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Abstract

Ethylene and styrene insertion into the metal-alkyl bond of [Me,Si(CsMes)(N'Bu)Ti (CH,CH,CH3)]* [u-Me—Al(Me),~(AlOMe)sMe] ~
species has been investigated using a QM/MM approach. Validation of the B3LYP//B3LYP/UFF theoretical model was performed by comparing
some results with full QM calculations. lon pairs which contain a bounded trimethylaluminium molecule give rise to active species, whereas direct
coordination of the MAO cage to the catalyst leads to dormant species for polymerisation. Ion pair formation and dissociation for both ion-pair
complexes have been performed. In addition, monomer insertions into the active ion-pair species have been studied. The monomer coordination
step results to be endothermic in contrast to the values obtained for the ‘naked’ cation. The energetic insertion barriers starting from the -
complexes are similar to those obtained for the ‘naked’ cationic species. The net effect of the cocatalyst is to increase the coordination barriers at a
similar amount for two-monomer insertions. Some implications of the cocatalyst effect in ethylene/styrene copolymerisation are discussed.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The interest in metallocene catalysts for olefin polymer-
isation is continuously growing due to its high selectivity and
activity. The presence of a cocatalyst is essential for the
polymerisation process to take place. Experimental evidences
exist indicating the influence of both cocatalyst and solvent in
the catalyst activity and selectivity [1,2]. Methylaluminoxane
(MAO) is one of the most commonly used cocatalyst because it
has shown to be highly active. However, the existence of
multiple equilibriums between different (AlIOMe),, oligomers
makes very difficult the complete MAO structure determi-
nation. Several theoretical works have been published in the
literature to seed light about the structural behaviour of the
MAO compound. These works can be divided in two main
blocks: on one side, those studies dealing with the pure MAO
structure and on the other hand those regarding the interaction
of MAO with trimethylaluminium (TMA), a situation which is
more real.
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The ‘pure’ MAO structure seems to have preference for
cage geometries with four and six member sides, as it has been
concluded by several theoretical [3-5] and experimental [6]
studies. This disposition allows the existence of ‘latent’ acidic
aluminium centres as a consequence of the ring strain present
in the MAO cages. These centres are able to extract a methyl
group of the dialkyl catalytic precursor, forming the ion-pair
complexes between the catalyst precursor and the cocatalyst
species.

The interaction between ‘pure’ MAO and TMA constitutes
the so-called ‘real’ MAO system, which is actually present in
the reaction media. The structure of the ‘real’ MAO has been
theoretically studied by several authors [3,7-9] pointing out
that MAO cages with a number of [MeAlO],, units between 6
and 12 are able to interact with TMA molecules forming stable
compounds. The general mechanism of this reaction con-
templates the rupture of a square side by breaking an Al-O
bond. A methyl group belonging to the TMA molecule bonds
to the Al centre, whereas the remaining AlMe, group bonds the
O atom.

The interaction between these MAO structures and the
catalyst has been considered by only very few theoretical
works in spite that MAO is the most used cocatalyst in
experiments of this polymerisation type. From the early papers
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of Fusco et al. [10,11] to the most recent paper of Belelli et al.
[12], all the authors have shown the high energetic cost of the
ion pair dissociation, even for the different models of the MAO
structure considered in each work. Among these works,
Ziegler’s group published a series of papers considering
different aspects of the catalyst/MAO interaction. The solvent
effect on the ion pair separation process [13] showed that the
enthalpy of ion pair separation (AHjy) is halved when polar
solvents are considered. The same work also considered the
case of a toluene solvent molecule separating the two
counterions, obtaining further stability over the ion pair
separation reaction. However, the large volume of the catalyst
ligands and the high olefin concentration in the reaction vessel
might favour ethylene instead of toluene coordination [14].

In a later work, two different models for the ion pair have
been proposed [15]: with and without bounded TMA to the
MAO cage, which were in agreement with NMR experiments
[16]. The compound without TMA presented a strong Zr—O
interaction that produces a dormant catalyst system. The
complex containing TMA gave rise to an active species due to
the interposition of the alkylaluminium molecule in between
the precursor catalyst and the MAO cage, which makes the ion
pair separation more feasible. Later on, enthalpies of ion pair
formation (AH;pr) and separation (AHjp) for these two species
were evaluated with a series of different metallocene catalysts
[17]. It was observed in general that the higher the — AH;,¢
value the lower the calculated AH. It was also concluded that
bulky ligands tend to destabilize the ion pair due to the increase
in steric hindrance between cation and anion.

