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Elucidation of the nano-sized molecular structure
of methylaluminoxane using synchrotron X-ray
total scatteringt
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Methylaluminoxane (MAO) is commonly employed to activate molecular pre-catalysts in polyolefin syn-
thesis, both industrially and in the laboratory. Despite the extensive use of this compound, the ambiguity
related to its structure hampers the understanding of its structure—function relationship. The current
study therefore employed synchrotron X-ray total scattering to elucidate the nano-sized molecular struc-
ture of MAO. The MAO samples, which were prepared using various synthetic protocols, exhibited con-
sistent X-ray scattering patterns and atomic pair distribution function curves, indicating similar molecular
structures. However, the scattering intensity in the small-angle region revealed differences in the higher-
order structures. A fitting study performed using 172 molecular models showed that small molecule and
tube models were inadequate to reproduce the experimental results, whereas cage and sheet models
provided comparably better fits. The sheet model was found to be consistent with the observed mole-
cular weight and the molecular weight distribution, in addition to accounting for the intensity in the
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small-angle scattering region. These results align with recent crystallographic findings reported in
Science, where a stacked sheet model successfully reproduced an experimental X-ray diffraction pattern.
Ultimately, determination of the structural motif of MAO is expected to be beneficial for systematic
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Introduction

Methylaluminoxane (MAO) is pivotal in activating molecular
pre-catalysts for polyolefin synthesis and has been extensively
utilized in areas ranging from basic research to commercial
applications. Although many different classes of pre-catalysts
have been developed through ligand design and the selection
of appropriate central metal elements,> MAO remains the first
choice of activators in terms of its availability and high per-
formance.’ It has been revealed that cationization through
ligand subtraction and subsequent ion pair formation are
essential steps during pre-catalyst activation; MAO covers both
of these roles simultaneously (Scheme 1).>> However, despite
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research and development using this compound.

its long history, only limited information is available regarding
the molecular structure of MAO, and hence its structure—func-
tion relationship is poorly understood. Indeed, to date, almost
no systematic studies have been reported on the research and
development of MAO.

MAO is generally considered to be a polymeric material com-
posed of (AIMeO),, frameworks, since it is formed by the partial
hydrolysis and condensation of trimethylaluminum (TMAL).
Previous cryoscopy studies performed using benzene or TMAL
as a solvent have estimated its average molecular weight to be
~1000-1200,° while a recent electrospray ionization mass spec-
trometry (ESI-MS) study suggested a molecular weight of
~1000-2000 g mol*.**"® Studies using diffuse nuclear magnetic
resonance (NMR) spectroscopy have suggested that the number
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Scheme 1 Generally accepted activation mechanism of a metal
dichloride complex pre-catalyst using MAO as an activator.
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of AIMeO units ranges from 26 to 41,” roughly corresponding to
a molecular weight of 1500-2500 g mol™". In addition, gel per-
meation chromatography performed using extensively dried
MAO suggested the presence of a molecular weight distri-
bution.’® The elemental composition of MAO has been esti-
mated to be Me; 4 15Al0075.050, Wherein the greater Me
content compared to that of Al and O is due to the chemisorp-
tion of TMAL on the (AIMeO),, framework. TMAL stabilizes the
exposed three-coordinated Al and two-coordinated O atoms in
the (AIMeO),, framework, undergoing homolysis to generate -Me
and -AlMe,.* These chemisorbed species are in equilibrium
with the “free” TMAL molecules in solution.'* These structural
characteristics conform with the >’Al magic angle spinning NMR
study performed by Simeral et al., wherein MAO was found to be
dominantly composed of four-coordinated Al and three-co-
ordinated O atoms."

The mechanism of molecular catalyst activation has been
debated since the discovery of MAO.>™ The ability of MAO to
cationize the metal center can be attributed to its Lewis acidic
properties, which have been confirmed by electron paramag-
netic resonance (EPR) radical trapping and CO-probing Fourier
transform infrared spectroscopy (FT-IR).">"* More specifically,
at least two types of Lewis acid sites were confirmed, and it
was suggested that the stronger site played a role in acti-
vation." Recently, it has been widely accepted that the release
of [AlMe,]" cations from the MAO surface is key to the acti-
vation process,”’? although its structural origin is still under
debate. For example, it has been proposed that the release of
[AlMe,]" from the TMAL molecules chemisorbed on the
(AIMeO),, framework, or cleavage of the unstable Al-Me or Al-
O bonds present at the edges, leads to the generation of transi-
ent Lewis acidic sites.”"" Other factors may also be involved in
the activation mechanism, including anion delocalization, and
steric hindrance around the cationic/anionic sites. Although
computational chemistry is expected to be the most effective
solution to clarify these points, the fact that the molecular
structure of MAO itself remains unconfirmed renders it
difficult to reach a reliable conclusion.

