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Chapter 1

Methylalumoxane – History, Production, Properties, and
Applications

This chapter provides a general overview of methylalumoxane (MAO). It starts with a historical
background on olefin polymerization and the discovery of MAO. Then the synthesis and large-scale
production of MAO are described. Its structural characterization, properties, and different roles in the
activation of olefin polymerization catalysts are subsequently discussed. This is followed by an
overview of potential modifications and their structures and cocatalytic capabilities. The chapter
concludes with a brief outline of the remaining chapters of the thesis.

An extended version of this chapter has been published:
H. S. Zijlstra, S. Harder, Eur. J. Inorg. Chem. 2015, 1, 19-43 (cover feature).
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1.1 History and background
The synthesis of polyethylene (PE) was first reported in 1898 when after heating diazomethane a white
waxy substance was obtained.1 Upon further analysis this product was shown to consist of long -CH2chains and was therefore originally named polymethylene.2 In the following decades synthetic routes
based on ethylene were developed and steadily improved, allowing for limited commercial
applications. This radical polymerization process involved high temperatures and pressures (200°C,
2000 bar) and was in reality nothing more than a "controlled explosion". The resulting products were
highly branched, of low molecular weight, and large amounts of elemental carbon were formed as
byproduct. The low quality of the product and accompanying safety issues significantly slowed the
commercial development of polyolefins.3
The introduction of the chromium oxide based Phillips catalyst, in the early fifties, provided a much
milder synthetic route to produce PE.4 Shortly thereafter Ziegler et al. reported a highly active catalyst
system based on TiCl4/Et3Al.5 Later this heterogeneous system was used by Natta for the production
of isotactic polypropylene (PP).6 For this invention and the subsequent development thereof Ziegler
and Natta were awarded the 1963 Nobel Prize in chemistry.
In order to overcome the limited possibilities to spectroscopically study the structural details of these
heterogeneous systems at the atomic level their homogeneous analogues were developed. Particular
interest was given to the alkyl-aluminum activated group 4 metallocene dichlorides, Cp2MCl2 (M = Ti,
Zr, Hf). Their unreactive, bulky cyclopentadienyl rings function as spectator ligands leaving only two
reactive sites. This characteristic limits the possible reactions of the complex and allows for more
straight forward identification and characterization of possible intermediates that can resemble those
observed in the heterogeneous polymerization process.7 As early as 1957 it was reported by the groups
of Breslow and Natta that a mixture of Cp2TiCl2 and diethylaluminumchloride (Et2AlCl) could be used
to polymerize ethylene.8 In 1973 Reichert and Meyer observed a surprising rise in the catalytic activity
of the Cp2TiEtCl/Et2AlCl system when water was present.9 Studies using Cp2TiMeCl/Me2AlCl gave
similar results and led Long and Breslow to propose that the formation of a dimeric alumoxane,
MeClAl-O-AlClMe, generates a strong Lewis acid.10 This species, which can be considered a bidentate
Lewis acid, has the ability to abstract a ligand from the titanium center, rendering the complex
polymerization active.
Around that same time Sinn and coworkers were studying the halogen free Cp2ZrMe2/Me3Al system in
the presence of ethylene by low temperature 1H NMR.11 In an attempt to simplify the procedure of
preparing the NMR samples a graduate student replaced the sealed NMR tube with a regular plastic
cap stopper one.12 Careful analysis of the obtained spectrum showed a small new signal in the CH2bond region, which proved indicative of PE formation. Performing a larger scale experiment revealed
2
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a highly active catalyst system. Further experiments, ruling out traces of oxygen and chloride as the
enhancer, showed that water was the necessary component to obtain this highly active system. The
highest activities were obtained when water was added to Me3Al in a little less than equimolar ratio.
Analysis of the resulting mixture showed that Me3Al was partially hydrolyzed to methane and a product
with an approximate composition of Me1.5AlO0.75.13 In analogy to siloxane the partially hydrolyzed
Me3Al was named methylalumoxane (MAO). Sinn et al. discovered that, in contrast to Reichert’s
halogen containing system, the H2O/Me3Al activated catalyst systems were also capable of
polymerizing propylene and higher olefins; a simplified, general activation mechanism is shown in
Scheme 1.1.14

Scheme 1.1 General, simplified scheme showing the role of MAO in homogeneous olefin
polymerization.
Even though the homogeneous metallocene/MAO systems were able to polymerize higher olefins,
stereo-selectivity, as found in heterogeneous Ziegler-Natta catalysis, could not be obtained. The
introduction of the chiral ansa-metallocenes by Schnutenhaus and Brintzinger overcame this
limitation.15 It was shown that the chiral C2-symmetric conformers of bis-tetrahydroindenyl-zirconium
and titanium dichlorides allowed for isotactic PP production whereas Cs-symmetric systems gave
syndiotactic PP.16,17 Using different bridges and substituents, a library of catalysts was developed.18 It
now became possible to tune the tacticity in homo- and stereoblock-polymers of substituted olefins.12
Detailed analysis of these systems and their applications can be found elsewhere.19,20 The later so
called post-metallocene systems are generally also activated by the cocatalyst MAO in a similar
way.21,22
The development of homogeneous olefin polymerization catalysis has allowed for the ability to control
the properties and characteristics of the resulting polymer to a degree that would have been
impossible before. Arguably little of this would have been accomplished without the accidental
discovery of the cocatalyst MAO and its superb activating capabilities.
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1.2 Synthesis and production
MAO is produced by a variety of companies amongst which Albemarle and Chemtura are currently the
biggest. Although no exact figures are known, the world-wide production is estimated at a multi kilo
ton scale. Since MAO is nothing more than partially hydrolyzed Me3Al, it is no surprise that a water
containing source is reported as the hydrolyzing agent in almost all synthetic procedures. Often this
source is reacted with an excess of Me3Al in a “controlled” manner. To avoid excess usage of the
relatively expensive Me3Al and the presence of unreacted Me3Al in the final MAO solution, nonhydrolytic routes have also been developed. These generally call for carbonyl containing organic
compounds or rely on complexes with a metal oxygen moiety.
Hydrolytic production
The initial procedure for MAO production called for slow addition of water to a cooled solution of
Me3Al. This reaction is highly exothermic and, especially at a larger scale, may result in explosions.[23]
In order to gain better control over stoichiometry and reaction rates, controlled hydrolysis by inorganic
salt hydrates was introduced.13 Generally salts like CuSO4·5H2O, Al2(SO4)3·15H2O, and FeSO4·7H2O are
used.24 The disadvantage of the salt hydrate method is that a relatively large part of the aluminum is
lost in the form of insoluble aluminum complexes.24a This problem can be overcome by the use of
lithium salt hydrates like Li2SO4·H2O which result in a more soluble form of MAO.25 This is likely due to
the incorporation of the Li salt in the MAO structure (cf. the solubility enhancing properties of LiH on
AlH3 which gives Li+AlH4ˉ). In order to reduce aluminum loss and avoid traces of the metal salts in MAO,
alternative pathways to introduce H2O have been developed. Examples of these methods include the
solution/dispersion of water in aromatic solvents after which Me3Al is slowly added, the addition of
water vapor or water saturated nitrogen to cold Me3Al, the addition of Me3Al to strongly cooled ice,
and the addition of Me3Al to water saturated molecular sieves.26 Although these methods prevent
incorporation of metal salts in the final product and minimize loss of aluminum in the form of insoluble
compounds, they are sensitive to runaway reactions. This means that the water is sometimes
uncontrollably released making it almost impossible to steer reaction conditions in a well-defined and
consistent manner.27
Non-hydrolytic production
In an attempt to prevent problems related to hydrolytic MAO production, several non-hydrolytic
routes in which MAO’s oxygen is provided by a carbonyl or metal oxide containing compound have
been developed.28 Examples of this include the treatment of Me3Al with carbonyl containing
compounds such as CO2, MeC(O)OH, and Ph2CO,28a slow addition of Me3Al to main group metal oxides
and hydroxides such as PbO and Ph3SnOH,28b,28c and slow addition of Me3Al to boronic acids, RB(OH)2,
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or boroxines, (“RBO”).28d,28e Due to the less reactive nature of the carbon-, boron-, and metal oxygen
bond, as compared to the oxygen hydrogen bond, these methods can be performed at regular
temperatures and are generally better controlled. Improved conversion and control also result in the
need for less Me3Al, reducing the overall production costs.29

