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Methylaluminoxane (MAO) is a critical component in single-
site a-olefin polymerization catalysis, profoundly influencing
the activity, stereoselectivity, and molecular weight capability
of the catalytic system.!"! The main task of MAO is to activate
the catalyst precursor, thereby generating the active species, a
prerequisite for initiation of the polymerization process.
Unfortunately, the structure of the active component is not
well understood, and the complex structural characteristics of
MAQO have remained elusive despite many experimental and
theoretical studies.>* The inability to tie down the structure
of the active component has hindered the complete under-
standing and control of the polymerization process, as well as
rational cocatalyst optimization, where most development has
consequently taken place around alternative activators.!!
Herein we describe the formation and molecular structures
of nanotubular MAOs. Quantum chemical calculations show
that the MAO nanotubes possess higher thermodynamic
stability than previously reported structural alternatives. The
ends of the MAO tubes, which act as active sites, are capped
with trimethylaluminum (TMA) and are able to activate
catalyst precursors for initiation of olefin polymerization.
The lack of a precise structural characterization of MAO
has led to many proposals about its structure. Although there
is no generally accepted structure, the proposed cage
structures with four-coordinate Al and three-coordinate O
centers, comprised only of AI-O and Al-Me bonds, are most
widely accepted.’! The current understanding of the struc-
tural motifs of MAO is largely based on the experimental
evidence on other alkyl aluminoxanes with bulkier alkyl
groups,’! and on theoretical studies on its structural alter-
natives.® With the rapid increase in computational power,
quantum chemical calculations have become an increasingly
powerful tool for the structural characterization of MAO.
Nonetheless, the structural characterization of MAO is
very challenging also from a computational point of view.
MAO is prepared by hydrolysis of TMA " and the polymer-
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ization reactions lead to a variety of structures. The situation
is further complicated by the dimer structure of TMA, in
which the bridging pentavalent methyl groups introduce
electron deficient three-centered two-electron bonds. The
dimer structure of TMA has turned out to be one of the
Achilles’ heels of density functional theory, which has been
widely employed in theoretical studies of MAO."! The failure
of density functional theory to reproduce the experimental
finding of the dimerization of TMA®! is unfortunate because
of the presence of associated TMA in MAO. This problem
was the starting point of the present approach: the choice of
an appropriate computational method. Electronic energies
and enthalpies, as well as Gibbs free energies for dimerization
of TMA are given in Table 1 at various levels of theory

Table 1: Dimerization of TMA: Electronic energies (AE) and enthalpies
(AH), as well as Gibbs free energies (AG) [k] mol™'].H

Method AE AH AG

B3LYP/6-311G** —35.2 -27.5 50.1
MP2/def-TZVP —89.3 —80.2 -14.0
CCSD(T)/def2-QZVPP"! —93.2 —84.1 -17.9
Experimentall” —85.4 -31.2

[a] T=298.15 K, p=0.1 MPa; for a more comprehensive version of
Table 1, see the Supporting Information. [b] Single-point energies on the
MP2/def-TZVP-optimized structures; thermal corrections taken from the
MP2/def-TZVP calculations.

together with comparisons with experimental results. The
very common B3LYP method is here chosen to represent
density functional theory. MP2 produces dimerization ener-
gies in close agreement with both the CCSD(T) method and
the experimental results, whereas B3LYP deviates signifi-
cantly. As a consequence, the MP2/def-TZVP method was
employed in the further studies reported below.

The considered reaction pathways for the formation of
MAO:s from the hydrolysis of TMA are illustrated in Figure 1,
and the energy parameters are reported in Table 2. The
reaction pathways are highly exothermic all the way through
to the MAO products. Hydrolysis of the TMA dimer produces
a complex of TMA and H,O, which undergoes intramolecular
elimination of methane to yield AlMe,OH. The AlMe,OH
acts as a monomer for polymerization of MAO and can react
further either with other AIMe,OH monomers or with TMA.
A reaction between two AlMe,OH molecules produces a
dimer with a four-membered Al,O, ring. Moving on from the
dimer, subsequent reactions with the monomers produce
cage-like structures, and reactions with TMA terminate the
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Figure 1. Reaction pathways for the formation of nanotubular MAOs.

growth to yield the final MAO products. This particular
reaction pathway has been studied in detail by Hall and co-
workers.”!

