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ABSTRACT: The composition of methylalumoxane (MAO) and its interaction with
trimethylaluminum (TMA) have been investigated by a combination of chemical,
spectroscopic, neutron scattering, and computational methods. The interactions of MAO
with donor molecules such as THF, pyridine, and PPh; as a means of quantifying the content
of “free” and “bound” TMA have been evaluated, as well as the ability of MAO to produce
[Me,AlL,]" cations, a measure of the electrophilic component likely to be involved in the
activation of single-site catalysts. THF, pyridine, and diphenylphosphinopropane (dppp) give
the corresponding TMA—donor ligand complexes accompanied by the formation of
[Me,AlL,]" cations. The results suggest that MAO contains not only Lewis acid sites but also
structures capable of acting as sources of [AlMe,]" cations. Another unique, but still

unresolved, structural aspect of MAO is the nature of “bound” and “free” TMA. The addition

of the donors OPPh;, PMe;, and PCyj; leads to the precipitation of polymeric MAO and shows that about one-fourth of the total
TMA content is bound to the MAO polymers. This conclusion was independently confirmed by pulsed field gradient spin echo
(PFG-SE) NMR measurements, which show fast and slow diffusion processes resulting from free and MAO-bound TMA,
respectively. The hydrodynamic radius R;, of polymeric MAO in toluene solutions was found to be 12 + 0.3 A, leading to an
estimate for the average size of MAO polymers of about S0—60 Al atoms. Small-angle neutron scattering (SANS) resulted in the
radius Rg = 12.0 + 0.3 A for the MAO polymer, in excellent agreement with PFG-SE NMR experiments, a molecular weight of
1800 + 100, and about 30 Al atoms per MAO polymer. The MAO structures capable of releasing [AlMe,]* on reaction with a
base were studied by quantum chemical calculations on the MAO models (OAIMe),(TMA),, for up to n = 8 and m = S. Both
—0—AlMe,—O— and —O—AlMe,—u-Me— four-membered rings are about equally likely to lead to dissociation of [AlMe,]*
cations. The resulting MAO anions rearrange, with structures containing separated Al,O, 4-rings being particularly favorable. The
results support the notion that catalyst activation by MAO can occur by both Lewis acidic cluster sites and [AlMe,]" cation

formation.

Bl INTRODUCTION

Methylalumoxane (MAO), the product of the controlled
hydrolysis of trimethylaluminum (TMA), is a widely used
catalyst activator for olefin oligomerizations and polymer-
izations."? However, despite its important industrial use, little
is known about the structure, due to a complex set of equilibria
and to the lack of isolable components that are amenable to
structural characterization.>”® In solution-phase catalysts MAO
is typically employed at Al/transition-metal ratios on the order of
(103—104)/1,7 although Al/metal ratios of over 300000/1 have
been reported.® MAQ therefore contributes significantly to the
operating costs of polymerization processes.” Over the last 30
years there have been many experimental and computational
attempts to shed light on the constitution of MAO, to find a
cheaper alternative or to improve its solubility and stability, but a
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fuller understanding of the chemistry involved has still not been
achieved.*” 717"

In the simplest analysis, solutions of MAO consist of two
different components: a polymeric MAO fraction, with a
chemical formula often written as [—Al(CH;)O—], or as
[AI(CH;),4-150075-080)w and residual TMA.>'"'57'® The
molecular weights assumed or proposed for MAO range typically
from about 700 (ca. 12 Al atoms)'*">* to aggregates of 150—200
Al atoms (MW 9000—18000)." Although many structures have
been proposed without reaching a consensus, cages with 4-
coordinated Al and 3-coordinated O centers are the most
favored,"® including nanotube-like structures.”*® This was
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supported by DFT calculations'>"® and multinuclear NMR

studies.>® Barron synthesized a number of tert-butyl aluminox-
ane clusters as MAO models, such as ['BuAl(u;-O) ¢, which were
amenable to structural characterization.” They were able to
activate metallocenes to give catalysts of modest activity. The
catalytic activity was found to be improved by adding TMA.*'

