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1 Introduction

Ultra-high molecular weight polyethylene (UHMWPE), defined

Strategies for enhancing the processability of
UHMWPE+

Clement G. Collins Rice, @2° Alexander Evans, @2 Zoé R. Turner, @2
Jirut Wattoom®® and Dermot O'Hare @ *2

Ultra-high molecular weight polyethylene (UHMWPE, M,, > 10° g mol™) has been prepared using slurry-
phase titanium permethylindenyl-phenoxy (PHENI*) catalysts. Four strategies have been investigated for
improving the melt processability of UHMWPE, which is the chief limiting factor to the applications of this
high-performance polymer. 1) Active site engineering was used to explore the entanglement density in the
resulting polymer, with substantially disentangled PE identified through thermal and
characterisation. 2) Hydrogen and ZnEt, were employed as chain transfer agents to modulate the

rheological

polyethylene molecular weight and distribution (MWD). A sequential reactivity protocol using ZnEt, was
able to produce bimodal UHMWPE with improved processability. 3) MWD tuning was further investigated
using multisite catalysts, with the reaction conditions and Ti:Zr ratio able to control MWD to essentially
arbitrary shapes. The inclusion of low molecular weight fractions into UHMWPE improves the processability
without compromising mechanical characteristics. 4) Polymer-reinforced composite blends of UHMWPE
with either HDPE or LDPE as a highly processable matrix were extruded and explored, with polymer
miscibility and mechanical properties studied in detail.

Keywords: Ultra-high molecular weight polyethylene; Processability; Molecular weight distribution; Polymer
composites; Chain transfer agents.

to carbon fibre.”'*"® Composite materials, including

monomaterials such as UHMWPE-reinforced HDPE are of
growing interest with wuseful intrinsic properties and

by a molecular weight in the millions of Daltons, is a specialty
grade of PE considered an important engineering plastic due
to its desirable properties. UHMWPE has a tensile strength
and impact resistance unmatched among polymers and more
comparable to steel.’” It is chemically and abrasion resistant
while also having a very low coefficient of friction,
comparable to PTFE and described as self-lubricating.*”
Numerous applications exist for UHMWPE in the
biomedical,® maritime, aerospace,” and ballistics sectors.'®"*
Outstanding performance is offered for total joint
arthroplasty,®'>™"* and UHMWPE is widely used as a
bulletproof material.'">*® Furthermore, UHMWPE may be
melt- or gel-spun into fibres and woven into ropes and fabrics
with extremely high toughness, higher strengths than
para-amid fibres such as Kevlar®, and comparable properties
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applications such as in aircraft and space structures.'™>*

A feature of the extended chain length of UHMWPE
macromolecules is their tendency to form interpenetrated
networks of entanglements; UHMWPE is generally
synthesised in processes where the rate of chain growth is
greater than that of chain crystallisation, resulting in a large
entanglement density in the amorphous region.>*** The
entanglements act as physical crosslinks and profoundly
influence the physical and mechanical properties of the
semicrystalline polymer such as deformation behaviour.>®
The melt viscosity is highly dependent on molar mass and
scales according to 7, o« M***® Entanglements and slow
chain diffusion contribute to the extremely high melt
viscosity of UHMWPE (comparable to the famous pitch drop
experiment)®” and renders it challenging to process, with
common thermoplastic techniques like injection moulding
impractical.’ To circumvent this, the synthesis of
substantially disentangled UHMWPE, which can be processed
in the solid-state below the melting point,*® and the
production of polymer blends incorporating UHMWPE into a
processable matrix have both been developed.***° The
production of nascently disentangled UHMWPE has been
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Fig. 1 Schematic structure of SMAO-supported PHENI* catalyst 1.

pursued through engineering heterogeneous catalysts with
spatially diluted active sites,*"* selective reduction of active
sites,> and nitrogen microbubbles,*>*® as well as the
development of specific single-site molecular catalysts.''*”~**
The formation of interfacial entanglements has been
exploited to enhance polymer welding and UHMWPE
recycling.*?

The molecular weight and molecular weight distribution
(MWD) of polyethylene have critical roles in the mechanical,
rheological, and morphological properties.** Generally, high
molecular weight PE possesses increased toughness and
strength which is desirable in many applications.”> The
dispersion and shape of the molecular weight distribution
are parameters which also influence the properties of
polyolefin materials.”® MWD can be tuned through polymer
blending,””  bifunctional catalysts,*>*>*®*°  sequential
reactivity,’® and catalyst support composition.”*

In this work, four strategies are explored for enhancing
the melt processability of UHMWPE. 1) The synthesis and
characterisation of low entanglement UHMWPE is
investigated using a slurry-phase titanium permethylindenyl-
phenoxy (PHENI*) catalyst. Subsequently, the use of 2) chain
transfer agents, 3) multisite catalysts and nanostructured
reactor blends, and 4) polymer-reinforced polymer
composites are reported all with the aim of producing
polyethylene materials combining the mechanical properties
of UHMWPE with the processability of conventional HDPE.