Aluminoxanes prefer six-membered Al;O; rings over
four-membered Al O, rings.®! The strained AlLO, rings are
present both in the dimer and in the subsequently formed
cage structures of MAO. Because of the strain, coupling of
three monomers to produce a (AlMe,OH); trimer composed
of a six-membered ring is thermodynamically favored over
dimerization (Table 2). In the favored conformation of the
trimer, two of the three OH groups point in the same
direction. Likewise, four monomers can couple to form a
tetrameric ring. The orientations of the adjacent OH groups
in the favored conformation alternate up and down. The
formation of the tetramer ring is equally favorable to the
formation of the trimer, whereas the formation of a pen-
tameric ring is already less favorable.

Moving on from the trimer and tetramer, subsequent
monomer insertions, described herein as trimer—trimer and
tetramer—tetramer couplings, lead to the formation of nano-
tubular structures. Adopting the naming conventions of
carbon nanotubes,'” these configurations are termed chiral
(2,1) for the trimer and armchair (2,2) for the tetramer. As the
couplings of the oligomeric rings are accompanied by
elimination of methane they are highly exothermic. Coupling
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of the tetramers is somewhat more favorable because of the
difference in the curvatures of the (2,1) and (2,2) nanotubes;
the latter is more optimal for sp® hybridization. How long the
tubes grow is determined by competition between AlMe,OH
and TMA; reactions with TMA terminate the tube growth to
yield the final MAO product. Reaction with TMA is some-
what favored over reaction with AlMe,OH, and is also more
exothermic for (2,2) than for (2,1) nanotubes.

How long can the tubes actually grow and what are the
thermodynamic stabilities of the MAO products? To provide
answers to the questions, it is useful to write the molecular
formula of the MAOs in the form (AlOMe),(AlMe;),, to
describe the amount of associated TMA. We know from
experimental work that TMA dimerizes,”"! and because we are
using a computational method (MP2) capable of reproducing
the dimerization correctly, we can extract the energy of the
TMA dimer from the MAOs. This calculation leaves us with
energy per AIOMe unit, which is what can be compared with
other proposed structures. In this case we compare it with the
most stable structure, the (AlOMe),, cage, suggested by
Ziegler and co-workers as the most stable MAO at all
temperatures.[°>]

Electronic energies and Gibbs free energies of the (2,1)
and (2,2) nanotubes are illustrated in Figure 2. The stabilities
of the nanotubes are given with respect to the (AIOMe),,
cage, and are plotted as a function of the number of AIOMe
units. In terms of electronic energies, both (2,1) and (2,2)
nanotubes are favored over the (AlOMe);, cage, except for
the shortest (2,1) tube. The (2,2) tubes are clearly preferred,
because of the nearly optimal sp® hybridization, as pointed
out above. The relative stabilities of the (2,1) tubes improve as
a function of the length of the tube. In contrast, the (2,2) tubes
reach a minimum in energy at dodecamer (Al;40;,Me,,). The
(2,2) nanotubes longer than the dodecamer are destabilized
by repulsion between the adjacent methyl groups. In this
regard, the best configuration for the MAO nanotubes would
be zigzag (4,0),'Y but its formation would require reorgan-
ization of the AlIOMe core, which may not be kinetically
feasible.

Interestingly, the molecular formula of the dodecamer
(Al,0,,Me,,) is exactly the one originally proposed by Sinn.!
Its molecular weight of 985 gmol ™' matches well with the
experimental measurements of about 1000 gmol".1*! Also the
C:Al:O ratio of 1.5:1:0.75 is equal to the experimental
molecular formula of -[Me, 4 ; sAlOq g o75],--"> The length of
AlsO,Me,, (14.8 A) agrees with the spatial size estimate by
Talsi and co-workers,[** who suggest a diameter of 13-15 A
for MAO. Hansen et al.'®! reported an estimate of 19-20 A,
which would better comform with the length of the hexade-
camer (Al O¢Meyg; 17.5 A), which has a molecular weight of
1217 gmol™' and C:Al:O ratio of 1.4:1:0.8. The estimated
effective radius of [Cp,Zr(u-Me,)AlMe,|"Me-MAO~ (Cp =
cyclopentadienyl) is also of the same magnitude (12.2-
14.4 A)."*l Moreover, there is experimental evidence of
terminal -OAIMe, groups!™ and bridging methyl groups,™
both of which are present in the caps of the nanotubes.
Summing up the agreements with the high stability and the
feasibility of formation from the hydrolysis of TMA, the
nanotubular armchair (2,2) dodecamer (Al;;O,Me,,), per-
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Table 2: Energy parameters [k] mol™'] for reactions leading to the formation of nanotubular MAOs.