Experimental analysis of the MAO structure is particularly
challenging because it is a nanomaterial that can contain a
degree of disorder in addition to various particle size distri-
butions. For example, commonly used analytical methods
such as NMR and FT-IR spectroscopy are microscopic in
nature, and so are not suitable for evaluating the overall struc-
ture of nano-sized MAO. In addition, the isolation of single
crystal samples has only been successful for extremely low
molecular weight components (Fig. 1). In fact, the molecular
structure obtained from these crystals did not correlate with
the solid-state NMR results. Although a recent X-ray diffraction
study by Luo et al. determined that MAO has a sheet-like struc-
ture,' further confirmation is required.

Considering the above experimental difficulties, numerous
attempts have been made to determine the molecular structure
of MAO through computational chemistry. In the majority of
cases, molecular models exhibiting various shapes and mole-
cular weights were created based on the experimentally
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Fig. 1 Experimentally determined molecular models of MAO based on:
(A) isolation from an MAO solution by Atwood et al.'® and (B) isolation
from isobutylaluminoxane by Barron et al.'’

suggested hexagonal prismatic structure (Fig. 1B), and their
corresponding stabilities were investigated. These studies gen-
erally agree on two key points, namely that molecules with
lower molecular weights tend to be unstable and the fact that
the adsorption of TMAL stabilizes the MAO molecules.
However, complete structure determination has not been poss-
ible due to varying structural motifs (e.g., cages, tubes, and
sheets; Fig. 2) being reported by different groups. More specifi-
cally, Zurek et al.,, Boudene et al, and others made the
assumption that MAO has a cage structure.'®'® In addition,
Falls et al. reported that tube structures bearing chemisorbed
TMAL molecules predominated at 298 K, while at elevated
temperatures, TMAL desorption led to the predominance of
cage structures.’® They hypothesized that this TMAL leaching
could contribute to deactivation of the molecular catalysts at
high temperatures. In another study, Linnolahti et al. empha-
sized the impact of TMAL adsorption on structural variation.
They calculated the Gibbs free energies for various
(AlOMe),(AlMe3),, clusters, where 7 is the number of Al atoms
in the MAO framework and m is that of the adsorbed TMAL
molecules.” Their findings indicated that sheet structures are
more stable than cage structures, when the number of chemi-
sorbed TMAL molecules increases and when n < 13. However,
cage structures appeared to be the most stable structures when
n > 14, irrespective of the number of adsorbed TMAL mole-
cules. Furthermore, they initially concluded that the cage
(AlOMe);6(AlMes3)s was the most representative molecule in
MAO, although the sheet (AlOMe);¢(AlMe;)s was more stable.*

Recently, the total scattering technique has emerged as a
promising approach for the structural analyses of
nanomaterials.”*>* This technique involves irradiating the
sample with short-wavelength X-rays or neutron beams and
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Fig. 2 Three key structural motifs for MAO, namely the (A) cage, (B)
tube, and (C) sheet structures. The Me groups are omitted from the tube
and sheet structures for clarity.
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recording the scattering patterns across a wide range of scattering
vectors (Q = 4msin 6/4). The structure function (S(Q)), which is
derived by normalizing the total scattering pattern with the
elemental composition and the atomic scattering factors, is
Fourier-transformed to yield the atomic pair distribution function
(PDF). Consequently, two kinds of structural information are
obtained, wherein the X-ray scattering pattern highlights long-
range periodic atomic arrangements through Bragg reflections,
and the PDF accentuates local atomic configurations in the real
space, thereby allowing a comprehensive analysis of the
nanostructure.

Thus, in the current study, the nano-sized molecular struc-
ture of MAO is elucidated using synchrotron total X-ray scatter-
ing. For this purpose, a library of molecular models is con-
structed, including previously proposed structures and struc-
tures of small molecular compounds for reference. The com-
patibility between the experimental results and the simulation
results obtained using the library is evaluated.

