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1. Introduction
Polyethylene (PE), based as it is on repeating methylene units, is the simplest polyolefin
conceivable. Despite this, a large range of factors affect the properties of the resulting polymer. These
include (but are not limited to) polymer chain length (i.e. molecular weight), molecular weight
distribution, branch density and branch distribution. These fundamental properties of the polymer
chains, which are referred to as the polymer microstructure, all influence macroscopic physical
properties such as density, melting temperature and crystallinity.1
The microstructure can be controlled by the polymerisation method (e.g. radical or catalytic)
and polymerisation conditions including temperature, ethylene pressure. For catalytic polymerisation,
catalyst design also plays a key role and incorporation of co-monomers (such as α-olefins) can
significantly impact short-chain branch density and therefore crystallinity. Polyethylene grades are
typically divided into three commodity grades based on density (and microstructure, see Figure 1.1)
these are Low Density Polyethylene (LDPE), High Density Polyethylene (HDPE) and Linear Low Density
Polyethylene (LLDPE).1

Figure 1.1: Distinctive microstructures of LDPE, HDPE and LLDPE.

LDPE is produced by radical polymerisation of ethylene. The polyethylene produced is highly
branched, including long chain branches and branches on branches. This highly branched
microstructure disturbs crystallisation, LDPE therefore has low crystallinity, density, melting
temperatures and mechanical strength. HDPE is produced by catalytic insertion polymerisation of
ethylene. Catalytic insertion polymerisation produces an almost perfectly linear polymer, with very
few long chain (typically below the limit of detection of most techniques) or short chain branches. This
gives a highly crystalline polymer with high density, melting temperatures and mechanical strength
(HDPE). Carrying out the catalytic polymerisation of ethylene with an α-olefin comonomer (such as 1butene, 1-hexene or 1-octene) allows the tuning of the properties of HDPE by introducing a defined
amount of short chain branches (LLDPE). As the branch length and branch density are controlled by
the choice and concentration of comonomer and long chain branches are still minimised this lowdensity polymer is distinct from the LDPE produced by radical processes. In 2015, 36 % of all plastics
produced (380 million tonnes) was polyethylene.2
1

1.1 Ultra-High Molecular Weight Polyethylene
While the vast majority of polyethylene produced is one of these three grades, a fourth grade
of polyethylene is of significance, ultra-high molecular weight polyethylene (UHMWPE) is considered
a significant engineering plastic due to its highly desirable material properties. While, like HDPE,
UHMWPE has an extremely low degree of branching it consists of extremely long chains. Due to these
long chains the properties, applications and processing of UHMWPE is radically different from other
PE grades.1 Polymerisation of ethylene to such high molecular weights (typically UHMWPE is defined
as having Mn >1 x 106 g mol-1 or Mw >3 x 106 g mol-1) also presents its own challenges, as the rates of
propagation relative to chain termination are required to be very high.
A prominent application of UHMWPE is in artificial joints,3,4 where an abrasion resistant shaped
piece must undergo a large number of impacts on a daily basis without losing its structural integrity or
releasing smaller particles that might irritate the joint and cause inflammation. In UHMWPE, the long
chains often span several crystalline lamella, physically binding the lamella together as tie molecules.
There are also a large number of entanglements where chains from two separate lamella are physically
entangled requiring chain scission to separate the lamella (Figure 1.2). Through a sintering process,
macroscopic particles of UHMWPE can be fused together in this way,5 forming a highly abrasion
resistant material.3

Figure 1.2: Polyethylene lamella bound together by tie molecules (L, tie molecules shown in red) and entanglements (R,
highlighted in red).

UHMWPE is not melt-processable as the long chains result in a large number of entanglements.
Models estimate that for molten linear polyethylene there is an entanglement at least every 150
carbon atoms (Me = 1200 – 2000 g mol-1)6,7 and with a typical UHMWPE chain length of >71,000 carbon
atoms (Mn >1 x 106 g mol-1) each chain is physically constrained by a number of chains surrounding it.
This large number of entanglements leads to an intractable melt, while UHMWPE that has no
entanglements can be melt-processed similar to HDPE.8
Disentangled polyethylene can be obtained by crystallisation of UHMWPE from a sufficiently
dilute solution, where the long molecules are able to separate and then crystallise as single-chain
polyethylene particles (Figure 1.3).9 This process is expensive, requiring significant time and high
volumes of solvent (typically this process uses ≈1 wt.% UHMWPE)10 and long dissolution times to
ensure the polyethylene fully separates to individual chains. However, if higher polymer
concentrations are used (10 wt.%) the particles will have a low entanglement density (Figure 1.4). This
low entanglement density allows the polyethylene to be drawn into highly aligned fibres (the basis of
the so-called gel spinning process),11 the effect of entanglement density can be demonstrated by
drawing nascent UHMWPE synthesised at different temperatures,12 or disentangled UHMWPE. As the
process depends upon the radius of a polymer particle in solution, poor solvents (such as vegetable
oils) which reduce the polymer chains radius of gyration can be used to draw fibres from gels with even
higher polymer concentrations.13
2

These extended fibres have a high degree of alignment of the UHMWPE chains, this results in
fibres with a tensile strength up to 7 GPa,14 beyond which the fibres begin to fail by chain pull-out of
the tie molecules.15 These fibres are used in demanding applications such as bulletproof vests and
climbing ropes, however under a constant load they are subject to deformation (creep) although this
can be reduced by incorporating a small amount of α-olefin comonomers.16

Figure 1.3: Disentangled UHMWPE produced from a dilute solution where individual polymer chains are separated.

Figure 1.4: Minimally entangled UHMWPE produced from a solution where polymer chains have a limited interaction.

An alternative route to forming disentangled UHMWPE directly during polymer synthesis, is
the use of catalysts at high dilution and low temperatures to ensure that crystallisation occurs before
the polyethylene becomes entangled.7,17 Studies show that entanglements mainly occur prior to
nucleation and once nucleation has begun rapid crystallisation of the polymer chain limits
entanglement formation.17 Once disentangled UHMWPE is obtained it must be melted in a specific
manner, to allow for the formation of a heterogenous melt where the only entanglements are those
that formed during the initial melting stages.18-20 A melt with a homogenous distribution can be
obtained by fast melting of the polymer, as the chains undergo a ‘melt-explosion’ and will rapidly reach
the equilibrium state of an intractable highly entangled polymer melt.5,19
3

1.2 Late Transition Metal Catalytic Polymerisation of Ethylene
LDPE is produced by radical processes in supercritical ethylene. As a speciality product,
aqueous LDPE dispersions are produced by aqueous processes. Aqueous processes in general have
many advantages such as high heat capacity and due to the dispersion of the polymer in the aqueous
phase reduced fouling, low viscosity throughout the reaction and easy mixing of additives. In contrast
the vast majority of catalytic processes are performed in rigorously anhydrous conditions, as the highly
oxophilic early transition metal catalysts are incompatible with water. The vast majority of industrial
processes utilise Ziegler-Natta (Ti, Zr, V) or Phillips (Cr) type catalysts, however metallocene and postmetallocene catalysts are becoming increasingly common in industrial processes.21
While fundamental questions remain over Ziegler-Natta (regarding the nature of the active
site) and Phillips (regarding the activation process) catalysts, the fundamental mechanisms of catalytic
insertion polymerisation of polyolefins are well understood.22 However, the sensitivity to not just
water but to monomers containing heteroatoms led to development of new catalysts based on late
transition metals, such as palladium and nickel.23,24
While late transition metal catalysts are more tolerant of monomers and solvents they have
generally lower activities and chain growth competes with β-hydrogen elimination. As β-hydrogen
elimination can lead to chain walking and formation of branches (Figure 1.5) or chain transfer these
processes must be overcome to obtain polymers instead of oligomers, and polymers produced often
contain a number of short chain branches.22

Figure 1.5: Generic scheme for chain-walking by late transition metal catalysts.

