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Polymethylaluminoxane organic frameworks
(sMAOF) – highly active supports for slurry phase
ethylene polymerisation†
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A series of modified solid polymethylaluminoxane (sMAO) catalyst supports have been developed for slurry

phase ethylene polymerisation, using aryl di-ol modifier groups. Characterisation using ICP-MS analysis,

X-ray total scattering, SEM–EDX, diffuse FT-IR and solid state NMR spectroscopy shows that the organic

linker groups are uniformly distributed in a proposed organic framework stucture we call a “sMAOF”. When

used as a support for rac-ethylene{bis(1-indenyl)} zirconium dichloride, (EBI)ZrCl2, these linker modified

sMAOF materials provide a 40% enhancement in polymerisation activity with respect to unmodified sMAO:

activities of 163 × 103 and 116 × 103 kgPE molZr
−1 h−1 at 80 °C for (EBI)ZrCl2 supported on sMAOF(1,4-

HO(C6F4)OH) and sMAO, respectively. The observed activity increase is correlated with the higher BET

surface area and increased porosity in the linker modified sMAOF activating support.

Introduction

Methylaluminoxane (MAO) is the most commonly used
activator and co-catalyst for single-site metallocene and post-
metallocene complexes in homogeneous olefin
polymerisation.1–3 There has been significant progress in the
past decade in the characterisation of MAO and its function
as a source of an electrophilic cation, [AlMe2]

+, which plays a
key role in the activation of metallocene complexes.4–16 The
importance of MAO has spurred recent interest in improving
activators for olefin oligomerisation and (co)polymerisation
catalyst systems, including soluble [NR4]

+[B(C6F5)4]
− co-

catalysts containing long N-alkyl chains,17,18 weakly
coordinating anions based on alkoxyaluminates,19 chlorinated
carborane ammonium salts,20 a dinuclear aluminium cationic
cluster,21 and a neutral fluoroarylborane.22

A well-known chemical treatment of MAO utilises
hindered phenols such as 2,6-di-tert-butyl-4-methylphenol
(BHT) to scavenge the “free” trimethylaluminium (TMA)
present in MAO solutions,23–28 yielding a hindered
phenoxide-alkylaluminium species MeAl(bht)2 (bht = BHT

phenolate) that does not interact with the catalyst complex.
Zaccaria et al. proposed that BHT in excess converts some of
the remaining “structural” TMA in MAO into analogous
“structural” AlMe2(bht) molecules in a modified aluminoxane
(MMAO) cluster.29,30 This TMA-depleted MMAO is also an
effective catalyst activator which can increase the activity and
molecular weight of the resulting polymer,31–33 depending on
the nature of the pre-catalyst complex.34

Extensive computational studies of MAO35–44 indicate that
with increasing aggregation of [Al(O)Me] units the structure
changes from sheets to nanotubes to cages,45,46 which reach
the size domain of MAO (typically 1000–3000 g mol−1).47

Linnolahti and co-workers have proposed that the cage
(AlOMe)16(AlMe3)6 represents the most stable model MAO
cluster,40,47 which is supported by several other combined
theoretical and experimental studies.4,7,11–14,16,29,48 This cage
features “structural” TMA molecules binding in three
different cluster environments (Chart 1), that behave quite
differently.10 Site III (with two bridging methyl groups) is
more prone to release [AlMe2]

+ and AlMe3, and therefore
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Chart 1 “Structural” AlMe3 molecules (in bold), binding different Al-
sites: one type I, one type II and two type III of the DFT optimised MAO
model cluster proposed by Linnolahti and co-workers.40,47

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
24

 5
:2

7:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d1cy00767j&domain=pdf&date_stamp=2021-08-11
http://orcid.org/0000-0002-2108-2709
http://orcid.org/0000-0001-7296-3672
http://orcid.org/0000-0003-2044-9203
http://orcid.org/0000-0003-2062-9546
http://orcid.org/0000-0001-9231-3749
http://orcid.org/0000-0001-8054-8751
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cy00767j
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY011016


Catal. Sci. Technol., 2021, 11, 5472–5483 | 5473This journal is © The Royal Society of Chemistry 2021

likely responsible for the abstracting capability of MAO.10

Furthermore, upon reaction with Brønsted acids like BHT,
the “structural” TMA molecules bound at type III sites are
largely released,30 followed by structural rearrangements that
“annihilate” these type III sites.28 Type I and type II sites
(with one bridging Me and a proximal two-coordinate O
atom) are predicted to bind “structural” AlMe2(bht) rather
strongly, and are therefore assigned to “structural”
AlMe2(bht) that is not released by the cages.28

In slurry phase polymerisation, the combination of MAO,
an inert inorganic carrier material (usually silica) and a
precatalyst complex has been dubbed the “Holy Trinity” of
supported single-site catalysts.49 In recent years, carrier-free
systems have been developed featuring an activating support
material,50 which can be combined with the precatalyst
complex in a single synthetic step.51–55 In principle, these
‘self-supported’ systems provide a cost-effective way of
designing solid catalysts for olefin polymerisation to produce
industrial-grade polyolefins.56–58