1.3 Characteristics and properties
Despite the large scale production and commercialization of MAO, very little is known about its true
structure (or structures). This is likely due to the fact that MAO is a wild mixture of different clusters of
which the exact composition changes between samples and over time. Depending upon preparation,
concentration, and age the characteristics and properties of different MAO batches can vary widely.
Numerous experimental, modelling, and theoretical studies have been performed in an attempt to
gain information on the complexity of MAO mixtures. Although these investigations have provided
some information on MAO’s nature, they are altogether incomplete and conclusions reached often
vary amongst research groups.
Composition
Shortly after its initial discovery the composition of MAO was found to approximately be Me1.5AlO0.75.13
Determining the exact composition of MAO, however, is close to impossible. Depending on the Me3Al
to water ratio used in its production, the composition might vary. Commercial MAO always contains
varying quantities of unreacted Me3Al which can be up to 30% of its aluminum content.30 The overall
Me3Al content of MAO can be divided into two classes: “free” Me3Al (Me6Al2), which can be removed
under reduced pressure or with trapping agents, and “bound” Me3Al, which is incorporated into MAO
aggregates.31 It is difficult to completely remove all “free” Me3Al from MAO solutions but a Me3Aldepleted form of MAO, in which most of the “free” Me3Al has been removed, can be obtained and will
be addressed in more detail later in this section.
As mentioned before, the variable Me to Al ratio in MAO depends on the manner in which MAO is
produced. Sinn and coworkers studied these ratios using both individually synthesized and
commercially obtained samples of MAO.32 After the removal of unbound Me3Al, they reported Me:Al
ratios ranging from 1.48 to 1.62. These values were determined by measuring the CH 4 release upon
acidic workup and comparing that to the aluminum content obtained using wet analytical methods.
Performing NMR studies on commercial MAO samples Simeral and coworkers found the Me:Al ratio to
be ranging from 1.40 to 1.48.33 Upon the addition of THF to their NMR samples, they could effectively
separate the Me3Al signal from that of MAO. Based on these measurements a general “free” Me3Aldepleted MAO composition of Me1.4-1.5AlO0.75-0.80 was suggested.
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In order to more accurately estimate the Me3Al content in MAO, several methods have been developed
to quantify and/or trap the unreacted, “free” Me3Al. Addition of diethyl ether to MAO solutions in
toluene traps “free” Me3Al and causes the formation of two layers.31 The upper Et2O phase contains
almost all “free” Me3Al and only traces of MAO whereas the lower toluene phase contains almost all
MAO and virtually no “free” Me3Al. Me3Al content can also be quantified by titration with pyridine in
the presence of phenazine as an indicator.34 The results obtained using this method are not completely
reliable as the pyridine also partially coordinates to MAO leading to higher Me3Al content than
anticipated. The interaction with MAO can be avoided by the use of Ph3P as a trapping agent.35 This
bulky, soft Lewis base selectively forms a complex with residual Me3Al while not reacting with
aluminum centers bridged by oxygen groups (i.e. MAO). Similarly, WOCl4 can also be used to selectively
trap the “free” Me3Al.36,37 This method has the additional advantage that the complex formed can be
conveniently monitored by UV-vis spectroscopy. Furthermore, sterically hindered phenols such as 2,6di-tert-butyl-2-methylphenol (BHT) can also be used to trap “free” Me3Al.38 All of these methods create
a system in which virtually all “free” Me3Al is removed resulting in a Me3Al-depleted MAO (DMAO).
Depending on the polymerization catalyst, use of DMAO as the activator might increase the activity
and molecular weight of the resulting polymer (see section 1.4). Using the earlier described NMR
procedures, Simeral and coworkers could quickly and accurately estimate the amount of “free” Me3Al
in MAO when using THF as a ligand for Me3Al.33 Different procedures for the quantification of “free”
Me3Al in mixtures have recently been evaluated by Bochmann and coworkers: trapping Me 3Al by
addition of THF, pyridine, or Ph3P all gave consistent results.39
Despite these different methods to trap “free” Me3Al, the simplest and most frequently used
procedure to obtain DMAO is vacuum drying of MAO solutions. As Me3Al is relatively volatile (bp.
Me6Al2: 125°C) this results in evaporation of most “free” Me3Al to leave DMAO. To prevent the bound
Me3Al from being released the heating should be kept to a minimum. Zakharov and coworkers could
show that upon heating under high vacuum the Me:Al ratio decreases rapidly.40 Heating for 30 hours
at 50°C under high vacuum gave a Me:Al ration of 1.6, whereas increasing the temperature to 100°C
gave a Me:Al ratio of 0.9. A similar Me:Al ratio was obtained by Stellbrink et al. when heating their
MAO sample under vacuum.41 This clearly shows the dynamic behavior of MAO and demonstrates the
complexity of the system. It should be noted that in these studies MAO samples produced through
both a hydrolytic and non-hydrolytic route were used and therefore the Al:Me ratios might have varied
slightly from the beginning. Zakharov and coworkers suggested that hydrolytically produced MAO may
lead to encapsulation of a water molecule inside a MAO cluster, i.e. a clathrate of a H2O guest in a host
(MeAlO)n cluster. Upon heating, encapsulated water could react with a Me-Al function thus releasing
CH4. Considering the high reactivity of MAO towards water this seems unlikely and self-condensation

6

Methylalumoxane – History, Production, Properties, and Applications

of two Me-Al functions to Al-CH2-Al and CH4 as suggested by Kaminsky et al. presents a more plausible
explanation (vide infra).42,43
Samples in which approximately one equivalent of water has reacted with Me3Al and were the Me:Al
ratio is close to one are referred to as “pure MAO,” (MeAlO)n. These ratios are hard to obtain
experimentally but are often used in theoretical discussions to simplify calculations. When excess
Me3Al is used, the MAO obtained after depletion of the excess Me3Al often has a Me:Al ratio close to
1.5, such as (Me1.4-1.5AlO0.75-0.8)n, this is dubbed “true MAO.”
Molecular weight (Mw) estimates for MAO range from 700-20000 g/mol giving clusters containing 12200 Al atoms.32,41 These values might vary depending on whether the Mw for regular MAO or that of
the MAO anion is estimated.44,45 The anion represents the species after activation and will be discussed
in the section 1.4. Sinn and coworkers studied the Mw of MAO in different solvents by making use of
the linear relationship between freeze-point depression and concentration (cryoscopy).32 For MAO
dissolved in benzene (mp. 5.5°C) or in Me3Al (mp. 15°C) they found Mw values of 1000-2000 g/mol,
depending on the degree of hydrolysis of their self-prepared MAO samples. This indicates no direct
dependence of the presence of Me3Al on the Mw of MAO. Similar Mw values in benzene were obtained
by Tritto et al.46 However, when small increments of Me3Al were added to their MAO solutions a
change in Mw was observed. The Mw of their samples linearly decreased with an increase in Me3Al (after
correction for the low Mw “free” Me3Al). This suggests that an increase in Me3Al concentration results
in the breakdown of MAO aggregates which is in contrast to the findings of Sinn and coworkers.32
Ystenes and coworkers further investigated this dependence using IR spectroscopy.47 They showed
that the IR spectrum obtained after addition of Me3Al to depleted MAO is just an overlay of the two
individual spectra. These results are in agreement with those obtained by Sinn and coworkers and
indicate no clear relationship between the amount of Me3Al and the Mw of MAO. Cryoscopy in the
polar solvent 1,4-dioxane (mp. 11.8°C) gave significantly lower Mw (400 -700 g/mol). This suggests that
the external Lewis base breaks the cluster into smaller aggregates.
The Mw of MAO can also be influenced by controlling the extent to which it is hydrolyzed. Sinn and
coworkers showed in their cryoscopy studies that decreasing the Me:Al ratio from 1.70 to 1.53 led to
an increase in the Mw of 1045 to 3847 g/mol.32 This is in line with the findings of Stellbrink et al. who
determined the Mw of “pure MAO” (Me:Al = 1) via small angle neutron scattering and obtained an
average molecular weight of 20000 g/mol.41 GPC measurements further confirmed that the Mw of MAO
increases upon heating.24a The heavier aggregates are most likely formed by a self-condensation
reaction which was first suggested by Kaminsky et al. (Scheme 1.2).42,43 Condensation of two Me-Al
functions produces upon release of CH4 the bridging Al-CH2-Al unit and results in a decreased Me:Al
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ratio. This process can be observed already at room temperature but is of major importance at higher
temperatures.

