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ABSTRACT: A kinetic model based on the coordination-insertion mechanism was developed to characterize
metallocene-catalyzed propylene polymerization using two different catalyst systems:rac-Et(Ind)2ZrCl2/MAO
(I /MAO) and rac-Et(4,7-Me2-1-Ind)2ZrCl2/MAO (II /MAO). Slurry propylene polymerizations were performed
in a semibatch reactor at 40°C to investigate the effects of propylene partial pressure and MAO/Zr ratio. The
kinetic model accounts for the formation of regioirregularities, the occurrence of chain transfer to trimethylaluminum
(TMA), andâ-hydride chain transfer to both monomer and metal to predict the effects of propylene partial pressure
and the MAO concentration on polymer molecular weight and the formation of isobutyl end groups. A systematic
optimization strategy was applied to estimate the kinetic parameters from on-line measurements of the reaction
rate and end-of-batch measurements of the molecular weights and percentages of end groups. The formation of
2,1-insertions was more frequent for catalystII /MAO (ks ) 97.4 L mol-1 s-1 vs ks ) 49.4 L mol-1 s-1 for
I /MAO). The Mw of polymer produced withI /MAO decreased at low pressures due to the high rate of
monomolecularâ-hydride transfer to the metal (kH ) 26.5 s-1). Chain transfer to TMA was more significant
with the catalystII /MAO (kAl ) 5.46× 10+3 L mol-1 s-1 vs kAl ) 1.97× 10+3 L mol-1 s-1 for I /MAO).

Introduction

The ability to control regio- and stereochemistry, and
comonomer content and distribution are some of the important
advantages that metallocene catalysts afford in the polymeri-
zation of olefins. The development of new catalyst structures
and the control over reaction conditions allow the production
of polyolefins with tailored properties.1-5 Accurate modeling
of the coordination/insertion polymerization of olefins with
metallocene catalysts is essential to understanding the effect of
process conditions on polymer properties.6-11 In the slurry
polymerization of olefins using homogeneous metallocene
catalysts, the most important reaction conditions are temperature,
pressure and cocatalyst content.

The most commonly used cocatalyst for the metallocene-
catalyzed production of polyolefins is methylaluminoxane
(MAO).12,13 The formation of an alkylated activated complex
from metallocene molecules and MAO results from an equi-
librium reaction. Thus, increasing amounts of MAO will produce
a higher concentration of activated complex, thereby increasing
polymerization activity.14,15 The amount of MAO used at an
industrial scale is restricted by its high cost, which represents
an economic disadvantage compared to Ziegler-Natta catalysts.
Residual trimethylaluminum (TMA) present in the MAO
solution acts as a chain transfer agent, which decreases the
polymer molecular weight if chain transfer to TMA becomes
competitive with propagation. Thus, the concentration of MAO
affects both the polymerization rate and the molecular weight
of the polymer produced.

The effect of chain transfer to trialkylaluminum compounds
on molecular weight of isotactic polypropylene (iPP) depends
on the catalyst system and reaction conditions.15-18 For the

benchmark catalyst systemrac-ethylenebis(indenyl)zirconium
dichloride/MAO (I /MAO), significant chain transfer to alumi-
num was detected when AlEt3 combined with Ph3CB(C6F5)4

was used as cocatalyst.17 The conditions at which the addition
of free TMA may have a significant effect on the molecular
weight of i-PP, catalyzed byI /MAO, are yet to be explored.
Generally, the selectivity of chain transfer to aluminum is en-
hanced at low polymerization temperatures17-19 and at low pro-
pylene concentrations.15,20Polypropylene with only aluminum-
terminated chains has been produced with the highly isospecific
catalystrac-Me2Si(2-Me-4-Naph-Ind)2ZrCl2/MAO at 10°C and
1 bar of propylene pressure.19 Aluminum-terminated chains of
iPP have the potential to be valuable precursors for chain-end
functionalized polypropylenes21 and polypropylene block co-
polymers.22

Kinetic models have been developed to characterize homo-
geneous polymerization of ethylene and propylene using met-
allocene catalyst systems.6-10,23,24 Few models include chain
transfer reactions to predict the molecular weight distribution
of polymer chains.6,7,23,24Ochoteco et al.10 modeled the effect
of Al/Zr ratio on reaction rate, assuming the formation of more
active species with increasing MAO concentration. Their kinetic
model successfully predicted the reaction rate at different
Al/Zr ratios for the slurry polymerization of propylene catalyzed
by Cp2ZrCl2 at 40°C. The kinetic model developed by Huang
et al.7 was the first, and only, attempt to include the effect of
chain transfer to aluminum on molecular weight. They estimated
kinetic parameters from average values of polymerization rate
and active complex concentration, reporting a transfer rate
constant to aluminum equal to 1 L mol-1 s-1 at 40°C for the
Et(H4Ind)2ZrCl2/MAO complex.

In our previous work, we developed a kinetic model for
I /MAO to predict the effect of temperature and propylene partial
pressure on reaction rate, molecular weight distribution (MWD)
and percentages of vinylidene and butenyl end groups.25 In this
study, we have extended the applicability of the model to include
the effect of MAO/Zr molar ratio on reaction rate, MWD and
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percentage of vinylidene, butenyl and isobutyl end groups. Chain
transfer to TMA was detected experimentally and included in
the kinetic model. For the first time, a kinetic model that
accounts for the formation of regioirregularities, the occurrence
of chain transfer to TMA, andâ-hydride chain transfer to both
monomer and metal is developed and parametrized through the
application of systematic optimization techniques. We applied
the developed kinetic model to two different catalyst systems:
rac-Et(Ind)2ZrCl2/MAO (I /MAO) andrac-Et(4,7-Me2-1-Ind)2-
ZrCl2/MAO (II /MAO). The catalyst systemII /MAO26 is known
to produce iPP with high isotacticity, low molecular weight,
and high frequency of regioirregularities.

Results and Discussion

Polymerization Reactions. Experimental runs were per-
formed at 40°C in our 500 mL semibatch reactor to explore
the factors of propylene partial pressure and MAO/Zr molar
ratio using two different catalyst systems. For catalystI /MAO,
activity measured in units of kg PP/(mol Zr (M) h) increased
significantly with increasing propylene partial pressure due to
the increase in monomer concentration (Table 1). The amount
of zirconocene was adjusted to enable a measurable reaction
rate and allow for good temperature control. This adjustment
should not affect the microstructure of the polymer, since it is
commonly accepted that stereoregularity27 and molecular weight
distribution15 are independent of zirconocene concentration.
Activity was approximately constant with varying propylene
partial pressure usingII /MAO (Table 2; runs 9, 10, and 13).
Activity increased with increasing MAO/Zr ratio for both
catalysts. This fact is explained by the increasing concentration
of activated complex after the catalyst/cocatalyst equilibrium
reaction.14,15 The polymerization runs in Tables 1 and 2 were
used to estimate kinetic parameters for the two catalyst systems.
The limited data available for parameter estimation is typical

in industry where kinetic models are commonly developed from
limited semi-works and manufacturing plant data.