2 Results and discussion

The permethylindenyl-phenoxy (PHENT*) complex ™*SB(**ArO,
I¥)TICL,  ({(n’-CoMeg)SiMe,(2,4-Bu,-CeH,0)\TiCl,, 1; T* = n’-
CoMes) was synthesised according to established literature
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procedures and immobilised on solid polymethylaluminoxane
(SMAO; [Algvao)/[Ti] € {100, 200, 400, 800}) to afford the solid
catalysts Levao(i00-so0) (Fig- 1).>”>* A preliminary discussion of
the ethylene polymerisation characteristics of the heterogenised
PHENI* catalyst system has been reported.”® Detailed polymer
characterisation is discussed in the ESL}

2.1 Effect of catalyst surface concentration on entanglement
density

The catalysts 1svao(100-s00) Were used to polymerise ethylene
for 30 minutes at 2 bar and 60 °C in 150 mL Rotaflo®
ampoules containing 50 mL hexanes as diluent and 150 mg
trizsobutylaluminium (TIBA; Table 1). The resulting polymers
had weight-average molecular weight (M,,) in the range 2.1-
2.9 MDa (D = 3.7-5.2; Fig. S16f) as measured by gel-
permeation chromatography (GPC). Polymerisation activity
increased with [Algao)/[Ti] up to 7763 kgpg moly ' h™*
bar' for Ismao(soo) However, a decrease in gravimetric
productivity reflects the increasing proportion of the
support. Optimal productivity (1.06 kgpg geac * h™') was
observed for [Algao)/[Ti] = 200. Polymer molecular weight
appears to depend on the mass of solid catalyst, with M,,
decreasing and dispersity (P) increasing as mc,. increases.
This indicates an increase in the rate of chain transfer to
relative to propagation and presumably results from
aluminium in the support acting as a chain transfer agent.

Increasing the spatial dilution of active sites on the SMAO
surface was anticipated to decrease the entanglement density
since the probability of chain crystallisation occurring before
entanglement formation is increased.*" ™ 1In all cases,
analysis by differential scanning calorimetry (DSC) shows a
decrease in both melting temperature (7,,) and crystallinity
(X.) in the second cycle compared to the nascent powder,
consistent with recrystallisation being considerably impeded
by re-entanglement in the melt (Fig. S171).>®> The reduction
in Ty, from 144 °C (nascent) to 136 °C (melt-crystallised) is
related to a reduction in crystallite thickness according to the
Gibbs-Thomson equation and is consistent with increasing
entanglement in the amorphous domain and therefore a low
entanglement density in the nascent polymer.>®

To assess this further, the polymers were subjected to a
DSC annealing protocol,® and time-domain melt rheometry
(Fig. 2 and S18-5221).>”°® The increase in storage modulus

Table 1 Polymerisation conditions: 2 bar ethylene, 150 mg TIBA, 50 mL hexanes, 60 °C, and 30 minutes

Run [Al)/[Ti]" Mear. (ME) i (Lmol) AP P° M," (MDa) p?
1 100 9.9 1.31 1670 0.88 2.47 3.8
2 200 9.9 0.71 3720 1.06 2.09 5.2
3 400 9.5 0.34 5560 0.78 2.59 4.3
4 800 9.3 0.17 7760 0.58 2.88 3.7
5 100 5.0 0.66 1930 0.96 3.03 3.6
6 400 19.5 0.69 4900 0.70 2.08 6.7
7 800 39.7 0.71 6070 0.22 1.69 6.5

@ [Algvaolo/[Tilo. ? Activity /kgps moly * h™ bar ™. © Productivity /kgpg 8car. * h™*. ¢ Determined by GPC.
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Fig. 2 (a) Normalised area Tizsoc/(Tizsoc + Ti400c) @s a function of
annealing time, and (b) normalised storage modulus (Gk, measured at
160 °C, » = 10 rad s} as a function of time of polyethylene
synthesised by 1suao Of varying [Alsmaol/[Til.

(G") as a function of time - consistent with the formation of
the equilibrium entangled state® - is essentially identical for
[Algmao)/[Ti] = 100, 200, and 400, reaching a plateau modulus
around 0.5 MPa after 40 h. Similarly, little difference is seen
by thermal annealing, with 80% of the low-melting peak
present after annealing for 30 minutes as a result of
sequential chain detachment.”® The 1smao(soo) Sample shows
a slightly different profile, presumably due to the strong
molecular weight dependence of these methods, but
nonetheless G’ build-up and rapid annealing are observed.
This is consistent with the formation of low-entangled
UHMWPE and suggests that below a critical
concentration (at least 1% coverage) further decreasing the
entanglement concentration may not be achievable by this
method.