Scheme 1.2 Self-condensation of MAO through the release of CH4, resulting in a higher Mw MAO
species.
This self-condensation process results in connected aggregates with increased oxygen content and
higher Mw. Therefore, such a mechanism could also explain the formation and precipitation of the gellike substance observed in MAO solutions over time. This amorphous gel is thought to be a cross-linked,
highly polymeric (MeAlO)n species.26c Despite the fact that the gel is still mildly active as a cocatalyst,
almost all literature studies (i.e. NMR and cryoscopy) focus on the soluble part of MAO. The formation
of gels affects the functioning MAO and leads to reproducibility problems which especially in industry
are highly undesirable. Industrial studies have dealt with MAO modifications in which MAO’s solubility
is increased and gel formation is kept to a minimum (see section 1.5). Investigations in which MAO is
used or studied almost always take precautions towards gel formation and commercially obtained
MAO samples are thoroughly filtered so that all insoluble particles are removed.48
Structure
Despite the varying composition of MAO, many spectroscopic studies have been undertaken to gain a
better understanding of its structural aspects. Giannetti et al. studied the IR spectrum of MAO and
assigned the absorptions around 800 and 1220 cm-1 to Al-O-Al and Al-Me moieties.23 Rytter and
coworkers expanded on this and identified a weak shoulder peak at 1257 cm-1 which was attributed to
the bridging methyl groups in MAO.49 Upon addition of Me2AlCl to DMAO a partial methyl-chloride
exchange was observed. This could be conveniently monitored by the disappearance of the absorption
for bridging Me groups at 1257 cm-1. Only part of the added Me2AlCl underwent exchange with DMAO
leading them to suggest that only the bridging methyl groups can be exchanged for chlorine, as they
are much better bridging groups. Based on these results it was then estimated that approximately 17%
of the methyl groups in MAO exist as bridging methyl groups (Al-Me-Al) whereas the rest is terminal
(Al-Me).
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Multinuclear NMR experiments have yielded further insight into the bonding environment of the
oxygen and aluminum atoms in MAO. 27Al NMR chemical shifts are directly related to the metal’s
coordination number: three-coordinate at 210-280 ppm, four-coordinate at 125-180 ppm and fivecoordinate at 100-125 ppm (deviations due to electronic effects are possible).50 Therefore, further
insight might be obtained by 27Al NMR investigations on the MAO mixture. Unfortunately, acquiring
reliable 27Al NMR data is not straightforward due to the high quadrupole moment of the Al nucleus
which results in broad, poorly defined, signals making interpretation difficult and highly contradicting.
Broad resonances at 149-153 ppm (fwhm 1750 Hz) have been found that coincide with the signal for
Me3Al at 153 ppm (fwhm 850 Hz).51,52 Other studies, however, claim that the 27Al of MAO is too broad
to be visible under standard conditions. Raising the temperature to 120°C resulted in appearance of
very broad signal at 110 ppm.53 Special operating conditions suitable for the observation of very broad
lines showed at room temperature an extremely broad resonance at circa 60 ppm (fwhm 15000
Hz).52,53 Both could be related to MAO. It is noteworthy that Barron’s (tBuAlO)n model systems with
four-coordinate Al centers show 27Al chemical shifts around 110 ppm (vide infra, Figure 1.2).54
In order to obtain additional information, Simeral and coworkers combined ab initio calculations with
27

Al magic angle spinning (MAS) NMR studies on solid MAO samples.55 Although line broadening due

to large quadrupoles also complicated this study, distinct differences between gel and non-gel forms
of MAO were observed. Field-swept NMR studies suggest that three-coordinate Al is unlikely. The 17O
MAS-NMR data show only one signal at 67 ppm indicative of three-coordinate oxygen. Based on these
findings it can be concluded that MAO consists almost completely of four-coordinate aluminum and
three-coordinate oxygen atoms.
1

H and 13C NMR spectra of MAO show broad resonances at − 0.35 and − 6.55 ppm, respectively.56,57

The very broad resonances can be contributed to multiple species that are in dynamic equilibrium and
make it extremely difficult to draw conclusions.58 The only species that can be clearly identified as
having a sharp resonance in both, the 1H and 13C NMR spectra, is Me3Al.
Using Diffusion-Ordered NMR spectroscopy (DOSY) several groups have been able to study the size of
the different aggregates that exist in MAO solutions.45,59 Based on this work, hydrodynamic volume in
the range of 2720-3490 Å3 were reported. Removal of Me3Al from MAO solutions leads to larger
average sizes. The values reported for DMAO range from 3610-4700 Å3, showing a more than 30% size
increase of MAO upon removal of Me3Al. This suggests that the presence of additional Me3Al influences
the MAO cluster size which is in line with cryoscopy studies of Tritto et al. but contradicts the
observations of the groups Sinn and Ystenes.32,46,47 It should, however, be noted that the DOSY
technique presumes aggregates of spherical shape and homogeneous density. Any deviation may lead
to significant errors and an overestimation of the MW.39
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Using the stable radical TEMPO as a potential Lewis base for coordination to the Lewis acidic sites of
MAO, it was found by EPR spectroscopy that MAO clusters possess at least two different Lewis acidic
sites.60 These sites were attributed to coordinately unsaturated Al centers found in AlOMe2 and
AlO2Me environments. Line-width analysis of EPR signals gave an average radius of MAO aggregates of
5.8 Å. This gives for an average (MeAlO)n cluster size of n = 15-20 which is significantly smaller than the
values obtained via different techniques described earlier.
Mass spectrometry techniques have also been employed to determine the molecular weight and
structure of MAO. However, due to hard ionization methods, no consistent information was
obtained.23,61 Electrospray ionization mass spectrometry (ESI-MS) is a much softer method for
ionization and an obvious choice for detection of ions in MAO solutions, at least in polar solutions.
McIndoe and coworkers recently published an ESI-MS study in which also chemical ionization methods
are used.62,63 Spectra measured after combining MAO with Cp2ZrMe2, Me3SiO(Me)2SiOSiMe3
(octamethyltrisiloxane, OMTS) and Bu4N+Cl− in fluorobenzene consistently showed a major MAO anion
with m/z 1853. This species, proposed as [(MeAlO)21(Me3Al)7Me]− is formally derived by abstraction of
Me2Al+ from the neutral (MeAlO)21(Me3Al)8. The obtained Mw value and composition are in the range
of those discussed before. However, it should be noted that only those species that are ionized can be
measured and other neutral MAO aggregates are not detected simply because they are not ionized.
Therefore the size of the anion might not be representative of that for the complete MAO mixture. The
observed release of Me2Al+ from a MAO cluster fits with the recent suggestions that MAO could
formally act as a Me2Al+ donor during catalyst activation.64 This potential activation mechanism will be
addressed in section 1.4.
Based on the combined Mw, IR, multinuclear NMR and EPR studies, several possible structures for MAO
have been suggested (Figure 1.1). The original idea that MAO consists as an oligomer of MeAlO units
led to the suggestion that is could be a linear chain-like coordination polymer (1) or possess a cyclic
structure (2).65 This is in agreement with dialkylsiloxane chemistry: the silicone unit R2SiO is isolobal to
MeAlO and forms typical linear and cyclic oligomers of the type (R2SiO)n.14
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Figure 1.1 A selection of proposed MAO structures showing different possible structural features.
The proposed MAO structures 1 and 2 contain three-coordinate aluminum atoms which are rare and
only observed when oligomerization is hindered by bulky ligands.66 Therefore, stacks of linear chains,
so-called ladder-type structures, have been suggested.23 Different stacking leads to a variety of
structures: 3 with four-membered rings and four-coordinate Al atoms or 4 with more relaxed sixmembered rings but still partially three-coordinate Al centers. Stacking by bridging Me-groups (5) is
less likely because O is superior in bridging. Similar stacking of cyclic structures leads to cage-like
structures (e.g. 6). These cages can be easily compared to the Barron’s model systems found in the
early nineties: the exchange of Me for the bulkier tBu led to isolation of well-defined alumoxanes (711, Figure 1.2).54,67,68 These complexes have provided important insights into the possible structures
for MAO. Following Smith’s rule, each of these (tBuAlO)n clusters displays six square faces and n − 4
hexagonal faces.69
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Figure 1.2 The (tBuAlO)n cage structures as reported by Barron and coworkers (tBu groups omitted for
clarity).54,67,68
Barron’s clusters could be representative models for “pure MAO” with a Me:Al:O ratio 1:1:1 and in
some cases indeed were found to activate metallocenes, giving low activity in ethylene
polymerization.68 Interestingly, upon reacting (tBuAlO)6 with six equivalents of Me3Al all tBu groups
were exchanged for Me groups.70 The resulting mixture, which contains tBu groups only in tBuAlMe2,
is a Me3Al-free soluble form of MAO that is highly active in ethylene polymerization. It is not clear
whether a hexameric cluster (MeAlO)6 is formed and is stable. However, the addition of only one
equivalent of Me3Al to (tBuAlO)6 gave a single tBu → Me substitution while the cluster, which could be
characterized by NMR, remained intact. The increased activity of this compound as compared to the
(tBuAlO)6 might be indicative of similar structural motifs as active components in MAO.
Generally the activation process, the abstraction of a methyl group from the metal center, is thought
to happen through a Lewis acidic MAO species. Four-coordinate aluminum, as found in structures 711, is not a strong Lewis acid and therefore “latent Lewis acidity” has been introduced: dissociation of
an Al-O bond breaks up the cluster and provides a three-coordinate Lewis acidic site (Scheme 1.4).68
The driving force for this process is release of ring strain, i.e. opening of the cluster reduces the number
of four-membered rings which are considered to be strained on account of acute 90° bond angles. It
was noted that the opening of the cluster not only gives an acidic three-coordinate Al center but results
in a highly basic two-coordinate O atom.71 Therefore not the breakage of the Al-O but the formation
of a new bond containing the O was proposed to be the driving force for reaction. The [Cp2ZrMe]+
[tBu6Al6O6Me]− species is a mildly active catalyst for ethylene polymerization (Scheme 1.4). Similar
cluster bond-breaking mechanisms could explain uptake of Me3Al by cage structures.
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Scheme 1.4 Latent Lewis acidity as proposed for tBu-alumoxane activation.
Keeping in mind the cage-like structures of tBu-alumoxanes, it was suggested by Sinn that also methyl
rich “true MAO” might have a similar architecture.31 Based on chemical analysis and cryoscopy
measurements, methyl rich units (Me6Al4O3) were proposed to be the building blocks of MAO. In order
to fit the measured Mw values, four such monomers should be combined to (Me24Al16O12). A proposed
structure for (Me24Al16O12) could be the methyl rich cluster 13 which formally could be pictured as
reaction of the “pure MAO” species 12 with Me3Al (Scheme 1.5); note that 12 is isostructural to
Barron’s tBu-derivative 11. The driving force in this reaction is ring opening of strained four-membered
rings.