These theoretical works suggest that ion pair dissociation prior
to olefin complexation and insertion is an unlike event. However,
very few papers consider the presence of cocatalyst in the
theoretical study of the polymerisation process. The first one
published by Bernardi et al. [18] obtained similar insertion
barriers for ethylene in the ‘naked’ cation Cl,TiMe™ and in the
H,Al(p-Cl),TiCl,Me ion pair, for which an additional monomer
complexation barrier was found. The Ziegler group also
concluded that the rate determining step in the ethylene insertion
into [CpZZrEt]+—[MeB(C6F5)3]_ was the monomer complexa-
tion [19]. The work of Lanza et al. [20] on the ethylene insertion

Active ion pair species

into ionic [H,Si(CsH4)(N'Bu)Ti(n-C3H,)] " [MeB(C4Fs)3]~
showed that the main effect of the anion was to increase the
overall energy of the total insertion process. The complexation
step was endothermic, but the energy barrier for the monomer
insertion phase is very similar to that found for the ‘naked’
cationic species. To our best knowledge, the only paper found,
where monomer insertion is contemplated in presence of MAO as
cocatalyst was published by Zurek and Ziegler [21]. They
proposed two mechanisms for olefin insertion into the Cp,ZrMe,
catalyst, dissociative and associative. These mechanisms differ
mainly in the structure of the transition state, which is
characterized by separation of the counterions in the former
case and by a methyl bridge elongation in the associative one.
Furthermore, the ethylene approximation can be cis or trans with
respect to the methyl bridge, giving rise to different possibilities
for the olefin insertion reaction.

With all this information into account we decided to tackle
the study of the effect produced by the presence of cocatalyst in
the ethylene/styrene copolymerisation process. Our group has
published several papers regarding ethylene/styrene copoly-
merisation with different ‘naked’ catalyst systems [22-26]. In
this work, we present the theoretical results obtained for the
insertion of ethylene and 1,2-styrene in the constrained
geometry catalysts [Me,Si(CsMe4)(N'Bu)TiMe,] in the
presence of MAO and TMA as cocatalyst. This Ti-based
compound has been selected because it is one of the most
commonly used catalyst in ethylene/styrene copolymerisation.
The (AlOMe)q cage has been chosen for the MAO model in
agreement with the considerations given above. The ion pair
formation and dissociation processes have been investigated as
a previous step to the study of the insertion reactions.

2. Computational methods

A Quantum Mechanics—Molecular Mechanics (QM/MM)
approach based on the ONIOM scheme was selected due to the
large size of the system [27]. For the QM part, the B3ALYP hybrid
DFT model was chosen [28,29]. The atoms in the Ti centre, the
methyl bridge, the growing alkyl chain, both TMA methyl
groups and the TMA aluminium were described by a DZVP

Dormant ion pair species

QM layer

Scheme 1.
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Fig. 1. Main geometric parameters of the active [Me,Si(CsMe4)(N'Bu)TiCH,CH,CH;] " [u-Me-Al(Me),~(AOMe)¢Me] ~ ion-pair species calculated using the full
DFT B3LYP method with two different basis sets DZVP/LANL2DZ and DZVP (given in the parentheses), respectively. For the DZVP/LANL2DZ optimisation,
atoms with * are described in DZVP while the other atoms are described in LANL2DZ. Distances are given in angstrom and angles in degree.

Table 1
Geometric parameters for the ion-pair [Me,Si(CsMe,)(N'Bu)TiCH,CH,CH5] * [1-Me—-Al(Me),—~(AOMe)sMe] species in QM/MM methods. Disturbances are
given in angstroms and angles in degrees

Run 1 2 3 4 5 6

OM/MM atoms
C—Ccp 1.507-1.512 1.508 1.500 1.502 1.505 1.516
Si-C 1.897 1.880 1.882 1.884 1.886 1.903
N-C 1.506 1.462 1.463 1.462 1.463 1.471
Al-C 1.954-1.967 1.980-1.988 1.977-1.983 1.975-1.982 1.977-1.979 1.961-1.968
Alieyra—C 1.986-1.996 2.004 2.002 2.000 1.998 1.990
C-Al-C 121.7 118.0 118.0 120.6 118.0 117.8
C-Si-C 106.0 109.5 109.0 109.2 109.1 109.3

