylate the alumina.

12. Adsorption of MAO on alumina

1 g of fully hydroxylated alumina (ca. 10
mmol OH groups) was slurried in 100 ml of dry
toluene. A solution of MAO in 50 ml of toluene
(2.05 g, 35 mmol) was added slowly via can-
nula at room temperature over a period of 15-20
min. Vigorous methane evolution was observed
and could be measured by connecting a gas
buret, containing toluene presaturated with
methane to the flask; the amount evolved was
generaly 75—-80% of the theoretical amount of
surface hydroxyl groups present, as measured
by titration with AlMe, [8]. After stirring at
room temperature for 3—4 h, the mixture was
filtered under nitrogen, washing repetitively with
dry toluene until the filtrate, when dried in
vacuo at 10 mm Hg, achieved constant
weight.

13. Adsorption of metallocene 1 on MAO-
modified alumina

A dlurry of MAO-modified alumina (2.6 g,
ca. 29 mmol of MAO) in toluene (100 ml) was
prepared under nitrogen at room temperature. A
solution of complex 1 (250 mg, 0.60 mmol) in
hot toluene (100 ml) was prepared under nitro-
gen and this was rapidly added to the modified
support. The mixture was stirred at room tem-
perature for 3—4 h and then filtered under nitro-
gen. The orange solid was washed with toluene
until the filtrate was colorless. The filtrate was
then treated with a solution of anhydrous HCI in



D. Harrison et al. / Journal of Molecular Catalysis A: Chemical 128 (1998) 65-77 77

toluene to convert any alkylated materia back
to the dichloride, diluted to volume in a 500 ml
volumetric flask and residual complex 1 ana
lyzed by UV-visible spectroscopy as described
earlier [8]. Selected samples were submitted for
neutron activation analysis for Zr and the results
were in agreement with those determined by the
method outlined here.
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