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Abstract 

 

Methylaluminoxane (MAO) is a key activator for olefin polymerization catalysts, making its 

chemistry of ongoing interest. Strong and bidentate neutral donors such as 2,2’-bipyridine are 

effective abstractors of the dimethylaluminum cation, [Me2Al]+, from methylaluminoxane (MAO), 

while monodentate, weaker donors such as THF and pyridine appear most prone to adduct 

formation with both free and bound trimethylaluminum.  The ionization process can be readily 

investigated using electrospray ionization mass spectrometry (ESI-MS) in fluorobenzene (PhF) 

solution. Complementary studies employing 1D and 2D 1H NMR spectroscopic studies in 

bromobenzene-d5 solution provide details on the extent of ionization vs. donor-acceptor complex 

formation for the different donors studied. DFT studies employing different neutral model 

precursors and mono- vs. bi-dentate donors shed light on possible mechanisms for ion-pair 

formation. 

 

Introduction 

Methylaluminoxane (MAO) is a widely used activator for the generation of molecular 

polymerization catalysts. It serves to scavenge impurities, while alkylating and activating suitable 

transition metal precursors.[1] The properties of MAO depend on the method of synthesis.[2,3] The 

efficacy of MAO as a co-catalyst or activator is dependent on the production of higher MW 

aluminoxanes, as lower MW materials such as R2AlOAlR2 are largely ineffective as activators of 

single site catalysts.[2,3]  

Measured properties of MAO, proportional to MW are time and temperature dependent, especially 

if stored at room temperature, where MAO undergoes aging and eventual gelation.[4]  There is no 

direct method for measuring the MW of MAO aside from cryoscopic measurements, which are 

demanding in terms of both reproducibility and accuracy.[5a] Donor solvents such as 1,4-dioxane 

form donor-acceptor complexes with MAO of significantly lower MW than the native material by 

this technique.[5a] Neutral donors such as THF,[5b] pyridine[5b] or Ph3P[5c] are often employed in 
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order to determine the trimethylaluminum (Me3Al) content of MAO; the Me3Al content of MAO has 

important consequences for catalyst activity.[6]  

MAO is considered to be a strong Lewis acid, capable of reacting with transition metal carbon 

bonds via heterolytic cleavage leading to ion-pairs. In the case of a methyl group this is termed 

Me− or methide abstraction (Scheme 1).[1] In the last few years, an alternate mechanism for ion-

pair formation has been identified,[4b,7,8] with support from theoretical work.[9] This process involves 

abstraction of [Me2Al]+ from a neutral MAO precursor by a neutral donor,[4b,7-8] or a complex such 

as Cp2ZrMe2.[8,9] Note that the neutral MAO precursor in the case of [Me2Al]+ abstraction has one 

more Me3Al incorporated than does that for Me− abstraction if the anion (or ion-pair) formed is to 

have the same formulae. 

   

Scheme 1. Ionization mechanisms involving MAO. 

The ion-pairs formed from MAO and various donors can be characterized by electrospray 

ionization mass spectrometry (ESI-MS) in fluorobenzene (PhF) solution.[8,10] We have shown a 

strong analogy between this technique and other methods such as NMR spectroscopy when it 

comes to activation of metallocene complexes.[11] 

The reaction of the bidentate donor octa-methyltrisiloxane (OMTS) with MAO leads to the ion 

pairs in eqn. 1,[12] where a common cation [Me2Al(OMTS)]+ with m/z 293 is partnered with MAO-

based anions of the general formula shown.[8,10] 
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Since the anions [n,m]− formed can be characterized in negative mode, this technique provides 

indirect information about the MAO-based, neutral oligomers (hereinafter n,m) involved in forming 

ion-pairs. We have used this technique to study aging of MAO at room temperature,[10] chlorination 

of MAO,[13] oxidation of MAO upon exposure to O2,
[14] and modification of MAO by AlR3,[15] where 

the anion distribution changes in response to these processes. 

In this paper we study the mechanisms for ion-pair formation, using a variety of neutral donors 

and ESI-MS and NMR methods with reference to theoretical models[16] for the anions and neutrals 

that are in the relevant size domain for MAO and the ion-pairs formed from it. The neutrals were 

located in a systematic grid search of the reactions of Me3Al with water,[16a,b] while anionization by 

both [Me2Al]+ abstraction and Me− abstraction involving MAO has been discussed in some detail 

previously.[9a,10] 

 

Results and Discussion 

Tetrahydrofuran 

Tetrahydrofuran has long been recommended for the determination of Me3Al content of MAO 

using 1H NMR spectroscopy. Typically, addition of 10 molar equivalents with respect to Al (4:1 v:v 

equiv. for 30 wt% MAO in toluene) has been recommended for this procedure; this leads to 

optimal separation of the sharp signal, due to Me3Al-THF, from the main MAO resonances (Figure 

1).[5b]  

 

Figure 1. 1H NMR spectrum of a sample of commercial MAO (30 wt% in toluene) containing 10 

equiv. THF-d8. 

