
Journal of Molecular Catalysis A: Chemical 253 (2006) 52–61

Counterion and additive effects on ethylene coordination and
insertion in metallocene catalyst
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Abstract

A theoretical analysis of coordination and insertion of the ethylene molecule on different metallocenic active sites was performed. The sites were
modelled as ionic-pairs where the counterion is close to the cation. The steps going from the isolated species ionic-pairs and the monomer to the
new propyl group linked to the ionic-pair were calculated and analyzed. The influence of the counterion on the energy barrier that the olefin must
overcome for its coordination and insertion into the Zr CCH3 bond was considered. The energy barrier is decreased by the inclusion of an AlCl3

additive. As an additional study, the presence of a second ethylene molecule in the neighborhood of the active site was evaluated. This situation
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educes the maximum energy and improves the stability of the final propyl ionic-pair.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Catalysts based on metallocene complexes have been the sub-
ect of intensive studies in the last years due to their ability to
olymerize olefins [1]. These complexes are only active after
reatment with Lewis acidic co-catalysts. Since the discovery
f the most powerful activator, methylaluminoxane (MAO), the
olymerization field has been increasing noticeably. It is gener-
lly assumed that MAO works in two different steps: a fast ligand
xchange reaction with the metallocene dichloride to form the
ethyl metallocene, and in another step, Cl abstraction from

he metallocene. In this way, the metallocene cation and the
AOCl− counterion are produced. Nevertheless, other func-

ions could be attributed to this co-catalyst. Many reports suggest
hat the properties of metallocene catalysts are intimately related
o the strength of the cation–anion ion pair [2]. At present, the
resence of counterion in the active sites during the olefin coor-
ination and insertion is widely recognized. The nature of the co-
atalyst with its forthcoming sterical and electronic effects on the
atalyst should have a critical influence on the catalytic reaction.

In the last decade, the number of theoretical studies on met-
allocene catalysts has been increasing. There are many com-
putational investigations which consider an isolated cation as a
model of active site [3–5]. On the other hand, there are few papers
where the metallocenic catalysts include the co-catalyst, being
B(C6F5)3 [6–8] the most explored. Studies of the olefin coor-
dination and insertion processes with an isolated cation model
predicted energies lower than for the cation and monomer sep-
arated [9–11].

In our previous works, the Cp2ZrCl2/MAO (Cp denotes �5-
C5H5) system characterizing two types of active sites was the-
oretically considered [12]. The co-catalyst was modelled as the
most reactive fraction of a three-dimensional cage structure with
four-coordinated aluminium centers bridged by three-coordinate
oxygen atoms [13]. In a later work, the role of a third component
in the catalytic system was taken into account: the Lewis acid
AlCl3 was included to interact with the co-catalyst [14]. The
results indicated that the additive favoured the active site for-
mation provoking modifications on its geometry and electronic
structure.

The most widely accepted mechanism for olefin polymeriza-
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tion on Ziegler-Natta and metallocene catalysts is the Cossee-
Arlman mechanism [10,15]. It consists mainly of two sequential
processes: (1) olefin coordination to the vacant site of the metal
(M) atom and (2) olefin insertion into the Zr CCH3 bond through
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a four-member transition state. The growing polymer changes
its position during successive steps.

The aim of this paper is to study the ethylene coordination
and insertion on the metallocenic active sites modelled as ionic-
pairs, following the inherent geometric, energetic and electronic
charge variations. In addition, the influence of AlCl3 as an addi-
tive and the behaviour of active site at the presence of two
ethylene molecules were also considered.

2. Theoretical method and models

The theoretical calculations were performed within the Den-
sity Functional Theory formalism (DFT), using the hybrid
functional B3LYP [16,17] which corresponds to Becke’s three-
parameter hybrid exchange and to the Lee, Yang, and Parr’s
correlation functional. The molecular orbitals were constructed
with a Gaussian 3-21G** basis set, which includes polariza-
tion p-type functions on hydrogen atoms and d-type functions
on C, O, Al and Cl atoms. Previous results performed with the
6-31G** basis set gave reaction energy values only 10% lower
than those corresponding to the 3-21G** basis set [14]. For the

Zr atom, an effective core potential (ECP) basis set was used to
describe the inner and valence orbitals. Here, the LanL2DZ ECP
basis set (Los Alamos Effective Core Potential plus Double Z)
has been employed [18]. This ECP has been successful to study
Zr-organometallics [19]. All the calculations were performed
using the GAUSSIAN 03 program [20].

