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ABSTRACT: A method for the preparation of a novel heterogeneous cocatalyst, partially
hydrolyzed trimethylaluminum (PHT), has been developed and optimized for ethylene
polymerization reactions. It is possible to generate PHT on nearly any support without
much loss of catalyst activity. The carrier material can be SiO2, AlF3, B2O3, starch,
cellulose, active carbon, polyethylene, polypropylene, polystyrene, etc. This new type of
partially hydrolyzed trimethylaluminum (PHT) is synthesized by reacting such a car-
rier material with trimethylaluminum (TMA) in toluene to block all surface Lewis basic
centers that could poison a cationic metallocene polymerization center. The subsequent
addition of a calculated amount of water gives a heterogeneous PHT that is different
from the common methylalumoxane (MAO). Various PHT cocatalysts were studied by
13C and 27Al MAS NMR, scanning electron microscopy (SEM), and infrared spectros-
copy (IR), and compared with solid MAO. Surface areas and porosities were determined
according to the BET method. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 454–466,
2001
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INTRODUCTION

In the 1950s, Ziegler1,2 and Natta3–5 discovered
that titanium halides, in combination with alumi-
num alkyls, give good catalysts for the polymer-
ization of olefins, especially for the production of
linear polyethylenes and polypropylenes. Sinn
and Kaminsky6–8 found that the combination of
zirconocene dichloride and MAO also formed a
very active catalyst system for the polymerization
of olefins. Until now, however, the high activities

were only achieved under homogeneous polymer-
ization conditions with very high aluminum/
metal molar ratios. In homogeneous polymeriza-
tions, the polymer formed (fluff) has a low bulk
density, and consists of finely divided particles.
These fluff characteristics are undesirable. By
making the catalyst heterogeneous using appro-
priate carriers and support techniques, it is pos-
sible to control the morphology of the fluff, to
increase the bulk densities and to eliminate the
precipitation of the resin on internal reactor sur-
faces (fouling).

One method of forming heterogeneous metallo-
cene/MAO catalysts is to attach the MAO to the
surface of a silica gel.9–15 The MAO supported
cocatalyst is formed directly by the reaction of
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MAO with functional groups on the silica gel sur-
face.14 The disadvantage of this method is that it
is often very difficult to attach all the aluminox-
ane onto the carrier material.

A significantly more effective procedure9–13

uses a nondehydrated silica gel that has been
reacted in an inert solvent with trimethylalumi-
num (TMA). The water (8 wt %) absorbed on the
silica reacts with the TMA to form MAO. In these
methods, the hydrous silica gel is added in por-
tions to a TMA hydrocarbon solution, whereby
MAO is formed on the silica gel surface or in the
silica gel pores. During the reaction there is al-
ways a local excess of water compared to the
alkylaluminum component. Thus, some of the
TMA forms aluminum oxide instead of MAO.
These oxides cannot function as cocatalysts.

Commonly used carrier materials with high
surface areas include, for example, silica gels or
aluminas.16 However, these carrier materials ex-
hibit one decisive disadvantage: they possess ba-
sic Lewis functional groups on their surface that
react in a Lewis acid-base interaction with poten-
tial cationic polymerization centers (strong Lewis
acids). This accounts for, at least in part, the
extreme activity loss of the heterogenized catalyst
systems compared to the homogeneous systems.
If all the basic Lewis functional groups are first
reacted with a strong Lewis acid, as for example
TMA, the interaction of the cationic polymeriza-
tion centers with the basic Lewis sites is pre-
vented and productivities should be increased.
Once the TMA has been attached to the silica,
water can then be added to produce the methyl-
alumoxane which serves as an effective cocatalyst
for many olefin polymerization reactions.

We report here a novel method for the prepa-
ration of a heterogeneous form of partially hydro-
lyzed trimethylaluminum (PHT).

RESULTS AND DISCUSSION

According to the comments made above, various
catalyst systems with different carrier materials

were synthesized, as shown in Figure 3. Com-
pared to previously known procedures, the key
difference lies in the order of addition of water
required for the synthesis of methylalumoxane.
With this procedure we succeeded in completely
immobilizing PHT on both polar carriers, such as
silica and alumina, as well as on nonpolar carri-
ers, such as activated carbon and polyethylene.
The carrier materials used and the corresponding
catalysts formed are listed in Table I. 2-(9-
Fluorenylidene-1-cyclopentadienylidene)-hex-5-
enylidene zirconium dichloride (A) was used as
catalyst precursor.