Experimental
Sample preparation

All MAO samples used in this study were generously provided
by Tosoh Finechem, Inc. (Yamaguchi, Japan) and were utilized
without further purification. A brief description of these
samples is provided below.

Four MAO samples were subjected to structural investi-
gation, considering that the molecular structure of MAO is
possibly affected by the method employed and the form of the
final product. MAO-H (13.9 wt%-Al, 67 wt%-toluene) was syn-
thesized by the reaction between TMAL and water, which is the
most traditional and common approach. MAO-T (13.7 wt%-Al,
55 wt%-toluene) was synthesized by the reaction between
TMAL and benzoic acid, which was recently reported to control
the reaction and suppress gelation.>*>” A solid-state variant of
MAO, namely MAO-powder, was produced from MAO-T through
controlled gelation. The resulting particle size (dso) was deter-
mined to be 9.3 pm.*®*>° Using MAO-powder as an activator,
the morphology of the resulting polymer particles can be con-
trolled to a spherical shape and reactor fouling can be pre-
vented.”® MAO-powder was insoluble in toluene and therefore
completely gelatinized. Modified MAO (MMAO) was also pre-
pared from a mixture of TMAL and isobutylaluminum.?"

In addition to the provided MAO samples, a dried sample
was also prepared from MAO-H, which is commonly applied to
remove free TMAL and prevent catalytic deactivation. More
specifically, MAO-H (3.0 mL) was transferred to a nitrogen-
purged Schlenk tube and subjected to vacuum drying at 25 °C
for 4 h. The obtained white powder product was denoted as
MAO-dried. The degree of gelation during drying was negli-
gible since the powder was completely soluble in toluene.

Synchrotron X-ray total scattering experiments

The X-ray total scattering experiments were performed at the
SPring-8 BL04B2 beamline (61 keV, maximum Q = 25 A™%).

This journal is © The Royal Society of Chemistry 2025
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Each MAO sample was used to fill a quartz capillary tube
(2 mm diameter) for performing the desired measurements.
Background subtraction was performed using an empty capil-
lary for the solid samples, and a capillary filled with toluene
for solution samples. After the polarization and absorption
corrections, the structure factor (S(Q)) was obtained by normal-
izing with the elemental composition and atomic scattering
factors. The PDF (G(r)) was obtained by Fourier-transforming
the obtained S(Q),**** where the minimum value of Q was set
to 1.5 A™'. The PDF is defined by the following equation:

G(r) = 4xrlp(r) — pol; (1)

where p(r) is the atomic density at a given interatomic distance
r, and p, is the average atomic density. Thus, G(r) represents
the relative abundance of atomic pairs at .2?

Library of molecular models

Although any MAO species can be represented by the formula
(AlOMe),(TMAL),,, different motifs are possible even for the
same values of n and m. In this study, the structural code
xnym_z was employed, where x is the number of AIOMe units,
y is the number of chemisorbed TMAL molecules, and z is the
motif (c: cage, t: tube, and s: sheet). For structures bearing
both cage and sheet characters, the formula xnym_c/s was
applied, while for small structures without a clear motif, the
final “z” component was omitted.

The molecular model library consists of 172 molecular
structures mainly consisting of those reported by Falls et al.
and Linnolahti et al.”*>** Fig. 3 shows a number of represen-
tative structures from the library. The models published by
Falls et al. cover both cage and tube motif structures in a rea-
listic molecular weight range (~1449), and include a hexagonal
prismatic  structure (6nOm_c) isolated from isobutyl-
aluminoxane by Barron et al. (Fig. 2A). The models proposed
by Linnolahti et al. consisted of various structures, with the
number of AIOMe units ranging from 1 to 18, and the number
of adsorbed TMAL molecules ranging from 0 to 6. These
models were designed to simulate the synthesis of MAO
through the controlled hydrolysis of TMAL.” To confirm the
effects of the calculation methods on the simulated PDF
results, PDF simulations were performed using 16n6m_c struc-
tures, which were geometry optimized using various methods.
Importantly, it was found that that the impact was negligible
(Fig. S17).

Structural features of the MAO motifs

The aluminoxane framework of MAO consists of 4-, 6-, and
8-membered rings with alternate arrangements of Al and O
atoms (Fig. 4A). The proportions of these three ring structures
in the entire library were determined to be 25, 68, and 7%,
respectively, indicating that the 6-membered ring is the most
common, while the 8-membered ring is the minority.
Basically, the Al atoms are either 4- or 3-coordinated, and the
O atoms are 3-coordinated; however, when two or more
4-membered rings are adjacent to one another, exceptionally,

Nanoscale, 2025,17, 6767-6779 | 6769
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Fig. 3 Representative molecular models in the constructed library. The pink, red, gray, and white balls correspond to the Al, O, C, and H atoms. The

sample codes are described in the text.

