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ABSTRACT: Electrospray ionization mass spectrometric studies of
poly(methylaluminoxane) (MAO) in the presence of Cp,ZrMe,,
octamethyltrisiloxane (OMTS), or [Bu,N]Cl in fluorobenzene solution
are reported. The results concur with the hypothesis that MAO is
partially ionized in sufficiently polar media, where the contact ion pairs
are of the general formula [Me,Al][(MeAlO),(AlMe;) Me]. A limited
number of compositions of this type are detected; the most abundant
has x = 23 and y = 7, where the cation [Me,Al(OMTS)]" (with m/z
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293) and the anion (with m/z 1853) were detected in the presence of
OMTS, which stabilizes the Me,Al cation. The results demonstrate that MAO ionizes Cp,ZrMe, by acting as a source of this
electrophilic cation, giving rise to an ion pair featuring a large and weakly coordinating aluminoxanate counterion.

ver since its discovery by Sinn and Kaminsky,' MAO has

been used extensively as an activator of single-site, olefin
polymerization catalysts.” MAQ is believed to activate single-
site catalysts such as metallocene complexes by alkylation and
ionization, as depicted in eqs 1 and 2. Although much is known
about the chemistry of the cationic moiety, an alkylmetalloce-
nium ion,”> much less is known about the structure and
composition of the counteranion.

Cp,ZrCly Cp,ZrCl(Me)
+ + M
(MeAIO),*AlMe; (MeAIO),*AlMe,ClI
CpZZr+CI(Me) [Cp,ZrMe]* ()
(MeAIO), ~AlMe,X [(MeAIO)-AMe Xl
n
X =Clor Me

MAO is made by the controlled hydrolysis of trimethylalu-
minum®* or by reaction of AlMe; with, for example, C=0
compounds,*” resulting in an oligomeric mixture that has defied
definitive structural characterization. There are few diagnostic
spectroscopic handles, and the MAO oligomers can inter-
convert in the presence of free AlMe;. Proton NMR studies
have indicated that the empirical formula of the MAO repeat
unit is [AlOgs_gsMe, 41 5),,° while multinuclear NMR studies
cor61ﬁrm the presence of tetrahedral AIMe groups and pyramidal
0.

The X-ray structures of discrete tert-butylaluminoxanes
(TBAO) reveal cages featuring tetrahedral Al and pyramidal
O, and some of these were used to activate metallocene
complexes for olefin polymerization.” Analogous cage struc-
tures for MAO are supported by theoretical studies, % while
much larger, symmetrical cages have been studied for the
parent aluminoxane (HAIO),,” and it has been shown recently
that extended structures, such as nanotubes, are favored over
cages for MAO compared with TBAO."

The TBAO cages are known to undergo cleavage, due to
“latent Lewis acidity” or ring strain,’ to afford contact ion pairs
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on reaction with metallocene complexes. In the case of MAO,
similar behavior has been invoked,**® with formation of more
dissociated ion pairs, at sufficiently high Al:M ratios. The latter
findings are based on extensive solution NMR, UV—vis, and
other spectroscopic studies of the metallocenium ions formed
in situ from metallocene complexes and MAO.>""

The hydrodynamic radius (r,) and MW (molecular weight)
of MAO, as well as the ion pairs formed from MAO and
Cp,ZrMe,, have been estimated by a number of techniques."
Values of r, between 7.5 and 9.7 A and MW values between 0.5
and 3.0 kg mol™' have been reported for MAO at ambient
temperature. A larger value of r, = 12—12.5 A has been
reported for ion pairs derived from MAO."** The various, and
disparate, estimates of MW vs size can be reconciled if the
shape of MAO oligomers and the ion pairs derived from this
material are not spherical.'®® In particular, for rigid-rod
molecules with one long axis, r, will approximate the length
of this axis as the molecule randomly tumbles in solution, while
MW scales with r, instead of r°.'* What is required is a
measurement of absolute MW for MAO or these ion pairs in
solution to shed further light on this issue.