27Al MAS NMR Spectroscopy

The 27Al NMR spectra of solid SiO2–PHT 2 and
starch–PHT 10 are significantly different from
the spectrum of solid MAO. The solvent-free MAO
shows three very broad, overlapping signals at 5,
33, and 65 ppm. The signals are related to various
aluminum species of the fluctuating oligomeric
species observed in solution. The spectrum is con-
sistent with an amorphous MAO structure. The
spherical charge distribution induces an electric
field gradient on the nucleus that results in an
increased signal width, especially for quadrupole
nuclei, like 27Al. The starch–PHT 10 cocatalyst
system also has a rather broad signal around 20

Figure 1 Synthesis of a heterogeneous catalyst with
MAO as cocatalyst and silica as support.

Figure 2 Synthesis of silica gel supported MAO.

Figure 3 Synthesis of a heterogeneous metallocene
catalyst with immobilized PHT.
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ppm, but not as broad as the signal for solid MAO.
This indicates that the environment around Al is
different. The 27Al MAS NMR spectrum of the
silica gel–PHT 2 system, however, is very differ-
ent, and quite surprising. There is only one nar-
row signal at 2 ppm with a half-width of 53 Hz
besides the spinning side bands (ssb). The chem-
ical shift of this signal is characteristic of sym-
metrically coordinated, octahedral aluminum
compounds.17 Therefore, MAO on silica gel 2 ex-
hibits a defined, probably at least a partially crys-
talline structure, that has not been previously
observed for MAO structures. Underneath the
main signal, in the region between 220 and 240
ppm, there is a broad signal that indicates a small
portion of an unsymmetrical aluminum environ-
ment.

13C MAS NMR Spectroscopy

The characterization of SiO2–PHT 2 and starch–
PHT 10 using 13C MAS NMR spectroscopy does
not show significant differences in the chemical
shift of the aluminum bonded carbon atoms (210

ppm). In addition to the methyl region, a smaller
signal is observed at approx. 51 ppm. Similar
observations have already been published.18 This
signal at d 5 51 ppm is attributed to a carbon
atom of a methoxy group indicating that a partial
oxidation of an Al–Me bond to an Al–O–Me group
has probably taken place. Despite strict exclusion
of oxygen during the preparation of the samples,
the NMR spectra of silica gel–PHT 2 (a) and
starch–PHT 10 (b) have a clear signal at 51 ppm.

Scanning Electron Microscopy (SEM)

The pure, untreated carrier materials were char-
acterized using SEM analyses to determine
changes on the carrier surface due to synthesis of
the catalyst system. The recordings were selected
so that the most representative section was
viewed. The materials analyzed were silica gel
(a), starch (b), and aluminum trifluoride (c). Fig-
ure 6 exhibits the corresponding recordings at
three different magnifications. The differences in
the macroscopic structure of compounds a, b, and
c are well pronounced. While silica gel has an

Table I Properties of Various PHT Cocatalysts with 2-(9-Fluorenylidene-1-cyclopentadienylidene)-
hex-5-enylidenezirconium Dichloride as Catalyst Precursor

Catalyst
Number Support Immobilization

Activity
(kg PE/g
Zr z h)a

Mh
b

(kg/mol)
Tm

1 , Tm
2

(°C)
DHm

1 , DHm
2

(J/g)
a

(%) Al : O

1 SiO2
c 1 125 113 — — — 1.44

2 SiO2 1 518 350 139.1 133.9 45.9 1.44
3 SiO2 z xH2O 1 61 360 138.7 137.8 47.2 1.44
4 MgCl2 1 10 480 103.0, 137.5 2.86, 136.4 46.8 1.44
5 AlF3 1 296 300 136.9 142.7 48.9 1.44
6 B2O3 1 166 281 142.3 137.8 47.2 1.44
7 B(OH)3 —d — — — — — —
8 Al2O3 1 212 260 138.5 132.2 45.3 1.44
9 mol.sieves 1 163 295 138.5 132.2 45.3 1.44

10 starch 1 238 294 136.4 137.0 47.0 1.52
11 flour 1 220 305 135.2 133.87 45.9 1.52
12 cellulose 1 295 290 137.2 131.8 45.2 1.52
13 tyloset 1 160 255 95.2, 137.3 6.4, 134.3 46.0 1.44
14 aktive

carbon
1 297 280 137.7 130.3 44.7 1.44

15 PE 1 280 215 138.2 146.4 50.2 1.44
16 PP 1 278 264 135.3 154.2 52.9 1.44
17 PS 1 190 240 137.0 130.3 44.7 1.44

a Polymerization conditions for ethylene polymerization: 10.0 bar ethylene pressure, 500 mL pentane, 1.0 mL TIBA (1.6 M in
n-hexane), 70°C, heterogeneous reaction, Al : Zr 5 260 : 1, Al : O 5 36%.