Though not recognized at the time of this first report, an additional sharp signal that is 

superimposed upon the main MAO resonance arises from the formation of [Me2Al(THF)2]+, as 

-2-101234

Me3Al-THF

[Me2Al(THF)2]+
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shown by comparison to authentic samples of this cation partnered with e.g. a [B(C6F5)4]– anion,[7] 

an assignment subsequently confirmed by Bochmann and co-workers.[4b] 

Through baseline subtraction (or deconvolution[17]) it is possible to determine both Me3Al and 

activator content by integration of these two signals with respect to the total integral due to MAO. 

The assumption used in our work is that the repeat unit of MAO is (Me1.5AlO0.75).[5b] Alternately, 

an internal standard may be employed without any assumptions[5b] – usually the discrepancy 

between the two methods is small. 

Typically, commercial samples of 30 wt% MAO have Me3Al content between 13-14 mol% using 

this technique while samples of MAO that have been shipped and stored cold have activator 

contents between 1-2 mol% when first analyzed by this method. The positive and negative ion 

ESI-MS of 10 wt% MAO + THF (10 mol%) are shown in Figures 2a and 2b, respectively. The 

positive ion spectrum is largely invariant to the amount of THF added (between 1-40 mol% 

investigated) with the principle ions present being [Me2Al(THF)2]+ and [Me2Al(THF)]+ with m/z 201 

and 129, respectively. The relative intensity of these two ions is also largely insensitive to the 

amount of THF added at these levels. At sufficiently low cone voltage (the arbiter of in-source 

collision energy) only m/z 201 is observed. 
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Figure 2. a) Positive and b) negative ion mass spectrum of a sample of commercial MAO (10 

wt% in toluene) containing 10 mol% THF in PhF solution ([Al] = 0.05 M). Cone voltage = 16 V. 

The negative ion mass spectrum resembles that of MAO and other donor additives (vide infra) 

but at 1-40 mol% THF the spectra are characterized by a low intensity per transient (<500 counts 

for the major ion present). The relative intensities of the anions present are insensitive to the 

amount of THF added, and the mass spectrum is largely dominated by the ion at m/z 1375, 

assigned by m/z, isotope pattern and MS/MS behavior as [16,6]−.[10]  

 

Octamethyltrisiloxane (OMTS) 

Disiloxanes and some cyclic siloxanes have been used as additives to furnish “stabilized MAO”, 

formulations that are more resistant to gel formation while retaining their activation efficacy.[22] 

With linear, tri- or poly-siloxanes, including OMTS, and at higher concentrations in toluene 

solution, phase separation occurs to form an upper layer which is enriched in Me3Al, and a lower 
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layer that is basically an ionic liquid, swollen by an aromatic solvent[12] – first termed a liquid 

clathrate by Atwood and co-workers based on an ionic host and aromatic guest formalism.[19] 

These liquid clathrates can be isolated in solid form by washing with hydrocarbon solvents, which 

remove Me3Al and toluene.[12]  1H, 27Al and 29Si NMR spectra of the solid formed from OMTS have 

been published in the patent literature in 1,3-dichlorobenzene,[12] and the same reaction has been 

studied in PhF solution.[7] These studies strongly indicate that a material with the composition 

[Me2Al(OMTS)]+[MAO(Me)]– is formed where the composition of the anion was not defined. 

In this work, we generated this ion-pair in situ in bromobenzene-d5 (PhBr-d5) or bromobenzene 

(PhBr) solution, the intent being to relate the NMR spectra seen to the ESI-MS spectra recorded 

in PhF solution as the two solvents have similar dielectric constants. Typically, 1-10 mol% of 

OMTS was added for this purpose with respect to Al in MAO.   

We used two sources of MAO, commercial 30 wt% solution as well as a sample of dried MAO 

prepared from this material for work in deuterated solvents. The 30 wt% solution had 13.3 mol% 

Me3Al and 1.50 mol% activator content measured using THF-d8 as additive, while the dried MAO 

had a lower Me3Al and activator content of 8.3 and 0.94 mol% by the same technique (see 

Supporting Information Figure S1).  

A 1H NMR spectrum of the high field region of dried MAO and OMTS appears in Figure 3. Two of 

the six MeSi signals resolved in this spectrum correspond to free OMTS (1) which was added at 

7.5 mol% with respect to Al in solid MAO. A value of 8.1 mol% was determined from actual 

integration of all the SiMe signals with respect to the AlMe signals. 

