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Novel permethylindenyl-phenoxide (PHENI*) ansa-metallocene
titanium complexes have been synthesised and immobilised on
inorganic solid supports to afford highly effective catalysts for
slurry-phase ethylene polymerisation. When supported on solid
polymethylaluminoxane these complexes were both extremely active
(up to 3.7 x 10° gpe moly; * h™* bar ™) and produced substantially
disentangled polyethylene with a weight-average molecular weight
(M,,) of 3.4 MDa (disUHMWPE).

Group 4 metallocenes are a key alternative to traditional hetero-
geneous Ziegler-Natta and Philips catalysis in the polymerisation
of olefins. Kaminsky catalysts - metallocenes activated with
methylaluminoxane (MAO) - are homogeneous, exhibit single-
site behaviour, and are used in applications where fine control of
the polymer molecular weight and distribution, co-monomer
content and microstructure are required.'

Kaminsky metallocene catalysts are commonly immobilised
on solid inorganic supports to facilitate large-scale industrial
applications. This approach combines the advantages of con-
trollable single-site homogeneous catalysis with the industrially
desirable process engineering of heterogeneous systems. Sup-
ports used in this context have included those based on silica,’
alumina,® and zirconia.” Recently, we have reported layered
double hydroxides (LDHs) synthesised using an aqueous mis-
cible organic solvent treatment method as slurry-phase poly-
merisation supports.”” Solid polymethylaluminoxane (solid
MAO, sMAO) is a partially hydrolysed, hexane-insoluble form
of MAO which does not require modification to act as an
activating catalyst support and has been shown to produce
polymers with narrow molecular weight distributions and
single-site catalysis performance profiles.®
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Supported permethylindenyl titanium catalysts for
the synthesis of disentangled ultra-high molecular
weight polyethylene (disUHMWPE)+
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Recent developments in post-metallocene catalysts include
constrained geometry complexes (CGCs) and Phenoxy-Induced
Complexes of Sumitomo (PHENICS). CGC is a term originally
describing ansa-cyclopentadienyl-amido complexes but now
encompasses a wide variety of related isolobal systems based
on transition metals and the lanthanides, many of which show
exceptional activity towards polyolefin synthesis.'"'*> PHENICS
is a more recent technology, employing ansa-cyclopentadienyl-
phenoxide ligands, developed by Sumitomo Chemical Co., Ltd.
(Japan). Initial studies on ethylene-1-hexene copolymerisation
indicate that PHENICS catalysts are highly active and produce
high molecular weight polymers. An improvement in activity is
reported over CGC catalysts, particularly at high temperature,
with single-site catalytic behaviour maintained above 200 °C."*™*¢

Herein, we report the efficient synthesis of a new family of
permethylindenyl (Ind*, I*) phenoxide (PHENI*) ansa-metallocenes,
and their subsequent immobilisation on various inorganic supports
(silica, LDH, and sMAO) to afford highly active solid catalysts. We
report their use in slurry-phase polymerisation of ethylene, with
extremely high activities, desirable polymer morphology, and the
production of ultra-high molecular weight polyethylene (UHMWPE,
M,, > 1 MDa). UHMWEE finds applications principally in biome-
dical implants where its high impact strength, low coefficient of
friction and resistance to mechanical wear and chemical corrosion
are highly desirable."” A significant hindrance to the usefulness of
UHMWEE is its extremely high melt viscosity which does not allow
for common processing techniques such as injection moulding."®
Single-site post-metallocenes have been demonstrated to produce
UHMWPE having significantly reduced chain entanglement density
which can then be processed in the solid state below the melting
temperature.'* "

