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ABSTRACT: Post synthesis modification of solid polymethylaluminoxane (sMAQO) with tris(pentafluorophenyl)borane or
pentafluorophenol produces highly active metallocene supports “sMMAQs” for use in slurry-phase ethylene polymeriza-
tion. Characterization of the SMMAOs using ICP-MS analysis, BET isotherm, SEM-EDX, diffuse FT-IR and solid state
NMR spectroscopy reveals that the surface methyl groups are exchanged for C¢F;and CsF;O moieties respectively, giving a
material with reduced aluminum content and a lower specific surface area than sMAQO. Rac-ethylenebis(i-indenyl) zirco-
nium dichloride, {(EBI)ZrCl,} immobilized on B(CsF,), and CcF;OH modified sMAO displayed activity increases of 66 and
71% respectively for ethylene polymerization compared to the same zirconocene catalyst precursor on unmodified SMAQO.
In the case of B(C4F,), modified sMAO this enhanced polymerization activity is accompanied by excellent control of pol-
ymer particle size and morphology, and a small decrease in polymer molecular weight and polydispersities.

INTRODUCTION

Methylaluminoxane (MAO) is widely used as a potent
activator for metallocene complexes in olefin polymeriza-
tion.' The precise structure of this oligomeric material has
been the subject of longstanding debate, due to its com-
plicated and dynamic composition.”* There has been sig-
nificant progress in the last few years in the characteriza-
tion of MAO and its function as a source of an electro-
philic cation, [AlMe,]*, which plays a key role in the acti-
vation of metallocene complexes.”™ Computational mod-
els of MAO indicate that with increasing aggregation of
[AI(O)Me] units, the structure changes from sheets to
nanotubes to cages."” Strategies to modify MAO have
mainly focussed on improving its solubility and stability
in solution. For example, replacement of methyl groups
for larger alkyls such as Et, ‘Bu or Oct results in a modi-
fied aluminoxane species, so-called MMAO, that exhibits
higher solubility but lower activity.*"* Other strategies
have involved addition of dopants to soluble MAO. Addi-
tion of electron donors such as  2,2,6,6-
tetramethylpiperidine (TMP) were shown to decrease
polymerization activity, whereas addition of electron ac-
ceptors such as (MeBO),, R,B(OH) and RB(OH), were
found to enhance the activity.”"”

Park and co-workers reported that MAO solutions can
be modified by the addition of Lewis acids such as
B(C4Fs), or Al(C4F,), (Scheme 1a).° These researchers sug-

gested that an alkyl exchange reaction occurs between the
methyl groups of the MAO backbone and the C¢F, groups
of the modifiers. These modified MAOs (MMAOSs) were
tested as activators and co-catalysts for solution phase
olefin polymerization; when Al(C¢F;); was used in a
0.0055 moly loading with respect to MAO, a 7-fold in-
crease in activity for polyethylene was observed.

Scheme 1. Schematic of the synthetic routes to (a)
Lewis acid; (b) phenoxy modified MAO solutions;
and (c) free TMA removal. A linear MAO formula is
shown for simplicity.
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Aryloxide modified MAO solutions have also been syn-
thesized,”™ either via protonolysis of MAO with a phe-
nolic reagent (Scheme 1b), or by reaction of trimethyl-
aluminum (TMA) with a phenol followed by controlled
hydrolysis of the product with water. In ethylene
polymerization studies, Kissin found that bulky 2,6-
disubstituted phenols and pentafluorophenol have a posi-
tive effect on the activating capabilities of the obtained
MMAO.”** Another well-known chemical treatment of
MAO utilizes hindered phenols such as 2,6-di-tert-butyl-
4-methylphenol (BHT) to scavenge the ‘free’ trimethyl-
aluminum (TMA) present in MAO solutions, yielding a
hindered phenoxide-alkylaluminum species (Scheme 1c)
that does not interact with the catalyst complex. The re-
maining TMA depleted MAO (dMAO) is also an effective
catalyst activator which can increase the activity and mo-
lecular weight of the resulting polymer,”** depending on
the nature of the pre-catalyst complex.”

