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ABSTRACT: Ethene polymerization in toluene has been studied in the temperature range —7 to +97
°C and pressure range 0.28 to 9 bar, using two different L,ZrCl,/methylaluminoxane (MAO) catalyst
systems. With bis(cyclopentadienyl)zirconium dichloride (Cp.ZrCl,, L = Cp), the average activity over 1
h increases with temperature between 10 and 97 °C. With bis(pentamethylcyclopentadienyl)zirconium
dichloride (Cp*.ZrCl,, L = Cp*), a maximum average activity over 1 h is observed at 45 °C. If propagation
and deactivation effects are separated through kinetic modeling, the activity corresponding to chain
propagation is found to increase in the whole temperature range for both catalysts. The molecular weight
is higher with L = Cp* than with L = Cp below 80 °C. Above 80 °C, the opposite is observed. With L
= Cp*, the molecular weight increases with increasing ethene pressure up to about 2 bar, where it levels
off. With L = Cp, the molecular weight is independent of pressure between 0.28 and 9 bar. The ratio
between vinyl and trans-vinylene unsaturation is approximately 6:1 with L = Cp and 1:1 with L = Cp*,
both slightly increasing with increasing ethene pressure. As the temperature is increased, the relative
vinyl content decreases with L = Cp and increases with L = Cp*. On the basis of density-functional
calculations, we present a reaction scheme consistent with most of the experimental results. This reaction
scheme, in which different agostic interactions play a crucial role, assumes a Cossee-like mechanism for
chain propagation, chain termination via hydrogen transfer to a coordinated monomer (for both catalysts)
or to the metal (for L = Cp*), and chain isomerization via partial hydrogen transfer to the metal, relative
rotation of the olefin and the hydride, and reinsertion of the coordinated olefin. The calculated activation
energy for propagation is 25—35 kJ/mol for L = Cp*, in fair agreement with the experimental value of 17
kJd/mol. For L = Cp, we calculate an activation energy of 10—20 kJ/mol, whereas the experimentally
derived value is 61 kJ/mol. The poor agreement for L = Cp may indicate that the polymerization is
influenced by the surrounding solvent and MAO. The calculated difference in activation energy between
chain propagation and termination is larger for L = Cp* than for L = Cp, in qualitative agreement with
the stronger temperature dependence of the molecular weight observed with L = Cp*. Chain isomerization
is found to be easier, relative to termination, with L = Cp* than with L = Cp. This may account for the

large amount of trans-vinylene unsaturation observed when Cp*,ZrCl; is used as catalyst.

1. Introduction

Metallocene catalysts have attracted considerable
interest over the last years, due to their excellent
properties in polymerizing a-olefins like ethene and
propene. In particular, they are characterized by their
high activity and the ability to produce a polymer with
high molecular weight and a narrow molecular-weight
distribution. A number of review articles have appeared
lately,1=5 reflecting the intensity of research in this field.

The large amount of experimental and theoretical
work on metallocene catalysis has led to substantial
insight into the reaction mechanisms that influence the
polymerization process and the polymer properties. For
chain propagation, most of the studies reported®-10
support a Cossee-like mechanism.! Studies on chain
termination!2-25 suggest that it occurs by elimination
of a -hydrogen, by transfer to either the metal or to a
coordinated monomer. Recent experimental results on
ethene polymerization catalyzed by Cp,ZrCIl,/MAO
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[Cp = CsHs, cyclopentadienyl; MAO = methylalumi-
noxane] suggest that transfer to monomer dominates
in this system.!® This conclusion is supported by
others,’®25 but different results have also been re-
ported.?® Isomerization has been identified as an im-
portant mechanism in order to explain stereoirregular-
ities and misinsertions during polymerization of propene,
e.g., 1—-3 insertion.26-31 Theoretical calculations3? have
verified the possibility of a proposed isomerization path
that involves a relative rotation of the alkyl chain and
the ligand framework.#2% Recently, isomerization was
suggested to occur also during polymerization of ethene
with szZFClz/MAO.lg

In an attempt to address how the metallocene ligands
affect the mechanisms of propagation, termination, and
isomerization, we have performed an extensive com-
parative study of the two catalysts L,ZrCl,, with L =
Cp and L = Cp* [Cp* = MesCs, pentamethylcyclopen-
tadienyl]. The aim of this work is to quantify experi-
mentally the differences between the two systems and
to compare these results with differences revealed by
guantum chemical modeling. A close correlation be-
tween theoretical results and results of carefully per-
formed experimental studies will constitute a strong
foundation for explanations of the processes involved.
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Scheme 1. Subsequent Insertions to y-Agostic Structures

@

4

@Z’Q% ﬂg@ a@@f!@?@f

ntM "M (m)

Yn+1

Scheme 2. Rotation between y- and f-Agostic Conformation
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Scheme 3. Frontside Insertion to f-Agostic Structure
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Scheme 4. Backside Insertion to f-Agostic Structure
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Results in the literature33-35 indicate that the catalyst
with L = Cp* is less active than with L = Cp during
ethene polymerization, and the molecular weight of the
polyethene produced has been reported to be both
higher3* and lower3® with L = Cp* than with L = Cp.
Further, since chain isomerization is believed to proceed
via a rotation reaction (see Scheme 7 below), one might
expect this process to be hindered by the bulky and
sterically demanding Cp* ligands. As will be discussed
later, statements like these need to be elaborated in
more detail.

Due to the high complexity of these systems, a
number of different reaction mechanisms are conceiv-
able. Thus, it is not possible to explore all possibilities
with reaction-pathway modeling. We have selected a
set of mechanisms that we believe is necessary to
account for the experimental observations. With density-
functional calculations, we have tried to assess the
relative importance of the different mechanisms for the
L = Cp and L = Cp* catalysts. The key reaction steps
involved are as follows:

Chain propagation proceeds mainly according to a
Cossee-like mechanism, with insertion to a y-agostic
structure (Scheme 1). The insertion goes via an o-ago-
stic 7-complex and a four-center transition state (TS)
to a product which is again y-agostic. The alkyl chain
may rotate from a y-agostic to a f-agostic conforma-
tion%17 (Scheme 2). Monomer approach to a -agostic

g — &Y

TS Bn+1

structure may also result in chain propagation.’> The
alternative mechanisms then are frontside insertion via
a rotation from a f-agostic to an a-agostic w-complex
(Scheme 3) or backside insertion to a d-agostic product
(Scheme 4).

Chain termination typically starts from a g-agostic
structure. The termination step may then take place
via transfer of a f-hydrogen to a coordinated monomer
(Scheme 5) or to the metal center (Scheme 6, -hydride
elimination).

Chain isomerization starts with partial transfer of Hg
to the metal, i.e., partial 5-hydride elimination, followed
by a relative rotation of the coordinated olefin and the
metallocene hydride. Transfer of the hydrogen back to
the olefin completes the isomerization and results in a
structure with one primary and one secondary j-carbon
(Scheme 7).

Based on the quantum-mechanically derived energet-
ics of the various reaction steps with L = Cp and L =
Cp*, we will argue that these mechanisms are indeed
relevant to the ethene polymerization experiments.

The rest of the paper is organized as follows. In the
next sections we include some experimental (section 2)
and computational (section 3) details. In sections 4 and
5, we present our experimental and theoretical results.
Conclusions, based on a comparison between experiment
and theory, are drawn in section 6. Additional figures
and tables are available as Supporting Information.
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Scheme 5. Termination by Transfer of Hg to Coordinated Monomer
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Scheme 6. Termination by Transfer of Hg to the Metal
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Scheme 7. Reaction Path for Alkyl Chain Isomerization
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Figure 1. Sketch of the polymerization reactor and the
connected electronic units: (1) stirrer, (2) Pt—100 thermoele-
ment, (3) water jacket, (4) reactor, (5) connection to motor for
stirring (Motor not shown for clarity), (6) mass flow meter, (7)
pressure controller, (8) pressure meter, (9) valve for evacua-
tion.

2. Experimental details

2.1. Apparatus. A sketch of the experimental setup is
given in Figure 1. The pressure was kept constant within 0.05
bar by an electronic pressure controller. Monomer flow,
pressure, and reactor temperature were logged at a rate of 12
Hz and an average per second was written to a computer file.

2.2. Chemicals. Bis(cyclopentadienyl)zirconium dichloride
(Cp2ZrCly) and bis(pentamethylcyclopentadienyl)zirconium
dichloride (Cp*,ZrCl,) from Boulder Scientific Co., 10 wt %
methylaluminoxane (4.6% Al) in toluene from Albemarle S.A.,
nitrogen (99.999%) from Hydro Gas, and ethene (polymeriza-
tion grade) from Borealis were all used as received. Toluene
(p.a.) from Prolabo was refluxed over sodium/benzophenone
and distilled under a nitrogen atmosphere before use. Stan-
dard glovebox and Schlenk techniques were used during all
manipulations.