Upon immobilisation, the molecular precursor complex
undergoes reaction with the activator surface while
maintaining most of the ligand sphere of the parent
molecule.59 Therefore, research into optimising single-site
catalyst performance has focussed mainly on varying the
structure of the precatalyst complex via the active metal
centre and its ancillary ligands.60,61 However, modifying the
structure of the activating support itself can have a
significant effect on the polymerisation activity and allows
for fine-tuning of polymer properties, such as molecular
weights, and particle morphology.62–65 In the case of
heterogenised-MAO catalyst systems the support can, for
example, influence the concentration of “free” TMA,66,67

but it is assumed that the structure and chemical
environment of the active polymerising species are not
directly affected.68

Solid polymethylaluminoxane (sMAO) is an insoluble form
of oligomeric MAO first disclosed in the patent literature,
synthesised by reaction of benzoic acid with AlMe3.

69

Particulate sMAO has an extremely low solubility in
hydrocarbons (0.1 mol% in hexane at 25 °C, 0.4 mol% in
toluene at 25 °C) and this significantly supresses reactor
fouling when employed in polymerisation, yielding a polymer
of uniform particle diameter. In 2015, O'Hare and co-workers
reported the laboratory scale synthesis and detailed
characterisation of sMAO,70 and demonstrated its function as a
solid-phase support, scavenger and activator in slurry phase
ethylene polymerisation.71–73 Observed activities are
remarkably higher for sMAO-based supported metallocene
catalysts than for those based on MAO-impregnated inorganic
supports; for example, sMAO-rac-ethylenebis(1-
permethylindenyl) zirconium dichloride is over 3× more active
than the analogous silica-supported MAO system (10.7 × 103 vs.
3.3 × 103 kgPE molZr

−1 h−1 respectively).74,75 Lamb et al. reported
the treatment of sMAO with tris(pentafluorophenyl)borane and
pentafluorophenol produces highly active modified-sMAO
supports that show enhanced polymerisation activity with both

rac-ethylenebis(1-indenyl) zirconium dichloride, (EBI)ZrCl2,
76

and a range of unsymmetrical ansa-bridged permethylindenyl
complexes.77 It was postulated that the surface-bound C6F5 or
C6F5O groups on the support lead to an increase in separation
between the charged species formed after precatalyst
activation, which in turn enhances the performance of the
catalytically active species.76 Very recently, Kilpatrick et al.
reported an in-depth characterisation of the final functional
catalyst in sMAO–zirconocene systems using high field solid
state nuclear magnetic resonance (SSNMR) spectroscopy, SEM-
EDX elemental mapping and diffuse-reflectance FT-IR
spectroscopy.78 These studies provided evidence for a
secondary interaction between the proposed Cp′2ZrMe½ �þ
surface-bound species and the sMAO surface, which can
influence catalytic activity. To extend these studies we targeted
bifunctional modifiers with the aim of varying both the
chemical and physical properties of the modified-sMAO
activating support.

Silica-based catalyst supports bearing bifunctional organic
groups such as hydroquinone were studied by Popoff et al.79–81

Zr(CH2Ph)4 grafted onto a hybrid material with phenol grafting
sites, [(SiO)2(AlOC6H4OH)(Et2O)], afforded a monopodal
tribenzyl surface species that was activated with B(C6F5)3 to
generate a cationic species with a di-ol spacer [(SiO)2(AlOC6-
H4–OZr(CH2Ph)2)(Et2O)]

+[(PhCH2)B(C6F5)3]
− (Chart 2a).81 This

catalyst was tested for ethylene polymerisation capability, and
showed a fourfold increase in productivity compared to that of
the silica counterpart [SiOZr(CH2Ph)2]

+[(PhCH2)B(C6F5)3]
−,

which was attributed to reduced surface interactions and
increased electrophilicity. The related support materials
[(SiO)2(AlO–C6X4–OH)(Et2O)], where X = H or F, were used to
tether the organometallic tungstenocarbyne complex [W(≡Ct-
Bu)(CH2

tBu)3] to yield the surface species [(SiO)2(AlO–C6X4–

O–W(CtBu)(CH2
tBu)2(Et2O)] with X = H or F (Chart 2b).79

Both H- and F-species were studied as catalysts for the self-
metathesis reaction of propene to ethylene and 2-butenes, and
reported activity values were two and three times higher,
respectively, than the activity of the corresponding
tungstenocarbyne complex directly grafted onto silica.

