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Abstract: The structure and reactivity of 

methylaluminoxane (MAO), a reagent of major interest 

for olefin polymerization, both industrially and 

academically, has been probed using ultra-high 

magnetic field solid-state NMR (28.2 T, 1200 MHz for 
1H Larmor frequency). High resolution methods 

combined with density functional calculations allowed 

for the identification and quantification of five major 

aluminum sites, providing precise information on the 

structure of MAO at the molecular level. Based on 

reactivity studies with THF and [ZrCp2Me2], the main 

reactive centers are identified as bismethyl aluminum 

species stabilized via a bridging methyl group from a 

neighboring Al center, featuring both high chemical shift 

and quadrupolar coupling constants (162 ppm and 27.4 

MHz, respectively). The approach demonstrates the 

ability to monitor the chemistry of MAO with 

unprecedented precision, enabling a state-of-the-art 

understanding of its structure and reactivity. 

10.1002/anie.202508409

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202508409 by C

ochrane France, W
iley O

nline L
ibrary on [03/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Introduction 

Organoaluminum compounds are key industrial 

reagents, with consumption reaching hundreds of 

thousands of tons per year for stoichiometric and 

catalytic reactions.[1] Among them, methylaluminoxane 

(MAO, whose simplified formula is often given as 

[AlOMe)n] holds a specific position. Following its 

serendipitous discovery by Kaminsky and coworkers, 

MAO triggered a major breakthrough in the field of olefin 

(co)polymerization, enabling unprecedented activity 

levels when used as an activator for metallocene and 

post-metallocene pre-catalysts. MAO has contributed to 

the industrial production of polyolefins with a high 

degree of control over composition, microstructure, and 

mass distribution.[2] The major roles of MAO in these 

processes are well established: it acts as an alkylating 

agent for chloride precursors, an activator capable of 

generating catalytically active cationic alkyl species, 

and a scavenger for impurities within the reaction 

mixture. Even so, despite innumerable studies MAO 

remains shrouded in mystery.[3] For instance, mass 

spectrometry has revealed that MAO is composed of a 

broad variety of aluminum clusters, so its formula is 

better approximated as [(AlOMe)x(AlMe3)y], differing 

from the aforementioned idealized [AlOMe] 

stoichiometry.[4-7] These clusters exhibit molecular 

masses ranging from 1—2 kg mol-1, corresponding to 

structures containing about 15 to 30 aluminum centers. 

The structure of MAO at the molecular level, which is 

intimately linked to its reactivity, remains unknown, 

which is a major hindrance for understanding and 

improving this key reagent. Indeed, the structural 

chemistry of aluminum alkyl derivatives is known to be 

rich and versatile. Replacement of methyl with the 

bulkier tert-butyl group, which prevented oligimerization, 

made the first structural determination of 

alkylaluminoxanes possible.[5,6] The ensuing 

oligomerization complicates the nature and distribution 

of the molecular entities constituting MAO. Theoretical 

calculations have significantly helped to put forward 

plausible molecular models for MAO. It has been 

proposed that the species comprising MAO can be 

described either as cage-like, or nano-tubular 

compounds, where methyl and oxide groups are 

redistributed among predominantly tetracoordinated 

aluminum centers.[8-11] Quantum chemical calculations 

revealed a variety of aluminum environments, including 

monomethyl aluminum species ([O3AlMe]), bis-methyl 

species ([O2AlMe2]), along with complexed trimethyl 

aluminum (TMA), which is often located at the edges of 

the structures for stabilization. These TMA adducts form 

binuclear sites, where a trigonal [OAlMe2] is stabilized 

by a neighboring [O2AlXMe] (X=O, Me) via a bridging 

methyl group. The reactivity of MAO towards 

metallocenes, generating highly active olefin 

polymerization catalysts, is attributed to its potential to 

mediate the formation of an outer sphere metal alkyl ion 

pair, via a series of intricate exchanges between various 

species (Scheme 1). The main activation pathways 

include methide abstraction or activation via the 

[AlMe2]+ cation, leading ultimately to the catalytically 

active species.[12,13] 