Molecular and atomic charges, electron transfers and molec-
ular orbital occupations were obtained with the Natural Bond
Orbital (NBO) population analysis [21]. Within this approach
localized orbitals with occupation numbers close to two corre-
spond either to core, bonds and/or lone pairs, localized orbitals
with occupation number notably smaller than one, to antibond-
ing and Rydberg orbitals. Their respective occupation numbers
are given by the density-matrix element as calculated in the NBO
basis. Since the Fock-like matrix is not diagonal in the NBO
basis, it is also possible to evaluate, by means of the second order
perturbation theory, the delocalization energy, �E(2), associated
to the charge delocalization from a highly occupied orbital.

The energy balance (�E) for each considered step was calcu-
lated as the difference between the energy of the ionic-pair with
the ethylene molecule and the sum of energies corresponding to
Fig. 1. Optimized models of Site 1 and Sit
e 2 with and without AlCl3 additive.
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the free ionic-pair and the ethylene molecule. A negative value
indicates an exothermic process. Reported energies are not cor-
rected for either thermal or zero-point energy. The coordination
plus insertion reaction of the ethylene molecule in the active site,
and its total energy balance �E are expressed by the following
equations:

Cp2ZrCH3
+· · · MAO–Cl− + CH2 CH2

→ Cp2ZrCH3
+· · · MAO–Cl−//CH2 CH2 (E1)

�E = ET(Cp2ZrCH3
+· · · MAO–Cl−//CH2 CH2)

− ET(Cp2ZrCH3
+· · · MAO–Cl−) − ET(CH2 CH2)

(E2)

During the coordination and insertion processes the C2 CCH3

distance was progressively shortened and at the same time a
geometry optimization was carried out with Cs symmetry con-
straint. The geometry optimization was based on the Berny
algorithm [22]. Each reaction step can correspond to a local
minimum, maximum or saddle point on a certain curve of the
multidimensional potential energy surface. To define the charac-
ter of such stationary states, a calculation of Hessian eigenvalues
without Cs symmetry constraint was performed.

The geometries of the active sites with and without AlCl3
a
b
a
d

adopted. The size consistency of energies and geometries for
this model was verified comparing with a greater portion of
the MAO cage [12]. Two different geometries for active sites
were considered. Site 1 corresponds to the closest bond con-
necting the Zr atom of the cation and the bridge oxygen atoms
(O*) of the counterion. Site 2 with a more open geometry con-
cerns to the interaction between the Zr atom and the Cl atom of
the counterion. The AlCl3 additive has an indirect effect on the
cation through the counterion. The corresponding geometries
are depicted in Fig. 1.

3. Results and discussion

3.1. Study with one ethylene molecule

For the present study different steps were analyzed, taking
into account the coordination and insertion processes of the ethy-
lene molecule. In Fig. 2, the energetic profile and the optimized
geometries of Site 1 are exhibited. The obtained results indicate
that an energetic requirement (of ∼6.7 kcal/mol) for the initial
coordination of ethylene is necessary, a Zr-coordinated com-
plex being formed (Step 1). The later insertion of the olefin
on the Zr CCH3 bond requires a certain degree of deforma-
tion with a greater consumption of energy (of ∼7.7 kcal/mol).
A four-member state (Step 2), constituted by the Zr atom, the
C
l
i
t

F

dditive were previously determined [12]. They are represented
y ionic-pairs, specifically the metallocenic Cp2ZrCH3

+ cation
nd the MAOCl− counterion. For MAO co-catalyst a model
eveloped earlier consisting by a fraction of a MAO cage was
ig. 2. Energy profile and optimized geometries for ethylene activation and insertion i
atom of the methyl group and the two C atoms of the ethy-
ene, is created. In the following step the monomer insertion
nto the Zr CCH3 bond takes place (Step 3) through the libera-
ion of a non-negligible amount of energy (of ∼3.6 kcal/mol). An
nto the Site 1. The zero reference in the energy scale is for the isolated reagents.
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intermediate complex with a propyl group is formed, having a
relatively high positive �E compared to the reactants. Finally, a
subsequent relaxation of propyl chain (Step 4) produces a further
and relevant energy decrease of the system (by ∼13.2 kcal/mol).
In this final step, the propyl ionic-pair attains a slightly lower
energy than the active site without olefin (�E ∼ 2.4 kcal/mol).
Looking at the Hessian eigenvalues, it was observed that the
Steps 1, 3 and 4 correspond to local minima and the Step 2 to a
maximum of the potential energy surface.