Chain walking proceeds from a β-agostic species which can undergo β-hydrogen elimination.
While a β-agostic species can be formed after every insertion, for some unsymmetrically coordinated
catalysts the species may need to undergo cis-/trans- isomerisation prior to undergoing β-H
elimination.25,26 Once a suitable β-agostic species is formed, it undergoes β-H elimination to give a
metal hydride species and a coordinated alkene. The alkene formed can rotate around the metalalkene bond before the hydride reinserts to generate a secondary alkyl. This process is completely
reversible and the primary alkyl can be regenerated by reversing the process of elimination, rotation
and reinsertion, but if instead ethylene is coordinated and inserted a methyl branch will form. Higher
alkyl branches are formed in the same manner however; the chain walking step must be repeated
multiple times before undergoing ethylene insertion.
4

Chain transfer in late transition metal polymerisation catalysts is also enhanced by the
propensity for β-H elimination, however the exact mechanism remains unclear for several complexes.
For cationic α-diimine catalysts (one of the archetypal late transition metal polymerisation catalysts)
experimental evidence suggests that chain transfer proceeds by associative exchange of the
coordinated alkene formed through β-H elimination with ethylene (Figure 1.6),27,28 while
computational studies imply that the β-hydrogen is transferred directly to the incoming monomer (βhydrogen transfer, Figure 1.7).29,30

Figure 1.6: Chain transfer through associative displacement, proceeding via an olefin-hydride complex generated by β-H
elimination.

Figure 1.7: Chain transfer via β-hydrogen transfer, with no olefin-hydride intermediate.

While no clear chain transfer process can be established for α-diimine catalysts (or late
transition metal catalysts in general) with certainty, both processes may be active and both require a
low barrier to β-H elimination, relative to propagation.

1.3 Shell Higher Olefin Process (SHOP) Catalysts
The Shell Higher Olefin Process (SHOP) is the earliest significant example of chain growth
processes based on late transition metal catalyst. Based on a neutral Ni (II) catalyst incorporating a
chelating κ2-P,O-ligand, it is used industrially in the oligomerisation of ethylene to α-olefins. Over one
million tonnes of α-olefins are produced by this method yearly, primarily for the synthesis of
surfactants but also for use of comonomers in the production of LLDPE.31 From a model phosphine precatalyst a nickel hydride species is generated, this species is capable of coordinating and inserting
ethylene to give a nickel alkyl species.32 This species undergoes a limited amount of chain growth
before undergoing chain transfer, producing the α-olefin product and regenerating the nickel hydride
(Figure 1.8). Due to the low ratio of chain growth to chain transfer a Schulz-Flory distribution of
oligomers are produced.

Figure 1.8: Mechanism of ethylene oligomerisation for SHOP type nickel catalysts.

SHOP type catalysts can also produce linear polyethylene under different conditions33 or
moderately branched polyethylene by adding scavengers to trap the dissociated phosphine or
replacing the labile phosphine with less strongly binding pyridine34 however they are mainly of interest
for production of linear oligomers.

5

1.4 Cationic Ni (II) and Pd (II) α-Diimine Catalysts
While SHOP type catalysts can produce polyethylene, extensive investigation into late
transition metal polymerisation catalysts was initiated by the introduction by Brookhart and coworkers
of cationic α-diimine catalysts based on Pd(II) and Ni(II) in 1995 (Figure 1.9).27

Figure 1.9: Typical α-diimine precatalysts, activation and polymerisation.

The dimethyl nickel precatalyst can be activated using a strong acid to protonate a methyl
group, generating a cationic active centre with a weakly-coordinating anion.27 Ethylene (or other αolefins) can coordinate to the metal centre and undergo insertion. Catalytically active species can also
be generated from a dibromide nickel precatalyst by reaction with MAO.27
For the nickel catalysts branching is controlled primarily by reaction conditions, increasing with
temperature and decreasing with ethylene pressure.27,35 The diimine ligand also influences branching,
and by increasing steric bulk, branching of high molecular weight polymers can be significantly
reduced.35,36 Steric bulk in the axial position also increases molecular weight dramatically.27,35,36 This
steric bulk hinders chain transfer by disfavouring the 5-coordinate transition state formed during chain
transfer, increasing the rate of chain propagation to chain transfer. The ability of these catalysts to
produce high molecular weight polyethylene was immediately apparent, producing polyethylene with
a molecular weight of Mn = 7 x 105 g.mol-1.27 Since then by increasing steric bulk in the axial positions,
α-diimine catalysts with sophisticated ligand designs have been used to produce polymers in a living
fashion, or for use at high temperatures.37-40
Palladium α-diimine catalysts are capable of polymerising ethylene with polar monomers such
as alkyl acrylates41,42 and functionalised α-olefins,43 combined with high steric bulk in the axial position
this allows for production of functionalised UHMWPE.43 In the case of acrylates, the functional group
is incorporated at the end of branches preferentially due to formation of a chelate, which also
suppresses polymerisation activity.42 Polymerisation in aqueous media is also possible with palladium
α-diimine catalysts as a suspension process, with activities approaching those in organic media when
high ethylene pressures are used.44

1.5 Neutral Ni(II) Salicylaldiminato Catalysts
Towards the end of the 1990s, a new class of neutral nickel complexes were reported
independently by Grubbs and Johnson (DuPont).45-47 These were conceptually similar to the SHOP
catalysts, however utilised a κ2-N,O-ligand obtained by condensation of anilines and salicylaldehydes
(salicylaldimine) instead of the P,O-ligands of SHOP catalysts (Figure 1.10).

Figure 1.10: Example catalysts from the first reports by Grubbs (left) and Johnson (right).

6

With the use of phosphine scavengers such as [Ni(COD)2] or B(C6F5)3, these catalysts were
active for ethylene polymerisation at moderate pressures. The polyethylene produced had a wide
range of molecular weights (Mw from 4,000 to 360,000 g.mol-1) and varied in linearity (from 20 to 55
branches per 1000 C atoms) depending on the substituents at the 3,5-positions of the aldehyde.45
Polymerisation was possible as a single component catalyst if the substituent in the 3-position was
sufficiently bulky, due to the enhanced dissociation of phosphine.46,48 Use of acetonitrile as a labile
ligand instead of phosphine, also allowed use of these catalysts as single component systems (Figure
1.11).46,49 Steric bulk was shown to be important not just for phosphine dissociation but also for
catalyst stability, preventing formation of a bis-ligated nickel species which was shown to be
polymerisation inactive.49

Figure 1.11: Single component salicylaldiminato nickel complexes used for polymerisation of ethylene, enhanced dissociation
of the phosphine is provided by the substituent in the 3-position. TOF values are in 104 mole of PE per mole of Ni per hour,
taken from reference 46.

