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DFT studies of zirconocene/MAO interaction
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Abstract

A theoretical study of Cp2ZrCl2/MAO system is presented based on Density Functional Theory (DFT) calculations per-
formed with gaussian basis-sets. The MAO cocatalyst was modeled as a small finite section of the most probably species
in solution. The geometry of the cation–counterion forming the ionic-pair active site was fully optimized and its electronic
structure was examined in terms of the Natural Bond Orbital (NBO) population analysis. In this way the ionic-pair inter-
action can be related to the electronic charge changes around the zirconium cation. The results indicate the formation of a
stable ionic-pair and the redistribution of charge in the cation complex and counterion. The latter was concluded by map-
ping the charge density difference. The Laplacian of charge density confirm the ionic interaction of the metallocene/MAO
system.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In last years, a great deal of transition metal com-
plexes usually employed as catalytic precursors and
organometallic compounds acting as cocatalyts have
been considered for polymerization of�-olefins.
Those complexes of group IVB (Ti, Zr and Hf) have
been the most promising because these metallocenic
catalytic systems allow a high degree of control on
the polymer microstructure. For this reason, they may
be considered as the next generation of catalysts for
polymerization of�-olefins.

At present, metallocene catalysts are objects of
increasing research particularly focusing on its stere-
ochemical properties. The stereoselectivity in poly-
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merization of propylene and higher�-olefins is, to a
large proportion, due to the ligands forming the com-
plex. The steric hindrance of active center and the
electronic modification due to� ligands are two very
important factors that determine metallocene perfor-
mance, particularly affecting the catalytic activity and
the quality of the produced polymer[1,2]. However,
metallocene complexes are not catalytically active by
themselves. They need a cocatalytic action to poly-
merize. In the past, a great deal of cocatalysts has
been studied. Up to date, methylaluminoxane (MAO)
continues being the best cocatalyst. This complex
compound is usually expressed as [–Al(CH3)O–]n
(with n = 6–20), formed during the controlled hy-
drolysis of trimethyaluminium[3].

In whole literature, most of theoretical papers have
been concerned with searching which are the more
likely metallocene mechanisms required to produce
stereoregular polymers. Different theoretical methods
have been used as tools to study the reactive properties
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of such active sites: first principles, both ab initio and
Density Functional Theory (DFT), semiempirical and
molecular mechanic methods. Angermund et al.[4]
evaluated different models to select the best for de-
scribing the zirconocene geometry by means of en-
ergy minimization. In general the Zr-ligand�-bond
was analyzed taking into account three different mod-
els: “funnel”, “ionic” and “centroid”. The centroid
model was the more convenient to describe the metal-
locene geometry and to represent NMR experiments
(free rotation of the ligand trough the metal–ligand
�-bond).

In almost every theoretical work reported in liter-
ature about the nature of these active sites the zirco-
cation was considered as an isolated species[5]. The
justification for this hypothesis is that the presence of
a free ion is a sufficient (but not necessary) condition
to be fulfilled to produce the olefin polymerization.
Nevertheless, one of the most important questions of
the cationic model is the energy required to dissoci-
ate the ion-pair. This energy can hardly be compen-
sated for by the solvatation energy in the weakly polar
solvent usually used in olefin polymerization. Fusco
et al.[6] evaluated the energy to separate Cp2TiCH3

+
from Al(CH3)2Cl2− in vacuum. They found a value
bigger than 100 kcal/mol. Besides, an isolated cation
which is a species extremely electron-deficient and
highly coordinately unsaturated is very exposed to
undergo decomposition. In this regard, a certain de-
gree of coordination coming from anion or solvent
is required to avoid the irreversible decomposition
processes.

From previous results obtained by Fusco et al.[7],
a subsequent paper was performed assuming the pres-
ence of the cocatalyst near the active center. By means
of DFT, these authors investigated the energy dif-
ferences among three proposed intermediate species.
They point out that even when the DFT study shows
that a negative charge dispersion in MAO macroan-
ions strongly reduces the ion-pair dissociation energy,
this result cannot justify by itself the formation of free
cationic species[8].

In the past, the main goal of theoretical approaches
has been to study the polymerization mechanisms, par-
ticularly those reactions related to the olefin coordi-
nation (ethylene and propylene monomers) and to the
monomer insertion into the metal–C bond. As it was
above mentioned the most used model for the active

site was the isolated cation with different alkyl lig-
ands, without counterion. Nevertheless, some authors
underlined that the role of cocatalyts, counter ion, or
solvents in this catalytic process is very important to
describe realistic active sites[9].

The aim of the present work is to give a more
complete description of a polymerization reactive site
based on the simplest non-bridgedbis-chlorozirco-
nocene (Cp2ZrCl2) as cationic species (Cp2ZrCH3

+)
and MAO as counterion. The electronic structure of
each of these species and the interaction between them
were analyzed with different theoretical tools. For the
construction of MAO model we took into account
the theoretical considerations and experimental results
collected in the last few years.

As it was mentioned above, the presence of cocat-
alyst is of major importance because the metallocene
molecule by itself is not active. In this work the inter-
action between zirconocene and cocatalyst has been
examined in order to define the most stable species.

The role of cocatalyst, in our case MAO, is widely
known to be significant in several aspects: (i) alky-
lation of a catalyst precursor like the metallocene
dichloride (Cp2ZrCl2), (ii) generation of a cationic
zirconocene complex, (iii) stabilization of cationic
complexes acting as counterion, and (iv) reactivation
of deactivated sites[10,11]. In this work only the
steps (ii) and (iii) are examined.

