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Structure of the most stable methylaluminoxane
anion [(MeAlO)16(Me3Al)6Me]− and its precursor

Munmun Bharti, Aleksi Vähäkangas, Perttu Hanhisalo, Scott Collins and
Mikko Linnolahti *

Methylaluminoxane (MAO) serves as the predominant cocatalyst in olefin polymerization, yet the structure

of its dominant anionic component observed in mass spectrometry has remained problematic despite the

recent breakthrough crystallographic characterization of an MAO component reported (L. Luo et al.,

Science, 2024, 384, 1424–1428), which revealed sheet-like rather than cage-like structures. Here, we

resolve this long-standing puzzle by introducing new structural models using hydrocarbon–aluminoxane

structural analogy rather than traditional hydrolysis approaches. By extracting finite molecular segments

from optimized infinite sheets using an ovalene-like framework, we identified neutral precursor structures

that form the dominant MAO anion through [Me2Al]
+ abstraction. Our highest-level ab initio calculations

reveal that the optimal structure produces an anionic species over 50 kJ mol−1 more stable than pre-

viously reported models. Critically, our model exhibits notable structural similarities with the crystallogra-

phically characterized structure. These findings resolve the theory–experiment discrepancy and provide

accurate structural foundations for understanding MAO activation mechanisms in industrial catalysis.

Introduction

Methylaluminoxane (MAO) has been an indispensable cocata-
lyst in olefin polymerization since its discovery in the late
1970s.1,2 Despite its extensive usage in industrial and labora-
tory settings for activating metallocene catalysts,3,4 the precise
structure of MAO has remained elusive for decades.5 This
structural ambiguity persists primarily due to the complex oli-
gomeric nature of MAO, which exists as an equilibrating
mixture of various (MeAlO)n(Me3Al)m oligomers.6 Despite this
complexity, improvements to MAO include methods for redu-
cing trimethylaluminum content,7,8 improving stability
towards gelation9,10 and most importantly increasing its activa-
tor content.11 Though other activators are available,12–14 MAO
remains the dominant choice for commercial use, particularly
in supported form.15

Over the years, computational studies have proposed
several structural motifs for MAO components, including cage,
chain, ring, nanotube and sheet structures.16–18 Recent com-
putational investigations have increasingly suggested the
thermodynamic preference of sheet structures composed of
fused six-membered (MeAlO)n rings with edges saturated by
associated trimethylaluminum (TMA).18,19

The recent crystallographic characterization of a component
of MAO, identified as (MeAlO)26(Me3Al)9 (hereinafter 26,9)
sheet structure confirmed these findings.20 The isolated
material was superior to commercial MAO when compared at
the same Al : Zr ratio for metallocene-catalyzed olefin copolymer-
ization. Based on the X-ray structure and DFT study of reactions
between 26,9 and 1–2 equivalents of tetrahydrofuran (THF), a
catalyst activation mechanism via [Me2Al]

+ abstraction11,21 was
proposed. No experimental details were provided regarding cata-
lyst activation or ion-pair formation. More recently, total X-ray
scattering characterization of commercial MAO using synchro-
tron radiation indicated that most of the material was sheet-like
rather than cage-like.22 Moreover, sheet-sheet aggregation was
also evident in these X-ray scattering experiments. Most recently,
high-field, solid-state 27Al NMR studies have clarified the abun-
dance and main types of Al sites present in MMAO.23 Sites
responsible for [Me]− abstraction from Cp2ZrMe2 or adduct for-
mation with Cp2ZrMe2 or Lewis base donors (THF) were identi-
fied. Their local structure was confirmed by DFT calculation of
chemical shift tensors and quadrupolar coupling constants.
Bridging Al–Me–Al groups,24 as found in O2Al(Me)-μ-Me-AlMe2O
moieties and reactive towards Lewis bases,25 are important for
either adduct formation or methide abstraction. These types of
sites are found in all structural models proposed for MAO con-
taining Me3Al, though they are especially abundant along the
edges of sheet structures.

The reactions of metallocene and Lewis base donors, such
as THF and phosphines, with MAO have been extensively
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studied using various spectroscopic methods including
NMR.3–5,11 These studies were primarily aimed at identifying
the cationic portion of any outer-sphere ion pairs formed. In
the case of hard Lewis bases, cations of the type [Me2Al(D)2]

+

(D = 2e donor) are formed.5,11 ESI-MS studies of these reac-
tions were initiated about a decade ago26 and the outer-sphere
cations detected from reaction of Lewis bases27 or metallocene
complexes28 with MAO were entirely consistent with these
earlier studies indicating a strong correlation between ESI-MS
results and solution spectroscopic techniques.

Regardless of the additive in use, the negative ion mass
spectra of hydrolytic MAO (W.R. Grace) in the presence of
metallocene and other donors were dominated by an anion
with m/z 1375.27,28 Based on MS-MS studies of its collision-
induced fragmentation, the likely composition of the anion
has been determined as [(MeAlO)16(Me3Al)6Me]− (hereafter
[16,6]−).29 At higher additive levels, particularly when using the
chelating donor (Me3SiO)2SiMe2 (OMTS), the intensity of
higher m/z anions increased.29 However, when OMTS exceeded
the Me3Al content of the MAO in use, lower m/z ions were seen
(e.g. see Fig. 8). These high OMTS concentrations caused
degradation of the MAO, as was known from earlier studies
involving similar donors and cryoscopy.30 Surprisingly, the
[26,8]− anion, which might have formed from the isolated 26,9
sheet and OMTS, was a minor component of these mixtures
under all conditions.