[a,b]

Reaction AE AG AG per Al

1. Hydrolysis of TMA

Al,Meg+ 2 H,0 —2 AlMe,OH, —60.3 (—64.0) —30.0 (—33.8) —15.0 (—16.9)
2. Elimination of methane

AlMe,OH, —AIMe,OH + CH, ~77.0 (—82.3) —119.6 (—124.9) —119.6 (—124.9)

3. Coupling of AIMe,OH monomers
dimer
2 AlMe,OH —AIl,Me,O,H,

—246.3 (—242.9)

trimer
3 AlIMe,OH —Al;Me,O;H,

—435.6 (—432.2)

tetramer —601.2

4 AlMe,OH —Al,Me;O,H,

4. Coupling of oligomeric rings
four trimers, chiral (2,1):
12 AlMe,OH —Al,,Me;s01,H; + 9 CH,

—3060.5

four tetramers, armchair (2,2): —4229.4
16 AlMe,OH —Al,Me,,O16H, +12CH,

5. Termination by TMA
dodecamer, chiral (2,1):
Ali,Meys05,H; +3/2 Al,Meg—
AlysOr,Mey, +3 CH,

—438.2

hexadecamer, armchair (2,2): —636.2
Al;sMey,OygH, + 2 Al,Me;—

Al,,O¢Mey +4CH,

—174.1 (~170.7) —87.0 (—85.3)
—299.8 (—296.4) —99.9 (—98.8)
~396.9 ~99.2
—2609.7 —2175
—3569.6 —223.1
—689.6 —229.9
~978.1 —2445

[a] T=298.15 K, p=0.1 MPa; for a more comprehensive version of Table 2, see the Supporting
Information. [b] MP2/def-TZVP level of theory (CCSD(T)/def2-TZVP//MP2/def-TZVP in parentheses,
thermal corrections taken from the MP2/def-TZVP calculations). [c] Gibbs free energy divided by the

number of Al atoms involved in the reaction.

zation, we considered
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haps together with the hexade-
camer (Al O,;sMey), appear to be
likely contributors to the structure
of MAO.

The structure of MAO appears
to be very sensitive to temperature.
At  room  temperature, the
Al;;0,Me,, nanotube is thermody-
namically favored over the
(AlOMe),, cage, previously consid-
ered the most stable MAO at all
temperatures. However, the energy
difference in favor of the nanotube
is clearly smaller at 298.15 K (AG)
than at 0 K (AE), suggesting disso-
ciation of the associated TMA at
elevated temperatures. We calcu-
lated the limiting temperature to be
around 370 K. The size of MAO was
observed experimentally to
decrease upon heating,*** suggest-
ing dissociation of TMA. The
release of TMA upon thermal
destruction of MAO has actually
been observed experimentally.'®! In
this case, the polymerization rate
suddenly drops upon heating MAO
to about 370 K and above, and
remains practically constant below
this limiting temperature. This
result provides clear evidence of
the role of associated TMA in the
cocatalytic activity of MAO.

To test if the proposed MAO
nanotubes could possess cocatalytic
activity toward olefin polymeri-
reactions between a [Cp,ZrMe,]

zirconocene and the armchair (2,2) Al,O;,Me,,. Two exo-
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Figure 2. Stabilities of nanotubular MAOs relative to the tetrahedral

Al,0,,Me,, cage!®™< (T=298.15 K, p=0.1 MPa).
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thermic reactions were located, and their products are shown
in Figure 3. Representative of the complexity of the MP2

AE ==122.1 kJ mol-1

Figure 3. Activation (top) and deactivation (bottom) of a [Cp,ZrMe,]
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calculations, the structure optimizations of the two reaction
products took about a month each when run on 64 parallel
processors (2.66 GHz Intel Xeon EM64T).