5-coordinated Al and 4-coordinated O atoms are observed
(Fig. 4B). In addition, with the exception of the edges, the
majority of Al atoms are four-coordinated and bonded to three
oxygen atoms, generating two variations in the methyl group
orientation with regards to the aluminoxane framework (i.e.,
front and back; Fig. 4C).

Two possible chemisorption mechanisms exist for the
reversible chemisorption of TMAL on the (AIMeO),, framework
termini. More specifically, one mechanism involves a single
Me-Al bond of the TMAL dissociating, wherein AlMe, and Me
cap the under-coordinated O and Al atoms of the framework
termini, respectively (Fig. 4D). Occasionally, two O atoms share
one AlMe, moiety, forming a four-membered ring at the term-
inal (Fig. 4E). In the second mechanism, the TMAL molecule
adsorbs onto the (AlMeO),, framework by sharing two Me units
to generate a terminal AlMe, moiety (Fig. 4F).

To illustrate the differences between the different motifs,
typical structures for each motif are shown in Fig. 4G, wherein
it can be seen that the cube and tube structures consist of
closed connections of 4-, 5-, and 6-membered rings, with all
methyl groups facing outwards from the framework. The tube
structures are created by connecting the hexagonal prismatic
structure (Fig. 1B) in a single direction, and TMAL molecules
adsorb on the 4-membered rings present at the ends. The
cage/sheet structure is similar to the cage structure, although
the presence of a large ring (i.e., >10-membered ring) gives the

6770 | Nanoscale, 2025,17, 6767-6779

appearance of a partially broken cage. The sheet structures are
also composed of 4-, 6-, and 8-membered rings, but instead of
generating a closed structure, such as in the tube and cage
motifs, the sheet structures are planar and possess numerous
edges for TMAL adsorption. In this structure, the methyl
groups do not adopt any particular direction in relation to the
aluminoxane framework.

Simulation and fitting

Simulation of the X-ray scattering patterns was performed
using DISCUS,** and the optimization function (scipy.opti-
mize) in the SciPy Python package®® was employed for fitting
to the experimental results. All PDF simulations and fittings
were performed using the Diffpy-CMI Python package.*®
Fitting was performed according to the following procedure.
Initially, an X-ray scattering pattern or a PDF curve acquired
experimentally was compared against a simulation result
obtained using a molecular model, and the parameters for the
simulation were optimized to minimize the difference. To
quantify the difference, the residual parameters (R,, values)
were calculated for the X-ray scattering patterns and PDF
curves based on the following equations:

5 (Tep(Q0) — Teate (Q))?]"
Zlexp(oi)2 '

Ry, (X-ray scattering) =

(2)

This journal is © The Royal Society of Chemistry 2025
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Z (Gexp(ri) - Gcalc(ri))z :
> GeXp(ri)Z 7

R, (PDF) = 3)

where I,(Q) and Geyp(r) are the experimental results, and
I.a1c(Q) and Geae(r) are the results simulated using the mole-
cular model.

For the X-ray scattering patterns, adjustments were made
only for the scale and the background intensity. The broaden-
ing effect attributed to the thermal vibration (Debye-Waller

This journal is © The Royal Society of Chemistry 2025

factor) was not considered significant, as it had minimal
impact on the shape of the diffraction peaks within the realis-
tic range (Ujs, = < approximately 0.02 [A%], Fig. S21).

In the fitting of the PDF curve, the atomic displacement para-
meter (ADP) was optimized for each atom (H, C, O, and Al), as
were the scale factor and the delta 1 value. The ADP reflects the
distribution of atomic positions, including thermal vibrations
(Debye-Waller factor), and hence the ADP influences the peak
width in the PDF curve. For the purpose of this study, atomic
position variations were assumed to be isotropic.