While, the branching was clearly influenced by ligand structure, it was also significantly
influenced by temperature, with experiments where polymerisation was carried out at 0 °C showing
very low levels of branching (5 per 1000 C atoms).45 Systematic investigation of the effect of
temperature showed that β-H elimination increases with temperature, the number of branches more
than doubled upon increasing the temperature from 35 °C to 65 °C, while the molecular weight halved
over the same temperature range.50
In 2004, Mecking and co-workers reported a set of new catalysts, which allowed for significant
influence on the rate of β-H elimination, through modification of the ligand. These ligands incorporate
a terphenyl structure, with aryl rings positioned above and below the nickel centre. Substitutions on
these rings have a significant effect on polymer properties, with electron-withdrawing substituents
(e.g. CF3) producing a high molecular weight, relatively linear polymer while electron donating
substituents (e.g. Me) producing low molecular weight oligomers with a high degree of branching,
interestingly this extreme difference in microstructure is not associated with a significant difference in
productivity (Figure 1.12).51

Figure 1.12: Effect of remote substituents on polymer microstructure and productivity, showing a significant influence on the
rate of β-H elimination and consequently, the microstructure. Values taken from reference 51.

This remote substituent effect has been investigated thoroughly, it has been shown to be
influenced to a lesser extent by sterics, with larger substituents decreasing β-H elimination.52,53 Studies
of a complex with nitro (NO2) substituents54 ruled out a presumed effect55 involving interactions
between the fluorine of the substituents and either the metal centre or the polymer chain.56
7

The position of the electron-withdrawing substituents on the ring was shown to be of little
significance. This shows that steric effects are limited and points to a control of β-H elimination which
was purely electronic.57 Ma and co-workers showed that the number of electron-withdrawing
substituents was more significant than the position, by synthesising a series of complexes which varied
only in the number and position of the fluorine atoms on the terphenyl rings (Figure 1.13).58
Interestingly, these catalysts did incorporate a potential Ni-F interaction, when the fluorine atoms
were positioned in the 2 and 6 patterns, however this had no effect on molecular weight or branching,
but instead reduced the barrier to insertion.

Figure 1.13: Series of catalysts produced by Ma and co-workers, showing the decrease in branching with increasing number
of electron-withdrawing substituents (values taken from reference 58). Fluorine atoms capable of making a Ni-F interaction
shown in red.

A weak aryl interaction was shown computationally to be a possible source of the remote
substituent effect, these interactions assist in the formation of the β-agostic species that undergoes βH elimination and are weakened when the aryl ring is electron deficient.26 Further studies, including
the effect of rings containing electron rich heteroatoms, were also carried out and applied in the
production of hyper-branched oligomers.26,59
While the electronic nature of the ligand is crucial in controlling β-H elimination, steric bulk
still plays a role in the prevention of chain transfer. A striking example of this is a pair of catalysts
published recently by Brookhart, Daugulis and co-workers.60 Here the terphenyl moiety is replaced by
a naphthyl moiety with aryl rings in the 2- and 8- positions, again above and below the metal centre
(Figure 1.14).

Figure 1.14: Catalysts published by Brookhart and Daugulis, varying in the nature of the substituents on the ring in the 2position of the naphthyl moiety.

The aryl ring in the 8-position provides significant shielding in the axial position. As an
associative exchange mechanism of chain transfer can be assumed for salicylaldiminato catalysts
(nickel hydride species can be observed by 1H NMR of polymerisation reactions),46 dissociation of the
polymeryl olefin and therefore chain transfer is significantly hindered. For this reason this catalyst
produces moderately branched UHMWPE.60
Salicylaldiminato Ni(II) complexes can copolymerise functionalised (and also protic)
norbornenes and α-olefins with ethylene,50,61 unlike Pd(II) diimines they cannot incorporate
acrylates.62,63 They also tolerate small amounts (10 %) of heteroatom containing solvents (e.g. diethyl
ether, THF) and water or other protic compounds.46,50
8

This has led to the use of these complexes in alternative solvents, like supercritical CO264 and
(biphasic) aqueous systems.65-73 κ2-P,O SHOP-type catalysts can also produce polyethylene in aqueous
systems,65,74 it is generally of lower molecular weight than that accessible using salicylaldiminato
catalysts. While emulsification of catalysts often leads to large particles containing multiple lamella67
by using hydrophilic catalysts small, single lamella particles of highly ordered polyethylene
(polyethylene nanocrystals) can be formed with hydrophilic catalyst precursors.69,71,72
As these catalysts are made hydrophilic by the labile ligands (Figure 1.15), which dissociate
either upon dissolution in water or upon pressurisation with ethylene, upon dissociation the catalyst
undergoes a phase transfer and polymerisation actually takes place within a micelle.72 Due to the phase
transfer activation, the catalyst is highly active at low temperatures (10-15 °C) allowing β-H elimination
to be reduced and linear (<0.7 branches per 1000 C atoms) polymers to be obtained.69 The low
temperatures, relatively slow rate of chain growth, rapid crystallisation and confinement within a
micelle, means the chain is deposited rapidly on the surface of a growing polymer crystal. This results
in a highly ordered crystal, with tight loops and little or no entanglements (Figure 1.16).71

Figure 1.15: Examples of hydrophilic precatalysts, which can be used to produce polyethylene nanocrystals in water.

Figure 1.16: Activation of pre-catalyst by coordination of ethylene, subsequent phase transfer and stabilisation by surfactant,
to give a micelle containing a single catalyst particle that polymerises ethylene to give a well ordered particle of polyethylene.71