The mechanism of MAO formation by hydrolysis of Me3Al
has been studied using ab initio methods.31,32 A systematic
study of Me3Al hydrolysis was conducted for MAO
((MeAlO)n(Me3Al)m) up to n = 8 and m = 5 at the MP2 level of
theory.33 A directed search of stepwise hydrolysis reactions
based on electronic energy and DFT was used to locate higher
molecular weight (MW) components for n ≤ 18 and m ≤ 7.34

The final study, based on the Gibbs free energy of formation
through hydrolysis, established that in this size range, 16,6 was
the most stable neutral sheet.19 Given this finding, it was
natural to investigate the reactivity of this model sheet towards
ion-pair formation. In comparing both activation mecha-
nisms,35 the 16,6 sheet was more reactive to [Me]− abstraction
involving Me3Al-OMTS as a methyl donor. According to the
most recent systematic study,36 the 16,6 sheet formed less stable
[Me2Al(OMTS)][n,m] ion-pairs than those formed from other
sheets, especially the 26,9 sheet. However, the ESI-MS experi-
ments29 contradicted these results as the intensity of the [16,6]−

anion was greater than any other anion detected (vide infra).
These inconsistencies between the lowest energy 16,6

neutral and experimental versus theoretical observations
encouraged us to revisit the [16,6]− anion structure and its pre-
cursor. We suspected that the previously identified 16,6 sheet
might not correspond to the material produced through the
hydrolysis of Me3Al and subsequent oligomerization of low
MW MAO.37

In this work, we introduce new sheet models 16,7 as poss-
ible precursors to the dominant [16,6]− anion, employing
hydrocarbon–aluminoxane structural analogy rather than TMA
hydrolysis studies. The structural analogy between aluminox-

anes and hydrocarbons has been established as a powerful
framework for understanding structural preferences in
aluminoxane.38–40 Despite differences in electronic properties
due to polar Al–O versus nonpolar C–C bonds, aluminoxanes
can form structural motifs analogous to their hydrocarbon
counterparts.39,40 Of particular relevance is the analogy to gra-
phane41 (fully hydrogenated graphene), where hydrogen atoms
adopt alternating up-down positions to minimize steric repul-
sions. This principle of alternating substituent arrangements
to reduce steric interactions extends to other hydrocarbon
systems, including hydrogenated fullerenes,38 where ‘in-out’
isomerism enhances structural stability.

Our computational studies demonstrate that these new 16,7
sheets have comparable stability to the original 16,6 neutral
sheet. Additionally, anions formed from these precursors via
[Me2Al]

+ abstraction are much more stable than the previously
published [16,6]− anion. We also studied [Me2Al(OMTS)][16,6]
ion-pair stabilities to relate these findings more directly to
experiments.

Results and discussion
From infinite sheets to finite molecular models

Building on the established hydrocarbon–aluminoxane
analogy, we systematically investigated the methyl group
arrangements in infinite MAO (MeAlO)∞ sheets to identify the
energetically preferred arrangement. The (MeAlO)∞ sheet con-
sists of fused six-membered rings with methyl groups project-
ing only from aluminum atoms, resulting in half the number
of substituents as hydrocarbon analogues. Despite this differ-
ence, the fundamental principle of minimizing steric inter-
actions through substituent orientation remains applicable.

To enable a comprehensive yet computationally tractable
analysis, we selected (MeAlO)8 as our representative unit cell.
Smaller than 8 units would inadequately capture the range of
possible methyl configurations, while larger cells would intro-
duce unnecessary complexity.

We focused exclusively on balanced methyl distributions
(four up, four down), as unequal distributions would create
asymmetric strain, favoring curved structures (like cages or
nanotubes) over extended sheets. Our computational screening
of all possible balanced arrangements within the (MeAlO)8
unit cell revealed that the dudu_udud arrangement exhibited
the lowest electronic energy (Fig. 1). In this arrangement,
methyl groups alternate directions within each row (down–up–
down–up and up–down–up-down), representing the closest
approximation to perfect alternation possible in aluminoxane
systems. Unlike hydrocarbon counterparts, where strictly alter-
nating arrangements are feasible, the structural constraint of
three methyl groups per six-membered ring in MAO prevents
complete alternation. Nevertheless, this dudu_udud pattern
effectively minimizes steric interactions and establishes a
foundation for constructing finite molecular models.

Having established the optimal methyl arrangement in infi-
nite sheets, we applied these insights to target the dominant
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[16,6]− anion observed in ESI-MS experiments. We constructed
finite molecular models by extracting segments from the
lowest-energy infinite sheet and saturating the edges with
TMA. For this purpose, ovalene – a polycyclic aromatic hydro-
carbon containing 32 carbon atoms in fused six-membered
rings – provides an ideal topological framework. When
adapted to aluminoxane chemistry, this ovalene-like structure
yields a 16,7 neutral composition that can form [16,6]− anion
through [Me2Al]

+ abstraction. We systematically extracted all
unique ovalene-like structural isomers from the infinite sheet,
saturated their edges with TMA, and optimized the resulting
structures at the M06-2X/TZVP level. This analysis identified
two energetically preferred isomers, β and γ (Fig. 2). These
isomers preserve essential features of the alternating methyl
pattern while adapting to the constraints of finite molecular
structure and edge-saturating TMA groups.