When the zirconocene Cp2ZrCl2 complex re-
acts with a MAO molecule the monomethylated
Cp2ZrClCH3 precursor and MAOCl are produced
(Eq. (1)). This reaction is usually designed as the
first alkylation, due to the exchange of a Cl atom of
zirconocene and a methyl group of cocatalyst. In a
second step, a MAO molecule captures a Cl− ion from
the Cp2ZrClCH3 precursor (Eq. (2)). The heterolytic
rupture of Zr–Cl bond is favored by the Lewis acid-
ity of MAO. Two ionic species, namely, Cp2ZrCH3

+
and MAO–CH3Cl−, are produced by this reaction.
The second one receives the chlorine anion. The net
reaction of active ion-pair formation is attained com-
bining these reactions as it is shown inEq. (3). For
comparison, the formation reaction of these two ionic
species from the dichloride complex was also con-
sidered (Eq. (4)). Finally, notice that the balance of
energy corresponding to reaction ofEq. (5)will give
us the stability of active species where the ions are in
direct interaction in comparison to the isolated ionic
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components of catalytic site.

Cp2ZrCl2 + MAO–CH3

→ Cp2ZrClCH3 + MAO–Cl (1)

Cp2ZrClCH3 + MAO–CH3

→ Cp2ZrCH3
+ · · · MAO–CH3Cl−(active site) (2)

Cp2ZrCl2 + 2MAO–CH3

→ Cp2ZrCH3
+ · · · MAOCH3Cl−(active site)

+MAO–Cl (3)

Cp2ZrCl2 + 2MAO–CH3

→ Cp2ZrCH3
+ + MAOCH3Cl− + MAO–Cl (4)

Cp2ZrCH3
+ + MAOCH3Cl−

→ Cp2ZrCH3
+ · · · MAOCH3Cl−(active site) (5)

In this work the calculations will be focused firstly
on Eq. (3), which can be considered the net activating
process corresponding to this catalytic system. On the
other hand,Eq. (4) allows us to study the isolated
ionic species acting as active sites. Finally,Eq. (5) is
important to evaluate the thermodynamic direction of
this reaction.

2. Theoretical background

The total energy of our molecular model for the
catalytic site and each of its fragments was calculated
within the DFT formalism[12]. The B3LYP func-
tional for exchange and correlation was used to take
into account non-local effects of electronic density.
Molecular orbitals were expanded with a gaussian
basis set, namely the split valence 3–21G∗∗ basis,
including polarizationp-type functions on hydrogen
atoms,d-type functions on C, O, Al, Cl, atoms and (d,
f)-type functions on Zr atom. This was an all-electron
calculation without any approximation for the core
region potential, allowing to describe the influence of
valence orbitals on core levels. All the calculations
were performed using the GAUSSIAN’98 package
[13]. The geometry of the Cp2ZrCl2/MAO system

and of the cationic Cp2ZrCH3
+ fragment were fully

optimized, while only a partial optimization was ac-
complished for the MAO–CH3Cl− counterion. The
reaction energy of the catalytic site�E was defined
like the following total energy difference:

�E = ET(ion-pair) + ET(MAOCl)

−ET(di-chlorozirconocene)

−2ET(MAO–CH3) (6)

Instead, we considered also the overall process from
the ionic species as reactants:

�E = ET(ion-pair) − ET(methyl–zirconocene+)

−ET(MAO–CH3Cl−) (7)

Atomic charges, electron transfers and molecular
orbital occupations were obtained with the Natural
Bond Orbital (NBO) analysis[14]. A study of orbital
overlap population was also performed according to
Mülliken’s technique[15]. To explore the counterion
approaches to zirconocene the electrostatic potential
V(r) and the Laplacian of electron density∇2ρ(r) for
the isolated cation were plotted using contour graph-
ics. Then the charge density difference�ρ(r) and
the Laplacian∇2ρ(r) contour graphics were plotted
for the active sites to evaluated the electronic effects
of the MAO–CH3Cl− approximation to form the
ion-pair. The�ρ(r) study was performed computing
the difference of the electron density point to point
between the ion-pair and the isolated cation complex
plus the isolated MAO–CH3Cl− counterion.

3. Models

3.1. Zirconocene and ion-pair formation

In Fig. 1 the full optimized geometry of the iso-
lated cation Cp2ZrCH3

+ is depicted. Due to a small
methyl rotation this cation do not fulfill the re-
quirements for the Cs symmetry group. Taking into
account recent reported information two possible ac-
tive species in which the MAO–CH3Cl− counterion
forms an ion-pair were evaluated[16]. The difference
between them is the way the zircocation approaches
to the MAO–CH3Cl− counterion. One corresponds
to make a close interaction with an oxygen atom of
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Fig. 1. Model of zircocation. This picture presents the different
optimized bond angles. If necessary and for clarity, the methyl
group was omitted.

MAO–CH3Cl− and the other one to approximate the
counterion through a chlorine bridge. In Section 4,
a more detailed description of these approximation
processes will be given.

3.2. Model of cocatalyst: MAO

In the specialized literature excellent reviews about
the MAO structure have been published and here a re-
play of all the MAO models suggested until now will
not be given. Despite the large effort made to eluci-
date the MAO structure in solutions, many questions
remain about this subject. Recently, different hypothe-
ses about MAO structure have been formulated from
experimental evidences and well defined model com-

pounds[17]. Actually, it is well known that the alu-
minum atoms are more stable in a tetrahedral than
in a trigonal planar configuration due to their Lewis
acid character. Therefore, O→ Al dative bonds have
a high tendency to be formed, producing aggregation
of the chains[18]. This aggregation process results
in tridimensional arranges with different shapes con-
nected between them at dynamical equilibrium[19].