Application of mathematical modeling to the polymerization
mechanism requires the measurement of the concentration of
activated complex at the beginning of the reaction. A reliable
analytical method to determine such concentration is nowadays
a challenge, in part because the nature of the active complex
remains unclear. Methods such as chemical labeling28 and
quenched flow29 have been used. Using CH3OT radiolabeling,
Chien et al.14 reported that two-thirds of the catalystrac-Et-
(4,5,6,7-H4-1-Ind)2ZrCl2/MAO became active at 30°C for
MAO/Zr ratios larger than 3500 mol/mol. We have used an
indirect method to estimate the percentage of active zirconocene
for each MAO/Zr ratio at constant temperature, pressure and
zirconocene concentration. Considering that after 10 min of
reaction time, the reaction rates had reached a maximum and
the deactivation decays were not yet significant, it was assumed
that the theoretical yield after 10 min was directly proportional
to the percentage of activated complex and that 100% of the
catalyst was active at the highest MAO/Zr ratio (Table 3). We
therefore correlated the initial concentration of activated complex
with the polymer produced at the beginning of the reaction.
For the catalystI /MAO, at the commonly used MAO/Zr ratio
of 3000 mol/mol,25 60% of the zirconocene molecules were
active at 40°C. The catalyst systemII /MAO has been tradition-
ally used with lower MAO/Zr ratios.26,30We estimated that 30%
of II was active using a MAO/Zr ratio equal to 1000 mol/mol.

Polymer Microstructure and Molecular Weight. Analysis
of isotacticity, regioregularity and end group structures was
carried out using1H and13C NMR. The most significant chain
transfer reactions for each catalyst were determined by analyzing
the polymer end groups.31,32 The predominant unsaturated end
group in iPP obtained withII /MAO was 2-butenyl (Figure 1).
Thecis-conformation of the 2-butenyl end group was reaffirmed
by 13C NMR, thus indicating thatcis-2-butenyl end groups were
formed via bimolecularâ-hydride transfer to the monomer after
2,1-insertion. No presence oftrans-2-butenyl end group formed
via unimolecularâ-hydride transfer to the metal after a 2,1-
insertion was detected.30 The vinylidene end group, produced
via â-hydride transfer after primary insertion, andcis-2-butenyl
end group were the main unsaturations in iPP obtained using
I /MAO (Figure 1).25 The presence of 4-butenyl end groups was
detected in each polymer.33 Allyl end groups, formed via
â-methyl transfer,32 were detected only in iPP obtained using
II /MAO (Figure 1), due to the steric hindrance of the 4,7-
dimethyl-1-indenyl ligand.30 The internal vinylidene structure
was detected in small amounts in iPP obtained with both catalyst
systems. Internal vinylidene is not considered an end group,
because its formation does not necessarily involve a chain
transfer reaction.32,34,35

Chain transfer to TMA produced an aluminum-terminated
and an isobutyl-initiated chain. After washing the polymer with

Table 1. Polymerization Conditions and Activity for Runs with
I/MAO

runa
T

(°C)
P

(atm)
MAO/Zr
(mol/mol)

TMA/Zrb

(mol/mol)
Zr

(µmol)
[M] c

(mol/L)

activity
(kgPP/(mol
Zr[M] h))

1 40 1.0 3000 464 10.0 0.44 5101
2 40 1.5 3000 464 8.0 0.69 5954
3 40 2.5 3000 464 4.0 1.19 8631
4 40 2.5 6000 928 4.0 1.19 8558
5 40 2.5 10 000 1543 4.0 1.19 10 228
6 40 2.5 18 000 2777 4.0 1.19 10 972
7 40 3.5 3000 464 3.0 1.71 11 541
8 40 4.0 3000 464 2.0 1.97 23 000

a Polymerization conditions: CatalystI /MAO; 200 mL of toluene;
agitation speed 1250 rpm.b TMA is a residual component in MAO solution.
c Propylene concentration in toluene was calculated using the Peng-
Robinson equation of state for vapor and liquid phases in equilibrium.

Table 2. Polymerization Conditions and Activity for Runs with
II/MAO

runa
T

(°C)
P

(atm)
MAO/Zr
(mol/mol)

TMA/Zrb

(mol/mol)
Zr

(µmol)
[M] c

(mol/L)

activity
(kgPP/(mol
Zr[M] h))

9 40 1.5 1000 154 5.0 0.69 7567
10 40 2.5 1000 154 5.0 1.19 5898
11 40 2.5 8000 1234 5.0 1.19 11 003
12 40 2.5 15 000 2315 5.0 1.19 14 548
13 40 3.5 1000 154 5.0 1.71 7479

a Polymerization conditions: CatalystI /MAO; 200 mL of toluene;
agitation speed 1250 rpm.b TMA is a residual component in MAO solution.
c Propylene concentration in toluene was calculated using the Peng-
Robinson equation of state for vapor and liquid phases in equilibrium.

Table 3. Estimation of Initial Percentage of Activated Complex at
40 °C

run catalyst
MAO/Zr
(mol/mol)

yield at
10 minc (g)

active
Zr (%)

3 Ia 3000 4.8 59.5
4 Ia 6000 5.1 64.2
5 Ia 10 000 7.3 91.6
6 Ia 18 000 8.0 100.0
10 II b 1000 4.9 29.8
11 II b 8000 9.7 58.7
12 II b 15 000 16.4 100.0

a Runs at 2.5 atm, 4µmol Zr. b Runs at 2.5 atm, 5µmol Zr. c Theoretical
yield calculated as the area under the reaction ratecurve in the first 10 min.
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a methanol/HCl mixture, the aluminum-terminated chain is
protonated to an isobutyl end group.32 Figure 2 shows the
increase in intensity of isobutyl end groups, detected by13C
NMR (structure H in Figure 3), with increasing MAO/Zr ratio
using II /MAO. This result is caused by the increasing rate of
chain transfer to TMA contained in the MAO solution. The
increase in intensity of isobutyl end groups with MAO/Zr ratio
was also detected usingI /MAO. Thus, the frequency of chain
transfer to TMA was significant for both catalyst systems,
producing a decreasingMw with increasing MAO/Zr ratio
(Tables 4 and 5). The intensity ofn-butyl end groups, formed
via chain transfer to TMA after a 2,1-insertion,31,36 was not
significant (Tables 4 and 5).

