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ABSTRACT: Nonisothermal, uncontrolled polymerization, conducted in varying mixing re-
gimes, offered a facile methodology to evaluate the influence of several important process
development factors such as mixing, reaction exotherm, and thermal perturbations on the
catalytic activity and kinetic stability, polymerization performance, and properties of the
resulting polymers. Ethylene was homo- and copolymerized with hexene-1 under varying
impeller speeds (hence, thermal perturbations), using Ind2ZrCl2 and Et(Ind)2ZrCl2 and the
MAO cocatalyst. With respect to the effects of the above process development factors, the
following was observed: The reaction exotherm profiles, tracing the polymerization history,
qualitatively represented the kinetic profile and the catalytic stability. The unbridged
Ind2ZrCl2 was shown to be more stable than the bridged Et(Ind)2ZrCl2. With change in the
level of stirring from a diffusion-controlled regime to a nondiffusion-controlled, external
gas–liquid mass-transfer resistance-free one, the reaction exotherm and the run time-
average catalytic activity increased. So far as the influence of the chiral versus the achiral
zirconocene structure is concerned, the copolymer composition distribution and soluble
fraction generated by chiral Et(Ind)2ZrCl2 were more sensitive to the mixing conditions and
thermal perturbations than were those produced by achiral Ind2ZrCl2. Et(Ind)2ZrCl2
produced higher molecular weight backbones, incorporated more hexene-1 and chain
branching, and introduced less crystallinity in the copolymers than did Ind2ZrCl2. The
influence of Ind2ZrCl2 on higher-weight homopolymer backbones was opposite to that of
Et(Ind)2ZrCl2. Incorporation of hexene-1 significantly decreased the average molecular
weights and density and increased the run-time-dependent average catalyst activity. A
positive comonomer effect took place. The bulk polymer properties did not critically depend
on the mixing state. Thermal perturbations broadened the polydispersity index. © 1998 John
Wiley & Sons, Inc. J Appl Polym Sci 70: 137–147, 1998

Key words: zirconocene catalyst; nonisothermal olefin polymerization; CRYSTAF;
comonomer and molecular weight distributions; chain branching; DSC

INTRODUCTION

It has been predicted that metallocene catalysts will
forge the future of ethylene polymerization technol-

ogy beyond the year 2000. In order that this predic-
tion comes true, research orientation has been to-
ward developing competent polymerization pro-
cesses. A key factor that influences this aspect is the
role that temperature plays on the polymerization
reaction. Therefore, we review as follows the effect
of temperature with the variation of metallocene
structures on the catalytic activity in presence of
the methylalumoxane (MAO) cocatalyst and on the
properties of the resulting polyethylenes.
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For Ind2ZrMe2 and Cp2ZrPh2, the polyethylene
productivity was maximum at about 50°C. How-
ever, Ind2ZrMe2 was, overall, more active.1 On
the other hand, for Cp2ZrCl2, an optimum tem-
perature range of 50–80°C was found.2,3 This
shows that the Cl ligand, unlike the Ph ligand,
broadened the optimum polymerization tempera-
ture. (neo-MeCp)2ZrCl2 showed a monotonic in-
crease in ethylene polymerization activity with-
out showing any maximum between 10 and 90°C,
which may be attributed to the increased coordi-
nated anionic propagation rate due to electron
donation. Also, the induction period shortened
with the increase in the polymerization tempera-
ture.4

With Et(Ind)2ZrCl2, increasing the tempera-
ture from 220 to 70°C increased the maximum
ethylene polymerization rate by a factor of 5000.5

For the copolymerization of ethylene with
butene-1 at 30 and 50°C, the rate of ethylene
consumption reached a maximum as the butene-1
concentration in the reaction mixture increased.
At 70°C, the maximum reaction rate decreased
with increase in the butene-1 concentration.