These initial isomers (β and γ) offered valuable insights,
but we recognized that finite molecular systems might not
exhibit the same structural preferences as the infinite sheets.
Two factors distinguish the finite 16,7 structure from the peri-
odic system: first, its 9 methyl groups in O3AlMe environments
(corresponding to the sheet framework) create an inherently
unbalanced distribution (4 up, 5 down), preventing the
optimal symmetric arrangement identified for infinite sheets;
second, TMA-saturated edges introduce structural constraints
and interactions absent in the periodic models. Given the
differences, we screened the down-up combinations in the
ovalene-like framework, locating an isomer (α, Fig. 2) with sig-
nificantly lower energy than both β and γ, confirming that

structural principles from infinite sheets require adaptation
for finite molecular systems. We used Greek letters α, β, and γ
to name these 16,7 structural isomers in increasing order of
energy, starting with α as the lowest-energy isomer.

Beyond methyl group arrangements within the sheet frame-
work, these molecular systems exhibit configurational flexi-
bility at edge sites. The Me2AlO groups at these positions can
adopt different configurational states with minimal energy bar-
riers (Fig. 3). Specifically, Me2AlO can bond either with a brid-
ging AlMe group (with 3-coordinate oxygen (3-C O)) or with
oxygen (creating 4-coordinate oxygen (4-C O)). This bonding
flexibility generates four distinct configurational isomers for
each 16,7 isomer: O3 (both edge sites 3-coordinate), O4a (left
site 3-coordinate, right site 4-coordinate), O4b (left site 4-coor-
dinate, right site 3-coordinate), and 2O4 (both sites 4-coordi-
nate). This configurational diversity significantly impacts
overall structural stability and must be considered when iden-
tifying optimal 16,7 structures.

Energetic analysis

Accurate assessment of these configurations required addres-
sing a significant methodological challenge. Our recent
studies demonstrated that the M06-2X functional, widely used
for MAO systems due to its demonstrated accuracy for Al–C
(bridging) interactions, systematically overestimates the stabi-
lity of 4-C O structures.36

This represents a methodological artifact rather than true
energetic preferences. Higher-level calculations (MP2, CCSD
(T)) consistently show that 3-C O configurations are thermo-
dynamically favored, creating a problematic discrepancy when
comparing (O3, O4a, O4b, and 2O4) configurations. To over-
come this limitation, we performed RI-MP2/def2-TZVP single-
point energy calculations on the M06-2X/TZVP optimized geo-
metries, providing more accurate energetics while maintaining
computational feasibility for these large molecular systems.
These RI-MP2 energies were used to correct the free energies
obtained at the DFT level, enabling a reliable comparison of
configurational isomers.

We next analyzed the relative energetics of our candidate
16,7 structures using the previously reported 16,6 neutral and
corresponding [16,6]− (ref. 19) anion as references (Table 1).
While the neutral compositions differ (16,6 vs. 16,7), both can
form [16,6]− anions through different pathways: [Me]− abstrac-
tion to 16,6 versus [Me2Al]

+ abstraction from 16,7. The neutral
species can be directly compared through the TMA dissociation
relationship 16,7 → 16,6 + 1

2Al2Me6. This comparison is entirely
equivalent to another metric of thermodynamic stability, the
free energy of hydrolysis of Al2Me6,

27 in this case at constant n.
For the three structural isomers (α, β, and γ), we performed

a thorough energetic analysis across all edge configurations.
The results dramatically illustrate the limitations of M06-2X
discussed earlier: while M06-2X predicts 4-C O configurations
(O4a, O4b, and 2O4) as more stable, RI-MP2 corrections sys-
tematically reverse this ordering, favoring 3-C O (O3) configur-
ations. Systematic differences in vibrational entropy further
strengthen this preference – 3-C O configurations consistently

Fig. 1 (MeAlO)8 unit cells (unoptimized structures (except dudu_udud
infinite sheet) only for clear visualization of methyl arrangement.
Optimized structures are in SI.) showing different methyl group arrange-
ments for (MeAlO)∞ sheets and their relative electronic energies per
MeAlO unit (kJ mol−1) at M06-2X level. The most stable infinite sheet
formed from the most stable unit cell with a representative cut, high-
lighted with pink, giving an ovalene-like structure for n = 16. Hydrogens
omitted for clarity. .
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show higher entropy than their 4-C counterparts, providing
additional thermodynamic stabilization for configurations
with 3-C O at the higher level of theory.

The two isomers derived from the periodic calculations (β
and γ) showed promising electronic energies, with their most

stable configurations lying approximately 30 kJ mol−1 below the
reference 16,6 neutral at both DFT and RI-MP2 levels. However,
these structures became less competitive when entropic contri-
butions were included to compute free energies (ΔG).