Scheme 1.5 Conversion of a “pure MAO” cage compound into a “true MAO” cluster by addition of
Me3Al.
It is of interest to note that Barron’s bulky MAO clusters, (tBuAlO)n, are in contrast to (MeAlO)n itself
all well-defined cages that have been characterized by NMR methods and in some cases even their
crystal structure could be obtained. Moreover, in solution these clusters can be characterized
unambiguously by NMR methods. Apparently, replacing MAO’s Me group with the much bulkier tBu
group gives rise to formation of unique low-energy species that are not in fast dynamic exchange with
undefined structures. Although the (tBuAlO)n cage structures give important insights in the structural
architecture of alkyl alumoxanes in general, it is not fully clear to what extent the bulkiness of the tBu
group vs the Me group influences the outcome and conclusions reached. Studies on “true” methyl
alumoxanes are therefore of similar high importance.
The simplest form of MAO is monomeric Me-Al-O that in this form will never exist but its fragment has
been captured by making use of bulky β-diketiminate ligands (nacnac). Roesky and coworkers reported
13
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the crystal structure of complex 14 which formally could be seen as monomeric Me-Al-O trapped by
[nacnacAlMe]+ and [nacnacAl(Me)O]− ions (Figure 1.3).72

Figure 1.3 The structure of a ß-diketiminate methyl aluminum oxide complex (Ar = 2,6-iPrC6H3).
The simplest MAO aggregate is a dimer, (MeAlO)2, which during synthesis from excess Me3Al and H2O
will contain coordinated Me3Al (15). Since Al incorporated in the four-membered ring is more Lewis
acidic than unconstrained Al, the isomer containing terminal three-coordinate Al atoms (16) is more
stable (Scheme 1.6).

Scheme 1.6 The (MeAlO)2 dimer and its interaction with “free” Me3Al.
Although a simple MAO structure like 16 has never been isolated, it is of interest to note that use of
bulkier alkyl groups led to isolation of isomorphous 17 by Barron and coworkers. (Figure 1.4).54 Using
bis-pyridylethane, Lewiński et al. could structurally characterize 18, which can be seen as a Lewis base
stabilized adduct of 16.73 Subsequently, Roesky and coworkers isolated a derivative that is stabilized
by replacement of one Me group for a bulky nacnac ligand (19).74

Figure 1.4 Complexes containing fundamental structural motifs of an alkyl alumoxane dimer.
A very interesting experiment, which was published in a completely different context, is the reaction
of sodium cacodylate, Me2As(O)ONa, with Me3Al and isolation of crystalline [Me4As]+2
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[Me2AlO∙∙∙AlMe3]2− (20).74 This represents an in situ synthesis of MAO by reaction of Me3Al with a metal
oxide precursor, i.e. a common route (see section 1.2). The dianionic complex 20 can formally be seen
as the simplest MAO dimer (16) in which free coordination sites at the terminal Al atoms are filled by
additional Meˉ ions (Figure 1.5). The negatively charged MAO anion 20 could be seen as a MAO cluster
after activation of the metallocene catalyst but obviously is much smaller than MAO species found in
experiment.

Figure 1.5 The molecular structures of [Me2AlO∙∙∙AlMe3]2− (20), [Al7O3Me13(MeO)3]− (21) and
Me9Al16O13Cl13 (C-MAO, 22); cations omitted for clarity.
Although these small model aggregates give insight in the working principles of MAO, commercial MAO
solution are mixtures of species with a significantly higher Mw. Only few larger methyl containing MAOlike clusters have been structurally characterized. In both cases, these systems should be defined as
modified MAO. The methoxy-modified cluster [Al7O3Me13(MeO)3]− (21) forms a structure with fused
six-membered rings and four-coordinate Al centers (Figure 1.5).75 Albemarle work has led to structural
characterization of Cl-modified MAO clusters. By reacting LiOH·H2O with R2AlCl (R = Me or Et) it was
possible to isolate and characterize chlorinated alumoxanes (C-MAO and C-EAO) such as 22 by single
crystal X-ray diffraction (Figure 1.5).76 The C-MAO and C-EAO clusters both have the general molecular
formula R9Al16O13Cl13 and are isostructural. The clusters show crystallographic C3-symmetry (in Figure
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1.5, the C3-axis runs nearly perpendicular to the plane of projection). These are the first well-defined
alumoxane compounds with a Mw above 1000 g/mol. In contrast to the cage-like structures discussed
earlier, this cluster does not represent a hollow cage but instead the center is formed by a tetrahedral
Al4O unit. This snowflake like structure combines fused ring systems with four-coordinate aluminum
atoms. As the van der Waals radii for Cl (1.80 Å) and Me (2.00 Å) are very similar and both groups can
bind in terminal as well as in a bridging modes, this structure could also be representative for an all
methyl alumoxane like cluster (Me22Al16O13).77
Computational investigations
Despite numerous investigations on MAO’s architecture, the number of experimentally determined
structures that may be representative of MAO remains very limited. Taking into account all
experimental information and the known characteristics of MAO, many research groups have used
calculations to model potential structures for MAO. Initially mainly structures for “pure MAO”,
(MeAlO)n, were investigated. Pakkanen and coworkers studied the preferred structural configuration
of three-coordinate aluminum atoms in linear and cyclic fragments at varying degrees of
oligomerization (geometry optimization: HF/3-21G* level, energies: B3LYP/3-2G*, MP2/3-1G* and
MP2/3-11G* levels).78 They found the structures to be defined by the amount of ring strain and the
amount of stabilizing π-interactions between the electrons on O and the empty p-orbital on Al.
Calculations on clusters (MeAlO)n up to n = 6 show that the stability of cyclic MAO models increases
with oligomerization. For linear MAO models (like 1) the degree of oligomerization has no effect on
the stability. Using non-local DFT calculations with double-ξ basis sets including polarization functions,
Ziegler and coworkers examined the energies of ring and fused ring systems of varying size. 79 They
computed the electronic binding energy per monomeric unit, allowing them to compare the energy
differences upon addition of n (MeAlO) units to a given ring-like geometry. The results of this complete
thermodynamic evaluation shows that at lower temperatures (circa 200K) average cluster sizes of n =
18 are prevalent whereas at higher temperatures clusters tend to be smaller (circa 600 K, n = 16). These
numbers fit nicely with the earlier discuss obtained experimental values. Using DFT calculations with
single-ξ basis sets Zakharov et al. estimated the Al atoms in cyclic MAO to be more acidic then those in
dimeric Me6Al2.80
Inspired by the tBu-alumoxane cages several groups calculated the relative stabilities of different cagelike structures for (MeAlO)n in which n varies from 6 to 33.81,82 It was found that at lower temperatures
smaller cage structures (n < 12) were more stable whereas at higher temperatures entropy strongly
disfavors larger structures (n > 18). Comparison of cyclic and fused-ring structures showed that the
latter cage-like structures are lower in energy.79,80 Further investigation led to the conclusion that the
lowest energy cage structures only contain square and hexagonal faces with four-coordinate Al which
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is in agreement with the experimentally found (tBuAlO)n structures.49,80 Other studies showed,
however, that structures with five-coordinated aluminum centers cannot be excluded.55,83
In order to more accurately describe the potential structures of “true MAO”, i.e. methyl-rich
alumoxane, calculations on structures of (Me≈1.5AlO≈0.75)n clusters were conducted. The groups of
Rytter, Zakharov, and Ziegler calculated the mode and degree of coordination of Me3Al to several “pure
MAO” cage-like structures.49,80,84 MAO cages (MeAlO)n with n = 6-13 can take up 1-2 Me3Al units but
addition of more Me3Al is energetically unfavorable. For cages with n >13, the addition of a single
Me3Al unit is already energetically unfavorable. Based on earlier experimental results on MAO, Rytter
and coworkers calculated a series of potential “true MAO” structures.49 Some of the energetically
favored complexes, e.g. 23, show structural motifs similar to those observed for C-MAO (Figure 1.6).
Others, like 24, have a structure that is comparable to the tBu alumoxane cages.