Increasing the polymerization temperature de-
creased the molecular weight and polydispersity
index of the resulting polyolefins, irrespective of
the variation of the s-ligand and transition-metal
type.2–6 A similar effect of temperature on the
melting point of polyethylenes, which occurred
probably because of the presence of oligomers or
structural defects, was evidenced.2,4

The above work on isothermal, metallocene-cat-
alyzed ethylene polymerization has several limita-
tions from the process development viewpoint
which we summarize as follows: It does not illus-
trate the influence of a number of important process
development factors such as mixing, reaction exo-
therm, kinetic stability of the experimental metal-
locenes, and thermal perturbations on the catalytic
activity, polymerization performance, and the prop-
erties of the resulting polymers. The significance of
the effects of mixing on the polymerization reac-
tions and on the properties of the resulting poly-
mers has already been reported to be a key issue in
the literature.7–11 The critical polymer properties
include the microstructural ones, that is, the molec-
ular weight and copolymer composition distribu-
tions. These property distributions influence the
density, melt-flow index, melt strength of the resin,
as well as melt blending with the processing addi-
tives and selection of processing/fabrication meth-
ods.12 All these eventually affect the performance of
the end products which is reflected by the resistance

to stress cracking, impact, creep, additive migra-
tion, etc.12,13

Also, the polymerization temperature varies
during start-up and under thermal runaway and
inadvertent situations causing failure of a tem-
perature controller. The resulting polymerization
environment related to the reaction mass differs
from that when the same polymerization will be
conducted isothermally even by varying the poly-
merization temperature from one run to another.

Based on the above discussion, we concluded
that a facile experimental methodology should be
developed that can evaluate the influence of the
above process development factors, which is cur-
rently unavailable in the literature. Discrete iso-
thermal polymerization runs cannot be applied
because they, on principle, suppress the growth of
the reaction exotherm and thermal perturbation.
Additionally, they are time-consuming and cum-
bersome. On the other hand, the uncontrolled,
nonisothermal polymerization mode holds prom-
ise in this respect, while we know that under a set
of given experimental conditions the rate of gen-
eration of the catalytically active metallocenium
ion is related to the measured reaction exotherm
profile. Moreover, the nonisothermal polymeriza-
tion approximates a limiting case of thermal per-
turbations. Therefore, we undertook the current
study, the objectives of which were as follows:

(i) Evaluate the potential application of the
nonisothermal, uncontrolled polymeriza-
tion mode to measure the influence of the
above process development factors by
conducting homopolymerization of ethyl-
ene and its copolymerization with hex-
ene-1 using Ind2ZrCl2 and Et(Ind)2ZrCl2
in the presence of MAO in a semibatch,
laboratory-scale reactor under varying
mixing conditions;

(ii) Characterize the properties of the result-
ing polyolefins in terms of thermal char-
acteristics, molecular weight distribution
and its averages, and composition distri-
bution and its averages; and

(iii) Determine the influence of the metallo-
cene structures (bridged versus un-
bridged configurations), thermal pertur-
bations, and polymerization conditions
(reaction exotherm profile and level of
mixing) on the above polyolefins proper-
ties.
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EXPERIMENTAL

Chemicals

(Ind)2ZrCl2, Et(Ind)2ZrCl2, and MAO (10% by
weight in toluene with an average molecular weight
of 800 and degree of oligomerization of 14) were
procured from Witco (Bergkamen, Germany). Tolu-
ene was purchased from BDH (Poole, England, UK)
and dried by refluxing in a Na/benzophenone mix-
ture for approximately 2 days until a dark blue color
was obtained. All manipulations were carried out in
an inert atmosphere of argon. Ethylene, 99.95%
pure, and argon, 99.999% pure, were obtained from
the Saudi Industrial Gas Co. (Dammam, Saudi Ara-
bia). Hexene-1 was donated by Chevron (Geneva,
Switzerland).

Polymerization

Figure 1 shows the reactor setup that was used to
conduct the polymerization runs. 1 L Parr reac-
tor, equipped with a pitched-blade turbine impel-
ler with a speed controller, external heating

jacket, thermowell, and pressure transducer, was
used. A panel digitally displayed the impeller
speed, outer jacket temperature, and internal re-
actor temperature and pressure. Table I summa-
rizes the overall polymerization conditions in the
footnote.