Electrospray ionization mass spectrometry (ESI-MS) is an
obvious choice for detection of ions in MAO solutions, at least
in polar media, but few MS studies of MAO have been
reported."* Repo and co-workers have reported detection of
MAO using ESI-MS in THF and found that the positive ion
spectra consisted of oxidized material."> Analysis of metal-
locenium ions by ESI-MS, initially by Chen'® and later by
Metzger,'” has shed light on the reactivity of the metal complex,
but these studies were not concerned with the identity of the
anionic components of MAO. We report here the first
systematic, negative and positive ion studies of MAO by ESI-
MS in fluorobenzene (PhF).
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When a solution of MAO in toluene (1.54 M, Aldrich
Chemical Co.) is diluted with anhydrous PhF to ca. 0.05 M and
the solution injected into an ESI mass spectrometer under
anaerobic conditions,® the total ion current (TIC) is very low
(<10 counts), consistent with a solution of nonpolar material
containing few ions.'” On the other hand, addition of small
amounts of an electrolyte such as [Bu,N]Cl, or neutral
additives such as 18-crown-6, octamethyltrisiloxane (OMTS),"
and Cp,ZrMe,, leads to a significant increase in negative ion
intensity. At low levels of these additives the spectra are
surprisingly simple, consisting of one major peak at m/z 1853
(Figure 1), with the other ions routinely detected summarized
in Table 1.
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Figure 1. (a) ESI-MS spectra of MAO (0.037 M) and [Bu,N]CI
(ALCI = 37:1), (b) MAO (0.055 M) and OMTS (Al:OMTS = 26:1),
and (c) MAO (0.067 M) and Cp,ZrMe, (0.23 mM, Al:Zr = 290:1) in
PhF. Major singly charged ions detected are listed in Table 1.

It is important to point out that the same ions are detected,
regardless of the nature of the additive. In particular, chlorine-
containing ions do not predominate in mixtures of MAO +
[Bu,N]ClI, except at higher levels of added salt, and they appear
to form via chlorination of the parent ions, as they are separated
in mass by +20 Da (i.e, M — CHj; + Cl; see, e.g, the ion at m/z
1873 in Figure la). It appears that some ions are more
susceptible to chlorination than others. For example, the
intensities of the ions at m/z 2157 and 2177 are nearly equal in
Figure la vs the very different intensities for 1853 and 1873.
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There is a unique, chlorinated ion detected at m/z 1541 in
the presence of [BuN]Cl (Figure la) that may have no
precursor ion and that is also very susceptible to further
chlorination with ions detected at m/z 1561, 1581, and 1601
with 2, 3, and 4 Cl atoms, respectively. MS/MS experiments
reveal that all chlorinated ions easily lose chlorine, as AlMe,Cl,
and at low collision energies (see Supporting Information).

In the presence of OMTS or Cp,ZrMe, the spectra are
similar (Figure 1b,c). In the positive ion spectrum, a single,
intense peak at m/z 293 is observed in the presence of OMTS,
whose nominal mass and isotope pattern are consistent with
[Me,Al(OTMS)]*," while the dominant ion observed in the
presence of Cp,ZrMe, is [CPZZr(ﬂ—Me)ZAlMe2]+3’“ at m/z
307 with the isotope ratio expected for this species.’’
Dimethylsiloxane oligomers also provide strong spectra
containing ions of the form [Me,Al{Me;SiO-
(SiMe,0),SiMe;}]*, a discovery made when MAO solution
came in contact with stopcock grease. The ion [(18-crown-
6)AlMe,]**" was observed in the presence of 18-crown-6 at
much lower levels of this additive (see Supporting Informa-
tion).

At higher levels of these additives, and at higher total [Al],
doubly charged ions appear in the negative ion mass spectrum
at m/z 800—1300 with an increase in complexity (see, e.g.,
Figure 1b). These doubly charged ions form at the expense of
the higher mass, singly charged ions.

Finally, at sufficiently high levels of added [Bu,N]Cl, phase
separation due to ion-pair aggregation is observed (cloudiness
at these concentrations). The TIC of the PhF phase decreases
significantly, and the spectra are dominated by low molecular
weight ions derived from AlMe;, AlMe,Cl (formed in situ, vide
infra), and ion clusters involving these ions (see Supporting
Information).