According to Ystenes et al.[20] the most prob-
ably species in MAO solution is characterized by
the following general formula (MeAlO)9, taking a
“cage-like” structure (Fig. 2). From this and the above
considerations, the MAO model proposed in this
work is in relationship with the “cage” structures of
these oligomers in solution. This MAO cage contains
aluminum and oxygen atoms in alternative vertices
forming four- or six-membered rings. Two parallels
six-rings are the top and the bottom of the cage, and
alternatively four- and six-membered rings form the
rest of the framework. This “cage” model has a high
regular symmetry (C3h).

The MAO model proposed in this paper is a re-
duced fraction of this “cage” structure. It was imaged
in order to take into account the interaction zone be-
tween metallocene and MAO. A cluster with 16 atoms
constitutes this MAO–CH3 model: three Al, three O,
one C and nine H (Fig. 3a). Aluminum and oxy-
gen atoms participate in two bonded four-membered

Fig. 2. The most probably “cage” species of MAO with basic
formulae (MeAlO)9 proposed by Ystenes et al.[20]. Darker colors
of atoms show the reduced fraction of MAO used in this paper.
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Fig. 3. (a) Lateral view of simplified MAO–CH3 model; (b) lateral
view of cageMAO–CH3 model.

rings. All the oxygen atoms are linked to aluminum
atoms forming O→ Al dative bonds. Therefore, all
the oxygen and aluminum atoms are tri-coordinated
and tetra-coordinated, respectively. This part of MAO
cage should present the higher reactivity. It would be
more favorable to open up O–Al bonds of four-rings
than six-membered rings, due to the larger strain in
smaller rings. Thus, by opening only one O→ Al da-
tive bond the strain in the two, four-rings has a high
probability to be released. This situation was found
in MAO–CH3Cl− counterion, constituted by a cluster
with 17 atoms: three Al, three O, one C, nine H and
one Cl (Fig. 4a).

It is a well established fact that metallocene sys-
tems need a high molar relation Al(MAO):Zr to get
a productive homogeneous catalyst and relatively sta-

Fig. 4. (a) Lateral view of MAO–CH3Cl− counterion model; (b)
lateral view of cageMAOCH3Cl−.

ble kinetic profiles (103–104 M) [21]. Due to the very
small Zr concentration, one MAO molecule interacts
with only one zirconocene in the active site formation
step. For this reason and considering the likely prox-
imity between the zirconocene catalyst and the MAO
cocatalyst, the last was modeled only by a small part
of the complete MAO molecule. Moreover, in this way
the computational time was reduced without loose of
information quality.

The tridimensional structure of our MAO model in-
cludes only one methyl group linked to the central Al
of the two bonded four-membered rings, the other dan-
gling bonds of Al and O atoms being saturated with six
H atoms (seeFig 3a). Two of them replace two methyl
groups, while the other four H saturate the coordina-
tion number of each Al and O atoms. The dangling
bonds would be continued to form the six-membered
rings of the MAO cage. The procedure of saturation
with H atoms has been widely used in the past for
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different systems to eliminate spurious effects due to
these unsaturated dangling bonds[8,22].

Due to fact that the MAO model is a fraction
of a bigger MAO structure some bond angles have
been taken as fixed to simulate the entire tridimen-
sional cage of MAO. In case of MAO–CH3 and
MAO–CH3Cl− clusters the terminal bond angles, i.e.
those corresponding to the cage MAO structure and
those saturated with H, were taken as frozen. However,
the H atoms that replace two methyl groups were left
free. For MAO–CH3, the optimization process does
not produce the rupture of Al∗–O∗ central dative bond.
A strong interaction between internal Al and O atoms
is obtained, forming two cycles of four-members each
one. On the other hand, the geometrical optimiza-
tion for MAO–CH3Cl− produces an opening of the
previous mentioned bond due to the Cl− presence.

In order to evaluate the influence of cluster size
in our calculations based on models previously de-
scribed, greater clusters were considered. More pre-
cisely, the MAO–CH3 and MAO–CH3Cl− clusters
of Figs. 3a and 4awere extended according to the
model of Fig. 2, including now three Al and O
atoms. The greater MAO–CH3 cluster is constituted
by 27 atoms: 6 Al, 6 O, 1 C, 14 H and was named
cageMAO–CH3. The greater MAO–CH3Cl− cluster
is similar, besides the Cl extra atom, and was named
cageMAO–CH3Cl− (see Figs. 3b and 4b, respec-
tively). Following the same procedure outlined for the
smaller clusters the dangling bonds were saturated
with H atoms in order to have a complete coordination
for each terminal atom.

The fundamental aim of this work was to study the
interaction between the zirconocene and cocatalyst,
which is the vital part of the active site. Hence, we
do not intent to optimize the more probable MAO
species in solution. Instead, we decided to adopt for the
MAO structure the minimal model in agreement with
other experimental and theoretical data, making less
expensive the calculation for the ion-pair interaction.