A typical ethylene homopolymerization run
was carried out as follows: First, the experimental
zirconocene catalyst was separately preactivated
under argon with the MAO cocatalyst to generate
the active zirconocenium cation. Note that preac-
tivation of the metallocene with MAO has been
reported to enhance the catalytic activity.14–19

For this purpose, a few milligrams (about 3–6 mg)
of the zirconocene was dissolved in about 5 mL of
dry toluene. The required amount of the resulting
solution was mixed at 50°C with a calculated
amount of the MAO solution for at least 20 min.

Next, toluene was introduced into the reactor.
The reactor was then successively pressurized
with argon to about 30 psia and evacuated three
times. Following this, the previously fed toluene
solvent was heated to the desired starting tem-

Figure 1 Schematic of the experimental polymerization setup.
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perature (; 50°C), then saturated with ethylene.
After that, the preactivated zirconocene was in-
jected into the reactor through a septum such
that the desired catalyst concentration and Al : Zr
ratio (see Table I) were achieved in about 250 mL
of the reaction mixture. Ethylene was fed into the
reactor for 1 h in a semi-batch mode. This semi-
batch operation replenished the consumed
amount, thereby maintaining a constant polymer-
ization pressure (see Table I). The polymerization
temperature was monitored as a function of the
reaction time.

Ethylene and argon were passed through a
Hewlett–Packard oxygen trap before feeding the
reactor. The reactor content was continuously
stirred following the addition of toluene.

The polymerization was quenched by stopping
the ethylene supply, venting the reactor, and add-
ing 5–7 mL of methanol acidified with 2.5 vol %
HCl. About 75 mL of the acidified methanol was
further added for complete precipitation of the
polymer. At this stage, the impeller speed was
reduced to ; 300 rpm and the resulting polymer
suspension reached room temperature. Subse-
quently, it was filtered using a fritted glass filter
funnel and washed several times with the acidi-
fied methanol. The filtered polymer was then
dried 10–12 h under a vacuum to a constant
weight.

Ethylene was copolymerized with hexene-1 fol-
lowing the above homopolymerization procedure.
However, in this case, toluene was mixed with the
desired quantity of hexene-1, then was added to
the reactor under argon.

The polymerization runs were conducted at
450 and 900 rpm, which correspond to two dis-
tinct mixing regimes: diffusion-controlled and
nondiffusion-controlled and gas–liquid mass-
transfer resistance-free, respectively.10,20,21

Polyolefin Characterization

Thermal Properties

DSC Analysis. The synthesized polyethylene sam-
ples (see Table I) were thermally characterized
using a Perkin–Elmer differential scanning calo-
rimeter (Model DSC-4) attached to a System-4
microcomputer controller. First, the calorimeter
was calibrated using indium which melts at
156.6°C with a heat of fusion of 6.8 cal/g. The
sample compartment was purged with argon dur-
ing operation. About 5.0 mg of the experimental
polymer was sealed in an aluminum sample pan
using a Universal crimper press. The pressedT
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sample was heated at 20°C/min to 170°C. Note
that such a heating rate was used to prevent
recrystallization of the polyolefin backbone chains
while they melted during heating. The data were
stored and analyzed using the Model 3600 data
station. The baseline was established by tangen-
tially joining the ending (postmelting) isothermal
line with the starting (premelting) one. The inter-
sections of this tangent with the thermogram de-
termined the lower and upper temperature limits
of integration. The integrated area under this
curve gave the heat of fusion. The percentage
crystallinity was obtained by dividing this heat of
fusion with 68.4 cal/g,22 the heat of fusion of a
100% crystalline polyethylene.

Crystallization Fractionation (CRYSTAF) Analy-
sis. The copolymer composition distribution was
qualitatively measured using the recently devel-
oped crystallization analysis fractionation (CRY-
STAF) equipment. CRYSTAF monitors the poly-
mer solution concentration as the polymer mole-
cules having the same number of side-chain
branching crystallize/precipitate at the same tem-
perature during cooling. Aliquots of the solution
are filtered and analyzed by a differential refrac-
tometer concentration detector. Further details
and a description of the CRYSTAF equipment are
available elsewhere.23 Standard operating condi-
tions were employed for the CRYSTAF analysis.
The weight- and number-average solution crys-
tallization temperatures of the copolymers Tw
and Tn, respectively, were calculated using the
following expressions24:

Tw 5 ~OciTi!/Oci (1)

Tn 5 Oci/~Oci/Ti! (2)

where ci and Ti are the concentration and crystal-
lization temperature, respectively, of the postpre-
cipitated polymer-solution fraction i.