Characterization of regioregularity by13C NMR confirmed
that 2,1-insertions were more frequent for catalystII rather
than I (Tables 4 and 5). The lower activity of catalystII has
been attributed to the higher frequency of secondary inser-
tions, since it has been demonstrated that rate is lowered
after a 2,1-insertion due to steric hindrance.5,20,30,37The high
amount of 2,1-insertions also explained the lower molecular
weight of the polymer produced withII /MAO, since it is
accepted that the rate ofâ-hydride transfer after a 2,1-inversion
is higher than after a primary insertion.30,38 The two types of
2,1-regioirregularities, erythro and threo,39 and 1,3-propylene
insertions were detected in the microstructure of every polymer
(Tables 4 and 5). As previously reported,15 isomerization of
secondary units to tetramethylene sequences (1,3 units) was
enhanced when monomer concentration was lowered for both
catalysts.40,41 The ratio erythro/threo remained approximately
equal with monomer concentration, and it was higher for catalyst
II than I .

The catalyst systemII /MAO was more stereospecific than
I /MAO (Tables 4 and 5).30 The higher isotacticity of cata-
lyst II has been explained by the unfavorable, steric interac-
tion between the methyl ligand in the 4′ position and the
methyl of a primary propylene coordinated with the wrong
enantioface.42 We observed higher stereospecificity with in-
creasing propylene concentration for both catalyst systems
(Tables 4 and 5). This may be due to the competing growing-
chain-end epimerization reaction.15,27,34 The mechanism pro-
posed for the chain-end epimerization34 was based on the
reversible formation of a zirconocene allyl dihydrogen com-
plex. According to this pathway, high propylene concentra-

tions would inhibit theâ-agostic hydrogen interaction and allyl
formation, thus increasing the isotacticity of the polymer pro-
duced.

The effect of MAO/Zr ratio on stereoselectivity was different
for each catalyst system. Isotacticity increased with increasing
MAO/Zr ratio usingI /MAO (Table 4). Thus, the coordination
of MAO as counterion of the activated complex appeared to
improve the stereochemical control of propylene insertion.14 The
opposite trend was detected for the most stereospecific catalyst
II /MAO (Table 5).

Kinetic Model. We recently developed a chemically based
kinetic model from experimental data for slurry propylene
polymerization usingI /MAO.25 The present study broadens the
applicability of our initial model by including chain transfer to
the metal (unimolecularâ-hydride elimination) and chain trans-
fer to TMA (Table 6). The inclusion of unimolecular chain trans-
fer to the metal was necessary to model the molecular weight
dependency on monomer concentration, which is determined
by the competition between monomolecular and bimolecular
chain transfer reactions.8,15 A constantMw with respect to
monomer concentration indicates that bimolecular chain transfer
reactions are dominant, while a linear relationship indicates that
monomolecularâ-hydride transfer to the metal is the dominant
termination reaction.20,25 The â-hydride transfer to the metal
produces a hydride activated complex (CH

/ ), which initiates a
new growing chain after reactivation.23 Chain transfer to TMA
was included to describe the influence of TMA on molecular
weight and the percentage of different end groups. A methylated
catalyst activated complex (CMe

/ ) is formed after chain transfer
to TMA.32 The reactivation of this catalyst complex was treated
as an elementary reaction different from normal catalyst
initiation because the two activated complexes are produced in
different chemical environments.

The kinetic mechanism shown in Table 6 was based on the
following assumptions: (i) the activated metallocene complexes
act as single-center catalysts; (ii) insertion of the first monomer
unit is noninstantaneous as predicted theoretically8 and
demonstrated experimentally;6,7,10,23 (iii) deactivation of the
catalyst results from unimolecular deactivation of a growing
chain; (iv) secondary insertion produces a chain with a 2,1-
inserted monomer, which can undergo further propagation or
bimolecularâ-hydride transfer to the monomer producing acis-

Figure 1. 1H NMR olefinic region (400 MHz, TCE-d2, 100°C, reference C2HDCl4 at 5.95 ppm) of iPP obtained usingI /MAO (run 6, 40°C, 2.5
atm, 18 000 MAO/Zr) andII /MAO (run 12, 40°C, 2.5 atm, 15 000 MAO/Zr). Proton numbering is as illustrated in Figure 3.
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2-butenyl end group. Formation of 4-butenyl end groups is
assumed to occur via isomerization ofcis-2-butenyl end groups
during polymerization.33 Thus, both unsaturations are considered
as butenyl end groups in the kinetic model, and (v)â-methyl
chain transfer is not included due to its low occurrence with
the studied catalysts. Allyl end groups represented less than 4%
of the total end groups usingII /MAO, while they were not
detected in iPP produced withI /MAO.

Pressure was controlled to maintain a constant monomer
concentration during the slurry polymerization. Assuming that
monomer was consumed only in the propagation reaction (long
chain approximation), the propylene flow provided a direct
measurement of reaction rate as follows:25

whereF is the propylene molar flow andV is reaction vol-
ume. The method of moments25 was applied to characterize
the MWD of the polymer chains, whereLn, Qn, andUn are the
nth order moments for the distribution of active, 2,1-inserted,

and dead chains, respectively:

Ordinary differential equations (ODEs) for zeroth-, first- and
second-order moments of the distributions were obtained from
material balances.25 The zeroth moment for dead chains was
divided into vinylidene-terminated chains (U0)V, butenyl-termi-
nated chains (U0)B and isobutyl-terminated chains (U0)I to pre-
dict the percentage of each end group. Material balances for
the catalyst activated complexes and TMA completed the set
of differential equations defining the model, as shown in Ma-
terials and Methods. The reaction rate was calculated using eq
1. The MWD of the polymer chains was characterized by num-
ber and weight-average molecular weights calculated as follows:

Herem is the molecular weight of propylene, andU0 ) (U0)V

Figure 2. 13C NMR spectra (151 MHz, TCE-d2, 120°C, reference C2HDCl4 at 74.26 ppm) of iPP obtained usingII /MAO: (a) run 10, 40°C, 2.5
atm, 1000 MAO/Zr; (b) run 12, 40°C, 2.5 atm, 15 000 MAO/Zr. Numbering is as illustrated in Figure 3.