2.3. Polymerization. Before use, the reactor was kept at
150 °C for at least 2 h. Catalyst was dissolved in toluene (100

‘BZr/H &
O3 _.— O
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R

n

mL). The reactor was mounted, repeatedly evacuated (P <0.1
mbar), and purged with, first, nitrogen and, finally, ethene.
The desired reactor temperature was set, toluene (200 mL)
was introduced to the reactor, and the stirring rate was set
(1850 rpm). After 30 min MAO (1 mL) was injected and after
an additional 7 min catalyst dissolved in toluene was injected
to give [Al)/[Zr] = 2200. The reaction was stopped by closing
the monomer feed, and the product was poured into a mixture
of methanol (300 mL) and concentrated hydrochloric acid (30
mL). After filtration, the polymer was washed with methanol
and dried. The polymer was stored without additives in a
refrigerator.

2.4. Polymer Characterization. Fourier transform in-
frared (FTIR) spectroscopy, gel permeation chromatography
(GPC), and differential scanning calorimetry (DSC) were
performed according to previously reported procedures.'®

3. Computational Details

3.1. Density-Functional Calculations. All calcula-
tions were carried out using the density-functional
program DMol (Versions 2.36, 3.00, and 4.00) provided
by MSI (formerly Biosym).3¢ A double-numeric basis
set including polarization functions was used (DNP
option in DMol), with the 1s carbon and 1s to 3d
zirconium orbitals assigned to a frozen core. The
potential was evaluated at the level of the local-density
approximation, using the local correlation functional of
Lee et al.3” Geometries were optimized with approxi-
mate gradient corrections included. Gradient correc-
tions to the energy were based on the functionals
proposed by Becke (for exchange)3® and Lee et al. (for
correlation).®” Insertion of ethene into Cp,ZrCHs" was
also studied with gradient corrections included in the
self-consistent potential. Basically, the whole energy
curve was shifted downward by about 8 kJ/mol, leaving
the insertion energy barrier almost unaffected.

We have performed a large number of linear-transit
(LT) calculations in an attempt to explore the energetics
along alternative reaction pathways. In LT calcula-
tions, an LT reaction coordinate (a bond distance, bond
angle, or dihedral angle) is held fixed and changed
stepwise, whereas all other degrees of freedom are
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Table 1. Experimentally Obtained Activity and Polymer Characteristics from Polymerization of Ethene by
Cp*2ZrCla/MAO ([Al)/[Zr] = 2200) in Toluene at T = 80 °C

PEthene CeEthene 103Mp  103Mp  Mw/Mp, Tm yield av activity
run (bar) (mol/L) (IR) (GPC) (GPC) trans-vinylene/vinyl2 (°C) (9) (tonne of PE/mol of Zr-h)
1 0.28 0.0208 0.31 366
2 0.30 0.0222 42.4 5.2 5.2 0.190/0.140 130.5° 0.32 378
3 0.33 0.0243 0.19 225
4 0.37 0.0271 0.20 236
5 0.50 0.0362 0.19 225
6 0.59 0.0426 77.3 7.4 4.0 0.093/0.088 135.1 0.59 704
7 0.75 0.0538 1.33 1567
8 0.81 0.0581 29.7 13.0 3.8 0.267/0.205 132.9 0.99 861
9 0.98 0.0700 1.54 1444
10 0.99 0.0707 0.142/0.120 0.64 758
11 1.00 0.0714 50.7 22.0 4.4 0.180/0.097 133.5 0.33 392
12 1.20 0.0855 37.3 19.0 4.4 0.194/0.182 133.9 2.20 2667
13 1.59 0.1130 331 3954
14 1.76 0.1250 0.22 233
15 2.02 0.1434 57.6 47.0 3.2 0.129/0.114 134.9 1.86 2224
16 2.50 0.1773 48.6 22.0 6.2 0.130/0.159 133.3 5.54 6720
17 2.53 0.1795 46.9 22.0 5.8 0.132/0.168 134.3 5.55 6720
18 2.59 0.1837 40.9 0.152/0.191 135.1 5.23 6247
19 2.83 0.2007 6.50 7740
20 3.02 0.2141 54.7 0.121/0.136 6.10 7394
21 3.60 0.2553 4.32 5160
22 3.99 0.2829 219 30 7 0.037/0.027 4.20 5004
23 4.01 0.2844 7.65 9101
24 4.01 0.2844 54.8 30 5.4 0.110/0.146 7.26 8797
25 4.02 0.2851 57.5 35 4.4 0.109/0.134 134.3 8.00 9691
26 4.81 0.3412 56.0 22 6.3 0.099/0.151 134.4 9.20 10946
27 4.99 0.3540 9.96 12064
28 7.61 0.5411 59.4 23 10 0.111/0.125 136.3 10.64 12702

aPer 1000 C atoms. ® Only 1 mg was used due to low yield. FTIR and GPC were given higher priority.

Scheme 8. Kinetic Model
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completely relaxed. In order to prove that energy
maxima and minima along the LT curves are true
transition states and true minima, respectively, one
must evaluate the vibrational frequency spectrum for
each stationary geometry and check for the occurrence
of one and zero imaginary eigenvalues, respectively.
Such calculations are extremely time consuming and
were only done for a few reaction pathways, all with
Cp as ligands. However, the experience from those
calculations seems to give strong evidence that all
stationary points found on the LT curves are at least
close to true minima or saddle points of the potential-
energy surface. Also note that calculated energy dif-
ferences refer to electronic energies. Enthalpies and
Gibbs free energies would require complete frequency
calculations, which are at present out of reach.3°

3.2. Kinetic Modeling. During a (semibatch) po-
lymerization experiment, the activity is not constant.
Typically, its time profile is characterized by periods of
activation and deactivation, and a constant asymptotic
value is usually approached after several minutes of
polymerization.

In an attempt to extract a rate constant for chain
propagation where deactivation is excluded from the
activity data, we assume that the kinetics may be
described with the simple model given in Scheme 8.4°

This model accounts for the following reaction mech-
anisms:

ealkylation and ionization of the zirconocene dichlo-
ride in a reaction with MAO, i.e., activation of the
catalyst (eq 0)

einsertion of the first monomer, i.e., initiation of the
chain propagation (eq 1)

einsertion of subsequent monomers, i.e., the typical
propagation step (eq 2).

oformation of latent sites, i.e., nonpermanent deacti-
vation of active sites (eq 3)

ereactivation of latent sites (eq 4)

epermanent deactivation (eq 5)

With as many as six fitting parameters, the model in
Scheme 8 overfits the activity time profiles. This
problem has been reduced by using an even simpler
model based on egs 1—4 only. The value obtained for
the propagation rate constant k» is very little affected
by such a model reduction.

4. Experimental Results

4.1. Catalytic Activity. Datagiven in Tables 1 and
2 show the effect of pressure and reaction temperature,
respectively, on the polymerization kinetics and the
polymer properties. A graphical presentation of the
temperature effect on the average catalytic activity over
1 his shown in Figure 2. Figure 3 is an Arrhenius plot
of the corrected activity based on the propagation rate
constant ko derived with the kinetic model in Scheme
8. In Figure 4, examples of the monomer consumption
rate as function of reaction time at Pgtnene = 1.0 bar and
T =56 °Cand T = 80 °C are presented.



Macromolecules, Vol. 31, No. 21, 1998

Ethene Polymerization Catalyzed by Cp,Zr-R* and Cp*,Zr-R™ 7153

Table 2. Experimentally Obtained Activity and Polymer Characteristics from Polymerization of Ethene by L,ZrCl,/MAO

(L = Cp, Cp*; [Al]/[Zr] = 2200) in Toluene at Pgthene = 1 bar

tonne of PE/mol of Zr-h+Cgthene

To Cethene  1073Mp,  1073M, Tm yield av corrected

run L (°C)  (mol/L) (IR) (GPC) Mw/M;,,  trans-vinylene/vinyl2  (°C) (9) activity activity
29 Cp 10 0.2319 b 5
30 Cp 10  0.2319 1.13 6 6
31 Cp 30 0.1250 1.17 17 10
32 Cp 56  0.0905 114 0.0068/0.0091 137.0 6.96 97 104
33 Cp 61  0.0867 89.4 0.0103/0.1202 136.9 10.01 146 299
34 Cp 71 0.0769 71.3 0.0172/0.1792 136.5 9.72 160 250
35 Cp 73 0.0728 1329 18.37 319 882
36 Cp 82  0.0686 50.5 0.0329/0.2560 135.4 20.60 380 759
37 Cp 93  0.0598 36.7 0.0670/0.4478 133.0 19.72 417 1342
38 Cp 97  0.0578 26.3 0.0847/0.5062 1335 20.25 443 1548
39 Cp* -7 02312 135.5 1.13 6 68
40 Cp* 22 0.1421 135.5 9.99 84 171
41 Cp* 33 0.1330 136.0 9.25 83 353
42 Cp* 42 0.1114 150 25 135.7 15.28 176 500
43 Cp* 51 0.0949 1359 1251 159 456
44  Cp* 51  0.0949 603 23 4.3 0.0164/0.0068 136.9 12.64 157 475
45 Cp* 56 0.0888 399 70 31 0.0244/0.0107 135.2 9.65 130 490
46 Cp* 60 0.0863 53 34 134.7 8.29 115 539
47 Cp* 60 0.0863 219 134 2.9 0.0359/0.0281 136.0 6.30 87