surface

2.2 Chain transfer agents as a means of modulating MWD

Chain transfer agents (CTAs) can be used to modulate
polymer molecular weight and molecular weight
distribution (MWD).*°®® The addition of molecular
dihydrogen to the polymerisation system is expected to
reduce the molecular weight of the polymer by acting as
a chain transfer agent, promoting hydrogenation of the
growing polymeryl chain and increasing the rate of chain
termination relative to propagation.®*®®  Slurry-phase
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polymerisation was performed using 1svaopoo) and a
monomer feed consisting of ethylene/hydrogen in a ratio
of 98:2 (2 bar total pressure). High catalytic activities are
maintained, up to 1770 kgpz moly " h™ bar™ at 60 °C
(Fig. S24f). The addition of hydrogen likely leads to
catalyst deactivation by the formation of a dormant
hydride or bimetallic catalytic resting state.®”’> Decreased
activity in the presence of hydrogen is commonly seen for
group four metallocene catalysts such as Cp,ZrCl,,*"*°
though calculations have suggested that ethylene insertion
of the zirconocene hydride formed by hydrogenolysis
ought to be kinetically facile.®® As expected, polymer
molecular weights were significantly suppressed in the
presence of 2% hydrogen, decreasing by as much as 96%
compared to polymerisation in the absence of hydrogen.
Molecular weights in the region of 85-110 kDa are
reported with broadened dispersities in the range 4.5-9.5
(Fig. S261). Broadened MWDs have been commonly
observed with Ziegler-Natta and metallocene catalysts in
the presence of hydrogen.®>®>”*7> The relatively lower
calculated energy barrier for hydrogen insertion compared
to that of ethylene is consistent with the observed large
reduction in M, at relatively low concentrations of H,.°
Industrially prevalent zirconocenes such as Cp,ZrCl, and
(EBI)ZrCl, (EBI = 1,2-ethylenebis(1-indenyl)) are known to
show similarly significant hydrogen responses, though in
these cases producing low molecular weight PE and PE
waxes.®”®® The CGCI* catalyst, M®SB(®*"N, I*)TiCl,,
supported on sMAO, shows a slightly stronger hydrogen
response than PHENI*, with polymer molecular weights
decreasing from 2.7 MDa to 41 kDa at 1.6% H,
concentration with a 27% decrease in activity.”® Some ansa
I* zirconocene complexes have shown remarkable stability
towards H, and the production of ultra-low molecular
weight PE waxes with M,, < 5 kDa.”’

Zinc(n) compounds are also examples of effective CTAs
that have been used to modulate the molecular weight of
polymers produced by metallocene catalysts.”®”® Diethyl zinc
has been used in sequential reactivity protocols to further
tune the MWD, leading to bimodal polyethylenes with

Table 2 Polymerisation conditions: 10 mg 1smao@oo). 2 bar ethylene, 150 mg TIBA, 50 mL hexanes, 60 °C, and 30 minutes (t; = 0-20 minutes)

Run [Zn], /[Ti], ¢, (minutes) A¢ M,? (MDa) p’ [7*|° (kPa s)
8 0 — 3720 2.09 5.2 279
9 10 15 3270 2.37 4.7 264
10 50 15 3110 2.31 5.4 249
11 100 15 3090 2.20 5.4 241
12 200 15 2870 2.09 6.0 239
13 300 15 2820 2.07 8.6 211
14 1000 15 2460 2.24 13.6 236
15 1000 0 0.08 14.0 n.d.
16 1000 1 660 0.31 23.3 22.7
17 1000 5 1380 0.83 21.8 77.7
18 1000 10 2150 0.87 10.8 91.4
19 1000 20 3130 0.92 3.8 104

“ Activity /kgpg moly; * h™* bar™. ? Determined by GPC. © Measured at 160 °C, = 1 rad s .
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(a and b) Gel-permeation chromatograms, and (c) rheological complex viscosity (SAOS frequency sweep measured at 160 °C) of

polyethylene as a function of [Zn], /[Tilo for polymerisation in the presence of ZnEt; ((a) t; = 15 minutes; (b and c) [Zn],/[Tilp = 1000).

desirable melt processability and mechanical
properties.”>>%%° CTAs have also been successfully employed
in chain shuttling copolymerisation to enable the production
of olefin block copolymers, an emerging class of
thermoplastic materials with highly desirable properties,®' %
including as compatibilisers for post-consumer recycled
plastic resins.®*

ZnEt, ([Zn], /[Ti], = 10-1000) was charged into a sidearm
of the reaction ampoule and introduced to the reaction at ¢;
= 15 minutes (Table 2; Fig. S271). An interaction between
ZnEt, and TIBA has been observed to result in the formation
of hydride species and metallic zinc.®® Polymerisation activity
decreased as the loading of ZnEt, increased, and the M,, of
the polymers was not found to be strongly affected. However,
dispersity increased with increasing [Zn] corresponding to a
decrease in M,, from 402 kDa (P = 5.2) in the absence of
ZnEt, to 164 kDa (P = 13.6) at [Zn]/[Ti] = 1000. Varying ¢, at a
fixed [Zn], /[Ti], = 1000 resulted in a more dramatic decrease
in activity as ¢, decreased (660 kgpz moly; ' h™ bar " at¢; =1
minute) along with the formation of a metallic grey
precipitate. The M,, decreases as ¢; decreases, to 305 kDa at
¢, = 1 minute, with dispersity increasing (Fig. S28 and S297).