F
V

) kpML0 (1)

Ln ) ∑
i)1

∞

inRi; Qn ) ∑
i)2

∞

inPi; Un ) ∑
i)1

∞

inDi (2)

Mn ) m
L1 + Q1 + U1

L0 + Q0 + U0
, Mw ) m

L2 + Q2 + U2

L1 + Q1 + U1
(3)
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+ (U0)B + (U0)I. The kinetic model describes the formation of
vinylidene-, butenyl-, and isobutyl-terminated chains. The
percentages of butenyl (B) and isobutyl end groups (I) relative
to the total number of end groups was calculated as follows:

Estimation of Kinetic Parameters.The kinetic rate constants
were estimated for each catalyst system at 40°C using on-line
reaction rate data and end-of-batch measurements of MWD and
the percentages of end groups. The estimation strategy involved
the decomposition of the least-squares optimization problem into
two sequential subproblems, as explained in Materials and
Methods.23,25The first subproblem was formulated to minimize
the least-squares difference between experimental and predicted
reaction rate trajectories. Runs 1, 2, 3, and 7 forI /MAO (Table
1) and runs 9, 10, and 13 forII /MAO (Table 2) were used in

Figure 3. Proton and carbon numbering used in Figures 1 and 2, based on systems used in refs 15 and 31.

Table 4. MWD and Characterization of End Groups and Regioirregularities for Runs with I/MAO

end groups and regioirregularities, per 10000 monomer units

MWDa unsaturated groups saturated groups regioirregularities

run
Mn

(g/mol)
Mw

(g/mol)
A

vinylideneb,c
B

2-butenyl
C

4-butenylb
D

allylb
E internal

vinylideneb
G

n-propyl
H

isobutyl
I

n-butyl
J 2,1

erythro
J′ 2,1
threo

K
1,3

tacticityf

(% mmmm)

1 7922 16326 4.9 3.9 0.7 n.d.d 0.4 15.7 30.9 n.d. 20.6 12.3 15.5 82.0
2 9815 21015 4.3 3.9 0.9 n.d. 0.5 12.5 17.9 n.d. 24.9 12.8 11.2 83.1
3 13895 29852 5.8 7.2 1.4 n.d. 1.3 16.4 6.1 tracee 35.7 18.6 9.9 87.7
4 12837 28436 3.1 4.9 1.2 n.d. 0.7 18.1 6.3 trace 39.4 22.3 6.9 87.5
5 12309 26759 2.5 3.8 1.1 n.d. 0.7 9.9 5.9 trace 29.9 16.0 5.7 88.3
6 10882 22959 1.9 3.3 1.1 n.d. 0.6 9.6 7.3 trace 31.1 18.1 6.3 89.3
7 17256 36031 2.4 5.1 0.9 n.d. 0.6 13.0 3.4 trace 37.4 20.1 4.4 88.2
8 18586 39936 3.7 5.7 1.5 n.d. 0.7 15.0 3.9 n.d. 41.4 23.2 4.1 87.0

a Measured by GPC.b Quantified relative to 2-butenyl multiplet in1H NMR spectra.c Sum of vinylidene and isobutenyl (F) produced from vinylidene
during polymer analysis.d n.d.: not detected.e Trace: signal under limit of detection of13C NMR, ca. 2/10 000 monomer units.f Calculated according to
ref 15, based on enantiomorphic site control model.

Table 5. MWD and Characterization of End Groups and Regioirregularities for Runs with II/MAO

end groups and regioirregularities, per 10000 monomer units

MWDa unsaturated groups saturated groups regioirregularities

run
Mn

(g/mol)
Mw

(g/mol)
A

vinylideneb,c
B

2-butenyl
C

4-butenylb
D

allylb
E internal

vinylideneb
G

n-propyl
H

isobutyl
I

n-butyl
J 2,1

erythro
J′ 2,1
threo

K
1,3

tacticityf

(% mmmm)

9 6244 12873 1.8 29.9 7.1 2.0 0.7 47.1 20.8 tracee 100.8 23.6 14.8 91.9
10 6086 12584 0.8 44.6 5.7 1.6 0.5 50.7 15.0 n.d.d 110.6 27.2 7.6 92.1
11 4032 8822 0.6 40.6 3.7 1.5 0.3 53.9 61.6 trace 108.7 26.7 13.3 91.0
12 3471 7502 0.8 43.5 7.5 1.7 0.6 62.0 109.7 n.d. 129.3 26.4 12.6 89.0
13 6316 13039 0.9 41.4 5.0 1.5 0.5 49.9 8.1 n.d. 100.2 25.7 6.8 92.6

a Measured by GPC.b Quantified relative to 2-butenyl multiplet in1H NMR spectra.c Sum of vinylidene and isobutenyl (F) produced from vinylidene
during polymer analysis.d n.d.: not detected.e Trace: signal under limit of detection of13C NMR, ca. 2/10 000 monomer units.f Calculated according to
ref 15, based on enantiomorphic site control model.

B ) 100× (U0)B

(U0)V + (U0)B + (U0)I

,

I ) 100× (U0)I

(U0)V + (U0)B + (U0)I

(4)
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the first subproblem. Reaction rate data used to estimate the
percentage of activated catalyst were not included in the
optimization. The second subproblem was formulated to mini-
mize the least-squares difference between experimental and
predicted end-of-batch data for molecular weights and the
percentages of end groups. Runs 1-7 for I /MAO and runs 9-13
for II /MAO were used in the second optimization subproblem.
A final optimization involving weighted versions of the two
least-squares objective functions was performed using the results
of the subproblems as initial parameter values. Reaction rate
and end-of-batch data from run 8 (Table 1) were used to validate
the predictive capabilities of the kinetic model.

The final values of the estimated kinetic rate constants for
each catalyst system at 40°C are shown in Table 7. As reported
in our previous study,25 the inclusion of the propagation reaction
after a 2,1-insertion neither improved the prediction of reaction
rate data nor the end-of-batch measurements. This suggests that
2,1-inserted chains produced butenyl-terminated chains via
â-hydride transfer after secondary insertion. For both catalysts,
a very large value ofksM relative toks was obtained andksp

was equal to zero. The optimal solutions also predicted fast
reactivation reactions afterâ-hydride transfer to the metal and
chain transfer to TMA. The large rate constants were necessary
to eliminate the influence of the two chain transfer reactions
on reaction rate. If the rates of reactivation were the same order
of magnitude as the initiation rate, the occurrence of chain
transfer to metal and TMA would slow the reaction rate
dramatically. Quantum mechanical studies in metallocene-
catalyzed ethylene polymerization predicted a high activation
barrier (close to 20 kcal/mol) for unimolecularâ-hydride transfer
to the metal, while the produced hydride metallocene complex

was predicted to be very unstable.4,43,44 Density functional
calculations on polyethylene chain transfer to TMA with the
catalyst Cp2ZrCl2/MAO predicted that the produced Cp2ZrMe+

cation was particularly unstable.45 The large rate constants
obtained for reactivation after chain transfer to metal (krH) and
chain transfer to TMA (krAl) relative to kH and kAl were in
accordance with these computational studies.