Chlorosilanes, Me,Si(*"**ArOAllyl)Cl (F****ArOAllyl, 2-R;-4-Ry-
C¢H,OCH,CHCH, where R; or R, = Me, ‘Bu, CMe,Ph) were
synthesised, according to modified literature procedures, from
substituted phenols. The 2,4-dialkyl phenols were first ortho-
brominated with elemental bromine in dichloromethane, then
reacted with allyl bromide under basic conditions in acetone.
This was followed by the dropwise addition of "BuLi and then
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Scheme 1 Synthesis of PHENI* complexes MeZSB(rB“'N{‘eArO,I*)TiClz @,
MeasB(BU2ArO, I*) TICl, (2), Me2SB(BU2ArO, I*)TiBr, (3), Me2SB(BY2ArO, 1*)Til, (4),
MeagB({CMe2Ph2A O 1% TiCL, (5).

reaction with dichlorodimethylsilane in toluene to afford the chloro-
silane products in good yields (57-80%). Stirring these intermediates
with Ind"Li (Ind* = CsMegH) in THF overnight afforded the allyl-
protected PHENI* proligands, ““SB(*"™ArOAllyl,I*)H ((CoMegH)-
Me,Si(2-R;-4-R,-CeH,0CH,CHCH,); T* = CoMeg) in 75% yield on
multigram scales (Scheme 1).

Titanium dichloride complexes, “*SB(***?ArQ,I*)TiCl,
({(n°-CoMeg)Me,Si(2-R;-4-R,-CeH,0)}TiCly; Ry, R, = Me, ‘Bu, or
CMe,Ph), were synthesised using in situ deprotection, deproto-
nation, and complexation - reacting the proligands with "BulLi,
followed by TiCl,-2THF in toluene gave brick-red microcrystal-
line solids. Subsequent reaction of M¢SB(®*Ar0,I*)TiCl, (2)
with bromotrimethylsilane or iodotrimethylsilane in benzene-
de resulted in the rapid quantitative formation of the dibromo
(3) and diiodo (4) complexes respectively.

Crystals of 2 suitable for single crystal X-ray diffrac-
tion studies were grown from a saturated pentane solution
at —30 °C (Fig. 1). The solid-state structure of 2 is signifi-
cantly more distorted than the indenyl-PHENICS complex
6 (MSB(®"™M°ArO,Ind)TiCly; {(n>-CoHe)Me,Si(2-Bu-4-Me-CoH,0)}
TiCl,; Ind = CgHg), first reported by Hanaoka et al., as defined by
the larger torsion angle C(1)-Si(1)-C(23)-C(18) = 35.89(1)° (¢f- 11.75°
for the indenyl complex) and a smaller I*-ArO dihedral angle (48.57°
¢f. 60.85° for the indenyl complex).

PHENI* complexes 1-5 and the indenyl-PHENICS complex 6
were supported on solid polymethylaluminoxane (SMAO) according
to standard immobilisation procedures,” with [Algvao)o/[Ti]o = 200,
to afford 1gao—6smao. Additionally, 2 was immobilised on MAO-
modified silica (SSMAO) (silica was precalcined at 600 °C for 6 h and
treated with 40 wt% MAO) and an MAO-modified layered double
hydroxide (LDHMAO) (LDH was 1-hexanol washed Mg;Al-CO3; LDH,
calcined at 150 °C for 6 h, and treated with 40 wt% MAO), both with
[Alyviao)o/[Ti]o = 200, to afford 2ssmao and 2y prmao respectively.

Preliminary solution-phase polymerisations were performed
with 2 under ethylene (2 bar), with 49 mL hexanes and 1 mL
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Fig. 1 Solid-state molecular structure of MeZSB(tB“ZArO,I*‘)TiCI2 (2). Ellip-
soids drawn at 30% probability and all hydrogen atoms omitted for clarity.