Chart 2 Hydroquinone-modified silica support materials reported by
Popoff et al. with an immobilised (a) cationic zirconium complex and
(b) tungsten alkylidene complex.79,81
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Bifunctional additives have also been used to modify
solution MAO, such as diols,51 bisphenol A,79 carbonates,82

and boroxines.83 Soga and co-workers reported the reaction
of MAO with a small quantity of p-hydroquinone to obtain a
modified solid MAO insoluble in toluene.52 Ethylene and
propylene homo- and copolymerisation were conducted with
(EBI)ZrCl2 and Cp2ZrCl2 using the modified MAO as co-
catalyst both in the presence and absence of
triisobutylaluminium. It was found that the modified MAO
alone could not activate the (EBI)ZrCl2 zirconocene catalyst,
whereas polymers with high molecular weights were obtained
when combined with triisobutylaluminium. The catalytic
activity was markedly dependent on the mole ratio of
p-hydroquinone to MAO as well as the amount of
triisobutylaluminium.

Here, we describe the post-synthesis modification of sMAO
using bi-functional organic compounds, in particular aromatic
di-ols, with the objective of increasing the surface area of the
material and hence improving its properties as a support for
zirconocene precatalysts. We are also interested whether the
use of these bifunctional additives will link together modified
sMAO clusters to create new highly porous supports.

Results and discussion
Synthesis and characterisation of solid
polymethylaluminoxane organic frameworks (sMAOF) with
tetrafluorohydroquinone

Pentafluorophenol has shown a large boosting effect on the
ethylene polymerisation activity of modified sMAO
supports,76,77 which can be attributed to the electron-
withdrawing effect of this perfluoroaryl modifier, and its relative
acidity (pKa = 5.5 in water)84 which ensures complete reaction
with “structural” TMA present in sMAO. By analogy with BHT
modified MAO solutions studied by the groups of Busico, Ehm
and others,23,24,26–30 we postulate that the modifier forms
“structural” (C6F5O)AlMe2 species bound to type I and/or type II
sites on the modified sMAO clusters (Scheme 1).

Molecular methylaluminium aryloxide compounds are
known with both bridging and terminal aryloxide
ligands.85–91 In the case of pentafluorophenol modified
sMAO we postulate the OC6F5 group bridges two
neighbouring Al centres, since the oxygen lone pair renders it
a better bridging ligand than a Me ligand. NMR spectroscopy
in THF-d8 suggests that pentafluorophenol modified type I
and type II sites release “free” (C6F5O)AlMe2 species (detected
as (C6F5O)AlMe2·THF), but do not undergo significant
ionisation. The ability of MAO to generate large anions with a
delocalised negative charge has been proposed as one of the
origins of the excellent co-catalytic properties of this
aluminoxane.92–95 Hence, we hypothesise that (C6F5O)AlMe2
species bound to type I and/or type II sites will be more Lewis
acidic and therefore likely have enhanced abstraction
capabilities with zirconocene complexes.

As an entry point to the current study,
tetrafluorohydroquinone and tetrafluoroterephthalic acid,

1,4-X(C6F4)X for X = OH (A) and COOH (B) were selected to
study the linking effect of a different functional group
(hydroxyl vs. carboxylic acid). The fluoride substituent on the
aryl-linker for these groups provide a convenient handle for
19F{1H} NMR spectroscopy studies, and a possible electron
withdrawing effect for the activating support.

The post-modification procedure was carried out
according to published literature,76 using initial modifier:
aluminium ([M]0/[AlsMAO]0) loadings of 0.025 and 0.05. In a
typical experiment, commercially supplied sMAO69 was
suspended in toluene, to which a toluene solution of the
modifier 1,4-HO(C6F4)OH (A) was slowly added. In the case of
the modifier 1,4-HOOC(C6F4)COOH (B) which showed poor
toluene solubility, the two solid reagents were combined in
the same flask, to which toluene was added. The mixture was
sonicated for 1 h, during which time the temperature
increased from 25 to 45 °C. Upon addition of modifier A to
sMAO, effervescence was observed, confirming a protonolysis
reaction with concomitant release of methane gas. In the
case of compound B, no reaction was observed. A control
experiment was also carried out, using an identical procedure
but without the addition of a modifying compound. After
cooling to room temperature, the resultant slurry was then

Scheme 1 Schematic to represent the proposed reaction of sMAO
with C6F5OH modifier.
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treated with hexane to extract by-products and encourage
precipitation of a colourless solid. After settling, the
supernatant solution was removed and the solid samples
were vacuum dried and isolated in good yield (56–81%). For
brevity, each linker-modified solid polymethylaluminoxane
framework prepared herein will be represented as sMAOF(x,
M), where x is the [M]0/[AlsMAO]0 loading in reactants, and M
is the linker modifier compound.

The diffuse reflectance infrared Fourier transform (DRIFT)
spectrum of sMAOF(0.05,A) was measured and compared to
that of un-modified sMAO (Fig. S1†). The linker modified
sample displayed a new IR band at 1652 cm−1 assigned to the
aromatic ring stretching modes ν(Csp2Csp2) of the bridging
–O(C6F4)O– group.96,97 No additional bands were observed in
the hydroxyl region of the DRIFT spectrum (3550–3200 cm−1)
suggesting both of the O–H functionalities of the linker
molecule have been deprotonated.