The heterogenization of molecular single-site catalyst
precursors is required for gas phase or slurry phase olefin
polymerization.”**® A large number of inorganic-based
catalyst supports have been developed for these purposes;
commonly using MAO impregnated on inert ‘carrier’ ma-
terials such as clays, silicas, zirconium oxide, magnesium
halides, alumina and zeolites, with silica being the most
important for slurry-phase olefin polymerization.>** Hy-
brid metal-organic supports containing fluorine are also
of growing interest, as they can immobilize metallocene
complexes to produce highly active catalyst systems with-
out the need for MAO or borate salts.3*3° One strategy to
improving the overall performance of catalyst systems is
by tuning the support to provide higher activity or gener-
ate different polymer properties, whilst maintaining the
single-site nature of the immobilized complex.3*® There
is also a significant interest in increasing the particle size
of single-site supported catalysts,” which has benefits for
the industrial application of this technology as it can pre-
vent reactor fouling.*

Electron withdrawing compounds such as pentafluoro-
phenol have been reported in the patent literature as
modifiers for silica-supported MAO.*® Sauter et al. have
recently extended this approach using the concept of sur-
face organometallic chemistry, and synthesized a well-
defined bipodal bis(pentafluorophenol) aluminate
[(=Si0),Al(OCF,),] [HNEt,Ph]* (Scheme 2).*° This solid
was characterized by solid state NMR and DRIFT spec-
troscopy and proved to be an activating support for zir-
conocene pre-catalysts (EBI)ZrCl, and "™ Cp,ZrCl, in slur-
ry-phase ethylene polymerization reactions, with and
without 1-hexene as the co-monomer. The catalytic activi-
ty and the physical properties of the resultant polymers
were comparable with the classical industrial standard,
namely silica-supported MAO using the same zircono-
cene complexes.**

Scheme 2. Schematic of the preparation of a
bis(pentafluorophenoxy)aluminate activating sup-
port.*
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In 2005, researchers at Borealis reported an alternative
emulsion-based heterogenization technique for single-site
polymerization catalysts.** In this method, a pre-activated
metallocene-MAO solution in toluene was used to form
an emulsion by addition to a cooled perfluorooctane con-
taining a surfactant-MAO - prepared in situ by reaction of
perfluoroheptanol and MAO. This cooled emulsion was
solidified by addition to hot perfluorooctane, to produce
uniformly spherical catalyst particles that were active for
the copolymerisation of ethylene and 1-hexene. Such ‘self-
supported’ catalysts have the advantage over silica-
supported systems as the complex loading can be in-
creased significantly, which leads to correspondingly
higher polymerization activities.

Another carrier-free support material, solid polymeth-
ylaluminoxane (sMAO), is a hydrocarbon insoluble form
of methylaluminoxane that was originally reported in the
patent literature by Tosoh Finechemicals, Japan?' We
have recently reported the laboratory scale synthesis and
detailed characterization of sMAO,” and demonstrated
its function as a support, scavenger and activator in slur-
ry-phase ethylene polymerization. Observed activities are
significantly higher than for other supports; for example
SMAO-rac-ethylenebis(i1-permethylindenyl)  zirconium
dichloride is at least three times more active than its sili-
ca-supported MAO counterpart (5365 vs. 1649 kgpgmoly,~
'h™bar ' respectively).***

Characterization of sMAO using multinuclear NMR
spectroscopy in solution and the solid state reveals an
aluminoxane structure that features ‘free’ and bound Al-
Me, units and a benzoate residue. Total X-ray scattering
measurements on sMAO allow comparisons to be made
with simulated data for DFT modelled structures of MAO.
We found that TMA-capped nanotubes (AlO-
Me), -(AlMe;), or cage structures (AlOMe),, ,-(AlMe;),,, n
> 20, m = 1,2, best account for the experimental data.***’

Herein, we report the synthesis, characterization and
catalytic performance of pentafluorophenyl and pen-
tafluorophenoxy-modified solid polymethylaluminoxanes
(sSMMAO), which act as efficient activating supports for
slurry-phase ethylene polymerization. The aim of these
studies is to design and synthesize a commercially effec-
tive solid support for a zirconocene-based polymerization
system with a decreased aluminum content that can de-
liver commercially relevant catalytic activities and pro-
duce industrial-grade polyethylene.

RESULTS AND DISCUSSION
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Synthetic modification of solid polyaluminoxanes
(sMMAOs)

Solid polymethylaluminoxane (sMAO) may be synthe-
sized by the controlled hydrolysis of TMA with benzoic
acid,® followed by two thermolysis steps (Scheme 3). We
have reported that the ratio of these reactants is critical to
the function of sMAO as an activating support,” with an
[Al]:[O] ratio of 1.2 giving highest ethylene polymerization
activity. Our starting point for the current study focussed
on introducing C¢F,OH as a modifier compound at differ-
ent stages in this procedure.