TMA Determination. The TMA content has a strong
influence on the catalytic properties of MAO. High amounts of
TMA cause a decrease in catalyst activity”>>** and the molecular
weight of the polymer, in addition to having a strong influence on
copolymerizations."**** TMA may be trapped by adding 2,6-di-
tert-butyl-4-methylphenol (BHT) to MAO solutions to mini-
mize chain transfer to aluminum and the leaching of the
supported catalysts promoted by TMA.>">” For this reason, an
accurate determination of the residual TMA content is crucial,
especially considering that it is the only species clearly
recognizable spectroscopically in MAO solutions. Various
methods have been reported in the literature, but a systematic
comparison and a study on their reliability and reproducibility are
lacking. The TMA content can be determined by visual titration
with pyridine in the presence of phenazine as an indicator.”® This
method, which is still widely used, can give exaggerated TMA
values due to the reaction of pyridine not only with TMA but also
with MAO polymers.'® NMR techniques have proven to be more
reliable and faster to use. The direct quantification of TMA in the
'"H NMR spectrum of MAO solutions is difficult due to
overlappinég TMA and MAO signals, even if estimates can be
obtained.”” The TMA content can be better measured by adding
THF to give the adduct Me;Al'THF, the methyl protons of
which are shifted to higher field in comparison to those of TMA,
making signal integration easier.'® However, the influence of the
quantity of THF added on the TMA value obtained has not been
explored. Another method for TMA determination consists of
adding PPh; in known excess.>® The 3'P NMR chemical shift is
the weighted average of free and Me;Al-bound PPh;, and the
TMA content is determined using a calibration curve. However,
there are at least two different calibration curves in the
literature,*** and a comparison of this method with that
based on THF was not established.

Nature of TMA in MAO. The nature of the TMA—MAO
interaction remains controversia. TMA is present in MAO
solutions as the dimer Al,(u-Me),Me,. However, there are
different views of its interaction with MAO. Tritto et al. reported
a low-temperature NMR study on MAO samples showing that
TMA is mainly bound to MAO, and an analysis of the line
broadening of the “sharp” Al—methyl signal suggested that it
consisted of contributions from both free TMA and TMA
binding to and exchanging with MAO.* In contrast, FT-IR
spectroscopic studies by Ystenes et al. suggested that there was
no reaction between TMA (or ALMe,) and MAQ.">**!

Literature reports distinguish between two forms of TMA in
MAO: a fraction that can be removed under vacuum (“free”
TMA), and a form of TMA that can only be removed chemically
(“associated” or “bound” TMA)."* For the “bound” TMA the
following equilibrium is invoked:'>**"

(AIOMe), + (m/2)(AlMe,), = (AlOMe), (AlMe,),,

Moreover, the possibility was suggested that TMA molecules
might be occluded inside the MAO cages, in order to explain why
it is not possible to remove TMA quantitatively under vacuum.
The addition of diethyl ether to MAO solutions in toluene was
reported to lead to phase separation, with the upper phase
containing all the TMA and some MAO and the lower phase

containing most of the MAO. This process is reversible: i.e., the
lower phase redissolves slowly on addition of TMA and
toluene.'**>

Activation Process. The ability of MAO to activate catalysts
depends on the presence of Lewis acidic sites. EPR spectroscopic
studies with TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) as a
spin probe have suggested at least two types of such sites,
attributed to —OAIMe, and —O,AlMe structure fragments.lza
Since cages based on 4-coordinate Al contain no coordinatively
unsaturated centers, cleavage of an Al—O bond of a strained
Al,O, 4-membered ring during the catalyst activation step has
been suggested (“latent Lewis acidity”).”® More recently, a patent
proposed another catalyst activation mode by invoking the
formation of [AlMe,]" cations during the interaction of
metallocene catalyst precursors with MAO,>*** a suggestion
that follows from the earlier preparation by Klosin et al. of
[AlMe,(OEt,),]" salts and their use as catalyst activators.> It
should be noted, however, that nonsolvated [AlMe,]" is
extremely unstable and reactive.*®

Further information about the structure of MAO and of the
mode of action of this industrially important activator is therefore
urgently needed. We report here a multidisciplinary approach to
determining the role of TMA in MAO formulations (“free”
versus “bound”) and the species involved in catalyst activation by
chemical, NMR spectroscopic, and neutron-scattering methods,
coupled with a computational interrogation of MAO models and
their propensity for ionization into [MAQO]™ and [AlMe,]*.

B RESULTS AND DISCUSSION

Interaction of MAO with O and N Donors. The first step
in the characterization of MAO is the determination of the TMA
content. The addition of increasing quantities of tetrahydrofuran
(THF, pK;, = 5)*” to MAO (30% solution in toluene) was studied
by "H NMR spectroscopy (Figure 1).

ALTHF 1:10

ALLTHF 1:2

ALLTHF 1:1

AlTHF 6:1

MAO 30%
0.5 0.0 -0.5 pPpm

Figure 1. 'H NMR spectra of MAO with increasing quantities of THF.
The Al/THEF ratio is reported as total Al present in the sample. A single
asterisk (*) denotes the AlMe; THF signal, and two asterisks (**)
denote the [Me,Al(THF),]* peak.