At our highest theoretical-level (RI-MP2-corrected energies
in fluorobenzene), the α structure outperformed β and γ by
10–15 kJ mol−1 in electronic energy and 15–20 kJ mol−1 in free
energy. Most significantly, the α 16,7 neutral achieves compar-
able stability to the previously reported 16,6 reference struc-
ture. This finding validates our approach of adapting infinite
sheet principles to finite molecular constraints and identifying
a thermodynamically competitive alternative.

Anion formation

Having established the relative stabilities of neutral 16,7 struc-
tures, we investigated their ionization to form [16,6]−. We focus
on the [Me2Al]

+ abstraction pathway (anionization), which
directly connects our stable 16,7 structures to the experimentally
dominant [16,6]− species. In our previous work,36 calculations on
analogous MAO sheet structures demonstrate that [Me2Al]

+

abstraction from MAO sheets is kinetically facile using OMTS as
the donor. Table 2 provides the energy changes for this process
involving OMTS as the common donor in gas phase or fluoroben-
zene (entries 1–12). For comparison we also provide the results
for the isolated 26,9 sheet (entry 13). Finally, the energy change
for the methide abstraction process involving the original 16,6
sheet is also given (entry 14). We also studied formation of the
corresponding outer-sphere ion-pairs [Me2Al(OMTS)][16,6] for
two of these anions and will discuss those later.

Fig. 2 Lowest energy configurations of ovalene-like 16,7 neutrals and [16,6]− anions compared to the lowest energy 16,6 neutral19 and the corres-
ponding [16,6]− anion. Blue and yellow atoms show Me groups facing up and down, respectively, illustrating the differences between α, β, and γ
isomers. Hydrogens are omitted for clarity.

Fig. 3 Configurations of ovalene-like 16,7. Grey area represents the
reactive site, pink area represents the 3-C O sites, and green area rep-
resents the 4-C O sites.

Inorganic Chemistry Frontiers Research Article
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First, it is clear that both the α, and β 16,7 sheets are more
reactive to anionization than the γ sheets. As illustrated in
Fig. 4, abstraction from the sheet edge (red circle) triggers a
reorganization of Me2Al groups (grey triangles) that depends
critically on the orientations of neighboring methyl groups
(green/blue atoms). For stable anion formation, the methyl

groups adjacent to the ionization site must point in opposite
directions (green shows Me facing down and blue facing up),
enabling formation of a stabilizing 4-C O environment. Both
the α and β isomers satisfy this constraint, with oppositely
oriented methyl groups (one green and one blue) at the critical
positions. In contrast, γ has both relevant methyl groups point-

Table 1 Energetics of the new 16,7 neutrals and their corresponding [16,6]− anions relative to previously published 16,6 neutral and the corres-
ponding [16,6]− anion. All values are in kJ mol−1

M06-2X/def2-TZVP
RI-MP2

RI-MP2 energy corrected

ΔE ΔG-qha ΔE (PhF) ΔG-qh-trb (PhF) ΔE (RI-MP2, sp) ΔG-qha ΔE (PhF) ΔG-qh-trb (PhF)

Neutral sheets
16,6 4s + (1/2 Al2Me6) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16,7 α O3 −13.0 20.7 −13.7 10.5 −23.8 9.9 −24.5 −0.3
16,7 α O4a −47.3 −0.7 −44.3 −3.6 −42.0 4.5 −39.0 1.6
16,7 α O4b −12.4 32.6 −18.7 20.6 −8.6 36.4 −14.9 24.4
16,7 α 2O4 −48.4 8.5 −48.8 1.7 −27.5 29.4 −27.9 22.7
16,7 β O3 1.5 38.8 2.9 37.4 −9.1 28.2 −7.7 26.9
16,7 β O4a −32.6 21.0 −30.0 15.4 −27.0 26.6 −24.4 21.0
16,7 β O4b 2.9 57.2 0.8 45.5 8.3 62.6 6.2 50.9
16,7 β 2O4 −35.3 29.7 −32.8 23.5 −12.3 52.7 −9.8 46.6
16,7 γ O3 −0.5 32.9 −3.3 26.2 −12.4 21.1 −15.1 14.3
16,7 γ O4a −30.1 10.5 −27.2 5.6 −29.5 11.2 −26.6 6.2
16,7 γ O4b −16.4 30.2 −18.3 21.9 −11.5 35.0 −13.5 26.7
16,7 γ 2O4 −40.2 20.1 −37.9 14.7 −21.1 39.2 −18.8 33.8
Anions
[16,6]− 4s anion1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
[16,6]− 4s anion2 9.5 8.1 10.3 7.4 9.9 8.5 10.8 7.8
[16,6]− α O3 −28.1 −42.3 −26.2 −40.1 −39.7 −53.9 −37.9 −51.7
[16,6]− α O4a −35.7 −35.0 −37.3 −39.0 −29.1 −28.4 −30.7 −32.3
[16,6]− α O4b −40.7 −40.1 −39.9 −38.4 −36.2 −35.6 −35.4 −33.9
[16,6]− α 2O4 −51.7 −39.4 −52.6 −41.0 −25.8 −13.5 −26.7 −15.0
[16,6]− β O3 −11.4 −6.6 −8.3 −11.7 −18.1 −13.3 −15.0 −18.4
[16,6]− β O4a −21.7 −8.3 −25.1 −16.6 −10.9 2.5 −14.3 −5.8
[16,6]− β O4b −22.9 −12.2 −18.8 −10.7 −12.7 −2.0 −8.6 −0.5
[16,6]− β 2O4 −34.6 −12.9 −38.0 −16.9 −7.9 13.8 −11.3 9.8
[16,6]− γ O3 8.7 1.8 10.1 5.3 −3.9 −10.9 −2.5 −7.3
[16,6]− γ O4a 3.0 1.9 3.0 0.3 2.8 1.7 2.8 0.1
[16,6]− γ O4b 5.0 5.8 3.3 2.7 6.9 7.7 5.2 4.5
[16,6]− γ 2O4 4.2 11.5 0.1 7.7 22.3 29.6 18.2 25.8