Preparation of Polymer Film Samples

The film samples, 130 micron thick, were pre-
pared using a laboratory Carver press (Model C).
The temperature of the heating plates was set
between 145 and 150°C to ensure complete melt-
ing of the samples. About 300–400 mg of the
polymer was placed on the press plate. When the
polymer melted, it was pressed from the top with
a load of 10 tons for about 5 min. Following this,

the press was cooled to about 90°C by circulating
a mixture of water and air and was left under the
same load for 1 h. The temperature was brought
to that of the ambient by circulating water. The
above operation produced a homogeneous, trans-
parent polymer film.

Average Copolymer Composition Determination

The average composition of the synthesized copol-
ymers was determined using FTIR spectroscopy
in terms of chain branching (methyl groups/1000
C) and the average hexene-1 composition follow-
ing the ASTM standard D 2238-86 procedure.25

The FTIR spectra of the previously prepared films
were recorded by a Perkin–Elmer spectrometer
(Model 1650) which was calibrated using a stan-
dard polystyrene film. The sample compartment
was continuously purged with nitrogen. A typical
spectrum was obtained using 40 scans and a spec-
tral resolution of 1 cm21. After Fourier transfor-
mation of the interferograms, a difference spec-
trum was obtained by subtracting the spectrum of
an HDPE (density 5 0.964 g/cm3) film from that
of the experimental copolymer film (see Fig. 2).
The resulting difference spectrum had a peak po-
sition reproducibility of 0.1 cm21. The butyl
branches were identified from the methyl sym-
metrical deformation band around 1378 cm21 and
were calculated using the following expression25:

Methyl groups
1000C 5 f1378 3

A1378

dt 3 10 (3)

where f1378 5 0.110 is a conversion factor. A1378 is
the corrected absorbance at 1378 cm21, and d and

Figure 2 FTIR spectra: (A) an experimental ethyl-
ene/hexene-1 copolymer; (B) a commercial polyethylene
(density ; 0.964); (C) difference spectrum.
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t are the density and thickness, respectively, of
the polymer film. The film thickness was mea-
sured using a micrometer and the density was
determined as follows:

Measurement of Density

The synthesized polymers were extruded through
the die of a melt flow indexer. The extrudate was
cut into small pieces which were mildly melted
and pressed using a laboratory Carver press to
expel the entrapped air. The density of this air-
free polymer sample was measured according to
the procedure detailed about the calibration of
standard glass floats in ASTM D 1505-85.26

The polymer sample was dipped into a uniform
mixture of water and i-propanol contained in a
measuring cylinder at 24°C. The water : i-propa-
nol ratio was varied until the sample attained an
equilibrium height. Under this situation, the den-
sity of the mixture equaled that of the sample.
The mixture density was measured by injecting
about 2.0 mL of the mixture into an automatic
liquid density meter (DMA 48).

Gel Permeation Chromatographic Analysis

The molecular weight distributions and the aver-
age molecular weights of the synthesized poly-
mers were measured using a Polymer Laborato-
ries GPC 210 equipment. The samples were dis-
solved at 150–160°C in 1,2,4-trichlorobenzene
(TCB) containing 0.05% 2,6-di-tert-butyl-4-
methyl phenol (BHT) antioxidant. The resulting
solution was periodically shaken without apply-
ing any high shear stirring. Aliquots of the hot
polymer solutions were transferred in vials to the
autosampler where the warm zone was main-
tained at 80°C, and the hot zone, at 160°C.

The equipment was calibrated using polysty-
rene standards (EasiCal PS-1). The polystyrene-
based calibration curve was next converted into
the universal one using the Mark–Houwink con-
stants of polystyrene and polyethylene.27 Stan-
dard operating conditions were used for the GPC
analysis.

