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ABSTRACT: Ethene homopolymers and ethene copolymers with 1-hexene were prepared by Et[Ind]2ZrCl2/
MAO and Et[IndH4]2ZrCl2/MAO catalyst systems in slurry polymerizations. The melt behavior of the
polymers was studied with small amplitude dynamic rheological measurements. The low-frequency
complex viscosity of the polymers was higher than expected on the basis of their GPC molecular weights.
Furthermore, the polymers exhibited elevated activation energy for flow. The polymers catalyzed by
Et[Ind]2ZrCl2/MAO had an Arrhenius-type flow activation energy of 50-60 kJ/mol, and those catalyzed
by Et[IndH4]2ZrCl2/MAO a somewhat lower value of 40 kJ/mol. Branching could be detected by 13C NMR
in homopolyethene samples polymerized by Et[Ind]2ZrCl2/MAO. We suggest that these properties are
due to long-chain branching that occurs via in situ incorporation of vinyl-terminated polyethene
macromonomers. With Et[Ind]2ZrCl2/MAO the polymerization parameters affecting the rheological
behavior most were ethene partial pressure and comonomer concentration, whereas with Et[IndH4]2-
ZrCl2/MAO the major factor was the amount of hydrogen.

Introduction

Metallocene and single site catalysts enable the
production of controlled structure ethene homo- and
copolymers, and some reports in the patent literature
describe their successful application in the production
of long-chain branched polyethene.1 Although con-
trolled structure is not achieved in conventional low-
density polyethene, it continues to be widely used owing
to its good rheological properties. These properties are
due to the long-chain branches that are formed via a
free radical mechanism at high pressures. Long chain
branching does not occur, or is only minimal, when
Ziegler-Natta catalysts are used in low-pressure poly-
merizations.

Only a few publications have dealt with the long-chain
branching produced by metallocene and single site
catalysts. Lai et al.1b report the production of long-chain
branched polyethene with [CpSiMe2N(t-Bu)]TiCl2, a
“constrained geometry catalyst”. Shiono et al.2 were
able to incorporate polypropene macromonomers into
the polyethene chain with various metallocene catalysts
and, according to Carella,3 Vega et al.4 probably ob-
tained long-chain branched polyethenes with Cp2ZrCl2.
In addition, Howard et al.1c have reported the formation
of long-chain branched polyethene in gas-phase poly-
merization where Et[Ind]2ZrCl2 served as the catalyst.

In the copolymerization of vinyl-terminated poly-
ethene macromonomers with ethene, the extent of the
long-chain branching depends mainly on the catalyst
system5 and the conditions used in polymerization.6 The
role of the catalyst is 2-fold. First, the catalyst must
be able to produce, selectively, vinyl-terminated chains.
These vinyl-terminated chains can be considered as
macromonomers. Second, the catalyst must be able to

effectively incorporate these macromonomers into the
growing polyethene chain.5

The polymerization conditions are also important.
The main factors are high polymer concentration and
low monomer (ethene) concentration.6 The end group
selectivity and/or the copolymerization tendency may
also be influenced by the polymerization temperature,
reaction medium, and comonomer and hydrogen con-
centrations.

In this work, we studied the rheological properties of
polyethenes and copolymers of ethene and 1-hexene
polymerized by Et[Ind]2ZrCl2/MAO (Cat 1) and Et-
[IndH4]2ZrCl2/MAO (Cat 2) catalyst systems and found
that they differed from those of linear polyethenes.
Long chain branching was detected by 13C NMR in the
Et[Ind]2ZrCl2/MAO-polymerized homopolyethene sample.
We suggest that these properties are due to the long-
chain branching that occurs via in situ incorporation of
vinyl-terminated polyethene macromonomers.

Experimental Section

Polymerization and Characterization. The polymeriza-
tions were run in either pentane (series A and C) or toluene
(series B and D) in a laboratory-scale slurry reactor. The
catalysts were obtained from commercial sources (Witco), as
was the 10 wt % methylaluminoxane (MAO) in toluene that
was used as cocatalyst. During the polymerization, purified
polymerization-grade ethene was fed continuously to maintain
the desired ethene partial pressure, but the 1-hexene (Aldrich)
and hydrogen were fed batchwise before introduction of the
catalyst.