OM atoms
Ti—(n-Me) 2.230 2.206 2.204 2.204 2.204 2.206
Al-(p-Me) 2421 2.524 2.520 2.524 2.536 2.509
Al-O 1.832 1.839 1.838 1.838 1.839 1.843
Ti—Ca 2.150 2.153 2.148 2.148 2.148 2.148
Al-Crma 1.974-1.975 1.974-1.975 1.974-1.976 1.975-1.976 1.974-1.976 1.974-1.975
Ti-N 1.947 1.963 1.965 1.966 1.965 1.964

Cep—Ccp 1.436-1.455 1.430-1.457 1.433-1.457 1.434-1.457 1.433-1.456 1.432-1.456
Algquarea—O 1.852-1.952 1.859-1.967 1.859-1.969 1.859-1.968 1.859-1.968 1.860-1.968
Alpexag—O 1.835-1.852 1.828-1.853 1.828-1.852 1.828-1.853 1.828-1.852 1.828-1.852
Alera—O 1.874-1.879 1.873-1.876 1.873-1.876 1.873-1.875 1.873-1.875 1.870-1.873
Ti—-Me-Al 174.6 171.7 171.9 171.7 171.7 171.8
Me-Al-O 104.7 100.3 99.6 99.4 99.4 99.5
Me-Ti-Ca 103.9 101.7 102.8 102.8 102.8 102.9
Ti—-Ca—CB-Cy —82.3 —81.9 —82.9 —83.2 —83.2 —834

MM atoms
C—C(tert) 1.549-1.554 1.534-1.544 1.533-1.544 1.534-1.539 1.533-1.544 1.539-1.544

Alpha values for each run (details in computational methods section): Run 1, full QM optimisation B3ALYP/DZVP-LANL2DZ (details in section 2). Run 2, QM/MM
optimisation: o, =0.724; ag;=0.781; an=0.700; ata;=0.793 (default parameters in Gaussian 03). Run 3, QM/MM optimisation: ac,, =0.719; a5;=0.776; an=
0.695; a2 =0.798. Run 4, QM/MM optimisation: ac,,=0.714; ag; =0.771; ag=0.690; at2;=0.803. Run 5, QM/MM optimisation: o, =0.709; a5; =0.766; an=
0.685; aa;=0.808. Run 6, QM/MM optimisation: ¢c,,=0.674; a5;=0.731; an=0.650; ap;=0.843.
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Table 2

Geometric parameters for the active ion-pair [Me,Si(CsMey)(N'Bu)Ti(R)] * [n-Me—Al(Me),—(AOMe)¢Me] ~ species, where R=CH,CH,CH;, CH,CH(Ph)CHj,

CH(Ph)CH,CHj;. Disturbances are given in angstroms.

R Method Ti—(n-Me) Ti—Ca Al—(n-Me) Al-Crypia Al-O
CH,CH,CHj; Full QM* 2.230 2.150 2421 1.974-1.975 1.832
QM/MMP 2.206 2.153 2.524 1.974-1.975 1.839
CH,CH(Ph)CH; Full QM* 2.229 2.107 2.397 1.980-1.986 1.831
QM/MMP 2.187 2.109 2.524 1.975-1.975 1.839
CH(Ph)CH,CH; Full QM* 2.243 2.191 2.525 1.979-1.983 1.830
QM/MM" 2.187 2.227 2.589 1.971-1.977 1.839

# B3LYP/DZVP-LANL2DZ method.

> QM/MM optimisation. QM layer: BALYP/DZVP-LANL2DZ. MM layer: UFF force field. cc,, =0.724; ag;=0.781; an="0.700; cta;=0.793 (default parameters

in Gaussian 03).

Table 3

Energy values in kcal/mol for the formation of active ion-pair [Me,Si(CsMey)(N'Bu)Ti(R)] T [n-Me—Al(Me),—(AOMe)¢Me] ~ species, where R=CH,CH, CHj,

CH,CH(Ph)CH;, CH(Ph)CH,CH;

R AEqm* AEQM/MMb AEqmiommm”
CH,CH,CH, —60 171 —638
CH,C(Ph)HCH; -59 —13.9 —4.9
C(Ph)HCH,CH, 20 117 ~15

4 B3LYP/DZVP-LANL2DZ method.

> QM/MM optimisation. QM layer: BALYP/DZVP-LANL2DZ. MM layer: UFF force field. ac,, =0.724; a5;=0.781; an="0.700; cza;=0.793 (default parameters

in Gaussian 03).