The role of TMA in MAO has long been recognized as 

crucial, influencing the catalytic reactivity of MAO-based 

systems either positively or negatively. Notably, Busico 

and coworkers pioneered the use of TMA-depleted 

MAO as a cocatalyst, exploiting the specific reactivity of 

complexed TMA towards sterically encumbered 

phenols.[14] Recently, the same group used density 

functional theory (DFT) calculations to study TMA-

depleted MAO.[15] Focusing on the cluster proposed to 

be the most abundant [(AlOMe)16(AlMe3)6], they 

investigated the nature of sites prone to releasing 

activating [AlMe2]+ cations. Three types of Lewis acidic 

sites were identified, with only one capable of releasing 

AlMe3 upon drying in vacuo. These studies thus provide 

clues on what may be the main structural features of 

MAO, awaiting experimental validation. 

Further structural insights have emerged from recent 

experimental work. Luo et al. reported a single crystal 

X-ray diffraction study of a MAO component, revealing 

a sheet-like structure with the molecular formula 

[(AlOMe)26(AlMe3)9]. This structure is composed of the 

same motifs as those predicted by DFT calculations. [16] 

Crucially, while the core of the structure is composed of 

monomethyl Al centers, it bears peripheral sites that 

formally result from AlMe3 complexation. According to 

DFT predictions, some of these sites would readily 

release [AlMe2]+ upon reaction with THF.  

Though numerous computational models have been 

proposed for the structures that might constitute MAO, 

experimental evidence has been limited to electro-spray 

ionization mass spectrometry and XRD. However, such 

experiments do not directly probe the molecular 

systems that are found within MAO. What is urgently 

required is an in situ method that does not perturb the 

chemical species. Moreover, when considering 

activation chemistry (Scheme 1), while metallocene-

containing fragments have been identified and can be 

spectroscopically monitored, and besides Barron’s 

model compounds,[6,17] there is no molecular description 

of the MAO reagent/counter anion within such systems 

because of the limitations of current analytical tools. 
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Scheme 1. Simplified pathways leading from [ZrCp2Me2] to the 

polymerization active species. The gray background marks the 

equilibria occurring prior to active species generation. 

Spectroscopic breakthroughs are still required to 

achieve a true understanding of MAO’s structure and 

reactivity. NMR is an obvious choice because of its 

sensitivity to local structural features and non-invasive 

nature. While 1H and 13C nuclei have been extensively 

used to investigate MAO reactivity, only limited 

structural information has been gathered.[6,7,18,19] 

Conversely, 27Al, a quadrupolar nucleus with I=5/2, 

offers significant potential for structural investigations, 

thanks to its wide chemical shift (CS) range, from 0 to 

about 200 ppm, which depends on the composition and 

geometry of the aluminum coordination sphere. In 

solution, 27Al NMR spectra of MAO are typically 

unresolved or uninformative. However, in solid state 

NMR, anisotropic interactions, characterized by 

parameters such as the quadrupolar coupling constant 

(CQ) and the asymmetry parameter (Q), offer additional 

structure-specific insights. These parameters can also 

be computed reliably using DFT, making 27Al MAS NMR 

a highly promising approach for joint 

experimental/theoretical investigations of MAO.[20] So 

far, however, such efforts have faced significant 

challenges. Previous attempts, including by us, were 

thwarted by technical limitations, primarily, insufficient 

magnetic field strength.[21,22] However, as demonstrated 

in this study, the combination of ultra-high magnetic 

fields and high sample spinning frequencies provides an 

unprecedented, detailed view of the molecular structure 

of MAO by enabling the efficient recording of high-

resolution data such as using Multiple-Quantum Magic-

Angle Spinning (MQMAS) NMR method. 

Herein, we first describe the main structural features of 

MAO models according to DFT calculations and provide 

their calculated 27Al NMR parameters. Given that MAO 

consists of a mixture of clusters, we emphasize general 

trends rather than focusing on a specific MAO model. 

Since NMR provides information about local topology, 

the analysis prioritizes the first coordination spheres 

around the aluminum centers, which are largely 

unaffected by the long-range organization within the 

clusters. Subsequently, we compare these predicted 

values with experimental data, to establish a precise 

structural depiction of MAO. Additional insights will be 

gained by examining the reactivity of MAO with a Lewis 

base (THF) and a polymerization pre-catalyst 

([ZrCp2Me2]). 