48 Cp* 70 0.0773 119 25 3.8 0.0642/0.0530 133.7 4.37 67 642
49 Cp* 80 0.0700 71.7 26 4.0 0.1058/0.0895 133.5 0.83 14 539
50 Cp* 90 0.0685 16.8 9 5.1 0.4122/0.4197 131.9 0.66 11 451

aPer 1000 C atoms. P Stopped after short time, only first part of the curve was used for kinetic modeling.
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Figure 2. Average polymerization activity over 1 h as a

function of reaction temperature with L,ZrCIl,/MAO in toluene
and Pegthene = 1.0 bar (L = Cp, Cp*).
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Figure 3. Arrhenius plots of the modeled corrected activity
for the polymerization of ethene with L,ZrCl./MAO in toluene
and Pginene = 1.0 bar (L = Cp, Cp*).

The catalytic activity was found to increase with
increasing monomer pressure, as seen from the data in
Table 1. By plotting In(average activity) versus In-
(monomer pressure), the reaction order was found to be
o = 1.4 for L = Cp*. From the data given by Chien

[y
[3)]
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1: L=Cp, T=80°C

2: L=Cp*, T=56°C

3: L=Cp, T=56°C
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Figure 4. Reaction rate as a function of time at T = 56 and
80 °C with L,ZrCIl,/MAO in toluene and Pgthene = 1.0 bar (L =
Cp, Cp*).

and Wang,?° we found o. = 0.99 for L = Cp. The reaction
order is often found tobe intherange 1 < a < 2,and a
thorough discussion has been offered by Brintzinger et
al.4

The average activity over 1 h behaves very differently
with respect to reaction temperature for the two cata-
lysts, as seen from Figure 2. In the case of L = Cp, the
average activity increases steadily in the whole tem-
perature range, whereas for L = Cp*, the average
activity over 1 h passes through a maximum at ap-
proximately 45 °C. From Figure 4, it is seen that the
catalytic activity is time dependent and this influences
heavily on the position of the maximum average activity
versus temperature. If the average is taken over a time
interval from 0 to t minutes, with 0 < t < 60, the
maximum is shifted toward higher temperatures when
t is decreased. In the case of L = Cp*, we observe a
shift in the temperature of maximum average activity,
as shown in Figure 5. This illustrates that the position
of maximum average activity versus polymerization
temperature is not only dictated by the experimental
conditions, but also by the treatment of the data with
respect to time. Note that the curve in Figure 5 appears
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Figure 5. Temperature of maximum average activity as a

function of polymerization time with Cp*,ZrCl,/MAO in tolu-
ene and Pgthene = 1.0 bar.

to approach the y-axis asymptotically as the polymeri-
zation time t approaches zero. This implies that the
initial activity is not influenced by deactivation and
hence simply increases with increasing temperature.

In an attempt to obtain a corrected activity corre-
sponding to an intrinsic propagation rate, kinetic mod-
eling was performed according to the model described
in section 3.2. The observed reaction rate is then
separated into terms that express the rate of the
different reactions according to Scheme 8, i.e., activa-
tion, propagation, and deactivation. The corrected
activity data are listed in Table 2. They follow an
Arrhenius relationship, as shown in Figure 3. On the
basis of the corrected reaction rates, we obtain activa-
tion energies for propagation of 61 +4 kJ/mol with L =
Cp and 17 £+ 3 kJ/mol with L = Cp*. On the basis of
the average activity over 1 h, we find the activation
energies to be 46 + 3 kJ/mol for L = Cp and 43 £ 5
kJ/mol for L = Cp*, the latter based on the data between
—7 and +51 °C only.

From data in the literature for L = Cp, we have
calculated activation energies E, based on average
activities. We have used kg of PE/mol of Zr-h:Cghene
as units throughout and find E, values of 28,41 37—4042
and 58 kJ/mol.*® From the average activity data given
on polymerization of ethene by Cp,ZrCl, in n-heptane,**
we calculate an activation energy of 34 kJ/mol. These
values are in reasonable agreement with our value of
46 kJd/mol. The differences observed might be due to
different experimental conditions ([Al])/[Zr] ratio, type
of solvent, etc.). In fact, it could be taken as an
indication that the observed activation energy is influ-
enced by experimental conditions and is not simply a
measure of the energy barrier of the intrinsic propaga-
tion step. This can also explain the large discrepancy
between the experimental and theoretical value (see
section 5.1 below) in the case of L = Cp.

Since the activity is time dependent, activation ener-
gies based on average activities will, in general, deviate
from the values obtained by kinetic modeling. Various
reaction schemes may be considered in order to describe
the observed kinetics, and other schemes may be more
realistic than the one chosen here in their description
of the reactions that occur. However, the propagation
rate constant kp, from which the corrected activity is
derived, does not change much when different kinetic
models are used.

On the basis of the data in Figure 2, this work shows
that under the given experimental conditions, the
average activity of L = Cp is larger than that of L =

Macromolecules, Vol. 31, No. 21, 1998

Cp*at T = 60 °C. At T < 60 °C, the situation is
reversed. The activities obtained by kinetic modeling
indicate that the L = Cp* catalyst is more active than
the one with L = Cp up to about 80 °C. In earlier
reports,®3-35 it is stated that the catalytic activity toward
ethene polymerization is larger with L = Cp than with
L = Cp*. The conclusions based on experiments per-
formed at a single temperature of 703 and 80 °C3°
compare well with our average activity data for the
same temperatures. Naturally, with measurements at
a single temperature only, the crossover at about 60 °C
was not observed. Kaminsky et al.3* polymerized at two
temperatures, 20 and 70 °C, and only average activities
were considered. We have shown the importance of
several measurements over a large temperature range
and a careful treatment of the data with respect to time,
together with kinetic modeling. As far as we know,
these improvements in data collection and analysis
extend beyond what has been previously reported. We
believe this is the reason for the different conclusions
reached in earlier reports and in the present work.

Various results can be found in the literature on the
catalytic activity with L = Cp. In one paper, the
average activity was reported to increase in the range
0—30 °C and to remain constant in the range 30—80
°C.*1 In another, it was claimed that the activity
increases steadily from 25 to 70 °C.*2 Finally, the
catalytic activity has also been claimed to increase in
the range 30—60 °C and to decrease in the interval 70—
80 °C.#® Before comparing with our data, the results
referred to above were corrected for monomer concen-
tration at different temperatures. Then, the average
activity increases steadily over the whole temperature
range in the first two reports,*142 as observed in the
present work. The data of Peng and Xiao*? still showed
a maximum value between 70 and 80 °C. In n-heptane,
the behavior is different.** A moderate increase in
catalytic activity was observed in the temperature range
—20 to +70 °C, but from 70 to 80 °C the activity
increased dramatically. This was ascribed to better
solubility of polyethene at elevated temperatures. In
our work, the polyethene produced at 93 °C appeared
to be completely dissolved in toluene. By visual inspec-
tion, the product was a clear see-through liquid with a
viscosity larger than that in pure toluene. In contrast,
at 80 °C, a white polymer precipitate was formed during
the reaction. In spite of this difference in solubility of
the polymer, we could not detect variations in activity
beyond the expected Arrhenius behavior. This indicates
that the polymerization rate is not limited by diffusion
in the polymer particles. This is supported by a
constant E;(1/T) over the whole temperature range, and
estimates of the Thiele modulus and Weisz—Prater
values are both below 1. No data on temperature
effects on polymerization of ethene with L = Cp* could
be found in the literature.

It is interesting to note that although the activities
of L = Cp and L = Cp* are very different with respect
to time, as seen from Figure 4, they can both be
described with the kinetic model in Scheme 8. In order
to describe the reaction profiles, deactivation reactions
are of utmost importance. In Figure 6, the activity after
repeated additions of catalyst (L = Cp*) and MAO is
shown. The metallocene and MAO were mixed att =0
and kept in a separate Schlenk-bulb at T = 29 °C.
Every 30 min identical mixtures of metallocene and
MAO in toluene ([Al])/[Zr] = 2200) were added. Figure
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Figure 6. Reaction rate as a function of time with repeated
injections of Cp*,ZrCl,/MAO at T = 80 °C and Pgthene = 1.0
bar.