Figure 1.6 Proposals for “true” MAO structures.
Although computational methods contribute enormously to the prediction of plausible structures for
“pure MAO” or “true MAO”, it is still not a straightforward task to find preferred energy structures. In
this context it should be mentioned that it already can be difficult to accurately calculate Me 3Al
dimerization energies: depending on the method ∆H values between – 24.9 and + 2.1 kcal/mol have
been estimated (exp. – 20.2 kcal/mol) and ∆G values (298 K) between – 6.4 and + 13.2 kcal/mol have
been calculated (exp. – 7.6 kcal/mol).85,86 The most accurate values are obtained using the MP2
method. As systematic error components in a comparative theoretical study cancel to a large extent,
a rough estimation of preferred structures normally can also be obtained with a lower quality basis
sets. However, the energy differences between proposed structures for larger clusters are generally so
small that no absolute preference can be predicted. Despite uncertainties in accurate energies,
computational methods can be used to visualize possible cluster structures and give a rough prediction
on the preferred type. A more in depth overview of the computational work discussing and comparing
“pure” and “real” MAO structures are reviewed elsewhere.81
Studying different configurations, Linnolahti et al. could show that the lowest energy structure is
dependent on the alkyl substituent.87,88 They compared different structural motifs, such as cages and
nanotubes, for both MAO and tBu-alumoxanes. It was found that for MAO, depending on the aggregate
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size, nanotube-like structure such as 25 (Figure 1.7) are lower in energy then the earlier studied cage
structures. In contrast, at similar aggregate size tBu-alumoxanes prefer cage-like structures.
Interestingly, it was shown that by using (HAlO)n as an extremely simplified model for (MeAlO)n, similar
computational results could be obtained.88,89 This simplification has led to an enormous expansion of
the cluster size and since then models with n up to 60 have been calculated. Using the (HAlO)n motif as
a model for (MeAlO)n, RHF and DFT methods were applied to compute the energies of multiple
nanotube-like structures at various levels of sophistication. The preferred tubular structures fit well
with those predicted for isolobal (HBNH)n clusters, a class of compounds well studied for their
relevance in BN materials chemistry.90 Experimentally and computationally, (HBNH)n clusters prefer a
nanotube-like structure over a spherical structure upon increasing cluster size.

Figure 1.7 Me3Al capped MAO nanotube.
In order to get insights in the pathways for formation of proposed MAO structures, several groups have
investigated the initial routes for cluster formation. Glaser and Sun studied the early steps of MAO
formation at the MP2/6-31G* and MP2/6311** levels.91 They found that independent of the reactions
pathways calculated, the obtained structures formed varied from cage-like to more linear aggregates.
Similarly, Hall and coworkers used B3LYP level calculations to study the possible routes of formation
for MAO.92 Initially a Me3Al·H2O adduct is formed which potentially could react by intramolecular CH4
elimination to Me2AlOH, a high energy species with three-coordinate Al. It is predicted that the
intermolecular reaction between Me3Al·H2O and Me3Al giving Me2Al(µ-OH)(µ-Me)AlMe2 is preferred.
This could further react with water to form the dimeric [Me2Al(μ-OH)]2 and CH4 (Scheme 1.7). These
are the basic building blocks for further aggregation to cage-like structures.
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Scheme 1.7 The initial steps in the formation of MAO [∆G (kcal/mol)].93
Linnolahti et al. published a computational study at the accurate MP2/def-TZVP level of theory in which
they systematically analyzed a 3D-network of reactions that lead to the formation of MAO-like
structures with Me3Al incorporation: (MeAlO)n(Me3Al)m.93 The stability of these clusters increases with
cluster size and their formation was calculated to be exergonic. Furthermore significant amounts of
bound Me3Al can be incorporated without destabilizing the clusters but with dramatic structural
changes. Reaction of the (MeAlO)4 cage with four equivalents of Me3Al results in breaking four Al-O
bonds to give a (MeAlO)4 ring in which Me3Al is bound in the periphery (26, Scheme 1.8). Complex 26
could also be seen as being formed by condensation of an early intermediate in MAO formation:
Me2Al(μ-OH)(μ-Me)AlMe2 (see Scheme 1.7).

Scheme 1.8 The potential formation pathways and structure of a “true MAO” cluster.
Very recently, Linnolahti and coworkers expanded this study to higher (MeAlO)n(AlMe3)m aggregates
(n = 8).94 The preferred structure of the MAO cluster changes depending on size and equivalents of
associated Me3Al. Initially a cage structure is preferred which opens upon addition of Me3Al leading to
rings (n = 3-4), sheets with five-coordinate Al (n = 5-7) and sheets with four-coordinate Al (n = 8). The
decrease in ring strain upon opening of the cages and addition of Me3Al makes these processes
favorable. It can, however, not be excluded that cage like structures become energetically favorable
again upon increasing cluster size since ring strain decreases with increasing cluster size.
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1.4 Catalytic functions in olefin polymerization
Considering the complex nature of MAO itself, it is not hard to imagine the additional degree of
complexity when studying its interaction with a (pre)catalyst. The variety of species existent in MAO
solutions leaves debate as to how the actual activation process takes place and which of the species is
responsible for it. It is generally agreed that MAO, in one way or another, serves four major purposes
during catalyst activation and subsequent polymerization processes (Scheme 1.9).
(i)

MAO methylates the metal chloride precatalyst in order to create a reactive metal alkyl site.

(ii)

MAO abstracts either a methyl or a chloride group from the metal in order to create a vacant
site for olefin coordination. The resulting [Cl-MAO]− or [Me-MAO]− forms a relatively tightly
bound inner sphere ion pair (ISIP) with the Cp2MMe+ ion stabilizing this highly reactive species.

(iii)

Upon dissociation of the weakly coordinating anions [Cl-MAO]− or [Me-MAO]− an outer-sphereion-pair (OSIP) with a free metal coordination site for olefin complexation is formed and
polymerization can take place. During this process the large non-coordinating anion provides
a stabilizing environment for the reactive species.

(iv)

MAO acts as a scavenger by removing traces of water, oxygen, and other catalyst deactivating
impurities.