Studies of polymerisations in water carried out for short reaction times (0.5 to 5 minutes)
suggest that hydrolysis (specifically protonolysis) is the main cause of chain termination.72 This is in
contrast to previous NMR studies, where while hydrolysis was observed to occur, it was shown to be
much slower than a bimolecular deactivation pathway.75 This discrepancy can likely be explained by
the large difference in concentration for NMR studies and polymerisation reactions. It may also be
influenced by the fact that the NMR study was carried out in the coordinating solvent DMSO and the
reaction with water was modelled by using D2O. Further polymerisation experiments show that
hydrolysis can be supressed by coordinating additives, carrying out the reaction in D2O or reducing the
pH, allowing access to high molecular weights.72 The bimolecular reaction however cannot be
discounted, as experiments in homogenous organic solvents have shown that it is a significant
deactivation pathway under polymerisation conditions.76
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1.6 Polyethylene Nanocrystals
Highly crystalline polyethylene nanoparticles (polyethylene nanocrystals) can be produced by
hydrophilic (or amphiphilic) Ni(II) salicylaldiminato complexes. Polyethylene nanocrystals can also be
produced via ring-opening metathesis polymerisation of trans-cyclooctene in a microemulsion system
followed by hydrogenation to saturate the polymer chain.77 Similar self-stabilising nanocrystals can
also be produced by precipitation of polyethylene with a carboxylic acid functionality on every 21st or
45th carbon atom (produced by acyclic diene metathesis polymerisation and reduction of the double
bonds) where the distance between functional groups dictates the thickness of the ‘polyethylene’
lamella.78 Unlike polyethylene nanocrystals made using a metathesis approach, which consist of strictly
linear polymer, the polyethylene produced by insertion polymerisation can be moderately branched,
this can disrupt the crystallinity as methyl branches will be incorporated into the lamella structure,
while larger defects must be forced into the amorphous region causing further disruption of the
nanocrystal.79 This exclusion of longer branches can be exploited to generate self-stabilising
polyethylene nanoparticles by copolymerisation of ethylene and α-olefins incorporating a hydrophilic
functional group in the absence of surfactant.80
Linear polyethylene (<0.7 branches per 1000 C atoms) can be obtained in aqueous
polymerisation at 10 °C.71 SAXS measurements of the nanocrystals in solution and DSC measurements
of the precipitated polymer both suggest an extremely high crystallinity (>80 %).71 The thinness of the
amorphous layers suggests that it consists solely of tight loops,71 this was supported by solid state NMR
measurements of the nascent powder.81 Annealing experiments showed lamellar thickening,
increasing the crystalline region, while the amorphous region remained unchanged, consistent with a
typical chain-folded structure.71,82 These nanocrystals were dubbed ‘ideal polyethylene nanocrystals’
and can be considered a model polyethylene crystal, interestingly these crystals also had the melt
properties of UHMWPE (i.e. a first melting temperature over 140 °C, which is lost on the second
heating) despite having a much lower molecular weight (Mn = 4.2 x 105 g.mol-1).71
Polyethylene nanocrystals however are not interesting solely as models, they are film
forming,83,84 can also be used in blending to create composites85 or as a seed to form multi-phase
polyethylene particles.73 They therefore offer a unique opportunity to produce easily blendable
disentangled UHMWPE. While non-aqueous dispersions of UHMWPE have been produced before by
steric stabilisation of nascent UHWMPE with dissolved LLDPE,86 the difference between organic and
aqueous media makes the two approaches complimentary. As well as potential improvements in
drawing and melt processing, the small particle size may improve sintering by allowing access to the
hexagonal phase of polyethylene.87 According to some models, the narrow molecular weight
distribution of the polymers produced in aqueous polymerisation,72 may also give superior abrasion
resistance for pieces made of UHMWPE nanocrystals.3
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2. Scope of the Thesis
Disentangled (linear) UHMWPE is a valuable material, currently produced at low temperatures,
pressures and high dilution. Disentangled polyethylene nanocrystals, where the polymerisation
process takes place within a micelle or compartmentalised systems in general and produces highly
ordered polyethylene offers an alternative approach. As of yet, no catalysts compatible with aqueous
media have produced linear UHMWPE (defined here as less than one branch per 1000C atoms and Mn
> 1 × 106 g.mol-1), to this end UHMWPE nanocrystals should be obtained, either by synthesis of new
catalysts or process optimisation. Ideally, to make the process more appealing to industry alternatives
to hydrophilic catalysts (with expensive labile ligands) and aqueous systems (which lead to hydrolysis)
should be investigated. Alternatives to hydrophilic catalysts include catalyst emulsification, while the
high heteroatom tolerance of these catalysts means poor solvents for polyethylene (such as THF) could
be used to induce rapid nucleation and precipitation and limit entanglement formation.
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3. Polyethylene Nanocrystals from Basic Aqueous Media as a Source
of Disentangled UHMWPE.
The advantages of being able to melt process disentangled UHMWPE make this a highly
desirable material. X-Ray scattering,71,82 NMR measurements81 and annealing behaviour of
polyethylene nanocrystals71,82 indicates that they are single lamella of disentangled highly ordered
polyethylene with adjacent re-entry of the polymer chain into the lamella, tight loops and minimal
amorphous phase. The small and relatively uniform nature of the ‘ideal polyethylene nanocrystals’
makes it possible to exclude the presence of larger, multi-lamella particles and/or amorphous clews of
polyethylene. However, the molecular weights of these polyethylene nanocrystals are limited, typically
Mn < 5 × 105 g.mol-1, so while the melt properties of the polymer may reflect those of nascent
UHMWPE, higher molecular weights are desirable for superior material properties.
Higher molecular weights, which are more appropriate to compare with disentangled
UHMWPE can be obtained by reducing hydrolysis, which is the primary chain termination mechanism
in water.72 Higher molecular weights are associated with a significant growth in particle sizes and as
the lifetime of the catalyst is increased the polymer content of the dispersion is also increased.72 While
it is reasonable to assume that there is no significant change in the nature of the polymerisation or the
compartmentalisation when hydrolysis is suppressed, the disentangled nature of these larger
nanocrystals has not been adequately demonstrated. The increased particle size and greater particle
size dispersity when hydrolysis is suppressed also makes detection of any small, entangled clews by
DLS impossible. TEM can show individual crystals, however it is impossible to determine if overlapping
crystals are connected by tie-molecules and/or entanglements or just overlapping on the TEM grid.
As an alternative to time-consuming techniques used to previously demonstrate the nature of
the disentangled single lamella nanocrystals such as X-ray scattering and cryo-TEM of dispersed
samples that had been dialysed and/or annealed a fast reliable method that allows a representative
sample of polymer nanocrystals to be assessed for entanglements is required. The kinetic melting
behaviour of UHMWPE was thoroughly investigated by Rastogi and Lippits on melt-crystallised,
solution-crystallised and nascent samples of UHMWPE with different levels of entanglement
(entangled and ‘disentangled’).88 The ‘disentangled’ sample is produced using an early transition metal
catalyst in solution at high dilution and low temperatures, this homogenous process prevents
entanglements by separation of the catalyst molecules. The ‘disentangled’ nature of this polymer is
demonstrated through enhanced drawability.19,88 As drawable polymers requires a minimum
entanglement density to prevent fracturing of the sample along crystal boundaries,12 the sample is
clearly entangled. However, as samples prepared according to this method are melt-processable,8
clearly the distinction between minimally entangled and completely disentangled polymer is not
significant for melt-processability.
Rastogi and Lippits showed that disentangled samples (i.e. the ‘disentangled’ nascent sample
and the solution-crystallised) are able to melt approximately 5 °C below the apparent melting
temperature (141 and 136 °C respectively) when low heating rates are used, by the process of
detachment of individual chain stems.19,88 The entangled samples (i.e. the entangled nascent sample
and the melt-crystallised sample) are unable to undergo melting by this process due to constraints in
the amorphous phase. The high number of entanglements and tie-molecules means that in an
entangled sample chains detach from the crystal front in a cooperative fashion, which has a much
higher activation energy and results in a higher melting temperature.88
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The different kinetic melting leads to a difference in the physical constraint of the melt. With
slow melting of a ‘disentangled’ UHMWPE sample a melt-processable heterogenous melt is formed,
with areas of low and high entanglement density.18,88 Fast melting of ‘disentangled’ UHMWPE,
however leads to a non-processable homogenous melt due to melting occurring through a meltexplosion and rapid formation of entanglements.5,18,88 By comparison entangled samples melt in the
same way regardless of the rate of heating and give a homogenous melt, which reflects the initial
entanglement density in the polymer crystal.
‘Disentangled’ UHMWPE can therefore be identified by the melting kinetics, if melting below
the ‘fast melting temperature’ is observed when slower rates of heating are used or following
annealing at 135 °C it can be assumed a melt-processable, heterogenous melt is formed and the sample
can be considered disentangled. Assessing entanglement density in this way is superior to cold drawing
of the polymers as the drawability of the polymers relies on a minimal level of entanglements and tie
molecules and is also experimentally much more labourious.12

3.1 Establishing the Disentangled Nature of Larger Nanocrystals
Before these techniques can be used on novel samples of unknown entanglement density the
techniques must be demonstrated to be able to distinguish between entangled and disentangled
samples. As an entanglement density can be determined, either by slow melting (0.1 K.min-1) or by fast
melting (10 K.min-1) following prior annealing at 135 °C,10,18 it is also necessary to determine which of
the two techniques is better for determining whether the polymer is disentangled.
To test this a sample of ideal polyethylene nanocrystals (presumed disentangled, produced in
aqueous dispersion at 10 °C), and a sample of polyethylene produced at 10 °C in homogenous organic
solvent (presumed entangled) were selected to see if different heating programs could distinguish the
two samples. These samples had comparable degrees of branching and molecular weights (420 and
384 x 103 g.mol-1) and both samples displayed the typical melting behaviour of UHWMPE (Figure 3.1)
under the Standard Heating Program (Figure 3.2).

Figure 3.1: Melting behaviour of samples selected under the Standard Heating Program (Figure 3.2), showing melting points
determined in the first (left) and second (right) heating cycle.
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Figure 3.2: Standard Heating Program, ‘fast’ heating and cooling with no annealing. To determine melting points for first and
second heating cycles.