Two signals due to MeAl groups are present at δ −0.40 and −0.65 ppm in this mixture[20] and 

which show exchange correlation with one another as shown by a selective 1D gradient NOESY 

spectrum (see Supporting Information Figure S2). The signal at δ −0.40 appears at the chemical 

shift position of Me3Al in this solvent and is broadened. The sharp signal at −0.65 ppm shows 

NOE to two of the SiMe signals at δ 0.06 and 0.38 ppm respectively. The integrated ratio of these 

three signals is 1:3:1 and they are assigned to the [Me2Al(OMTS)]+ cation 2 (Scheme 2), 

consistent with the reported chemical shifts.[7] 
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Figure 3. 1H NMR spectrum of dried MAO and OMTS (7.5 mol%) in bromobenzene-d5. The 

most intense signals (SiMe3 from 1 and 2) are off-scale and have been cut off. 

 

In support of this assignment, irradiation of the SiMe2 signal at δ 0.38 ppm led to exchange 

correlation with the “free” OMTS SiMe2 signal at δ 0.01 ppm (the other more intense signal due 

to free OMTS is at δ 0.05 ppm and is nearly coincident with the SiMe3 signal of complex 2 at 0.06 

ppm) and also to exchange correlation with a line-broadened signal at δ 0.48 ppm. Another line 

broadened SiMe signal is at δ 0.16 ppm. The two broadened SiMe signals are present in a ratio 

of 1:3. The broad AlMe signal appears atop the main MAO resonance and its integral value was 

approximated as 1.5 with respect to the SiMe peaks.  

 

Scheme 2. Reaction of OMTS with MAO + Me3Al. 

We interpret these results as follows. The major complex present is [Me2Al(OMTS)]+[16,6]− which 

is in equilibrium with both free OMTS and Me3Al and/or the Me3Al complex(es) thereof. In 

-1-0.75-0.5-0.2500.250.50.75

2 SiMe2
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Me2Si 3
Me3Si 3

2 AlMe2
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principle, both mono- and bis-Me3Al complexes of OMTS are possible; the relative intensities of 

the line broadened signals correspond most closely to a fluxional mono-Me3Al complex 3 

(Scheme 2). The observation of exchange correlations between all species involved implies that 

ion-pair formation is reversible. 

From the intensities of the SiMe signals it can be estimated that the mixture is comprised of 

[Me2Al∙OMTS]+ (2.4 mol%), Me3Al-OMTS (ca. 0.40 mol%) and free OMTS (4.7 mol%) based on 

the amount of OMTS added to the MAO (7.5 mol%). From the AlMe signals present, the amount 

of complex 2 was calculated as 2.7 mol% and 0.47 mol% of complex 3 which is in reasonable 

agreement. However, the total Me3Al content calculated from the latter values (3.17 mol%) is 

significantly lower than that measured using THF (8.3 + 0.93 = 9.23 mol%, vide supra) suggesting 

that a significant amount of Me3Al (ca. ⅔) is still bound to or incorporated into MAO at OMTS = 

7.5 mol%. 

Significantly more activator complex is present at 7.5 mol% OMTS vs. 10 equiv. of THF (2.7 vs. 

0.93 mol%). In agreement with this finding, the negative ion ESI-MS spectra of MAO + OMTS are 

more intense at any given ratio as compared with THF, and the signals due to higher MW anions 

are proportionately more intense compared to m/z 1375 (cf. Figure 4 with Figure 2b). It should be 

noted that the amount of OMTS used for ESI-MS is with 2% lower than that used in the NMR 

studies (7.5%). A higher amount was used for the NMR work to facilitate quantitation.  In earlier 

work we showed that as the amount of OMTS was increased (from 1 to 100 mol%), the higher 

MW anions became increasingly accentuated relative to [16,6]−.[10] This suggests that the 

corresponding neutral precursors are significantly less abundant in MAO than that due to [16,6]−, 

or more likely, are less reactive towards OMTS. 
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Figure 4. Negative ion mass spectrum of a sample of dried commercial MAO (30 wt% in toluene) 

containing 2 mol% OMTS in PhF solution ([Al] = 0.05 M). Cone voltage = 16 V. 

Evidently, a bidentate donor is more effective at abstracting [Me2Al]+ from the neutral MAO 

molecules than a mono-dentate donor of comparably basicity.[21] The corresponding positive ion 

spectrum showed the expected cation with m/z 293.[10] 

Pyridine and 2,2’-bipyridine 

Pyridine was originally proposed for determining the Me3Al content of MAO but it has since been 

shown that excess pyridine (>5 equiv.) leads to degradation.[4b,5b,c] Pyridine disrupts dative Al---O 

bonding in tetra-t-butyldialuminoxane, which is dimeric in the solid state and associated in 

solution, forming a structurally characterized, monomeric bis(pyridine) adduct (eqn. 2).[22] The 

mechanism for degradation of MAO by donors is unknown but likely involves similar reactions. 