The linker modified sMAOF(A) samples were sparingly
soluble in THF-d8, allowing for their characterisation by
solution NMR spectroscopy. The 1H NMR spectrum of
sMAOF(0.025,A) (Fig. S2†) shows the anticipated resonance
between δH 0.03 and −1.57 ppm, assigned to the MAO
backbone methyl groups, which is very broad due to the
oligomeric nature of the material.70 Within this broad feature
are sharp signals at δH −0.60 and −0.96 ppm, assigned to
[AlMe2(THF)2]

+ and AlMe3(THF) respectively, formed via THF
association to ionised [AlMe2]

+ and “free” TMA released on
dissolution, respectively.4

The 1H NMR spectrum of sMAOF(0.05,A) (Fig. S4†) does
not show a sharp signal at δH −0.60 ppm, suggesting a lower
extent of [AlMe2(THF)2]

+ ionisation for the sample with a
higher linker modifier loading. The 19F{1H} NMR spectra of
sMAOF(0.025,A) and sMAOF(0.05,A) (Fig. S3 and S5,†
respectively) both show a single resonance at δF −167.6 ppm
consistent with a –O(C6F4)O– fragment which is symmetrically
bound between two aluminoxane clusters. Theoretical
calculations by Zaccaria et al. suggest that “structural” TMA
molecules most strongly bound to type III site in MAO, and
modified “structural” AlMe2R species are strongly bound to
type I and II sites.28 We therefore propose an analogous
situation for sMAOF(A), with either a type I or type II site
bearing the linker group (Chart 3). The –O(C6F4)O– modified
“structural” sites bound at both ends by aluminium are not
expected to undergo significant ionisation. It is postulated
that [AlMe2]

+ and “free” TMA are released from type III sites
carrying a “structural” TMA molecule.10 However, the
complexity of heterogeneous systems means that
straightforward connections with the structure and reactivity
of unmodified MAO in solution must be treated with
caution,67,68 hence these structures are tentatively proposed.

Solid state NMR spectroscopy (SSNMR) allows for further
characterisation of poorly soluble samples (Fig. S6–S11†).
Fig. 1 shows the 19F{1H} HP-DEC98 spectrum of sMAOF(0.05,
A), with a broad resonance at isotropic chemical shift δF −162
ppm confirming incorporation of the fluorinated aryl group
in the sMAOF structure.

Previous 13C–1H cross-polarisation magic angle spinning
(CP-MAS) SSNMR studies of sMAO, synthesised from AlMe3
and α-13C labelled benzoic acid, revealed the presence of
residual benzoate groups in the structure.70

The 13C–1H CP-MAS SSNMR spectrum of sMAOF(0.05,A)
(Fig. 2) shows a backbone methyl resonance at δC −8.7 ppm
and several overlapping resonances between δC 140–125 ppm,
assigned to the aryl 13C nuclei of the benzoate residues and
the –O(C6F4)O– linker groups in the proposed structure. The
cross polarisation nucleus in the 13C CP-MAS experiment was
changed from 1H to 19F, which selectively transfers its
polarisation to 13C atoms in close proximity to the 19F
nucleus. The 13C–{19F} CP-MAS SSNMR spectrum of
sMAOF(0.05,A) (Fig. 2, inset) shows two resonances at δC
132.9 and 120.0 ppm, which are assigned to the ortho- and
ipso-carbon atoms of the 1,4-bis(olate) modifying group
which symmetrically bridges aluminoxane units in the
proposed structure.

The specific surface area of the sMAOF(x,A) samples was
determined by analysis of N2 gas physisorption using
Brunauer–Emmett–Teller (BET) theory.99 The adsorption
isotherm obtained (Fig. S12–S14†) is a cross between a type

Chart 3 Simplified representation of the proposed sMAOF(A) structure.

Fig. 1 19F{1H} HP-DEC NMR spectrum of sMAOF(0.05,A) at 24 kHz
spinning.
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Ib and type II isotherm of the IUPAC classification,100 which
suggests pore size distributions over a broad range including
wide micropores (of width <1 nm) and possibly narrow
mesopores (<2.5 nm).

Interestingly, the BET surface area of sMAOF(A) samples
are significantly higher than the control (688.9 m2 g−1), and
there is a general increase in surface area with increasing
modifier loading (750.6–895.7 m2 g−1).

The t-plot analysis101,102 reveals a progressive increase in
micropore area and micropore volume with increasing
modifier loading (Table 1). This is accompanied by a general
decrease in external surface area (= BET surface area – t-plot
micropore area) with linker A modification, such that the
ratio of micropore area/external surface area steadily
increases, ranging from 0.49 in the control sMAO to 1.44 in
sMAOF(0.05,A) (Tables S1–S4†). The observed increase in
specific surface area and porosity is consistent with the
proposed net exchange of Al-bound μ-methyl groups with the
bifunctional linker groups, which creates ‘channels’ on the
sMAO surface leading to the proposed framework structure.