As a function of increasing [Zn]/[Ti], despite the
broadened MWDs and decreased M,, very little change was
seen in the melt complex viscosity, #*, as measured
rheometrically, decreasing by at most 24% compared to
UHMWPE produced without ZnEt, CTA (Fig. S30f). It is

known that polymer rheology is highly sensitive to even small

fractions of UHMW chains.®® However, at short ¢, times, a
significant reduction in #* is observed - to 22.7 kPa s at t; =
1 minute, an order of magnitude reduced compared to the
zinc-free control polymerisation and indicative of increased
melt processability (Fig. 3). This is consistent with the greatly
broadened MWDs in this case, with D = 23.5 at ¢; = 1 minute,
with a clear bimodal profile. DSC shows the presence of a
single thermal phase at a slow heating rate of 1 K min™", with
no evidence found of distinct HDPE and UHMWPE particles
(Fig. S32f). Sequential reactivity is essential for the
production of bimodal PE by this method: at ¢; = 0 minutes,
monomodal low molecular weight (with a high M,, shoulder)
PE is produced with low productivity (M,, = 83 kDa, D = 14).
The rapid propagation kinetics of PHENI* enable efficient
production of UHMWPE in the first phase of the reaction
even at low t; values. Through tuning [Zn] and ¢ essentially
arbitrary MWDs are possible using the PHENI* catalyst
system.

2.3 Multisite catalysts for the synthesis of all-polyolefin
composites

Multisite catalysts were prepared by coimmobilising on sMAO
complexes capable of producing polyethylenes with a range
of molecular weights. In addition to the PHENI* complex for
UHMWPE, rac-(EBI)ZrCl, (2) was wused to produce
conventional HDPE with M,, on the order of 10> g mol .
Typically, low molecular weight PE imparts stiffness and

Table 3 Polymerisation conditions: 10 mg solid catalyst, 2 bar ethylene, 150 mg TIBA, 50 mL hexanes, 60 °C, and 30 minutes

Run Catalyst A® M,” (kDa) p’ [7%|° (kPa s) om” (MPa)
20 Tovao 3720 2090 5.2 280 n.d.

21 2emA0 5540 134 3.4 20.4 13.9 £ 0.2
22 (16/21)sma0 3270 1067 5.3 234 16.2 + 2.0
23 (15/24)sma0 4010 647 6.6 53.2 16.9 + 1.7
24 (12/21)sma0 3850 763 6.2 73.8 17.6 + 1.1
25 (11/24)sma0 3980 540 8.5 87.0 14.9 £ 2.5
26 (11/22)sma0 4270 397 6.7 54.3 16.7 £ 0.8
27 Tovao + 2smao 4460 570 8.8 70.8 14.9 + 1.4

“ Activity /kgpr moly; * h™" bar . ” Determined by GPC. © Measured at 160 °C, @ = 1 rad s *. ¢ Ultimate tensile stress (x * o).

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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processability, and (ultra) high molecular weight PE increases
toughness and improves mechanical properties.*® Ethylene
polymerisations were performed with (1,/2,,)sma0 With varied
Ti: Zr ratios ([Ti]/[Zr] = n/m = 0.5-9; [Algmao)/[Ti + Zr] = 200),
and with a 1:1 physical mixture (1smao + 2sma0; Table 3). It
had been anticipated that a coimmobilised multisite catalyst
should result in a much more intimate reactor blend that a
physical mixture of catalyst particles.®”"*° Since polymerisation
activities, polymer molecular weights and dispersities are all
dependent on the polymerisation temperature (7,),
polymerisations were performed using multisite catalysts at 50
< Tp < 90 °C. Approximately additive activities are observed
compared to the individually immobilised catalysts, with little
difference between coimmobilised and physical mixture
catalysts (Fig. S337) indicating little cooperativity but also no
degradation in performance. At a DSC heating rate of 1 K
min~", two distinct melting transitions are observed for the
physical mixture catalyst suggestive of the heterogeneous
melting of isolated UHMWPE and HDPE particles (Fig. S357).
By contrast, the coimmobilised catalysts all produce
homogeneous polymers with a single thermal transition
consistent with nanostructured polymers.

Gel-permeation chromatography was used to determine
the molecular weight distributions of the polyethylenes
synthesised by multisite catalysts (Fig. 4a and S36-S39;
Table S8f). Bimodal PE of varying distribution is achieved,
with D up to 11.5 and the shape and location of the peaks
being tunable as a function of the [Ti]/[Zr] ratio and the
temperature of polymerisation. Under this regime,
increasing T, acts to lower the M, of the two fractions
(though more significantly for the high M, fraction), and
increases the productivity of 2 relative to 1, skewing the
MWDs towards lower M,,. Through this tunability, and the
judicious selection of metallocenes, MWDs of essentially
arbitrary form may be achieved. Analysis of the
chromatograms shows that mass fractions as high as 78
wt% of UHMWPE can be achieved using (1¢/21)sma0, far
higher than could typically be achieved through
compounding, highlighting an advantage of the reactor
blend method.
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The polymers produced at 60 °C by all multisite catalysts
were analysed by melt rheology to assess processability, and
by dynamic mechanical analysis (DMA) and tensile analysis
(Fig. 4b and c¢ and S40-S44f). From rheology, the melt
viscosity, #*, of bimodal PE is intermediate between the
UHMWPE produced by 14guao and the HDPE produced by
2sma0, roughly in proportion to the weight of the two
fractions in the MWD, meaning that broadening the MWD is
found to increase the melt processability of the resulting
polymer. Measured at 160 °C and an angular frequency, w, of
1 rad s, the viscosity of HDPE synthesised by 2gya0 (20.4
kPa s) was an order of magnitude less than that of the
UHMWPE produced by 1gyao. The bimodal polymer
produced with (1,/2)sma0 Was measured to have a complex
viscosity of 87.0 kPa s, intermediate between the UHMWPE
and HDPE cases. Essentially no difference is seen between
the coimmobilised and physical mixture catalysts due to
rapid equilibration in the melt phase.