Effects on Reaction Rate.Model predictions of reaction rate
captured the typical behavior of experimental rate profiles for
metallocene-catalyzed polymerizations in semibatch reactors
(Figures 4-7).9,10,14,23,46The activation period was modeled by
the noninstantaneous insertion of the first monomer unit. Solu-
tion of the parameter estimation problem showed that the initia-
tion reaction was the rate-limiting step in the mechanism, as
shown by the low value ofkin (Table 7). Figures 4 and 5 show
the influence of propylene partial pressure on reaction rate for
catalystsI /MAO andII /MAO, respectively. The model captured
the increasing reaction rate with increasing pressure due to the
higher propylene concentration in solution. Also, the model
predicted more pronounced deactivation decays with increasing
monomer concentration (Figures 4 and 5).25 The catalyst system
I /MAO produced a higher reaction rate thanII /MAO at the same
conditions, as reflected by the relativekp values (Table 7).

The reaction rate increases with increasing MAO/Zr ratio for
both catalyst systems (Figures 6 and 7). Larger MAO/Zr ratios
shifted the activation equilibrium between catalyst and cocatalyst
to produce higher concentrations of activated complex at the
beginning of the reaction (C0

/). Because the model usesC0
/ as a

scaling factor for the reaction rate profiles, the influence of
MAO/Zr ratio on the deactivation decay cannot be predicted.
For both catalysts, the experimental reaction rate profiles had

Table 6. Kinetic Model

Kinetic Model

initiation C* + M 98
kin

R1

propagation Ri + M 98
kp

Ri+1

chain deactivation Ri 98
kd

Di + Cd
/

chain transfer to monomer Ri + M 98
kM

Di + R1

chain transfer to metal Ri 98
kH

CH
/ + Di

reactivation after transfer to metal CH
/ + M 98

krH
R1

secondary (2,1) insertion Ri + M 98
ks

Pi+1

propagation after 2,1-insertion Pi + M 98
ksp

Ri+1

chain transfer after 2,1-insertion Pi + M 98
ksM

Di + R1

chain transfer to TMA Ri + TMA 98
kAl

CMe
/ + Di

reactivation after transfer to TMA CMe
/ + M 98

krAl
Ri

Species
C* ) catalyst activated complex Pi ) 2,1-inserted chain with “i” monomer units
M ) monomer CH

/ ) hydride catalyst activated complex
Ri ) active chain with “i” monomer units CMe

/ ) methyl catalyst activated complex
Di ) dead chain with “i” monomer units TMA) trimethylaluminum
Cd

/ ) inactive catalyst complex

Table 7. Kinetic Rate Constants for Catalyst Systems I/MAO and II/MAO at 40 °C Estimated from Reaction Rate, MWD, and Percentage of
End Group Data

catalyst
kin (L

mol-1 s-1)
kp (L

mol-1 s-1) kd (s-1)
kM (L

mol-1 s-1) kH (s-1)
krH

a (L
mol-1 s-1)

ks (L
mol-1 s-1)

ksp (L
mol-1 s-1)

ksM
a (L

mol-1 s-1)
kAl (L

mol-1 s-1)
krAl

a (L
mol-1 s-1)

I 1.78E-05 3.76E+04 9.62E-03 1.26E+01 2.65E+01 >4.2E+03 4.94E+01 0 >6.7E+03 1.97E+03 >1.0E+03
II 6.03E-05 1.70E+04 8.06E-03 9.13E-01 4.16E-01 >4.2E+01 9.74E+01 0 >3.3E+03 5.46E+03 >7.2E+03

a Values greater than that reported changed the absolute value of the combined objective function by less than 10-3.
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more pronounced deactivation decays at large MAO/Zr ratios
(Figures 6 and 7). This result may be explained by an unmodeled
deactivation reaction involving residual TMA, since it has been
observed that the addition of free TMA decreases catalyst
activity.14 The sharp maximum in reaction rate observed in run
10 (Figure 7, 15 000 MAO/Zr) was caused by a temperature
overshoot of 2°C in the first 5 min of reaction. This run
emphasizes the importance of tight temperature control in the
measurement of polymerization kinetics.

For the validation run performed withI /MAO at the highest
propylene partial pressure (4 atm), the model exhibited sub-
stantial disagreement with the measured reaction rate (Figure
8). Experimental variability in the reaction rate measurement
was always present due to the large influence that impurities,
such as oxygen and water, had on the polymerization kinetics.
However, the large difference between predicted and experi-
mental results was more likely due to the simplified nature of
the model, which neglects the occurrence of stereodefects by
chain-end epimerization.27,34,47We detected decreasing isotac-
ticity with increasing monomer concentration, which can be
explained by epimerization (Tables 4 and 5). In a simple model
with different propagation rate constants for each epimerization
state, a propagation rate law with an exponential dependence

on propylene concentration has been generated.15,34 Thus, the
exclusion of epimerization from our model may explain the poor
prediction of reaction rate at the highest pressure. The inclusion
of the chain-end epimerization reaction in our kinetic model
would require broadening the experimental range of monomer
concentrations to be able to estimate the reactivity and stereo-
selectivity of each epimerization state as well as measurement
of the distribution of pentads.48,49Such an extension is outside
the scope of this paper.

Effects on MWD and End Groups.The agreement between
predicted and experimental results for the MWD are shown in
Table 8. TheMw for polymer produced withII /MAO was lower
than that forI /MAO (Figures 9 and 10). This result is explained
by the higher frequency of 2,1-inserted chain formation with
catalystII /MAO (ks ) 97.4 L mol-1 s-1 vs ks ) 49.4 L mol-1

s-1 for I /MAO) because the model predicted fast chain transfer
to monomer for 2,1-inserted chains. The dependency ofMw on
monomer concentration was different for each catalyst system
(Figure 9). The increasing trend for catalystI /MAO was the
result of monomolecularâ-hydride transfer to the metal (kH)
competing with bimolecular chain transfer to monomer after
primary insertion (kM) and 2,1-insertion (ksM). For II /MAO, the
rate constant for monomolecular transfer to metal was small

Figure 4. Experimental (scattered line) and predicted (solid line)
reaction rate usingI /MAO at 40 °C, 3000 MAO/Zr and four partial
pressures of propylene: 1.0, 1.5, 2.5, and 3.5 atm (runs 1, 2, 3, and 7).