THEF cleaves Al,Meg to give AlMe;-THEF, with a signal shift to
higher field (ca. § —0.6), which facilitates integration and
quantification of the TMA content (Table 1). On THF addition
the MAO signal is shifted to higher field. For Al/THF ratios
between 1/1 and 1/10, the calculated TMA content of the
samples of MAO is consistent and reproducible at ca. 3.3 + 0.1 wt
%. This is in agreement with data by Imhoff et al., who reported
that 1t};13e80ptimal ratio Al/THF to determine the TMA content is
1/4.%
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Table 1. TMA and [Me,Al(L),]* Content of the MAO Sample
as a Function of L and the TMA/L Ratio (L = THF, py)

L = THF L=py

A/L TMA TMA [McAIL,]' TMA TMA [MeAlL,]"
ratio  (wt%) (mol/L)  (mol/L) (wt %) (mol/L)  (mol/L)
6/1 2.8 0.35 0.08 2.2 0.28 0.11
1/1 3.3 0.41 0.12 33 0.41 0.11
1/2 34 0.42 0.12 3.6 0.45 0.12
1/5 32 0.40 0.12 3.4 0.42 0.14
1/10 34 0.42 0.12 3.6 0.45 0.16
1/15 3.1 0.39 0.09 2.3 0.29 0.09
1/26 2.7 0.34 0.06 2.1 0.26 0.06

A newly emerging peak (labeled ** in Figure 1) appears on
THF addition. When [AlMe,(THF),][MeB(C¢Fs),] is added to
the solutions with Al/THF = 1/2 or 1/10, the intensity of this
peak increases while its chemical shift does not change; it is
therefore assigned to the cationic complex [Me,Al(THF),]*.*®
The assignments were further confirmed by calculated "H NMR
chemical shifts (see the Supporting Information). This signal
originates from a species to high field of TMA, at 6 —0.7, and
moves to 6 —0.3 at higher THF concentrations;>’ the nature of
this species was explored by modeling (vide infra).

Similar results were obtained on adding pyridine (py). Again
formation of a cation, [Me,Al(py),]*, was observed. Table 1
shows the results of TMA and [Me,AlL,]* quantification for
THE and pyridine. Within experimental error both methods give
comparable results (3.3 + 0.1 wt % TMA).

For Al/py = 6/1, the low TMA value can be tentatively
explained by insufficient pyridine to extract the TMA
quantitatively and to shift. For a large excess of pyridine, the
"H NMR spectra show new signals at ca. 6 0.15, —0.30, and
—0.55, indicating the formation of side products, which may
account for the lower TMA values calculated for high [py]. The
concentration of [Me,Al(py),]" increases with the [py] for Al/
py ratios between 1/1 and 1/10. These results explain why the
literature method for TMA determination by pyridine/
phenazine titration gives values higher than expected,28 as
pyridine does not simply form a 1/1 complex with TMA. The
higher relative concentrations of [Me,Al(py),]* found at high
Al/py ratios indicate the preferential binding of pyridine to the
more Lewis acidic cation-generating center.

Interaction of MAO with Phosphines. Other bases, such
as phosphines, show variable degrees of interaction with MAO.
There is no formation of [Me,Al(L),]* cations when L = PPh; is
added. We have established a new correlation for [TMA]
determinations with PPh; in non-deuterated toluene (eq 1),

Al/P = —0.29576 — 1.5378 R = 0.997 (1)

where Al indicates the moles of AlMe;(PPh;) and P the moles of
PPh; added to the solution (see the Supporting Information).
The data are in good agreement with those obtained by the
pyridine and THF methods, showing that the [Me,AlL,]*
cations do not arise from TMA.

The diphosphines 1,1-diphenylphosphinomethane (dppm),
1,2-diphenylphosphinoethane (dppe), and 1,3-diphenylphosphi-
nopropane (dppp) show variable tendencies to form [Me,AlL, ]*
adducts (Figure 2). Adding dppm leaves the shape of the MAO
'H NMR signal unaffected, and there is little detectable
interaction. Increasing quantities of dppe sharpen the TMA
signal at 6 —0.3, but there is no formation of a cationic species.

0.5 0.0 -0.5 ppm

Figure 2. "H NMR spectra of MAO with dppe (a) and dppp (b, c). The
Al/P ratio is reported as total Al present in the sample.

The addition of dppp to MAO in the ratio Al/P = 19/1 shows the
expected shift of the TMA peak to higher field (6 —0.4),
accompanied by a new triplet at § —0.25 (Jyp = 4.4 Hz), which we
attribute to the cationic complex [Me,Al(dppp)]*. Two peaks at
5 —15.9 and —18.9 are seen in the *'P NMR spectrum (free
dppp: 8 —15.7 in toluene). For comparison, the NMR spectra of
a toluene solution of TMA and dppp (Al/P = 1/1) show a proton
singlet at § —0.26 and a *'P signal at § —15.8. The peak at § —15.9
is therefore attributed to a TMA—dppp complex, while that at &
—18.9 can be related to the adduct between dppp and MAO.
Adding increasing quantities of dppp to MAO solutions sharpens
the 'H TMA signal, while the triplet turns into a broad singlet
and only one 31P resonance is seen, at § —19.9, diagnostic of a
rapid exchange of dppp between the various available sites.