Scheme 3. Optimized procedure for the synthesis of
sMAOQO.*®

Step 1 Step 2 Step 3
PhCO,H
2.4 AMe; —— > Aluminoxane MAO sMAO
15°C precursor 80 °C 100 °C
0.5h + CH, 28 h 16 h

Reactions of CsF;OH with the TMA-benzoic acid mix-
ture after Step 1, Step 2 and Step 3 of the procedure all
yielded  colorless  solids, so-called synthesized
sMMAO(C4F;OH), which were characterized by NMR
spectroscopy, N, physisorption and ICP-MS analysis.
However, screening the synthesized sMMAO(CsF,OH)
samples as supports for (EBI)ZrCl, in slurry-phase eth-
ylene polymerization reactions, revealed in each case a
lower activity with respect to the synthesized sSsMAO con-
trol, and SEM imaging of the polyethylene samples re-
vealed a poor irregular morphology. McKenna and co-
workers have made significant progress in describing the
complex relationship between catalyst particle morpholo-
gy, rate of reaction and polymer properties.*>* Highly
amorphous polymer particles were modelled by an in-
creased rate of stress generation in the pore space of the
material, leading to early fragmentation at low polymer
yields.>® The polyethylene samples obtained from synthe-
sized SMMAO(CgF;OH)-(EBI)ZrCl, catalysts appear to fit
this model.

Full synthetic procedures, characterization data and
polymerization studies for the synthesized
sMMAO(C¢F;OH) samples are included in the Supporting
Information. Of these supports, the sMMAO(CsF,OH)
produced via a post-synthesis modification of sMAO
showed the most promising catalytic performance, and
therefore this synthetic route was investigated further.

The post-synthesis modification of SMAO was carried
out on a preparative scale using two modifiers (M),
B(C4F,); and C¢F;OH, using a range of M:Al mole ratios in
reactants (0.01, 0.05, 0.10 and 0.20) in order to study the
effect of modifier loading on sSMMAO structure and per-
formance as an activating support. For brevity, each mod-
ified solid polymethylaluminoxane prepared herein will
be represented as SMMAO(x/M), where x is the [M]/[Al]
loading in reactants, and M is the reactant modifier com-
pound.

In a typical experiment, SMAO was suspended in tolu-
ene, a solution of the modifier in toluene was added, and

the reaction mixture was placed in an ultrasound bath.
Sonication for 1 h led to an increase in water bath temper-
ature from 25 to 45 °C, longer periods were avoided to
prevent possible thermal decomposition, as reported for
MMAO(B(C6F5)3).16 Following cooling to room tempera-
ture, the resultant slurry was then treated with hexane to
extract the by-products and encourage precipitation of a
colorless solid. After settling, the supernatant solution
was removed, and the solids were washed, vacuum dried
and isolated in good to quantitative yield (73-99% with
respect to aluminum). A control reaction was also carried
out, using an identical procedure but without the addi-
tion of a modifying compound.

Characterization of sSMMAO samples

Initial test reactions of sSMAO with B(CF;), and CsF;,OH
were carried out on a small scale in a J. Young NMR tube
using a [M]/[Al] loading of 0.10, and monitored by 'H and
F NMR spectroscopy. Solid MAO is insoluble in aromatic
and aliphatic hydrocarbons (no 'H NMR spectrum was
observed in cyclohexane-d,, and toluene-dg) but is suffi-
ciently soluble in THF-dg, to be studied by solution NMR
spectroscopy. Samples of sMAO and B(C4F;), were mixed
at room temperature with THF-dg, however only NMR
resonances attributed to (C¢F,),B(THF) and sMAO were
identified, and heating the mixture to 8o °C resulted in
the formation of a gelatinous solid which precluded fur-
ther characterization. Klosin et al. reported a similar find-
ing that aryl/alkyl group exchange reactions between
(C4F5);B(THF) and TMA do not occur in coordinating
solvents.® A mixture of SMAO and B(CsF,), ([M]/[Al] =
0.10) in toluene-dg was shaken at room temperature, set-
tling into a white solid beneath a colorless solution. NMR
spectroscopy revealed the formation of (C¢F;),BMe*>° in
44% conversion after sonication for 1 h at a temperature
of 2545 °C (Figure S1 in the Supporting Information). The
formation of (C¢F;),BMe is consistent with exchange of a
CgF; ligand for a CH, group in sMAO, as observed in the
room temperature reaction of TMA and B(CgF;), in tolu-
ene-dg, which affords (CeF;)Al,Mes_, (x = 0-6) and BMe,
in a mixture that is dependent on the ALB ratio em-
ployed.®