¢ Energy single point calculation using the full QM method on the QM/MM optimised structures.

basis set [30]. This corresponds to a double-{ basis set with
polarization functions for all elements except hydrogen. For the
remaining atoms in the QM part, the LANL2DZ basis set has
been selected, which lacks polarization functions [31]. This
basis set is called DZVP-LANL2DZ along this work. The UFF
Force Field was applied for the MM subsystem [32]. The QM/
MM partition layers are shown in Scheme 1.

The boundary between the QM and the MM layers was
treated using a link atom to saturate the dangling atom of the
QM model subsystem. The link atom used along this work was
a hydrogen atom. The distance between the dangling atom and
its link atom is obtained by scaling the original bond length in
the ‘real system’ as follows

1)
MAO

_ lmodel

(D

lreal

where /., is the bond length between atoms involved in the
link region for the real system and /,oqe) iS the corresponding
distance between dangling and link atoms [27]. The whole set
of calculations was performed with the Gaussian03 package
[33]. Convergence criteria for the geometry optimisation were:
2.5X 10 hartree/bohr as the maximum element of gradient,
1.7X 10~ hartree/bohr as the r.m.s. of gradient element, 1.0 X
10~ % bohr as the maximum element of nuclear displacement
and 6.7 X 102 bohr as the r.m.s. of nuclear displacement.
Transition state geometries were obtained by the STQN
synchronous transit-guided quasi-Newtond method to locate an

(4) /1.958
TMA-MAO

Fig. 2. Geometrical parameters for (AlIOMe)e (1) (a) and Al(Me),—(AOMe)sMe (4) (b) models. Distances are given in angstrom.
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Catalyst

MAO

Dormant ion-pair complex

Fig. 4. Optimised structure of the dormant [Me,Si(CsMes)(N'Bu)TiMe] T [(AlIOMe)sMe] ~ (3) ion-pair. Distances are given in angstrom.

estimated saddle-point in the path from reactant to product
[34]. Subsequently, this saddle point was completely optimized
following the negative eigenvector. Frequency calculations
were performed to check the nature of the identified stationary
points. Transition states were characterized by exactly one
imaginary frequency, visualizing the corresponding
eigenvector.

Catalyst

3. Results and discussion

First of all, the validity of the basis set and the QM/MM
method used along this work is shown. Then, the formations of
the active and dormant species for the ion-pair are studied.
Section 3.1 is connected with the dissociation of ion-pair into
the corresponding cationic and anionic species. Last of all,

TMA-MAO

(5)

Active ion-pair complex

Fig. 5. Optimised structure of the active [Me,Si(CsMe4)(N'Bu)TiMe] *[u-Me—-Al(Me),—(AOMe)sMe] ~ (5) ion-pair. Distances are given in angstrom and angles in

degree.
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Dormant ion-pair complexes

Fig. 6. Optimised structure of the dormant [Me,Si(Cp)(NMe)TiMe] " [(AIOMe)¢Me] ~ ion-pair using: (a) PWB91 pure DFT [16] and (b) B3LYP hybrid DFT with DZVP/LANL2DZ basis set.

ethylene and styrene insertion into the active ion-pair is
considered.

3.1. Assessment of the DZVP-LANL2DZ basis set
and QM/MM method

As it was mentioned in Section 2, a mixture of basis sets has
been employed for atoms description. Specifically, DZVP basis
set with polarization functions was employed for a certain set of
atoms and LANL2DZ basis set without polarization functions
was employed for the rest of atoms (DZVP-LANL2DZ basis
set). In order to validate the application of this basis set for this
system, full QM (B3LYP) calculations using a complete basis
set with polarization functions for all atoms (DZVP) have been
performed for [Me,Si(CsMes) (N'Bu)Ti(CH,CH,CHj3)] + [p-
Me-Al(Me),—(AOMe)¢Me] ~ (corresponding to the polymer-
isation active ion-pair species, see below Fig. 9). Evidently,
calculations using the later basis set are much more
computationally demanding (786 basis functions for DZVP
versus 571 for DZVP/LANL2DZ). Main geometrical par-
ameters of the ion-pair active species optimised with both basis
sets are shown in Fig. 1. A similar geometry was essentially
found, revealing only small differences of about 0.02 A for
distances and 3° for angles between the two basis sets.