a Free energy corrected for low E vibrations using a quasi-harmonic approximation.42. bΔG-qh corrected for the reduced translational entropy in
solution.43.

Table 2 Ionization energiesa for the reaction 16,7 + OMTS → [Me2Al(OMTS)]+ + [16,6]−

Entry Anion ΔE ΔE (MP2) ΔE (PhF) ΔG-qh-trd (PhF) ΔE (PhF) MP2 ΔG-qh-trd (PhF) MP2

1 [16,6]− α O3 134.3 149.2 −47.3 −52.8 −32.4 −37.9
2 [16,6]− α O4a 160.9 178.0 −27.9 −37.6 −10.7 −20.4
3 [16,6]− α O4b 155.9 170.9 −30.5 −37.0 −15.5 −22.0
4 [16,6]− α 2O4 146.0 166.8 −38.6 −45.0 −17.8 −24.2
5 [16,6]− β O3 136.5 156.1 −46.0 −51.4 −26.4 −31.8
6 [16,6]− β O4a 160.3 181.2 −29.9 −34.2 −9.0 −13.3
7 [16,6]− β O4b 123.5 144.1 −54.4 −58.5 −33.8 −37.9
8 [16,6]− β 2O4 150.0 169.4 −40.0 −42.7 −20.6 −23.2
9 [16,6]− γ O3 158.5 173.5 −21.4 −23.1 −6.4 −8.1
10 [16,6]− γ O4a 182.4 197.4 −4.6 −7.5 10.3 7.4
11 [16,6]− γ O4b 170.7 183.5 −13.2 −21.4 −0.4 −8.6
12 [16,6]− γ 2O4 193.7 208.4 3.2 −9.3 17.9 5.5
13b [26,8]− 131.6 147.2 −47.7 −56.6 −32.1 −41.0
14c [16,6]− 176.6 171.5 −3.9 −3.2 −9.0 −8.3

a Electronic energies (ΔE) and Gibbs free energies (ΔG) in kJ mol−1 at 298 K. b For the reaction 26,9 + OMTS → [Me2Al(OMTS)]+ + [26,8]−. c For the
reaction 16,6 + OMTS-AlMe3 → [Me2Al(OMTS)]+ + [16,6]−. d The quasi-harmonic free energy including translational entropy corrections.
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ing in the same direction (both are blue), preventing the for-
mation of stabilizing 4-C O. Consequently, the γ sheets cannot
readily form stable [16,6]− anions.

The other thing that is striking is that for the α to γ sheets,
the reactivity of each individual isomer is quite different when
it comes to anion formation. In the case of the α sheet, the O3
isomer is the most reactive neutral, while for the β sheet it is
the O4b isomer which has comparable reactivity, even though
that neutral is ca. 30 kJ mol−1 less stable than 16,7 α O3
(Table 1). Finally, in the case of the more stable γ sheets, as
they lack the optimal up-down Me arrangement, the O3 and
O4b arrangements have lower, but comparable reactivity to
each other, and are significantly more reactive than the other
two isomers.

These reactivity differences are uncorrelated with the stabi-
lity differences of the corresponding neutrals and even global
anion stability (Table 1). To understand this, we obtained
electrostatic potential surfaces for these anions. Fig. 5 com-
pares these surfaces for the most (top) and least reactive
neutral (bottom) for each type of sheet anion. There is a pro-
nounced difference in charge delocalization that is clearly
visible. The least reactive sheets give rise to anions with “hot
spots” (red color) and cooler zones (yellow green), while the
more reactive sheets afford anions that are more uniform in
color. The detailed charge distributions are obviously different
for each type of sheet anion. However, the [16,6]− γ O3 anion
features more charge localization than the [16,6]− α O3 anion,
in accord with the significant reactivity difference of the
corresponding neutrals.

Concerning isolated [16,6]− anions, the most striking
finding is the exceptional stability of our ovalene-like α struc-
ture. According to RI-MP2-corrected calculations in fluoroben-
zene,44 the [16,6]− anion ([16,6]− α O3) lies 51.7 kJ mol−1 below
the reference anion in free energy (Table 1). This dramatic
stabilization is particularly remarkable given that the neutral
precursors (α 16,7 and reference 16,6) show comparable stabi-
lity. This difference, along with ionization energies for the
reaction with OMTS (Table 2), indicates a much greater
thermodynamic driving force for anionization in our ovalene-
like model, though kinetic factors would also influence actual
catalyst activation processes.35

Edge configuration preferences also shift dramatically upon
ionization. While the neutrals show modest preference for O3
over O4 variants, this selectivity is substantially amplified in
the anions. The explanation lies in the structural reorganiz-
ation during [Me2Al]

+ abstraction. In neutrals, the reactive site
experiences steric interactions with nearby non-reactive edges,
partially relieved by O4 configurations. Anion formation elim-
inates this steric strain, allowing full realization of the inherent
energetic advantage of the O3 configuration.