Metal–organic framework (MOF) materials are gaining
increasing attention as model catalysts and/or catalyst supports
for polymerisation.103,104 In 2015, Klet et al. reported the
immobilisation of Zr-benzyl species on the node of a well-
defined framework Hf-NU-1000, to afford active solid catalysts
for olefin polymerisation.105 Recently, Lin and co-workers
described a Zr-benzene tricarboxylated MOF activated with
MMAO which affords a robust catalyst system with a long
lifetime, producing high Mw polyethylene.106 In contrast to

these highly crystalline MOF materials, the sMAOF activating
support and catalysts described herein are amorphous.

A modifier loading study was carried out to determine
which ratio of linker A would produce the best polymerisation
activity, with analytical data summarised in Table 1. Samples of
sMAOF(A) at higher linker loadings ([M]0/[AlsMAO]0 = 0.10, 0.20
and 0.40) were also synthesised, however these materials were
not employed in catalytic studies due to poor particle
morphology and high pyrophoricity.

The aluminium content in the sMAOF(x,A) samples was
determined by ICP-MS analysis, which shows a progressive
decrease in Al with increasing A loading from 39.5 wt% for
the control sMAO to 16.1 wt% in the sMAOF(0.40,A). This is
consistent with the replacement of Al bound methyl groups
with heavier linker modifier groups. The amount of fluorine,
as quantified by elemental analysis shows a steady increase
with modifier loading from 0.99 wt% for sMAOF(0.001,A) and
22.4 wt% for sMAOF(0.40,A), consistent with an increase in
–O(C6F4)O– linker concentration.

Linker modified sMAOF samples were sealed under argon
in glass capillaries and X-ray total scattering data were collected
at the Diamond Light Source XPDF beamline, I15-1. These data
were processed using GudrunX107,108 with an argon-filled
capillary used for the subtraction of the background
contributions. The resulting X-ray PDFs are presented in Fig. 3
and S15–S17† and we use the normalisation D(r), as defined by
Keen.102 There are systematic changes in D(r) with increased
modifier loading – most clearly in peaks at 1.34, 2.36, 2.84 and
3.62 Å – and peaks are also observed in these positions in the
PDF of pure HO(C6F4)OH. This provides further evidence for
incorporation of –O(C6F4)O– units in the sMAOF, which have a
rigid structure and, therefore a significant effect on the PDF.

The first and most intense peak for the sMAO sample at ca.
1.8 Å arises from Al–O and Al–C correlations, which make up
the aluminoxane backbone. This peak decreases in intensity
with increased modifier loading, and the peak maximum
shows a slight, but progressive, decrease in r from 1.82 Å in
sMAO to 1.78 Å in sMAOF(0.40,A). These observations can be
attributed to the reduced number of Al–C bonds as “structural”
TMA reacts to forms Al–O bonds in the modified material.
Similar trends are seen in peaks at 3.1 Å and 4.5 Å; which
represent Al–Al, Al–O and C–O correlations in unmodified
sMAO, and their decreasing intensity is consistent with
diminishing number of Al–O–Al moieties as the modifier
breaks up the aluminoxane clusters. There is further evidence
of aluminoxane clusters being broken up as features in D(r) at

Fig. 2 13C–{1H} and 13C–{19F} (inset) CP-MAS SSNMR spectra (10 kHz
spinning) of sMAOF(0.05,A).

Table 1 Characterisation data for sMAOF(A) modified activating supports with different 1,4-HO(C6F4)OH modifier loadings

Modifier loading ([M]0/[AlsMAO]0) BETa (m2 g−1) Micropore areab (m2 g−1) Micropore volumeb (cm3 g−1) Al wt% F wt%

0 688.9 227.1 0.0952 39.5 0
0.01 750.6 359.0 0.141 37.0 0.99
0.025 785.6 456.4 0.181 31.5 2.47
0.05 895.7 529.1 0.214 29.3 4.44

a Specific surface area determined using the BET method.99 b Micropore area and volume determined using t-plot analysis.101 External area =
BET surface area – micropore area.
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higher-r become less defined with greater modifier loading.
Scanning electron microscopy (SEM) with energy sispersive
X-ray (EDX) spectroscopy of sMAOF(0.40,A) confirms a
homogeneous distribution of aluminium and fluorine on the
surface of the particles (Fig. S18†).