In order to validate de QM/MM method we have performed
some optimisation calculations on the active ion-pair species
with different values for « factor in order to evaluate its
influence on the QM/MM model. The geometry parameters for
all cases are summarized in Table 1. As it can be seen, the
geometries obtained with the full QM method and the different
QM/MM models are quite similar. Differences smaller than
0.05 A and 4° are found for the atoms involved in the QM/MM
layer. For atoms involved in the QM layer, these differences are
even smaller, except for the distance between the aluminium
atom and the bridge methyl group which is about 0.1 A larger
in QM/MM models. However, we should assume this
difference as unimportant due to the saving in computational
resources obtained with QM/MM models. Moreover, since the
geometrical parameters are not affected by the « values we
have chosen the default « values given by Gaussian 03.

The formation of the following three different ion-pairs
using the QM/MM model and a full QM method (see
computational section for details):

[Me,Si(CsMe,)(N'Bu)Ti(R)(Me)] + Al(Me),—(AlOMe) Me
— [Me,Si(CsMe,)(N'Bu)Ti(R)]

+ [u—Me-Al(Me),~(AlIOMe)sMe] ™

where R is CH,CH,CH3, CH,CH(Ph)CH; or CH(Ph)CH,CHj;
have been studied in order to validate the chosen QM/MM.
These calculations were performed with the «-parameter fixed
in consideration of the above mentioned argument. These
reactions correspond to the formation of the ion-pair active
species after a first insertion of ethylene, 1,2-styrene and
2,1-styrene, respectively. Table 2 shows the main geometric
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parameters for these complexes with both theoretical models.
Comparing the distances between the full QM and the QM/MM
model, it can be observed that the differences are smaller than
0.02 A. The Ti-C(n-Me) and Al-C(p-Me) distances are
exceptions, with differences between 0.05-0.13 A. However,
these differences are small so they can be accepted for our
purposes, above all taking into account the huge decrease in the
computational resources needed by the QM/MM models.

In addition, the electronic energies for the formation of each
ion-pair complex are shown in Table 3. The AEqgwm/nm energies
are around 8-11 kcal/mol higher than the AEg\ energies.
However, energy single point calculations using a full QM
model on the QM/MM optimised structures (column 3 in
Table 3) show differences lower than 2 kcal/mol with respect to
the full QM optimised structure (column 1 in Table 3). We do
not know at present the source of the differences between the
energy of QM/MM and QM models, however, they are
probably due to the use of UFF force field in the MM layer.
Along this work, we have calculated all energies performing a
single point energy calculation on the optimised QM/MM

MAO-TMA

99.4°
179.9°

é‘l’ “.(‘ structures, which are very similar to those obtained with a full
"g = g QM model as it has been demonstrated.
s A
8 ;)d': 3.2. Formation of ion-pair complexes

The ion-pair complex is made up of the organometallic
catalyst and the MAO cocatalyst species. As it was mentioned
above, the cage complex (AlIOMe)g has been used as a model
for the MAO cocatalyst (Fig. 2a). This assumption is based on a
previous theoretical study in which the most simple species
containing acidic sites capable to bound TMA, thus forming
species actives in the polymerisation, is the (AlIOMe)g cage [9].

Experimentally, Babushkin et al. [35] proposed two
different structures for the active and the dormant species in
the polymerisation reaction at high MAO/catalyst ratios. The
energy profile for the formation of the dormant species is
sketched in Fig. 3 and the optimised structure for the dormant
ion-pair complex (3) is shown in Fig. 4. A strong interaction
between one oxygen of the MAO cage and the titanium atom
(d1i_0=2.006 A) can be observed. Furthermore, an Al-O bond
in the squared face of the MAO has been broken as it can be
deduced for the large distance of 3.665 A comparing to the
distance about 1.956-1.974 A in the MAO molecule. The
distance between the Al atom and the methyl group extracted
from the catalyst is about 2.014 A. The exothermic reaction
energy for the formation of the dormant ion-pair complex (3) is
—33.9 kcal/mol.