4. Results and discussion

4.1. Cationic complex (Cp2ZrCH3
+)

The optimized structure of cation complex is in
good or very good agreement with X-ray results

Table 1
Important optimized parameters of cationic complex

Parameter Optimized parametera

Zr-Centr 2.22
Zr-Cme 2.24
Cme–H 1.09
Centr-Zr-Centr angle (�) 135.7
� 89.8
� 54.2
� 50.8
Zr–C�–H1 angle 104
Zr–H1 2.72
Zr–H2,3 2.87

a Distances expressed in Armstrong (Å) and bond angles in
degrees (◦).

obtained for other cation complexes like [1,2-Me2–
Cp]2ZrCH3

+· · · CH3B(C5F5)3− [23] and [Me5–Cp]2
ZrCH3

+· · · CH3B(C5F5)3− [9] (Fig. 1). Looking the
data summarized inTable 1 we observe that the
Zr–Cme distance is in between experimental values
of above both systems (2.22–2.25 Å). For the average
Zr–C(Cp) distance a value of 2.522 Å is obtained,
whereas the experimental value is 2.525 Å[23]. The
calculated Centroid-Zr-Centroid (Centr-Zr-Centr) an-
gle � (135.7◦) is somewhat higher than experimental
value (132.5◦) [23]. The methyl group is bent away
from the Centr-Zr-Centr plane. The calculated bend-
ing angle is slightly higher (by 11%) than that ob-
tained by Woo et al.[9] using DFT calculations. The
difference can be due to the Zr position between the
Cp rings. The another bond angles are important to
define the final cation structure.

The geometry of the isolated cation was fully op-
timized without any constraints or symmetry condi-
tions. This is the reason why a significant�-agostic
interaction is obtained, in comparison with Woo re-
sults. This observation is evidenced by the relatively
less opened Zr–C�–H angle (104◦) and the concomi-
tant small Zr–H distance, in comparison with the other
Hs of the CH3 group (seeTable 1). In addition, the Cp
rings present an eclipsed conformation in agreement
with other calculations, showing that this is the most
stable cation conformation in the initial state[5c].

The possible counterion approaches to zirconocene
were firstly studied by mapping the electrostatic poten-
tial distributionV(r) of cation complex Cp2ZrCH3

+.
From an adequate grid of points we were able to
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Fig. 5. Electrostatic potentialΦ(r) corresponding to cation complex Cp2ZrCH3
+. Contour map along the Zr–Cme plane. Electrostatic

potentials are expressed in a.u.

define the plane containing the desire interaction re-
gion (seeFig. 5). Notice that the entire potential map
is positive due to the net positive charge of cation.
This positive potential increases abruptly near the
core of Zr and C atoms. However, the approach-
ing zone of the MAO-CH3Cl− counterion to the Zr
cation likely should be localized in the valence elec-
tron cloud where the potential gradient is higher,
i.e. where the electrostatic attraction on the anion is
stronger. An arrow inFig. 5 shows the most probably
interaction zone between cation and counterion, ex-
cepting the regions around the –CH3 group and the
Cp ligands. Both previous mentioned zones present
important steric hindrances. Similar theoretical results
were obtained with DFT calculations for the cation
complex Cp2Zr–nPr+[24], which define the most
probably zone for an ethylene molecule to approach
the catalytic site.

Looking now at the Laplacian distribution, it is pos-
sible to show the regions with high (∇2ρ(r) < 0) and
low (∇2ρ(r) > 0) electron charge concentration (see
Fig. 6a). The highest charge concentration is around

the Zr and Cme atoms (broken lines), along the cova-
lent Zr–C bond. The depletion of charge (solid lines)
presents a channel near the Zr atom, indicating the
better way where the MAO–CH3Cl− counterion could
approach to cation complex. This is displayed by the
arrow of theFig. 6a. The∇2ρ(r) profile along a line
beginning in the Zr atom shows this property (Fig. 6b).
Both results, electrostatic potential and Laplacian dis-
tribution, give the same kind of information.

4.2. MAO models

Taking into account our previous considerations, the
bond distances and bond angles were optimized, in-
cluding the geometry of the methyl conformer of the
initial species of MAO. Besides, an additional study
was performed, adding a Cl anion in MAO to form a
MAO–CH3Cl− counterion (Fig 4a). It is well known
the X− anion abstraction ability of MAO (X: halo-
gen or alkyl group) from a neutral metallocene[25].
The optimized parameters for both species are pre-
sented inTable 2. The more substantial change in
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Fig. 6. (a) Laplacian∇2ρ(r) distribution of charge density. Contour map is along the Zr–Cme plane. Solid lines are for∇2ρ > 0 (regions
of charge depletion); broken lines are for∇2ρ < 0 (regions of charge concentration). The arrow indicates the most probably zone of
approaches the MAO–CH3Cl− counterion. (b) Profile along the axis of arrow. Note the variation of charge.

bond distances occurs in O∗–Al∗ dative bond. Look-
ing at the values of O∗–Al bonds we observe that the
stretching of O∗ → Al ∗ central bond is accompanied
with a shortening in the others O∗–Al bonds, produc-
ing a noticeably change of coordination of O∗ atom.
Furthermore, all the internal bond angles of the ring
increases from 90 to 110–120◦. The arrangement of
the MAO–CH3Cl− counterion is changed with respect
the initial MAO structure. The Natural Bond Orbital
(NBO) charges show the MAO–CH3Cl− ability to dis-
perse the negative charge given by Cl− (Table 3). The
most important fraction of this charge is concentrated

on chlorine atom, which is bonded to Al∗. The rest
of negative charge is distributed fundamentally on the
aluminum atoms forming the MAO–CH3Cl− counte-
rion. These results are in agreement with several re-
ports related to the ability of MAO to delocalize the
negative charge when acts as counterion[26].