Addition of a toluene-ds solution of CsF;OH to sSMAO
(IM]/[Al] = o.1), resulted in rapid effervescence of gas,
identified as methane in the '"H NMR spectrum (singlet at
8y 017 ppm). After 15 minutes sonication at room tem-
perature the “F NMR signals of CsF;OH had diminished
entirely, suggesting quantitative transfer of the C¢F,O
group onto the precipitated solid.

For both of these test reactions, the toluene-ds superna-
tant solution was removed by filtration and the insoluble
material was dried under vacuum. In each case, the color-
less solid residues were sparingly soluble in THF-dg and
NMR spectra (‘"H, “F, *’Al) were measured (Figures S2-S7
in the Supporting Information). The methyl region of the
'H NMR spectra proved the most diagnostic for monitor-
ing these reactions, exhibiting a sharp resonance at
Oy —0.64 ppm for sSMMAO(0.10/B(C¢F;);) and &y -0.82
ppm for sSMMAO(0.10/C¢F;OH), assigned to the AlMe
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protons adjacent to a CsF5 and C¢F,O group respectively.
The 'H NMR spectra also show features common to un-
modified SMAO, including a broad methyl resonance (8y
-0.20 to -1.20 ppm) and two sharp resonances (8 —0.60
and -0.96 ppm), assigned to bound and free AlMe, units
respectively, which remain in the structure.>® Relative
integration of the latter resonance in the sSMMAO(x/M)
'H NMR spectra (Tables S2-S3 in the Supporting Infor-
mation) reveals a general decrease in free AlMe, with in-
creasing modifier loading. We tentatively propose that
the free AlMe, component of sMAO reacts preferentially
with the modifier compounds according to Scheme 4, and
becomes bound to the core aluminoxane structure. A sim-
ilar mode of reactivity for solution MAO has been report-
ed by Macchioni and co-workers,” in which TMA-
depleted MAO (dMAO) was shown to react with 2,6-di-
tert-butylphenol to produce -OAI(OAr) “decorated”
dMAO.

Scheme 4. Schematic of the synthesis of B(C4F), and
C¢F;,OH modified sMAO and schematic representa-
tions of their proposed structures.
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Solid samples were analysed by solid state NMR
(SSNMR) spectroscopy in order to provide more insight
into the structure of the SMMAQO materials. The “F{'H}
DP-MAS SSNMR spectrum of sMMAO(o.10/B(CgF;),)
(Figure 1a) shows resonances centered at-125.3, -159.3
(shoulder) and -165.8 ppm, assigned to a bound CgF;
group on the basis of similar isotropic &y values in
Al(CgF,), (Figure Sg in the Supporting Information) and
silica-supported borane species (ESiO),,B(C(,FS)B_r,.58 For
comparison, the “F{'H} solution NMR spectra of B(C4F;),
modified sSMAO in THF-dg solution (after washing of the
sample with toluene-hexane) showed a principal set of
three resonances at -123.2, -158.3 and -164.2 ppm assigned
to the o-, p- and m-positions of the bound C¢F, group re-
spectively. Samples of sMAO modified with Al(C4F,), and
(C4F5),AICI each showed identical ’F NMR resonances as
sMMAO(o0.10/B(CFs),) in THF-ds solution, supporting the
proposed Me/C¢Fs ligand exchange. The 'H-—3C{“F}
CP-MAS SSNMR spectrum of sMMAO(0.10/B(CgF;),)
(Figure 1b) shows an intense signal at -7.9 ppm, assigned
to the various CH, environments in the aluminoxane
backbone, and several overlapping resonances in the ar-
omatic region (150-127 ppm), which are assigned to the
phenyl ®C nuclei of the benzoate and pentafluorophenyl
residues. The “F3C{'H} CP-MAS SSNMR spectrum (Fig-
ure 1b, inset) shows 3 principal resonances at 140.7, 128.5

and 102.0 ppm, in the expected region for an aluminum-
bound C¢F5 group (Figure Sio in the Supporting Infor-
mation). No "B resonances were observed in the solution
or solid state NMR spectra of B(C4F;), modified samples,
and elemental analysis confirmed that no boron was in-
corporated into the aluminoxane structure.
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Figure 1. Solid state NMR spectra of sMMAO(0.10/B(C4F;),);
(a) “F{'H} DP-MAS; (b) 'H-BC-{F} and (inset) “F-BC{'H}
CP-MAS SSNMR. Additional SSNMR spectra are shown in
the Supporting Information.