Slurry phase ethylene polymerisation studies with
tetrafluorohydroquinone-modified sMAOF supports

Zirconocene complex (EBI)ZrCl2 was selected as a control
precatalyst, given its robust structure, high activity for the
slurry-phase polymerisation reactions and straightforward
comparison with literature studies.63,109–113 Complete
immobilisation of (EBI)ZrCl2 on sMAOF(x,A) samples with x =
0.01, 0.025, 0.05, was achieved by addition of toluene to a
mixture of solid support and complex ([AlsMAOF]0/[Zr]0 = 200),
affording an orange coloured solid below a colourless
supernatant solution. The coloured solids were isolated by
decantation and dried in vacuo and all catalysts were tested
for slurry phase ethylene polymerisation capability. The
received polymers were free-flowing powders and show no
evidence of reactor fouling.

Full polymerisation data are listed in Table S5† and a
graphical summary is shown in Fig. 4. The optimum
polymerisation activity is found at [M]0/[AlsMAO]0 = 0.025, with
an observed activity of 15.7 × 103 kgPE molZr

−1 h−1, so this
modifier loading was used in subsequent solid supports with
a range of other aromatic diol linkers (vide infra).

The GPC data for the polyethylene produced by (EBI)
ZrCl2–sMAOF(x,A) catalyst systems show larger molecular
weights (108 < Mw < 246 kDa) versus the control (Mw = 99.4
kDa), with a general increase in Mw with increasing linker
loading, with the exception of (EBI)ZrCl2–sMAOF(0.025,A) as
a slight outlier (Mw = 119 kDa). Molecular weight
distributions (Mw/Mn) are slightly broader for (EBI)ZrCl2–

sMAOF(x,A) catalysts (4.1–4.3) than for the control (Mw/Mn =
3.6), suggesting slightly greater active site heterogeneity in
the linker modified systems.

Polymer morphology is known to be influenced by the
catalyst support, which acts as a template for the growing
polymer chain in heterogeneous polymerisation.114–118

Scanning electron microscopy (SEM) images of polyethylene
samples for [M]0/[AlsMAO]0 = 0, 0.01 and 0.025 (Fig. 5a–c,
respectively) show retention and replication of the ‘popcorn’
morphology of the original supports during catalyst
immobilisation and polymerisation.70,71 Replication of the
support morphology for the polymers indicates that the
supported catalyst has a uniform distribution of active sites
and high porosity.

However, in the case of the [M]0/[AlsMAO]0 = 0.05 supports,
a ‘bobble-like’ texture is observed on the PE particle surface
(Fig. 5d and 6). This abnormal surface structure is consistent
with the low polymerisation activity observed for the (EBI)
ZrCl2–sMAOF(0.05,A) catalyst system compared with the
control (3.4 × 103 vs. 11.9 × 103 kgPE molZr

−1 h−1 respectively).

Fig. 3 Overlaid X-ray PDFs of sMAOF(A) with variable loadings of
HO(C6F4)OH.

Fig. 4 Ethylene polymerisation activities for (EBI)ZrCl2 supported on
sMAOF(A) with variable loadings of HO(C6F4)OH. Activity (kgPE molZr

−1

h−1) in black; molecular weights, Mw (g mol−1), in blue; and
polydispersities, Mw/Mn, in parentheses.

Fig. 5 SEM images (×500 magnification) of PE samples from catalysts
based on (a) unmodified and (b)–(d) sMAOF(A) for [M]0/[AlsMAO]0 = 0.01,
0.025 and 0.05.
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This may be explained by the lower concentration of [AlMe2]
+

species at higher linker loading, which are often cited as the
main responsible species for zirconocene activation.65 It is
also possible that the very high BET surface area observed for
the sMAOF(0.05,A) support (29.1 m2 mmol−1) results in a
non-uniform distribution of active sites during complex
immobilisation.

Taking sMAOF(0.025,A) as the most activating support for
(EBI)ZrCl2 we investigated the effect of increasing [Zr] loading
on higher surface area modified support. (EBI)ZrCl2 was
immobilised on sMAOF(0.025,A) at [AlsMAOF]0/[Zr]0 = 50, 100,
150, 200 by swirling a toluene slurry of complex and support
at 60 °C. In each case complex was fully immobilised as
judged by a colourless supernatant solution. Slurry phase
ethylene polymerisation data are summarised in Fig. 7,
showing catalyst activity increases with increasing [AlsMAOF]0/
[Zr]0 ratio. This is consistent with our previous observations
for {(η5-C9Me6)Me2Si(η

5-C5H4)}ZrCl2 supported on sMAO and
C6F5OH modified-sMAO,77 and could suggest that at a
higher catalyst loading, a lower proportion of the individual
Zr sites are activated. However, we cannot rule out the
occurrence of mass transport limitations under the
conditions employed.

Synthesis and characterisation of sMAOF materials with
aromatic diols

To investigate the scope of these novel sMAOF supports a
study into the effect of various aromatic di-ol compounds as
sMAO modifiers was carried out. The selection of target
linker groups was selected on the basis of price, commercial
availability and simple trends in chemical structure.