The apparent molecular weights (Mw and Mn) and molecular
weight distribution (MWD) were determined on a Waters 150C
high-temperature GPC equipped with a refractometer detector.
The GPC was calibrated with narrow MWD polystyrene
standards that covered the molecular weight region from 103

to 107. In addition to this, well-characterized polyethene
samples were used as internal standards. The samples were
dissolved in trichlorobenzene and the measurement was
carried out at 140 °C. The intrinsic viscosities were deter-

† rac-Ethenebis(indenyl)zirconiumdichloride/methylaluminox-
ane.

‡ rac-Ethenebis(4,5,6,7-tetrahydroindenyl)zirconiumdichloride/
methylaluminoxane.
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mined in decahydronaphthalene at 135 °C using Schott-Geräte
AVS 400 equipment.

The comonomer content was characterized by using FT-IR
and 13C NMR spectroscopy. IR analysis was also used to
determine the double bond content of the polymers using the
method of Haslam et al.7a The samples for IR analysis were
melt pressed at 190 °C to 0.5 mm thick plates. The IR spectra
were recorded using Nicolet Magna FT-IR equipment. 13C
NMR spectra were recorded on a Varian XL-300 NMR spec-
trometer operating at 75 MHz at 125 °C. The pulse angle was
60°, acquisition time 1.8 s and pulse delay 6.0 s. The number
of transients was at least 1400. The carbon signals were
assigned according to Randall.7b

The samples were stabilized for the rheological measure-
ments with 1500 ppm Irganox B 225 FF or 2000 ppm Irganox
B 215 antioxidant. After stabilization, the samples were melt
pressed at 190 °C into 1 mm thick plates using a Fontijne TP
400 table press.

The rheological measurements were carried out on a Rheo-
metric Scientific stress controlled dynamic rheometer SR-500.
All the measurements were carried out within the linear
viscoelasticity region, which was ensured by a stress sweep.
Frequency sweeps for the polymers were carried out under
nitrogen at 170, 190, and 210 °C using a 25 mm plate-plate
geometry. The angular frequency was from 0.01 to 100 rad/s,
and the sample gap was 1 mm. Rheometrics RSI Orchestrator
software was used to shift the moduli curves along the
frequency axis to construct the master curves and to determine
the shift factor aT.

Thermal Stability. The thermal stability of the samples
during the rheological testing was checked by repeating one
low-frequency measurement point after the primary frequency
sweep. In no sample was the change in storage modulus G′
during the frequency sweep greater than 5%. The thermal
stability of selected polymers, representing both catalysts, was
also studied in a separate time sweep, where the polymers gave
a stable G′ signal for at least 90 min at 190 °C. In addition,
some samples were analyzed by FT-IR after the rheological
analysis. Changes in the double bond pattern were within the
range of test reproducibility.

Rheology Reference Samples. Ref-1 was a high molec-
ular weight homopolyethene sample polymerized using (n-
butCp)2ZrCl2/MAO catalyst. A flow activation energy of 26 kJ/
mol was obtained for this polymer. Ref-2 was a conventional
Ziegler-Natta catalyzed film-grade linear low-density poly-
ethene, with few or no long-chain branches, yielding 33 kJ/
mol for flow activation energy. Ref-3 was an extrusion coating
grade PE-LD with broad molecular weight distribution and a
flow activation energy of 55 kJ/mol, typical for low-density
polyethene.

Results and Discussion

Linear Viscoelastic Behavior. Figure 1 shows the
frequency dependence of the complex viscosity of se-
lected polymer samples of both catalysts at 190 °C.
Inspection of the low-frequency complex viscosities in
Figure 1 in comparison with the intrinsic viscosities and
GPC-measured molecular weights (Tables 1 and 2)
reveals a discrepancy. In particular, the complex
viscosities of the polymers produced with Cat 1 are
higher, and the frequency dependency is very different
from what one would expect for a linear polymer on the
basis of the GPC-measured molecular weight and rather
narrow MWD.

Reference materials Ref-1 and Ref-2 are narrow
molecular weight distribution polyethenes, with Mw
380 000, MWD 2.1 and Mw 100 000, MWD 3.8, respec-
tively. GPC analysis gave a Mw of 153 000, MWD 3.6
for polymer B2, yet it has a higher complex viscosity at
low frequencies than the high Mw polymer Ref-1. The
shear thinning behavior of the complex viscosity of
polymer B2 is sharp. Polymer A5, also polymerized

with Cat 1, shows similar sharp shear thinning. Fur-
thermore, A5 has a considerably higher complex viscos-
ity at the lowest frequency than do the Cat 2 polymers
D1 and C3, although the polymers exhibited similar
GPC-measured molecular weights and molecular weight
distributions.