Indications for the presence of specific Lewis acidic sites in
MAO capable of preferential binding of donor ligands are not
only found with typical O, N, or P ligands. The addition of 1,2-
difluorobenzene (FF) to MAO also leads to the formation of a
well-defined triplet at 6 —0.45 (Jyr = 2.4 Hz), although in this
case the chemical shift does not change with increasing [FF] and
there is no formation of a defined dissociated cationic
dimethylaluminum complex in solution (see the Supporting
Information).*

MAO Fractionation. The addition of L = OPPh;, PMe,,
PCyj, leads to the formation of TMA(L) adducts. At higher [L]
these donors also induce the precipitation of the MAO polymer,
leaving only the soluble TMA(L) complex in the supernatant.
The oily MAO phase is soluble in solvents more polar than
toluene, such as 1,2-difluorobenzene (FF) and THF (Figure 3).
The "H NMR spectrum in FF of the precipitate obtained with
OPPh; shows a broad signal between ¢ 0.2 and —0.8 due to the
MAO component and a sharp peak at 6 —0.72 attributable to

(a) ()

(b) (d)

CH,

0.5 0.0 -0.5 ppm 60 40 20 ppm

Figure 3. 'H (a, b) and *'P (¢, d) NMR spectra in THF (a, c) and 1,2-
difluorobenzene (FF; b, d) of the oily precipitate formed during the
addition of OPPh; to MAO. The asterisk (*) denotes AlMe;-OPPhs,
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AlMe;-OPPh; (Figure 3b), as confirmed by the reaction of TMA
with OPPh; (see the Experimental Section). The sharp peak at
ca. 5 39.0 in the *'P NMR spectrum is assigned to the compound
AlMe;-OPPh; by comparison with Table 2, while the broad band
at ca. 0 40 is most likely due to the OPPh; coordinated to MAO
(Figure 3d). An analogous situation is observed in THF solution
(Figure 3c).

Independent of the ligands used, the TMA content of the
supernatant amounted to 2.6 + 0.1 wt % and that of the
precipitate 0.8 + 0.05 wt % of the original MAO. Precipitation
with these donor molecules therefore allows quantification of the
“free” and “bound” TMA fractions: about three-fourths of the
TMA is in toluene-soluble form, while the remaining one-fourth
is associated with or entrapped in the MAO. On the other hand,
precipitation of MAO with a stronger base, the phosphorus ylide
CH,=PPh;, leads to the complete separation of TMA from the
MAO polymer fraction (see the Supporting Information); this
base is apparently able to break the MAO cages sufficiently to
allow quantitative removal of any bound TMA.

Determination of the TMA Content by NMR Diffusion
Coefficient and Small-Angle Neutron Scattering (SANS)
Measurements. A series of pulsed field gradient spin echo
(PFG-SE) NMR experiments of MAO solutions in toluene
(Figure 4) allows the quantitative determination of diffusion
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Figure 4. Stejskal—Tanner plot of a concentration series of MAO in
toluene with a biexponential decay of the signal intensity, clearly
indicating the presence of fast- and slow-diffusing species.

coefficients and TMA and MAO concentrations.*"** Stejskal—
Tanner plots of a concentration series of MAO (0.08% w/w <
w(Alya0) <10.7% w/w; Figure 4) clearly indicate the presence
of a fast and a slow diffusing species for all concentrations. The
peak integral between § —0.8 and 0.6 of the '"H NMR spectrum
was used as the peak intensity. This area contains MAO signals as
well as the overlapping TMA signal; therefore, they can be
attributed to the slow and the fast diffusing species, respectively.

To analyze the data, a biexponential fit according to the
Stejskal—Tanner plot of a concentration series is necessary (eq
2), where I/I, is the normalized peak intensity, y(Me) is the mole

1 _ _ 2
I_)((Me)TMAe Drua(A=8/3)rg)" x(Me)yao
0

e_DMAo(A—5/3)(758)Z (2)

fraction of methyl groups with y(Me)ya = 1 — y(Me)yao, D is
the diffusion coefficient, y is the gyromagnetic ratio, A is the
diffusion length, 6 is the gradient pulse length and g is the
gradient.

To take concentration effects into account, in a first approach
each concentration was fitted separately according to eq 2, which

reveals that for the two lowest concentrations under investigation
the obtained parameters are constant within an experimental
error of 4%. In particular, the constant D, which was used as
the internal viscosity standard, ensures a dilute regime and
consequently a solution viscosity equal to that of pure toluene.