We decided to investigate both pyridine, as well as a chelating analogue, to compare with the 

oxygen-based donors already discussed.[23] 

 

Before discussing pyridine, we begin with 2,2’-bipyridine (bipy) which gives well-defined chemistry 

at low levels with respect to MAO (i.e. < 10 mol% for the dried MAO). By both NMR and ESI-MS, 

clean formation of the [Me2Al(bipy)]+[MAO-Me]− ion-pair is observed.  
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A 1H NMR spectrum at 4 mol% bipy using dried MAO appears in Figure 5, where assignments 

are based on both COSY and selective 1D NOESY spectra (see Supporting Information Figures 

S3-S4). Integration of the signals due to bipy vs. MAO + Me3Al gave a calculated ratio of 3.4 mol% 

suggesting at least 86% of added bipy forms this complex. At least two sharper AlMe signals are 

atop the main broad resonance for MAO. The sharpest signal at −0.51 ppm integrated to roughly 

6H with respect to the individual resonances due to bipy (2H each). The other broader signal is 

again at roughly the chemical shift of Me3Al in this solvent (see Figure S5). The total intensity of 

these two signals corresponded to 5.6 mol% of total Al with that due to the complex at 3.7 mol% 

based on Al. Evidently, almost all of the added bipy forms the complex resulting from [Me2Al]+ 

abstraction, while residual free (ca. ⅓) and bound Me3Al (ca. ⅔)comprise the balance of Me3Al 

present.[4b] 

 

Figure 5. 1H NMR spectrum of MAO + bipy (4 mol%) in PhBr-d5. Inset shows expansion of the 

aromatic region with assignments as indicated. (* = residual C6D4HBr). 

Bipy forms 1:1 and 1:2 complexes with Me3Al that have been characterized.[24] A 1H NMR 

spectrum of bipy and >2 equiv. of Me3Al showed line broadened resonances due to bipy, free and 

bound Me3Al (see Supporting Information Figure S5). These were not observed in the mixture of 

bipy and MAO suggesting this chelating ligand has a high chemoselectivity for [Me2Al]+ 

abstraction. Positive and negative ion ESI-MS of MAO and bipy appear in Figure 6. 

-3-113579
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Figure 6. a) Positive and b) negative ion ESI-MS spectra of dried MAO + 4 mol% bipy in PhBr-

d5 diluted to [Al] = 0.02 M with PhF. Cone voltage = 16 V. 

 

By comparing Figure 6b with Figures 4 and 2b it can be seen that bipy is the most effective donor 

in forming ion-pairs with the largest range of neutral precursors, based on the relative intensity of 

the various anions present with respect to m/z 1375. It should be noted that the signal due to m/z 

1375 in Figure 6b has saturated the MCP detector (as is evident from the isotope pattern which 

is distorted compared to the other anions present). In essence of the intensity of the other anions 

has been accentuated, relative to m/z 1375, by this artifact. Similar effects are also seen with 

excess OMTS.[10] Note that there are also anions lower in MW than m/z 1375 present at this level 

of bipy. At higher levels of bipy, only lower MW anions were detected in these mixtures (see 

Supporting Information Figure S6) so that high levels of bipy, like pyridine (or excess OMTS[10]) 

result in degradation of the MAO, presumably through adduct formation which disrupts dative Al-

--O bonding as discussed earlier 
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Pyridine shows the most complicated behavior at low levels with respect to MAO. 1H NMR 

spectroscopy reveals at least three different complexes are present at the same N loading as bipy 

(i.e. 8 mol% Figure 7). The major complexes have line-broadened resonances in the aromatic 

region. A variable temperature experiment established that the broadening is mainly 

compositional vs. exchange related (see Supporting Information Figure S7). Me3Al forms a known 

pyridine complex[25] which is present in this spectrum (see Supporting Information Figure S8), but 

in lowest amounts. The major set of sharp signals at δ 7.97 (d), 7.55 (t) and 7.17 (dd) are 

consistent with a [Me2Al(pyr)2]+ cation (see Supporting Information Figures S9-10), which  is also 

detected by ESI-MS (vide infra, Figure 8).  

 

 

Figure 7. 1H NMR spectrum of MAO + pyridine (8 mol%) in PhBr-d5. Inset shows expansion of 

the aromatic region with assignments. 

