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Using a highly active supported permethylindenyl-phenoxy (PHENI*)
titanium catalyst, high molecular weight ethylene—propylene (EPM) and
ethylene—propylene—diene (EPDM) elastomers are prepared using slurry-
phase catalysis. Final copolymer composition was found to reflect the
monomer feed ratio in a linear fashion, to access a continuum of material
properties with a single catalyst. Post-polymerisation crosslinking of
EPDM was also demonstrated in a model sulfur vulcanisation system.

Conventional rubbers are highly crosslinked polymers which
are challenging to process and have poor recyclability." Ther-
moplastic elastomers (TPEs) are an emerging class of materials
that bridge the gap between classical thermoset rubbers and
thermoplastics, having the elastic properties of the former and
the processing flexibility and recyclability of the latter.>* This
requires a biphasic structure with crystalline and amorphous
regions. Block copolymers have proved promising with distinct
hard and soft segments facilitating TPE behaviour.*® Hyper-
branched polyethylene has also been investigated as a direct
route to the production of polyolefin elastomers.*”

Copolymers of ethylene and propylene (EPM) are an impor-
tant class of TPE, with extensive research relating the physical
properties to the molecular weight, composition, and chain
structure.®*'° In particular, the crystalline microstructure of EPM
has been shown to strongly influence yield stress and rupture
energy density.” EPM displays homogeneous deformation, like
most rubbers, but also yield-like behaviour more typical of thermo-
plastics. It has been shown that EPM composition controls not only
crystallinity but also compatibility with polymer matricies,"" poly-
olefin blends,""* and recycled polyolefins.'*

Vanadium-based catalysts dominate the industrial produc-
tion of EPM,"® though group four complexes have also been
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studied,'® with the Keltan ACE™ titanium x'-amidinate complexes
being used to produce EPM commercially.'” In general, the over-
whelming preference for ethylene coordination-insertion relative to
propylene (r > rp) leads to long sequences of consecutive ethylene
units and this limits the compositional tunability that could
potentially be possible to achieve.'®?° The amidinate complexes
produce EPM with 39-75 wt% ethylene from a feed containing 33%
C, monomer."”* A silica-supported zirconocene reported by Cabal-
lero et al. is a limited example of a catalyst able to produce EPM
across the whole composition range by controlling the gas phase
E:P ratio. Even in this case, a clear preference for ethylene is
observed with 13% incorporated from a 3:97 E: P feed."

Following our recent report of group four permethylindenyl-
phenoxy (PHENT¥) catalysts, and their outstanding performance for
ethylene and propylene homopolymerisation,*** we now describe
the application of the PHENI* complex M®SB(P*Ar0,I1*)TiCl,
({(n°-CsMeg)Me,Si(2,4-"Bu,-C¢H,0)}TiCl,), heterogenised on
solid polymethylaluminoxane (sMAO),>® 1 (Fig. 1), for the
production of EPM elastomers. sMAO is well-established as a
dual function activating support for metallocene and post-
metallocene catalysts.>*>> The catalyst system displays an un-
usual monomer-agnostic behaviour resulting in access to fully
tuneable compositions of high molecular weight EPM.

The sMAO-supported PHENI* complex SMAO-"*2SB-
(B*2Ar0,1)TiCl, ([Alsmac)o/[Tilo = 200; 1) was prepared,?2
and utilised in slurry-phase olefin copolymerisations. Polymer-
isations were carried out within a temperature of polymerisation (7T;,)
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Fig. 1 Schematic structure of SMAO-supported PHENI* catalyst 1.
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Fig. 2 Mean polymerisation activity and propylene incorporation as a
function of monomer feed composition for 1/TIBA and 1/MAO. Poly-
merisation conditions: 10 mg 1, 2 bar total pressure, 50 mL hexanes, either
150 mg TIBA or MAO ([Almaolo/[Tilp = 1000), 60 °C, and 30 minutes.
Incorporation determined by GPC—-IR. Error bars shown at one standard
deviation. n.d. indicates no data.

range of 30 < T;, < 90 °C under 2 bar total pressure with 10 mg of
1 (~712 nmol Ti) and either MAO or TIBA as cocatalyst ([Al],/[Ti], =
1000) in 50 mL hexanes as a diluent.

In the homopolymerisation of ethylene, 1/TIBA showed the
greatest catalytic activity, while for homopolypropylene the
highest activities were achieved with 1/MAO (Fig. 2). Therefore,
E/P copolymerisations were performed using a 50:50 monomer
feed mixture and either MAO or TIBA. In this case, 1/TIBA displayed
significantly higher copolymerisation activity than 1/MAO: 3313
and 548 kggpy Mol ' h™" bar™? respectively. It has previously
been noted that TIBA can transalkylate with MAO, leading to iso-
butyl substituted aluminoxanes that are almost inactive towards
propylene polymerisation.>® When using 1/TIBA, E/P copolymerisa-
tion activity was comparable to that of ethylene homopolymerisa-
tion (3719 kgpz molyy ' h™" bar '), though in a highly dissimilar
diffusion regime: while polyethylene was formed as well dispersed
solid particles,”* EPM is hexane-soluble at all compositions studied,
and forms as a gel. Copolymerisations were subsequently run using
E:P ratios of 25:75 and 75:25 with 1/TIBA as the catalyst system
(Fig. 2). In these cases, activity is approximately independent of
monomer feed composition, being within 1 standard deviation of
each other.