To increase the number of experimental data points and
therefore to improve fit stability and quality, we finally performed
a simultaneous fit of all measured concentrations. Here y(Me) is
set as a global fit parameter (the same value for all
concentrations), whereas D(c) is allowed to vary with
concentration. As Table 2 shows, the simultaneous fit reproduces
the results of the THF addition quantitatively with respect to
x(Me). This validates the application of PFG experiments to
quantify TMA concentrations within a complex MAO solution.
It is striking that the Dpyy value in a dilute MAO solution is
strongly reduced in comparison to that for a TMA solution in
toluene (D'pya = (104 + 0.38) X 107° cm? s™! and Dy =
(12.86 +0.28) X 107¢ cm* s™* at w(Al) = 1% w/w, respectively).
For dilute solutions it is reasonable to assume that Dy, is
identical with the diffusion coefficient of TMA in toluene. With
regard to the concept of free and associated TMA, this slowing
down of TMA can be explained by a fast exchange of these two
species. The measured value of Dy is a composition of a
fraction of fast-diffusing TMA and a fraction of TMA with the
same diffusion coefficient as MAO (eq 3). Consequently, a 75%

D'pya = ¥(TMAg, )Dpyps + (1 = ¥(TMAg,.))Dyao
(3)

fraction of TMA diffuses quickly, whereas a 25% fraction of TMA
is bound to MAO. Several experiments with different diffusion
times A (50—200 ms) have been performed to estimate the
exchange rate of this process.*> Even at A = 50 ms there are no
effects observable on the diffusion behavior of TMA. Therefore,
the exchange process is too fast to be seen directly with PFG
experiments.

Therefore, PFG-NMR experiments of MAO are a means not
only of determining the total TMA content but also of
distinguishing quantitatively between associated and free TMA.
These results are in excellent agreement with those obtained
independently from the phosphine addition studies; both
techniques demonstrate that about 25% of TMA is “bound” or
associated to MAO.*!

The interpretation of diffusion coefficients D in terms of a
hydrodynamic radius Ry, via the Stokes—Einstein equation (Ry, «
D7) assuming a spherical structure raises several problems.**
Different calibration methods (see the Supporting Information)
give a hydrodynamic radius for MAO in toluene: R,(MAO) = 12
+ 0.3 A. If one assumes a dense spherical shape of MAO
polymers, a comparison of volumes based on this experimental
hydrodynamic radius with the volumes of calculated structures
for methyl-rich MAO [AlMe, ;O,s], (i.e,, a composition close
to the experimentally determined Al/Me ratio of typical MAO)
suggests that an MAO polymer molecule contains about 80—100
Al atoms (see the Supporting Information). This estimate is
somewhat smaller than that by Babushkin and Brintzinger for
zirconocene cations paired with [Me-MAO]™ anions (150—200
Al atoms).™ However, such estimates depend strongly on the
method used to calculate the volume: for example, volumes
circumscribed by a limiting electron density (where the
molecular volume is defined as a volume inside a contour of
0.001 e/bohr?) or volumes taking steric hindrance and geometric
constraints into account (e.g., the cube method, which takes into
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Table 2. Mole Fractions of Methyl Groups and the Diffusion Coefficients of MAO and TMA in a Dilute MAO Sample (w(Aly,0) =

0.8% w/w)
method x(Me)rpia Drpa 1076 cm? 574 x(Me)viao Dyiaoy 1078 cm? 71
THF addition 0.31 0.69
PFG NMR simultaneous fit 0.31 £ 0.01 10.40 + 0.38 0.71 £ 0.01 3.06 + 0.04

account all solvent-inaccessible cavities within a given
structure).**® In fact, a detailed comparison for a well-
characterized compound, the polyhedral oligomeric silsesquiox-
ane isooctyl-POSS, reveals a factor of about 2 between measured
(3053 A’ by PEG-NMR) and calculated volumes (2304 A® by the
cube method, 1662 A3 by electron density) (see the Supporting
Information). Therefore, if the number of Al atoms per MAO
polymer is deduced from dividing an experimental volume by the
calculated volume per Al structural unit, this uncertainty has to be
taken into account. The number of Al atoms per MAO should
therefore be corrected by the empirically determined factor of
1.8, which results in an average of about 50—60 Al atoms per
MAO polymer.

Determination of the MAO Molecular Weights and
TMA Content by Small-Angle Neutron Scattering (SANS)
Measurements. The hydrodynamic radius obtained by PFG-
SE NMR methods could be confirmed independently by small-
angle neutron scattering (SANS) experiments on a dilute MAO
solution in toluene. Analysis of the SANS data give the radius of
gyration of the MAO-TMA adduct as R, = 9.3 + 0.2 A, which can
be converted into the sphere radius Rg = \/ (s/ 3)Rg =12.0+03
A, in excellent agreement with PFG-NMR experiments. The
good agreement between fitted model and experimental SANS
data is shown in Figure 5; details of the analysis can be found in
the Supporting Information.

MAO 1.4%, TMA 0.154% (w/w) ——
model fit

"_E
S,
)
107"
107
Q [angstrom'1]

Figure 5. SANS intensity I(Q) in absolute units (cm™) vs scattering
vector Q for a dilute MAO solution in toluene.