 

There are three AlMe signals superimposed on the MAO signal at higher field. A sharp signal at 

−0.31 integrates to ca. 6H with respect to the sharp aromatic signals and is assigned to the AlMe2 

protons of this cation. Selective 1D NOESY experiments support that it is associated with the 

major set of sharp aromatic signals (see Supporting Information Figure S10). The other two 

signals are broadened and are close to those for Me3Al in this solvent (−0.4 ppm) and the 

corresponding Me3Al-pyridine complex (see Supporting Information Figure S8). 

If we assign the major broadened, aromatic signals to pyridine adducts with the MAO, then these 

are present in the amount of 6.3 mol%, the cation is present at 1.06 mol%, while the Me3Al-

pyridine complex is present at 0.58 mol% based on integration of the aromatic protons. From the 
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integration of the different MeAl resonances we obtain comparable values of 0.65 and 1.16 mol% 

for the neutral Me3Al-pyridine and cationic pyridine complexes, with free Me3Al accounting for 

1.12 mol% of total aluminoxane. The Me3Al content we can account for thus totals 2.98 mol% 

which is significantly reduced from that measured using bipy (5.6 mol%) at the same donor 

loadings. Based on the total Me3Al content measured using THF (i.e. 9.2 mol%) we cannot 

account for ca. ⅔ of that so that we expect it is largely associated to the MAO at this low loading 

of pyridine. Note that much more pyridine is used to measure the Me3Al content of MAO[4b] than 

we have used here. It is interesting to note, however, that the activator content measured using 

this amount of pyridine is quite similar to that measured using excess THF (ca 1 mol%) in 

agreement with other work.[4b] The positive and negative ion ESI-MS of pyridine + MAO are shown 

in Figure 8. As with THF, the appearance of the positive ion MS in Figure 8a is sensitive to cone 

voltage, suggesting the mono-pyridine complex with m/z 136 is derived from fragmentation of the 

m/z 215 ion.  

 

Figure 8. a) Positive and b) negative ion MS of dried MAO + 8 mol% pyridine in PhBr-d5 diluted 

to [Al] = 0.02 M with PhF. 
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In comparing Figure 8b with the other negative ion mass spectra, it is seen that the appearance 

is intermediate between that of THF and bipy, this makes sense as pyridine being a much stronger 

donor than THF but monodentate. On the other hand, it shows a different chemoselectivity 

towards MAO than does e.g. OMTS based on the relative intensities of high vs. lower MW anions. 

 

Theoretical Modeling 

In theoretical work, we studied the formation and stability of MAO structures formed by hydrolysis 

of Me3Al.[16a,b] The most stable cage in the real size domain of MAO also has n = 16, m = 6. The 

most stable anion [16,6]− formed by Me− abstraction is shown in Figure 9. 

 

Figure 9. Structure of a model for the [16,6]− anion with H-atoms omitted for clarity. The site 

where Me−abstraction has occurred is circled. 

 

Shown in Table 1 are the relative stabilities of neutral cages with n = 16-18 for values of m 

corresponding to energy minima. Through the use of the Boltzmann distribution and the actual 

differences in free energy ((rG)×n), the mole fractions of each neutral (xi) were calculated. It 

can be seen the neutrals 16,5 and 16,6 have comparable stability, and comprise about ¾ of the 

mixture, while neutrals with n = 18, and m = 4-6 are present at ca. 15% abundance, and n = 17 

with m = 4-6 comprising the balance with ~10 mol%. 

While this is in qualitative agreement with relative anion intensities seen using chelating bases 

(e.g. Figure 5 and 7), it should be recognized that none of these neutrals could form an anion with 

m = 6 by the process of [Me2Al]+ abstraction, as none of them have the correct value of m = 7. 

In fact, for n = 16-18, the structures with m = 7 are 40-60 kJ mol-1 higher in energy than the most 

stable structures (Table 1). Moreover, anionization potentials ΔGAP for [Me2Al]+ abstraction predict 

that 17,7 and 18,7 should be more reactive species for this process (ΔΔGAP 16-48 kJ mol-1 with 

 

European Journal of Inorganic Chemistry 2019, 2346-2355.



respect to 16,7 Table 2, entries 4-6) while 18,6 is the most reactive towards Me− abstraction (by 

ca. 35 kJ mol-1, Table 2).  