6 clearly shows that the catalyst does not deactivate
when there is no monomer or polymer present. Thus,
the deactivation must involve the metallocene—MAO—
growing chain complex and possibly also the monomer.
Further, Figure 6 shows that the maximum reactivity
is reached instantaneously with the same peak value
regardless of the contact time of the metallocene and
MAO prior to injection. As might be expected, the
steady-state value increases when more metallocene-
MAO mixture is added to the reactor.

Separate experiments with L = Cp, in which the [Al]/
[Zr] ratio is increased, give a moderately higher reaction
rate, in accordance with the literature.*!

4.2. Chain Termination and Isomerization. As
listed in Table 1 and shown in Figure 7A, for L = Cp*
the number average molecular weight M, increases with
monomer pressure at low ethene pressures. At higher
pressures, M, seems to be pressure independent.*¢ For
L = Cp, we recently reported the molecular weight to
be pressure independent at T = 50 °C. This is shown
in Figure 7B. M, is proportional to the ratio between
the kinetic constants of propagation and termination,
as expressed in eq 6.

kp[CoH.l

M, =0.028 P2
kt + kt,M[C2H4]

(kg/mol) (6)

Here, k; is the rate constant for propagation. Termina-
tion reactions independent of monomer concentration
are represented by k‘t) and include g-H transfer to Zr
and chain transfer to Al in MAO. Termination via g-H
transfer to a coordinated monomer occurs at a rate of
kem. The monomer concentration [C,H,] is in the liquid
phase.

For L = Cp*, our data are consistent with a reaction
scheme where termination occurs both via -H transfer
to a coordinated monomer and via monomer indepen-
dent mechanisms. A fit of eq 6 to the experimental GPC
and FTIR data is shown in Figure 7A, and the corre-
sponding Kinetic constant ratios are given in Table 3.
In order to describe the data, both termination via
transfer of Hz to monomer and monomer independent
termination must be taken into account. For L = Cp,
the data in Figure 7B indicate that M, is independent
of monomer concentration over the whole range studied.
Thus, we concluded that termination occurs preferably
by -H transfer to a coordinated monomer.® The same
conclusion has been reached by D’Agnillo et al.?> and
Lohrenz et al.1®

Ethene Polymerization Catalyzed by Cp,Zr-R* and Cp*,Zr-R* 7155

60 7

L=Cp* @

0 T T ¥ L} T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

c:Ethene (molll)

Mn (kg/mol)
8

_s00{ ¢ .
€ 400 oo ¢
B ® Mw (GPC)
?": A Mn (GPC)
[
2 A A
5 200144 ry
§ A ] |
S 100
=
L=Cp .
0 T T y T T T T T |
0.0 0.2 0.4 0.6 0.8 1.0

Ceinene (Mol/l)

Figure 7. Relative average molecular weight as a function
of monomer concentration: (A) L =Cp*, T=280°C; (B) L =
Cp, T =50 °C. Data for L = Cp from ref 19.

Table 3. Experimentally Determined Activation Energy
Differences and Kinetic Constant Ratios between
Termination and Propagation

AE? ke m/ko? KOk

trans-
vinyl vinylene GPC FTIR GPC FTIR

Cp 98 76 13x10% 1.9x 1074 0 0

Cp* 41 54  9.0x10* 45x 1074 5.0 x 1075 1.3 x 105
aAE, = EF™ —

mol/L.

EP™P, in kJ/mol. ® Dimensionless. ¢ Dimension

Based on the variation of M, with monomer pressure,
it is not possible to distinguish between the various
termination mechanisms that contribute to the mono-
mer independent rate k?. In particular, with L = Cp*,
both -H transfer to Zr and chain transfer to Al may
occur. The absence of an increased absorption in the
FTIR spectrum at frequencies corresponding to the
additional methyl group created in the latter process
indicates that -H transfer to Zr is more important than
chain transfer to Al. However, this conclusion is
uncertain since analysis of the methyl vibrations is
difficult due to overlapping bands. An indication that
chain transfer to Al does occur with L = Cp* is provided
by the large difference in My, values determined by FTIR
and GPC. With the former method, an estimate of M,
is based on the assumption of one double bond per
polymer chain. If termination results in saturated
chains, as in chain transfer to Al, M, as determined by
FTIR will be too large since the number of polymer
chains is actually larger than the number of double
bonds. Chain transfer to aluminum has been observed
by others during polymerization with Cp*,ZrCIl,/MAO.
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Figure 8. Two representative FTIR spectra of the polyethene
obtained by L,ZrCl,/MAO (L = Cp, Cp*) catalysis in toluene
at T = 80 °C and Pegthene = 1.0 bar. The spectra show the out-
of-plane vibrations of the H-atoms in the unsaturated groups.
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Figure 9. Arrhenius plots of vinyl and trans-vinylene unsat-
urations found in polyethene by FTIR spectroscopy. The
polymer was synthesized by L,ZrCI,/MAO (L = Cp, Cp*)
catalysis in toluene and Pgtene = 1.0 bar.

With propene as the monomer, chain transfer to Al was
significant only at low temperatures. At T =50 °C, only
1% of the terminations occurred by chain transfer to
Al.22 When 1,5-hexadiene was polymerized at room
temperature, chain transfer to Al occurred 4 times as
often as 8-H elimination.??

FTIR of the polymer, e.g., as shown in Figure 8,
reveals vinyl and trans-vinylene as the two unsatura-
tions found in the polymer. This was also found for L
= Cp?!® and heterogeneous Cp*,ZrCl,/MAQO/SiO,.4” Re-
sults from the FTIR analysis are listed in Tables 1 and
2, and graphical presentations are given in Figures
9—-11. From Figure 8, it is clearly seen that the
distribution of unsaturated end groups in the polymers
is different depending on the choice of catalyst. This
implies that the termination has occurred by different
mechanisms, or at least to different extents.

The distribution between the two observable unsat-
urations is shifted as a function of both pressure and
temperature, as shown in Figures 9—11. Assume the
number of vinyl or trans-vinylene unsaturations per
1000 C atoms to be proportional to the ratio between
the kinetic expressions for propagation and termination
reactions that result in either of the two unsaturations.
Then, it is possible to estimate differences in activation
energy between propagation and termination from the
Arrhenius plots in Figure 9. Estimates based on our
data are given in Table 3.

Figure 10 shows that when the monomer pressure is
lowered, the relative vinyl content decreases for both
catalysts. The relative vinyl content is the amount of
vinyl per 1000 C atoms divided by the total number of
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Figure 10. Relative vinyl content in polyethene as a function
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MAO (L = Cp, Cp*) catalysis in toluene and T =80 °C (L =
Cp*) and T = 50 °C (L = Cp) and analyzed by FTIR. Data for
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Figure 11. Relative vinyl content in polyethene as a function
of reactor temperature. The polymer was synthesized by L,-
ZrCl,/MAO (L = Cp, Cp¥*) catalysis in toluene and Pgthene =
1.0 bar and analyzed by FTIR.

unsaturations per 1000 C atoms. It should be pointed
out that L = Cp and L = Cp* were run at T = 50 °C
and T = 80 °C, respectively, but this cannot explain the
difference in offset value. This is proven by Figure 11
where we show that a change in polymerization tem-
perature has only a slight effect on the relative vinyl
content, and not nearly enough to explain the difference
shown in Figure 10. In order to result in a trans-
vinylene unsaturation after termination, the complex
cannot be in the same conformation as when termina-
tion yields vinyl unsaturations. On the basis of earlier
work on propene polymerization,?6?” we propose an
isomerization to occur according to Scheme 7 followed
by termination.’® We explain the observed pressure
dependence by an increase in isomerization as the
monomer pressure is lowered. Similar explanations
have been used for isomerization during propene po-
lymerization.26:27.30.31

Our data indicate that chain isomerization will be
followed by termination rather than propagation. Mono-
mer insertion after isomerization would result in single-
methyl branches along the polymer backbone, but the
FTIR analysis did not show any absorbance at v = 1150
cm~L. Thus, we conclude that insertion is unlikely after
isomerization.

As the temperature is raised from 50 to 97 °C, a small
change in the relative vinyl content is observed, as
shown in Figure 11. With L = Cp, there is a decrease
in the relative vinyl content, and this may be explained
by an increasing degree of isomerization prior to ter-
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mination as the temperature is raised. With L = Cp*,
the vinyl content increases; i.e., there is less isomeriza-
tion prior to termination as the temperature is raised.
Both of these features are in qualitative agreement with
the DFT results presented in the next section. For L =
Cp, the calculated barrier against isomerization is about
10 kJ/mol higher than against termination by g-H
transfer to a monomer and 70 kJ/mol lower than the
barrier against termination by 3-H transfer to the metal.
Thus, an increase in temperature increases the number
of isomerizations at the expense of termination by s-H
transfer to a monomer. With L = Cp*, the barrier
against isomerization is approximately 10 kJ/mol lower
than the barriers against termination by §-H transfer
to a monomer or to Zr. Hence, an increase in temper-
ature results in an increase in the number of termina-
tions that occur prior to isomerization.