Nanoscale, 2025,17, 6767-6779 | 6771
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In addition, the scale factor is related to the overall inten-
sity of the PDF, while delta 1 is an r-dependent peak sharpen-
ing factor related to the correlated motion of atoms. In prin-
ciple, the direction of thermal vibrations of each atom is
random, and so no thermal vibration-induced r-dependence
exists in the peak broadening. However, the experimental
results tend to exhibit sharper peaks compared to the simu-
lation results, particularly in the shorter r region. This can be
attributed to the fact that the motion of atoms in the vicinity is
correlated rather than random.?” A larger delta 1 value corres-
ponds to a greater r-dependent peak sharpening, which
reflects a stronger tendency for atomic correlated motion. The
determined parameters are visualized in Fig. S3,f wherein
Qmax and Qmin were set as equal for the experimental system,
and Qgamp, the parameter related to the Q-dependent attenu-
ation of the scattering intensity, was determined from the
measurement results obtained for Ni powder (Junsei Chemical
Co., Ltd, Tokyo, Japan) under the same conditions. The atomic
configurations of the molecular models were not refined in
either the PDF curve or in the X-ray scattering pattern fitting
since they had been optimized through DFT calculations.

Results and discussion
Experimental X-ray scattering patterns and PDF results

Fig. 5A displays the scattering patterns obtained for the MAO
samples. All samples exhibited pronounced scattering within
the small-angle scattering region (Q < 1.5 A™*, corresponding
to d > 4.2 A). Notably, the scattering profiles in this region
depend on the samples, suggesting that the higher-ordered
structures of the MAO samples, potentially generated through
intermolecular aggregation, were influenced by both the prepa-
ration method and the sample form. More specifically,
although all samples exhibited a peak at 0.7 A™", the peaks
recorded for the solid samples were more intense. Conversely,
in the region of Q > 1.5 A™", two broad scattering peaks were
consistently observed for all samples at Q-values of 1.9 and
4.5 A7 (d = 3.3 and 1.4 A). This observation implies the exist-
ence of some degree of periodicity, wherein all samples
possess a similar molecular structure.

The PDF curves calculated from these scattering patterns
are shown in Fig. 5B. Remarkably, the number and positions
of the peaks were similar for all samples. The curves displayed
two pronounced peaks at r = 1.8 and 3.2 A, a minor peak at r =
4.5 A, and two subtle, upward convex features at r = 6.0 and
7.5 A. The features in a PDF curve reflect the abundances and
interatomic distances of the atomic pairs in a sample. The con-
tributions from hydrogen-containing atomic pairs are negli-
gible, given the extremely low atomic scattering factor. The
first peak at 1.8 A is attributed to Al-O and Al-C atomic pairs,
while the second peak at 4.5 A is associated with Al-Al and O-
O atomic pairs, situated diagonally in the four-membered
rings (-Al-O-Al-O-) or six-membered rings (-Al-O-Al-O-Al-
O-) within the aluminoxane framework. The features observed
at r > 4 A are presumed to originate from atomic pairs invol-
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Fig. 5 (A) X-ray scattering patterns for the MAO samples. For clarity, the

lower scattering angle region is shown separately, and the y-axis is
scaled for the later Q region. The scattering intensities of toluene and
the quartz capillary were subtracted to give the spectra shown. (B) PDF
curves derived from the X-ray scattering patterns.

ving atoms located outside such ring structures. At r > 9 A, all
curves flattened, suggesting that the dimensions of the period-
icity fell below 9 A. Thus, both the X-ray scattering patterns
and the PDF curves confirmed the presence of similar mole-
cular structures for all synthesized MAO samples, regardless of
the preparation method and the sample form.

Fitting of the experimental results with the molecular model
library

To gain insight into the molecular structure of MAO, the
experimental results were fit using the molecular library. Since
the X-ray scattering patterns and PDF curves were similar
among the samples, one representative sample was selected
for fitting. More specifically, the MAO-dried sample was
chosen as it possessed the highest signal-to-noise ratio in the
PDF curve due to its more concentrated nature. Thus, Fig. 6
presents the typical fitting results for the X-ray scattering

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Typical fitting results for the X-ray scattering pattern and the PDF curve of the MAO-dried sample using representative molecular models

from each motif: (A) small molecule, (B) tube, (C) cage, and (D) sheet.

pattern and the PDF curve, which show the best agreement
with the experimental values for each motif. Furthermore,
Fig. 7 illustrates the relationship between the accuracy of
fitting for the MAO-dried sample (quantified by the residual
parameter, R,) and the molecular weight of the library
models.