Results and Discussion 

MAO Models, Calculated NMR Parameter, and 

Ultra-High Field NMR Investigations 

The models employed in the DFT calculations 

performed for this work are based on two types of 

structures proposed in previous theoretical 

investigations. The first is [(AlOMe)16(AlMe3)4], which 

represents MAO after “labile” TMA has been removed 

via vacuum drying, as described by Ehm and coworkers. 

[15] This corresponds to the cage structure MAO-c-DFT 

(Figure 1a). The second model is based on the sheet-

like structure [(AlOMe)26(AlMe3)9], derived from the 

recent X-ray diffraction study (MAO-s-DFT, Figure 

1b).[10] 

Both structures feature similar classes of Al sites, 

labeled as An, Bn and C, corresponding to mono-, bis-, 

and tris-alkyl coordination spheres, respectively (Figure 

2a). The main component of MAO is [AlO3Me] (A1 and 

A2), which constitutes the backbone of the clusters and 

represents about half of the aluminum sites in both 

models. A2 differs from A1 in that one of its O-Al-O 

fragments is part of a strained 4-membered ring. In 

addition, the less abundant [AlO2Me2] (B1) groups 

account for 11 and 15% of the sites in the cage and 

sheet models, respectively. At the periphery, several 

TMA-adducts” are present, including [(O2AlMe)(μ-

Me)(OAlMe2)] sites (sites B2 and C, see Figure 2b for 

an example). In the MAO-c-DFT model, two extracted 

AlMe3 molecules were originally bound to [OAlMe2] sites 

via bridging methyl groups, i.e. in the form [OAlMe(μ-

Me)2AlMe2]. The removal of these AlMe3 units results in 

the formation of formally trigonal [OAlMe2] sites. In the 

DFT optimized MAO-c-DFT structure, one of these 

[OAlMe2] sites is stabilized via a long-range interaction 

with a methyl group from a neighboring [AlO3Me] moiety, 

resulting in a slightly distorted geometry. Such a trigonal 

configuration was previously proposed in a molecular 

model for MAO.[23] 

Calculations were performed with the Amsterdam 

Density Functional (ADF) program and the 

accompanying NMR utility code[24,25] included in the 

Amsterdam Modeling Suite (AMS) version 2023.104.[26] 

Kohn-Sham DFT calculations of NMR parameters 

closely followed a previous study where the 

computational protocol was extensively 

benchmarked.[20] DFT calculations were performed with 

the revised PBE functional (revPBE),[27,28] D3 dispersion 

corrections for the geometry optimizations, triple-zeta 
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polarized (TZP) Slater-type atomic orbital (AO) basis 

sets from the ADF basis set library for non-hydrogen 

atoms, a double-zeta non-polarized (DZ) Slater-type 

basis for hydrogens, and the scalar zeroth-order regular 

approximation (ZORA) Hamiltonian. The TZP/DZ(H) 

basis set was chosen after running tests with some of 

the systems from the previous study[20] (the TMA dimer 

and the system in Figure 6 of the cited publication), 

which showed that polarization functions for hydrogens 

did not materially affect the calculated chemical shifts, 

quadrupole coupling constants, or optimized 

geometries. 

 

 

Figure 1. DFT-optimized MAO models for NMR parameter calculations: a) 

[(AlOMe)16(AlMe3)4] cage-type structure MAO-c-DFT and b) 

[(AlOMe)26(AlMe3)9] sheet-type structure MAO-s-DFT. H atoms omitted for 

clarity. 

As illustrated in Figure 2c and summarized in Table 1, 

the DFT-calculated NMR parameters for the Al centers 

highlight distinct trends for the different site classes. The 

A1 and A2 sites, which form the backbone of the cluster, 

possess similar chemical shifts (CS) around 100 ppm 

but differ in quadrupolar coupling constants (CQ) and 

asymmetry parameters (ηQ). Sites at the periphery, 

including B1, B2, and C, exhibit progressively higher CS 

and CQ values. The [OAlMe2] sites feature the highest 

CS (~200 ppm, Fig. 2c) and CQ values, reflecting their 

unique coordination environments. Interestingly, the 

interaction within the B2-C fragments significantly 

decreases both the CS and CQ values compared to the 

parent (non-interacting) B1 and [OAlMe2] sites.[29] 

Table 1. NMR parameters of the main sites in MAO and related materials. 