Moreover, in combination with chemical analysis and NMR
results, SANS results suggest an average molecular weight of
MAO (without “bound” TMA) of 1800 + 100. Taking the
stoichiometric formula of MAO to be Al(CH;),sOg-s, the
number of Al atoms in a MAO polymer can be calculated to be
1800/60 = 30. This number is about 50% less than the number
estimated from our NMR results; however, considering the
approximations involved in obtaining this estimate, the agree-
ment is good.

In addition, we can calculate the average number of TMA
molecules bound to one MAO polymer, Ny, from

bound fraction = Ny (Myao/Maiao)/ (Mraia/Mraia)

where My,0 and Mry, are molecular masses of MAO and TMA
and myo and mpy, are their respective mass fractions in
solution. The resulting value is Nyyy & 0.78; a similar number,
Nrpa & 0.64, also results from analysis of the slow component in
the PFG NMR data. One can speculate whether this number, i.e.
approximately one TMA per MAO polymer, might indicate that
there is only one special site per MAO polymer which interacts
with TMA and which may be the site responsible for catalyst
activation.

Computational Modeling of the MAO-THF Interac-
tion. As the results discussed above have shown, MAO contains
some structural elements that are capable of reacting with donor
molecules with liberation of [AlMe,L,]* cations. We have
explored the potential origin of these intriguing species by
modeling the formation of THF—MAO adducts and the
concomitant release of [AlMe,]* cations.

The reaction of THF with MAO was explored by first focusing
on small MAO polymers, likely produced during the initial steps
of TMA hydrolysis. The MAOs are described by the structural
formula (AIMeO),(AlMe,),,, and we chose species with (n,m) =
(L,1), (1,2), (1,3), (2,2) as a starting point of the investigation.
After classification of AlMe, centers in the MAOs according to
their chemical environment by taking into account the
neighboring oxygen atoms, we investigated the reaction of
THF with the centers producing THE—MAO species. In the
classification, C refers to terminal methyl and C" to bridging
methyl, while the number in parentheses after O gives its
coordination number. The ring suffix refers to an Al species in a
4-membered AlLO, ring. The MAO models and optimized
molecular structures of the THF—MAO:s are illustrated in Figure
6, whereas the calculated reaction energetics and the identified Al
centers are given in Table 3.

The first interaction of Al,Mes with THF leads to Me;Al(u-
Me)AlMe,(THF) (Figure 6, (0,2)). This is a local minimum; the
further reaction to '/,Al,Me + AlMe;(THF) is exergonic, with
AG = —54 kJ] mol™". THF coordinates to the MAOs via the
formation of an Al-O bond. The adduct formation is
spontaneous for the MAOs except for the (1,3) species and
AlC,0(3),-ring site in (2,2). The unfavorable reaction with the
AIC,C"0O(4) site of the (1,3) MAO originates from the already
preferable 4-coordination of the Al atom in the MAO. Reaction
of an analogous Al center in (1,2) is favorable due to structural
distortion, which produces structurally analogous species for the
THF—(1,2) adducts. The Al—O distance from the Al center to O
in MAO (shown by r,_¢ in Table 3) provides a measure of the
feasibility of the formation of [Me,Al(THF),]*[MAQO]~ cation—
anion separation. The largest separation is obtained for (1,3),
because the oxygen atom neighboring the Al center is 4-
coordinated and the elongation of this Al-O bond to form a 3-
coordinate O is energetically favorable.'®

Anionization potentials, i.e. energies of the reactions MAO —
[AlMe,]* + [MAQO], provide a computationally practical way to
probe the feasibility of anion formation. A detailed analysis of
MAO:s produced by hydrolysis of TMA is in progress, which will
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+THF
(n,m) MAO —

(0,2)
TMA dimer

(1.1)

(1,2)

(1,3)

(2,2)

Figure 6. Models for (AlMeO),(AlMe;),, MAOs labeled according to
(n,m) and structures of the MAO + THF — MAO-THF reaction
products. Structural isomers are distinguished by a and b. H, C, O, and
Al atoms are illustrated in white, gray, red, and pink, respectively.

Table 3. RI-MP2/TZVP-Calculated Standard Gibbs Energies
of the Reaction MAO + THF - MAO—THF (T = 298 K),
(AlMeO),(AlMe;),, MAOs, Chemical Environments of the Al
Centers, and Al Center—O(MAO) Distances (r5_c)

(n,m) Al center AG (kJ/mol) ra—o (A)%

(0,2) TMA dimer AIC,C,® -33

(1,1) AIC,0(2) ~74.0 1.737
(1,2)-a AlC,0(3) -92.7 1.793
(1,2)-b AIC,C*0(4) —87.7 1.796
(1,3) AIC,C°0(4) 1.0 1.903
(2,2)-a AIC,0(3) —88.0 1.791
(2,2)-b AIC,0(3),-ring 5.6 1.856

“Where Al is bound to two oxygen atoms, an average of the two Al-O
bond distances is reported.

provide potentiall MAO sources for [AlMe,]* abstraction.*’
Figure 7 summarizes key preliminary findings regarding the
anionization potentials of (AlOMe), (AlMe;),,, where n < 8.