RESULTS AND DISCUSSION

Table I summarizes the catalytic activity and the
thermal characteristics of the synthesized poly-
mers as a function of the level of stirring and the
zirconocene structural variation. The level of stir-

ring corresponding to 450 and 950 rpm refers to
diffusion-controlled and nondiffusion-controlled,
external gas–liquid mass-transfer resistance-free
regimes of mixing, respectively. With respect to
the nondiffusion-controlled regime of mixing, the
run time-average copolymerization catalytic ac-
tivity and the peak reaction exotherm increased,
irrespective of the variation in zirconocene struc-
tures. At 950 rpm, the copolymerization catalytic
activity and the peak reaction exotherm exceeded
those in homopolymerization where Ind2ZrCl2
showed a little higher activity than that of
Et(Ind)2ZrCl2. The converse was the influence of
the zirconocene structural variation on the reac-
tion exotherm.

At 450 rpm, Et(Ind)2ZrCl2 showed higher copo-
lymerization activity than did Ind2ZrCl2. This
finding matches what Chien and He28 observed
with the isothermal copolymerization of ethylene
and propylene catalyzed by Et(H4Ind)2ZrCl2 and
Ind2ZrCl2. Note that the common characteristics
of the comonomers hexene-1 and propylene are
structurally prochiral.

Figure 3 shows that all the polymerization
runs proceeded without an induction period. Each
reaction exotherm profile was of a decay type
having the following characteristics:

(i) Buildup or acceleration period during
which the polymerization rate increased
until it reached a maximum;

(ii) Decay period during which the polymer-
ization rate decreased after reaching the
maximum value; and

(iii) The catalytically active zirconocenium cat-
ion was generated during the buildup or
acceleration period, whereas during the
decay period, the opposite happened, re-
ducing the activity.

Given the same impeller speed, the reaction
exotherm profiles of the copolymerization runs
were above those of the corresponding homopoly-
merization ones. This evidences that a positive
comonomer effect occurred during the reaction
period. The run-time-dependent average catalyst
activities also support this finding (see Table I).
Various reasons that have been proposed to ex-
plain this comonomer effect are available else-
where.29,30

The reaction exotherm profiles also demon-
strate the catalytic systems’ stability which may
be qualitatively approximated by the difference
between the maximum and the terminal reaction
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exotherm values. The greater is the difference,
the less stable is the catalyst. Based on this cri-
terion, the unbridged Ind2ZrCl2 turned out to be
stabler than the bridged Et(Ind)2ZrCl2, indepen-
dent of the polymerization type and the impeller
speed. Note that the reaction exotherm profiles
represent a qualitative equivalence of the poly-
merization kinetic profiles which also show the
catalytic stability. Additionally, the reaction exo-
therm profiles traced the polymerization history
and the associated thermal perturbations. The
following text summarizes the thermal properties
of the synthesized polymers.

The weight- and number-average solution crys-
tallization temperatures (Tw and Tn) of the copoly-
mers, like the corresponding polymer peak melt-
ing temperatures, were below those of the ethyl-
ene homopolymers which are essentially linear.
Therefore, the side-chain branching, resulting
from the incorporation of hexene-1, affected the
solid-state melting and solution crystallization in
a similar fashion. The effect of side-chain branch-
ing on the ratio of T : Tn revealed the following:
For the homopolymers, Tw : Tn , 1, whereas for
the copolymers, Tw : Tn . 1. The peak melting
temperature and the density of the copolymers
were lower than those of the homopolymers.

Table II shows that incorporation of hexene-1

Figure 3 Effect of zirconocene structures and impel-
ler speed on reaction exotherm profiles. H1: 950 rpm,
Ind2ZrCl2; H2: 950 rpm, Et(Ind)2ZrCl2; C1: 450 rpm,
Ind2ZrCl2; C2: 950 rpm, Ind2ZrCl2; C3: 450 rpm,
Et(Ind)2ZrCl2; and C4: 950 rpm, Et(Ind)2ZrCl2.
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affected the microstructure of the synthesized
polymers in terms of change in (a) molecular
weight (polymer backbone length), (b) side-chain
branching (crystallinity), and (c) soluble fraction.
What follows categorically describes these micro-
structural changes as well as the resulting com-
position distributions.