 Site CS 

(ppm)[c] 

CQ 

(MHz) 

Q mol%[a] 

MAO-1[b] A1 110.9 

(98.8) 

15.7 

(16.7) 

0.30 

(0.25) 

38 

(44) 

 A2 120.0 

(101.0) 

18.9 

(20.2) 

0.45 

(0.57) 

7 

(8) 

 B1 146.8 

(150.7) 

18.5 

(23.8) 

0.81 

(0.76) 

10 

(13) 

 B2 124.0 

(119.0) 

19.0 

(17.7) 

0.45 

(0.49) 

21 

(17) 

 C 162.4 

(162.3) 

27.4 

(28.9) 

0.85 

(0.89) 

24 

(17) 

MAO-2 A1 109.5 14.2 0.20 41 

 A2 117.1 18.8 0.45 6 

 A3 109.0 16.5 0.90 17 

 B1 141.0 16.6 0.80 19 

 B3 149.3 20.0 0.99 17 

MAO-3 A1 110.4 15.7 0.30 43 

 A2 120.0 18.9 0.45 8 

 B2 125.5 17.0 0.45 13 

 B1 142.3 17.3 0.85 14 

 D 153.0 20.7 0.80 7 

 C 160.0 27.0 0.90 15 

[a] From best fit of the 27Al MAS NMR spectra for the experimental values. [b] 

In parentheses: averaged DFT-calculated values from MAO-c-DFT and MAO-

s-DFT. 

Experimental studies were performed on a commercial 

MAO sample, which was dried extensively under 

vacuum to remove excess and labile AlMe3, affording a 

white solid (MAO-1). The 27Al MAS NMR spectrum of 

MAO-1 at 28.2 T and 50 kHz features signals ranging 

from approximately 160 to 60 ppm, with a maximum at 

101 ppm (Figure 2d). Several discontinuities in the 

spectrum indicate the presence of overlapping sites. 

Similar to previously reported spectra,[21,22] this provides 

limited insight on its own. The MQMAS NMR sequence 

is ideally suited to decompose such complex, 

multicomponent spectra of a quadrupolar nucleus like 
27Al. By correlating chemical shift and quadrupolar 

interaction in a 2D acquisition mode, the individual 

components can be distinguished, although sensitivity 

for sites featuring high quadrupolar coupling constants 
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(CQ) remains a challenge. In the present case, even with 

the ultrahigh magnetic field, and considering that sites 

with large CQ values are expected to be present, we 

resorted to a specific sequence to enhance excitation of 

such sites, namely DFS-coslp-MQMAS.[30,31] The 

corresponding 2D spectrum resolves five main sites in 

MAO-1 (Figure 2e). NMR parameters and relative ratios 

of these sites were extracted through simultaneous 

best-fit simulations of the MAS and DFS-coslp-MQMAS 

NMR spectra and confirmed by recording the data at a 

lower magnetic field of 19.97 T (Table 1, Figures 2d, S2, 

S3 and S4).[32] Comparison with DFT-calculated 

parameters allows for the assignment of spectral 

features. The main signal, accounting for about 40% of 

the Al environments, appears at 110.9 ppm with CQ = 

15.7 MHz, accounting for the A1 sites. The B2-C 

framework gives rise to two sites, each corresponding 

to about 20% of the Al nuclei. These sites exhibit CS 

and CQ of 124.0 ppm and 19.0 MHz, and 162.4 ppm and 

27.4 MHz, respectively. The latter site is particularly 

remarkable due to its high CS and CQ, in line with its 

unique structure and bonding characteristics. The B1 

site signal is observed at a CS of 146.8 ppm with CQ = 

18.5 MHz, corresponding to approximately 10% of the 

Al centers. Finally, the A2 sites partially overlap with the 

B2 sites due to their similar NMR parameters (Table 1), 

making up about 5% of the total Al content. 