Small-scale  mechanical  characterisation  presents
challenges due to the influence of small imperfections that
can act to concentrate stress. Despite this, clear trends can
be observed through tensile strength testing and dynamic
mechanical analysis (DMA) in relation to MWD tuning.
Generally, the increasing high molecular weight fraction
leads to increased tensile strength and decreased strain at
break (eg). Notably, runs 23 and 24 resulted in materials
which demonstrated greater tensile strengths (16.9 + 1.7 and
17.3 + 1.1 MPa respectively) and ¢z (830 + 41 and 780 + 100%
respectively) than would be expected from a simple mixing
law, indicative of a synergistic enhancement in the
mechanical properties of nanostructured all-polyethylene
composites.®® This is mirrored in DMA (Fig. S411) where the
complex viscoelastic modulus E* of runs 23 and 24 is
decreased compared to neat UHMWPE or HDPE. The MWD
dependence is evident in that runs 23 and 24 have high
molecular weight fractions of 49.9 and 55.2 wt% respectively
(logM > 5.5) perhaps indicating a mechanically optimal
composition.

Together this shows that multisite catalysts coimmobilised
on sMAO are able to produce homogeneous nanostructured

a b € 320
; — 1m0 " lmao * (19/2)sma0 %
i‘i (19/21)sma0 1077 S v (122¢)sma0 L =
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Fig. 4

(a) Gel-permeation chromatograms; (b) rheological complex viscosity (SAOS frequency sweep measured at 160 °C); (c) tensile results of

polyethylene produced at T, = 60 °C by coimmobilised multisite catalysts (1,/2,)smao (or the physical mixture lymao + 2sma0) as a function of

[Til/[Zr].
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polyethylenes with broad and tuneable MWDs and enhanced
melt processability compared to pure UHMWPE while
maintaining some of the mechanical properties of the pure
material. A notable feature of the multisite strategy is the
ability to produce PEs with MWDs that are inaccessible by
polymer blending which is limited by the processability of
raw UHMWPE and the solubility of UHMWPE in HDPE vide
infra.’® Furthermore, the PHENI* complex has proven to be
an effective catalyst for producing the UHMW component in
a PE reactor blend.

2.4 Self-reinforced polyethylene-polyethylene blends

The extremely high melt viscosity of UHMWPE motivates the
exploration of polymer blends: using a lower molecular weight
PE, to improve the melt flow index (MFI), blended with
UHMWPE, to confer high-performance properties such as
tensile strength and impact resistance. One important aspect
of this is polyethylene-polyethylene miscibility, which has
been the subject of extensive study, with somewhat
contradictory conclusions. Chen et al. found inconsistencies
between thermal and rheological measurements, and
concluded that UHMWPE was miscible with LDPE but with
neither HDPE nor LLDPE.°"®> By contrast, Kyu et al.
concluded that UHMWPE is miscible with HDPE, LDPE, and
LLDPE in the melt but that only HDPE and LLDPE were able
to co-crystallise with UHMWPE in the solid state.’® It has been
found that the branching content of polyethylenes is a major
factor in determining miscibility.”**> Moreover, Tao et al.
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have recently shown that entanglement density greatly
influenced the microstructure and mechanical properties of
UHMWPE/HDPE blends, with the improved chain diffusion of
weakly entangled UHMWPE conferring preferable reinforcing
properties.”® Disentanglement of UHMWPE has also been
shown to increase dissolution in HDPE.”” To explore this
further, UHMWPE synthesised by a PHENI* catalyst was
microcompounded with either a commercial LDPE (Sigma
Aldrich; M,, = 89 kDa; P = 8.5; MFI = 25 g/10 min (190 °C, 2.16
kg)), or HDPE (SCG Chemicals PLC; M,, = 225 kDa; D = 25;
MFI = 15.7 g/10 min (190 °C, 2.16 kg)) and extruded into
ribbons. In both cases, up to 30 wt% UHMWPE could be
achieved. Samples were prepared at 10, 15, 20, and 30 wt%
loadings of UHMWPE in either LDPE or HDPE, corresponding
to LDPEx or HDPEx (where x = 0-30) respectively.