The “F{H} DP-MAS SSNMR spectra  of
sMMAO(o.10/C¢F,OH) (Figures S13-S14 in the Supporting
Information) show resonances centered at -166 ppm, with
spinning sidebands, consistent with the incorporation of a
pentafluorophenoxy group. For comparison, the “F{'H}
solution NMR spectra sMMAO(0.10/CsF;OH) in THF-dg
solution showed three resonances at -164.8, -169.0 and -
177.4 ppm assigned to the o-, p- and m-positions of the
bound C¢F; group respectively. These separate chemical
environments are not resolved in the F SSNMR spectra
due to broader linewidths of the resonances. The 'H—53C-
{"F} CP-MAS SSNMR spectrum of sMMAO(o0.10/CsF,OH)
(Figure Si5 in the Supporting Information) shows similar
features to that of SMAO, apart from a resonance at 138.7
ppm, assigned to the phenyl ®C nuclei of the C4sF,O modi-
fier group. The “F3C{'H} CP-MAS SSNMR spectrum of
C¢F,OH modified sMAO shows a single resonance at 138.5
ppm (Figure S16 in the Supporting Information), con-
sistent with the assignment proposed.

The *Al Hahnecho® SSNMR spectra of sMMAO
(0.10/B(C¢F);) and (0.10/CsF;OH) at 15 kHz both show a
broad envelope between 630 - -715 ppm, which is very
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similar to that of the unmodified sMAO (Figures Si2 and
S17 in the Supporting Information).*

Diffuse reflectance Fourier transform infrared (DRIFT)
spectroscopy was employed to further characterize the
structural properties of the active supports (Figures S18-
S20 in the Supporting Information). The DRIFT spectrum
of SMAO shows several bands between 2700-3100 cm™
and ca. 1445 cm™ characteristic of v(C-H) and &§(C-H)
modes respectively.” Infrared bands at ca. 1257 and 1220
cm are assigned to bridging and terminal-CH, groups
respectively by comparison with FT-IR spectra of
M AO.GLGZ

The DRIFT spectra of sMMAO (0.10/B(C¢F;);) and
(0.10/C¢F;OH) displayed new bands at 1641 and 1654 cm™
respectively (Figure 2), that are assigned to the aromatic
ring stretching modes v(C,,,=Csp,) of the CgF; and C4F,O
groups.”® These bands increase in relative intensity as
the molar loading of modifier is increased (Figures S21-

S22 in the Supporting Information).
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Figure 2. Selected region of the DRIFT spectra (NaCl win-
dow) of (a) sMAO (b) sMMAO(0.10/B(C¢Fy);) and (c)
sMMAO(0.10/CcF;OH). Spectra are vertically offset for clarity
with aromatic ring stretching modes of the C¢F groups high-
lighted. Additional DRIFT spectra are shown in the Support-
ing Information.

Pyridine is often used as a probe molecule for the char-
acterization of Lewis acidity in metal oxides,” with an
increase in the IR stretching frequency of the vg, mode for
coordinated C;H,N (which is 1596 cm™ for the free mole-
cule) being correlated with higher Lewis acidity. The
DRIFT spectrum of sMAO after exposure to C;H,N(,) con-
tains a new band at 1619 cm™ (Figure S23 in the Support-
ing Information), consistent with the vg, mode of pyridine
bound to a highly Lewis acidic Al site.®*® For comparison,
FT-IR spectra of y-AlLO, and SiO,-ALO; show the vg,
mode of pyridine bound at 1625 and 1622 cm™ respective-
1y.**7 When sMMAO samples were exposed to C;H,N,
an IR band at 1619 cm™ was also present (Figures S24-S25
in the Supporting Information), and the positions of the
respective CgF; ring-breathing modes were essentially
unaffected by the presence of pyridine. These observa-
tions are consistent with pyridine binding to a Lewis acid-
ic Al site that is the same for modified and unmodified

sMAO samples, and that the surface-bound C¢F; and
C¢F,O groups in the modified samples do not directly
effect the Lewis acid/base binding interaction with this
probe molecule.