 

 

Figure 2. a) Main aluminum sites observed in MAO. Experimental and theoretical data for MAO: b) A representative B2-C site from the MAO-c-DFT structure 

showing DFT-calculated 27Al NMR parameters, H atoms omitted for clarity; c) Comparison of experimental and DFT-calculated chemical shift (CS) and CQ values 

for MAO-1 (), MAO-c-DFT (○) and MAO-s-DFT (⚫); The color code of the calculated points designates the nature of each site; d) 27Al MAS NMR spectrum of 

MAO-1 (28.2 T, spinning speed 50 kHz) along with the best fit based on MQ MAS data; The color code of the individual best-fit lines designates the nature of the 

site; e) 27Al DFS-coslp-MQMAS NMR spectrum of MAO-1 (28.2 T, spinning speed 50 kHz).

Therefore, this work provides a detailed view of this 

material’s main structural features. The strong 

agreement between DFT-calculated and experimental 

NMR parameters supports the reliability of the 

assignments, demonstrating that 27Al MAS NMR at 

ultra-high field (28.2 T) is a powerful tool for 

characterizing MAO. 

Investigation of THF Reactivity Towards MAO 

Lewis bases such as tetrahydrofuran (THF) are known 

to react with MAO, forming AlMe3 adducts or adducts of 

the activating cation [AlMe2]+.[33,34] However, the impact 

of this reaction on the core structure of MAO remains 

unknown, making 27Al MAS NMR an invaluable tool for 

investigation. The reactivity of MAO-1 towards THF was 

probed through a gas phase reaction with THF at room 

temperature, followed by exposure to vacuum. This 

process yielded MAO-2, which was subsequently 

characterized by high-field multinuclear NMR. The 1H 

MAS NMR spectrum at 28.2 T, in the AlMe region, 

features a broad major signal at about -0.9 ppm, along 

with a sharp peak at -1.06 ppm, with an intensity ratio of 

5.7:1 (Figure 3a). The protons accounting to both 

10.1002/anie.202508409

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202508409 by C

ochrane France, W
iley O

nline L
ibrary on [03/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



signals are in close proximity to that of bound THF, as 

evidenced by 1H-1H DQSQ MAS NMR (Figure 3b). In 

line with previous reports,[33] the sharp peak at -1.06 

ppm is attributed to [AlMe3(THF)], a species arising from 

the extraction of AlMe3 from TMA-depleted MAO. Given 

the overall AlMen stoichiometry, this means that the 

TMA adduct represents about 8% of total aluminum. 

Furthermore, the THF/AlMe molar ratio, estimated to be 

1:4 based on the integration of the 1H MAS spectrum, 

suggests that a significant fraction of the THF molecules 

are bound to MAO, forming Lewis acid-base adducts. 

The nature of these sites was further explored by 27Al 

NMR. 

The 27Al MAS NMR spectrum of MAO-2 (Figure 3c) 

features signals ranging from 165 to 50, with several 

discontinuities and two maxima at 101 and 91 ppm. 

Compared with the spectrum of MAO-1, the intensity of 

the high-frequency signal at about 160 ppm is 

significantly reduced, indicating that THF coordination 

induces major changes. The presence of [AlMe3(THF)] 

is evidenced by a characteristic low-field discontinuity 

around 171 ppm, in line with DFT calculated parameters, 

namely CS, CQ and Q of 195 ppm, 32.9 MHz and 0.06, 

respectively (See Figure S5).[35] The 27Al DFS-coslp-

MQMAS NMR spectrum of MAO-2 reveals five main 

sites (Figures 3d, S6 and S7). The signal from 

[AlMe3(THF)] was not detected, due to both the low 

proportion of sites and extremely large quadrupolar 

coupling. Compared to MAO-1, the A1, A2 and B1 sites 

are only slightly affected by THF coordination. However, 

the B2 and C sites, present in MAO-1, are no longer 

detected, and a new signal, labeled B3, is observed at 

152.2 ppm, with a CQ of 20.0 MHz and a Q of 0.96. In 

addition, the A1 site overlaps with another newly formed 

component, A3, which is more distinctly observed at 

lower magnetic fields (Fig. S8). Compared with A1, this 

site exhibits a close chemical shift of 109.0 ppm, along 

with a larger CQ and Q (16.5 MHz and 0.90).  