It was immediately obvious from visual inspection of the
LDPE/UHMWPE blends that significant macroscopic phase
separation had occurred - particles of UHMWPE were visibly
embedded within the LDPE matrix resulting in a grainy texture
(Table S9t). Analysis by scanning electron microscopy shows
UHMWPE particles around 66 pum in dimeter embedded in
the LDPE matrix, but homogeneous HDPE/UHMWPE blends
(Fig. 5¢ and f and S49-S517). The presence of two distinct
thermal phases was observed clearly by DSC (Fig. 5a and
S45at). The pure LDPE had a melting transition at 110 °C, and
the LDPE/UHMWPE blends showed two transitions, one
corresponding to LDPE and the other to UHMWPE at 131 °C.
The high melting point peak grew relative to the low melting
peak as the proportion of UHMWPE increased in the blends.
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Fig. 5 (a and d) DSC thermograms (20 K min™, second heat), (b and e) engineering stress-strain curves (DMA force ramp) of LDPE/UHWMPE and
HDPE/UHMWPE microcompounded blends across a composition range of 0-30 wt% UHMWPE; SEM images of LDPE/UHMWPE (c) and HDPE/

UHMWPE (f) at 15 wt% UHMWPE.
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Rheological characterisation of the melts shows that the
complex viscosity, |#*|, of LDPE/UHMWPE blends is at least
two orders of magnitude less than the pure UHMWPE (Fig.
S45ct). The viscosity curves are intermediate between that of
the pure materials, in accordance with the law of mixtures,
and appears consistent with melt-phase miscibility. This
demonstrates that the melt processability advantages of the
high MFI LDPE are maintained to an extent in the LDPE/
UHMWPE blends. The solid-state viscoelastic properties of the
LDPE/UHMWPE blends were studied by dynamic mechanical
thermal analysis (DMTA) across a temperature range of —100
to +120 °C (Fig. S45d+}). Two distinct B relaxation processes are
observed with maxima in tan(d) around -13 and 62 °C relating
to the chain mobility of distinct thermal phases. The
transition at —13 °C corresponds to chain mobility of the LDPE
phase, while the transition at 62 °C, which is not present in
LDPEO (0 wt% UHMWPE), corresponds to the UHMWPE
phase. The low-temperature subglass transition is coincident
with the limit of the rubbery plateau, with flow-like behaviour
emerging at increased temperatures as the LDPE chains
become mobile. The mechanical properties of the LDPE/
UHMWPE blends were investigated in the solid state by tensile
analysis (Fig. 5b). Pure LDPE had a Young's modulus of 140
MPa, which decreased upon the addition of UHMWPE to 87.8
MPa for LDPE15 (15 wt% UHMWREPE). In addition to the
reduction in stiffness, the blends became more brittle than
either of the pure polymers, with the fracture strain decreasing
from 139% (LDPEO) to 53.7% (LDPE15). Moreover, the tensile
strength of the blends also decreased from 16.8 MPa (LDPEO) to
12.5 MPa (LDPE30). The reduction in stiffness, ductility, and
strength with increasing UHMWPE content is a result of the
poor PE-PE miscibility and consequent phase separation,
with stress concentrating at the UHMWPE grain boundaries.
Despite good melt-flow properties and processability, the
poor LDPE-UHMWPE miscibility means that the
advantageous mechanical properties of UHMWPE are not
conferred upon LDPE blends.

In contrast, blends based on an HDPE matrix appeared, at
least superficially, homogeneous. A single thermal phase is
observed by DSC, with the HDPE/UHMWPE blends having
melting transition temperatures intermediate between that of
the pure polymers, fulfilling the rule of mixtures (Fig. 5d). Peak
broadening has been linked to the formation of separate
crystals, which is not seen in this case.”® This is evidence for
good PE-PE miscibility between the two molecular weight
grades, possibly aided by the chain explosion melting of nascent
disentangled UHMWPE compensating for the typically extremely
slow chain diffusion.”® A less drastic reduction in complex
viscosity was observed with HDPE than LDPE, as a result of the
higher molecular weight and lower MFI. At high shear rates, the
complex viscosities of the HDPE/UHMWPE samples converged
(Fig. S46ct). However, at lower shear rates, the viscosity of
HDPE30 is up to three orders of magnitude lower compared to
UHMWPE. The formation of a fully miscible single thermal
phase is confirmed by the presence of a single B transition in
DMTA (Fig. S46dt). The HDPEO transition is observed at 80 °C,
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while the B transition of the HDPE/UHMWPE blends appears
instead at 100 °C. A slight maximum in tan(d) at -60 °C for
HDPE30 may indicate a deviation from ideal mixing at higher
UHWMPE loadings. The rubbery plateau is maintained until 10
°C, after which a smooth transition to flow-like behaviour is
observed. The mechanical properties of HDPE/UHMWPE blends
are improved relative to HDPEO, with the Young's modulus
increasing 71% from 425 to 726 MPa (HDPEO and HDPE30
respectively), and the tensile strength increasing 103% from 25.6
to 51.9 MPa (HDPEO and HDPE30 respectively; Fig. 5e). Unlike
the nanostructured bimodal polymers produced by multisite
catalysts vide supra, the mechanical properties of these blends
follow simple mixing laws. The increase in strength and stiffness
came at the expense of ductility however, with the strain at break
decreasing from 171% to 12%. The significantly improved melt
processability of HDPE/UHMWPE compared to pure UHMWPE,
and the increase of strength, stiffness, and brittleness as a
function of UHMWPE content shows that the desirable
properties of both polymer components are maintained in the
blend.