The complex formation and insertion of the ethylene
molecule was also studied in other situations: Site 1 with AlCl3,
Site 2 and Site 2 with AlCl3, whose energy profiles and geome-
tries are shown in Figs. 3–5, respectively. Regarding the Site 2,
we notice that the Zr-coordinated complex and maximum ener-
gies are approximately 3.1 and 3.5 kcal/mol greater, respectively,
than the corresponding steps of Site 1. After reaching the four-
membered state, the formed propyl group is located far away
with respect to the counterion. This situation is energetically
favourable, giving for the complex intermediate of Step 3 an
exothermic �E value (of ∼6 kcal/mol). It could be explained by
the better orbital overlap of the Zr atom and the C atom from the
propyl group. Finally, at Step 4 a large stabilization was obtained
though the relaxation of propyl chain, lowering the energy by
∼15.4 kcal/mol, as it was observed in Site 1.

It is noteworthy to compare the energy profile pre-
dicted for our analyzed system with that obtained by
Z

[Cp2ZrMe]+[AlMe3MeMAO]− ionic-pair using other model of
MAO [8]. While the insertion barrier calculated by these authors
reaches 18.5–23.8 kcal/mol, our corresponding results are of
14.4 (Site 1) to 18.0 kcal/mol (Site 2). Moreover, their reported
Zr-coordinated complex has the 91–95% of this barrier, while
in our calculations they are of 47 (Site 1) to 55% (Site 2). On
the other hand, no propyl complexes were reported in Ref. [8].
Moreover, the energy profiles obtained here are also similar to
those found in the open literature for other metallocenic sys-
tems [23]. Taking into account our experience of the influence
of solvent on metallocenic catalytic systems, it is likely that the
energy profile would be more smoothly, nevertheless the quali-
tative results would be maintained [24].

The AlCl3 addition decreases the general energy profiles for
the polymerization on both active sites, decreasing the energy
barrier by ∼2.5 kcal/mol at Site 1 and by ∼5 kcal/mol at Site 2.
Very recently, a theoretical analysis of the AlCl3 modified cat-
alytic system has been realized [12,14,24]. However, the role of
the additive on the metallocenic site during the polymerization
mechanism is considered theoretically here for the first time.
From the ionic-pair formation to the polymerization reaction,
the additive improves each step in the catalytic process. These
results are in agreement with previous experimental work, where
the AlCl3 addition produces an increase in the catalyst perfor-
mance [25,26].

The geometric changes of the both active sites with and
w
urek and Ziegler for the insertion of ethylene into the
Fig. 3. Energy profile and optimized geometries for the ethyl
ithout additive are shown in Table 1. In Step 1, the Zr CCH3
ene activation and insertion into the Site 1 with AlCl3.
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Fig. 4. Energy profile and optimized geometries for the ethylene activation and insertion into the Site 2.

distances when the ethylene molecule is coordinated to the Zr
atom in Step 1 were not significantly modified with respect to
the isolated species. On the other hand, the cation–anion dis-
tance increases noticeably. In all cases, the counterion moves
away from the cation to favour the olefin coordination. In the
maximum, the four-member state is clearly manifested, with the
simultaneous enlargement of the C C and Zr CCH3 bonds and
the shortening of the Zr–C1 and Zr–C2 distances. The monomer
presents an asymmetrical coordination with respect to the Zr
atom (the Zr–C1 and Zr–C2 distances are not equal). At this
stage, the counterion is placed closer to the cation than in the
previous step. Notice that the cation–anion distance is larger in
Site 1 than in Site 2. Therefore, the counterion has a higher steric
influence on metallocenic ion, making this part of polymeriza-
tion process much more difficult in Site 2 than in Site 1. In Step
3, the propyl group is formed by the final ethylene insertion
into the Zr CCH3 bond. The C1–C2 and C2 CCH3 distances are
nearly the same. On the other hand, the Zr CCH3 bond value
is very similar to the Zr–C1 distance found in the initial olefin