These observations indicate the formation of two types 

of species upon THF addition to MAO. Following Path 

A in Figure 3e, the B3 sites originate from the 

coordination of THF onto the C-type aluminum centers, 

generating [-OAlMe2(THF)] sites via cleavage of the Al-

C bond with the bridging methyl group. DFT calculated 

NMR parameters are close to the experimental values 

(Figure 3f), supporting this assignment. This species 

may act as an intermediate in the generation of the 

[AlMe2(THF)2]+ cation. However, as already reported in 

the literature[12] and suggested by 1H NMR data, this 

cation is not efficiently extracted from MAO by THF 

alone and would require chelating Lewis bases such as 

bipyridine, for instance. This process generates B1 sites, 

which is confirmed by their increased relative proportion 

(from 9% in MAO-1 to 19% in MAO-2). 

The new sites, A3, result from the attack of THF on B2 

centers, yielding [O2AlMe(THF)] centers and releasing 

the bridging methyl groups (Path B in Figure 3e). DFT 

calculations of NMR parameters (Figure 3g) indicate 

that A3 and A1 sites feature similar chemical shifts, but 

the former display higher CQ, in agreement with 

experimental data. This reaction also generates 

[OAlMe3] moieties from C sites, which subsequently 

coordinate with THF to release the [AlMe3(THF)] 

species detected in the 1H NMR spectrum. Notably, no 

signal corresponding to a [OAlMe3] TMA adduct is 

detected, based on DFT calculated NMR parameters 

(CS, CQ and Q of 165.5 ppm, 22.5 MHz and 0.08, 

respectively) (Figure S9). This dual reactivity of MAO 

towards a Lewis base is in line with previous EPR 

studies, which identified two types of Lewis-acidic 

centers using TEMPO radical as a Lewis base.[36] The 

present study demonstrates that ultra-high field 27Al 

NMR enables a detailed molecular-level understanding 

of MAO’s evolution upon Lewis base coordination. 
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Figure 3. NMR characterization of MAO-2 (28.2 T, spinning speed 50 kHz): a) 1H MAS and b) 1H-1H DQSQ MAS NMR, c) 27Al MAS NMR and best-fit simulation 

and d) 27Al DFS-coslp-MQMAS NMR; e) Proposed pathways for THF interaction with B2-C sites; f) DFT-calculated structure and NMR parameters of B3 sites; g) 

DFT-calculated structure and NMR parameters of A3 sites (H-atoms omitted for clarity).

Investigations on [ZrCp2Me2] Reactivity Towards 

MAO 

To gain deeper understanding of MAO’s ability to 

activate group 4 metallocenes, MAO-1 was reacted with 

[ZrCp2Me2], in a Zr/Al molar ratio of 1/10, forming MAO-

3. Although such a ratio is significantly higher than that 

of catalytically relevant systems, it still allows for 

structural analysis using 27Al NMR. Given that the B2 

and C sites each account for 20-25% of the Al content 

of MAO-1, the expected impact on spectroscopic 

features should be significant. Previous solution NMR 
[18,19] and IR [37] studies have suggested that under such 

conditions, the main species formed is the [MAO-

ZrCp2Me2] adduct (of yet uncharacterized structure), 

with smaller amounts of [(ZrCp2Me)2-μ-Me][MeMAO] 

ion pairs. 

While 1H MAS NMR provides limited information, the 1H-
1H DQSQ MAS NMR spectrum enables the 

identification of these two expected species, as 

evidenced by cross-peaks associating Cp and Me 

protons (Figure S10). The Zr-Me groups from the [MAO-

ZrCp2Me2] adduct resonate at approximately -0.75 ppm, 

whereas those of [(ZrCp2Me)2-μ-Me][MeMAO] appear 

at around 0.3 (terminal ZrMe) and -0.8 ppm (bridging 

Me), in good agreement with solution NMR data (0.28 

and -0.76 ppm, respectively[38,39]). In the case of the 

zirconocene adduct, the high-field position of the ZrMe 

signal, which resonates at a chemical shift very close to 

that of the AlMe protons (-0.70 ppm), suggests fast 

exchange between ZrMe and AlMe. The 13C CP MAS 
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NMR spectrum features a broad signal ranging from 50 

to -20 ppm, consistent with rapid exchange (on the NMR 

timescale) between Zr-Me and Al-Me groups (Figure 

S11). These elements are fully in line with previous DFT 

calculations on the exchange process within a model 

MAO-[ZrCp2Me2] adduct.[40] This is further supported by 

the 1H MAS NMR data obtained at a higher Zr/Al ratio 

(1/2, MAO-4, Figure S14), where ZrMe protons 

resonate at -0.36 ppm (for comparison, [ZrCp2Me2] 

gives rise to a signal at -0.13 ppm). The shift towards 

higher CS values, compared to MAO-3, is in line with a 

shift of the equilibrium between free and MAO-

interacting ZrCp2Me2, favoring the free zirconocene 

species. 