toluene, 414 pg complex and an Al: Ti ratio (MAO : complex) of
1000:1 for 5 minutes. The highest activity was recorded at
70 °C (4.8 x 10° gpg moly; " h™" bar ™). As is commonly seen for
solution-phase polymerisations, the PE formed with a highly
aggregated morphology which caused reactor fouling.
Slurry-phase ethylene polymerisation studies were conducted with
10 mg of supported catalyst in 50 mL hexanes with 2 bar monomer
pressure for 30 minutes and 150 mg tri-iso-butylaluminium (TIBA)
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Fig. 2 Slurry-phase ethylene polymerisation activity as a function of the
temperature of polymerisation using SMAO-supported Me2SB(BY“MeArO, 1) -
TiCly (1smao. black square), Me2SB(BU2ArO,IMTiCl, (2smao, blue triangle),
Me2SB(BU2ArQ, IY)TiBr,  (3smao,  brown triangle), ™Me2SB(BU2ArO,1%)Til,
(4smao. purple triangle), Me25B({CMe2P2ArQ, 1% TICL, (S5smao, red circle), and
Me2gB(BUMeArO Ind)TiCl, (6smao. grey diamond), and 2 supported on
SSMAO (2ssmao. teal triangle) and LDHMAO (2 pumao. green triangle).
Polymerisation conditions: 10 mg catalyst, 2 bar ethylene, 50 mL hexanes,
30 minutes, and 150 mg tri-iso-butylaluminium.
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Fig. 3 Weight-average molecular weight (M,,), with PDlIs (M,,/M,,) annotated,
of polyethylene synthesised using SMAO-supported “Me2SB(B“MeArO, IM)TiCl,
(smao. black square), Me2SB(BUArO,IMTICl,  (2gmao.  blue  triangle),
Me2SB(BU2AO, IMTiBr,  (3smao.  brown  triangle),  ™Me2SB(BU2ArQ, I%)Til,
(4smao, purple triangle), Me2SB(CMePN2ArO, 19)TiCl, (Bemao, red circle), and
Me25B(BUMEALQ, Ind) TICL, (6smao. grey diamond), and 2 supported on SSMAO
(2ssmao. teal triangle) and LDHMAO (2, pymao. green triangle). Polymerisation
conditions: 10 mg catalyst, 2 bar ethylene, 50 mL hexanes, 30 minutes, and
150 mg tri-iso-butylaluminium.
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Fig. 4 Evolution of the normalised area of DSC peaks as a function of
annealing time.

acting as a co-catalytic initiator and scavenger (Fig. 2). When sup-
ported on sSMAO, all PHENI* complexes 1gao-5sma0o demonstrated
significantly higher activity compared to 6gva0, With 2ga0 demon-
strating the highest activity of 3.7 x 10° gpz molyy * h™* bar * at
a polymerisation temperature (7,,) of 60 °C compared with 0.1 x
10° gpr moly * h™" bar ™ for 6ga0 under the same conditions. The
observation that both 1gao and 5gmo display lower activities than
2sv0 Suggests a limitation to the hypothesis, proposed by Nabika
et al., that more sterically demanding phenoxide ligands resulted in
higher polymerisation activities."* Both 2ga0 and 3guao show con-
sistently higher activities than 40, though the difference between
20 and 3gao decreases at higher polymerisation temperatures,
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Fig. 5 Slurry-phase polymerisation activity of, and weight-average mole-
cular weight (with PDIs annotated) of polyethylene produced using
MezSB(rBL'ZArO,I"]TiCI2 supported on sSMAO (24ua0) With varying aluminium
cocatalytic scavengers. Polymerisation conditions: 10 mg catalyst, 2 bar
ethylene, 50 mL hexanes, 60 °C, 30 minutes, and [Allo/[Tilo = 1000.

being within error of each other at T}, > 80 °C. When immobilised on
MAO-modified silica (SSMAO) and MAO-modified LDH (LDHMAO),
2ssvao and 21 ppviao show significantly lower activities than sSMAO.
With all three supports, the polymer morphology benefits from the
templating effect of the support in creating uniform, dispersed
particles which are free-flowing with no reactor fouling.