The aluminum content in the sSMMAO samples was de-
termined by ICP-MS analysis, which shows a progressive
decrease in Al with increasing M loading from 38.5 wt%
for the control sMAO to ca. 25 wt% in the
SMMAO(0.20/M). This is consistent with the replacement
of Al-bound methyl groups with heavier modifier groups.
The amount of fluorine, as quantified by elemental analy-
sis is 6.94 wt% for MMAO(o0.10/B(C4Fs),) and 1.2 wt% for
SMMAO(o0.10/CsF,OH), which corresponds to 0.061 and
0.092 moles of C¢F; groups per mole aluminum respec-
tively. These data show that at a o.10 [M]/[Al] loading, the
reaction of with sMAO with B(C4F), proceeds to a lesser
extent (with respect to modifier group transfer) than the
reaction of sMAO with C¢F;OH, which is consistent with
solution F NMR spectroscopy data under similar condi-
tions.

The spatial distribution of aluminium and fluorine on
the surface of the activating supports was investigated by
Scanning Electron Microscopy (SEM) with Energy Disper-
sive X-Ray (EDX) spectroscopy. Elemental mapping (Fig-
ure 3a) reveals a homogeneous distribution of aluminium
and fluorine on the sMMAO particles, and line scans
(Figure 3b) show the intensities of Al Ka and F Ka follow
the particle topology. The EDX analyses are consistent
with a higher fluorine content for sMMAO(0.20/C¢sF;OH)
with respect to sMMAO(o0.20/B(C¢F;),) (Figures S26-S27
in the Supporting Information).

The specific surface area of the sSMMAO samples was
determined by analysis of the N, gas physisorption iso-
therms using Brunauer-Emmett-Teller (BET) theory. All
samples show a Type II isotherm (Figures S28-S40 in the
Supporting Information),” which is typically exhibited by
inert gas physisorption on macroporous adsorbents. The
BET data (Table 1) show a progressive decrease in specific
surface area with increasing B(C¢F;), and C¢sF;OH modifier
loading, suggesting that the sterically demanding modifi-
er groups are decorating the aluminoxane surface and
blocking the porosity.

Table 1. Characterization data for sMMAO active
supports with different B(C¢F,), and CcF,OH modifier
loadings.

Modifi- Loading Yiel Free BET Al F
er (M) (moly/mol, d AlMe, (m’g") wt%  wt
) (%)  (mol% %
)

Control  0.00 98 18.3 580.9 385 -
B(C¢Fs); o.01 91 14.9 558.9 381 2.36
0.05 97 8.5 494.1 36.4 5.82

0.10 o1 7.1 460.6 32.5 6.9

4

0.20 73 6.2 430.9 25.3 7.39

CeF;OH o.01 89 15.6 578.0 37.5 1.21
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0.05 99 10.9 554.2 36.8 5.43
0.10 91 5.3 5319 34.4 1.2
0.20 95 1.6 440.3 25.4 18.4
0.40 84 <0.1 406.8 18.0 16.

Slurry-phase ethylene polymerization studies

The zirconocene pre-catalyst rac-ethylenebis(i-indenyl)
zirconium dichloride, (EBI)ZrCl,, was immobilized on the
surface of the sMMAO samples, by addition of toluene to

Electron Image 4
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a mixture of solid support and complex ([Al]:[Zr] = 200:1),
followed by heating at 60 °C for 1 h. After workup, bright
orange powders were isolated in good yield (>80%). The
ethylene polymerization activity of these catalysts was
tested to investigate the effect of B(C¢F;); and C¢F;OH
modifiers on slurry polymerization with increasing
[M]/[Al] loading. A graphical summary of the data is
shown in Figure 4, and the data are collated in Table 2.
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Figure 3. SEM-EDX analysis of sMMAO(0.20/C¢F;OH) particles showing (a) elemental mapping and (b) line scans for aluminum

(blue) and fluorine (red) K series.

Table 2. Ethylene polymerization and GPC data for
(EBI)ZrCl, on sMMAO supports with various modifier
loadings.

Modifi- Loading Activity/10* M, PDI
er (M) (moly/moly  (kgpgmolyz,™ (kg/mol (M, /M,
) h™) ) )
Control o0.00 119 107.7 4.2
B(C¢F5); o.01 131 127.2 43
0.05 1.36 101.6 4.0
0.10 173 93.9 3.7
0.20 1.98 79.2 3.9
CeF;OH o.01 1.29 156.4 4.7
0.05 1.50 132.9 3.7
0.10 1.54 122.3 41
0.20 2.04 153.8 4.7
0.40 1.54 2033 4.9

Polymerization conditions: sMMAO—(EBI)ZrCl,, 10 mg cata-
lyst, 2 bar C,H,, 70 °C, 30 min, [TIBA],/[Zr], = 1000, hexane
(50 mL). All polymerization 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.