b The molecular weight of polyethylene was determinated by viscosimetry.
c The silica was treated with the necessary amount of water before it was reacted with TMA.
d Decomposes violently upon drying.
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almost uniform particle size (f 5 20–70 mm), a
spherical shape and a smooth surface, starch has
an irregular distribution of the particle sizes (f
5 10–150 mm) with a highly rugged surface. Alu-
minum trifluoride appears as a microcrystalline
material with a very small average particle size
(f 5 5 and 20 mm) and defined, plane surface
(Fig. 6).

Regardless of the carrier material, the particle
size after supporting the aluminoxane differs only
slightly from that of the pure carrier material.
Only silica gel–PHT 2 [Fig. 7(a)] exhibits a signif-
icant increase in the maximum particle size (130
mm). This is caused by the agglomeration of indi-
vidual particles with aluminoxane acting as a
“molecular glue.” In addition, multiple broken,
semispherical silica gel particles are observed.
This proves that the TMA is penetrating into the
individual silica gel particles and causing the par-
ticles to burst due to methane gas evolution and
to the formation of aluminoxane upon introducing
water. The silica gel surface is completely covered
with aluminoxane particles, and larger hollow

spaces are observed in the aluminoxane struc-
tures. The aluminoxane on the silica surface
seems to consist of a conglomeration of individual
spherical particles with an average particle size of
about 400 nm.

In the case of the starch–PHT 10 cocatalyst
[Fig. 7(b)], a slightly different picture emerges. At
constant particle size between 10 and 200 mm, the
surface covered with aluminoxane does not ex-
hibit any larger gaps. A rather uniform distribu-
tion of spherical aluminoxane particles with an
average particle size of 240 nm is found. This size
is clearly below the particle size found for silica
gel–PHT 2. The uniform arrangement of the alu-
minoxane particles is a result of the large number
of covalent bonding possibilities between the car-
rier (hydroxyl groups) and aluminoxane, which
serves as a template for the formation of alumi-
noxanes.

Aluminum trifluoride–PHT 5 is again differ-
ent. At best, a coordination bond can form be-
tween the fluorine atoms of the carrier material
and the aluminum centers in the aluminoxane.

Figure 4 Solid state 27Al-MAS-NMR spectra of (a) silica gel-PHT 2, (b) starch-PHT
10, and (c) solid MAO (ssb 5 “spinning side-band”).
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Figure 7(c) shows that the aluminoxane particles
are preferably located in the corners of two touch-
ing crystal planes. This observation leads to the
hypothesis that the carrier material used is effec-
tive in providing nucleation centers for the alu-
minoxane particles. The average size of the irreg-
ularly shaped aluminoxane particles is around
300 nm, which is intermediate between the val-
ues for silica gel–PHT 2 and starch–PHT 10.

A special SEM sample preparation technique
provides information on the “inside life” of a co-
catalyst particle: in this case, the sample embed-
ded in epoxy resin is stepwise polished off and
covered with a thin layer of carbon in a vacuo
evaporator. Suitable particles are identified using
SEM and subsequently analyzed using X-ray
analysis.

The silica gel–PHT 2 system with the standard
catalyst precursor [9-fluorenylidene-1-cyclopen-
tadienylidene]-2-hex-5-enylidene zirconium di-
chloride (A)19 was investigated using this sample
preparation technique. The corresponding record-
ings are summarized in Figure 8.

Picture 1 in Figure 8 (8-1) presents the SEM
recording of a cross-section through several dif-
ferent particles. Particle c is unambiguously iden-
tified as a fragment of a spherical silica gel par-
ticle that resulted from the fracturing of a spher-
ical particle due to formation of aluminoxane in
the pore system of the silica gel. Particle b is
characteristic of an intact silica gel particle. It has
a slightly thicker aluminum layer (Picture 8-2) on
its surface. More aluminum is found inside the
particle, however, in lower concentration. The el-

Figure 5 13C-MAS-NMR spectra of (a) silica gel-PHT 2, (b) starch-PHT 10, and (c)
solid MAO.
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ements zirconium (8-3) and chlorine (8-6) are also
detected in the silica gel particle, i.e., the pore
system is still intact after supporting aluminox-
ane allowing penetration of the catalyst particles.
Silicon is not found in particle a, and the zirco-
nium and chlorine concentration are especially
high. This indicates that the aluminoxane is not
supported on the surface but rather condensed
onto already supported aluminoxane structures.
Due to the better porous structure of these alu-
minoxanes compared to silica gel (compare BET-
measurements), the penetration of the metallo-
cene catalysts into this structure is easily accom-
plished. This results in the enrichment of the
aluminoxane structures that are not directly sup-
ported on the carrier surface.