From Table 2, it is seen that the number average
molecular weight M, as determined by FTIR, is higher
with L = Cp* than with L = Cp at T < 80 °C and
opposite at T = 90 °C. This should be compared with
the results of Kaminsky et al.,3* who obtained a higher
viscosity average molecular weight with L = Cp* than
with L = Cp at T = 70 °C, and those of Ewen,3® who
reported a higher value of the weight average molecular
weight My, with L = Cp than with L = Cp* at T = 80
°C. Our results, given in Table 2 and Figure 9, show
that the molecular weight of the polyethene is more
temperature sensitive with L = Cp* than with L = Cp.

We also performed two experiments with short po-
lymerization times (3 and 6 min), and there was no
difference in molecular weight, as determined by FTIR,
nor in the distribution of unsaturations between the
short-time runs and the runs over 1 h. Thus, the
possibility of different termination reactions at different
times during polymerization seems unlikely.

From Table 1, it is seen that the M,/M,, values with
L = Cp* deviate considerably from the expected value
of 2. This is similar to what has been reported by
others.343547 Kaminsky et al.®* found 6 < M,,/M, < 15
when they used L = Cp* to polymerize ethene at T =
70 °C, which is comparable with our values 3.2 < M,/
M, = 10. The polymer obtained with L = Cp has M,/
M, = 2.26 + 0.08%° (see Figure 7B), which is very close
to the theoretical value of 2 for single-site catalysis.

5. Results from Quantum Chemical Modeling

We assume that the effect of MAO on the zirconocene
dichlorides is to activate the catalyst; i.e., one chloride
is substituted with a methyl group and the other is
removed, leaving a zirconocene-methyl cation as the
starting point for reactions with ethene.*84° Any further
influence of the MAO is not taken into account, and the
catalyst is modeled as a gas-phase molecule. The
shielding effect of the aromatic ligands may justify this
simplification. Furthermore, the exact structure of
MAQO in this system is not known, and inclusion of large
MAO oligomeric entities would have forced us to use
less accurate calculations.®® The influence of the toluene
solvent molecules is in general also neglected (but see
section 5.1 below).

We have modeled chain propagation, termination, and
isomerization. For each reaction pathway, we present
the energy as a function of a chosen reaction coordinate
and make direct comparison between the systems with
L = Cp and L = Cp*. Molecular structures are shown
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for important stationary points along some of the linear-
transit curves. Additional molecular structures with
corresponding energy and structural parameters are
available in the Supporting Information (refered to as
figures and tables labeled with “S”). A summary of DFT
activation energies is included in Table 5.

5.1. Chain Propagation. Starting with Cp,ZrCHjs™,
we have modeled insertion of the first three monomers.
In the linear-transit calculations, we have used the C2—
C3 distance as the reaction coordinate, i.e., the new bond
formed between the monomer and the alkyl chain
during the insertion step. Apart from the first insertion,
which is a somewhat special case, these reactions
represent subsequent insertions to y-agostic conforma-
tions and are well described by Scheme 1. The reaction
profiles are shown in Figure 12A, and geometries in
stationary points for the first insertion are given in
Figure 12C. Related energy and structure parameters
can be found in Table 1S.

The calculated reaction energies Er are similar for
the three insertions. The larger value of Eg for the first
and second insertion can be explained by differences in
agostic bonds in reactants and products. For the first
insertion, there is no agostic interaction in the reactant
whereas the product is stabilized by an agostic bond
between Zr and H,. In the second insertion, the agostic
bond to the hydrogen on a primary y-carbon in the
reactant is weaker than the bond to the hydrogen on a
secondary y-carbon in the product. This difference in
agostic bond strength may be explained in terms of a
larger donation of negative charge from the terminal
ethyl in y-Cp2ZrCsHi;*, than from the terminal hydro-
gen in y-Cp2ZrCsH;™. In the third insertion, the reac-
tant and product both have an agostic bond to a
hydrogen on a secondary y-carbon. As a result, the
reaction energy is smaller for the third than for the first
and the second insertion.

For the reaction profiles, there are remarkable dif-
ferences. In the first insertion, the ethene complexation
is much stronger than in subsequent insertions. We
ascribe this difference to the lack of stabilizing agostic
interactions in the methyl cation Cp,ZrCHs™. In this
cation, zirconium has an essentially vacant coordination
site that is readily occupied by a monomer. Actually,
the methyl cation is structurally very little changed
during the formation of the z-complex 12—1, with, e.g.,
no o-agostic interaction. In contrast, the o-agostic
m-complexes of the second and third insertion bear little
resemblance of the corresponding y-agostic reactants.
In this case, ethene complexation requires that the
agostic bond in the reactant is broken. This results in
a lower complexation energy and, for the third insertion,
even a small barrier against monomer complexation. All
three insertion reactions pass through a four-center
o-agostic transition state. For the first insertion, the
structural differences between the z-complex 12—1 and
the transition state 12—2 are much larger than for
subsequent insertions. As a consequence, the insertion
barrier is substantially higher for the first insertion.

The typical insertion is believed to be well represented
by the reaction y-Cp,ZrCsHi;;* + CyHs — y-Cpe-
ZrC;His™. Itis characterized by a mainly flat potential
energy surface before reaching a shallow energy mini-
mum due to the ethene complex, followed by insertion
with an energy barrier of about 10 kJ/mol. The first
insertion is different from subsequent ones, with an
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Figure 12. First insertion and subsequent insertions to y-agostic structures according to Scheme 1: (A) reaction profiles for
first three insertions with L = Cp; (B) reaction profiles for first and typical insertion with L = Cp*; (C) geometry of z-complex,
transition state, and y-agostic product for first insertion with L = Cp; (D) same as (C) with L = Cp*.

energy barrier of 26 kJ/mol. This has motivated the
inclusion of the initiation reaction in the kinetic model
discussed earlier (Scheme 8, eq 1).

Figure 12B shows the reaction profiles for two inser-
tion reactions with L = Cp¥*, one corresponding to the
first insertion with a methyl starting group, and the
other representing the typical insertion reaction with a
butyl starting group. Stationary point geometries for
the first insertion are given in Figure 12D, and related
energy and structure parameters can be found in Table
1S.

Surprising at first, the reaction energy Eg of the first
insertion is much smaller than for subsequent insertions
with L = Cp*, and only half the value calculated with
L = Cp. This difference may be explained in terms of
steric repulsion: The L—Zr—L angle is 3—4° larger in
the L,ZrCHj3™ cations than in all the y-agostic products.
The presence of an alkyl chain longer than methyl
results in a smaller L—Zr—L angle and, consequently,
a closer approach of the two ligands at the narrow side.
With bulky methyl substituents on the Cp* ligands, the
resulting energy cost is much higher than with small
hydrogens on the Cp ligands. The smallest H—H
distances are also indicative of steric repulsion in the
y-agostic products with L = Cp*. Therefore, compared
with the y-agostic propyl cation, the methyl cation is
relatively more stable with L = Cp* than with L = Cp,
and this explains the calculated difference in Er be-
tween the two catalysts for the first insertion. These
considerations do not apply to the second reaction since
reactant and product then have essentially the same
y-agostic configuration. Hence, the calculated reaction
energy is similar for insertion into y-Cp*,ZrC,;Hy* and
y-Cp2ZrCsHy;*, —72 and —64 kJ/mol, respectively.
These numbers compare favorably with the experimen-
tal value of —82 kJ/mol, where the latter is based on

the difference in bond dissociation energy of the single
and double carbon—carbon bond.5!

For both reaction profiles in Figure 12B, there is an
energy barrier against complexation of the monomer.
In the first insertion, this barrier is ascribed to steric
repulsion between the approaching monomer and the
nearest methyl groups on the Cp* ligands. For insertion
to the y-agostic butyl cation, we ascribe the early barrier
both to steric repulsion and to breaking the agostic bond
in the reactant. As found for L = Cp, the z-complex
12—1* of the first insertion is structurally far more
different from the transition state 12—2* than is the
case for subsequent insertions. Hence, the second
barrier is again considerably higher for the first inser-
tion. For insertion to y-Cp*,ZrC4Hg", the second barrier
is only 2 kJd/mol, and the rate-determining step is the
ethene complexation, with a barrier of about 24 kJ/mol.