 

Table 1. Relative stabilities of (MeAlO)n(Me3Al)m, where n=16-18, calculated by the M06-

2X/TZVP method. 

n m Formula (rG)[a] (rG)×n xi 

16 0 Me16Al16O16 0.1 1.6 0.000 

16 1 Me19Al17O16 –1.4 -22.4 0.000 

16 2 Me22Al18O16 –4.9 -78.4 0.000 

16 3 Me25Al19O16 –5.4 -86.4 0.000 

16 4 Me28Al20O16 –5.5 -88.0 0.000 

16 5 Me31Al21O16 –7.4 -118.4 0.256 

16 6 Me34Al22O16 –7.5 -120.0 0.489 

16 7 Me37Al23O16 –3.7 -59.2 0.000 

17 0 Me17Al17O17 4.0 68 0.000 

17 1 Me20Al18O17 –1.9 -32.3 0.000 

17 2 Me23Al19O17 –4.5 -76.5 0.000 

17 3 Me26Al20O17 –4.6 -78.2 0.000 

17 4 Me29Al21O17 –6.4 -108.8 0.005 

17 5 Me32Al22O17 –6.5 -110.5 0.011 

17 6 Me35Al23O17 –6.8 -115.6 0.083 

17 7 Me38Al24O17 –3.9 -66.3 0.000 

18 0 Me18Al18O18 3.5 63 0.000 

18 1 Me21Al19O18 –2.2 -39.6 0.000 

18 2 Me24Al20O18 –4.2 -75.6 0.000 

18 3 Me27Al21O18 –5.3 -95.4 0.000 

18 4 Me30Al22O18 –6.1 -109.8 0.008 

18 5 Me33Al23O18 –5.9 -106.2 0.002 

18 6 Me36Al24O18 –6.5 -117 0.146 

18 7 Me39Al25O18 –4.4 -79.2 0.000 

[a] Δ(ΔrG) (kJ mol-1 n-1) is for the reaction of (n+m) Me3Al + 

n H2O → (MeAlO)n(Me3Al)m + 2n CH4 and are referenced to 

that energy for the aluminoxane with n,m = 4,4.[16] 
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One can calculate from ΔGAP, and the population of each precursor (Table 1) a theoretical 

intensity distribution. This can be compared to an experimental distribution, which we admit is 

donor dependent,  such as [16,6]− (77.4±1.2%), [17,6]− (2.1%) and [18,6]− (9.9%) at 100:1 

Al:OMTS (see Supporting Information Figure S12). The only distribution which is even close to 

this experimental distribution involves [Me2Al]+ abstraction from the n,6 precursors (entries 1-3 

Table 2) which should form [n,5]− anions.  

 

Table 2. Anionization potentials GAP
 for neutral aluminoxanes with n = 16-18 and m = 6-7. 

Entry n m GAP
  Me2Al+ wxi [a] GAP

  Me− wxi [a] 

1 16 6 -144.6 0.584 [16,5] -125.8 0.000 [16,6] 

2 17 6 -148.3 0.009 [17,5] -142.5 0.004 [17,6] 

3 18 6 -159.7 0.406 [18,5] -160.8 0.995 [18,6] 

4 16 7 -143.7 0.000 [16,6] - - 

5 17 7 -191.7 0.999 [17,6] - - 

6 18 7 -159.5 0.000 [18,6] - - 

[a] wxi is the theoretical anion intensity distribution, calculated using the Boltzmann distribution 

using ΔGAP, and weighted by the population of the corresponding neutral precursor (see Table 

1). 

 

There are several plausible explanations of how a compound without donor methyl groups (e.g. 

OMTS) can form ion pairs: 1) The neutrals located by theory do not correspond to the species 

undergoing ionization, or their relative stability/reactivity is poorly estimated. 2) The donors 

studied bind reversibly to Me3Al which is abundant in MAO solutions, and it is the resulting 

adduct(s) which are reactive to ionization by the process of Me− abstraction (Scheme 3, top) 

and/or 3) ionization does involve Me2Al+ abstraction from 16,6 but the resulting anion [16,5]− binds 

Me3Al strongly such that we detect only the observed anion [16,6]− (Scheme 3, bottom). 
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Scheme 3. Alternative Mechanisms for Ion-pair Formation. 

We admit that the first possibility is entirely real. For molecules of this size, the number of isomers 

is enormous and there is no guarantee that our grid search has located the global minimum. ESI-

MS does not detect the most stable neutrals present, only those which can readily ionize – it is 

possible that an isomer of 16,6 that is highly reactive towards [Me2Al]+ abstraction is significantly 

higher in energy than the structure we located (and by inference, all the other precursor structures 

too). Finally, relative ion intensities in ESI-MS do not track relative concentrations exactly, even 

where the ions in question are structurally similar to each other. 

Calculated ΔGAP neglect ion-pairing or donor strengths which will be important in condensed 

phase and in solvents like PhF which are moderately polar. Thus, we should not be too surprised 

that our calculated intensity distributions do not reproduce experimental results. 