The linear viscoelastic properties of the polymer melt
are specifically governed by the high molecular weight
side of the molecular weight distribution, and by the
long-chain branching.8,9 GPC, on the other hand, inher-
ently lacks sensitivity for small differences in the high
molecular weight tail of the molecular weight distribu-
tion.10,11 The contradiction between the observed rheo-
logical behavior and the GPC-measured molecular
weights and MWDs suggests the presence of at least
trace amounts of material with very long relaxation
times in the polymers.

Figure 2 presents the frequency dependence of the
dynamic moduli at 190 °C. Polymers A5 and B2 were
produced with Cat 1, and polymer C3 with Cat 2. GPC
analysis revealed very similar molecular weights and
MWD for polymers A5 and C3, yet the contribution of
the storage modulus G′ is clearly greater, and the G′-
G′′ moduli crossover occurs at an earlier point in the
A5 polymer. The greatest difference is seen when
comparing the frequency dependency of the dynamic
moduli of polymers A5 and B2 to the behavior of the
high molecular weight, narrow MWD polymer Ref-1.
The contribution of the storage modulus G′ is much
greater in polymers A5 and B2 throughout the fre-
quency scale. The B2 polymer exhibits a very early
crossover of the moduli, the storage modulus G′ domi-
nating even at very low frequencies. Behavior of this
type generally indicates startup of a secondary network
structure and is seen, for example, in peroxide cross-
linked polyethene in the very early stages of cross-
linking.9,11

Flow Activation Energy. The observed linear
viscoelastic behavior of the polymers produced with Cat

Figure 1. Frequency dependence of the complex viscosity of
selected samples at 190 °C (463 K). Samples A5, Mw 115 000,
MWD 2.8 and B2, Mw 153 000, MWD 3.6, polymerized with
Cat 1. Sample C3, Mw 117 000, MWD 3.6 and D1, Mw 114 000,
MWD 2.2 polymerized with Cat 2. Reference material Ref-1,
Mw 380 000, MWD 2.1 and Ref-2, Mw 100 000, MWD 3.8. The
molecular weights are RI-detector measured GPC values.
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1 could also be due to long-chain branching in the
polymers. To investigate this view, the Arrhenius type
flow activation energies of the polymers were deter-
mined. In ethene polymers, the flow activation energy
Ea, or temperature coefficient of viscosity, is sensitive
to the presence of long branches.12,13 In the case of
linear chains, Ea does not depend on molecular weight.14

For branched polymer, the increase of Ea above the
value for linear polyethenes is directly proportional to
branch length, while in blends of linear and branched
material, it is proportional to the volume fraction of the
branched polymer.15

Flow activation energy values of around 27 kJ/mol are
usually reported for linear PE-HD type polyethene.14,16

We obtained 26 kJ/mol for the homopolyethene sample
Ref-1, which thus appears to be very linear. A value of
Ea of 33 kJ/mol was calculated for the PE-LLD sample
Ref-2 and 55 kJ/mol for the PE-LD sample Ref-3. All
these values are in accordance with other studies.14,17

For single site catalyzed, controlled long-chain branched
polyethenes,17 Ea values ranging from 33 to 39 kJ/mol,
based on data from capillary rheometry, are reported.
Values from 34 (low Mw) to 38 kJ/mol (high Mw) are
reported for ethene polymers polymerized with Cp2-
ZrCl2/MAO catalyst.4 These polymers also exhibit the
contradiction between low-frequency complex viscosity
and GPC-measured molecular weight. As noted by
Carella,3 these polymers appear to be long-chain
branched, although long-chain branching was not seen
in 13C NMR studies.

Interestingly, we obtained high values of flow activa-
tion energy, 40 kJ/mol, for the experimental polymers
prepared with Cat 2 and values comparable to those of

PE-LD, over 50 kJ/mol, for polymers produced with Cat
1.

The observed rheological behavior might be explained
by long-chain branching formed by the formation and
in situ incorporation of vinyl-terminated macromono-
mers into a growing chain. Another explanation could
be chain extension or cross-linking of the chains due to
thermal degradation during sample preparation. Poly-
mers bearing a high content of unsaturation are prone
to chain extension as the main mechanism of thermo-
oxidative degradation. This chain enlargement is readily
seen in the dynamic melt rheology, but it also causes
changes in the double bond pattern of the polymer.18,19

As noted in the Experimental Section, thermal stability
of the experimental polymers was studied and found to
be good.