The 27Al NMR data align with the expected moderate 

changes upon addition of the dimethylzirconocene, 

remaining close to that of MAO-1 (Figure 4a). The 27Al 

DFS-coslp-MQMAS NMR spectrum (Figure 4b, S12, 

S13) reveals an additional signal with a CS of 153.0 

ppm and a CQ of 20.7 MHz, labelled as site D. Subtle 

changes within the MAO framework are evidenced in 

the comparison of projections from the anisotropic 

dimension of the DFS-coslp-MQMAS NMR spectra of 

MAO-1, MAO-3 and MAO-4 (Figure 4c). With 

increasing Zr/Al ratio, the proportion of C and B2 sites 

decreases, while the share of D and B1 sites increases. 

Interestingly, B1 centers shift towards lower CS and CQ 

values, indicating perturbation of their environment. A 

similar trend is observed for C sites, which persist 

(though in low quantities) in MAO-4. This indicates that 

not all B2-C frameworks display the same reactivity, as 

some are still observed even in the presence of excess 

dimethylzirconocene. 

Based on previous theoretical investigations[41] and our 

experimental data, we propose that the zirconocene 

adduct forms upon reaction with B2-C sites. This leads 

to the formation of B1 sites, along with a species where 

formerly C sites (coordinatively unsaturated [O-AlMe2]) 

interact with [ZrCp2Me2] through a methyl bridge 

(Figure 4), generating [O-AlMe2-μ-Me-ZrCp2Me], 

assigned to site D. Remarkably, the present DFT 

calculations of NMR parameters for site D closely match 

the experimental data, strongly supporting this 

assignment and the postulated reaction pathway. 
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Figure 4. a) 27Al MAS NMR (with best-fit simulation) and b) 27Al DFS-coslp-MQMAS NMR spectra of MAO-3 (28.2 T, spinning speed 50 kHz); c) Projections from 
the anisotropic dimension of the 27Al MQMAS NMR spectra of MAO-1 (black trace), MAO-3 (red trace) and MAO-4 (green trace); d) DFT-calculated representation 
of site D, along with DFT-calculated NMR parameters. H atoms omitted for clarity.
 

Conclusion 

This study features the first detailed experimental 
insights by NMR into the molecular structure of MAO, a 
key component of the polyolefin industry that has long 
been the subject of on-going debate. Thanks to ultra-
high magnetic field and high spinning frequency 
coupled with state-of-the-art NMR methods and DFT 
calculations, a detailed structural analysis of key motifs 
in MAO has been possible. This work helps in providing 
a clearer view on the structure and reactivity of MAO. 
Most saliently, we have presented a precise perspective 
on MAO’s reactivity towards a Lewis base, unfolding a 
complex reaction scheme which has remained 
inaccessible to experimental studies until now. In the 
context of olefin polymerization catalysis, 
unprecedented spectroscopic evidence has been 
provided for the formation pathway and structure of a 
zirconocene-MAO adduct, representing the first step in 
precatalyst activation by MAO. This approach paves the 
way for numerous future investigations, including on the 
understanding of the initiation of MAO-metallocene-
based polymerization systems. The complex chemistry 
of MAO and its critical role in catalytic processes 
provide challenging questions, ones that we intend to 
tackle through this combined experimental and 
theoretical methodology. 

Supporting Information 

Experimental details, additional spectroscopic data, 

atomic coordinates for the DFT optimized structures 

and relevant references. The authors have cited 

additional references within the Supporting 

Information.[42-44] 
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The molecular structure of olefin polymerization activator methylaluminoxane (MAO) was probed using ultra-high 
field solid-state NMR backed with DFT calculations, revealing its key motifs and reactive centers. 
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