coordination. Although the propyl group is formed in Step 3,
the energy decreases even more than when the alkyl conformer
acquires the geometry corresponding to Step 4, where the ter-
minal –CH3 of propyl locates itself away from the catalytic site.
Indeed, in Step 4 the Zr CCH3 increases noticeably by 4.67 Å.
The final geometry of Site 1 is different from that of departure,
with a cation–anion distance longer by ∼0.7 Å. On the other
hand, the Site 2 acquires a geometric configuration very simi-
lar to the initial one. This fact yields a large stabilization of the
ionic-pair, as it can be established by the lower �E values. All
these properties are very similar with or without the presence of
the AlCl3 additive.

From the analysis of net atomic and molecular charges, it is
possible to understand the electronic changes which take place
on the active site during the whole polymerization reaction (see
Table 2). The presence of the ethylene molecule in the Zr atom
coordination sphere produces charge redistribution in the com-
plete ionic-pair. The magnitudes of the molecular charges of
cation and anion increase due to the ethylene insertion (Step 2).



P.G. Belelli, N.J. Castellani / Journal of Molecular Catalysis A: Chemical 253 (2006) 52–61 57

Fig. 5. Energy profile and optimized geometries for the ethylene activation and insertion into the Site 2 with AlCl3.

In the same way, the positive Zr atom charge decreases when the
olefin molecule is in this state, indicating an electronic transfer
from the ethylene molecule to the Zr atom. The higher decrease
is observed for Site 2. Once the propyl group attains its final
geometrical configuration in Step 4, the positive Zr atom charge
increases and the negative charge of the counterion decreases
their magnitude. Site 1 has the Zr atom more positive and the
ionic-pair more polarized in comparison with the initial situation
(±0.82e and ±0.69e, respectively). However, Site 2 maintains
the Zr charge and the initial charge distribution in the ionic-pair.
All these observations are the same, independently or not of the
presence of the AlCl3 additive.

Finally, the NBO electron transfer energetic parameters
between the Zr atom and the olefin in the coordination step
and the transition state are summarized in Table 3. The charge
transfers parameters from the Zr atom to the antibonding �*
molecular orbital of the ethylene increase always at the maxi-
mum. This situation is confirmed by the increase of the NBO
population of the �* molecular orbital. Indeed, at this stage the
�* population increases from 0.015 to 0.204 and from 0.018 to
0.121 for the Sites 1 and 2, respectively. At the same time, we

observe that the charge transfer parameters from the bonding �
molecular orbital of ethylene to the Zr atom also increase. As a
consequence, both factors would contribute to the C1 C2 bond
rupture. Simultaneously, the �* population of the Zr CCH3 bond
arises in the TS: it increases from 0.131 to 0.185 and from 0.135
to 0.159 for Sites 1 and 2, respectively. Consequently, the rup-
ture of this bond is also favoured. While these two bonds break
(Zr CCH3 and C1 C2) the Zr–C1 and C1–C2 bonds begin to be
formed.

If the (� C2H4 → Zr) and (Zr → �* C2H4), NBO parameters
for Step 1 are compared to those for the maximum we observe
that the former increase much more than the latter (for exam-
ple 33.9 kcal/mol versus 16.7 kcal/mol for Site 1). Therefore, it
would be expected that at the Step 2 the Zr atom would attain
a less positive charge than at Step 1. Moreover, this effect is
more noticeably for Site 2 (27.6 kcal/mol versus 6.5 kcal/mol)
than for Site 1, predicting an even less positive Zr atom in the
first case. A relevant consequence from both observations is that
the balance of electronic charge transfers from the olefin to the
Zr atom and vice versa is compatible with the Zr NBO atomic
charges above commented (see Table 2).
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Table 1
Optimized distances obtained for the metallocenic system with ethylene in each step evaluated

Active site Bond distances (Å)

Zr CCH3
a Zr–O*(Cl)b Zr–C1

c Zr–C2
c C2 CCH3

a,c C1–C2
c

Site 1 Isolated 2.27 2.95 – – – –
Step 1 2.28 4.17 2.84 2.89 2.98 1.33
Step 2 2.34 3.97 2.46 2.73 2.41 1.38
Step 3 2.83 3.98 2.16 – 1.59 1.57
Step 4 4.67 3.71 2.26 – 1.56 1.57