It has been shown that the formation of the active species in
the polymerisation requires a molecule of TMA bounded to
acidic oxygen in the MAO cage [15]. Thus, the formation of the
active species is a two-stage reaction as is shown in Fig. 3.
Firstly, the TMA species is linked to an oxygen atom in one of
the hexagonal faces of the MAO, breaking an Al-O bond of the
corresponding square face and transferring a methyl group to
an aluminium atom in the MAO molecule (Fig. 2b). The
distance between the aluminium atom and the oxygen increases
from 1.974 A in the MAO to 3.485 A in the TMA-MAO

(b)

Active ion-pair complexes

MAO-TMA

105.2°
168.4°

Catalyst
C.-Ti- (u-Me)

Ti - (u-Me) - Al
Fig. 7. Optimised structure of the active [MeZSi(Cp)(NMe)TiMe]+[u—Me—Al(Me)z—(AOMe)6Me]‘ ion-pair using: (a) PWB91 pure DFT [16] and (b) B3LYP hybrid DFT with DZVP/LANL2DZ basis set.
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Fig. 8. Energy profiles for the dissociation of dormant [Me,Si(CsMey)(N'Bu)TiMe] T [(AlIOMe)¢Me] ~ (3) and active [Me,Si(CsMe,)(N'Bu)TiMe] " [u-Me—
Al(Me),—(AOMe)sMe] ~ (5) ion-pairs.

MAO-TMA Catalyst

¥ C,-Ti- (u-Me) =102.5°
| Ti-(u-Me)-Al =171.8° #

Fig. 9. Optimised structure of the active [Me,Si(CsMes)(N'Bu)TiCH,CH,CH;] " [1--Me—Al(Me),—(AOMe)sMe] ~ ion-pair, resembling the active ion-pair species
for the propagation mechanism. Distances are given in angstrom.
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complex. At the same time, the distance of the new Al-O bond
is only 1.804 A. The coordination energy of TMA to MAO is
about —29.0 kcal/mol. Secondly, the formation of the active
species occurs after reaction of the TMA-MAO (4) compound
with the catalyst precursor (2). The energy for this reaction is
— 6.7 kcal/mol. The optimised structure of the active species is
shown in Fig. 5. The catalyst interacts with the TMA-MAO
complex through a p-Me bridge. This bridge is asymmetric
taking into account the distances Ti—(pu-Me) (2.220 A) and Al-
(u-Me) (2.508 A). The Ti—(pn-Me) distance is slightly larger
than the Ti-Co distance of ca. 0.09 A. The total energy for the
formation of the active species is —35.7 kcal/mol being
1.8 kcal/mol more stable than the corresponding energy for the
formation of the dormant complexes (Fig. 3).

The structures and energies for the dormant (3) and active
species (5) for Me,Si(CsMe,)(N'Bu)TiMe, catalyst can be
compared with those found by Xu et al. [17] using a slightly
different catalyst Me,Si(Cp)(NMe)TiMe, with a pure DFT
theoretical model (PWBO91). They have found an energy for the
formation of dormant species of —26.0 kcal/mol which is
8 kcal/mol higher than our value for the same reaction using
the (Cs5(Me)4SiMe,N'Bu)TiMe, catalyst. By comparing both
structures, important differences in some geometrical par-
ameters of about 0.25-0.30 A between them have been noted
(Figs. 4 and 6a). Some calculations using the B3LYP/
LANL2DZ-DZVP method with the Me,Si(Cp)(NMe)TiMe,
catalyst have been performed in order to establish if the
variations are due to the differences in the catalyst or in the
theoretical model. Both structures for Me,Si(Cp)(NMe)TiMe,
are compared in Fig. 6. There are some important differences in
the geometries between the calculated structures using the pure
DFT model (PWB91) and the hybrid method (B3LYP). A
difference of 0.25-0.35 A is found in all the measured
parameters. However, as it can be expected, the geometries
of the dormant species calculated by us with the Me,
Si(Cp)(NMe)TiMe, (Fig. 6b) and the Me,Si(CsMey)
(N'Bu)TiMe, (Fig. 4) catalysts are similar. Only some slight
differences have been noted which can be attributed to the

steric repulsion between the MAO and the CsMe, (Cp*) ligand
(for instance, the Ti-O distance is 0.05 A larger in the bulkiest
catalyst). Moreover, the steric interaction of the MAO with the
CsMe, ligand results in an orientation change of the MAO, as it
can be seen comparing Figs. 4 and 6b. In addition, the
structures for the Me,Si(Cp)(NMe)TiMe, active ion-pair
species calculated at B3LYP level and those reported in Xu’s
paper are compared in Fig. 7. The main differences between
these structures are the distances involved in the Ti—-Me-Al
bridge. Thus, we guess that the discrepancies between our
structures and energies and those calculated by Xu et al. are due
to the use of a different theoretical method.