In Table 3 the NBO atomic charges for selected
atoms of cageMAO-CH3 and cageMAO–CH3Cl
clusters are summarized. For the first cluster, notice a
general 10–20% increase of absolute values of Al and
O charges, with the exception of Al and O∗, for which
the charge modification is negligible. In addition, the
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Table 2
Distance and angle bonds optimized in MAO–CH3 and
MAO–CH3Cl− counterion models

Parameter Optimized parametera

MAO–CH3 MAO–CH3Cl−

O∗–Al∗ distance 1.83 3.02
Al∗–O distance 1.82 1.81
O∗–Al distance 1.84 1.74
Al∗–Cme distance 1.92 1.96
Al∗–Cl distance – 2.12
Al–H distance 1.61 1.65
O–H distance 0.98 0.98
O–Al–Cme angle (�) 129.1 102.7
Cl–Al–Cme angle – 112.4
O–Al–O angle 90 110/120

a Distances are given in Armstrong (Å) and bond angles in
degrees (◦).

atomic charges are more homogeneously distributed
than in the MAO–CH3 cluster. A very similar behavior
is observed for the cageMAO–CH3Cl cluster. Look-
ing at the overall distribution of electronic charge we
notice that the negative charge coming from chlorine
anion is re-distributed over all the atoms of greater
cluster.

In Table 4the overlap population (OP) and electron
transfers of NBO for MAO–CH3 and MAO–CH3Cl
clusters are summarized. We observe that the cen-
tral O∗ → Al ∗ bond becomes the most probably
bond to be broken with chloride addition. The OP for
this oxygen atom is the lowest. On the other hand,
the OP’s for the others O∗–Al bonds are higher in
MAO–CH3Cl− species. Analogous OP results, not

Table 3
Natural bond orbital (NBO) charge analysis of the principal atoms of MAO–CH3 and MAO–CH3Cl− counterion

Atom MAO–CH3 (a.u.) MAO–CH3Cl− (a.u.) Cage MAO–CH3 (a.u.) Cage MAO–CH3Cl− (a.u.)

Al∗ 1.73 1.63 1.73 1.58
Al 1.23 1.15 1.52 1.49
Al 1.23 1.15 1.52 1.49
O∗ −1.13 −1.07 −1.15 −1.12
O −1.02 −1.00 −1.14 −1.11
O −1.00 −1.02 −1.12 −1.14
Cl – −0.56 – −0.57
C −1.33 −1.31 −1.34 −1.39
H 0.25 0.21 0.26 0.26
H 0.26 0.23 0.26 0.25
H 0.26 0.23 0.26 0.26

Cl atom is bonded with Al∗. Atomic charges of cageMAO–CH3 and cageMAO–CH3Cl− were included.

Table 4
Overlap Population and NBO electron transfer energetic parameter
corresponding to MAO–CH3 and MAO–CH3Cl− species

Dative bond Overlap population

MAO–CH3 MAO–CH3Cl−

O∗ → Al∗ 0.192 0.036
O∗ → Al1 0.238 0.336
O∗ → Al2 0.243 0.338

Electron transfer: donor NBO
→ acceptor NBO

Energy (kcal/mol)

MAO–CH3 MAO–CH3Cl−

n O∗ → �∗ (O–Al1)a – 11.91
n O∗ → �∗ (O–Al2) – 11.86

a “n” stands for a lone pair of O∗.

shown here, were obtained for cageMAO–CH3 and
cageMAO–CH3Cl cluster species. This fact can be
related to the strength of these bonds when Cl− is
added. Besides, two slightly electron transfers occur
between donor lone pair of oxygen and accepting two
anti-bonding orbitals in MAO–CH3Cl−. Note that the
broken O∗ → Al ∗ central bond produces a redistri-
bution of electron charge. Thus the O∗ can be view
actually as a di-coordinated oxygen. These electron
transfers in the MAO–CH3Cl− molecule are in agree-
ment with the lower negative charge on di-coordinated
oxygen reported inTable 3. Nevertheless, they do not
take place in MAO species.

4.3. Ion-pair formation

In a previous work it was considered the possi-
bility of existence two counterion agents (MAOCl−
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and MAOCl2−) [16d]. However, the MAOCl cocat-
alysts necessary to generate the MAOCl2

− coun-
terion are present in very low concentration with
respect to MAO species. For this reason, we stud-
ied here the mono-chlorine counterion. The possi-
ble MAO–CH3Cl− approaches to zircocation were
proposed appealing to previous information ex-
tracted from open literature[8,16a,16b,16d,27,28].
Barron and co-workers[16b] found that, in case
of aluminoxane clusters, such as (tBu)6Al6(�3O)6,
three-coordinated aluminum is not a prerequisite for
ethylene polymerization activity when combined with
zirconocene dimethyl. According to their1H-NMR
results, the cage species of aluminoxane react exother-
mically with Cp2ZrMe2 at room temperature to
produce an ethylene polymerization-active tightly
ion-paired species Cp2ZrMe· · · (tBu)6Al6(�3O)6Me.
From the point of view of these authors the driving
force for the abstraction of CH3− is assumed to be
the “latent Lewis acidity” produced by the ring strain
present in the small rings. Here, taking into account
our previous considerations, the ion-pair formation
was evaluated assuming two different approaches of
the MAO–CH3Cl− counterion to cation complex:
close interaction Zr–O∗ (Site 1) (Fig. 7) and interac-
tion through a chlorine bridge from MAO–CH3Cl−
(Site 2) (Fig. 8).