Both B(CsF;); and CsF;OH modified supports show a
significant increase in polymerization activity with re-
spect to the control sMAO, under identical pre-catalyst
loading and polymerization conditions. Furthermore,
there is a clear trend of increasing activity with [M]/[Al]
loading for both modifers. The maximum activity values
occur at a [M]/[Al] of o.20 for B(CeFs); (1.98 x 10*
kgpemolz, 'h™) and C¢F,OH (2.04 x 10* kgpzmolz'h™),
which represent an increase of 66% and 71% respectively
in comparison with the control sMAO (119 x 10*
kgpgmolz'h™).

Solid (EBI)ZrCl,~sMMAO catalysts were tested on a 2 L
scale polymerization reactor, at an ethylene pressure of 8
bar. The ethylene consumption profiles for the modified
supports (Figure 5) show an increase from 1 to 3 min, con-
sistent with exothermic catalyst initiation.”” The con-
sumption profiles plateau out after ca. 7 min, reaching a
constant flow that is higher for sMMAO(0.10/B(C¢F;),)
and sMMAO(o0.40/C¢F;OH) with respect to sMAO. After
30 min the B(C4F,), modified catalyst shows a decrease in
ethylene uptake, indicating that the active sites are less
persistent. Overall, catalysts based on the modified sup-
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ports are active over a timescale of 1 hour and show high-
er final productivity values versus the control catalyst (see
Table S19 in the Supporting Information for full polymeri-
zation data).

Rationalization of these observed activity tends is not
immediately apparent, given the various differences in
surface area, structure and composition for the modified
supports, coupled with the poorly-defined nature of the
immobilized zirconocene species involved in the
polymerization.”””” One plausible explanation for the
observed trend is the decreased free AlMe, content in the
modified supports (Table 1). A similar trend has been re-
ported in a number of homogenous polymerization cata-
lyst systems,”>”*” in which TMA-depleted MAOs were
found to be more effective activators than MAO.

Another possibility is that the surface-bound C¢F; and
CgF,O groups on the support lead to an increase in sepa-
ration between the charged species formed after zircono-
cene activation, which in turn enhances the performance
of the catalytically active species. Computational studies
by Zurek and Ziegler of MAO-activated Cp,ZrMe,-
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catalyzed olefin polymerization (using a cage structure to
model MAO) have correlated a larger ion-pair separation
in the proposed active species with a lower barrier to eth-
ylene insertion.”®7

The GPC data for the polyethylene produced by
(EBI)ZrCl, supported on sMMAO(B(CgFs),) show that the
polyethylene molecular weights decrease with increasing
modifier loading, ranging from 127.2 to 79.2 kg/mol, and
polydispersities that are reasonably constant between 3.7
< M,/M, < 4.3, compared with 4.2 for the control sMAO
supported catalyst. The observed decrease in M,, is com-
mensurate with a small enhancement of chain transfer to
aluminum,**® which could be promoted by an increased
concentration of Lewis acid sites in the B(C4F,), modified
catalyst systems. The polymers produced from
SMMAO(C4F;OH)-(EBI)ZrCl, catalysts show generally
higher molecular weights and polydispersities compared
with those from sMAO and sMMAO(B(C4F;),) supported
catalysts. This can be explained by a corresponding de-
crease in chain transfer to free AlMe,,® which has been
depleted in the C¢F,OH modified catalyst systems.
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Figure 4. Ethylene polymerization activities for (EBI)ZrCl, supported on sMMAO with variable loadings; (a) B(C4F); and (b)
CsF;OH. Molecular weights (M,,), and polydispersities (M,/M,). Activity (kgpgmolz, 'h™) in black; molecular weights, M,,

(g/mol), in blue; and polydispersities, M,,/M,, in parentheses.
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Figure 5. Ethylene flow in standard litre per minute
(SLPM) during polymerization for (EBI)ZrCl,-sMMAQO
catalysts. Polymerization conditions: 25 mg catalyst, 8 bar
C,H,, 80 °C, AlEt, = 2.5 mL, hexane (1000 mL).