More specifically, Fig. 7A presents the fitting results for the
X-ray scattering pattern, wherein it is evident that small mole-
cular models (blue circles) could not reproduce the experi-
mental result because of their significantly smaller dimen-
sions. Similarly, the tube models (green diamonds) were
unsuccessful in reproducing the experimental result. Among
the cage models (orange circles), 10n2m_c exhibited the lowest
R, value (R, = 0.057, M,, = 724.3), and it was observed that the
R,, value increased upon increasing or decreasing the mole-
cular weight. For the sheet models (pink squares), Ry
decreased with an increasing molecular weight until becoming
independent of the molecular weight above 1100. The largest
sheet model in the library, 16n6ém_s, exhibited the best degree
of fitting (R, = 0.046, MW = 1345.7). Moreover, Fig. 7B shows

This journal is © The Royal Society of Chemistry 2025

the results of the PDF fitting. Similar to the X-ray scattering
pattern fitting results, the small molecule models and the tube
models exhibited higher R,, values than the cage and sheet
models. Focusing on the sheet models, the R, value fell from
0.65 (MW = 752) to 0.45 (MW = 825), while at molecular
weights >800, the R,, values decreased with an increase in the
molecular weight up to 1100. For the cage models, the R,
values gradually decreased with an increasing molecular
weight up to ~800, became stable between 800 and 1300, and
then deteriorated at molecular weights >1300.

Thus, based on the above results, it is evident that the
small molecule and tube models are the least representative of
the MAO molecular structure. On the other hand, the cage and
sheet models may more appropriately represent the structure
of MAO because of their superior R,, values.

Plausibility verification of the cage and sheet motifs

To understand the origin of these motif-dependent trends,
their fitting results were carefully compared. The three best
fitting results of the X-ray scattering pattern for the cage and

Nanoscale, 2025,17, 6767-6779 | 6773
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sheet motifs, which are characterized by the lowest R,, values,
are presented in Fig. 8A. As noted above, the two peaks at Q =
1.9 and 4.5 A™* are distinctive in the X-ray scattering pattern of
MAQO. The scattering patterns simulated from the sheet models
accurately reproduce both peaks, whereas the patterns derived
from the cage models exhibit a broader peak at 1.9 A™, result-
ing in a higher R, value (as highlighted by the blue shading in
the figure). The peak at 1.9 A~* corresponds to a real-space dis-
tance of 3.3 A, indicative of the Al-Al or O-O distance within
the distorted six-membered aluminoxane rings in the frame-
work (Fig. 8B). For reference, Fig. S4t displays the distribution
of Al-Al distances in typical structures.

As previously reported, the sharpness of the scattering
peaks in the reciprocal space is a direct consequence of the
structural periodicity,*® and this can be attributed to the fact
that a crystalline material exhibits distinct Bragg reflection
peaks in the bulk form, but broader scattering peaks in the
nanoparticle state. In sheet models, the two-dimensional peri-
odic arrangement of the six-membered aluminoxane rings
most likely contributes to the sharp peak at Q = 1.9 A™*
(Fig. 8C). Conversely, in smaller cage models such as
10n2m_c, this periodic arrangement is not present due to the
significant curvature, leading to a broadening of the peak
(Fig. 8D). The increase in R, observed in larger cage models
stems from the six-membered aluminoxane rings being
arranged in a curved plane along the walls of the cage model,
thereby disrupting the periodicity. On the other hand, the R,,
values for the sheet models decreased with an increasing
molecular weight, likely due to the edges of the sheet model
extending laterally with an increasing molecular weight,
thereby maintaining the periodic arrangement of the six-mem-
bered aluminoxane rings.

Similarly, the PDF fitting results for the cage and sheet
motifs were compared in detail; Fig. 9 shows the three best
fitting results for the cage and sheet models in the PDF