13C NMR Measurements. From the rheological
measurements, the polymers produced with Cat 1 and
Cat 2 appear to be long-chain branched. This conclusion
obtains strong support from 13C NMR. Figure 3 shows
the 13C NMR spectrum of the homopolyethene sample
B5. The end group peaks are located at 14.1, 22.9, and
32.2 ppm. The carbons next to a branch point, the R-
and â-carbons, are clearly visible at 34.5 and 27.3 ppm.
The tertiary carbon atom of the branch point is seen at
38.1 ppm. According to this analysis, the homopoly-
ethene sample B5 contains branches longer than six
carbon atoms. The estimated content of the branches
is maximum 0.2 branches per 1000 carbon atoms.

Influence of Polymerization Parameters. The
hypothesis of in situ macromonomer incorporation is
further supported by our finding that the rheological
properties of the polymer can be altered by changing

Table 1. Characterization of Polymersa

GPC
FT-IR

CdC/1000 C-atomsp(Et),
bar

H2/Zr,
mol/mol

comonomer
content,

wt %
[η]g

(135 °C), dL/g 10-3Mw 10-3Mn MWD tvd ve vdf

complex viscosity
at 0.02 rad/s and

190 °C, Pa s
TTS Ea,
kJ/mol

Et[Ind]2ZrCl2 (Cat 1)
A 1 10.0 0.0 1.60 112 35 3.2 0.02 0.62 0.02 58 600 48
A 2 10.0 C6 1.7 1.42 102 38 2.7 0.02 0.55 0.06 68 500 53
A 3 5.0 0.0 1.66 136 41 3.3 0.04 0.47 0.02 251 000 50
A 4 5.0 8300 0.0 1.42 102 27 3.8 0.00 0.41 0.03 132 000 59
A 5 5.0 C6 3.1 1.53 115 41 2.8 0.04 0.49 0.08 136 000 56
A 6 2.5 0.0 1.77 136 46 3.0 0.03 0.41 0.03 nmb

A 7 2.5 C6 5.0 1.24 112 35 3.2 0.07 0.54 0.13 33 400 52
B 1 2.5c 0.0 287 78 3.7 0.11 0.14 0.02 nmb

B 2 2.5c C6 7.3 153 42 3.6 0.15 0.12 0.07 710 000 64
B 3 2.5c C6 16.2 78 24 3.3 0.12 0.08 0.21 13 000 59
B 4 1.6 2800 0.0 23 9.6 2.4 0.01 0.31 0.07 nm
B 5 1.0 0.0 120 46 2.4 0.15 0.20 0.02 nm

Et[IndH4]2ZrCl2 (Cat 2)
C 0 10.0 0.0 nm nm nm 0.07 0.03 0.01 nmb

C 1 10.0 8300 0.0 1.62 118 42.8 2.8 0.04 0.06 0.02 34 300 41
C 2 10.0 20000 0.0 48 15.5 3.1 0.00 0.01 0.06 400 32
C 3 10.0 8300 C6 2.5 1.56 117 32 3.6 0.00 0.07 0.06 13 600 38
C 4 5.0 8300 C6 2.9 68 19 3.6 0.01 0.08 0.11 1 300 35
C 5 2.5 2000 0.0 1.19 69 18 3.8 0.00 0.07 0.06 8 500 42
D 1 1.0 0.0 114 51 2.2 0.22 0.11 0.03 26 000 41
D 2 1.0 1300 0.0 60 12 5.0 0.08 0.04 0.07 nm
D 3 1.0c C6 6.1 140 62 2.3 0.04 0.10 0.12 29 000 39

a Polymerizations were run at 80 °C for 60 min, series A and C in pentane, B and D in toluene. Cocatalyst: MAO. Comonomer and
hydrogen fed batchwise. nm ) not measured. b Not measured due to very slow relaxation (very high MW). c Polymerization temperature
60 °C. d Calculated from trans-vinylene absorbance at 965 cm-1. e Vinyl absorbance at 908 cm-1. f Vinylidene absorbance at 888 cm-1.
g In decahydronaphthalene.

Table 2. Rheology Reference Materials

sample type [η] (135 °C), dL/g 10-3Mw MWD
complex viscosity at

0.02 rad/s and 190 °C, Pa s TTS Ea, kJ/mol

Ref-1 PE-HD 4.41 380 2.1 307000 26
Ref-2 PE-LLD (ZN) 100 3.8 5500 33
Ref-3 PE-LD 154 9.3 4600 55
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the polymerization parameters of monomer pressure
and the amounts of comonomer and hydrogen. With
Cat 1, the major factors affecting the rheological be-
havior were ethene partial pressure and comonomer
concentration, whereas with Cat 2 the major factor was
the amount of hydrogen in the polymerization.