Our interpretation of these events is as follows: At
sufficiently low levels of additives, only the most reactive
components of MAO form “free” or solvated ions, which are
detected by ESI-MS, with the vast majority of species existing as
neutrals or tightly bound ion pairs. As electrolyte or additive
concentration increases, formation of solvated ions increases
due to the increased dielectric constant of the medium®* or by
ion exchange (vide infra); evidently, some of the anions that
form can support an additional negative charge under these
conditions. Finally, a liquid clathrate®® or aggregated ionic
phase forms, and only the least Lewis acidic and neutral
components, which remain in the PhF phase, are detectable.

These findings mean that the accepted view of MAO as a
mixture of neutral Lewis acids that abstract halide or methide
ions from neutral metallocene complexes should be refined.
Instead, a more consistent interpretation is that MAO serves as
a source of [AlMe,]*,** which is the most reactive Lewis acid
present in these mixtures. As [Bu,N]Cl is titrated in, the
available [AlMe,]* reacts with Cl™ to form AlMe,C], leading to
formation of less strongly bound [Bu,N][MAO] ion pairs,
which are more sensitively detected by ESI-MS. At sufficiently
high levels of AlMe,Cl, MAO and the derived ions are modified
via redistribution reactions.

To assign a composition, each ion detected was selected for
MS/MS studies, and their fragmentation patterns were
analyzed. For example, the ion at m/z 1811 fragments with
10 successive losses of 72 Da as the collision energy is increased
to its maximum value of 200 V (Figure 2). At higher collision
energies, a second set of ions, also separated by 72 Da, but 16
Da lower in mass compared to the previous series is evident.
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Table 1. Summary of Singly Charged Anions Detected in MAO When Treated with Cp,ZrMe,, OMTS, or [Bu,N]CI*

formula for anion based on

formula for anion based on

obsd m/z intensity (%)” emp. formula caled m/z MS/MS results® [(MeAlO),(AlMe;),Me]~ Me:ALl:O
1333.4 7.4 CyoHgAL, O 1333.2 [ALO;,(MeAlO)4(AlMe;),]~ x=19,y=3 1.32:1:0.86
13754 6.6 C;35H105AL,0 13753 [AL;05(MeAlO),, (AlMe;),]~ x=16,y=6 1.59:1:0.73
1491.4 3.6 CyH,1,AL,0 4 1491.3 [AL;O4(MeAlO) 5 (AlMe;) ]~ x=18,y=6 1.54:1:0.75
1695.5 1.3 C3,H,,,ALgO,, 1695.2 [AL,O,;(MeAlO) 3(AlMe;)s]~ x=24,y=4 1.32:1:0.85
1811.4 17.4 CyoH,1,AL30056 1811.2 [Al};,0,,(MeAlO)y(AlMe;), ]~ x=26y=4 1.30:1:0.87
1853.4 100 CysH 358130055 1853.4 [Al;O04(MeAlO) 5(AlMe;) o] ~ x=23,y=7 1.30:1:0.77
2027.4 1.5 CysH144AL;056 2027.4 [AL,O,;(MeAlO),5(AlMe;) ;] x=26y="7 1.45:1: 0.79
21155 12 Cy6H 3313505 21153 [AlL};0,,(MeAlO),;(AlMe;),, ]~ x=30,y=5 1.31:1:0.86
2157.5 43 C,H,56AL;0,, 2157.4 [AL,O,;(MeAlO);(AlMe;) 1]~ x=27,y=8 1.49:1:0.77
21735 13 CyH,41ALO;, 21733 [Al;0,5(MeAlO),;(AlMe;),,]~ x=3l,y=5 1.31:1:0.86
2215.6 1.0 Co3H,50ALgOse 22154 [ALO;,(MeAlO) ,(AlMe;) ]~ x=28y=38 1.47:1:0.78

“Additional ions at m/z 1541 {[Al;O4(MeAlO),5(AlMe;)(AlMe,Cl)]™ according to MS/MS spectra}, 1561, 1581, 1601 and at M+ 20 Da for the
other ions listed are seen in the presence of [Bu,N]Cl with a relative intensity dependent on salt concentration. See Figure 1a and text for discussion.
bRelative intensities are based on the spectrum depicted in Figure 1b and are given as percentages of the base peak. “MS/MS spectra indicate how

many AlMe; or AlMe; equivalents are present; see text.