The second explanation (Scheme 3, top) is interesting in the sense that the observed anion 

distributions are not very sensitive to donor base strength. Compare e.g. Figures 6b with 4 where 

the base strength of bipy and OMTS differs by about six orders of magnitude.[21] This does not 

make much sense unless the base strength of these donors has been leveled, e.g. by prior binding 

to Me3Al. 

In fact, bipy (or OMTS[12]) and excess Me3Al can be reacted with one another to form these 

adducts and then added to MAO; the resulting ESI-MS spectra are very similar those observed 

on direct addition at the same additive level (see Supporting Information Figure S11). 

Calculations show that reaction of a THF-AlMe3 adduct with 16,6 by Me− abstraction will be 

favoured over [Me2Al]+ abstraction from 16,7 by 40-50 kJ mol-1 (Figure 10).  
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Figure 10. Calculated energy and free differences for ionization by Me− abstraction (bottom 

dashed pathways) vs. Me2Al+ abstraction (top solid pathways) involving 16,6 and Me3Al + 2 

THF. Free energy differences are in blue, while energy differences are in black. 

In this case, the structure of the resulting anions is different with the former process leading to the 

most stable anion (Figure 10). However, DFT calculations on an assembly of 16,6 with an Al-Me 

bond of THF-AlMe3 in close proximity to a site with the highest latent Lewis acidity - i.e. a strained, 

tetrahedral (μ-O)Me2Al---MeAl(Me)(μ-O) site, failed to produce a stationary point with significant 

Al-C bond cleavage or formation (see Supporting Information). Thus, there may be a kinetic 

barrier to Me− abstraction by this mechanism. 

On the other hand, chelated ion pairs are directly formed from bipy, and either 16,7 or 16,6 by 

[Me2Al]+ abstraction from either basal Al2Me5 site (Figure 11). In the case of 16,6 the processes 

are exergonic by about 39-42 kJ mol-1 leading to contact ion-pairs. Reaction of 16,7 at these two 

sites is exergonic by 45-78 kJ mol-1 suggesting 16,7 will be the more reactive precursor. However, 

the higher reactivity of this precursor (ΔΔG = -36 kJ mol-1) will be entirely offset by its lower stability 

(ΔΔG ~ 60.8 kJ mol-1 Table 1). In essence, 16,7 will contribute about 60 ppm towards ionization 

by this mechanism, as estimated using the van’t Hoff equation with ΔΔG = 60.8 + 42 – 78 kJ mol-

1 = 24.8 kJ mol-1. 
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Figure 11. Chelated ion-pairs formed from 16,7 (left) and 16,6 (right) + bipy. The shortest contacts 

between anion and cation are shown with a dashed line with distances of 3.13 and 3.08 Å, 

respectively. 

On this basis, the 3rd explanation (Scheme 3) can also not be excluded. Anion [16,6]− is prone to 

loss of two Me3Al moieties at lowest collision energies during MS/MS experiments, and 1-2 losses 

at higher cone voltages, certainly suggesting that the 1st Me3Al is reversibly bound. In Figure 12 

the break down curve for [16,6] − vs. the mass-corrected collision energy is shown, where the first 

loss of Me3Al is about 50% complete at Eo = 0.37 V. 

 

That number, in and of itself, is not meaningful but it happens to be identical in magnitude to that 

observed for collision-induced dissociation (CID) of Me3Al from the ion [Cp2ZrMe2AlMe2]+ using 

He as the collision gas under otherwise identical conditions (see Supporting Information Figure 

S13).  This suggests that the binding of Me3Al to the [16,5]− anion is certainly of comparable 

strength to the binding of Me3Al to [Cp2ZrMe]+ for which the equilibrium constant is known (K = 

2.12×103 M-1 at 40 °C in benzene).[26] 

𝐸𝑜 𝑉 =
𝑚𝐴𝑟

𝑚𝐴𝑟 +𝑚[𝟏𝟔,𝟔]

× 𝐸𝑙𝑎𝑏  

European Journal of Inorganic Chemistry 2019, 2346-2355.



 

Figure 12. Break-down curve for CID of Me3Al from the anion [16,6]− vs. mass-corrected, 

collision energy. 

 

Thus, we certainly cannot exclude the possibility that donors react directly with precursors like 

16,6 furnishing [16,5]− which rapidly scavenges free Me3Al to give [16,6]−. It is interesting to note 

that a donor which is effective for both Me2Al+ abstraction and adduct formation with Me3Al (i.e. 

pyridine) gives rise to a negative ion mass spectrum containing detectable amounts of [16,5]− 

(see Figure 8b). The equilibrium between these two anions has likely been perturbed through 

competitive formation of Me3Al-pyridine. 