The reactions lead to metallocene-MAO complexes, in
which the bridging pentavalent carbon atoms play a central
role. Direct reaction between the methylated zirconocene
precursor and MAO (Figure 3, top) breaks the Al—C bond to
the bridging carbon atom. The formed three-coordinated
aluminum center is capable of partially abstracting the methyl
group of the zirconocene, thereby reducing its electron
deficiency. The partially abstracted methyl group appears to
be in a delicate balance between the Zr and Al centers; the
bond lengths are 2.35 A and 2.26 A for Zr—C and Al-C,
respectively. Under these circumstances, it seems plausible
that an incoming monomer can replace the methyl group,
thereby forming an olefin-coordinated zirconocene cation
and a noncoordinated MeMAQO™ anion in its close proximity.
Within the framework of the current understanding of the
single-site olefin polymerization process, a system of this kind
would polymerize olefins, and, hence, the ion pair illustrated
in the top right of Figure 3 should be the active species.”

In the other exothermic reaction (Figure 3, bottom), the
dimethylated zirconocene undergoes a-hydrogen transfer to
MADO, eliminating the transferred hydrogen atom and the
bridging methyl group in the form of methane and leaving the
zirconocene cation tightly bound to the MAO through a
bridging methylene group (CH,). The Zr—C and Al—C bond
lengths (2.35 A and 2.19 A, respectively) are not much
different from those in the above reaction, but the coordina-
tion is stronger, as suggested by the reaction energy of
—122 kJmol ™, compared to —57.7 kJmol™' above. The coor-
dination may actually be too strong for the Zr—CH, bond to
be replaced by the monomer. In light of the strength of the
coordination and the experimental evidence for the formation
of bridging methylene groups through methane elimina-
tion,!™ which has been attributed as the cause of catalyst
deactivation,'” the species in bottom right of Figure 3 is likely
to be a product of deactivation. Further calculations will be
required, however, to verify if this is the case. In this context,
it is also worth pointing out that two distinct but different
zirconocene-MAO ion pairs have been recently observed by
Brintzinger and co-workers.”” The ion pairs bind with
different strengths, and there is about an order of magnitude
difference in the equilibrium constants for displacement of
the MAO anion from the cationic Zr center. The observations
may be relevant to the present calculations.

Turning back to the active species (Figure 3 top right), an
important question is how to alter the dedicate balance of the
abstracted methyl group between the Zr and Al centers. The
use of a solvent, such as toluene, is one feasible way to
separate the cation and anion. Another way is to modify the
ligand structure of the catalyst. Strongly electron-donating
ligands have been shown to stabilize the cationic metal center,
facilitating cation—anion separation and thereby leading to
enhanced polymerization activities due to a lower energy
activation step.”!! Yet another way is to modify the structure
of the cocatalyst. The bridging methyl groups play a critical
role in this respect. Unlike in the structure of TMA, in which
the bridging methyl groups are equally shared by both
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aluminum centers, the methyl groups are located closer to
one aluminum center in the case of MAO. This situation has
the consequence that TMA does not act as an activator
whereas MAO does, as the other aluminum center of the
methyl bridge is left electron-deficient and is thus capable of
abstracting the methyl group from the catalyst. The key
questions concerning future cocatalyst development are how
to increase the electron deficiency and Lewis acidity of the
active aluminum center further and how to prepare such
molecules.

In summary, we have described the formation and
molecular structures of nanotubular MAQOs, which are
thermodynamically favored over the previously proposed
structure of MAO. The nanotubular MAOs readily form in
polymerization reactions between water and TMA, leading to
a wide variety of species, of which an armchair (2,2)
dodecamer (Al;sO,Me,,) appears to be of particular rele-
vance. The molecular weight and chemical composition of the
described Al;;0O,,Me,, molecule are in a striking agreement
with experimental measurements. Most importantly, nano-
tubular Al;O,Me,, is capable of activating a single-site
metallocene catalyst for polymerization of a-olefins.
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