3.3. Dissociation of ion-pair complexes

Fig. 8 displays the ion-pair dissociation energies for the
dormant (3) and active species (5) for the Me,Si(CsMey)
(N'Bu)TiMe, catalyst. As it can be seen, the dissociation
reaction is not the microscopic reverse reaction of the
formation of the ion-pair. The methyl group from the precursor
catalyst is completely transferred to the cocatalyst, forming one
cationic species (6) and one anionic species (7) or (8),
respectively. The ion-pair dissociation energy for the dormant
species (3) is 35.2 kcal/mol higher than the corresponding
ion-pair active species (5) partly due to the strong Ti—O bond in
the dormant species (3). However, both values are very high,
being a very unlike reaction at least in gas phase. It has been
shown that when the solvent is taken into account this energy
decreases inversely to the solvent dielectric constant increase
[13]. However, the value remains too high in order to be a
favourable process in the polymerisation mechanism. Conse-
quently, the monomer insertion should occur into the active
ion-pair (5) instead of the cationic catalyst (‘naked’ system).
This process will be discussed in Section 3.4.

3.4. Ethylene and 1,2-styrene insertions into the ion-pair
active species

In this section, the ethylene and 1,2-styrene insertions into
the ion-pair active species (9) have been studied. The n-propyl
group attached to the titanium atom has been used as growing
chain instead of the methyl group in order to resemble the
propagation step in the polymerisation reaction (Fig. 9). The
Ti—(n-Me) distance is 2.206 A and the Al-(p-Me) distance is
2.524 A, being larger than the two other AI-C distances
(1.975 Aand1.974 A, respectively). The Ti—(u-Me) distance is
larger that the Ti-Ca distances in 0.15-0.20 A [24]. Thus, a
clear (u-Me) bridge is formed between the cationic and the
anionic parts of the active ion-pair species. The distances
between hydrogen in B-position on the alkyl chain and the
titanium atom are rather large (3.256 and 4.103 A, respec-
tively), indicating that there is no evidence of [-agostic
interaction between them.

The coordination of the incoming monomer in the active
ion-pair species (9) can take place in four different ways as is
sketched in Scheme 2. There are two possible orientations of
the monomer with respect to the TMA-MAO cocatalyst.
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Ecomp=31.8 kcal/mol Ecomp=30.5 kecal/mol
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Fig. 10. Ethylene mt-complexes for [Me,Si(CsMey)(N'Bu)TiCH,CH,CH;] * [u-Me—Al(Me),—(AOMe)¢Me] ~ ion-pair. The T-complexes energies are relative to separated species. Distances are given in angstrom.
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The position is cis when both are in the same face and trans have been studied for the ethylene monomer and the
when they are in opposite faces. On the other hand, for each geometries and energies are shown in Fig. 10. It can be seen
orientation there are two different ways to produce the insertion that for all m-complexes the ion-pair is partly dissociated,
respect to the growing alkyl chain, the so-called frontside and ~ making room for the monomer to coordinate with the titanium
backside insertions [21]. The four coordination possibilities atom (Ti—(p-Me) distances larger than 5.0 A). In all ion-pair

(a)

1,2 Styrene TS

Fig. 12. Optimised structure of the transition states for monomer insertion into [Me,Si(CsMe,)(N'Bu)TiCH,CH,CH;] * [m-Me—Al(Me),—(AOMe)sMe] ~ ion-pair.

Distances are given in angstrom.
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m-complexes, the distances between the monomer and the
metal atom are very similar to the distances in the ‘naked’
cationic species, which are 2.703 and 2.544 A [25]. For the
complexes II, IIT and IV the distances Ti—-Hg are compatible
with agostic interactions whereas this interaction is not
observed in the complex I, as in the ‘naked’ cationic species
case. The corresponding coordination process is endothermic
with respect to the separated species with energies between
25-32 kcal/mol. This is a sharp difference with respect to the
coordination step in the cationic catalyst, where this reaction is
exothermic (—9.4 kcal/mol) with respect to the separated
species. The most stable T-complex I corresponds to a cis
approach of the incoming monomer and to a frontside attack of
the monomer to the growing chain.