Characterization of the Surface According to the
BET Method

According to the SEM recordings, the carrier ma-
terial–PHT catalyst system exhibits a porous sur-

face independent of the carrier material. A quan-
titative investigation of the surface area depend-
ing on the carrier used was performed with
nonhydrolyzed samples under a nitrogen atmo-
sphere. The PHT/carrier systems with silica gel,
anhydrous aluminum trifluoride or starch as car-
riers were investigated as examples. An analysis
of the pure, untreated carrier materials without
aluminoxane was also conducted. The specific
surface area of the catalysts was determined ac-
cording to the Brunauer, Emmett, and Teller
(BET) theory.20 The calculated, relevant data of
the investigated samples are summarized in Ta-
ble II. The pore size was analyzed according to de
Boer.

The extreme difference in the surface structure
and the pore system of the carrier materials used is
indicated clearly by the BET measurement data.
Although silica gel exhibits a pore-rich system with
a large surface area, starch, and aluminum trifluo-
ride have a surface area that is lower by a factor of
200 and 2000. A completely different picture

Figure 6 SEM-recordings of (a) silica gel, (b) starch, and (c) aluminumtrifluoride.
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emerges after supporting the aluminoxane. The
surface areas of all three systems are in the range of
60–400 m2/g. The starch system has the largest
increase in surface area. This may reflect the fact
that it offers ideal anchor points for supporting the
smallest aluminoxane spheres due to its amorphous
surface covered with hydroxyl groups. The alumi-
noxane is uniformly distributed over the whole car-
rier particle. The aluminoxane apparently is formed
in the pores of the silica gel as indicated by the
much lower pore volumes of the PHT system com-
pared to pure silica gel. Because starch–PHT 10
and silica gel–PHT 2 have almost identical specific
surface areas and aluminum trifluoride–PHT 5 pos-
sesses only one-sixth of this surface area, a relation-
ship between structure of the carrier material and
type and size of the supported aluminoxane spheres
is possible. The theory that amorphous carrier ma-
terials like silica gel and starch have an irregularly
arranged aluminoxane cluster with large surface
area (approx. 380 m2/g), is confirmed. The crystal-

line aluminum trifluoride, because of its uniform
surface, forces the formation of well-ordered struc-
tures of aluminoxane clusters, which results in a
small surface area (60.8 m2/g).

FTIR Spectroscopy

Infrared spectroscopic studies on insoluble alumi-
noxanes are seldom described in the literature.21

Based on the results of the solid-state NMR spec-
troscopic analyses, different molecule vibrations
and rotations, which depend on the carrier type
used were expected. The infrared spectroscopic
characterization of the different cocatalysts made
with these carriers, however, are identical and
independent of the carrier material. All the IR
spectra have identical absorption bands for the
aluminoxane portion of the compound. Solvent-
free MAO also exhibits wave numbers and signal
intensities that are conform with the heteroge-
neous aluminoxanes. The IR spectra of silica gel–

Figure 7 SEM-recording of (a) silica gel-PHT 2, (b) starch-PHT 10, and (c) aluminum-
trifluoride-PHT 5.
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PHT 2 (a), starch–PHT 10 (b), and solid MAO (c)
are discussed as examples (Fig. 9).

All the synthesized aluminoxanes exhibit four
characteristic vibration bands. The C–H stretch-
ing vibration of the methyl group on the alumi-
num atom appears at 2947 cm21. The relatively
broad band at 810 cm21 is assigned to the vibra-

tion of the Al–O–Al unit. The Al–C stretching
vibration exhibits a strong absorption band at 700
cm21. The vibration band at 1218 cm21 is as-
signed to a C–O stretching vibration. This band
appears in all measured samples with similar
intensity. This result is consistent with the NMR
results, which indicated the presence of methoxy
groups. Depending on the carrier used, the vibra-
tion bands appear at 470 and 1109 cm21 for the
Si–O–Si bending vibration or between 3000 and
3700 cm21 for the O–H valence vibration of the
carrier material starch. The results show that in
the case of starch, a reaction of the OH groups
with TMA occurs only on the surface and that the
internal, hydrogen-bonded OH groups are not
available for a reaction.