SEM images of the sMMAO samples reveal that the par-
ticle size and morphology is not significantly affected by
B(C4F,), modification with respect to the control (Figures
6a-b). Furthermore, SEM images of polyethylene samples
obtained from (EBD)ZrCl, immobilized on
sMMAO(B(C4Fs),) (Figure S49-Ss0 in the Supporting In-
formation) show a popcorn-like morphology, confirming
that the support acts as a template for the growing poly-
mer chain.” However, modification of the support with
C¢F;OH results in disruption of this popcorn morphology,
showing more jagged microstructure for the sMMAO
(Figure 6¢) and consequentially in the PE produced with
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(EBI)ZrCl, (Figures Ss1-Ss2 in the Supporting Infor-
mation).

SEI 10k WDImm

Figure 6. SEM images (x5000 magnification) of catalyst sup-
ports; (a) sMAO(control); (b) sMMAO(0.10/B(C4Fs),); (c)
sMMAO(0.10/CcF;OH).

We postulate that methane gas released in the reaction
of C¢F;OH with free AlMe, has a “volcano-like” effect in
the pores of the sMAO, which leads to the more angular
morphology in the support at higher C¢F;OH modifier
loadings. It is well-accepted that the particle fragmenta-
tion process is an extremely important step in determin-
ing the final morphology of a growing catalyst/polymer
particle, and it can have a strong influence on the ob-
served kinetics during the polymerization reaction.*

Polymer particle size is not significantly affected by
C¢F;OH and B(Cg¢F;); sSMMAO supports with respect to
the unmodified sSMAO.

At a [M]/[A]] loading of 0.40 the CsF,OH modifier has a
retarding effect on the polymerization performance of the
supported (EBI)ZrCl,. This catalyst system displays an
average activity of 1.54 x 10* kgpgmol;, "h™ and produces
polyethylene with a significantly higher molecular weight
(203.3 kg/mol) and broader polydispersity (M,,/M, = 4.9).
SEM images of sSMMAO(o0.40/CsF,OH) catalyst supports
show a more angular morphology and a larger range of
particle sizes (Figure S44 in the Supporting Information).
Furthermore, the PE particles produced show a “cauli-
flower-like” structure (Figure S52 in the Supporting In-
formation), which Kosek and co-workers have correlated
with a non-uniform distribution of catalyst activity.*®

The 'H NMR spectrum of sMMAO(0.40/CsF;OH) in
THF-dg shows less than 0.1% free AlMe,, and we postulate
that the exhaustive reaction of AlMe, with CcF;OH leads
to the rough morphology observed. The “F NMR spec-
trum of SMMAO(0.40/C¢F;OH) shows three sets of o-/p-
/m-F resonances (Figure S8 in the Supporting Infor-
mation), consistent with multiple CcF,O environments
and a non-uniform surface composition.

CONCLUSIONS

Solid polymethylaluminoxane samples have been modi-
fied with B(CgF;); and C¢F;OH at four different loadings.

These solids have been extensively characterized using
solution and solid-state NMR spectroscopy, DRIFTS,
SEM-EDX, N, physisorption and ICP-MS analysis. The
characterization data are consistent with a reduced
amount of ‘free’ AlMe, and incorporation of C¢Fy and
C¢F;O groups onto the sMAO surface structure. Ethylene
polymerization using (EBI)ZrCl, immobilized on the
modified polymethylaluminoxanes show that as the
modifier loading ([M]/[Al]) is increased from o to o.20,
the polymerization activity increases for B(C¢Fs), and
C¢F;,OH by 66% and 71% respectively, under identical
zirconium loading and polymerization conditions.

Excellent control of the polymer molecular weight and
morphology is maintained in the case of the B(C4F,),
modified polymethylaluminoxane. We postulate that the
incorporation of aluminum-bound C¢F; groups leads to an
increased concentration of Lewis acid sites in this active
support. In contrast, C;F;OH modified polymethylalumi-
noxane results in particles with a more angular morphol-
ogy, and the polyethylene produced shows more irregular
particle shapes compared with the unmodified control
catalyst. We postulate that the reaction of CsF;OH and
‘free’ AlMe, within the pores of SMAO causes a distortion
in the support morphology and leads to a non-uniform
distribution of active sites.

Investigations are underway to probe the surface inter-
action of the immobilized zirconocene with the sMAO,
and fully rationalize how modification of the support with
electron-withdrawing arylfluorine groups leads to the
observed enhancement in catalytic activity.
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