In copolymerization, the higher the ethene concentra-
tion the more likely it becomes that ethene is inserted
instead of comonomer (or macromonomer), and a more
linear polymer is formed. The results of the copoly-
merization as a function of ethene pressure (samples
A2, A5, and A7) showed that when pressure was
decreased from 10 to 2.5 bar the amount of 1-hexene
incorporated increased from 1.7 wt % to 5.0 wt %. A
similar trend is possible in the incorporation of the
macromonomers.

In a semibatch slurry reactor, the concentration of
macromonomers increases with time, while the concen-

tration of ethene may decrease due to mass transfer
limitations. Diffusion limitations also broaden the
molecular weight distribution in copolymerizations.
However, this cannot explain the rheological behavior
observed. With Cat 1, decreasing ethene partial pres-
sure in polymerization increased the low frequency
viscosity of the polymer. This can be seen by comparing
polymers A1, A3, and A6 polymerized at 10, 5, and 2.5
bar ethene partial pressure but otherwise under identi-
cal conditions. The low-frequency viscosity was consid-
erably higher for A3 than for A1 (see Table 1), and A6
could not be rheologically analyzed at all due to ex-
tremely slow relaxation, indicating a very high zero
shear viscosity. From the GPC-measured molecular
weights of the polymers, one would nevertheless have
expected almost identical low-frequency viscosities.

The catalysts differed in their response to hydrogen
in the polymerization. With Cat 2, both the molecular

Figure 2. Dynamic moduli as function of measurement frequency at 190 °C (463 K). The molecular weight characteristics as in
Figure 1.
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weight and the flow activation energy were clearly lower
(compare polymers C1 and C2) with an increased
amount of hydrogen. With Cat 1 (polymers A3 and A4),
molecular weight and complex viscosity were decreased,
but not the flow activation energy. An increasing
content of comonomer in the polymer, with no hydrogen
present in the polymerization, seemed to reduce the Ea
(polymers B2 and B3).

Double Bond End Group Analysis. Study of the
double bond containing end groups of the polymers by
FT-IR revealed some interesting differences between the
catalysts. The presence of three types of olefinic end
groups, transvinyl (ν ) 965 cm-1), vinyl (ν ) 910 cm-1),
and vinylidene (ν ) 888 cm-1), was analyzed. Table 1
shows the results of the IR analysis. With metallocene
catalysts, the â-H elimination to monomer and â-H
elimination to the metal are the most likely termination
mechanisms producing vinyl ends.20 Another possible
way in which vinyl terminal groups are formed is the
C-H activation or σ-bond metathesis route.21,22 The
more comonomer added, the more likely it is that
termination via â-H elimination occurs after insertion
of comonomer, which produces vinylidene ends. How-
ever, chain termination after insertion of ethene may
also be present. The termination after insertion of
ethene is seen as a relatively large amount of vinyl
groups in the copolymers.

Figure 4 shows the double bond region of the IR
spectra of some B and D series polymers. Polyethene
produced with Cat 1 (sample B5) contained a larger
fraction of vinyl end groups, while Cat 2 (sample D1)
tended to produce more transvinyl-terminated poly-
ethene. Cat 2 was also more sensitive to chain transfer
agents such as comonomer and hydrogen. More olefinic
end groups disappeared from the polymer when hydro-
gen was introduced with Cat 2 (sample D2), and the
same sensitivity was observed when the comonomer was
introduced (sample D3). At the same comonomer
content, copolymer produced with Cat 1 contained less
vinylidene end groups (sample B2), but the extent of
the phenomenon may be exaggerated by the different
polymerization pressures used in B2 and D3.

As can be seen from Table 1, hydrogen reduced the
molecular weight and altered the end group pattern in
two ways. First, the number of double bonds per chain
was reduced because of chain transfer to hydrogen, and

second, the transvinyl double bonds disappeared. This
behavior, together with the catalyst activating effect of
hydrogen, has also been reported by other groups.23,24

We found that, in the A and C series, the presence of
hydrogen had only a minor effect on the polymerization
yield. The polymer yield increased with Cat 2 and the
greatest yields were obtained when both comonomer and
H2 were present in the polymerization.