The more relevant parameters for these sites are
summarized inTable 5. The results indicate that
both MAO–CH3Cl− approaches produce negligible
changes in the Zr–Cme distances with respect to the
isolated cation complex. On the other hand, the� an-
gle of methyl group varies significantly. An important

Table 5
Optimized distance and angle bonds obtained from Cp2ZrCH3

+· · ·
MAO–CH3Cl− for both type of sites

Parameter Optimized parametera

Site 1 Site 2

Zr–Cl distance 3.73 2.58
Zr–O∗ distance 2.95 5.43
Zr–Cme distance 2.27 2.26
� Angle (Figs. 8 and 9) 73.7 102.2
� Angle (Fig. 1) 62.0 53.7
Al∗–Cl distance 2.12 2.20

a Distances are given in Armstrong (Å) and bond angles in
degrees (◦).

Fig. 7. Optimized geometry of Site 1.

Fig. 8. Optimized geometry of Site 2.
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increase is observed in Site 1. The sites present no-
ticeably differences in geometry. In case of Site 1 the
O∗ of MAO–CH3Cl− is closer to Zr atom than the Cl
by 1.1 Å. In case of Site 2 the situation is inverted; the
Cl of MAO–CH3Cl− becomes the closest. Although
the Zr–Cl distance for Site 2 is relatively shorter than
the Zr–O∗ distance for Site 1 (by 0.3 Å), the Zr–O∗
distance for Site 2 is remarkably longer than the
Zr–Cl distance for Site 1 (by 1.7 Å). This fact shows
us that the best interaction between cation complex
and counterion (contact ion-pair) would be expected
for Site 1. In other words, this site presents a close
contact ion-pair while Site 2 has a loosened contact
ion-pair, giving a more opened active site. Another
parameter to represent the different approaches is the
φ angle. The more open angle is obtained for Site
2. In both cases our results are in general agreement
with those obtained by electrostatic potentialV(r) and
∇2ρ(r) mapping for isolated cation. The most proba-
bly zone for a MAO–CH3Cl− approach was correctly
predicted by the previous mentioned analysis.

It is a well established fact that dichloride catalyst
and cocatalyst must interact to produce the active
site. In the present work the different processes that
give Site 1 and Site 2 were analyzed considering the
reaction energies as defined inEqs. (3)–(5). First, the
reaction was evaluated assuming the presence of two
cocatalyst molecules to form the active species. The
Cp2ZrCl2 catalyst was modeled taking into account
recent references of its geometry (distances and an-
gles not shown here)[29]. The reaction energies
(�E) for the ion-pair formation were evaluated using
Eq. (3) and are summarized inTable 6. The results
of first and second entries inTable 6clearly indicate
the effective formation of the sites when the coun-
terion is included, being both processes exothermic.
Moreover, when only the isolated component species

Table 6
Reaction Energies of Cp2ZrCH3

+· · · MAO–CH3Cl− and Cp2ZrCH3
+· · · cageMAO–CH3Cl− for both types of sites

Reaction �E (kcal/mol) �E with MAO
cage (kcal/mol)

Cp2ZrCl2 + 2 MAO–CH3 → Cp2ZrCH3
+· · · (�1O∗) MAO–CH3Cl− (Site 1)+ MAO–Cl −293.45 −296.19

Cp2ZrCl2 + 2 MAO–CH3 → Cp2ZrCH3
+· · · (�1Cl) MAO–CH3Cl− (Site 2)+ MAO–Cl −272.66 −272.60

Cp2ZrCl2 + 2 MAO–CH3 → Cp2ZrCH3
+ + MAO–CH3Cl− + MAO–Cl −176.17 −178.17

Cp2ZrCH3
+ + MAO–CH3Cl− → Cp2ZrCH3

+· · · (�1O∗) MAO–CH3Cl− (Site 1) −117.26 −118.01
Cp2ZrCH3

+ + MAO–CH3Cl− → Cp2ZrCH3
+· · · (�1Cl) MAO–CH3

− (Site 2) −96.48 −94.43

Cp2ZrCH3
+ and MAO–CH3Cl− are produced (third

entry), the energy computed usingEq. (4) reduces
significantly.

Second, we considered that the active sites could
be produced directly from Cp2ZrCH3

+ and MAO–
CH3Cl− according to theEq. (5). The reaction en-
ergies calculated using this equation (fourth and fifth
entries ofTable 6) show also that both cation–anion
ion-pairs present high stability with respect to the ion
species, assuring the presence of ion-pair as active
sites. Notice that the production of Site 1 is nearly
20 kcal/mol higher exothermic than Site 2. The main
difference between both active sites is the degree of
interaction between zircocation and counterion. Ef-
fectively, the link between zirconium of Cp2ZrCH3

+
and oxygen of MAO–CH3Cl− in Site 1 is higher po-
larized in the local interaction zone than the link in
Site 2, making less probable the participation of iso-
lated ionic species as active sites (see later charge
analysis).

In third column ofTable 6are summarized the reac-
tion energy values obtained with greater clusters. Here
only single point calculations were performed for both
active sites, maintaining the optimized geometries cor-
responding to the smaller MAO–CH3Cl− counterion.
It is clear that not significant changes are produced.
Therefore, at least from an energetic point of view,
the results obtained with smaller clusters can be taken
as valid in order to define trends and make relative
comparisons. We underline that these reaction ener-
gies are dependent on the MAO region where reaction
take place, independently of the size of the model.