3 Conclusions

The synthesis and characterisation of ultra-high molecular
weight polyethylene using heterogenised permethylindenyl-
phenoxy (PHENI*) catalysts has been explored in detail. Four
approaches to enhancing the processability of UHMWPE have
been assessed: active site concentration and disentanglement;
chain transfer agents; multisite catalysis; and polymer
composites. It was found that below a critical surface
concentration (at least 1%), further increases to
disentanglement could not be observed. A strong hydrogen
response was observed, with low molecular weight PE (85 kDa)
produced at 2% H, concentration. Diethyl zinc proved to be an
effective CTA, with sequential reactivity leading to broadened
MWDs - including the production of bimodal polymer - and
decreased melt viscosity. Coimmobilising complexes bearing
PHENTI* and EBI ligands on sMAO afforded multisite catalysts
able to produce nanostructured bimodal polyethylene with
desirable rheological and synergistic mechanical properties.
Miscible blends of UHMWPE and HDPE resulted in effective
reinforcement of the HDPE matrix, but LDPE was found to be
immiscible. Using PHENI* catalysts, these approaches and
combinations thereof are considered crucial to expanding the
applicability of high-performance UHMW polymers. Moreover,
combining chain shuttling polymerisation with multisite
catalysis may enable the development of polyolefin block
copolymers with novel properties utilising the exceptional
comonomer affinity of PHENT*.7%'

4 Experimental
4.1 General procedures

Air- and moisture-sensitive compounds were manipulated
under an inert atmosphere using standard Schlenk line
techniques on a dual manifold vacuum/nitrogen line or in an
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MBraun Labmaster 100 glovebox. Hexane and toluene were
dried using an MBraun SPS 800 solvent purification system,
stored over a potassium mirror and degassed under partial
vacuum before use.

4.2 Gel-permeation chromatography

Gel-permeation chromatography was performed on a high
temperature gel-permeation chromatograph with an IR5
infrared detector. Samples were prepared by dissolution in
1,2,4-trichlorobenzene (TCB) containing 300 ppm of 3,5-di-
tert-butyl-4-hydroxytoluene (BHT) at 160 °C for 90 minutes
and then filtered with a 10 um SS filter before being passed
through the GPC column. The samples were run under a flow
rate of 0.5 mL min™" using TCB containing 300 ppm BHT as
mobile phase with 1 mg mL™ BHT added as a flow rate
marker. The GPC column and detector temperature were set
at 145 and 160 °C respectively.

4.3 Differential scanning calorimetry

Differential scanning calorimetry was performed on a Perkin
Elmer DSC 4000 system within a temperature range of 30-
180 °C at a rate of 20 K min™" unless otherwise stated.
Polymer samples were sealed in 100 pL aluminium crucibles.
An empty crucible was used as a reference and the DSC was
calibrated using indium and zinc.

4.4 Rheometry

Rheometry was performed on a TA Instruments Discovery
HR-2 hybrid rheometer using a temperature controlled
stainless steel Peltier plate and a flat parallel plate geometry
(20 mm diameter) with a working gap of 1000 um.
Approximately 200 mg of material, with ca. 0.1 wt% Irganox®
1010 was either vacuum compression moulded into a disc
(10 mm diameter) at 180 °C or pelletised under a 15 ton force
at ambient temperature. SAOS measurements were recorded
at 160 °C under a flow of dry nitrogen in continuous
oscillation (direct strain) mode at a strain of 0.1% (within the
LVE region) and a logarithmic frequency sweep was
performed from 0.01-100 rad s '. Data were processed using
TRIOS®.

4.5 Dynamic mechanical analysis

Dynamic mechanical thermal analysis (DMTA) was performed
on a TA Instruments Discovery HR-2 hybrid rheometer using
the DMA mode (film tension) accessory. Approx. 150-200 mg of
material was vacuum compression moulded into an ISO 37 type
3 dogbone (width b; = 4 mm, length L, = 10 mm, thickness ca. 1
mm) at 150-180 °C. Tensile properties were determined at
ambient temperature using a sinusoidal frequency sweep
(0.001-16 Hz) at 0.1% strain. DMTA of microcompounded films
was performed on a TA Instruments Q800 DMA equipped with
a TA Instruments ACS-3 chiller system. Rectangular samples
were cut from extruded ribbons with a width of approx. 7 mm,
thickness 50-500 um, and length approx. 10 mm. Samples were
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fixed in a film clamp with 5 psi clamping force and subjected to
a heating protocol from —100 to 125 °C at 3 K min ' and a 1 Hz
sinusoidal displacement applied at 0.1% strain. Force ramps
were performed at room temperature on samples with width
approx. 4 mm from 0 to 18 N at a rate of 0.25 N min~* (for 50 um
thick films) with the rate scaled proportionally to the samples
thickness to maintain a stress rate of approx. 1 MPa min™".