The weight- and number-average molecular
weights of the copolymers dramatically de-
creased, irrespective of the variation of the zir-
conocene structures and the impeller speed. Here,
Et(Ind)2ZrCl2 produced higher molecular weight
polymers than did Ind2ZrCl2. However, with the
homopolymers, the unbridged versus bridged
(achirality versus chirality) structural effect of
the zirconocenes on the molecular weight was the
opposite; Ind2ZrCl2 synthesized higher molecular
weight polymers than did Et(Ind)2ZrCl2. These
results conform to what Lehtinen and Löfgren31

found with the isothermal (a) homopolymeriza-
tion of ethylene using the same zirconocenes and
(b) copolymerization of ethylene with propylene
by Cp2ZrCl2 and Et(Ind)2ZrCl2.

The molecular weight was found to be in-
versely related to the corresponding run time-
dependent average catalyst activity (see Tables I
and II). Note that metallocene-catalyzed isother-
mal polymerization also shows the same inverse
relation between molecular weight and activity.32

In the above polymerization runs, the chain-
transfer rate increased over the propagation rate
which decreased the molecular weight.33 The
causes of the increased chain transfer rate may be
summarized as follows.

(i) In homopolymerization, the C2 symmetric
chirality of Et(Ind)2ZrCl2 enhanced the
termination rate due to the b-H elimina-
tion rate over that of Ind2ZrCl2.

(ii) In copolymerization, apart from b-H elim-
ination, hexene-1 acted as a chain-transfer
agent34 or (b) an additional chain-transfer
mechanism competed with the b-H elimi-
nation.28 A possible mechanism is the
s-bond metathesis reaction of the propa-
gating species with ethylene, which is
shown below:

Zr—CH2—CH2—P 1 C2H43

Zr—CHACH2 1 PC2H5 (4)

~P 5 growing copolymer chain!

Zr—CHACH2 1 nC2H43

Zr—~CH2!2n—CHACH2 (5)

(iii) In copolymerization, the C2 symmetric
chirality of Et(Ind)2ZrCl2 so affected the
b-H elimination, chain transfer by hex-
ene-1, and the s-bond metathesis reaction
that the resultant termination rate was
lower than that of Ind2ZrCl2.

The polydispersity indices listed in Table II
illustrate that the nonisothermal operation pro-
duced broader molecular weight polymers than
what an isothermal operation usually does (2
# polydispersity index # 3).32 At 950 rpm, the
variation in the zirconocene structure did not in-
fluence the polydispersity indices of the resulting
copolymers. By contrast, in homopolymerization,
Ind2ZrCl2, unlike Et(Ind)2ZrCl2, resisted the
broadening of the molecular weight distribution
(polydispersity index ' 2.4, Table II). The reason
is that Ind2ZrCl2 was stabler than was
Et(Ind)2ZrCl2 during the course of polymerization
(see curves H1 and H2 of Fig. 3). The reverse was
the effect of the structural variation of the zir-
conocenes on the copolymer polydispersity index
obtained at 450 rpm. Broadening the polydisper-
sity index means the presence of substantially
high molecular weight components, which will
effectively prevent intimate mixing with additive
masterbatches and other polymers on a molecular

Figure 4 Effect of zirconocene structures and impel-
ler speed on molecular weight distributions profiles.
H1: 950 rpm, Ind2ZrCl2; H2: 950 rpm, Et(Ind)2ZrCl2;
C1: 450 rpm, Ind2ZrCl2; C2: 950 rpm, Ind2ZrCl2; C3:
450 rpm, Et(Ind)2ZrCl2; and C4: 950 rpm,
Et(Ind)2ZrCl2.
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level. This will eventually cause processing prob-
lems.