Scheme 1.9 The various roles of MAO in activation of a metallocene precatalyst for olefin
polymerization.
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As MAO consists of different species and almost always contains considerable quantities of Me3Al, it
can be difficult to distinguish exactly which species is doing what job. Furthermore, different species
might be able to fulfil the same role making it almost impossible to find one clearly defined activation
pathway. The effect of “free” Me3Al as well as that of chlorinated MAO, formed after Clˉ abstraction,
needs to be taken into account in order to provide a more complete explanation of the activation
process. Depending on the catalyst system used, these species can either enhance or retard
activation/polymerization. The above mentioned factors may also be used to possibly explain the
enormous excess of MAO needed to obtain optimal polymerization activities: Al:Zr ratios above 10000
are not unknown. A comprehensive review of the roles of MAO during activation and polymerization
will be discussed here. Detailed mechanisms of activation will be touched upon but can be found in
more detail elsewhere.20,30,81,95-97
Methylation
As metal halogenide precatalysts are common in olefin polymerization, the first step in the formation
of the active catalyst is often halogen/methyl exchange. Principally this could either be a mono- or dialkylation (Scheme 1.9), however, under polymerization conditions the latter is debatable. UV-vis
investigations in which catalyst/MAO ratios similar to polymerization conditions are used, which
suggest that only a mono-methylation of L2ZrCl2 takes place.98 After the alkylation the remaining
chlorine is abstracted by MAO resulting directly in the inner sphere ion pair (ISIP) 27. It should be noted
that, depending on the reaction conditions chosen, both mono- and di-methylated catalysts can be
observed but under polymerization conditions the direct conversion of the mono-methylated species
into an ion pair is seemingly immediate and no dialkylation is observed.
Over the years several studies have been carried out in order to determine whether MAO or the “free”
Me3Al acts as the methylating agent. Based on 1H NMR studies it was claimed that only the “free”
Me3Al was responsible for the methylation.56 Tritto et al. showed later that only MAO could transform
Cp2TiMeCl into the di-methylated Cp2TiMe2.99 Trace amounts of this complex were formed when pure
Me3Al was used, suggesting that MAO does the major part of the methylation. Studies by Beck and
Brintzinger showed that Me3Al could completely mono-methylate Cp2ZrCl2 whereas the di-methylated
species were not observed.100 Later, Deffieux and coworkers could show that upon increasing the Al:Zr
ratio to above 500 the dimethylated zirconocene could be obtained using only Me3Al.101 This is in line
with experiments of several other groups who found difficult methylation using only Me6Al2 whereas
the reaction proceeded smoothly using DMAO.38,102 Similarly, Steiger and Kaminsky found that for
some pre-catalysts excess of MAO can lead to the di-methylated catalyst species.103 Using DFT
calculations the alkylation of L2ZrCl2 catalysts by Me3Al, in both its monomeric and dimeric forms, was
investigated.104 The alkylation through reaction with monomeric, highly Lewis acidic, Me3Al was
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thermodynamically favored over the one with Me6Al2. The reaction energy could be drastically lowered
when an oxygen moiety was introduced forming Al3Me7O, a structure that could represent a MAO
bound Me3Al. It was suggested that Me3Al incorporated in a MAO structure is more easily released,
and therefore more reactive, than Me3Al in Me6Al2. This suggests that the presence of MAO is not just
beneficial but highly advantageous during alkylation. Due to the ever present Me3Al in MAO it is
impossible to completely exclude its contribution to the methylation. It does, however, not seem to be
a prerequisite.
Further studies have concentrated on the amount of MAO that is needed to methylate the precatalyst.
Deffieux and coworkers found that the catalyst is at least mono-methylated when the Al:Zr ratio was
30. In order to obtain the ISIP 27, an Al:Zr ratio of at least 150 was needed.98 This indicates that both
Cl ligands are abstracted at ratios much lower than those used during olefin polymerization. This has
been confirmed by different groups that found similar Al:Zr ratios.105-107
Recently, a different mechanism for catalyst activation has also been postulated. As shown by McIndoe
and coworkers MAO clusters can release the highly active Me2Al+ ion.62 This is in agreement with work
from Albemarle suggesting that an increasing amount of Me2Al+ in MAO solutions enhances its
activating capabilities.63 The released Me2Al+ ion could act as an intermediate which is not only
responsible for alkylation but also for ionization. This idea was proposed earlier by several research
groups108,109 but has recently gained major attention.39 The results obtained thus far, show that the
amount of Me2Al+ in MAO indeed influences its activating abilities and therefore should be taken into
consideration in discussions on catalyst activation by MAO.
Ion-pair formation
The role of MAO in abstraction of the Me or Cl group, the next step in formation of an active olefin
polymerization catalyst, has also been investigated in detail. Increasing the Al:Zr ratio to 150 resulted
in the formation of a tight contact ion pair (Scheme 1.9).110 These observations fit well with the ion
pairs observed by Tritto et al. using NMR techniques.111-113 Upon reacting the Cp2TiMeCl∙Me3Al adduct
with MAO they observed (Cp2TiMe)+ (Cl-MAO)− as an ISIP. Using 13C labelled Cp*2ZrMe2 they could also
observe a cationic dimer that formally consists of Cp*2ZrMe+ and Cp*2ZrMe2 (31) as well as the Me3Al
separated species 32 (Scheme 1.10).
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Scheme 1.10 Formation and reactivation of dormant species during polymerization process.
Using similar techniques on various catalyst systems, also other groups confirmed the formation of
such ion pairs.114-116 Babushkin et al. were amongst the first to study the different ion pairs at catalytic
conditions, i.e. Al:Zr ratios up to 4000.117 Besides the aforementioned ion pairs, they also observed the
OSIP [Cp2ZrMe]+ [MAO-Me]− at higher MAO concentrations (Scheme 1.10). Upon increasing the Al:Zr
ratio an increasing ratio of this species could be seen, leading them to suggest it to be closely related
to the polymerization active species. It is therefore generally accepted that the OSIP is polymerization
active whereas the bridged, dimeric metallocene (31) and the Me3Al separated ion pair (32) are
considered dormant species. These ideas are in accordance with the species observed by Bochmann
et al. for systems activated with [Ph3C]+[(C6F5)4B]−.118 Various perfluorinated boranes can also be used
as activators instead of MAO. These complexes are well-defined, can be used in stoichiometric
amounts and give catalytic activities comparable or better then MAO. They can, however, not alkylate
the metal complex and alkyl aluminum scavengers need to be added to avoid catalyst decomposition
by impurities like residual water. The chemistry of these activators and their comparison to MAO has
been discussed in detail elsewhere.30,96b,97
Using pulsed field gradient (PGSE) NMR techniques, Babushkin and Brintzinger estimated the size of
the MAO ions during catalyst activation.44 They obtained a hydrodynamic radius of 12.5 Å leading to a
cluster containing 150-200 Al atoms. This aggregation number is significantly higher than those
discussed earlier for neutral MAO clusters.31 Based on UV-vis studies, two different kinds of MAO
species, designated as MAOA and MAOB, were proposed (Scheme 1.11).107 MAOA is of high MW (150200 Al units), highly Lewis-acidic and consequently the [Me-MAOA]− ion formed after activation is only
weakly bound and easily displaced by Me3Al or an incoming alkene. In contrast, MAOB is much smaller
(15-20 Al units) and of lower Lewis-acidity thus forming a more strongly bound [Me-MAOB]− ion which
is not easily displaced by Me3Al or olefin. The smaller less Lewis-acidic MAOB, which forms the strongly
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coordinating anion, is circa 10 times more abundant than MAOA. The existence of two different kinds
of MAO species would give rise to two different equilibria between dormant ISIP’s (33-34) and active
OSIP’s (35-36). As the larger [Me-MAOA]− ion is much more weakly bound than the [Me-MAOB]− ion,
the 33  35 equilibrium would be more shifted to the active OSIP state than the 34  36 equilibrium.
Both equilibria are coupled to each other by an exchange of the abstracted Me− between MAOA and
MAOB. It is likely that at the start of the initiation process the ratio [Me-MAOA]−/[Me-MAOB]− is
determined by kinetics, whereas at a later stage the equilibrium shifts to the thermodynamically
favored [Me-MAOA]− ion. The need for a large excess of MAO needed for optimal polymerization
conditions might be explained by the low abundance of the much larger MAOA. The exact structural
nature of MAOA and MAOB is hitherto unclear and the data also do not exclude the presence of even
rarer and much more Lewis acidic species than MAOA. The proposed existence of two different kinds
of MAO clusters was later supported by an in-depth NMR analysis making use of
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catalysts.119

Scheme 1.11 Coupled equilibria between the dormant (ISIP) and active (OSIP) states modulated by
MAOA and MAOB.
Macchioni and coworkers investigated the ternary system L2ZrMe2/MAO/Me3Al by diffusion NMR
(PGSE).45 They confirmed the previous observations by Brintzinger et al. that MAO in aromatic solvents
is much larger (hydrodynamic radius > 8.5 Å , hydrodynamic volume > 2000 Å3; > 40 Al units per cluster)
than proposed earlier. Furthermore it was found that volumes for DMAO are larger than for regular
MAO and increase strongly with concentration (3500-4500 Å3). The latter is due to self-aggregation to
larger clusters, a process which is inhibited by Me3Al in regular MAO. These observations are in line
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with Tritto’s observations on the Mw changes of MAO as a function of Me3Al content (vide supra).
Likewise, addition of the Me3Al scavenger 2,6-di-tBu-phenol (TBP) leads to the formation of TBP2AlMe
and gives rise to larger MAO aggregates, again increasing with concentration. Similar self-aggregation
has been observed for MAO ions in the ISIP [L2ZrMe]+ [Me-MAO]− and the OSIP [L2Zr(μ-Me)2AlMe]+
[Me-MAO]−.
As illustrated by the Brintzinger work discussed earlier, the group to be abstracted for ion-pair
formation plays a large role in the activation/polymerization process. Especially for activation of
chlorinated pre-catalysts (L2MCl2) the fate of the Cl− can be decisive. Deffieux and coworkers reported
a comparative study between the activation of chlorinated and methylated pre-catalysts with MAO
using UV-Vis techniques.120 For the latter, polymerization-active systems could be achieved at Al:Zr
ratios of 150 whereas for the chlorinated precursor an Al:Zr ratio of 2000 was needed. Interestingly,
also for chlorinated precursors complete conversion to [L2ZrMe]+ [Cl-MAO]− was reached already at
Al:Zr ratios of 150. It was concluded that the ISIP [L2ZrMe]+ [Cl-MAO]− is much more tightly bound than
the ion pair with [Me-MAO]−. Tight binding of the [Cl-MAO]− ion originates from the much better
bridging abilities of the Cl-substituent as compared to a Me-substituent, thus impeding ethylene
coordination/polymerization. In subsequent investigations, zirconium precatalysts with different
substituents were tested.121 In the case of benzyl substituents, highly active species are readily formed,
however, in case of Me2N-precursors poor polymerization activities were found. This is likely due to
strong pairing of [L2ZrMe]+ [Me2N-MAO]−.
Similar work was done by Rytter and coworkers who pre-treated their depleted MAO solution with
Me2AlCl and observed exchange between the chlorine of the Me2AlCl and the Me groups of MAO.49
The resulting chlorinated MAO, in which all bridging Me groups are replaced with a chlorine, was
unable to activate their pre-catalyst. During MAO activation of L2ZrCl2 catalyst there is generally a large
abundance of MAO aggregates making multiple chlorine atoms per MAO cluster unlikely. Nevertheless,
these experiments do show that the presence of Cl in [MAO-Cl]− can result in strong cation-anion
interactions. This component cannot be neglected and might in part contribute to the excess of MAO
needed for optimal polymerization activity.
Catalyst deactivation
The active alkene polymerization catalyst, a highly reactive cationic metal species with a weakly
coordinating anion, can be easily deactivated by Brønsted-acidic or Lewis basic catalysts poisons. MAO
and Me3Al function as efficient scavengers for such impurities, especially at the high concentrations in
which they are present. However, high Al:Zr ratios also bring negative effects and can lead to undesired
side reactions. Kaminsky studied the release of methane from MAO/Cp2ZrMe2 mixtures (Scheme
1.12).122 He proposed the condensation of two zirconocenes (37) or a MAO and zirconocene (38)
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leading to the methylene bridged dimer. The catalyst precursor can be regenerated upon addition of
fresh MAO. In the proposed reaction another MAO cluster can regenerate the activate species through
ligand exchange.