Figure 5. Experimental (scattered line) and predicted (solid line)
reaction rate usingII /MAO at 40 °C, 1000 MAO/Zr and three partial
pressures of propylene: 1.5, 2.5, and 3.5 atm (runs 9, 10, and 13).

Figure 6. Experimental (scattered line) and predicted (solid line)
reaction rate usingI /MAO at 40°C, 2.5 atm and four MAO/Zr ratios:
3000, 6000, 10 000, and 18 000 mol/mol (runs 3, 4, 5, and 6).

Figure 7. Experimental (scattered line) and predicted (solid line)
reaction rate usingII /MAO at 40 °C, 2.5 atm and three MAO/Zr
ratios: 1000, 8000, and 15 000 mol/mol (runs 10, 11, and 12).
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(kH ) 0.42 s-1 vs kH ) 26.5 s-1 for I /MAO), resulting in only
a slight increase ofMw with monomer concentration due to the
predominant bimolecular transfer to the monomer after 2,1-
insertion. Both catalysts exhibited a decreasingMw with
increasing concentration of TMA contained in the MAO solution
(Figure 10). The model reproduced the measuredMw trend for

II /MAO, but overestimated the rate of transfer to TMA for
I /MAO (Figure 10). Chain transfer to TMA was more significant
for II /MAO than forI /MAO, as expressed by the relative values
of kAl (Table 7).

An interesting feature of the modeling results regards the
polymer polydispersity. The model predicted a Schulz-Flory
distribution with a polydispersity close to 2 for the majority of
runs (Table 8). However, runs 11 and 12 with a high frequency
of chain transfer to TMA showed an increasing polydispersity
due to the depletion of TMA during the batch polymerization.
The variable TMA concentration produced chains with a broader
range of molecular weights, thereby more strongly affecting
polymer MWD for II /MAO due to more significant chain
transfer to TMA. Experimental polydispersities obtained with
II /MAO were in agreement with this observation. Propylene
diffusion limitations may explain deviations from the theoretical
value of 2 for measured polydispersities withI /MAO.48

The increasing percentage of butenyl end groups with
increasing monomer concentration reaffirmed thatâ-hydride
transfer after 2,1-insertion was monomer-dependent (Figure
11).15,30As a consequence, chain transfer to TMA was enhanced
at low monomer concentrations due to the lower frequency of
chain transfer to monomer reactions.20 The percentage of
isobutyl end groups produced withII /MAO was lower than that
for I /MAO due to the lower MAO/Zr ratios used (Figure 11).
Disagreement between the experimental and predicted percent-
ages of vinylidene and isobutyl end groups was observed for
runs at low monomer concentrations usingI /MAO. This result
may be attributed to the increasing concentration of zirconocene
needed to generate measurable reaction rates with this catalyst.
This resulted in the overestimation of the transfer rate to TMA
observed for catalystI /MAO (Figures 10 and 12). The increasing
percentage of isobutyl end groups with increasing TMA
concentration was captured by the model for both catalysts
(Figure 12). Results from the kinetic model are compared to
experimental data for the percentages of end groups in Table
9. For the case of polymer produced withII /MAO, the
percentage of isobutyl-terminated chains increased to 52% and
the number-average molecular weight decreased to 3500 g/moL.
Thus, changing reaction conditions was found to be a promising
method for producing aluminum-terminated iPP. The model was
used as a purely predictive tool for the run at 4 atm of pressure
with catalystI /MAO. The model predictions for the molecular
weight and percentage of end groups were very accurate as
shown in Figures 9 and 11.

Figure 8. Experimental (scattered points) and predicted (solid line)
reaction rate usingI /MAO at 40°C, 4.0 atm, and 3000 MAO/Zr. This
experimental run was not used to estimate kinetic parameters.

Table 8. Experimental and Predicted Results for Molecular Weight
Distribution

experimentala kinetic model

run catalyst
Mn

(g/mol)
Mw

(g/mol) PDI
Mn

(g/mol)
Mw

(g/mol) PDI

1 I 7922 16 326 2.06 7196 14 333 1.99
2 I 9815 21 015 2.14 10 549 21 030 1.99
3 I 13 895 29 852 2.15 16 055 32 027 1.99
4 I 12 837 28 436 2.22 14 000 27 923 1.99
5 I 12 309 26 759 2.17 12 070 24 072 1.99
6 I 10 882 22 959 2.11 9423 18 790 1.99
7 I 17 256 36 031 2.09 18 637 37 184 2.00
8b I 18 586 39 936 2.15 19 831 39 569 2.00
9 II 6244 12 873 2.06 5833 11 564 1.98
10 II 6086 12 584 2.07 6487 12 866 1.98
11 II 4032 8822 2.19 4098 8322 2.03
12 II 3471 7502 2.16 3560 7712 2.17
13 II 6316 13 039 2.06 6787 13 462 1.98

a Measured by GPC.b Run not included in the estimation of parameters.

Figure 9. Experimental (scattered points) and predicted (solid line)
Mw vs monomer concentration withI /MAO (runs 1, 2, 3, and 7) and
II /MAO (runs 9, 10, and 13). Model prediction ([) and experimental
(]) Mw for run 8 is also shown.

Figure 10. Experimental (scattered points) and predicted (solid line)
Mw vs TMA concentration withI /MAO (runs 3, 4, 5, and 6) andII /
MAO (runs 10, 11, and 12).
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Conclusions

Monomolecularâ-hydride transfer to metal and chain transfer
to TMA reactions were added to our previously developed
kinetic model for the zirconocene-catalyzed slurry polymeri-
zation of propylene.25 For the first time, a kinetic model was
able to predict the effect of MAO/Zr ratio on reaction rate,
MWD and percentage of end groups in the metallocene-
catalyzed propylene polymerization. Following systematic es-
timation of the kinetic parameters, the kinetic model was
successfully applied to the catalyst systemsrac-Et(Ind)2ZrCl2/
MAO (I /MAO) and rac-Et(4,7-Me2-1-Ind)2ZrCl2 (II /MAO).