The energy profiles of the ethylene and 1,2-styrene
insertions for the ‘naked’ and the ion-pair catalytic systems
are shown in Fig. 11. As it can be seen, when the cocatalyst is
taken into account the monomer coordination step is strongly
endothermic: 25.6 kcal/mol for the ethylene monomer and
23.6 kcal/mol for the 1,2-styrene monomer. These coordi-
nation energies are quite high barriers for a fast polymerisation
process. It has been shown that the introduction of polar
solvents in the model can facilitate the partly separation of the
ion-pair in the T-complex, decreasing the coordination energy
of ca. 50% for the toluene solvent case [21].

Fig. 12 shows the optimised transition state structures for
both ethylene and 1,2-styrene insertions. The insertion barrier
is 4.0 kcal/mol for the ethylene monomer (6.0 kcal/mol for the
‘naked’ catalyst) and 13.6 kcal/mol for the styrene insertion
(15.3 kcal/mol for the ‘naked’ catalyst). The relative difference
between the ethylene and 1,2-styrene insertion barriers is
similar in both the ion-pair (7.6 kcal/mol) and the ‘naked’
(9.3 kcal/mol) systems. Once the monomer is inserted the ion-
pair is restored as is shown by the shorter Ti—(-Me) distances
of about 2.200 A found in the insertion products.

It seems that the effect of the cocatalyst is basically to raise
the overall insertion barriers. It can be expected that
incorporation of styrene into an ethylene/styrene copolymer
would be similarly described by the ion pair as well as by the
‘naked’ cation.

4. Conclusions

The main goal of this paper is the theoretical study of the
insertion process for the ethylene and 1,2-styrene monomers
with a constrained geometry catalyst based on titanium, taking
into account the presence of the cocatalyst. Due to the large
size of the system a QM(B3LYP)/MM(UFF) model has been
assessed and used in all calculations. The following con-
clusions can be drawn:

1. The smaller LANLDZ-DZVP basis set gives essentially the
same geometries than that of the DZVP basis set, which is
computationally much more expensive. The QM/MM model
has been evaluated by comparing to full QM calculations. In
general, the optimised geometries from the QM/MM method
are rather similar to that found using a full QM model. Only

differences of about 0.05-0.13 A have been found for the
weaker interactions in the system (bridge between methyl,
TMA and titanium atoms). However, it should be accepted
that these differences are small for our purposes, specially
taking into account the huge saving of computational
resources by using QM/MM models. Nevertheless, the
energies from QM/MM calculations present some important
deviations compared to full QM energies. These deviations
can be diminished by performing a relatively inexpensive
single point energy calculation on the optimised QM/MM
structure. It is not clear where is the source of these
discrepancies. It is supposed that could be related to the
MM layer (UFF force field used in the calculations, the
absence of electrostatic coupling between layers, etc.).

2. The formation of the active ion-pair species in the
polymerisation process requires the coordination of a TMA
molecule to an acidic oxygen in the MAO cage, previously to
the transfer of the methyl group from the catalyst to the
cocatalyst. This is a two-stage reaction with a total reaction
energy of —35.7 kcal/mol. On the other hand, MAO cages
without bounded TMA can generate dormant ion-pair species
with a reaction energy of about —33.9 kcal/mol. So, the
formation of active ion-pair species is 1.8 kcal/mol more
favourable than the formation of dormant species, thus
allowing the polymerisation process.

3. The dissociation processes for both active and dormant ion-
pairs are very unlikely due to the high reaction energy barriers
(+88.7 and +123.9 kcal/mol, respectively). Thus, the olefin
insertion has to take place in the active ion-pair system instead
of the ‘naked’ cationic catalyst.

4. The monomer coordination step into the active ion-pair
species is endothermic, both for ethylene (+25.6 kcal/mol)
and for 1,2-styrene (+23.6 kcal/mol). This is a sharp
difference compared to similar monomer coordination into
the ‘naked’ system which is usually exothermic. In both
m-complex structures the ion-pair is partially dissociated.
These energy values seem to suggest that these polymer-
isations should be difficult processes, although some
calculations have suggested that solvent effects can reduce
up to 50% these energy barriers.

5. Energy barriers for ethylene and 1,2-styrene insertion into the
active ion-pair species are 29.6 and 37.2 kcal/mol, respect-
ively. In both transition state structures the ion-pair is still
dissociated. Relative differences between ethylene and 1,2-
styrene insertion barriers into both the ion-pair species and the
‘naked’ cation have been evaluated. The similar values
obtained of 7.6 kcal/mol for the ion-pair species and
9.3 kcal/mol for the ‘naked’ cation suggest that cocatalyst
influence in monomer insertion process is quite similar for
both ethylene and styrene monomers.
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