4.6 Microcompounding

UHMWPE was blended with either LDPE or HDPE inside a
DSM Xplore 15 cc micro-compounder in recirculation mode
for about 5 minutes using a screw speed of 100 rpm under
an argon atmosphere. The temperature was set separately for
the three zones: top (beginning of the screws/feeding area)
150-200 °C, middle 150-200 °C and bottom (tip of the
screws/die area) 150-205 °C. After blending, the samples were
collected in a ribbon using a flat film die. The take-off system
consisted of an air blade positioned close to the die used for
fast cooling to avoid or limit lateral shrinkage of the extruded
material; a speed-controlled collection roll; and a torque-
controlled winding roll.

4.7 Mechanical analysis

Mechanical analysis of UHMWPE was performed by first
adding a thermal stabiliser (BHT)'*" and pressing into plates
(80 x 60 x 1 mm) at 180-200 °C. Density was measured in
triplicate at 23 °C according to ISO 1183-1 (2012) on a Mettler
Toledo XS204 instrument. Tensile properties were
determined in quintuplicate at 23 °C according to ISO 527-1/
2 using type 5A test specimens on a Zwick Z010 instrument
with a 5 kN load cell. The gauge length was L, = 20 mm, the
gripping distance was L = 50 mm, and the testing speed was
50 mm min ". Bimodal PE synthesised by multisite catalysts
was prepared by vacuum compression moulding into an ISO
37 Type 3 dogbone (width b; = 4 mm, length L, = 10 mm,
thickness ca. 0.8 mm) at 180-200 °C. Before measurements,
samples were conditioned for 7 days at room temperature.
The measurements were performed using an Instron 5582
universal testing instrument equipped with a 5 kN load cell.
A grip-to-grip separation of 40 mm was used. The samples
were pre-stressed to 3 N, then loaded with a constant
crosshead speed 100 mm min™". The reported values are an
average of at least 4 consistent measurements of each.

4.8 Optical microscopy

Optical microscopy was performed using a Leica M205 C
encoded stereo microscope.

4.9 Scanning electron microscopy

Scanning electron microscopy (SEM) images were collected
on a JEOL JSM-6010LV scanning electron microscope.
Samples were prepared on carbon tape and coated with Au/
Pd using a Quorum Technologies SC7620 sputter coater to
reduce charge buildup and improve image quality.
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4.10 Wide angle X-ray scattering

Wide angle X-ray scattering (WAXS) was performed using a
PANalytical X'Pert Pro diffractometer in scanning mode,
using Cu Ko radiation (1 = 1.540598 A, 1, = 1.544426 A, ay/a,
= 0.5) at 40 kv and 20 mA. Samples were mounted on
stainless steel or silicon sample holders and scans were
recorded from 10° < 26 < 60° with a step size of 0.016711°
and 60 s per step unless indicated otherwise.

4.11 Commercially supplied materials and literature
preparations

PHENTI* complex 1 was synthesised according to a literature
procedure.”® LDPE, Irganox® 1010, triisobutyl aluminium,
rac-EBIZrCl, (Sigma Aldrich), and HDPE (SCG Chemicals
PLC) were all used as received. Ethylene was supplied by BOC
Ltd. and was passed through pre-activated molecular sieves
before wuse. Ethylene/hydrogen was supplied by BUSE
Scientific ~ Ltd. and used as  received.  Solid
polymethylaluminoxane (sMAO, third generation) was
supplied by SCG Chemicals PLC as a slurry in toluene and
was dried under vacuum before use.

4.12 Preparation of supported catalysts

In a typical immobilisation procedure, SMAO (250 mg) and
the precatalyst ([Alsmao)/[Ti] = 200) were weighed into a
Schlenk flask. Toluene (40 mL) was added and the slurry
was heated at 60 °C with regular swirling for 1 h or until
the supernatant had discoloured. The coloured solid was
allowed to settle, then the supernatant was decanted and
the solid product dried under vacuum at room temperature
(1 x 107 mbar).

4.13 Polymerisation of ethylene

In a typical polymerisation reaction, a 150 mL Rotaflo®
ampoule with a magnetic stir bar was charged with TIBA
(150 mg), solid catalyst (10 mg), and hexanes (50 mL). The
ampoule was sealed, cycled onto a Schlenk line and the
headspace degassed under reduced pressure. The Schlenk
line was cycled a further two times using ethylene as the
purge gas while the vessel was brought to temperature in a
thermostatic oil bath with the stirring set at 1000 rpm. The
stopcock was opened to ethylene at a pressure of 2 bar and
the timer was started. After 30 minutes the vessel was
degassed under partial vacuum, the polymer was collected
by filtration through a sintered glass frit (porosity 3), and
washed with 2 x 25 mL pentane. The polyethylene was dried
under vacuum until constant weight. All runs were carried
out at least in duplicate.
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