The model captured the effect of monomer concentration and
MAO/Zr ratio on reaction rate. The estimation of the concentra-
tion of activated complex at the beginning of the reaction
enabled the model to predict higher reaction rates with increasing

MAO/Zr ratio. However, the model was not capable of pre-
dicting the more pronounced deactivation decays at high
MAO/Zr ratios. To account for this effect, a deactivation reaction
involving residual TMA should be included in future modeling
work. Contrary to previously developed models,6-10,23our model
included a comprehensive set of chain transfer reactions that
zirconocene catalysts undergo during propylene polymerization.
This allowed the prediction of molecular weights and percent-
ages of end groups using two different catalyst complexes. The
Mw of polymer produced withII /MAO was lower than for
I /MAO. This result was modeled with the higher frequency of
2,1-inserted chains formation for the catalystII /MAO, since a
2,1-inserted chain was forced to undergo chain transfer to
monomer producing acis-2-butenyl-terminated chain. TheMw

of polymer produced withI /MAO increased with monomer
concentration. This trend was modeled with a high rate of
monomolecularâ-hydride transfer to the metal (kH ) 26.5 s-1)
for I /MAO. Chain transfer to TMA was more significant for
catalyst II /MAO (kAl ) 5.46 × 10+3 L mol-1 s-1) than for
I /MAO (kAl ) 1.97 × 10+3 L mol-1 s-1). For both catalysts,
increasing concentration of residual TMA reduced theMw of
the polymer by producing more isobutyl-terminated chains.

The optimal solution was more accurate for catalystII /MAO
compared toI /MAO. This may be due to several reasons: (i)
the same amount of catalyst was used for each run; (ii) smaller
number of runs were performed to capture the experimental
trends with propylene partial pressure and MAO/Zr ratio; (iii)
measurements of percentage of end groups by NMR were more
accurate because of the lower polymer molecular weight. The
use of the developed kinetic model as a predictive tool was
tested for the run at the highest pressure usingI /MAO. The
model accurately predicted the molecular weight and percentage
of end groups for the polymer produced. However, it did not
succeed in the prediction of the reaction rate. The inclusion of
chain-end-epimerization in a two-state model may increase the
predictive capability of reaction rate in future investigations.

The variation of polymerization conditions was proven to
effectively change theMw and the percentages of end groups
in the polymer produced. This strategy has potential application
in the production of highly isotactic, low molecular weight
polypropylene with aluminum-terminated chains, which could
be used to attach functional groups to the chain-end or in the
production of block copolymers.

Figure 11. Experimental (scattered points) and predicted (solid line)
percentages of end groups vs monomer concentration for catalyst
systemsI /MAO (runs 1, 2, 3, and 7) andII /MAO (runs 9, 10, and 13).
Model prediction ([) and experimental (]) percentages of end groups
for run 8 are also shown.

Figure 12. Experimental (scattered points) and predicted (solid line)
percentages of end groups vs TMA concentration for catalyst systems
I /MAO (runs 3, 4, 5, and 6) andII /MAO (runs 10, 11, and 12).

Table 9. Experimental and Predicted Results for Percentages of End
Groups Assuming the Formation of Only Vinylidene, Isobutyl and

Butenyl End Groups

experimentala kinetic model

run catalyst
vinylidene

(%)
butenylb

(%)
isobutylc

(%)
vinylidene

(%)
butenylb

(%)
isobutylc

(%)

1 I 19.6 18.7 61.6 32.8 22.3 44.8
2 I 23.6 26.9 49.5 33.9 32.8 33.3
3 I 33.2 49.2 17.6 35.2 50.0 14.8
4 I 25.2 49.4 25.4 30.7 43.6 25.7
5 I 24.0 47.4 28.6 26.4 37.6 36.0
6 I 18.9 44.2 36.9 20.6 29.3 50.1
7 I 23.2 59.8 17.0 33.0 58.1 8.9
8d I 28.6 56.3 15.1 32.5 61.8 5.7
9 II 3.7 75.1 21.1 1.2 78.4 20.3
10 II 1.4 85.9 12.8 1.1 87.3 11.5
11 II 0.8 58.5 40.7 0.7 54.9 44.3
12 II 0.8 47.8 51.5 0.6 47.7 51.7
13 II 1.8 90.4 7.9 1.1 91.4 7.5

a Measured by1H and13C NMR. b Sum ofcis-2-butenyl and 4-butenyl
end groups.c One-half of the isobutyl groups are end groups, since one
isobutyl-initiated and one isobutyl-terminated chains are formed in chain
transfer to TMA.d Run not included in the estimation of parameters.
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Materials and Methods

Materials. The metallocene complexrac-Et(Ind)2ZrCl2, triiso-
butylaluminum (TIBA) 1.0 M solution in toluene were purchased
from Sigma-Aldrich. The compoundrac-Et(4,7-Me2-1-Ind)2ZrCl2
was provided by Dr. Luigi Resconi (Basell Polyolefins, Ferrara,
Italy) as a mixture of 90%rac and 10% meso enantiomers.
Methylaluminoxane (MAO) 30wt % solution in toluene was donated
by Albemarle Corp. (Baton Rouge, LA). The metallocene reactants,
MAO and TIBA were used without further purification. Toluene
purchased from Sigma-Aldrich was dried over sodium and distilled.
Propylene (polymer grade, 99.95% pure) and nitrogen (prepurified
grade) were supplied by Airgas, Inc. Molecular sieves (3 Å) from
Sigma-Aldrich (St Louis, MO), Selexsorb COS (Alcoa World
Chemicals, Houston, TX) and nonactivated cuprous oxide (Engel-
hard Co., Iselin, NY) were used as adsorbents to purify the
propylene.

Semibatch Reactor.The semibatch reactor was an Autoclave
Engineers 500 mL ZipperClave. Propylene flow was measured by
a Sierra Instruments Side Track 840 Series mass flow controller
(0-5000 cm3/min of air at 70°F and 1 atm). A magnetically driven
45°-pitched 4-blade turbine with a maximum speed of 3000 rpm
mixed the reactor medium. Pressure, gas flow and agitator speed
were automatically controlled using a National Instruments Lab-
View software Virtual Instrument, interfaced to a Koyo model 250
Programmable Logic Controller with a 205 model CPU to handle
all analog/digital inputs and outputs.

A Julabo FP50 MV Heating/Cooling System was used as a
thermostatic bath with Thermal H5S fluid as heat transfer medium
(-20 to +120 °C). The reactor temperature was monitored using
a K-type thermocouple and regulated using a cascade control
structure. The primary regulator was coded in the computer interface
(LabView 5.1) as a proportional-integral-derivative (PID) controller
cascaded to the secondary PID controller available in the Julabo
FP50 MV. The primary controller computed a set point signal for
the secondary controller by comparing the reactor temperature with
its set point. The secondary controlled regulated the oil temperature
in the Julabo FP50 MV by manipulating the heat supply of the
bath. A dynamic simulation of the cascade control system and the
reactor energy balance developed in Simulink (Mathworks, Natick,
MA) was used to find the best set of PID tuning parameters for
the primary controller. In a typical reaction, the temperature set
point was set 1.5°C below the target temperature at time zero to
avoid overshoot in the reactor temperature at the beginning of the
reaction. A logic circuit was implemented to switch the temperature
set point to 40°C when the heat of reaction raised the reactor
temperature above 40°C. This control strategy allowed the reactor
to maintain the temperature within(1 °C of the target value during
most polymerizations. An exception was run 12, where the higher
catalyst activity raised the temperature to 42°C at the beginning
of the reaction.