6774 | Nanoscale, 2025,17, 6767-6779

fitting of the MAO-dried sample. Interestingly, the deviation of
the r range was found to depend on the motif, wherein for the
cage models, the feature intensity at r > 4 A was weaker in the
simulation. This likely resulted from distortion of the planar
periodic arrangement of the aluminoxane rings. This trend
becomes more pronounced with an increase in the molecular
weight, as demonstrated in Fig. S5.f This hypothesis is
further supported by the observation that the r > 4 A feature is
more accurately reproduced in the sheet models, wherein the
aluminoxane rings are arranged periodically in a two-dimen-
sional plane. In the sheet models, the intensity of the second
peak at r = 3.2 A is consistently weaker in the simulation. The
cause of this is hypothesized to be the inclusion of four-mem-
bered rings formed through the adsorption of TMAL mole-
cules onto the edges of the aluminoxane sheet. The first peak
at 1.8 A corresponds to the edges of the rings (Al-O atomic
pair), and the second peak at 3.2 A corresponds to the diag-
onals of the rings (Al-Al and O-O atomic pairs); therefore, the
relative intensities of the first and second peaks are governed
by the proportion of four- and six-membered rings, as depicted
in Fig. S6.f In sheet models with molecular weights >800,
the chemisorbed TMAL molecules formed four-membered
rings (-Al-O-Al(Me),-O-) at the edges (Fig. S71). This hypoth-
esis was confirmed by creating a modified sheet
model wherein the TMAL molecules were removed without
further optimization (16n0m_s, derived from 16né6m_s),
leading to a remarkable improvement in fitting (Fig. S87).
This leads to another hypothesis, wherein increasing the mole-
cular weight leads to an expansion of the lateral sheet
dimension, and the proportion of four-membered
rings present at the edges decreases. In other words, the
actual MAO molecule is probably a sheet with an
even larger molecular weight than that of 16ném_s,
which is the largest sheet structure investigated in the current
library.

This journal is © The Royal Society of Chemistry 2025
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(A) Three best fitting results of the X-ray scattering pattern (i.e., with the lowest R, values) for the cage and sheet motifs of the MAO-dried

sample. (B) Six-membered aluminoxane ring structure in the 16n6m_s model. (C and D) Visual representation of how the sheet model maintains the
two-dimensional periodic arrangement in its six-membered aluminoxane rings (in contrast to the cage model).

The experimentally determined Me/Al ratio also supports
the above assumption. More specifically, elemental analysis
and quantitative solution NMR spectroscopy estimated the Me/
Al ratio of the MAO-H sample, i.e., the precursor of the MAO-
dried sample, as 1.46:1 (mol/mol; excluding free TMAL). As
explained in the introduction, the Me/Al ratio of a pure alumi-
noxane ((MeAlO),) framework is 1:1; therefore, deviation to a
higher ratio indicates that the chemisorption of TMAL has
taken place. Notably, the theoretical Me/Al ratio of 16n6m_s is

This journal is © The Royal Society of Chemistry 2025

1.55:1 (mol/mol), suggesting a greater number of TMAL mole-
cules compared to those obtained experimentally, further con-
firming that a larger sheet model would be more plausible.
Thus, a larger sheet model was created that matches the
experimentally determined Me/Al ratio (25n7 m, Me/Al =
1.44 mol/mol, M,, = 1954.9, the structure was geometry-opti-
mized by DFT calculations: DMol® implemented in Materials
Studio 2021 *° with meta GGA SCAN"° for the exchange-corre-
lation function and DNP*' for the basis functions), and its

Nanoscale, 2025,17, 6767-6779 | 6775
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Fig. 9 The three results with the lowest R, values for the cage and sheet motifs, as determined by PDF fitting.

optimized atomic configuration is given in Table S1.} Using
this model, the resulting R,, values for the X-ray scattering
pattern and the PDF fitting were determined to be 0.042 and
0.241, respectively, both of which are superior to the results
obtained with existing models in the library (Fig. 10).

Several key conclusions can be drawn from the above dis-
cussion. Firstly, the tube motif was deemed implausible due to
consistently high R, values being observed in both the X-ray
scattering pattern and the PDF fittings. In contrast, the cage
and sheet models showed lower R, values in the X-ray scatter-
ing pattern fitting. However, while the Ry, values for the cage
models varied significantly with the molecular weight, the
sheet models consistently exhibited low R,, values irrespective
of the molecular weight, even above 1100. This divergence in
trends was attributed to the inherent structural characteristic
of the motifs, wherein cage models undergo considerable
structural changes upon varying the number of AIMeO units in
the framework, whereas sheet models simply expand their
lateral dimensions, avoiding any drastic structural changes. As
previously noted, the molecular weight distribution exhibited
by MAO can only be accommodated by the sheet motif.
Furthermore, PDF fitting revealed that both the cage and sheet
models achieved similar R,, values; however, the cage models
displayed poor agreement in the regions beyond the dimen-
sions of their six-membered aluminoxane ring (r < 4 A). In con-
trast, the second peak at 3.2 A was less pronounced for the
sheet models, likely due to the presence of four-membered

6776 | Nanoscale, 2025,17, 6767-6779

rings (-Al-O-Al(Me)-O-) formed by TMAL adsorption at the
edges. Notably, the Ry, value in the PDF fitting was improved
by either excluding the TMAL molecule or employing a sheet
model with a higher molecular weight. Therefore, considering
both the X-ray scattering pattern and PDF analysis, the sheet
motif emerges as the most plausible structure for MAO.