Scheme 1.12 Potential catalyst deactivation pathways and subsequent reactivation with MAO.
Further catalyst deactivation can occur through the presence of Me3Al in MAO solutions: apart from
blocking the free coordination site by formation of the dormant species [L2Zr(μ-Me)2AlMe2]+, Me3Al
can also function as a reducing agent. In some cases reduction of TiIV to TiIII is desired: CpTiCl3 + MAO
yields [CpTiIIIMe]+, which is considered the active species in syndiotactic styrene polymerization.123 In
ethylene polymerization, however, metal reduction by Me3Al results in strongly decreased activities.124
This deactivation process plays an important role for Ti-catalysts but is less important for Zr which is
less easily reduced.125,126 The accelerating effects of high concentrations of MAO generally outweigh
the deactivation by Me3Al-induced reduction.
Influence and role of Me3Al
Me3Al, which is an inherent part of MAO solutions, plays a diverse role in the various reactions and
equilibria taking place during polymerization. It can act as a methylating agent, scavenger for
impurities, and has a complicated role in the direct catalyst-MAO interaction. Studying the activation
of L2ZrCl2 with DMAO, Deffieux and coworkers observed a highly active catalytic system at Al:Zr ratios
as low as 150.120 When DMAO was substituted for regular, Me3Al-containing, MAO the activities
observed were much lower. This is likely due to formation of the dormant species [L2Zr(μ-Me)2AlMe2]+
(32 in Scheme 1.10). Rytter and coworkers found that, depending on the bulk of the ligand L in L2ZrCl2,
Me3Al can have an activating or deactivating influence.127 Recently Bochmann and coworkers studied
the influence of Me3Al concentration on the polymerization activities using a bridged bis-indenyl Zr
catalyst.128 Upon increasing Me3Al concentration the catalyst productivity became lower and the Mw
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of the polymers decreased. These results seem to suggest that in more open catalyst systems, the
presence of Me3Al will retard polymerization by formation of the dormant state. In bulky systems,
however, large MAO clusters are not capable to methylate or activate the Zr center. In these cases, the
much smaller Me3Al might be necessary to accomplish activation and increase polymerization rates.
Another potential problem with the presence of “free” Me3Al in MAO is augmented chain transfer to
the Al centers. This is known to be a prevalent termination mechanism and decreases the average Mw
of the polymer obtained. However, in some cases it can also be used as an advantage. Ethylene can
be polymerized in a highly controlled way with narrow Mw distributions (PDI <1.1) by a d-block metal
catalyzed “Aufbau Reaktion” on the Al center of Me3Al.129,130 Thus, PE with a Mw of up to 4 x 106
g/mol is produced in a “living” fashion and can be functionalized with end-groups of choice.
MAO: more than a cocatalyst
The previous sections of this chapter discuss the various ways in which MAO interacts with the catalyst
and the necessity for a large excess. The catalyst to MAO ratio and their interactions can also influence
the characteristics of the resulting polymer. For styrene polymerization, an increase of the Al:Ti ratio
led to a change in PDI, an increase in activity and a decrease in the average Mw.131 Also in propylene
polymerization a raise in the Al:Zr ratio gives a decrease of Mw.132 Part of these changes can most
probably be ascribed to the simultaneous increase of the Me3Al/Zr ratio that automatically
accompanies higher MAO contents. As discussed previously, a higher concentration of Me3Al can lead
to increased chain transfer to Al centers giving for a lower Mw of the polymer chain.
On several occasions it has been suggested that there may be an influence of MAO on the
stereoselectivity of the polymer.96b Especially the case of Waymouth’s “oscillating” propylene
polymerization catalysts is worth mentioning here (Scheme 1.13).133 Temperature dependent dynamic
switching between the rac and meso forms in a bis-indenyl zirconocene was thought to be responsible
for formation of PP with isotactic and atactic blocks (Scheme 1.13). Careful analysis of the polymer’s
microstructure by high-field 13C NMR led to doubts of the proposed rac/meso switch.134 It was shown
that “non-coordinating” anions such as [Me-MAO]− and [(C6F5)4B]− can have a decisive effect on
switching.135 This is likely due to the stabilization of the catalyst symmetry through anion-cation
interactions.
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Scheme 1.13 Waymouth’s oscillating catalyst leading to stereo-block polymers.
This working hypothesis has been supported by a detailed NMR study on the ion-pairs involved.136
Based on this a novel strategy was developed for the synthesis of isospecific non-bridged metallocene
catalysts such as 39.137 These contain Lewis basic sites in outer positions that are proposed to be
connected through a bridging [Me-MAO]− unit (Figure 1.8). A more in-depth overview on the effect of
the MAO and other counter ions on stereochemistry can be found elsewhere.96b,138

Figure 1.8 Example of a MAO-bridged iso-specific Zr catalyst.
It has also been reported that MAO can act as a catalyst in the polymerization of conjugated alkenes
such as dienes or styrenes. Shortly after the introduction of CpTiCl3/MAO systems for the
stereoselective polymerization of styrene it was observed that the atactic by product was produced by
catalytic action of MAO itself.139 Later it was shown that MAO could polymerize several parasubstituted styrene derivatives through a cationic mechanism.140 Other studies have shown the ability
of MAO to catalyze the homo- and co-polymerization of several vinyl monomers and activated alkenes
such as cyclopentadiene and isobutylene.141-144

1.5 Modified MAO
Due to its poor solubility in aliphatic solvents and its degradation in polar solvents, MAO is usually
prepared and stored in toluene. Over time, smaller MAO aggregates will oligomerize forming larger
agglomerates which eventually precipitate from solution in the form of a gel. To improve stability,
storability and the reactivity of MAO, several modifications to the basic alumoxane structure have been
made. These adjustments can vary from increasing the size of the aluminum alkyl group to the use of

28

Methylalumoxane – History, Production, Properties, and Applications

boronic acids or bulky alcohols instead of water during MAO synthesis. Regularly synthesized MAO can
also be modified after production by introducing stabilizers such as amines, inorganic salts, or
halogens.
Alkyl substitution
Increased solubility of MAO can be achieved by replacing the methyl groups by a bulkier alkyl group.
Complete substitution of Me for larger alkyls such as Et and iBu results in an alumoxane species with
higher solubility but lower activity.103 Fink and coworkers studied the influence of bulky R3Al additives
in MAO mixtures.145 Commercial MAO accelerates polymerization rates drastically but does contain up
to 30% “free” Me3Al which can react with the Zr cation forming the dormant [L2Zr(μ-Me)2AlMe2]+
species or undergo other undesired side reactions. Addition of bulkier R3Al reagents effectively traps
“free” Me3Al through Al-alkyl scrambling (Scheme 1.14).