Figure 3.3: Slow Heating Program, 'slow' heating to determine the melting point for first heating only.

While the ideal slow heating (0.1 K.min-1) was not an option, a Slow Heating Program (Figure
3.3) with ‘slow’ heating at 1 K.min-1 was sufficient to easily distinguish between the two samples (Figure
3.4). The sample formed in aqueous dispersion displayed the typical melting behaviour of disentangled
UHWMPE, with the theoretical melting point of UHMWPE (135 °C) being seen instead of the
exaggerated melting point (>140 °C) observed with fast melting. Melting at 135 °C at these slow rates
implies that the melting is occurring through the detachment of the polymer chain(s) from the crystal
front (Figure 3.4). By comparison, the sample produced in a homogenous organic solution is relatively
unaffected by the heating rate used, the small change is most likely due to reduced overheating. That
the melting behaviour of disentangled UHWMPE is seen despite the relatively fast temperature ramp
being used is surprising, and may speak to compartmentalisation providing a much higher degree of
disentanglement than the high dilution, low temperature methods typically used to produce
disentangled UHMWPE in homogenous systems.7,86
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Figure 3.4: 1st melting temperature of polymers produced in organic solvent and aqueous dispersion at a low heating rate of
1 K.min-1 (left) and a cartoon showing the melting by chains detaching from the crystal front halting at an entanglement
(right).

Annealing the two samples also highlighted the difference in entanglements between the two
samples. After annealing at 135 °C for 180 minutes, the samples were cooled to 25 °C and then fast
heating was used to melt the samples (Figure 3.5). While less clear cut, the results clearly highlighted
the disentanglement of the sample in aqueous polymerisation, which melted at 138 °C (slight
overheating) though potentially a shoulder at 143 °C remained (Figure 3.6). By comparison, after
annealing the sample produced in homogenous organic solvent showed a minor peak at 133 °C (a
disentangled fraction melted during annealing) but the majority of polymer still required superheating
to melt completely. Unsurprisingly, after the first melting both samples displayed the same melting
behaviour, melting at 138 °C and 139 °C, which is comparable with the theoretical melting temperature
for melt-crystallised polyethylene of 135 °C.

Figure 3.5: Annealing Program, annealing for a set time at 135 °C, before 'fast' cooling and heating. To determine the melting
point for first and second heating cycles.
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Figure 3.6: 1st and 2nd melting temperature of polymers produced in organic solvent (left) and aqueous dispersion (right) after
annealing at 135 °C for 180 minutes (cooled to 25 °C after annealing).

While both heating programs are able to distinguish between the two samples, it is clear that
the ‘slow’ heating method produces a far more clear-cut distinction between entangled and
disentangled polymers. As a small fraction of disentangled polyethylene is likely to be formed due to
the slow rate of polymerisation relative to crystallisation even in the absence of a compartmentalising
system, annealing will produce a lower melting point peak for most samples. With this in mind, the
‘slow’ heating method was selected as a general method to distinguish between entangled and
disentangled polymers produced in aqueous media.

3.2 Polymerisation in Basic Media
While previous work had established 2-CF3/TPPTS as the only catalyst capable of producing
truly linear polyethylene,71 extensive studies on 1-CF3/TPPTS had shown higher molecular weights
were possible under certain conditions.72 As hydrolysis was shown to be the significant chain
termination pathway for polymerisations using 1-CF3/TPPTS in water, it is likely that this also applies
to other neutral nickel salicylaldiminato catalysts.72 Two general approaches to suppress hydrolysis are
possible; a suitably coordinating additive can be used (for 1-CF3/TPPTS the best performing additive
was found to be DMF) which limits the coordination of the protic species responsible for chain
termination, alternatively the concentration of protic species can be dramatically reduced by adding a
base.72 The coordination of individual additives is likely to be at least somewhat affected by catalyst
structure, with changes to steric bulk around the metal centre and the electron density on nickel likely
to effect the binding of additives. As the concentration of an additive (e.g. DMF) would likely need to
be tuned for each individual catalyst, it was chosen to instead look at the effect of changing pH on 2CF3/TPPTS. By combining the two most successful previous results it may be possible to obtain
UHMWPE nanocrystals.

Figure 3.7: Hydrophilic catalysts, 1-CF3/TPPTS and 2-CF3/TPPTS established in previous work as the best catalysts for
formation of high molecular weight polyethylene with low degrees of branching.
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CsOH was selected as a base, due to the slight improvement in molecular weight over NaOH,72
which is likely due to the formation of micelles of caesium dodecyl sulfate (CsDS) or mixed micelles of
CsDS/SDS. Micelles of CsDS and mixed micelles are larger than micelles based on SDS as the larger
hydrodynamic radius of caesium ions means that they are found close to the dodecyl sulfate head
groups and help balance the negative charges.89 Larger micelles may well reduce hydrolysis as the
distance a molecule of water has to penetrate into the hydrophobic micelle interior is increased.
Table 3.1: Ethylene Polymerisation results with precatalysts 1-CF3/TPPTS and 2-CF3/TPPTS in basic aqueous media for various
times.a
Entry

Precatalyst

1
2f
3g
4f
5g
6h

1-CF3/TPPTS
1-CF3/TPPTS
1-CF3/TPPTS
2-CF3/TPPTS
2-CF3/TPPTS
1-CF3/TPPTS

T
(°C)
16
16
16
16
16
10

Yield
(g)
8.30
8.06
11.5
6.96
6.76
11.2

TONb
2.96
2.88
4.10
2.65
2.42
4.01

Mn
(x103 g.mol-1)c
511
663
n.d.
350
715
320

Mw/Mnc
1.3
1.3
1.5
1.4
1.8

Tm
(°C)d
139/134
139/134
137/132
140/135
137/134
141/134

Crystallinity
(%)d
72/56
74/54
70/56
74/59
77/58
77/53

Branches/
1000 Ce
n.d.
n.d.
n.d.
n.d.
1.1
1.7

aPolymerisation

conditions: 10 µmol of precatalyst, 100 mL of water, 3 g of SDS, 514 mg CsOH, 40 bar of C2H4, 30 min. b104 ×
mol [C2H4] × mol-1 [Ni] × h-1. cDetermined by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1. eDetermined
by 13C NMR spectroscopy. fPolymerisation for 60 minutes. gPolymerisation for 90 minutes. h1 g of PEG, 1.8 mL ethylene glycol,
polymerisation for 60 minutes.

Unsurprisingly the effects of introducing CsOH are very similar for both 1-CF3/TPPTS and 2CF3/TPPTS, with improved productivities, lifetimes and molecular weights being observed as well as
an increased particle size, and a change from hexagonal nanocrystals towards lozenge shaped
nanocrystals.72 While molecular weights are improved, the degree of branching at 15 °C is higher than
ideal, leading to melting temperatures below those of UHMWPE.
As it is known that linear polyethylene can be obtained at 10 °C,71 an attempt was made to
combine the extended lifetimes and higher molecular weights of polymerisation in the presence of
CsOH, with the reduced β-hydrogen elimination of polymerisation at low temperatures. While
polymerisation at 10 °C is complicated by the need to suppress the formation of ethylene hydrate, it
was found to be possible to reliably polymerise for an hour at 10 °C and pH 12.5 with the addition of
large amounts of SDS (3 g), PEG (1 g), ethylene glycol (1.8 mL) and CsOH (514 mg) to 100 mL of water.
While branching is low and melting temperatures close to virgin UHMWPE were obtained, there was
a significant reduction in molecular weight. This reduction in polymer molecular weight probably arises
from a decreased rate of propagation relative to termination, as in the presence of CsOH hydrolysis
should be minimal.