Stacked MAO sheets

If the sheet motif indeed represents the structure of MAO, the
characteristic peak observed in the small-angle scattering
region can be elucidated. Fig. 11 shows the small-angle region
of the X-ray scattering patterns for both the experimental and
simulated situations. In addition to the patterns recorded for
the MAO-dried and MAO-H samples, that of MMAO is also
shown for reference. It can be seen that the MAO-dried and
MAO-H samples both exhibited a peak at approximately Q =
0.7 A™"; however, this peak was absent in the simulated pat-
terns, including that of the 25n7m_s model (red solid curve).
It was therefore considered that, in a sheet-like MAO structure,
molecular stacking could result in scattering peaks analogous
to the (002) Bragg diffraction peaks observed in graphite. To
investigate this further, three variants of the 25n7m_s mole-
cule were constructed. These variants were then stacked,
ensuring that the van der Waals radii of the vertically protrud-
ing methyl groups did not overlap, and their X-ray scattering
patterns were simulated. The simulation yielded a scattering
peak at approximately Q = 0.7 A™", similar to that obtained

This journal is © The Royal Society of Chemistry 2025
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experimentally, and supporting the notion that this peak orig-
inates from inter-sheet stacking. The broader peak observed
for MAO-H compared to that of the MAO-dried sample could
be attributed to variations in the number of stacked MAO
molecules and the distances between them, which are influ-
enced by their dispersion in toluene. Interestingly, similar
peaks were not observed in MMAO, potentially due to the
bulky isobutyl group present in MMAO, which hinders its
stacking. This observation is consistent with the enhanced
solubility of MMAO in aliphatic hydrocarbon solvents.

Conclusions

In this study, the nanostructure of methylaluminoxane (MAO)
was investigated using the X-ray total scattering technique,
which allows structural information to be accessed beyond the
closest neighbor bond distance. By comparing the experi-
mental results with previously proposed molecular models, a
number of key findings were made. Firstly, it was found that
the MAO samples exhibited almost identical features in their
atomic PDFs irrespective of their preparation method (hydro-
lysis or thermal decomposition with benzoic acid) and form
(toluene solution or solid). The X-ray scattering features were
also similar among the samples, although the features in the
small-angle scattering region differed. These results suggest
that the inner molecular structure was similar among the
samples, whereas the aggregation states were different. It was
also deduced that the tube models were implausible because
they were unable to reproduce the experimental X-ray scatter-
ing pattern and PDF curve, irrespective of the molecular
weight. In addition, independent of the motif, the structures
possessing molecular weights of <600-800 were also con-
sidered to be less plausible. This was attributed to the absence
of a six-membered aluminoxane ring (-Al-O-Al-O-Al-O-) in
these structures, which is essential to reproduce the first and
the second peaks in the experimental PDF curve. The obtained
results also suggested that the sheet motif was more plausible
than the cage motif, since above a certain molecular weight,
sheet structures do not undergo significant structural changes
with respect to the molecular weight, which is consistent with
the presence of a molecular weight distribution. Moreover,
stacking of the sheet structures accounts for the peak observed
in the small-angle region of the X-ray scattering pattern (Q =
0.7 A™), and this assumption was also supported by very
recent crystallographic observations." Notably, sheet models
containing fewer four-membered rings (ie., 16n0m_s and
25n7m_s) effectively reproduced the experimental PDF curve.
Although the results of this study allowed the conclusion to be
drawn that the primary motif of MAO molecules is the sheet
motif, the co-existence of the other motifs was not completely
excluded. Additionally, no molecular model has yet fully repro-
duced the experimental PDF curve. Resolving these questions
may require more multifaceted investigations, including sys-
tematic sample variations, control of the adsorbed trimethyl-
aluminum molecules through in situ heating measurements,
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and comparison of the performance indicators of MAO as a
pre-catalyst activator for polymerization. Ultimately, determi-
nation of the structural motif of MAO is expected to be ben-
eficial for systematic research and development using this
compound.
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