Comparison of Catalyst Behavior. Overall, the
ligand has a notable influence on the polymerization
behavior of the metallocene catalysts. The ligand
structure has both steric and electronic effects, but the
reasons for the different behavior are not completely
understood. In general, hydrogenation of the indenyl
ligand of a bridged catalyst increases the molecular
weight of the polyethene product while decreasing the
polymerization activity. The molecular weight distribu-

Figure 3. 13C NMR spectrum of sample B5 (in 10 mm NMR tube, number of transients accumulated 12 000).

Figure 4. Comparison of the olefinic end groups of Cat 1 and
Cat 2 polymers.
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tion seems to be slightly broader for the ethene-bridged
indenyl ligand catalyst (Cat 1). The hydrogenated
indenyl catalyst (Cat 2) is more sensitive to comonomer
in the sense that the molecular weight of the copolymer
decreases more dramatically with increasing comono-
mer content. Cat 1 has been found to incorporate the
comonomer slightly better than Cat 2.25-27

As discussed by Spaleck et al.,27 there may be several
reasons for the different sensitivity of Cat 1 and Cat 2
for hydrogen and comonomer. One explanation for the
observed end group selectivity and sensitivity to the
chain transfer agents could be the dominance of differ-
ent termination mechanisms. Alternatively, the tet-
rahydroindenyl ligand may promote a higher steric
barrier toward the active center, owing to its less rigid
ligand structure.25 This would slow the propagation
step (the polymerization activity alone does not reveal
this because the number of actual active centers is
unknown). The slower the propagation step, the more
probable it is that the growing chain undergoes a
recoordination step.28 This recoordination route is likely
to prevent29 the insertion of a new monomer and leads
to the formation of transvinyl end groups.30-32 Fur-
thermore, the use of hydrogen or comonomer would have
a greater influence on the molecular weight because
there would be more time for a chain transfer agent to
take part in the chain growth process.

The different ability of the catalysts to produce vinyl
ends in the polymer suggests that the polymers may
also differ in the frequency and structure of their long-
chain branches. In a recent discussion of the chain
structure of long-chain branched polymers produced by
single site catalysts, Zhu et al.33 proposed that the long-
chain branched polymers assume either dendritic or
comblike structure, where the dendritic chain structure
is a result of incorporation of branched macromonomers.

The Cat 1 polymers exhibited a high content of vinyl
ends, very high complex viscosity at the lowest frequen-
cies and high flow activation energy. These properties
could result from a complex, dendritic structure in which
the long branches are further branched. The rheological
behavior of the Cat 1 homopolymers of highest molec-
ular weight, which were produced at the lowest ethene
pressures, even resembled that of cross-linked polymers
in the very early stages of cross-linking. In our poly-
mers, however, a branched, dendritic structure should
be more likely than a structure with cross-links. The
Cat 2 polymers, with their low content of vinyl ends,
simpler dynamic rheological properties and only slightly
elevated flow activation energy Ea, would more likely
bear long-chain branches fewer in number and more
linear than in the Cat 1 polymers.

Conclusions

The dynamic rheological behavior of the polymers
produced with both catalysts suggests the presence of
long-chain branches. The complex viscosities of the
experimental polymers were higher and the frequency
dependency was different from what one would expect
for a linear polymer on the basis of the GPC molecular
weight and rather narrow MWD. The polymers pro-
duced with Et[Ind]2ZrCl2/MAO had an Arrhenius-type
flow activation energy of 50-60 kJ/mol, while the
polymers produced with Et[IndH4]2ZrCl2/MAO had a
somewhat lower activation energy of 40 kJ/mol.
Branches longer than six carbon atoms were detected

in Et[Ind]2ZrCl2/MAO polymerized homopolyethene by
13C NMR. The rheological properties of the polymers
were influenced by hydrogen, monomer pressure, and
the amount of comonomer.

End group analysis showed that both catalysts were
able to produce vinyl-terminated polymer molecules but
that Et[Ind]2ZrCl2/MAO was more selective than Et-
[IndH4]ZrCl2/MAO toward terminal vinyl unsaturation.
Comonomer and hydrogen had more influence on the
end group pattern with Et[IndH4]2ZrCl2/MAO.

The rheological behavior observed is suggested to
arise from the in situ incorporation of macromonomers
in polymerization. We intend to investigate these
findings further by studying the influence of polymer-
ization parameters with other metallocene catalysts, to
gain a deeper understanding of the incorporation of
macromolecules.
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