Site 1 × AlCl3 Isolated 2.30 2.97 – – – –
Step 1 2.28 3.94 2.88 2.89 3.00 1.33
Step 2 2.32 3.89 2.65 2.86 2.79 1.35
Step 3 2.86 4.02 2.25 – 1.59 1.57
Step 4 4.70 3.75 2.26 – 1.56 1.57

Site 2 Isolated 2.26 2.58 – – – –
Step 1 2.28 3.75 3.01 2.88 3.01 1.33
Step 2 2.48 2.81 2.59 2.93 2.54 1.35
Step 3 3.44 2.75 2.26 – 1.56 1.60
Step 4 4.71 2.59 2.27 – 1.56 1.57

Site 2 × AlCl3 Isolated 2.30 2.69 – – – –
Step 1 2.26 4.23 2.90 2.86 3.09 1.33
Step 2 2.40 3.15 2.64 2.83 2.58 1.36
Step 3 3.32 3.02 2.26 – 1.57 1.59
Step 4 4.68 2.65 2.28 – 1.55 1.56

Parameters calculated using B3LYP hybrid functional with 3-21G**/LanL2DZ basis sets.
a The CH3 as subscript represents the methyl group.
b The O* (Cl) is the oxygen atom (chloride atom) which is linked to the Zr atom in Site 1 (Site 2).
c The C1 and C2 atoms are numbered according to Figs. 2–5.

3.2. Study with two ethylene molecules

For comparison purposes the presence of a second olefin in
the proximity of the active site was evaluated. The consideration
of the second ethylene in the polymerization reaction was ini-

Table 2
Molecular and atomic NBO charges for the active site with and without AlCl3,
in presence of ethylene molecule

Active site Species & atoms

Cp2ZrCH3
+ MAO–CH3Cl− Zr

Site 1 Isolated 0.69 −0.69 1.70
Step 1 0.75 −0.92 1.67
Step 2 0.82 −0.91 1.58
Step 4 – −0.85 1.89

Site 1 × AlCl3 Isolated 0.72 −0.72 1.69
Step 1 0.74 −0.92 1.66
Step 2 0.75 −0.91 1.62
Step 4 – −0.88 1.89

Site 2 Isolated 0.67 −0.67 1.63
Step 1 0.71 −0.90 1.62
Step 2 0.63 −0.74 1.35
Step 4 – −0.67 1.61

Site 2 × AlCl3 Isolated 0.73 −0.73 1.69
Step 1 0.79 −0.96 1.68

P
b

tially proposed by Ystenes in the so-named “trigger mechanism”
[27]. According to it, the active site has always a coordinated
monomer and a second olefin which helps the first one in the
whole polymerization reaction, including both coordination and
insertion processes. This proposal was developed to rational-
ize some experimental data which were not fully explained by
the Cossee-Arlman mechanism, i.e., the observation of reaction
rate orders higher than 1.0 (1.0–2.0) with respect to the monomer
concentration [28].

We studied the coordination plus insertion processes of an
ethylene molecule considering the active Site 1 at the presence
of a second olefin molecule. In Fig. 6, the geometries of different

Table 3
NBO electron transfer energetic parameters corresponding of the most relevant
molecular orbitals of the system in the first two steps of reaction (in kcal/mol)

Active site Charge transfers

Zr → �* C2H4 � C2H4 → Zr

Site 1 Step 1 10.48 21.21
Step 2 27.23 55.11

Site 1 × AlCl3 Step 1 12.56 21.09
Step 2 25.26 47.27

Site 2 Step 1 4.96 13.69
Step 2 11.49 41.26

S

P
b

Step 2 0.73 −0.84 1.45
Step 4 – −0.71 1.64

arameters calculated using B3LYP hybrid functional with 3-21G**/LanL2DZ
asis sets. Charges are expressed in a.u.
ite 2 × AlCl3 Step 1 11.71 18.51
Step 2 11.95 36.34

arameters calculated using B3LYP hybrid functional with 3-21G**/LanL2DZ
asis sets.
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Fig. 6. Energy profile and optimized geometries for the ethylene activation and insertion into the Site 1. In this case a second olefin is triggered by the first one.

steps for the active site with two olefin molecules are shown. The
energy profile decreases with respect to that corresponding for
the Site 1 with one ethylene molecule. This decrease is much
important for Steps 3 and 4 (11.7 and 15.4 kcal/mol, respec-
tively) than for Steps 1 and 2 (6.5 and 2.6 kcal/mol, respectively).
Moreover, both Steps 3 and 4 are now exothermic, indicating the
high stability for the propyl ionic-pair.