Polymerization Results

Influence of the Carrier Material:

Table I contains the ethylene polymerization and
resin characterization results for the catalysts

Figure 8 Element specific cross section analyses (2–6) of several silica gel-PHT
particles.

Table II Surface Parameters for the Support
Materials and the Combination Support/PHT

Compound

BET
Surface
(m2/g)

Pore
Volume
(cm3/g)

Average
Pore

Diameter (Å)

Silica gel 274.1 1.62 118
Starch 0.155 0.004 473
AlF3 1,309 0.010 149
Silica gel-PHTa 376.5 0.971 51.6
Starch-PHTa 384.6 0.664 34.5
AlF3-PHTa 60.79 0.055 18.0

a Cocatalyst parameters: Al : Zr 5 260 : 1, Al : O 5 1.44,
alumoxane portion: 63%.
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with various carrier materials. The high activity
maximum obtained for silica gel–PHT 2 compared
to the lower values for the other carrier materials
is remarkable. The SiO2–MAO 1 cocatalyst sys-
tem known in the literature,10–13 where the water
required for the aluminoxane synthesis is ad-
sorbed in silica gel, exhibits a significantly lower
activity. With the exception of MgCl2, none of the
carrier materials presented here exhibited a sim-
ilarly low activity. The synthesis procedures of 1
and 2 were combined to produce catalyst 3, i.e.,
part of the required amount of water is adsorbed
in the silica gel and the other part is added after
the reaction with TMA. However, this catalyst, 3,
also exhibits a very low activity compared to the
other investigated systems.

Nonpolar compounds like aluminum trifluoride
are excellently suited as carriers for PHT. This
suggests that compounds like polyethylene,
polypropylene, polystyrene, or activated carbon
should be tried as catalysts. The nonpolar poly-
mers as inert carriers cannot form a coordinated
or chemical bond with the strong Lewis acid TMA.
With activated carbon a material with a high
surface area was used that should lead to an
improved activity. Although the anchor points are
absent to form a bond with aluminoxane, the four
compounds studied are best suited for the new
process to synthesize immobilized aluminoxanes.

Only two processes are described in the litera-
ture that use starch as a carrier material or ad-
ditive in Ziegler–Natta polymerization of olefins.

Figure 9 KBr infrared spectra of (a) silica gel-PHT 2, (b) starch-PHT 10, and (c) solid
MAO.

462 KÖPPL, ALT AND PHILLIPS



Kaminsky22 succeeded in activating titanocene
dichloride with anhydrous starch after the reac-
tion with TMA. This catalyst system exhibited
very low activity (12.5 kg PE/g Ti z h). In the U.S.
patent 5,082,882,23 a process is described where
starch is added to a TMA/Ti(OEt)4 catalyst sys-
tem as filling material. Catalyst activities of 33.0
kg PE/g Ti z h did not meet the expectations. A
similar catalyst system was described by Lee.24

Treating cyclodextrin with MAO or TMA and
then reacting it with a metallocene catalyst, pro-
duced heterogeneously effective catalyst systems,
however, with low activity.

The low activities are a result of the hydroxyl
groups, which remain on the polysaccharide sur-
face and cause catalyst poisoning. They react with
the activated catalyst center and block it for the
polymerization process. MAO, which is relatively
inactive compared to TMA, is not able to achieve
this.

Starch, cellulose, or commercial flour should be
much more effective in the synthesis of immobi-
lized aluminoxanes using the PHT process. All
hydroxyl groups on the surface are blocked during
the reaction with TMA. Therefore, the catalyst
poisoning effect is eliminated. All polyhydroxy
compounds used were employed untreated and
unmodified for PHT synthesis.

However, the reaction of the hydroxyl groups
with TMA is incomplete. Infrared spectroscopic
investigations of the activated catalyst samples
exhibit a broad band at 3432 cm21 that is signif-
icant for a valence vibration of a bridging hydro-
gen bond. Consequently, only the surface of the
polysaccharide is saturated with aluminoxane
groups, the inside of the carrier material remains
unchanged.