The rearrangement of the anions following [AlMe,]*
dissociation is an important contributing factor to their stability.
Both —O—AlMe,—O— and —O—AlMe,—p-Me— structures are
capable of generating [AlMe,]*, with no total energy difference
due to structural rearrangement. Of these, the structure with
(n,m) = (8,2) gives a particularly stable anion; this MAO model
has an ideal environment for [AlMe,]* abstraction from the
AIC,C"O(4) site. Also, cleavage of [AlMe,]" removes the only
methyl bridge, leaving a cage consisting solely of 4-coordinate Al,
3-coordinate O, and terminal methyl groups. The resulting
structure has three Al,O, 4-membered rings, all separated by 6-
rings, whereas energetically less favored structures contain edge-
or corner-sharing 4-rings.

B CONCLUSIONS

One of the most important characteristics of methylalumoxane
that determines its reactivity as a catalyst activator, as well as its
shelf life prior to catalyst preparation, is its trimethylaluminum
content. MAO is a complex substance, and a combined chemical,
spectroscopic, and computational approach has been employed
to try and identify some key characteristics. A comparison
confirmed that the addition of donor molecules such as THF,
pyridine, and triphenylphosphine provides a consistent method
of TMA quantification, while the addition of trialkylphosphines
led to the precipitation of polymeric MAO and the partitioning of
TMA into “free” and “bound” fractions. These results could be
confirmed independently by pulsed field gradient NMR
methods. Measurements of the diffusion coeflicients of TMA
and MAO can be used to determine the average hydrodynamic
radius of MAO, data which are in close agreement with those
obtained from small-angle neutron scattering. Conversion of
these radii into molecular volumes for molecules of ill-defined
geometry such as MAO is less straightforward; our estimates
suggest that an MAO molecule contains about 30—60 Al atoms.
It could be shown that MAO contains small amounts of
structures which, on reaction with suitable bases, can lead to the
dissociation of [AlMe,L,]* cations. Computational modeling has
shown that these structures are likely to be associated with Al,(u-
Me)(u-O) and Al,(u-O), 4-rings. Similar processes are highly
likely involved in catalyst activation. The computations do
indeed indicate that for larger MAO cages this ionization is
becoming increasingly energetically feasible. The ability of the
resulting anion to relax into a more stable cage structure
contributes crucially to the overall energetics of this process, and
cages where the 4-membered rings are isolated from one another
by 6-rings are particularly favored. These studies lay the
foundation for more detailed consideration of these processes
on larger MAO models.

B EXPERIMENTAL SECTION

Materials and Techniques. All manipulations were conducted
under an inert atmosphere of dry argon using standard Schlenk
techniques. All reagents were used as purchased without further
purification unless otherwise stated. A solution of MAO (30 wt % MAO
+ TMA in toluene) was provided by Chemtura Organometallics GmbH.
It was stored at —20 °C, and it was 10 months old at the time of analysis.

Solvents were dried over Na/benzophenone (tetrahydrofuran) or
sodium (toluene) before use and purged with argon. 1,2-Difluor-
obenzene (FF, Apollo Scientific), extra-dry pyridine (Py, Acros), and
PMe; (1 M in toluene, Sigma Aldrich) were degassed with a stream of
argon and stored over activated 4 A molecular sieves. Deuterated NMR
solvents (CD,Cl, and toluene-d,) were degassed by several freeze—thaw
cycles and dried over activated 4 A molecular sieves. NMR spectra were
recorded using a Bruker Avance DPX-300 spectrometer. 'H (300 MHz)
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n m MAO MAO™ AE/ Al center
kJmol™!
0 2 0.0 AIC,Cy
1 3 495 AIC,C°0(4)
2 4 932 AIC,C,?
3 2 —-60.9 AlC,0(3)
and
AIC,0(3),
4 3 —63.5 AIC,C’0(4)
and
AICC°0(4)0(3)
6 4 -117.9 AIC,CO(4)
and
AICC°0(4)0(3)
8 2 -162.8 AIC,C°0(4)
and
AICCPO(4)0(3)

Figure 7. Anionization potentials of selected MAOs, (AlOMe), (AlMe;),,, relative to the TMA dimer: C", bridging methyl; O(n), n-coordinate O;

purple Al, site of AlMe," dissociation.

and 3'P NMR (121.5 MHz) chemical shifts were referenced to the
residual solvent peaks of two separate external standards of CD,Cl, and
of HyPO, (85% in H,0), each contained in a capillary. 1,3,5-Tri-tert-
butylbenzene was used as an internal standard. In order to compensate
for sloping baselines and peak overlaps, the '"H NMR signals were
integrated by printing the spectra on A4 sheets of paper (80 g/m?),
cutting the peaks, and weighing on an analytical balance. Pulse delays
(Dy) of 25 and 16 scans were used for "H NMR spectra. The D, value
was chosen in line with the longer proton NMR relaxation times
reported by Imhoff et al. for MAO solutions.’