Figure 4 compares the differential molecular
weight distributions of the experimental poly-
mers. For both the zirconocenes, the peak molec-
ular weights and the molecular weight distribu-
tions of the resulting copolymers did not signifi-
cantly vary with increase of the impeller speed
from 450 to 950. This occurred despite variation
of the reaction exotherm profiles, that is, the poly-
merization history from one run to other (see Fig.
3). However, the peak molecular weight fractions,
in each case, slightly dropped with increase in the
impeller speed. Et(Ind)2ZrCl2 produced more
higher-weight copolymer backbones than did
Ind2ZrCl2. In homopolymerization, the effect of
the zirconocene structural variation on the poly-
mer backbones was reversed, that is, Ind2ZrCl2
produced more higher-weight polymer backbones
than did Et(Ind)2ZrCl2. The overall variation in
the polydispersity indices (see Table II) and the
molecular weight distributions (see Fig. 4) may be
attributed to the varying degrees of the chain-
termination rate due to b-H elimination, chain
transfer by hexene-1, and the s-bond metathesis
reaction.

The side-chain branching in the copolymer back-
bone, resulting from hexene-1 incorporation, varied
more with the variation of the zirconocene structure
than with the impeller speed. Et(Ind)2ZrCl2 incor-
porated more butyl side chains than did Ind2ZrCl2.
Consequently, the Et(Ind)2ZrCl2-based copolymers
had a higher hexene-1 content and less crystallinity
and density (see Tables I and II) than did the
Ind2ZrCl2-based ones. Uozumi and Soga35 observed
the same in the isothermal copolymerization of eth-
ylene and hexene-1 catalyzed by Et(H4Ind)2ZrCl2
and Cp2ZrCl2 in the presence of the MAO cocata-
lyst; Et(H4Ind)2ZrCl2 incorporated more hexene-1
than did Cp2ZrCl2. Also, Et(Ind)2ZrCl2 incorporated
more propylene than did Ind2ZrCl2 in the copoly-
merization of ethylene with propylene.28,31

All the above studies, including the current
one, show that a C2n symmetric, chiral (bridged)
structure incorporates the comonomer more than
did the C2n symmetric, achiral (unbridged) one.
This can be explained as follows: In each of these
published studies, the calculated reactivity ratios
show that for the bridged zirconocene the reactiv-
ity of ethylene toward the comonomer and vice
versa exceeded those of ethylene and the comono-
mer toward themselves. This means that con-
straining the rear edge of Ind2ZrCl2 with the Et
bridge widened the catalytic site for the incorpo-

ration of the hexene-1 comonomer in the copoly-
mer backbone.

The above effect of the constrained geometry
due to the Et bridge was also reflected in the
resulting soluble fractions. Et(Ind)2ZrCl2 pro-
duced more soluble fractions (mainly highly
branched materials) at 450 rpm (13.7%) than at
950 rpm (6.6%), whereas for Ind2ZrCl2, the oppo-
site was the finding. This explains the importance
of optimizing the mixing condition with respect to
the polymer properties. The current soluble frac-
tion values are higher than that (; 1%) reported
for an isothermal metallocene-catalyzed ethyl-
ene–octene-1 copolymer.36 The production of the
above high soluble fraction is also evident in the
corresponding DSC thermogram (see Fig. 5). The
segregated, bimodal DSC thermogram implies
that the resulting copolymer will melt at varying
temperatures, causing processing inhomogeneity.

Figure 6 shows how the zirconocene structure
and the mixing level influenced the copolymer
composition distribution measured qualitatively
by the CRYSTAF technique. Under the experi-
mental polymerization conditions, increasing the
impleller speed from 450 to 950 rpm did not sig-
nificantly change the composition distributions
generated by the unbridged Ind2ZrCl2. The com-
position distributions (see curves C1 and C2 of
Fig. 6) remained almost as broad as before despite
variation of the interrun reaction exotherm pro-
files (see curves C1 and C2 of Fig. 3). However,
each of these exotherm profiles remained fairly
steady, which explains why the corresponding
composition distributions did not significantly
change.