Polyethylene synthesised using slurry-phase supported
PHENTI* complexes 1-6 was analysed by gel permeation chro-
matography (GPC); the GPC data demonstrates that PHENI*-
based catalysts produce UHMWPE (Fig. 3). In all cases, M,,
decreases with increasing polymerisation temperature. The
molecular weight of PE produced using 24uao ranges from
1.5 MDa at 90 °C to 3.4 MDa at 30 °C, greater than both 1ga0
and 5gma0, and a substantial increase with respect to the
indenyl-PHENICs complex 64a0. M, was broadly similar
between the halide complexes 2sva0, 3smao, and 4gvao. At
T, = 60 °C, M,, of PE synthesised by 4sua0 Was 2.7 MDa, 11%
greater than the bromide complex, in turn 17% greater than the
chloride, though at higher polymerisation temperatures the
values became similar to each other. The polydispersity of the
PE produced by the PHENI*-based catalysts is narrow, and
significantly improved compared to 64ys0, Where a bimodal
distribution (M,/M,, = 20.8-35.9) is indicative of a departure
from single-site catalytic behaviour. The molecular weights of
the PE were up to 113% higher when 2 was immobilised on
LDHMAO than sMAO, reaching 4.2 MDa at T}, = 50 °C and these
high values were maintained at higher temperatures - 3.2 MDa
at 90 °C. While 2ggmao produced lower My, PE than 240 at low
temperatures, it was able to maintain high molecular weights at
higher temperatures, only decreasing below 2.5 MDa at 80 °C
The temperature dependence of the PE M, is far less significant
for PHENI*-based catalysts supported on either LDHMAO or
SSMAO compared to those supported on sMAO, and is approxi-
mately constant for 30 °C < T, < 70 °C in both cases.

The nature of the polyethylene was analysed by differential
scanning calorimetry (DSC). At a heating rate of 20 K min " all
samples displayed a melting endotherm on the second heating cycle
at 133-135 °C, with crystallinities of 68-83%. Nascent polymers were
subjected to a DSC annealing protocol established by Rastogi et al.
to determine the presence of chain entanglements (Fig. 4)."®

This journal is © The Royal Society of Chemistry 2021
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While PE produced in solution-phase polymerisations was
clearly highly entangled, slurry-phase polymerisations using
sMAO led to the production of substantially disentangled
UHMWPE (disUHMWPE) as evidenced by the rapid formation
of two melting peaks (at approximately 135 and 142 °C), with
the low temperature peak increasing at the expense of the high
temperature peak as annealing time is increased. The high
melting peak results from remaining nascent crystals while the
low melting peak arises from the melt-crystallised portion
formed from sequential chain detachment during annealing.
For a given M,, a more rapid increase in the normalised area of the
low melting peak is indicative of a more disentangled polymer.**
This is in contrast to the behaviour observed for commercial
entangled UHMWPE synthesised using Ziegler-Natta catalysts,
which has been shown by Rastogi et al. to have a significantly
different response to annealing, with the low melting peak increas-
ing in area at a dramatically slower rate.'®**

Several alkylaluminium species, R;Al (R = Me, Et, 'Bu) and
MAO, were investigated as co-catalytic scavengers with 2ga0
(Fig. 5). It was found that activity increased in the order TEA <
TMA < MAO < TIBA, with 24ya0/TIBA having more than twice
the activity as 24ya0/MAO. However, while polymer molecular
weight was high in all cases, there was a significant low
molecular weight fraction observed with both TEA and TMA,
resulting in larger PDIs and lower My, values. This is presumed
to be due to the one-electron reduction of some titanium
centres in addition to increased chain transfer to aluminium
in these cases.

In conclusion, new ansa-permethylindenyl-phenoxide (PHENI*)
complexes have been synthesised and fully characterised. Hetero-
geneous catalytic polymerisation systems have been developed
utilising a range of inorganic supports for the slurry-phase poly-
merisation of ethylene. The PHENI* complexes have been found to
be significantly more active than the indenyl-PHENICS analogues,
as well as producing polyethylene with narrower molecular
weight distributions. SMAO-"*SB(®®*ArO,I*)TiCl, (2¢ma0) had
the highest slurry-phase activity of the complexes studied (3.7 x
10° gpg moly; " h™" bar™!). Additionally, these PHENI*-based
systems have been demonstrated to produce substantially disen-
tangled UHMWPE when supported on solid MAO, with molecular
weights up to 4.2 MDa when supported on an MAO-modified LDH.
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