The aluminum alkyls, chemically bonded on
the surface, and free TMA react with steam to
form aluminoxane. Cellulose, starch, and flour
are excellently suited for immobilization. Obvi-
ously, the arrangement of the hydroxyl groups on
the surface serves as template for the formation of

aluminoxane structures that exhibit advanta-
geous cocatalyst properties. The activities are in
the range of 270 kg PE/g Zr z h, comparable to the
activities of the nonpolar polymers like polyethyl-
ene–PHT15 or polypropylene–PHT.16

If Tylose® (methyl cellulose) is used, no anchor
points are available for the formation of an alu-
minum oxygen bond. The TMA can be supported
on the carrier material only by a coordinated
bond. Therefore, the arrangement of aluminoxane
due to a template effect is not accessible. The
consequence is a much lower catalyst productivity
(160 kg PE/g Zr z h) compared to cellulose–PHT.12

Influence of the Catalyst Precursor

In additional polymerization experiments, the sil-
ica gel–PHT cocatalyst system was used with var-
ious metallocene catalysts.25,26 The results of the
polymerization experiments are summarized in
Table III. Bis(n-butylcyclopentadienyl)zirconium
dichloride and 2-(9-fluorenylidene-1-cyclopenta-
dienylidene)-hex-5-enylidene zirconium dichlo-
ride proved to be highly active metallocene cata-
lysts in combination with silica gel–PHT.

Influence of the Aluminum/Zirconium Ratio

The ratio of the catalytically active metal centers
to the amount of aluminum in the cocatalyst sig-
nificantly influences the number of active centers
(catalyst activity) as well as the molecular
weights of the produced polymers.27 Numerous
publications report about the extremely high ra-
tios of aluminum (in MAO) to the transition metal
(in the metallocene)28,29 that are needed to shift
the equilibrium from the inactive metallocene
complex Cp2ZrR2 or deactivated metallocene spe-
cies to the catalytically active metallocene cata-
lyst. The catalytic activities drastically decrease
for MAO concentrations below an Al : Zr 5 300 : 1
molar ratio. Even at an Al : Zr molar ratio above
1000 : 1, the activity increases with the third root
of the MAO concentration.30 Bridged bis(fluore-
nyl) complexes of zirconium showed their highest
activities with molar aluminum zirconium ratios
of 20,000 : 1.31

These systems with very high aluminum : zir-
conium ratios are commercially not applicable,
because the required immobilization of the cata-
lyst leads to diffusion problems of the monomer to
the catalyst center, which are shielded by an
MAO matrix. MAO is relatively expensive due to
the costly starting material TMA. Consequently,
a 10,000-fold excess of aluminoxane is also not

Figure 10 Reaction of starch and trimethylalumi-
num in toluene.

PHT FOR POLYMERIZATION OF OLEFINS 463



feasible due to the cost factor. Therefore, hetero-
geneous catalyst systems have a significantly
lower aluminum : zirconium ratio, and, as a re-
sult, they also have considerably lower catalyst
activity.

Various aluminoxane systems with controlled
zirconium and aluminum concentrations on silica
gel were synthesized at an aluminum : oxygen
ratio of 1.44 to investigate the influence of the
aluminum : zirconium ratio on the catalyst prop-
erties of PHT, i.e., the catalyst activity and the
polymer properties.

Figure 11 exhibits the effect of various alumi-
num : zirconium ratios on the catalyst activity
and the mean intrinsic viscosity Mh of the pro-
duced polymer. Maximum catalyst activity is
found at a very low aluminum : zirconium ratio of
260 : 1.

The activity decrease at an increased alumi-
num : zirconium ratio is not very surprising. The
space surrounding each Zr center is shielded by a
space demanding aluminoxane matrix used to im-
mobilize the catalyst. This creates diffusion prob-
lems for the monomer to reach the catalyst center
and leads to a slower growth reaction. Therefore,
the best loading density on the surface of the
catalyst system to obtain a good ion pair separa-
tion of the cation and anion is found to be an
aluminum : zirconium molar ratio of 260 : 1.

The molecular weight increase at increasing
aluminum–zirconium ratios agrees with pub-
lished data for MAO. These results, obtained from
dilution effects favor dissociated, olefin contain-
ing ion pairs to their associated precursors and,
therefore, increase the chain growth rate com-
pared to the chain termination rate.32

Polymerization of Propylene:

Surprisingly, the SiO2/PHT/2 catalyst system
with [9-fluorenylidene-1-cyclopentadienylidene]-
2-hex-5-enylidene zirconium dichloride is not
suited as a catalyst precursor for syndiotactic pro-
pylene polymerization and silica gel/PHT/rac-
bis(2-methylindenylidene)dimethylsilylidene zir-
conium dichloride is not suited for isotactic pro-
pylene polymerization. In contrast to the catalyst
activated with MAO, the employed catalysts
proved to be completely inactive for bulk pro-
pylene polymerization at 70°C. An explanation
for this unexpected behavior could be the forma-
tion of a bulky PHT counter anion in the activa-
tion process that blocks monomeric propene to
coordinate to the metal.