A y-agostic structure may undergo a rotation of the
alkyl chain and reach a more stable $-agostic conforma-
tion (Scheme 2). In Figure 13, we present the results
of linear-transit calculations along a reaction path
where the dihedral angle Zr—C,—Cs—C, is used as the
LT coordinate. Molecular structures 13—1 and 13—1*
can be found in Figure 1S and correspond to the
transition states for the rotation with L = Cp and L =
Cp*, respectively.5253 In Table 2S, related energies and
structure parameters are included. The agostic interac-
tion between Zr and Hg in the g-agostic conformation
is stronger than the one between Zr and H, in the
y-agostic conformation. This is reflected in a shorter
Zr—Hg and a longer Cs—Hjg distance. Contrary to what
one might expect, the energy barrier for the y —
rotation is not much higher with L = Cp* than with L
= Cp, 15 vs 11 kJd/mol. The rotation reaction is only
slightly hindered by the bulky methyl groups on the Cp*
ligands. This is illustrated by the relatively small
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changes in the opening angle L—Zr—L and the shortest
H—H distances during the rotation reaction. The steric
repulsion, already present in the y-agostic minimum of
Cp*2ZrC4Ho", is only negligibly stronger in the transi-
tion state 13—1* . Since the energy barrier is low in
both cases, a large number of active sites is expected to
be in their g-agostic ground state, especially if the
monomer pressure is low.

As pointed out by Lohrenz et al.®, a f-agostic structure
may serve as the starting point for a number of
reactions. We have investigated frontside and backside
monomer insertion, as illustrated in Schemes 3 and 4,
both with L = Cp and L = Cp*. In Figures 14 and 15,
the linear-transit energy profiles are shown for reaction
paths corresponding to frontside and backside ap-
proaches, respectively, starting from the -agostic con-
formations of Cp,ZrCs;H; " and Cp*,ZrC4Hg™.5% In Table
3S, corresponding energy and structure parameters can
be found.

Frontside insertion is modeled in two steps. Com-
plexation of ethene is modeled with the C2—Hg distance
as the LT coordinate, whereas the rotation from g-ago-
stic to o-agostic m-complex is modeled with the Zr—C,—
Cp angle as the LT coordinate.* With L = Cp, forma-
tion of the S-agostic z-complex (75 in Figure 14) proceeds
without hindrance. For the 7z — 7, rotation, there is
an energy barrier of 18 kJ/mol. This is the dominating
barrier, since insertion from the o-agostic z-complex
was already found to take place with a barrier of less
than 10 kJ/mol (Figure 12A). With L = Cp*, a domi-
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Figure 15. Reaction profiles for the backside insertion to
B-agostic structures Cp,ZrCsH;" and Cp*,ZrC,Hy" according
to Scheme 4.

nating energy barrier of 37 kJ/mol is found for the
complexation of ethene (n; in Figure 14). Again, one
observes the effect of steric repulsion when the monomer
passes the bulky methyl groups of the Cp* ligands.
Rotation from zr; to m, has a low barrier of only 10 kJ/
mol, and the final insertion barrier was found to be
negligible (2 kJ/mol).

Backside insertion is modeled with the C2—C3 dis-
tance as the LT coordinate. With L = Cp, complexation
of the monomer (15—1) is unhindered, and monomer
insertion and formation of a d-agostic product (15—2)
proceeds with an activation energy of 36 kJ/mol. Mo-
lecular structures can be found in Figure 2S. With L
= Cp*, the energy increases steadily along the linear-
transit path, and a stable w-complex could not be found.
The insertion barrier appears to be very high, at least
180 kJ/mol. The methyl groups of the Cp* ligands
effectively block the entrance and prevent monomer
insertion.

In an attempt to account for the large propagation
activation energy observed for L = Cp, we have tried to
assess a possible influence of the solvent on chain
propagation. Specifically, we have optimized the ge-
ometries of a toluene molecule coordinated to S-agostic
L.ZrCzH7*. With L = Cp, a #z-complex is formed where
one of the C—C bonds of the aromatic 6-ring is coordi-
nated to Zr with Zr—C distances below 3 A. The binding
energy of about —15 kJ/mol is only 10 kJ/mol smaller
and the Zr-olefin distance is only about 20 pm longer
than for m-complexation of ethene. With L = Cp*, a
weakly bound adduct is formed, with Zr—C distances
around 5 A. As expected, the methyl substituents of
the Cp* ligands prevent strong coordination of the
solvent. These results indicate that reactions with
ethene may be more influenced by the solvent with L =
Cp than with L = Cp* and may, at least partly, account
for the large experimental activation energy observed
for chain propagation with the Cp-based catalyst.

In summary, propagation of the polyethene chain may
start from both - and y-agostic conformations. For the
two catalysts LZr-alkyl™ with L = Cp and L = Cp*, we
note the following similarities and discrepancies con-
cerning insertion into y-agostic structures:

eThe overall reaction energies are similar, as ex-
pected. (For infinitely long chains, they must neces-
sarily be identical.)

eIn both cases, there is an energy minimum corre-
sponding to the complexation of ethene, and energy
barriers before and after the complexation.
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Figure 16. Reaction profiles for termination via transfer of
a f3-hydrogen to a coordinated monomer from Cp,ZrCsH-* and
Cp*2ZrC4Hqg™ according to Scheme 5.

sWith L = Cp, both barriers are small, only 6—8 kJ/
mol.

sWith L = Cp*, the complexation barrier of about 24
kJ/mol is dominating, whereas the second barrier is
negligible, only about 2 kJ/mol.

We note further

eReorientation of the alkyl chain from a y- to a
pB-agostic conformation has a low energy barrier of 10—
15 kJ/mol for both catalysts and is surprisingly little
hindered by the bulky Cp* ligands. The p-agostic
structures are stabilized relative to the y-agostic ones
by 26—28 kJ/mol.

eFrontside insertion to f(-agostic conformations is
possible for both catalysts studied. With L = Cp, the
highest barrier (18 kJ/mol) is found for the rearrange-
ment from a 5-agostic to an a-agostic z-complex. With
L = Cp*, complexation of ethene is the rate-determining
step with a barrier of 37 kJ/mol.

eBackside insertion to a f-agostic conformation is very
unlikely for L = Cp*. For L = Cp, the insertion barrier
of 36 kJ/mol is higher than for frontside insertion.>®

eThe f-agostic ground state is a rather stable struc-
ture, in particular with L = Cp*. It is a “latent site”,
prone to a number of competing reactions, including
propagation, § — y rotation, isomerization, and termi-
nation.

«Coordination of a solvent molecule is found to be
stronger with L = Cp than with L = Cp* and is therefore
expected to have a larger influence on the polymeriza-
tion rate in the former case.

5.2. Chain Termination. It is natural to consider
termination mechanisms that originate from a 5-agostic
structure, since this is the ground state in these
systems.’® We have modeled two mechanisms that
involve transfer of a -hydrogen:

otransfer of Hg to a coordinated monomer (Scheme 5)

otransfer of Hg to the metal (Scheme 6)

Reaction profiles for these processes are shown in
Figures 16 and 17, respectively, with selected geom-
etries included in Figures 3S and 4S. Energies of
stationary points along the linear-transit curves can be
found in Table 4S.

Transfer of Hg to a coordinated monomer involves the
same monomer complexation as modeled in Figure 14,
i.e., with no energy barrier for L = Cp and a steric
barrier of 37 kd/mol for L = Cp*. From the j-agostic =
-complexes 16—3 and 16—3*, the reactions proceed with
transfer of the hydrogen through transition states 16—4
and 16—4* . This part of the reaction is very similar
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Figure 17. Reaction profiles for termination via transfer of
a f3-hydrogen to zirconium in Cp,ZrCsH;* and Cp*,ZrC,Hg™
according to Scheme 6.

for the two catalysts, with energy barriers of about 40
kJ/mol. When the hydrogen has been transferred to the
monomer, another & -complex (16—5, for L = Cp) is
reached where the terminated chain is coordinated to
a f-agostic ethyl cation. With L = Cp, removal of the
coordinated chain (here: propene) is endothermic by 23
kJ/mol, and the total reaction energy is —16 kJ/mol.
With L = Cp*, removal of the coordinated chain (here:
1-butene) follows a similar pattern as the initial mono-
mer approach; i.e., a global energy minimum (16—7%*)
is reached when the terminated chain is well outside
the methyl groups of the Cp* ligands. The total reaction
energy in this case is —24 kJ/mol. On the basis of the
reaction profiles in Figure 16, we find that the total
energy barrier for -H transfer to a coordinated mono-
mer is 41 kJ/mol with L = Cp and 68 kJ/mol with L =
Cp*.

Transfer of Hg to zirconium has been modeled by
others!316 and found to be rather strongly endothermic.
Our results agree with this, and we find that the
p-agostic Cp,ZrCsH7t is 113 kJ/mol more stable than
the products Cp,ZrH* and propene. With L = Cp*, the
situation is different, since 5-Cp*,ZrC4Ho" is only 64
kJ/mol more stable than Cp*;ZrH™ and 1-butene. In
Figure 17, results of the LT calculations are shown for
this reaction. Notice that there is a local minimum on
the energy curve where the olefin-like chain is coordi-
nated to the zirconocene hydride (17—2 and 17—2%).
This minimum is reached after passing through transi-
tion states 17—1 and 17—1* with activation energies of
42 and 50 kJ/mol with L = Cp and L = Cp*, respec-
tively. Compared with separate products, the complexes
17—2 and 17—2* have binding energies —79 kJ/mol with
L = Cp and only —21 kJ/mol with L = Cp*. This result
agrees with what we found above, that coordination of
an olefin to a Cp*-based catalyst is in general less
favorable than with a Cp-based structure.