Scheme 1.14 Alkyl exchange between Me3Al and bulkier R3Al species prevents formation of the
dormant catalyst stage.
Whereas addition of Et3Al has little to no influence on catalyst activity, larger Al alkyls (R= iBu or tBu)
effectively trap Me3Al and increase catalyst activity. This is explained by scrambling of alkyl groups over
the Al centers which leads to mixed-alkyl dimers. Both the bulkier R3Al reagents and mixed dimers do
not deactivate the active cationic species. Therefore addition of these bulky R3Al compounds limits the
negative effect that Me3Al can have on the catalyst. Addition of bulkier R3Al complexes could also lead
to a Me/R exchange with Me groups in alumoxane clusters and thus modify the MAO. The resulting
mixed alkyl alumoxane species show higher solubility and a lesser tendency to aggregate with the
cationic catalyst giving a positive influence on catalyst activity. A similarly iBu modified alumoxane is
commercially available and marketed by e.g. Akzo-Nobel as modified-MAO (MMAO).146
The direct interactions between MMAO and several catalysts have also been studied.147,148 The Me3Al
separated ion pair (32) formed during activation with regular MAO now becomes an iBunAlMe3-n
separated ion pair. The increase in bulk of the Al alkyls results in a less tightly bound ion pair giving for
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a less stable dormant stage. Also, iBu/Me exchange in MAO would lead to an [iBu-MAO]− anion that
has a weaker coordinating ability then the [Me-MAO]− ion. This might further ease the transition into
an active catalyst as the coordination of the anion influences the ease at which the olefin coordination
can take place. Both these advantages explain the often observed increase in activity when MMAO is
used instead of MAO. Also the interaction of MMAO with TEMPO was studied by EPR.115 As observed
earlier for MAO, two different Lewis-acidic sites are present.60 However, it was found that these sites
were of higher Lewis acidity compared to those found in MAO. Furthermore it could be observed that
upon addition of 10% iBu3Al to regular MAO all Lewis acidic sites were converted into those observed
for MMAO. Indicating a rapid Me/iBu exchange reaction between MAO and iBu3Al.
Other modifications
Several other methods to modify MAO in order to increase its activity and stability have been reported.
Mülhaupt and coworkers studied the effects of different Lewis acids and Lewis bases on the catalyst
activities

of

activated

L2ZrCl2/MAO

systems.149

Addition

of

donors

such

as

2,2,6,6-

tetramethylpiperidine during polymerization was found to reduce catalyst productivity whereas
acceptors such as trimethylboroxine, (MeBO)3, were found to enhance the activity. The formation of a
species containing boron and aluminum was proposed to be responsible for increased activity. Indeed
shortly thereafter several patents were filed claiming increased activities upon addition of boronic
acids, boronic esters, and boroxines to MAO.150 The direct reaction between boroxines (R2BOH) or
boronic acids (RB(OH)2) and Me3Al also yields an active cocatalyst.151 Despite their activating
capabilities the obtained boralumoxanes were still poorly defined. Upon reacting the bulky 2,6-di-iPrphenylboronic acid (DIPPB(OH)2) with tBu3Al, Hessen and coworkers could obtain a well-defined
boralumoxane analogue (Figure 1.9).152 The obtained tetramer shows only four and six membered
rings, similar to the tBu-alumoxanes discussed earlier. It consists of three four-coordinated Al centers
and one five-coordinated one. Upon reacting it with Cp*2ZrMe2 a mildly active catalyst was formed
which could also be structurally characterized.153 Several patents claiming high activity of differently
substituted boronic acids mixed with AlR3 compounds have been reported since.154
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Figure 1.9 Structure of a well-defined boralumoxane (iPr groups omitted for clarity).
Adding a pre-hydrolysis step in the synthesis of MAO, Kissin studied the effect of alkoxy- and phenoxygroups on the resulting alumoxane species. By hydrolysis of the preformed alkoxy- or phenoxy-alanes
a variety of (ROAlO)n aggregates was proposed (Scheme 1.15).155,156 Similarly the direct alcoholysis of
MAO allowed for modified MAO structures like (ROAlO)n (Scheme 1.15). It should be noted that the
formation of these modified MAO species was in many cases only monitored by disappearance of the
alcohol OH signal in the IR spectrum. Concrete characterization was not reported and therefore
conclusive structural information is not available. Using a similar approach Kunicki et al. studied the
formation of [(RO)AlO]n complexes using a combination of sterically demanding alcohols, Et3Al and
water.157

Scheme 1.15 Formation of alkoxy or phenoxy MAO.
Depending on the substituents, the pre-hydrolysis step can yield an active cocatalyst. It was found that
the bulky 2,6-di-substituted phenols had a positive effect on the activating capabilities of the obtained
alumoxane. It should, however, be noted that large amounts of Me3Al are needed in combination with
the (ROAlO)n species to form systems that can act as cocatalysts. Using an altered synthetic route,
Wehmschulte and coworkers obtained a structural example of a possible (ROAlO)n species in the form
of (Mes*OAlO∙DMSO)4 (Mes*=2,4,6-tri-tBu-phenyl) (Figure 1.10).158 This species consists of an eightmembered Al4O4 ring in which each Al center is four-coordinate by binding one Mes*Oˉ, two O2ˉ and
one DMSO. The formation of a ring structure is likely due to the extreme bulk of the Mes*O groups
and does therefore not necessarily represent a model system for the MAO fragment (MeAlO)4.
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Figure 1.10 Crystal structure of (Mes*OAlO∙DMSO)4; tBu-groups omitted for clarity.
Treating MAO with NaAlO2, Li2SiO3 or Na2CO3, Sangokoya et al. obtained a form of MAO which
incorporates aluminate, silicate or carbonate anions.159 These mixtures initially form a liquid clathrate
that quickly turns into solid aluminoxanates, limiting their usability in homogeneous catalysis.
However, these can be redissolved upon reaction with sodium or potassium halides leading to a MAO
species with increased solubility and stability.160 In order to further increase its solubility MAO was
reacted with compounds such as OMTS (octamethyltrisiloxane), which can act as a chelating bidentate
ligand. Spectroscopic evidence was found for the formation of a [OMTSAlMe2]+ [Me-MAO]− ion pair, a
highly soluble aluminoxanate with good activating capabilities.161 The abstraction of a Me2Al+ from
MAO by OMTS increases the amount of this cation present and might explain the increase in catalyst
activity observed. This is in agreement with the earlier discussed work on the Me2Al+ ion showing it as
a potential key species during catalyst activation. Despite the increase in Me2Al+ ion the workup of the
[OMTSAlMe2]+ [Me-MAO]− involves multiple washing and separation steps which makes it rather
tedious and inconvenient. To overcome this, different more straight forward Me2Al+ precursors such
as Me2AlF, Me2Al(OC6F5) and Me2Al(BHT) can be added to MAO solutions.64 Here only liquid products
are formed and therefore the workup is simplified while the Me2Al+ concentrations are still increased.
Also improved synthetic routes towards more stable and soluble MAO mixtures have been
patented.162-164 Such MAO modifications were obtained by treatment of MAO with salts such as LiCl,
amines, and halogenated organic compounds. Addition of asb much as 20 mol % LiCl to MAO resulted
in a clear solution which was more stable towards gelling compared to regular MAO and up to 50%
more active in polymerization.162 This increase in activity is likely due to the formation of Li+ (Cl-MAO)−
salts. Increased stability could also be obtained by the addition of amines to MAO solutions.163 Benzyl
halides, Me2AlX (X = F, Cl, or Br) and C6H5CX3 have been reacted with MAO giving the respective
halogenated MAO.164 Varying the degree of halogenation, several differently halogenated MAO
solutions were synthesized. Depending on the halogen and degree of halogenation (2-12%), the
obtained MAO was found to have activating capabilities comparable or better than that of nonmodified MAO. However, as described earlier for the well-defined C-RAO species (section 1.3), a very
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high degree of halogenations may lead to inactive alumoxanes.76 While these species are not active in
homogeneous activation it was reported that upon immobilization these complexes were found to be
able to activate several different catalysts.

1.6 Outline of this thesis
The aim of the research presented in this thesis is to improve the understanding of MAO through direct
investigation and the development of well-defined model complexes. These will be used to study
structural aspects of MAO and will be investigated for their application as potential cocatalysts
themselves.
Chapter 2 describes the first TEM investigation into MAO. The particle size and composition of
differently aged samples are compared. Furthermore attempted cryo-TEM images and decomposition
investigations are presented. These provide insight into the large gel-like particles of MAO and their
ageing behavior.
The partial substitution of O for OR moieties is presented in Chapter 3. Reaction of Me3Al with a variety
of alcohol, diols, and silanediols leads to well-defined ROnAlMe3-n complexes that can be synthesized
and characterized in a straight forward manner. The behavior of these complexes towards Lewis bases,
alcohols was investigated. Additionally, hydrolysis of these complexes leads to a variety of well-defined
compounds that are formed through different hydrolysis mechanisms.
Chapter 4 presents the synthesis and reactivity of several aza-MAO and amide based three-coordinate
Al complexes. Isolobal substitution of O for NR leads to well defined (MeAlNR)n clusters which are
tested as potential cocatalysts. This is followed by the synthesis, characterization, and reactivity of aryl
and phosphine stabilized masked three-coordinate Al complexes.
At last Chapter 5 describes the partial exchange of three-coordinate Al units in MAO for boron based
alternatives. Initially, the reactivity of Me3Al towards bora-amidinates and the reactivity of the formed
complexes is investigated. This is followed by an in-depth study of the reactivity, characterization and
catalyst interaction of the complexes formed upon reaction of tBu3Al with borinic and boronic acids,
i.e. R2BOH and RB(OH)2.
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