Table III Polymerization Resultsa of Various Catalyst Precursors on SiO2–PHT

Catalyst Precursor

SiO2–PHT
Activity (kg
PE/g Zr z h)

SiO2–PHT
PE–Mh
(kg/mol)

PE-Tm,1 (°C),
Tm,2 (°C)

PE-DHm,1 (J/g),
DHm,2 (J/g) PE-a (%)

Cp2ZrCl2, 18 80 245 —, 140.1 —, 155.2 53
(MeCp9)2ZrCl2, 19 53 340 107.4, 142.1 3.2, 153.5 52
(nBuCp9)2ZrCl2, 20 532 132 —, 137.1 —, 147.8 50
(Flu9-C(Me)C4H7-Cp9)ZrCl2, 21 518 350 —, 139.1 —, 133.9 45
(Flu9-CH2-Cp9)ZrCl2, 22 36 460 —, 137.1 —, 154.2 52
(Flu9-C2H4-Cp9)ZrCl2, 23 162 350 —, 138.6 —, 177.2 61
(Flu9-C2H4-Flu9)ZrCl2, 24 120 415 —, 139.1 —, 165.5 57
(Flu9-SiMe2-Flu9)ZrCl2, 25 110 320 —, 140.0 —, 145.4 50

a Polymerization conditions: 10.0 bar ethylene pressure, 500 mL pentane, 1.0 mL TIBA (1.6 M in n-hexane), 70°C, heteroge-
neous reaction, Al : Zr 5 260 : 1, Al : O 5 1.44, share of the support SiO2 in the catalyst: 36%.

Cp9 5 C5H4, Flu9 5 C13H8.

Figure 11 Influence of the aluminum : zirconium ra-
tio on catalyst activity and molecular weight of the
produced polymers.
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CONCLUSIONS

PHT makes available a new form of an univer-
sally applicable, heterogeneously effective and
highly active cocatalyst. It is possible for the first
time to support an alumoxane cocatalyst com-
pletely on almost any carrier material. The tailor-
ing of cocatalysts with specific properties should
be possible by using mixtures of various carrier
materials. This approach could allow the produc-
tion of bi or multimodal resins with only one
monomer and one catalyst precursor.

EXPERIMENTAL

Solid-state NMR spectroscopic investigations
were performed on a IBM/Bruker WP200 SY
spectrometer with a Tecmag Aries control unit
and a Chemagnetics MAS measuring head. The
samples were filled in 7.5-mm zirconium oxide
tubes under inert gas and rotated at a frequency
of 7.0 kHz. The 13C NMR measurements (50.32
MHz) were conducted using CPMAS with 2 ms
“contact time” and 5 s “delay.” Hexamethyl benzene
served as external standard. A 1-pulse sequence
with a 60° “flip”-angle and 1 s “delay” was used for
the 27Al NMR spectra (52.15 MHz). AlCl3 z 6 H2O at
d 5 0 ppm was used as external reference.

The thermal properties of the polymer samples
were investigated for phase transitions using
DSC. A NETZSCH DSC 200 instrument was
available. For the measurements, 3–6 mg dried
polymer were fused into standard aluminum pans
(f 5 5 mm) and measured under nitrogen cooling
using the following temperature program: first
heating phase: from 60–200°C, heating rate 20
K/min, isothermal phase (3 min), cooling phase
from 200–60°C, cooling rate 20 K/min. Second
heating phase from 60–200°C, heating rate 20
K/min, isothermal phase (3 min), cooling phase
from 200 to 20°C, cooling rate 20 °K/min. Melting
points and fusion enthalpies were derived from
the second heating course. The temperature
was linearly corrected relative to indium (m.p.
429.78 °K). The fusion enthalpy of indium ((Hm
5 28.45 J/g) was used for calibration.

The molecular weight determination of the
polymer samples was performed using an Ubbelo-
hde precision capillary viscometer in cis/trans
decalin at 135 (60.1)°C. Therefore, the polymer
samples were completely dissolved in decalin at
130°C over a period of 3–4 hs. Mh was determined
using calibration curves that were available for
three different concentrations.