100%

1811
1091
80% - i

60% -

40% A

Y

Relative intensity

20% A

0% 1 " A A A . A A , "
900 1100 1300 1500 1700
m/z

1900

Figure 2. MS/MS spectrum of the anion with m/z 1811. Ten losses of
72 Da from the parent ion are indicated by red arrows with a second
series of fragment ions occurring at —16 Da, between m/z 1075 and
1507, depicted by blue arrows.

Evidently, these ions fragment by loss of AIMe; and also by loss
of CH, at higher energy. We suspect some of the AlMe; lost
arises via direct dissociation, while at higher energy, more
elaborate rearrangements may be involved, as suggested in eq 3
for an aluminoxane fragment.® We are unable to distinguish
between genuine losses of AlMe; and those formed by
rearrangement.

AlMe,
Me,Al Q A MeAI\——O\
\ o~/ AMe [ o-/=nme +Ame, 3)
/O—,A\IMe\ /O—,A\IMe\

On the basis of these results, the anion at m/z 1811 can be
formulated as [(Al;;0};)(MeAlO)o(AlMe;)0]”, consisting of
an anionic aluminoxane core, decorated by 10 AlMe; groups.
All of the ions characterized by MS/MS were analyzed in this
fashion (see Supporting Information), and their resulting
compositions are listed in Table 1.

As we accept that not all of the observed losses are genuine,
and noting the mass relationship (AlOMe); = ALO; + AlMe;,
an equivalent formulation for m/z 1811 is [(AlO,)-
(MeAlO),,(AlMe;)s]™. A more logical anionic fragment than
[AlO,]™ is [Me,AlOAI(Me)O]~, the addition of Me™ to the
simplest, cyclic aluminoxane, or the addition of AlMe; to
[AlO,]". We can thus formulate this anion as
[(MeAlO),,{OAl(Me)OAIMe, }(AlMe;),]” or [(MeAl-
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0),4(AlMe;),Me]”, recognizing that two MeAlO units make
up the anionic fragment. The last formulation corresponds to
the classical view of MAOQ, with anions being formed via formal
methide abstraction.”® These compositions are also listed in
Table 1.

Although these compositions are somewhat arbitrary because
we are not able to quantitate the amount of bound AlMe;, it is
satisfying to note that the composition of each ion is similar to
the average composition of MAO determined by 'H NMR
spectroscopy (see Table 1). We note the compositions show
considerable variation with respect to AlMe; vs MeAlO units
(13—27 mol % AlMe;) and the ions are not strictly ordered by
their degree of polymerization given common mass differences
of 42 vs 58 Da. We do note that those ions with the same
number of MeAlO units, differing only in the amount of AlMe;,
at m/z 1811 and 2027, show the same fragment ions in their
MS/MS spectra, confirming a structural homology.

Our results show that the anions (and ion pairs) present in
PhF in the presence of [Bu,N]Cl, OMTS, or Cp,ZrMe, are
much lower in MW than the estimate based on diffusion
measurements in toluene.'”* The negative ion spectra are
largely invariant to additive levels below 1—2 mol %, and we
have not detected ions higher in mass than ca. 3500 Da. Our
results are in good agreement with earlier estimates of MW for
MADO itself, while the predominant ions have compositions that
appear related to the more stable, large cages or other
structures for MAO predicted by theory. The results, in
conjunction with the available data on the size of MAO or ion
pairs formed from it, support the hypothesis that MAO and the
ion pairs that are present have extended shapes such as
nanotubes.

Future work, which will be guided by these initial results, will
focus on anion and cation speciation in reactions of MAO with
metallocene complexes under catalytically relevant conditions
(i.e., nonpolar media®®). In particular, ESI-MS should provide
useful information relating to the amount of available [AlMe, ]*
present per mole of MAO under various conditions.
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Experimental details; additional MS and MS/MS spectra of all
ions detected. This material is available free of charge via the
Internet at http://pubs.acs.org.
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