Polymerization Procedure.The day before a typical polymer-
ization reaction, the reactor was heated to 80°C while a flow of
prepurified nitrogen (2500 cm3/min) was purged for 2 h toremove
water and oxygen. The reactor was subject to a pressure test at
room-temperature overnight to check for leaks. The day of the
reaction, the reactor was loaded with 200 mL of toluene and 0.6
mL of 1.0 M triisobutyl aluminum (TIBA), which acted as a
scavenger. The system was heated to the desired temperature and
the toluene was saturated with propylene at the desired pressure
while the reactor was stirred at 1250 rpm. The reaction was started
with the injection of the catalyst/MAO mixture, which had been
premixing for 30 min in dry atmosphere to ensure that the contacted
catalyst was in form of active species.10 Temperature was generi-
cally controlled to be at the set point within(1 °C during
polymerization. The reaction was finished by stopping the monomer
gas flow, injecting 10 mL of methanol and degassing the reactor.
The product was washed overnight with a methanol/hydrochloric
acid mixture (10:1% vol.) and dried under vacuum for 12 h. The
percentage of solids at the end of the runs never exceeded 19%,
minimizing monomer diffusion limitations.

Characterization Methods. The molecular weight distribution
of the polypropylenes was measured by gel permeation chroma-
tography as previously published.25 Polymer end groups were
analyzed by high temperature1H and13C NMR spectroscopy.1H
NMR analysis was performed using a Bruker AVANCE 400 NMR
spectrometer at 100°C and 1,1,2,2-tetrachloroethane-d2 as solvent.25

A Bruker AVANCE D600 FT NMR spectrometer operating at 151
MHz and 120°C was used to perform13C NMR analysis. Samples
were prepared in a 10 mm probe dissolving 350 mg of polymer in
2 mL of 1,1,2,2-tetrachloroethane-d2. Instrument conditions were
as follows: pulse angle, 90°; acquisition time, 1.5 s; delay time,
6.5 s; spectral width, 31 746 Hz; number of scans, 1200.

Kinetic Model Equations. The ordinary differential equations
for zeroth-, first- and second-order moments of the distribution of
active, 2,1-inserted, and dead chains are

where k′ ) kM. Material balances for the catalyst activated
complexes and TMA are

The kinetic model composed of eqs 5-19 was solved numerically
using the following initial conditions:L0 ) L1 ) L2 ) 0; Q0 ) Q1

) Q2 ) 0; U0 ) U1 ) U2 ) 0; C* ) C0
/; TMA ) TMA0 andCH

/ )
CMe

/ ) 0.

dL0

dt
) k′inC* - (kd + kH + k′s + kAlTMA)L0 +

(k′sp + k′sM)Q0 + k′rHCH
/ + k′rAlCMe

/ (5)

dL1

dt
) k′inC* + k′pL0 - (kd + kH + k′s + kAlTMA)L1 +

k′M(L0 - L1) + k′sp(Q0 + Q1) + k′sMQ0 + k′rHCH
/ + k′rAlCMe

/ (6)

dL2

dt
) k′inC* + k′p(L0 + 2L1) - (kd + kH + k′s + kAlTMA)L2 +

k′M(L0 - L2) + k′sp(Q0 + 2Q1 + Q2) + k′sMQ0 + k′rHCH
/ + k′rAlCMe

/

(7)

dQ0

dt
) k′sL0 - (k′sp + k′sM)Q0 (8)

dQ1

dt
) k′s(L0 + L1) - (k′sp + k′sM)Q1 (9)

dQ2

dt
) k′s(L0 + 2L1 + L2) - (k′sp + k′sM)Q2 (10)

d(U0)V

dt
) (kd + kH + k′M)L0 (11)

d(U0)B

dt
) k′sMQ0 (12)

d(U0)I

dt
) kAlTMAL0 (13)

dU1

dt
) (kd + kH + k′M + kAlTMA)L1 + k′sMQ1 (14)

dU2

dt
) (kd + kH + k′M + kAlTMA)L2 + k′sMQ2 (15)

dC*
dt

) -k′inC* (16)

dCH
/

dt
) kHL0 - k′rHCH

/ (17)

dTMA
dt

) -kAlTMAL0 (18)

dCMe
/

dt
) kAlTMAL0 - k′rAlCMe

/ (19)
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Parameter Estimation Procedure.Estimation of the kinetic
parameters was performed by decomposing the full optimization
problem into two sequential subproblems. Each catalyst system was
treated separately to generate a unique set of kinetic rate constants.
The reaction rate was assumed to be mainly affected by the
initiation, propagation and deactivation reactions. Thus,kin, kp, and
kd were estimated from reaction rate data by minimizing the
following least-squares objective function:

wherepi(tj) represents the measured polymerization rate at timetj
for run i, the “∧” denotes a predicted value obtained from the kinetic
model,Nj is the total number of data points for theith run, andNi

is the total number of runs. The kinetic parametersθ1 ) {kin,kp,kd}
served as decision variables in the first optimization subproblem,
while the remaining kinetic rate constants were set to reasonable
values.

In the second subproblem, kinetic rate constants for chain
transfer, reactivation and the formation and propagation of 2,1-
inserted chains were estimated from molecular weight data and
measurements of butenyl (B) and isobutyl end group (I) percentages
by minimizing the following least-squares objective function:

wheret f
i is the final time for theith experiment. The kinetic rate

constantsθ2 ) {kM,kH,krH,ks,ksp,ksM,kAl,krAl} served as decision
variables, while the first set of kinetic parameters (θ1) were fixed
at their previously estimated values.

The parametersθ2 had some effect on reaction rate andθ1

affected both MWD and the percentages of end groups. Therefore,
the final step in the optimization procedure was to combine both
objective functions 20 and 21 to perform a one-step optimization
for all the kinetic parameters. Kinetic parameter values obtained
from the previous subproblems were used as the initial guess.
Weighting factors were used to scale the absolute value of the two
objective functions. The resulting optimization problem was solved
by temporally discretizing the kinetic model in eqs 5-19 using
orthogonal collocation on finite elements.50 The mathematical
programming language AMPL (AMPL Optimization LLC, Albu-
querque, NM) and the nonlinear solver CONOPT (ARKI Consulting
& Development A/S, Bagsvaerd, Denmark) were used to minimize
the objective functions with the kinetic model equations posed as
equality constraints.51
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