These factors – ovalene-like framework, α isomer, and
enhanced O3 preference – synergistically produce the most
stable [16,6]− anion reported in the literature.

Understanding vibrational entropy differences

To explain the systematic entropy differences between 3-C O
and 4-C O edge configurations, we analyzed the gas-phase
structures, vibrational frequencies, and normal modes of
neutral 16,7 α and [16,6]− α anion models.

Our analysis reveals that 4-C O configurations show consist-
ently higher frequencies in low-frequency regions (0–300 cm−1)
than their 3-C O counterparts. The frequency differences are
3.6–7.8 cm−1 for 16,7 and 4.3–9.7 cm−1 for [16,6]−. While
modest for individual vibrations, these differences accumulate
across roughly 150 normal modes, causing significant entropy

Fig. 4 A. [Me2Al]
+ abstraction mechanism and reorganization of adja-

cent edge Me2Al groups (grey triangles) in 16,7 α O3 neutral to form the
consequent [16,6]− anion. B. [16,6]− anion formed from 16,7 β O3
neutral. C. [16,6]− anion formed from 16,7 γ O3 neutral. Green and blue
atoms represent the methyl groups in opposite directions affecting the
reorganization ability of Me2Al groups (grey triangles).

Fig. 5 Electrostatic potential maps of sheet anions corresponding to
the most reactive neutral sheet (top) and the least reactive sheet
(bottom) of each type. The potential varies between +0.1 (red) and −0.1
(blue) excess charge for each anion.
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differences (Fig. 6). For example, the vibrational entropy of
16,7 α 2O4 is 2181 and 16,7 α O3 is 2256 J K−1 mol−1.
Vibrational entropy is by far the most significant contributor
to the total entropy of these molecules (2556 and 2631 J K−1

mol−1, respectively) and other large sheet models.
These vibrational entropy differences are likely caused by

structural differences between 3-C O and 4-C O sites. The 3-C
O sites have two individual 4-membered rings, while the 4-C O
sites have a spirocyclic ring structure (Fig. 3). The spirocyclic
ring has fewer degrees of freedom than the two individual
rings, lowering entropy45 in 4-C O configurations. This entropy
reduction appears as vibrational entropy because the 3-C O
and 4-C O sites are embedded within larger, rigid frameworks
that restrict their contribution to the molecule’s translational
and rotational entropy.

Another interesting feature is that hydrogen atoms of adja-
cent methyl groups are closer to each other (ca. 0.1 Å) near 4-C

O sites, restricting available space for motion. This restricted
space could lead to steeper potential energy surfaces and
higher vibrational frequencies. Greater separation near 3-C O
sites would allow more effortless motion, generating lower fre-
quencies and higher entropy. However, we note that such ana-
lysis of these hydrogen distances shows no statistical
significance.

Configurational ensemble thermodynamics

To quantify the effects of configurational flexibility, we
employed ensemble statistical thermodynamics to calculate
population distributions, configurational entropy contri-
butions, and ensemble free energies (see Experimental section
for equations and methodology). This analysis compares our
ovalene-like model, where both 16,7 neutral and [16,6]− anion
exist as ensembles of four configurations, with the previously
reported 16,6 structure, which has only one neutral configur-
ation and two anion forms. However, one of these older anion
forms is thermodynamically more favorable, determining the
thermodynamic properties of the ensemble.

Table 3 presents the ensemble analysis results for the
ovalene-like model, focusing on quasi-harmonic vibrational
entropy treatment (qh for gas-phase and qh-tr for solution-
phase calculations) for consistency with earlier
calculations.36,46,47 The methodological differences between
M06-2X and RI-MP2 dramatically affect predicted population
distributions. At the M06-2X level, configurations are distribu-
ted more evenly across multiple states. For [16,6]− in fluoro-
benzene, the most stable configuration (2O4) comprises only
40.2% of the population, with significant contributions from
O3 (28%), O4a (18%), and O4b (14%). This diversity in accessi-
ble configurations yields a configurational entropy of 10.9 J
K−1 mol−1 and 2.3 kJ mol−1 stabilization.

Fig. 6 Cumulative vibrational entropies of [16,6]− and 16,7 α 2O4 and
O3 variants.