Due to the significantly lower price of aryl C–H compounds
compared with C–F compounds the benzene di-ol compounds
hydroquinone 1,4-(OH)2C6H4, and resorcinol 1,3-(OH)2C6H4 (C
and D in Chart 4) were selected. These allow a simple
comparison with the tetrafluorohydroquinone derivative A, to
see if the same boost in ethylene polymerisation activity can be
delivered more economically. To investigate the effect of spacer
length, three diphenol derivatives were selected: 4,4′-biphenol

(HO)C6H4–C6H4(OH), (CH3)2C(C6H4OH)2, and (CF3)2C(C6H4-
OH)2 (E–G in Chart 4). The bisphenol A derivatives F and G
were selected to study the effect of CH3 vs. CF3 groups on the
linker modified sMAOF support. Finally, the effect of different
aromatic linker was investigated, using two isomers of
naphthalene-diol, 2,5-(OH)2(C10H6) and 2,6-(OH)2(C10H6) (H
and I in Chart 4).

Upon addition of these aromatic di-ol modifiers to sMAO,
effervescence was observed in all cases, confirming a
protonolysis reaction with concomitant release of methane gas.
All synthesised sMAOF(0.0025,M) samples were characterised
by ICP-MS and N2 physisorption studies (Table 2).

The BET surface area of sMAOF(0.025,M) samples with
linker modifiers C–I (range = 405.0–664.2 m2 g−1), are all
lower that of the control (688.9 m2 g−1). This suggests that
the proposed cross-linker effect, increasing the surface are of
the sMAOF, is unique to linker modifier A.

X-ray total scattering data for sMAOF(C) and sMAOF(E)
samples (Fig. S16 and S17,† respectively), are consistent with
incorporation of the –O(Ar)O– linker groups in the modified
solids. It is postulated that the structural modification in
these cases has a destabilising effect on the sMAOF clusters.

Fig. 6 SEM image (×4000 magnification) of PE samples from a catalyst
based on sMMAO(0.05,A).

Fig. 7 Ethylene polymerisation activities for (EBI)ZrCl2 supported on
sMAOF(0.025,A) with variable [AlsMAOF]0/[Zr]0 loadings. Activity (kgPE
molZr

−1 h−1) in black; molecular weights, Mw (g mol−1), in blue; and
polydispersities, Mw/Mn, in parentheses.

Chart 4 Diol linker modifiers selected for this study.
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Slurry phase ethylene polymerisation studies

The complex (EBI)ZrCl2 was immobilised on the surface of
the linker modified sMAOF(0.025,M) samples and all
catalysts were tested for polymerisation capability in a 150
mL ampoule reactor at an ethylene pressure of 2 bar. The
average activity data for each polymerisation reaction are
collated in Table 2. The polymerisation activity is slightly
boosted in the case of M = D, E and I (13.2, 12.8, and 12.7 ×
103 kgPE molZr

−1 h−1, respectively) with respect to the control
catalyst system (11.9 × 103 kgPE molZr

−1 h−1). These data
suggest that an electron withdrawing aryl-fluoride modifier is
not a strict requirement for a highly active catalyst support.
The remaining linker modifiers M = C, F, G, H show lower
activity values with respect to the control catalyst (11.3, 9.04,
4.98, and 10.7 × 103 kgPE molZr

−1 h−1, respectively), and no
clear structure/activity trends between the structure of the
linker or the surface area of the sMAOF are apparent.

Scale-up polymerisation studies carried in a 2 L reactor at
an ethylene pressure of 8 bar (Table 3, Fig. S23†) confirm
sMAOF(0.025,A) as the most activating support for the (EBI)
ZrCl2 immobilised catalyst showing a value of 163 × 103 kgPE
molZr

−1 h−1, which corresponds to a +40% and +17% increase
with respect to the control and C6F5OH-modified sMAO
supports, respectively (116 × 103 and 140 × 103 kgPE molZr

−1 h−1,
respectively). The GPC data for the polyethylene produced by

(EBI)ZrCl2 supported on sMAOF(0.025,M) show molecular
weight (Mw) values, ranging from 155 to 118 kg mol−1 (Fig.
S27†). These are higher Mw values than those for the control
catalyst (99.4 kg mol−1) and an analogous catalyst system based
on C6F5OH modified sMAO (87.3 kg mol−1). A decrease in Mw

can be attributed to an enhancement of chain transfer to
aluminium,119,120 which is promoted by an increased
concentration of Lewis acid sites, and a decrease in surface
area in the C6F5OH modified sMAO catalyst systems.76 This
problem is circumvented in the sMAOF based catalysts, which
can be correlated with the larger surface areas with these
modified supports. Higher polymer Mw values could also be
explained by a decrease in “free” TMA in the diol-modified
catalyst systems with respect to unmodified sMAO.24,26,29,121–125