The NBO charges inTable 7 show the change
of charge distribution when the ion-pairs are
formed for both counterions MAO–CH3Cl− and
cageMAOCH3Cl−. If the charges of isolated
species, cation and counterion are compared the
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Table 7
NBO charge analysis of Cp2ZrCH3

+· · · MAO–CH3Cl− and Cp2ZrCH3
+· · · cageMAO–CH3Cl− for both types of sites

Atoms and species MAO–CH3Cl−a Cp2ZrCl2 Cp2ZrCH3
+ Site 1 Site 2 Site 1cage Site 2cage

Zr – 1.07 1.65 1.67 1.38 1.69 1.38
Cp1 – −0.20 −0.15 −0.30 −0.21 −0.28 −0.20
Cp2 – −0.20 −0.15 −0.31 −0.14 −0.29 −0.15
Cp2ZrCH3

+ – – 1 0.64 0.64 0.69 0.65
Cl −0.56 −0.34 – −0.50 −0.38 −0.50 −0.37
O∗ −1.07 – – −1.04 −1.07 −1.10 −1.13
Al∗ 1.63 – – 1.65 1.69 1.58 1.62
Al 1.15 – – 1.22 1.13 1.55 1.49
Al 1.15 – – 1.22 1.14 1.57 1.49
MAO–CH3Cl− −1 – – −0.64 −0.64 −0.69 −0.65

The comparison was accomplished taking into account the Cp2ZrCl2 catalyst and the isolated cation and MAO–CH3Cl− counterion.
a Charges are expressed in atomic units (a.u.).

MAO–CH3Cl− looses negative charge (∼0.36 e)
which it is transfer to cation complex. This result is ac-
companied with a concomitant gain of negative charge
of zircocation. For both active sites the net charges
of cation and counterion are the same. However, the
redistribution of the charge is different depending of
the active species. In case of Site 1 the Zr atom pre-
serves its positive value, but the Cp ligands increase
up to 100% the negative charge. For Site 2 the gained
negative charge in cation complex is preferentially
located in Zr atom. Besides, the Cp charges are no-
ticeably affected by the position of the MAO–CH3Cl−
in this site. Only the Cp ligand more distant from the
MAO–CH3Cl− counterion increases up to 50% its
negative charge. In case of isolated cation complex
the Cp charges are equal, indicating similar electron
transfer to Zr atom for both Cp ligands and vice versa.
The same behavior occurs in Site 1. Nevertheless,
this situation does not occur for Site 2. The positive
charge transferred to the MAO–CH3Cl− counterion is
distributed rather homogeneously on the ring for Site
1, while it is received fundamentally by the Cl atom
for Site 2. We can say that the MAO–CH3Cl− coun-
terion forming the Site 2 undergoes a polarization due
to the interaction with cation trough Cl bridge. The
Cl atom releases negative charge which is localized
in the two neighbour aluminum atoms.

The charge distributions on sites where the cocat-
alyst is represented by cageMAO–CH3Cl− are very
similar to those obtained with the smaller cluster. Par-
ticularly, the charge of the Zr ion is almost the same.
The main differences are observed in the counterion,

specially for O and Al atoms, as it was commented
above for the cageMAO models alone inSection 4.2.
Therefore, a cluster containing only the immediate
atoms in the interaction region around the cation is a
sufficiently good model to study the influence of co-
catalyst. By this reason in the following we will re-
strain to use the smaller size models.

In Table 8are summarized the main charge trans-
fers taking place in the ion-pair expressed in terms
of the NBO analysis. First we analyze those between
Cp rings and Zr, and vice versa. Due to the aro-
matic character of Cp ligands the charge transfers in-
volve the two C=C bonds (σ andπ ) and one C lone
pair of these ligands. Notice the important electron
transfers obtained for Cp2ZrCH3

+ as the third and
fourth columns inTable 8show. The position of the
MAO–CH3Cl− counterion produces different electron
transfers to/from the zircocation. For Site 1, the net
electron transfers from Cp towards Zr atom decrease
with respect to the isolated cation. These results are
compatible with NBO values of atomic net charges of
Cp rings of Site 1, which are more negative. In case
of Site 2, it presents a greater net electron transfer
from Cp towards Zr atom in comparison with Site 1
and the atomic net charges of Cp rings are less neg-
ative. The Zr charge receives also contributions from
MAO–CH3Cl−. Notice the much important transfer
from Cl in the case of Site 2 than the transfer from O∗
in Site 1, making the Zr relatively much positive in
the last case. Taking into account this NBO analysis,
Site 2 in comparison with Site 1 presents poor polar-
ization in cation complex and higher polarization in
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Table 8
The most important electron transfer parameters obtained by NBO analysis for the isolated cation complex, Sites 1 and 2

Transfers Donor NBO→ acceptor NBO Cp2ZrCH3
+a Site 1a Site 2a

Cp1 Cp2 Cp1 Cp2 Cp1 Cp2

Cp1,2 → Zr �� (C–C) → n Zr 51.03 50.44 86.87 72.78 129.61 63.93
�� (C–C) → n Zr 99.01 96.95 50.06 37.60 63.74 126.23
n C → n Zr 94.84 93.91 54.84 78.48 77.78 83.23

Zr → Cp1,2 n Zr → ��∗ (C–C) 97.93 78.13 109.68 60.24 58.85 50.42
O∗ → Zr n O∗ → n∗ Zr – 51.80 –
Cl → Zr n Cl → n∗ Zr – – 135.88

a Energy expressed in kcal/mol.

MAO–CH3Cl− counterion: the Zr atom has low posi-
tive charge and the Cp ligands small negative charges.
Otherwise, for Site 1 the Zr atom is more positive and
the Cp rings more negative.