3.3 Establishing the Disentangled Nature of Nanocrystals from Basic Media
Precipitated polymers from dispersions generated using either 1-CF3/TPPTS or 2-CF3/TPPTS in
the presence of CsOH to suppress hydrolysis were studied using this method. These dispersions have
higher polymer contents (up to 10 %, Table 3.2, Entry 3) and far larger particle sizes (Table 3.2, Entries
4 and 5) than the ideal polyethylene nanocrystals. While the melting points are lower than for linear
UHMWPE, the decrease in 1st melting temperature to approximately that of the 2nd melting
temperature is indicative of disentangled polymers (Figure 3.8 and 3.9).
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Table 3.2: Melting temperatures for fast and slow heating of polymers produced as dispersions with high polymer content and
large particle sizes.a
Tm at 10 K.min-1
Tm at 1 K.min-1
Polymer content
Particle Size
(°C)b
(°C)b
(%)c
(nm)d
1
1-CF3/TPPTS
139/134
133
7.6
21
2
1-CF3/TPPTS
139/134
132
7.2
23
3
1-CF3/TPPTS
137/132
131
10.1
18
4
2-CF3/TPPTS
140/135
132
7.0
50
5
2-CF3/TPPTS
137/134
133
6.3
51
aPolymerisation conditions: See corresponding entry in Table 3.1. bDetermined by DSC, 1st/2nd heating, 10 or 1 K.min-1.
cDetermined by precipitation of a 20 g aliquot. dDetermined by DLS, volume average.
Entry

Precatalyst

Figure 3.8: 1st melting temperature (when a heating rate of 1K.min -1 is used) of polymer produced by 1-CF3/TPPTS as a
dispersion which has a high polymer content (>10%).

Figure 3.9: 1st melting temperature (when a heating rate of 1 K.min-1 is used) of polymer produced by 2-CF3/TPPTS (left) as a
dispersion which by DLS is shown to contain some very large particles (right).

3.4 Catalyst Influence on Reaction Lifetimes
While the use of CsOH extends catalyst lifetimes and increases polymer yields and polymer
molecular weight for both 1-CF3/TPPTS and 2-CF3/TPPTS there are some significant differences in how
the catalyst activity changes over the course of the reaction. While both catalysts can have their
lifetime extended up to 90 minutes, 1-CF3/TPPTS shows a greater decline in activity over time. While
this is visibly obvious from examining the mass flow traces, by integrating the mass flow the difference
between the two catalysts can be quantified.
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For this, the consumption of ethylene from the 30th minute to the 60th minute was compared
to the consumption from the 5th to the 30th minute. The 5th to 30th minute was chosen to allow for
complete saturation of the solution, partial consumption of the initial overpressure and dissociation
of the TPPTS ligand. Waiting five minutes from the initial pressurisation might also allow for
bimolecular deactivation of any catalyst that is not contained in its own micelle.
By simply comparing the integrated values (which equates to the actual mass of ethylene
consumed) for the two selected time periods it can be shown that after 30 minutes 1-CF3/TPPTS only
consumes 34 % of the ethylene consumed by the catalyst in the preceding 25 minutes. By comparison
in the final 30 minutes 2-CF3/TPPTS consumes 64 % of the ethylene consumed by the catalyst between
the 5th and 30th minute (Figure 3.10).

Figure 3.10: Consumption of ethylene over 60 minutes for 1-CF3/TPPTS (left) and 2-CF3/TPPTS (right) when hydrolysis is
suppressed using CsOH. From table 3.1, entry 2 (1-CF3/TPPTS) and entry 4 (2-CF3/TPPTS). Integrated regions shown in grey.

Remarkably, despite radically different initial activities for the experiments carried out over 90 minutes
these values remain consistent. Consumption of ethylene between the 30th and 60th minute is 33 % (1CF3/TPPTS) and 62 % (2-CF3/TPPTS) of the ethylene uptake between the 5th and 25th minute (Figure
3.11).

Figure 3.3.11: Consumption of ethylene over 90 minutes for 1-CF3/TPPTS (left) and 2-CF3/TPPTS (right) when hydrolysis is
suppressed using CsOH. From table 3.1, entry 3 (1-CF3/TPPTS) and entry 5 (2-CF3/TPPTS). Integrated regions shown in grey.

There are a number of potential reasons for the difference in the decay of catalyst activity over
time. One potential explanation is simply that the dissociation of the TPPTS ligand is hindered for 2CF3/TPPTS, providing a reservoir of unactivated catalyst that is slowly activated throughout the
reaction. This would mean the concentration of active catalyst changes less over time as deactivated
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nickel centres are replaced by freshly activated ones. However, this theory of slow activation fits poorly
with the low activity past the 60th minute and also runs contrary to previous experiments which suggest
that dissociation of the phosphine may occur upon dissolution in water, has occurred for a significant
portion of the catalyst after two minutes and that a pre-catalyst species undergoes hydrolysis over
time.72
More interesting is the possibility that the increased steric bulk of 2-CF3/TPPTS leads to a
slower hydrolysis, in this case increasing steric shielding may allow the production of higher molecular
weight polymer. This is one direction that novel catalyst designs could take to access higher molecular
weights.

3.5 Catalyst Influence on Nanocrystal Size
It is well established for 1-CF3/TPPTS that preventing hydrolysis leads to an increase in particle
size as well as a change in shape from hexagonal to lozenge shaped nanocrystals.72 Unsurprisingly 2CF3/TPPTS shows the same change in particle size and shape, away from hexagonal-shaped
nanocrystals, to the large lozenges expected for long polymerisation times. However DLS shows a
significant difference in the particle size when 2-CF3/TPPTS is compared to 1-CF3/TPPTS (Figure 3.12).

Figure 3.12: DLS plots (based on volume percent) showing the difference in particle size for 1-CF3/TPPTS and 2-CF3/TPPTS.

It is clear that the particle size of 2-CF3/TPPTS is greater than that of 1-CF3/TPPTS for reactions
of 60 and 90 minutes, there is also no observed increase in particle size when the reaction time is
increased from 30 to 60 to 90 minutes (Figure 3.13). As these particles are single-chain nanocrystals
with each catalyst producing only a single chain, particles should grow as long as polymerisation
continues.72 Previous studies with lifetime prolonged by addition of DMF and study of particle size by
TEM showed that there was indeed particle growth after 30 minutes.72
The DLS measurement measures the highly anisotropic crystals in solution and is an averaging
of the height (≈7 nm)82 and the diameter (30 – 200 nm). As the thickness remains constant throughout
the reaction, even in an ideal situation where there was no deactivation only a small change would be
observed by DLS. Considering the significant deactivation observed over the first 30 minutes for
reactions with 1-CF3/TPPTS it is unsurprising that any further particle growth is not reflected by DLS
for polymerisations of longer reactions times.
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Figure 3.13: DLS plots of particle size (based on volume [left] and intensity [right]) showing there is no significant change in
particle size with polymerisation time.

While the polymerisation of 2-CF3/TPPTS shows less deactivation than 1-CF3/TPPTS in the first
30 minutes, this likely does not explain the large difference in polyethylene nanocrystal size. This
assumes that the system is similar to that of 1-CF3/TPPTS where one catalyst molecule produces one
particle, which consists of (at longer lifetimes) 1-10 polyethylene chains.72 The far lower solubility in
water of 2-CF3/TPPTS, presumably due to the addition of several large hydrophobic groups to the
ligand, may result in a particle with one or more catalyst molecules. A multi-catalyst particle would
then produce a single polyethylene particle, which consists of more (and slightly longer) polyethylene
chains, significantly increasing the anisotropic nanocrystal’s dimensions. While the disentangled
nature of the nanocrystals produced by 2-CF3/TPPTS does not favour this theory it does not exclude it,
as once a nascent crystal is formed (which could occur within 30 seconds72) a second catalyst molecule
could in principle activate, polymerise and deposit a second chain on the nascent crystal front without
the formation of entanglements.