 

Conclusions 

ESI-MS is a very useful adjunct to the arsenal of spectroscopic methods for characterization of 

MAO. However, these initial studies have provoked as many mechanistic questions as they 

address, especially as to the structure of MAO and fundamental mechanisms for ion-pair 

formation. The results can be interpreted in terms of Me− abstraction from a Me3Al adduct by the 

most reactive MAO precursors, or alternately direct Me2Al+ abstraction from the most stable 

precursor by the donor, followed by binding of Me3Al to the resulting anion. It is quite conceivable, 

based on the interplay between Me3Al content vs. donor amount and strength that more than one 

mechanism is operative depending on neutral precursor. Finally, it is evident from this paper that 

the Me3Al and activator content of MAO appear donor dependent at the levels studied. Strong 

bidentate donors react completely with the available precursors (and Me3Al) to furnish ion-pairs 

vs. a more nuanced competition between ionization and adduct formation with Me3Al (or MAO) in 

the case of mono-dentate bases. It will be interesting to examine whether different metallocenium 

ion precursors show similar chemoselectivity, leading to different amounts of ion-pairs as well as 

a common cation partnered with different anions. 
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Experimental Section 

Purification of Reagents. Pyridine (Sigma Aldrich), fluorobenzene (Oakwood), bromobenzene 

(Sigma Aldrich) and bromobenzene-d6 (Cambridge Isotopes) were all distilled from CaH2 under 

N2 and stored over activated 4Å molecular sieves (20% w:v) for several days prior to use. 

Tetrahydrofuran (Sigma Aldrich) or tetrahydrofuran-d8 (Cambridge Isotopes) was purified by 

passage through activated alumina under N2 and stored over activated sieves for several days 

prior to use. 2,2’-Bipyridine (Sigma Aldrich) was used as received but stored in a glove-box as it 

is hygroscopic. Octamethyltrisiloxane (Sigma Aldrich) was used as received and stored in a glove-

box prior to use. 

NMR Experiments. 1D and 2D 1H NMR experiments were conducted in bromobenzene-d5 (PhBr-

d5) solution so as to mimic the ESI-MS experiments in PhF solution. These two solvents have 

similar dielectric constants, though PhBr-d5 is a softer donor than PhF. Selective 1D and 2D NMR 

experiments involved use of an inverse detection probe-head and were conducted at 500 MHz 

using a Bruker instrument. Variable temperature NMR experiments were conducted at 360 MHz 

using a normal detection probe-head calibrated using MeOH and a Bruker spectrometer using 

undeuterated solvents and added benzene-d6 for lock. Chemical shifts are referenced with 

respect residual lock solvent. 

ESI-MS Experiments. In a typical procedure, a stock solution (~3 mL) was prepared from MAO 

(0.75 mL of ~1.0 M) and the amount of a PhF solution of OMTS (0.5 mL of 0.015 M) needed to 

give an Al:OMTS ratio of ~100:1. After mixing, the stock solution was further diluted with PhF so 

as to provide a final solution ca. 1.5 mM in Al. The same procedure was used to obtain the THF, 

pyridine, and 2,2’-bipyridine mixture. This solution was analyzed using a Micromass QTOF micro 

mass spectrometer via pumping it at ca. 40 μL/min through PTFE tubing (1/16” o.d., 0.005” i.d.) 

to the ESI-MS probe and source using a syringe pump. Capillary voltage was set at 2700 V with 

source and desolvation gas temperature at 85 °C and 185 °C, respectively with the desolvation 

gas flow at 400 L/h. MS/MS data were obtained on product ion spectra using argon as the collision 

gas and a voltage range of 2-100 V. 

Computational Details. Models for the neutral MAOs were produced by following the Me3Al 

hydrolysis reactions, precisely by the procedure reported previously.[16a,b] Association of Me3Al 

into the MAO oligomers gives rise to dispersive interactions that complicate theoretical treatment 

of these molecules.[27] The M06 series of functionals[28] has been recently shown as a cost-
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effective alternative for correlated ab initio methods in studies involving MAO.[29] The calculations 

were carried out at M062X/TZVP level of theory[30] using Gaussian 09.[31] Stationary points were 

confirmed as true local minima in the potential energy surface by calculation of harmonic 

vibrational frequencies. Free energy values have been corrected by a factor of ⅔TΔS as 

recommended for condensed phase.[33] 

The feasibility of anion formation via [Me2Al]+ loss from a neutral MAO was based on the relative 

anionization potential, which is determined from the energy of the reaction MAO → [Me2Al]+[MAO-

Me]−.[9] The feasibility of anion formation via Me- abstraction was based on the energy of the 

reaction MAO + Me− → [MAO-Me]−. [9] Both ionization energies are given relative to those for 

trimethylaluminum dimer.[9] 
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