The computation of charge density difference�ρ(r)
over a specific plane of a molecule shows the gain
or loose of electron charge. Here, the Centr-Zr-Centr
plane was selected for this analysis.Figs. 9 and 10
show positive values of�ρ(r) in the Cp zones, indi-
cating an electron density gain when the cation and
counterion are near each other (ion-pair). In case of
Site 2, we obtain complex contour plots due to the

Fig. 9. Charge density difference�ρ(r) for Site 1 ion-pair. Contour
plot along the Centr-Zr-Centr plane. Dotted lines correspond to
�ρ < 0 and solid lines refer to�ρ > 0. Dark lines (Cp ligands)
and Zr atom were sketched in the picture for better comprehension.

asymmetry of the active sites. However, the most im-
portant zones to highlight are localized between Zr and
Cp rings. The graph shows negative values of�ρ(r) in
almost all the region between the Cp rings. Neverthe-
less, a positive branch connects one Cp ligand with Zr
atom indicating an electron density gain between this
Cp ring and Zr. These results are in agreement with
those obtained by NBO analysis. In active Site 2 the
Zr atom and Cp1 ligand are the dominant acceptors of
the electron charge of MAO–CH3Cl−; the charge in
the MAO–CH3Cl− is distributed as looser as possible
in the cation complex. On the other hand, in Site 1 the
electron charge is localized symmetrically all around
of Zr atom.

The Laplacian of density∇2ρ(r) was evaluated for
both active sites. Different planes were selected to
plot the contour lines. In case of Site 1 we consid-
ered a cross section containing Zr–Cme and Zr–O∗
bonds (Fig. 11). The Laplacian results can express
the different type of bonds contained in that plane.
The∇2ρ(r) is negative in the Zr–Cme bond zone (dot-
ted lines). On the other hand, the∇2ρ(r) is positive
through Zr–O∗ bond (solid lines). The negative values
of the∇2ρ(r) between Zr and Cme show an important
charge electron accumulation in the zone bond and
they are an evidence of a covalent bond. Otherwise,
the positive values of the∇2ρ(r) between Zr and O∗
correspond to an electron depletion in the interaction
zone, and constitute an evidence of an ionic bond. In
this case, the charge density is concentrated towards
the atoms instead in the bond zone. In the same figure
is possible to observe the Al∗–Cl bond, which show
characteristics of an ionic bond. A similar analysis
was performed on Site 2. In this case, the selected
cross section contains Zr–Cme and Zr–Cl bonds
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Fig. 10. Charge density difference�ρ(r) for Site 2 ion-pair. Contour plot along the Centr-Zr-Centr plane. For caption details seeFig. 9.

Fig. 11. Laplacian∇2ρ(r) distribution of charge density for Site 1.
Contour map thorough Zr–Cme bond (from cation), O∗ and Al∗–Cl
bond (from MAO–CH3Cl−) (Fig. 7). For details see caption of
Fig. 5.

Fig. 12. Laplacian∇2ρ(r) distribution of charge density for Site
2. Contour map thorough Zr–Cme bond (from cation) and Al∗–Cl
(from MAO–CH3Cl−) bond (Fig. 8). For details see caption of
Fig. 5.
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(seeFig. 12). Again, the Laplacian of density is pos-
itive between Zr and Cl atoms, indicating an ionic
bond. The Zr–Cme is maintained as covalent bond.
This analysis of the Laplacian was proposed by Bader
et al. [30] for other species. Actually, it is a helpful
tool that was used in many recent reports[31].

5. Conclusion

The Cp2ZrCl2/MAO interaction as an ion-pair,
including the counterion, was studied theoretically
using a self-consistent molecular orbital DFT method
and a molecular model for MAO. The analysis of
results was focused on the electronic structure of pos-
sible Cp2ZrCH3

+· · · MAO–CH3Cl− ion-pairs. Two
different approaches of the MAO–CH3Cl− counte-
rion to cation complex were considered. The reaction
energy results indicate the ion-pair formation as ac-
tive species instead of isolated cation and counterion.
Both active sites are stable complexes. The cluster
size effect on MAO–CH3 and MAO–CH3Cl− mod-
els was evaluated. The results showed that our small
clusters are able to predict the more relevant ener-
getic and electronic properties coming from the direct
interaction in the ionic pair species.

In particular, a redistribution of charge is produced
when the counterion approaches to the cation. The
closeness of MAO–CH3Cl− counterion produces an
electron donation to the zircocation. The two ion-pairs
considered present the same net charges in cation com-
plex and counterion, but with a completely different
redistribution. Site 1 takes the most significant nega-
tive charge in Cp rings while in Site 2 the charge is
localized preferentially in Zr atom and in the looser
Cp, with respect to the counterion. The redistribution
of the charge is clearly shown in charge density dif-
ference�ρ(r) results, where the electron density of
the cation complex and counterion together and away
each other are analyzed. An increase of�ρ(r) indi-
cates more negative charge in Cp zones, especially in
Site 1, and the connecting positive zone between Zr
atom and Cp. From Laplacian∇2ρ(r) results is pos-
sible to confirm the ionic character of both catalytic
sites. The Zr–O∗ bond in Site 1 and the Zr–Cl bond
in Site 2 present positive∇2ρ(r) in the bond zones.

It is really important to take into account the pres-
ence of cocatalyst in the active site models. The

approaches of MAO–CH3Cl− toward the cation com-
plex produce a steric constrain and a modification
of net charge of zircocation. This net charge would
be +1 if the analysis would be accomplished on
an isolated cation (like it is normally considered in
the literature when the active site is modeled). Fur-
thermore, the cation–counterion interaction produces
charge redistribution in all the atoms of the ion-pair.
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