The aluminoxane catalysts were pressed under
inert gas in KBr and measured on air. A FTIR
spectrometer Bruker IFS 66v was available.

The SEM recordings were conducted using a
JEOL 733 Electron Microprobe. The accelerating
potential was 15 kV. The powder samples slowly
hydrolyzed in the air and were glued onto electri-
cally conductive, adhesive tape, and subsequently
covered with an approx. 300 Å thick Au/Pd layer.
The recordings were digitized with the Software
Voyager Version 3.7. For cross-sectional analysis
of the particles, the samples were embedded into
an epoxy resin, polished, and covered with a thin
layer of carbon in a JEOL 4X vacuo evaporator.
The recordings were obtained using a NORAN
PIONEER spectrometer.

For BET measurements, 0.25 g of the alumi-
noxane catalyst were filled under inert gas into
respective small tubes and dried for 24 in vacuo to
remove solvent residues. The apparatus used was
a Quantachrome Autosorb-6. All measurements
were conducted at 77 K.

All the work was routinely carried out with
Schlenk technique under strict exclusion of air
and moisture. Purified and dried argon was used
as inert gas.

Polyolefins as carrier materials: polyethylene
(from the homogeneous ethylene polymerization
with zirconocene dichloride/MAO (Al : Zr 5 1250 :
1), Mh 5 310 kg/mol); polypropylene (isotactic
polypropylene from the propylene polymerization
with rac-bis(2-methylindenylidene)-dimethylsi-
lylidene zirconium dichloride/MAO (Al : Zr
5 15000 : 1), Mh 5 260 kg/mol); polystyrene
(from the polymerization of cyclopentadienyl tita-
nium trichloride/MAO (Al : Zr 5 4000 : 1), Mw
5 20.4 kg/mol).33

General Synthesis Procedure for the Carrier
Material–PHT Catalyst System

At room temperature, 30 mL of a 2.0 molar tri-
methylaluminum solution in toluene are added to
a suspension of 2.0 g of the carrier material in 100
mL toluene. The subsequent reaction steps are
dependent on the carrier material: (a) carrier ma-
terials with hydroxyl groups on the surface
(starch, flour, cellulose, silica gel): The suspension
is heated to 60°C until the gas evolution subsides.
Subsequently, the reaction mixture is cooled
down to 40°C; 0.71 mL water is bubbled through
the suspension within 15 min using a moist argon
flow. (b) Carrier materials without reactive
groups on the surface (calcined silica gel, boron
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oxide, activated carbon, polyethylene, polypro-
pylene, polystyrene, magnesium chloride, alumi-
num trifluoride, molecular sieve, tylose®: the sus-
pension is heated to 40°C; 0.75 mL water is bub-
bled through the suspension within 15 min using
a moist argon flow.

Thereupon, the reaction mixture heats itself to
60°C. After 10 min, the suspension becomes sud-
denly highly viscous. After cooling to room tem-
perature, the mixture is stirred vigorously for 2 h.
Finally, the catalyst precursor is added as a solid.
The amount is dependent on the desired alumi-
num : zirconium ratio. Depending on the solubil-
ity of the catalyst precursor, the mixture is stirred
for 5–30 min. Subsequently, the mixture is fil-
tered and dried in vacuo. The filtrate is colorless
and contains no organic or inorganic components
besides the solvent. Yields of the catalyst: 5.40 g
(.95% calculated on the aluminum content) of a
powder, colored according to the catalyst precursor.

Synthesis Procedure for the Silica Gel–MAO (1)
Catalyst System

Calcined silica gel (2.0 g) (Davison 948) were sus-
pended in 100 mL n-pentane and mixed with 0.75
mL water while stirring vigorously. After 30 min,
pentane is decanted, and the impregnated silica
gel dried for 15 min in vacuo without heating.

Thirty milliliters of a 2.0 molar TMA solution
in toluene are added to 100 mL toluene at room
temperature. Subsequently, the solution is cooled
to 10°C and the above impregnated silica gel is
added slowly in small portions. After warming the
reaction mixture to room temperature it is stirred
for 30 min. Finally, 0.23 mmol of the correspond-
ing catalyst precursor is added as a solid, the
mixture is stirred for 5 min and filtered. The
colored catalyst is dried in vacuo for 6 h. The yield
of aluminum in aluminoxane is 50%.

We thank Phillips Petroleum Company, Bartlesville,
OK, for financial support.
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