Table 3 Relative populations (pi) of different configurations based on quasi-harmonic (qh) free energies, configurational entropy values (Sconf in J
K−1 mol−1), and the resulting stabilization of ensemble free energies (ΔGens in kJ mol−1) for the most stable 16,7 neutral and [16,6]− anion structures
in gas phase and fluorobenzene solution

M06-2X RI-MP2

Gas-phase pi (qh) Sconf (qh) ΔGens (qh) pi (qh) Sconf (qh) ΔGens (qh)

16,7 α O3 0.00 0.9 −0.1 0.10 2.7 −0.3
16,7 α O4a 0.98 0.90
16,7 α O4b 0.00 0.00
16,7 α 2O4 0.02 0.00
[16,6]− α O3 0.56 9.0 −1.4 1.00 0.0 0.0
[16,6]− α O4a 0.03 0.00
[16,6]− α O4b 0.23 0.00
[16,6]− α 2O4 0.18 0.00

PhF pi (qh) Sconf (qh) ΔGens (qh) pi (qh) Sconf (qh) ΔGens (qh)

16,7 α O3 0.00 2.9 −0.3 0.68 5.2 −0.9
16,7 α O4a 0.89 0.32
16,7 α O4b 0.00 0.00
16,7 α 2O4 0.10 0.00
[16,6]− α O3 0.28 10.9 −2.3 1.00 0.1 0.0
[16,6]− α O4a 0.18 0.00
[16,6]− α O4b 0.14 0.00
[16,6]− α 2O4 0.40 0.00
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However, at the more reliable RI-MP2 level, O3 configur-
ations dominate overwhelmingly (> 99% for [16,6]−), producing
negligible configurational entropy contributions (approxi-
mately 0.1 J K−1 mol−1). The 16,7 neutral shows greater flexi-
bility (68% O3 in solution), generating a modest entropy of
5.2 J K−1 mol−1 and 0.9 kJ mol−1 stabilization.

Critically, even the largest configurational entropy contri-
bution (2.3 kJ mol−1) is negligible compared to the 51.7 kJ
mol−1 stability advantage of our ovalene-like [16,6]− anion over
the previous model. Although methodological differences yield
different distribution predictions, they have no effect on our
main conclusions about structural superiority. Additionally,
analysis at elevated temperatures (323 K and 373 K) confirms
that this configurational preference is maintained under
industrially relevant polymerization conditions (see SI).

Comparison between theory and experiment

We found structural similarities between our most stable 16,7
neutral and the crystallographically characterized 26,9 sheet.20

As illustrated in Fig. 7, our α configuration has a reactive top
edge closely resembling the experimental 26,9 structure. This
correspondence validates the relevance of our computational
model to real MAO systems.

Additionally, we also studied [Me2Al(OMTS)][16,6] ion pair
formation derived from the two lowest-energy neutral sheets:
16,7 α O3 and 16,7 α O4a. Table 4 summarizes the results from
the M06-2X/TZVP level calculations in fluorobenzene PCM
along with RI-MP2 energy corrections. We chose the ion pairs
derived from previously reported 16,6 and crystallographically
characterized 26,9 as references for stability comparison.

The prevailing thermodynamic stability of the new ovalene-
like [16,6]− α anions over the older model and the higher reac-
tivity of the O3 vs. O4a neutrals is evident from ΔE and ΔG-qh-
tr values in Table 4 (entry 1 vs. entries 2 and 3). The magnitude
of the electronic and free energy differences (29.8 and 37.6 kJ
mol−1) exceeds that reported in Table 2 for the corresponding
anions (21.7 and 17.5 kJ mol−1). Evidently, ion-pairing, which
involves both dispersive and electrostatic interactions, reveals
larger differences in reactivity between these neutral sheets.

For the most stable 16,7 α neutral, formation of the most
stable ion-pair (entry 3) is still somewhat less favorable than
formation of the [Me2Al(OMTS)][26,8] (entry 4), even though
ion-pair formation is slightly more favorable from an elec-
tronic perspective. Thus, the theoretical results indicate that if
both precursors were present in similar amounts, the [26,8]−

anion should be equally represented in the mass spectrum
compared to [16,6]−.

Since it is not (Fig. 8), this implies that either the 26,9 pre-
cursor is not present in similar amounts to that for [16,6]− or
there is a large difference in sensitivity of detection for the
lower m/z [16,6]− anion. We favor the former explanation, as at
higher OMTS levels, the major high m/z anion is not [26,8]−

but [23,7]− (Fig. 8) and given their similar m/z ratios one would
not expect a marked sensitivity difference for detection of
these two species.

Fig. 7 Experimental structure of 26,9 with 75% probability ellipsoids
depicted vs. our lowest energy model for 16,7.

Table 4 Energetics of OMTS Ion-pair formation in fluorobenzenea

Entry Reaction ΔE ΔG-qh-trc ΔΔEb ΔE (MP2) ΔG-qh-trc (MP2)

1 16,6 + Me3Al-OMTS → [Me2Al(OMTS)][16,6] −67.5 4.6 −9.1 −58.4 13.7
2 16,7 α O4a + OMTS → [Me2Al(OMTS)][16,6 α O4a] −90.7 −22.6 −18.6 −72.1 −4.0
3 16,7 α O3 + OMTS → [Me2Al(OMTS)][16,6 α O3] −111.7 −51.4 −9.8 −101.9 −41.6
4 26,9 + OMTS → [Me2Al(OMTS)][26,8] −108.5 −55.9 −10.5 −98.0 −45.4

a Energies (kJ mol−1) at 298.15 K at M06-2X/TZVP level in fluorobenzene PCM unless otherwise noted. bΔE(M06-2X) − ΔE(RI-MP2) in gas phase.
c The quasi-harmonic free energy including translational entropy corrections.