Note that g-hydride elimination is calculated to be
more unfavorable when starting with an ethyl chain.
The reaction energies are 126, 113, and 115 kJ/mol with
L = Cp when starting with an ethyl, propyl, and butyl
chain, respectively. For L = Cp*, the corresponding
numbers are 88, 65, and 64 kJ/mol. The origin of the
difference between ethyl and the longer chains is simply
the difference in reaction enthalpy during saturation of
an olefinic double bond, which is —137 kJ/mol for ethene
and about —125 kJ/mol for propene and longer a-ole-
fins.5” Due to more steric repulsion in the reactant than
in the products, f-hydride elimination becomes less
endothermic with L = Cp* than with L = Cp. It appears
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that a propyl chain is necessary, and also sufficient, to
model the typical g-hydride elimination.

One could imagine a combined mechanism where
chain termination takes place via first partial transfer
of Hg to the metal and subsequently to an incoming
monomer while the terminated chain is still coordinated
to the catalyst. We have attempted to model such a
mechanism, starting from the local minimum 17—-2 and
introducing an additional ethene molecule. This leads
to immediate reinsertion of the coordinated chain, i.e.,
with the & -complex 16—3 as the resulting geometry,
and not 16—5 as anticipated. Therefore, we consider
such a combined termination mechanism as unlikely.

Let us summarize what we have found for the
termination reactions based on $-H transfer:

eThe catalyst with L = Cp has energy barriers of 41
kJ/mol for transfer of Hg to a coordinated monomer and
115 kJ/mol for transfer of Hg to zirconium. We expect
the former mechanism to be most important for this
catalyst.

oThe catalyst with L = Cp* has energy barriers of 68
kJ/mol for transfer of Hg to a coordinated monomer and
64 kJ/mol for transfer of Hg to zirconium. We expect
both mechanisms to be about equally important for this
catalyst.

5.3. Chain Isomerization and Polymer Unsat-
urations. Isomerization. The isomerization reaction
has been modeled according to Scheme 7 for the two
catalysts. Starting from -agostic structures, the isomer-
ization is completed in three steps: (1) partial transfer
of the S-hydrogen to zirconium, (2) a relative rotation
of the hydride and the coordinated olefin, and (3)
reinsertion of the olefin into the Zr—H bond.

In Figure 18A, reaction profiles are shown for the
complete isomerization path. Minimum-energy struc-
tures are included in Figure 18B, and in Table 4 we have
collected important energies and structure parameters.

The main impression from Figure 18A is that the
isomerization reaction is energetically very similar for
the two catalysts. The rate-determining step is clearly
the initial transfer of the S-hydrogen to the metal, with
energy barriers of 42 and 50 kJ/mol with L = Cp and L
= Cp*, respectively. The relative hydride-olefin rotation
is almost free in both cases (AE = 10 and 13 kJ/mol for
L = Cp and L = Cp*, respectively), and reinsertion of
the olefin also proceeds with a low energy barrier of
about 6 and 13 kJ/mol for L = Cp and L = Cp¥*,
respectively.

This is another example of a reaction that involves a
rotation where the steric influence of the Cp* ligands
is surprisingly low. The relative hydride-olefin rotation
requires a substantial increase in the Zr—C1—-C2 angle,
in particular with L = Cp* (Table 4). However, since
the olefin is rather weakly bonded in the complexes
18—2 and 18—2*, the potential-energy surface is almost
flat along the rotation reaction.

With L = Cp, the direct product 18—6 of the linear—
transit calculation has two S-agostic bonds, between Zr
and H2 on the primary j-carbon (C1) and between Zr
and H3 on the secondary -carbon (C3). As expected,
the latter bond is the stronger, with a shorter Zr—H and
a longer C—H distance, as seen from Table 4. With L
= Cp*, the direct product 18—6* has only one -agostic
bond to H2 on the primary fS-carbon (C1). The two
isomers are only slightly less stable than the initial
structures, 15 and 10 kJ/mol for L = Cp and L = Cp*,
respectively.
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Figure 18. Isomerization of Cp,ZrCsHst and Cp*,ZrCsHg™
according to Scheme 7: (A) reaction profiles for partial transfer
of Hg to Zr (left part), relative rotation of hydride and olefin
(middle part), and reinsertion of the olefin into the Zr—H bond
(right part); (B) geometry of initial hydride—olefin complexes
(18—2 and 18—2%*), rotated hydride—olefin complexes (18—4
and 18—4*), and isomer products (18—6 and 18—6%).

Rotation between f-Agostic Conformations. Af-
ter isomerization, different g-agostic conformations are
possible. We have modeled rotation reactions between
structures with agostic hydrogens on either or both
p-carbons. The reaction profiles are presented in Figure
19, and minimume-energy structures can be found in
Figure 5S. As the linear-transit coordinate, we have
used the dihedral angle 6; = Zr—Cg—Cy—Cpz Or 0> =
Zr—Cp—Co—Cp1. In the conformation 23 with two
agostic interactions, 6; and 0, are both close to 80°. By
increasing 0, the agostic bond to Hg; is broken, and the
conformation A1 with an agostic hydrogen on the
primary 3-carbon is reached at #; = 120—130°. Analo-
gously, if 6, is increased, the conformation 52 with an
agostic hydrogen on the secondary g-carbon is reached
at 0, = 120—130°.

In Table 5S, we have collected the energies of the
different conformers and approximate transition states
between them. All the rotational barriers are low, in
the range 9-23 kJ/mol. Furthermore, the various
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Table 4. DFT Results for the Isomerization Reaction with L = Cp and L = Cp*

L= cp L= cp*

0 10 2 3 4 5 6 0* 1* 2* 3* 4* 5* 6*
energy® 0 42 32 42 34 40 15 0 50 43 56 39 51 9
structured
Zr—C1 2.31 251 2.60 2.63 2.58 2.67 2.63 2.32 2.50 2.64 2.67 2.70 2.79 2.64
Zr—C2 2.67 2.82 3.01 3.33 3.19 2.55 2.39 2.68 2.80 3.05 3.51 3.43 2.73 2.36
Zr—C3 3.92 3.84 3.97 4.22 4.20 2.75 2.64 3.99 3.92 4.03 4.54 4.67 3.68 3.51
Zr—H2 2.17 1.91 1.89 1.88 1.88 1.90 2.15 2.18 1.92 1.89 1.88 1.88 1.88 2.14
Zr—H3 4.47 4.32 2.22 2.10 4.52 4.87 3.74 3.67
C2—H2 1.20 2.00 2.64 4.26 4.24 2.72 1.20 2.00 2.88 4.07 4.18 2.89
Cl1-H2 3.28 3.18 1.90 1.22 3.24 2.96 2.00 1.19
C3—H3 1.12 1.11 1.12 1.12 1.12 1.18 1.24 1.12 1.11 1.11 1.12 1.12 1.12 1.12
Zr—C1-C2 86 88 93 109 103 70 64 86 87 94 117 111 73 63
L—Zr—L 138 136 135 133 134 132 131 141 140 139 138 140 138 139
H—-Zr—C1-C2 5 2 9 129 207 209 205 8 13 24 101 191 178 176

a8 Numbers 0—6 and 0*—6* refer to stationary points along the isomerization path in Figure 18A for L = Cp and L = Cp*, respectively.
b Values obtained with propyl chain. ¢ Relative to the initial -agostic structures 0 and 0%, in kJ/mol. 9 Bond lengths in Angstrom, angles

in degrees. See Figure 18B. L: center of Cs ring.

Table 5. Summary of Activation Energies (in kd/mol) Derived from DFT Calculations

figure with activation energies
type of reaction LT curves L=Cp L = Cp*

insertion to y-agostic structure 12A-B 8 24
rotation from y- to f-agostic structure 13 11 15
insertion to -agostic structure (frontside approach) 14 18 37
insertion to -agostic structure (backside approach) 15 36 >180
termination by g-H transfer to coordinated monomer 16 41 68
termination by -H transfer to Zr 17 115 64
alkyl chain isomerization 18A 42 50
rotation between -agostic conformers 19 <12 <23
termination by -H transfer to coord. monomer after isomerization 20A 40 75
termination by -H transfer to Zr after isomerization 90—100 ~50

I OL=Cp*:23 «» p1
: ®L=Cp: 2 «» 1
- I OL=Cp*:2p «» p2
3 60 | ML=Cp: 25 «» B2
E 501
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= 40
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Figure 19. Reaction profiles for rotation between p-agostic
conformations of the isomer products in Figure 18B.

conformations have small energy differences, less than
11 kJ/mol.