3.6 Summary
The beneficial effects of changing pH on molecular weight and catalyst lifetime previously
demonstrated for 1-CF3/TPPTS were shown to be easily applicable to a second catalyst system through
addition of CsOH to the aqueous reaction media. This suggests that using CsOH as an additive is a
simple and general method to improve polymerisation. While the effects were comparable, the new
catalyst system 2-CF3/TPPTS produced higher molecular weight polymer with fewer branches, this
could be due to the reduced branching or to the additional steric bulk provided by the new ligand
creating a hydrophobic environment, which further reduces hydrolysis. Increasing steric bulk and
further reducing β-H elimination are therefore potential routes to higher molecular weight
polyethylene in aqueous media.
While the molecular weights obtained in basic media are still short of UHMWPE (Mn = 106
g.mol-1), they display the melt properties of UHMWPE. Literature known DSC techniques for
establishing the disentangled nature of UHMWPE were applied to nanocrystals (known to be
disentangled through annealing of dispersions82) and entangled polymer of a comparable molecular
weight. Both techniques clearly demonstrated the disentangled nature of the nanocrystals by showing
melting behaviour free of the superheating typically associated with nascent UHMWPE. By
comparison, the entangled polymer from polymerisation in a non-compartmentalised organic reaction
media required superheating to melt, even after annealing at 135 °C for 3 hours the vast majority of
the polymer was unchanged. Based on this slow melting was selected as an easy and unambiguous
way to identify disentangled UHMWPE. Using this method the disentangled nature of nanocrystals
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produced in dispersions with high polymer contents (>10 wt. %) or containing large particles (100 –
200 nm) could be clearly shown.
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4. Highly Active Catalysts for Polymerisation at Low Temperatures
the Role of the Labile Ligand in Activity and β-H Elimination.
An alternative to introducing completely new bidentate ligands would be the synthesis of
nanocrystals from lipophilic catalysts for use in emulsion polymerisations at low temperatures.
Compared to hydrophilic catalysts, which are limited to sulfonated phosphines and PEG-amine
compounds69 there is a large number of potential compounds that can be used as labile ligands for
lipophilic catalysts. Labile ligands reported in the literature include triphenylphosphine45 (and
derivatives90),
acetonitrile46,
pyridine51,
the
potentially
chelating
N,N,N’,N’91
75
tetramethylethylenediamine (TMEDA) and DMSO , while a DMF complex can be observed as an
intermediate in the synthesis of TPPTS complexes. This wide range of labile ligands allows the activity
of lipophilic catalysts to be tuned for different temperatures as the strength of the dative bond(s)
binding the labile ligand to the metal centre is dependent on a number of factors and can be influenced
by the salicylaldimine ligand both through sterics45 and electronics.45,92
To limit β-H elimination, low temperatures are required. For hydrophilic catalyst 2-CF3/TPPTS
the linear polymer required for ‘ideal polyethylene nanocrystals’ is only formed at 10 °C. As such low
temperatures would also be required for lipophilic catalysts used in an emulsion polymerisation, highly
labile ligands such as acetonitrile or TMEDA would be needed to provide a sufficiently active catalyst.
The pyridine coordinated catalyst 2-CF3/Py, is active over a wide range of temperatures (from
10 °C to over 80 °C), making this catalyst a suitable baseline to compare against (Table 4.1). The
polymerisation behaviour of 2-CF3/Py can also be considered typical for terphenyl-based
salicyaldiminato catalysts, activity increases as temperature increases and, as β-hydrogen elimination
increases with temperature, the polymers produced at higher temperatures decrease in molecular
weight and become far more branched. The degree of branching follows the expected trend of βhydrogen elimination, increasing constantly with temperature (Figure 4.1)
Table 4.1: Polymerisations carried out over a range of temperatures using 2-CF3/Py as precatalyst.a
Entry

Catalyst

1
2f
3
4
5
6
7
8
9

2-CF3/Py
2-CF3/Py
2-CF3/Py
2-CF3/Py
2-CF3/Py
2-CF3/Py
2-CF3/Py
2-CF3/Py
2-CF3/Py

T
(°C)
10
10
20
30
40
50
60
70
80

Yield
(g)
0.4
1.6
2.6
4.1
10.0
11.8
16.8
19.0
11.3

TOFb
0.38
0.57
2.81
4.35
10.7
12.6
18.0
20.4
12.1

Mn
(x103 g.mol-1)c
216
400
505
466
287
32
17
12
8

Mw/Mnc
1.5
1.2
1.2
1.6
2.3
2.5
2.1
2.2
2.1

Tm
(°C)d
140/134
142/134
141/135
140/132
138/128
119/118
116/115
112/113
112/110

Crystallinity
(%)d
75/64
79/55
74/58
73/52
71/58
60/55
65/57
59/55
57/55

Branches/
1000 Ce
0.6
0.4
1.2
1.7
4.2
10.6
13.0g
15.2h
18.2i

aPolymerisation

conditions: 5 µmol of precatalyst, 100 mL of toluene, 40 bar of C2H4, 40 min. b104 × mol [C2H4] × mol-1 [Ni] ×
by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1. eDetermined by 13C NMR spectroscopy.
fCarried out for 120 minutes. gIncludes 0.6 ethyl branches and < 0.5 n-propyl branches. hIncludes 1.1 ethyl branches and < 0.5
n-propyl branches. iIncludes 1.4 ethyl branches and 1.8 n-propyl branches.
h-1. cDetermined

By contrast, the expected increase in molecular weight with decreasing temperature is not
observed across the entire temperature range, instead molecular weight reaches a peak at 20 °C before
decreasing (Figure 4.1). Considering the low activity of this catalyst at 10 °C, there are two possible
causes for this decrease in molecular weight; one possibility is that activation is very slow and that the
majority of the catalyst is not active for the full length of the polymerisation. This was tested by carrying
out polymerisations at 10 °C for 40 and 120 minutes (Table 4.1, Entries 1 and 2), the productivity is
very similar with comparable TOF values obtained for both experiments and while molecular weight
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increased with time, the narrowing molecular weight distribution is inconsistent with an incomplete
activation. This result suggests that slow activation is not an issue for 2-CF3/Py even at lower
temperatures.

Figure 4.1: Properties of polymer obtained from 2-CF3/Py over a larger temperature range, showing the disconnect between
decreasing β-H elimination (as judged by branching) and molecular weight at low temperatures.