Copolymer composition demonstrated precise tuneability,
with the monomer ratio in the EPM corresponding almost
exactly to that in the feed gas mixture. By GPC-IR, the EPM
copolymers were found to contain 20, 42, and 71 wt% propylene
(Fig. 2) from E/P feeds of 75:25, 50: 50, and 25 : 75 respectively;
this was confirmed by quantitative solution-phase “C{'H}
NMR spectroscopy, which gave values of 16, 50, and 75 mol%
propylene. Remarkably, the polymer composition was not
found to significantly depend on the temperature of poly-
merisation (30 < T, < 90 °C), being in the range 40-47 wt%
propylene incorporation when 50:50 E : P feed gas was utilised
(Fig. S3 and S4, ESIt). Such direct tuneability of the comonomer
composition as an almost 1-to-1 function of the feed gas is an
unusual feature of the PHENI* catalyst system.

This journal is © The Royal Society of Chemistry 2023

View Article Online

ChemComm

By contrast, the [O-NS] titanium complex used by Yao et al.
produced EPM with up to 29.5 mol% propylene incorporation
at 60 °C, even when the feed was 33:67 E:P. Whilst the
incorporation was approximately linear over the composition
regimes studies in that case, it was far from a 1-to-1
relationship.”® The commercial Keltan ACE™ complexes have
demonstrated activities as high as 133 750 kggpy moly; “h™ ' bar ™
and molecular weights of 1.3-1.7 MDa. In general, though, these
x'-amidinate complexes preferentially incorporate ethylene,
with just one example of an EPM, having 61 wt% P, approach-
ing the composition of the feed (33:67 E:P)."”” Vanadium
compounds dominate the commercial production of ethy-
lene-propylene copolymers. The vanadium(m) NHC complexes
reported by Zhang et al. were able to incorporate up to 39 mol%
propylene under a 75:25 E:P monomer supply.”” Caballero
et al. used the catalyst {(n°-2-Me-CoH;),SiMe,}ZrCl, to synthe-
sise a complete range of EPM compositions, though the system
preferentially polymerised ethylene, with a 3:97 E:P feed
resulting in a polymer with 13 mol% ethylene.'® The titanium
half-sandwich complexes reported by Zhang et al., which use
X-type anionic nitrogen-based donors, demonstrated activities
of up to 2390 kggpy moly; ' h™'."° In this case, an E: P ratio of
33:67 resulted in 38 mol% propylene incorporation, and a
viscosity-average molecular weight, M,,, of 340 kDa. The activity
of PHENI* compares favourably to this as well as offering full
compositional tunability.

The resulting EPM produced by 1/TIBA was found to be
amorphous by DSC, consistent with the formation of a random
copolymer. Polymer molecular weight and distribution were
estimated from GPC as well as short-chain branching (SCB)
density and composition from an inline IR detector. Weight-
average molecular weight (M,,) of EPM (E: P 50:50) was found
to be greater when the scavenger was MAO rather than TIBA,
290 and 150 kDa respectively, due to a high molecular weight
shoulder in the chromatogram. This is reflected in a greater
dispersity (P) of 3.1 when using MAO compared to 2.3 with
TIBA, close to the ideal value for single-site polymerisation.
Both M,, and P were largely independent of feed composition,
with M,, in the range 150-160 kDa from 25-75% propylene.

Engineering stress-strain curves were obtained for vacuum
compression moulded samples of EPM (Fig. 3). Compared to
HDPE of comparable M,,, the EPM synthesised with 75:25 E: P
shows a much greater strain at break (eg = 974% cf 170%)
afforded by the elastomeric properties of aPP segments. Strain
hardening is observed after a yield-like point at & = 60%
associated with the crystalline behaviour of the polyethylene
segments. By contrast, at higher propylene incorporations the
EPM displays poor mechanical performance with decreased
strength and ¢g. In these cases the amorphous nature of the
aPP segments is responsible for the degraded behaviour, while
the M,, is insufficient to achieve the desirable elastic properties
of UHMWaPPp.*

Following the successful synthesis of EPM polymers at high
activity and with tuneable composition, 1/TIBA was used in the
terpolymerisation of ethylene, propylene, and 5-ethylidene-2-
norbornene (ENB). As well as being easier to handle than
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Fig. 3 Engineering stress—strain curves of EPM as a function of composi-
tion. Inset: Engineering stress—strain curve of a commercial HDPE (M,, =
225 kDa, b = 25).

butadiene, ENB is commonly used as a diene in multicompo-
nent polymerisations. Only the internal norbornyl olefin parti-
cipates in polymerisation, with the ethylidene providing
pendant unsaturation to the polymer backbone for post-
synthesis vulcanisation such as using UV light, sulfur
(Scheme 1), or organic peroxides.”®" Excellent physical and
mechanical properties, including resistance to ozone, heat,
chlorine, oxygen, and weathering, make EPDM the most suit-
able rubbers for outdoor applications, tubing, insulating mate-
rials, and automotive applications.*”