Conclusions

Samples of solid polymethylaluminoxane have been modified
with 8 different aryl di-ol modifier reagents on a gram scale.
These solids have been extensively characterised using ICP-
MS analysis, diffuse-reflectance FT-IR, solution and solid
state NMR spectroscopy, SEM–EDX, X-ray PDF and N2

physisorption studies.
DRIFT spectroscopy confirms that no hydroxy groups are

present in the modified samples, consistent with a double
deprotonation of the aryl diol O–H groups, producing

Table 2 Characterisation data for solid MAO supports modified at 2.5 mol% initial loading and slurry phase ethylene polymerisation data with (EBI)ZrCl2
supported precatalysts

Modifier BET (m2 g−1) Al wt% Activity/103 (kgPE molZr
−1 h−1) Mw (kDa) Mw/Mn

Control 688.9 39.0 11.9 99.4 3.6
A 785.6 31.5 15.7 119 4.3
C 664.2 32.7 11.3 129 4.2
D 656.1 32.0 13.2 152 4.2
E 656.1 23.7 12.8 129 4.3
F 656.7 33.6 9.04 135 3.9
G 580.5 26.0 4.98 192 4.0
H 405.0 33.6 10.7 133 4.2
I 631.8 28.2 12.7 119 4.0

Polymerisation conditions: 10 mg catalyst, 2 bar C2H4, 70 °C, 30 minutes, [AlTIBA]0/[Zr]0 = 1000, hexanes (50 mL). All polymerisation
experiments were conducted at least twice to ensure the reproducibility of the corresponding outcome and mean activity values are quoted
correct to 3 significant figures.

Table 3 Characterisation and scale-up ethylene polymerisation data for solid MAO supports modified at [M]0/[AlsMAO]0 = 0.025, and slurry phase
ethylene polymerisation data with (EBI)ZrCl2 supported precatalysts

Modifier Support Al wt% Catalyst [Al]/[Zr] Activity/103 (kgPE molZr
−1 h−1) Mw (kDa) Mw/Mn

Control 35.2 199 116 99.9 3.6
C6F5OH 31.6 226 140 87.3 3.9
A 31.5 179 163 122 4.3
C 32.7 178 99.5 129 4.3
D 35.2 178 81.7 155 4.2
E 33.7 178 103 134 4.0
I 28.2 195 108 118 4.0

Polymerisation conditions: 25.0 mg catalyst, 8 bar C2H4, 80 °C, 60 minutes, 2.5 mL triethylaluminium, 1000 mL hexanes. All polymerisation
experiments were conducted at least twice to ensure the reproducibility of the corresponding outcome and mean activity values are quoted
correct to 3 significant figures.
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methane (CH4) and two new Al–O bonds. Solution and solid
state 19F NMR spectra with linker modifier A are consistent
with the incorporation of a –O(C6F4)O– group between sMAO
sub-units in a cross-linked structure, described as a solid
polymethylaluminoxane organic framework (sMAOF). We
tentatively propose two “structural” TMA molecules are
replaced with one analogous Me2Al–O(C6F4)O–AlMe2. The
“structural” groups formed are not labile, and bind strongly
to type I and/or type II Lewis acid sites in the MAO cluster,
with one –O(C6F4)O– ligand bridging two Al centres at each
end, on two separate cluster sites.

1H NMR spectroscopy data in THF-d8 reveal that sMAOF(A)
modified at 2.5 mol% initial loading can generate both
AlMe3(THF) and [AlMe2(THF)2]

+ species, but at 5 mol%
modifier loading results in a significant decrease in ionisation.

ICP-MS, SEM–EDX and X-ray PDF analysis of sMAOF(A)
confirms the incorporation of –O(C6F4)O– units in the solid
samples, and an increased modifier loading leads to an
increase in linker concentration. N2 physisorption isotherms
reveal that the HO(C6F4)OH linker modifier yields a sMAOF
with a significantly increased BET surface area and
micropore volume with respect to the parent sMAO support.

These novel sMAOF materials were tested as activating
supports for a (EBI)ZrCl2 precatalyst in slurry phase ethylene
polymerisation studies. At an optimised modifier loading of
2.5 mol%, the polymerisation activity of the (EBI)ZrCl2–
sMAOF(A) system is increased by +32% (150 mL scale) and
+40% (2 L scale) with respect to the (EBI)ZrCl2–sMAO control
catalyst, under identical zirconium loading and
polymerisation conditions. However, an analogous catalyst
system based sMAOF(0.05,A) resulted in a significant drop in
activity and unusual polymer morphology, which may be
explained by a smaller amounts of transient [AlMe2]

+ species
being generated at higher linker modifier loadings.

Furthermore, equivalent catalysts supported on alternative
diol linkers sMAOF(C–I) with [M]0/[AlsMAO]0 = 0.025, did not
provide such a significant boost in polymerisation activity,
indicating that a structure/activity relationship in these
catalyst systems is more complex than simple trends in
surface area of the sMAOF. More research is required into
the nature of the active catalytic sites and the possible
interaction of the linker modifier, in order to further
optimise single-site catalyst performance with sMAOF
activating supports.
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