Diffusion experiments were performed on a Varian Inova 400
spectrometer. All measurements were carried out at 293 + 1 K; during
an experiment the temperature was stable within 0.1 K. The
Dbppste_ CC (DOSY bipolar pulse pair stimulated echo with
convection compensation) pulse program was used.* The diffusion
time A was adjusted (typically 20 and 200 ms); the gradient pulse length
0 was 2 ms. The number of transients was adjusted to the concentration.

Small-angle neutron scattering (SANS) experiments were performed
with a KWS-2 instrument (JCNS Outstation, FRM II, Munich,
Germany). We measured an MAO solution in a toluene/ds-toluene
mixture with the following concentrations (w/w): MAO, 1.39%; TMA,
0.17%; toluene, 3.8%; toluene-dg 94.57%.

Computational Details. The MAO—THF calculations were
performed by the RI-MP2 method**™*" in combination with the def-
TZVP basis set,>* as implemented in TURBOMOLE version 6.3.> The
structures were fully optimized and verified as true local minima by
determining their vibrational frequencies, also required for calculation of
Gibbs energies. No scaling factors were employed. NMR calculations
were performed at the MP2/TZVP level of theory using the gauge-
independent atomic orbital (GIAO) method as implemented in
Gaussian09.>* Fast rotation of the methyl groups was assumed in the
NMR peak visualization. Anionization potentials, i.e. relative energies
for the reaction MAO — [AlMe,]* + [MAO]~, were calculated by the
density functional M062X/TZVP method.>® Molecular volumes were
defined as a volume inside a contour of 0.001 e/bohr® density and were
calculated at the HF/SVP level®® of theory for MAO models up to 148
Al atoms. The volumes and Cartesian coordinates of the MAOs are
given in the Supporting Information.

Reactions and Syntheses. Determination of the TMA Content in
30% MAO by THF and Py. MAO (2 mL, 9.72 mmol Al) and THF (1.6—
250 mmol) were stirred for 30 min at room temperature. An aliquot (0.5
mL) of the resulting solution was transferred to an NMR tube
containing a CD,Cl, capillary and 1,3,5-tri-tert-butylbenzene (10 — 40
UL, 0.5 M in toluene), and "H NMR spectra were recorded.
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Determination of TMA in MAO by PPh;. MAO (2 mL, 9.72 mmol
Al) and PPh; (1.18 gin S mL of toluene, 4.5 mmol) were stirred at room
temperature for 1 h. An aliquot (50 L) was transferred to an NMR tube
containing toluene (0.5 mL) and capillaries with CD,Cl, and H;PO,
(85%) to record 'H and *'P NMR spectra. The calibration curve (Figure
S2, Supporting Information) was obtained by plotting the *'P NMR
chemical shifts of standard TMA/PPh; mixtures with Al/P molar ratios
between 1/10 and 1/1. The following linear relationship was found:

Al/P = —0.29576 — 1.5378 R = 0.997

where Al indicates the moles of AlMe;(PPh;) and P the moles of PPh;,
added to the solution.

Reaction of MAO with OPPh;, PCy; and PMes;. OPPhs, PCys,, or
PMe; (0.5—5 mL, 1 M in toluene) and MAO (30% in toluene; 2 mL,
9.72 mmol of Al) were stirred at room temperature for 30 min. A clear
colorless oil precipitated, and the suspension was decanted. An aliquot
(0.5 mL) of the supernatant solution was studied by 'H and *'P NMR
using CD,Cl, and H;PO, (85%) capillaries and 1,3,S-tri-tert-
butylbenzene as internal standard (10—40 uL, 0.5 M in toluene). The
oil was washed with toluene (2 X S mL) and dissolved in THF or 1,2-
difluorobenzene (2 mL). An aliquot of the solution was transferred to an
NMR tube, again containing CD,Cl, and H;PO, (85%) capillaries and
1,3,5-tri-tert-butylbenzene (20 pL, 0.5 M in toluene). The 'H and 3'P
NMR spectra were recorded.

'H NMR of TMA(L): L = PMe;, 6 —0.41, C¢Dg;® L = PCy;, § —0.19,
C¢Dg’ L = OPPhs, 6— 0.3, toluene. In the case of PMe;, a broad *'P
NMR signal at § —8.0 is observed which is not a weighted average of
PMe, and AlMe;(PMe;). This signal may be due to equilibria involving
OPMe; (6 362, CgDy), from the partial oxidation of PMe;. Adding
OPPh; (6(*'P) 24.3) to MAO results in a slightly broad *'P signal at &
27.0, due to a fast exchange between OPPh; and AlMe;(OPPh,).
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