Under a 50:50 E:P feed (2 bar), after initially increasing
by 56% to 5155 kggppy mol " h™' bar™' at 78 uL ENB
(12 mM) relative to homopolymerisation, terpolymerisation
activity decreased as [ENB] increased (Fig. 4), reaching
1065 kggppy mol ' h™! bar ™! at 625 pL (93 mM). M,, increased
slightly with increasing ENB loading, reaching 204 kDa at
625 pL, 36% higher than the E:P copolymerisation in the
absence of ENB, resulting from poor chain transfer to ENB.**

The composition of the EPDM polymers was determined by
solution-phase "H NMR spectroscopy, according to the assign-
ments and integral analysis of Leone et al.** The proportion of
ENB in the terpolymer increases with increasing [ENB] from
1.8 mol% at 78 pL (12 mM) to 13.4 mol% at 625 pL (93 mM)
(Fig. 4). The complex (EBI)ZrCl, studied by Ali et al. produced
EPDM with composition 79.5:18.2:2.30 mol% (E:P:ENB) from
an 80:20 E:P feed with 60 mM ENB at an activity of 3.55 X
10° kggppy moly, ' h™.3* Malmberg et al. used the same
catalyst and achieved ENB incorporations of up to 16 mol%

PR PN
1/TIBA
+ : = E/P 50:50 (2 bar)
g hexanes
60 °C, 30 mins
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Fig. 4 Mean terpolymerisation activity of 1/TIBA and EPDM composition
as a function of ENB loading (0 < V < 625 uL; 0 < ¢ < 93 mM).
Composition determined from *H NMR spectroscopy. Polymerisation
conditions: 10 mg 1, 2 bar ethylene/propylene (50:50), 50 mL hexanes,
150 mg TIBA, 60 °C, and 30 minutes. Error bars shown at one standard
deviation.

at a 600 mM concentration.®® The vanadium(v) complexes
studied by Leone et al. produced polymer with composition
80.3:6.5:13.2 mol% from an 18:73:9 feed at an activity of
3006 kggppy moly™ " h™'.%° Compared to these complexes,
the PHENI* catalyst enchains ENB more efficiently, with
higher incorporation at smaller concentrations, and produces
EPDM with a composition that more closely matches the
monomer feed.

A system comprising sulfur and the common accelerant 2-
mercaptobenzothiazole (CqH,(NH)SC=S, MBT) was used to
vulcanise the as produced EPDM.***""*> Relatively high load-
ings of Sg (10 phr; parts per hundred rubber) and MBT (5 phr)
were used to ensure, in the absence of optimisations, suffi-
ciently high conversion of ENB residues. Vulcanisations were
performed in 50 pL DSC pans, and the reactions were followed
by dynamic DSC protocols established by Restrepo-Zapata
et al.** The thermograms show endothermic features corres-
ponding to the melting points of sulphur (113 °C) and MBT
(177-181 °C), and an exotherm between 180-230 °C, which is
indicative of curing occurring by sulfur crosslinking (Fig. S6,
ESIY). Furthermore, the vulcanisation was followed by dynamic
rheology (Fig. S7, ESIt). During the initial temperature ramp
the onset of crosslinking was observed at 175 °C corresponding
to a maximum in tan (9), with the storage modulus, G’, increas-
ing rapidly as the reaction progresses from a starting value of
25 kPa to a final value of 1.1 MPa after 140 minutes of curing at

vEPDM

Scheme 1 E/P/ENB terpolymerisation, and subsequent sulfur vulcanisation to form vEPDM, the structure of which is adapted from the mechanism

provided by Verbruggen et al.**
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200 °C. The storage modulus is associated with the elastic
response of a viscoelastic material and so the observed increase
corresponds to the presence of crosslinks which are able to
store elastic potential energy.

In the infrared spectrum of the resulting vulcanised material
(VEPDM) additional transitions are observed compared to
EPDM arising from C-H and C-C vibrations corresponding to
the crosslinks,”” and C-S vibrations are seen in the region 775-
600 cm "' (Fig. S8, ESIf).** The solid-state *C CPMAS NMR
spectrum of VEPDM shows a broad resonance around 110-
155 ppm, not present in the solution-phase spectrum of EPDM,
and which corresponds to C-S resonances at the crosslink
junctions o to the pendant olefin. Winters et al. showed that
broad resonances in sSNMR spectra at ¢ 117 and 151 ppm arise
from EPDM vulcanisation.*®

In conclusion, the PHENI* catalyst has demonstrated excel-
lent catalytic performance towards ethylene-propylene copoly-
merisations. The synthesis of EPM and EPDM is reported with
high activities, high molecular weights, and fully tuneable
composition. In all cases, composition can be controlled and
tuned by the ratio of monomers in the feed, highlighting the
desirable and unusually monomer-agnostic behaviour of this
catalyst. The versatility of this chemistry has been demon-
strated by the terpolymerisation with a diene and the latent
unsaturation undergoing post-polymerisation crosslinking.
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