The most relevant geometric parameters for the Site 1 with
two monomers are summarized in Table 4. The second olefin
was placed initially near the first one, maintaining the Cs sym-
metry. Then, when the Zr-coordinated complex is formed at
Step 1, it moves behind the coordinated olefin. The distance
from this molecule to the Zr atom is too large, resulting in a
negligible interaction with it. Nevertheless, it is noticeable that
the NBO molecular charges of active site and the coordinated
olefin is modified by the presence of the second olefin, the first
becoming slightly less positive (by 0.09e) and the second slightly
positive (by 0.09e). As an indirect consequence, the attractive
electrostatic interaction between the two partners of the ionic-
pair becomes favoured, decreasing the energy of the system. If

Table 4
Optimized distances obtained for the metallocenic system with two ethylene
molecules in each step evaluated

Active site a Bond Distances (Å)

Isolated Step 1 Step 2 Step 3 Step 4

Site 1 Zr CCH3 2.27 2.29 2.31 3.94 –
Zr–O* 2.95 3.88 3.98 3.91 3.98
Zr–C1 – 2.92 2.62 2.34 2.32
Zr–C2 – 2.83 2.87 – –
C2 CCH3 – 3.03 2.83 1.56 1.56
C1–C2 – 1.33 1.36 1.61 1.58
Zr–C3

b – 6.35 6.31 3.45 2.88
Zr–C4

b – 6.82 6.87 2.91 2.89
C4–C1

b – – – 2.95 2.99

Parameters calculated using B3LYP hybrid functional with 3-21G**/LanL2DZ
basis sets.

a See Table 1 for symbols references.
b The C3 and C4 atoms are numbered according to Fig. 6.
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the two olefin molecules compete to coordinate with the Zr atom
and the interactions were dominated only by steric effects, the
expected influence of the second olefin would be to push the
first one towards the Zr atom and to decrease the Zr–C1 and
Zr–C2 distances. Nevertheless, this situation was not obtained.
In Step 2, the coordinated monomer is near the Zr atom, the
position for the second olefin is the same and the counterion
remains away from the cation as in Step 1. The Zr-ethylene dis-
tance is slightly greater. The geometry of the propyl complex in
Site 1 differs markedly in Fig. 6 with respect to Fig. 2. In the
Step 3, the propyl geometry is modified due to the presence of
the second olefin. The Zr–C1 bond becomes longer than in the
case of Fig. 2. The second olefin is now close to the Zr atom,
the Zr–C3 distance changing from 6.87 (TS) to 2.91 Å (Step 3).
This monomer compels the propyl group to maintain the same
orientation as the methyl group. The subsequent restructuring
of the new polymer chain gives an additional energetic stability
not found in the active site without the other olefin (see Step 4).
The second monomer is symmetrically positioned with respect
to the Zr atom, in a similar way as it was found the first olefin
in Step 1.

Some studies taking into account the influence of a second
olefin have been reported. In one case the second olefin molecule
attacks into the backside of the cation [29]. This theory could
also explain the reaction rate orders between 1.0 and 2.0. Another
approach was evaluated by Prosenc et al. [30], which obtained
t
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its geometry to achieve an energetically more stable configura-
tion.
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Am. Chem. Soc. 118 (1996) 13021.

16] W. Kohn, L. Sham, Phys. Rev. 140 (1965) A1133.
17] R.G. Parr, W. Yang, Density-functional Theory of Atoms and Molecules,

Oxford University Press, Oxford, 1989.
18] (a) P.J. Hay, W.R. Wadt, J. Chem. Phys. 82 (1985) 270;

(b) W.R. Wadt, P.J. Hay, J. Chem. Phys. 82 (1985) 284;
(c) P.J. Hay, W.R. Wadt, J. Chem. Phys. 82 (1985) 299.
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