Consequences for Termination and Polymer
Unsaturations. The small energy barriers and energy
differences between the g-agostic conformations pre-
sented above indicate that they may be in or close to
thermodynamic equilibrium after an isomerization reac-
tion. As a consequence, chain termination may occur
via transfer of a S-hydrogen from either the primary or
the secondary S-carbon. The terminated polymer chain
will have different end groups in the two cases: Trans-
fer of Hg, from the primary Cg, yields a vinyl-terminated
chain, whereas transfer of Hg, from the secondary Cpg,
results in a chain with a trans-vinylene end group.

Chain propagation is assumed to be unlikely after
isomerization, since the additional alkyl group on C, is
expected to raise the energy barrier for the mz to 7,

reaction (see section 5.1) and suppress the rate of
propagation. This assumption is consistent with the
FTIR spectra, which do not reveal single-methyl branches
along the polymer backbone.

We have performed linear-transit calculations for
termination by transfer of Hg to a coordinated monomer,
starting from the 1 and 32 conformations of L,ZrCsHg™
with L = Cp and L = Cp*. The reaction profiles are
shown in Figure 20A, and the four minimum-energy
structures obtained after hydrogen transfer to the
monomer are presented in Figure 20B. Table 6S
contains related energy values. For termination by
transfer of Hg to zirconium, we have only calculated the
energy differences between the f-agostic reactants and
the products, which are the L,ZrH* hydride and C4Hg
(1-butene or trans-2-butene). These results are also
included in Table 6S.

The LT curves in Figure 20A for the Hz — monomer
reactions are very similar to the corresponding curves
in Figure 16, which represent the analogous termination
reactions prior to chain isomerization. The only differ-
ence is essentially a global shift upward of the linear-
transit curves by 10—20 kJ/mol, reflecting the total
reaction energies of the isomerization reactions. Thus,
the energy barriers calculated for chain termination,
75—85 kJ/mol with L = Cp* and 35—40 kJ/mol with L
= Cp, are not much different from the corresponding
values of 68 and 41 kJ/mol found for the analogous
termination reactions prior to isomerization. Although
we have not performed the linear-transit calculations
for removal of the coordinated olefins in the & -com-
plexes of Figure 20B, we have verified that these
structures are more stable than the separate products
with L = Cp and less stable with L = Cp*, in agreement
with the results in Figure 16. As expected, removal of
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Figure 20. Termination via transfer of 5-hydrogen to coor-
dinated monomer from 31 and 52 conformations of Cp,ZrC,Hq"
and Cp*ZrCsHq™: (A) reaction profiles; (B) geometry of
m-complexes reached after hydrogen transfer, with coordinated
1-butene (20-v-3 and 20-v-3*) and trans-2-butene (20-t-3 and
20-t-3%).

trans-2-butene is easier than 1-butene, both because
trans-2-butene is a more stable molecule than 1-butene,
and also because coordination of the former implies more
steric strain.

The m -complexes in Figure 20B clearly show the
different end groups: In 20-v-3 and 20-v-3* , the
terminated chain has a vinyl unsaturation, whereas in
20-t-3 and 20-t-3* , we obtain a trans-vinylene end
group.

Due to less stable reactants, the reaction energies for
termination via transfer of Hg to the metal are lower
now than before isomerization. In particular, the reac-
tion energy for $2-Cp*,ZrC4Ho™ — Cp*,ZrH* + trans-
2-butene is only 31 kJ/mol. In this case, we expect that
the activation energy is given by the barrier against
transfer of Hg to Zr and formation of the complex with
the olefin coordinated to the zirconocene hydride, about
50 kJ/mol. This is lower than the activation energy
found for transfer of Hg to a coordinated monomer, so
we expect S-hydride elimination to be the most impor-
tant termination mechanism after isomerization with
L = Cp*. With L = Cp, S-hydride elimination still has
an activation energy that is significantly higher than
for transfer of Hg to a monomer. Therefore, the latter
is expected to be the dominating termination mecha-
nism with L = Cp, also after isomerization.
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Most important, however, is the demonstration of a
viable reaction sequence, which results in trans-vinylene
unsaturation, namely alkyl chain isomerization followed
by termination via transfer of a g-hydrogen from the
secondary S-carbon. The mechanism is demonstrated
for both catalysts studied, and appears to be at least as
relevant for L = Cp* as for L = Cp.

6. Conclusions

Based on our results for ethene polymerization with
the two catalyst systems L,ZrCIl,/MAO with L = Cp and
L = Cp*, the following conclusions may be drawn:

1. The experiments have revealed certain striking
differences between the two catalyst systems. First, in
the average molecular weight, which is found to be
independent of monomer pressure up to 9 bar with L =
Cp, whereas with L = Cp*, it increases with increasing
pressure up to about 2 bar and remains constant
thereafter. Second, in the composition of polymer
unsaturation, which is strongly dominated by vinyl with
L = Cp, whereas with L = Cp¥*, the amounts of vinyl
and trans-vinylene are approximately equal. Third, in
the average polymerization activity as a function of
temperature, which increases monotonically between 10
and 97 °C with L = Cp, whereas with L = Cp*, a
maximum value is found at about 45 °C.

2. During our polymerization experiments, the activ-
ity is not constant. The time profile may be described
by a reaction scheme that involves catalyst activation,
chain propagation, and catalyst deactivation. As a
result, the temperature dependence of the average
catalytic activity depends on the polymerization time.
This makes, e.g., a determination of activation energies
difficult without kinetic modeling. By fitting the activity
time profiles with a simple Kkinetic model, a rate
constant k; for propagation has been determined. The
corrected activity based on k; increases with increasing
temperature for both catalysts and results in experi-
mental activation energies of 61 and 17 kJ/mol for chain
propagation with L = Cp and L = Cp¥*, respectively.
Taking the various propagation mechanisms into ac-
count, the corresponding (electronic) activation energies
derived from DFT calculations are 10—20 kJ/mol for L
= Cp and 25—35 kJ/mol for L = Cp*. The agreement
for Cp* is reasonable, whereas for Cp it is not. One
reason for this could be that the Cp experiments are
more influenced by the surroundings, i.e., the solvent
and MAO, which are not taken into account in the DFT
calculations. In fact, solvent effects that mainly will
influence polymerization with L = Cp are suggested by
preliminary DFT calculations. Limitation by diffusion
appears to be unlikely, but cannot be completely ruled
out.

3. The pressure dependence observed for the average
molecular weight indicates that chain termination oc-
curs by transfer of a 5-hydrogen to the zirconium center
and to a coordinated monomer for L = Cp*. For L =
Cp, termination happens predominantly by -hydrogen
transfer to a coordinated monomer. This interpretation
of the experimental data is strongly supported by the
DFT calculations. Chain transfer to Al in MAO is an
alternative termination mechanism that may account
for the big difference in average molecular weight
determined by FTIR and GPC analysis of the polymer
produced with L = Cp*.

4. Based on the temperature dependence of the
molecular weight, it is possible to estimate the difference
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AE, between activation energies for termination (or
isomerization) and propagation. The experimental AE,
values are 40—50 kJ/mol for L = Cp and 75—100 kJ/
mol for L = Cp*. Based on DFT calculations, we
estimate somewhat smaller AE, values, 20—30 and 30—
40 kJ/mol, respectively. The discrepancy between ex-
periment and theory is large for L = Cp*, but in that
case the experimental value is also less certain.

5. The distribution of unsaturation in the polymer
is very different with L = Cp and L = Cp*. With L =
Cp*, we find approximately a 1:1 distribution between
trans-vinylene and vinyl, whereas with L = Cp, the
corresponding distribution is 1:6 or higher. We ascribe
this difference to a higher degree of isomerization with
L = Cp* than with L = Cp. This interpretation is
supported by the DFT calculations by comparing the
energy barriers for isomerization and termination. For
L = Cp*, the isomerization barrier (50 kJ/mol) is lower
than the termination barrier (65 kJ/mol), whereas for
L = Cp, the two barriers are almost equal (42 and 41
kJ/mol).

6. Various types of agostic interactions appear to be
a crucial ingredient in virtually all reactions that we
have studied. The presence of an agostic bond is a
natural consequence of the free coordination site at the
metal center and its electron-deficient nature. In
particular, the ground state of an L,Zr-alkyl* cation is
always found to be a -agostic conformation. Varying
with the type of ligand L, the $-agostic ground state may
have relatively high energy barriers for the various
reactions with a monomer. On the basis of this, we
suggest that it could represent so-called latent (or
dormant) sites in some of these systems.

7. Contrary to our initial expectations, we have found
that most reactions that involve a rotation or rear-
rangement of the alkyl chain close to the metal are not
hindered by the bulkier Cp* ligands. This has been
demonstrated in several calculations, and also experi-
mentally by the large degree of isomerization observed
with the Cp* based catalyst.
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