Fig. 8 Negative ion ESI-MS spectrum of commercial MAO (10 wt%
W. R. Grace) and an equimolar amount of OMTS in PhF. Anion assign-
ments are based on MS-MS experiments. The inset shows a vertical
expansion of the spectrum between 1500 and 2500 Da, showing major
higher m/z anions. Anions with m/z < 1300 Da are attributed to partial
degradation of MAO by the large amount of OMTS present. For original
spectrum see Fig. 2d in Zijlstra et al., Organometallics, 2017.29
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As mentioned in our previous publication, a [26,7]− anion is
seen in aged MAO with OMTS,36 and we speculated about its
relationship to the 26,9 sheet isolated from a mixture of MAO and
ca. 4.0 mol% OMTS after several months at room temperature.20

Unfortunately, this anion appears unrelated to the [26,8]− anion
that appears in both aged and unaged spectra with significantly
reduced intensity. Based on its theoretical structure, the [26,8]−

anion is unlikely to lose Me3Al at low collision energies48 and
thus serve as a precursor of the [26,7]− anion through source-
based, collision-induced fragmentation.49 Evidently, further
experimental work is indicated, especially now that a discrete
component can be isolated from commercial material. We do
note that [16,6]− is the dominant anion present at high Al : OMTS
ratios (>90% of total intensity at ca. 100 : 1 ratios), implying that
its neutral precursor is also significantly more reactive towards
this donor than anything else present.

Conclusions

This work introduces a new structural model for the dominant
[16,6]− anion observed in ESI-MS studies of MAO. By employ-
ing hydrocarbon–aluminoxane structural analogy rather than
TMA hydrolysis pathways, we identified ovalene-like 16,7
neutral precursors that form exceptionally stable [16,6]−

anions through [Me2Al]
+ abstraction.

Our computational analysis reveals that structural prin-
ciples derived from infinite periodic sheets require significant
adaptation when applied to finite molecular systems. Edge
effects and asymmetric methyl distributions fundamentally
alter the optimal geometry, leading to structures that deviate
from the theoretically preferred infinite sheet patterns. The
most stable structure (16,7 α) produces a [16,6]− anion that is
over 50 kJ mol−1 more stable than previously reported sheet
models, finally aligning theory with experiment.

The exceptional stability arises from three synergistic factors:
the ovalene-like structural framework, optimized methyl group
arrangements adapted to finite molecular constraints, and
enhanced preference for 3-C O environments at edge sites. The
reactivity implications of these structures for metallocene-cata-
lyzed polymerization have been explored in our companion
study,50 which demonstrates excellent agreement between calcu-
lated insertion barriers and experimental values.

These findings provide a more accurate structural foundation
for understanding aluminoxane chemistry and catalyst activation
mechanisms. The demonstrated importance of edge effects and
finite molecular constraints has broader implications for design-
ing and optimizing similar aluminum-based cocatalyst systems.

Experimental section
Computational studies

Geometry optimization for the infinite sheets was done in the
gas phase using the M06-2X density functional51 with specifi-
cally tailored basis sets, also used previously for periodic calcu-

lations of aluminoxanes.17 These basis sets consisted of a stan-
dard 6-31G** basis set for hydrogen combined with the opti-
mized 8-5-11 G* and 8-411G* basis sets for aluminum and
oxygen,52 respectively, and a 6-21G* basis set with a modified
sp exponent for carbon.53 The electronic energies were divided
by 8 to obtain energies per AlOMe unit.

The finite systems were optimized using M06-2X density
functional and the TZVP basis sets54 in both the gas phase
and fluorobenzene PCM.55 Frequency calculations were per-
formed to confirm the stationary points as minima and were
also used in frequency analysis for vibrational entropy studies.

Furthermore, the M06-2X gas-phase optimized geometries
were used to calculate single-point energies at the RI-MP256/
def2-TZVP57 level of theory for all the finite structures. All the
energy corrections employed these MP2 energies. This RI-MP2
correction method has been validated against DLPNO-CCSD(T)
calculations for diverse MAO structures,36 showing excellent
agreement (typically within 1–2 kJ mol−1) while maintaining
computational feasibility for large systems. Gaussian 1658 was
used for all M06-2X calculations, while the RI-MP2 calculations
were performed using Orca 6.0.1.59

Quasi-harmonic (qh) corrections to entropy and enthalpy42

were applied using a frequency cutoff of 100 cm−1. Adjustments
for reduced translational entropy (tr) in solution were performed
according to the procedure outlined by Whitesides and co-
workers.43 All corrections were implemented with the GoodVibes
script,60 modified to incorporate the molarity and molecular
volume of fluorobenzene required for free volume calculations
(PhF: 10.61 mol dm−3; 120.8 Å3).36

For the configurational ensemble thermodynamics,
Boltzmann distribution was utilized to determine the relative
population of each configuration (pi):

pi ¼ e�
Gi
kT

P
i
e�

Gi
kT

; ð1Þ

where Gi is the free energy of configuration i, k is the
Boltzmann constant, and T is temperature. These populations
(pi) were used to calculate the configurational entropy contri-
bution (Sconf ) using the Gibbs–Shannon entropy approach:61

Sconf ¼ �R
X

i

pi ln pi; ð2Þ

where R is the gas constant. The total ensemble free energy
(Gens) then comprises the Boltzmann-weighted contributions
from individual configurations62 plus the additional stabiliz-
ation from configurational entropy:

Gens ¼
X

i

piGi � TSconf ð3Þ
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