Figure 5 DSC thermogram of the copolymer sample
resulting from Run C3.
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With the bridged Et(Ind)2ZrCl2, on the con-
trary, an increase in the impeller speed converted
a long-tailed, monomodal composition distribu-
tion into a segregated, multimodal one (compare
curve C3 with curve C4 in Fig. 6). Consequently,
the performance and application of the Ind2ZrCl2-
based copolymers will differ from those of the
Et(Ind)2ZrCl2-based ones. Better end uses, espe-
cially food packaging, require a minimum level of
a soluble fraction in the synthesized copolymers.
Note that the average copolymer composition, ex-
pressed in terms of chain branching and average
hexene-1 content (see Table II), does not reflect
these microstructural composition changes.

The above multimodality physically represents
preferential incorporation of hexene-1 into the
main polymer chain. A comparison of the compo-
sition distributions generated by Ind2ZrCl2 and
Et(Ind)2ZrCl2 also reflects that the former pro-
duced less chain branching than did the latter.
The density and average chain branching values
(see Tables I and II) support this finding.

CONCLUSIONS

Based on the results of the current study, we
conclude the following:

● Nonisothermal, uncontrolled polymerization
conducted in varying mixing regimes can il-
lustrate the influence of a number of impor-
tant process development factors such as

mixing, reaction exotherm, kinetic stability
of the experimental metallocenes, and ther-
mal perturbations on the catalytic activity,
polymerization performance, and the proper-
ties of the resulting polymers.

● The reaction exotherm profiles, resulting
from the metallocene-catalyzed ethylene ho-
mo- and copolymerization, traced the poly-
merization history. On a qualitative basis,
they represented the kinetic profile and the
catalytic stability. The unbridged Ind2ZrCl2
was shown to be kinetically more stable than
the bridged Et(Ind)2ZrCl2.

● With the change in the level of stirring from
a diffusion-controlled regime to a nondiffu-
sion-controlled, external gas–liquid mass-
transfer resistance-free one, the following
occurred: More thermal perturbation was in-
troduced; the reaction exotherm and the run-
time-averagd catalytic activity increased.
Et(Ind)2ZrCl2 produced a segregated, multi-
modal copolymer composition distribution, il-
lustrating preferential incorporation of hex-
ene-1 into the main polymer chain, whereas
Ind2ZrCl2 did not significantly influence the
same. Et(Ind)2ZrCl2 produced more soluble
fractions; however, the opposite was the find-
ing with Ind2ZrCl2. The peak copolymer mo-
lecular weights and the molecular weight
distributions were not significantly altered
but the peak molecular weight fractions
dropped.

● Unlike the copolymer composition distribu-
tion and soluble fraction, diffusion-controlled
and nondiffusion-controlled, external gas–
liquid mass-transfer resistance-free regimes
of mixing did not significantly affect, the bulk
polymer properties such as density, percent
crystallinity, average chain branching, and
average copolymer composition.

● The peak melting temperatures and the
weight- and number-average solution crys-
tallization temperatures (Tw and Tn, respec-
tively) of the copolymers were higher than
those of the homopolymers. The reverse was
observed with the ratio of Tw : Tn.

● The structural variation (bridged versus un-
bridged) of the zirconocenes so affected the
polymerization that at 950 rpm Ind2ZrCl2
and Et(Ind)2ZrCl2 showed a comparable co-
polymerization catalyst activity; however, at
450 rpm, the reverse was observed.
Et(Ind)2ZrCl2 produced higher molecular

Figure 6 Effect of zirconocene structures and impel-
ler speed on copolymer composition distributions. C1:
450 rpm, Ind2ZrCl2; C2: 950 rpm, Ind2ZrCl2; C3: 450
rpm, Et(Ind)2ZrCl2; and C4: 950 rpm, Et(Ind)2ZrCl2.
H1 (950 rpm, Ind2ZrCl2) is plotted as a reference.
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weight backbones, incorporated more hex-
ene-1 and chain branching, and introduced
less crystallinity in the resulting copolymers
than did Ind2ZrCl2. The influence of
Ind2ZrCl2 on higher-weight homopolymer
backbones was the opposite of that of
Et(Ind)2ZrCl2.

● The polydispersity indices expanded with in-
crease in the thermal perturbations.

● Incorporation of hexene-1 significantly de-
creased the average molecular weights and
density and increased the run-time-depen-
dent average catalyst activity. A positive
comonomer effect occurred.
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