The second possibility is that the rate of propagation is slowed by recombination of the labile
ligand (pyridine) to the metal centre. Recombination is known to be an important step in these
reactions, generally accepted to be a significant resting state in the reaction. Grubbs observed that
monitoring the polymerisation of a phosphine catalyst by 1H/31P NMR, a dissociated phosphine was
not observed. As observed species include an alkyl (i.e. polymeryl) species and a hydride species
(formed after β-hydrogen elimination and chain transfer) as well as the initial pre-catalyst the
possibility of only a small fraction of the pre-catalyst becoming polymerisation active can be excluded
and the short lifetime of the ethylene coordinated species becomes the obvious explanation for the
fact that free phosphine is not observed.46 Further investigations of catalysts more closely related to
2-CF3/Py with more labile ligands than phosphine have similarly been unable to provide evidence of
long lived ethylene species.
Recombination has a significant effect on catalyst activity. Grubbs showed that addition of one
equivalent of additional phosphine halved the productivity of a phosphine-containing catalyst.46
Addition of Ni(cod)2 to trap phosphines or Lewis acidic compounds such as B(C6F5)3 that ‘trap’
dissociated labile ligands greatly increase catalyst activity.54 Biphasic systems can be used to separate
the catalytic species and labile ligand by phase transfer, known examples include
fluorous/hydrocarbon90 and water/micelle systems.69 The effectiveness of these biphasic systems can
be demonstrated by the significant increases in activity shown69,90 and the fact that addition of several
equivalents of excess labile ligand (TPPTS) has a minimal effect on catalyst activity, conversely addition
of coordinating additives where the phase preference is not so pronounced (THF, DMF) can severely
reduce activity per unit time.72
Use of a less strongly coordinating labile ligand has long been an approach to increase activity.
This allows for polymerisation at lower temperatures, which may have benefits for catalyst stability,
while maintaining a single component catalyst and a single-phase system. Grubbs introduced catalysts
with acetonitrile as a labile ligand, the weaker coordination is evidenced by the cis-/trans- isomerism
of the acetonitrile ligand.49 This catalyst is much more active but no discussion is made of the polymer
properties. To this end a number of catalysts based on 2-CF3 were synthesised, with different labile
ligands, to investigate the effect of the labile ligand not only on activity but also on polymer properties.

24

Complexes based on TMEDA, DMSO, DMF were synthesised and 2,6-lutidine was also selected as a
potential labile ligand to provide a variant where the only significant changes are of a steric nature.

4.1 Synthesis and Characterisation of Novel Complexes, 2-CF3/L, and Qualitative
Assessment of Labile Ligand Binding Strengths.
The majority of catalysts are synthesised by reaction of free ligand with [NiMe2(TMEDA)]
before addition of a coordinating species (typically pyridine) to displace TMEDA and act as the neutral
ligand. In principle this second step is unnecessary as TMEDA can also stabilise the species and in-situ
catalysts can be generated by mixing a ligand and [NiMe2(TMEDA)] in stoichiometric amounts in a noncoordinating solvent (e.g. benzene). In-situ catalysts based on 1-CF3 have been used under a variety of
reaction conditions, most notably as a catalyst for microemulsion polymerisation.68 This catalyst (1CF3/TMEDA) was isolated and shown to be a mix of isomers, the expected κ1 “open” isomer and a κ2
chelating isomer where TMEDA also displaces the nitrogen of the salicylaldimine ligand (Figure 4.2).91

Figure 4.2: Reported chelating behaviour of 1-CF3/TMEDA which exists as a κ1 “open” isomer (left) and a κ2 chelating isomer
(right)

NMR studies in benzene-d6 showed that for 2-CF3, after 15 minutes complexation of the
salicylaldimine ligand to [NiMe2(TMEDA)] is complete, there is no free ligand remaining and 2CF3/TMEDA is the only observed product. The highest yield of pure 2-CF3/TMEDA was then obtained
by flash freezing of the solvent and freeze-drying of the reaction mixture, before washing the obtained
2-CF3/TMEDA with a non-solvent (e.g. n-pentanes) to remove grease and any bis-ligated species that
may have formed.49,75,76,93

Figure 4.3: Bimolecular reaction leading to formation of bis-ligated, catalytically inactive species.

In benzene-d6 there are a number of isomers formed for 2-CF3/TMEDA, however taking an
NMR spectrum in DMSO-d6, leads to complete formation of 2-CF3/DMSO (Figures 4.4 and 4.6). By
displacement of TMEDA to an isomerically pure species, it is possible to see that 2-CF3/TMEDA is
formed with a substoichiometric amount of TMEDA. Though the exact amount of TMEDA varies from
batch to batch it is typically in the range of 0.75 to 0.60 equivalents, relative to nickel. From this it can
be concluded that 2-CF3/TMEDA exists as at least two species in non-coordinative solvents a classic κ1
species and and a bimetallic species where a TMEDA bridge connects two metal centres (µ2-κ2). The κ2
species known from 1-CF3/TMEDA was not identified for this catalyst, but is a possible third species
(Figure 4.5).
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Figure 4.4: 1H NMR spectrum (400 MHz. 25 °C) of 2-CF3/TMEDA in DMSO-d6, a single Ni-Me species can be seen at -1.30 ppm,
while the signals for free TMEDA are at 2.27 [(CH3)2NCH2CH2N(CH3)2] and 2.11 [(CH3)2NCH2CH2N(CH3)2]. Additional signals at
≈0.8 and ≈1.2 ppm are from n-pentanes used in the washing process.

Figure 4.5: Various potential coordination forms of 2-CF3/TMEDA. Chelating κ2 isomer (left) which can become the open κ1
isomer (centre) that can, by reaction with another molecule of 2-CF3/TMEDA, become the bridged µ2-κ1 isomer (right).

Carrying out NMR of 2-CF3/TMEDA in THF-d8, an additional Ni-Me species is observed
(presumably 2-CF3/THF) but the total number of Ni-Me species indicates that 2-CF3/TMEDA is also
present. As THF is unable to completely displace TMEDA (≈25 % remains), despite being present in
massive excess suggests that the binding strength of THF is significantly weaker than TMEDA. As DMSO
replaces TMEDA easily, it can be concluded that DMSO is also significantly stronger binding than THF.
DMSO is possibly more strongly binding than TMEDA, but the large excess used as an NMR solvent
makes this unclear.
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Figure 4.6: NMR Spectra of 2-CF3/TMEDA (400 MHz. 25 °C) in various solvents, showing a comparable number of Ni-Me
resonances for THF-d8 (centre) and a decrease in the number of resonances in DMSO-d6 (right) compared to benzene-d6 (left).

DMSO-H6 was also introduced as a labile ligand, simply by addition of DMSO after the
formation of 2-CF3/TMEDA. Removal of solvents was in this case incomplete, with roughly 1.4
equivalents of DMSO remaining after freeze drying. Synthesis of 1-CF3/DMSO suggests washing with
cold (-78 °C) methanol would be able to remove this but the solubility of the complex was too high.75
NMR spectra of [2-CF3/DMSO]·DMSO in benzene-d6 give broad signals due to exchange of coordinated
and free DMSO, however in DMSO-d6 a sharp NMR spectrum is obtained. Due to the additional
equivalents of neutral ligand, polymerisation data for [2-CF3/DMSO]·DMSO will not be discussed in
detail.
2-CF3/DMF is a known intermediate produced during the synthesis of water-soluble complex
2-CF3/TPPTS, where it displaces TMEDA and is in turn displaced by the phosphine ligand. While this
complex had not been previously isolated, it can be formed either by using DMF as a solvent, or by
adding a small amount of DMF after 2-CF3/TMEDA has been formed, exchange is rapid and 2-CF3/DMF
can be isolated by freeze drying and washing with a suitable non-solvent (e.g. n-pentanes). In benzened6 and MeOD-d4, 2-CF3/DMF exists as a number of isomers. In DMSO-d6, it is apparent that not all the
DMF is displaced, two Ni-Me resonances are visible (one of which corresponds to the DMSO-d6
compound) and both free and coordinated DMF are visible (Figure 4.7).

Figure 4.7 NMR spectra of 2-CF3/DMF (400 MHz. 25 °C) in various solvents, showing multiple Ni-Me resonances in both noncoordinating (left, benzene-d6), potentially coordinating (centre, MeOD-d4), and coordinating (right, DMSO-d6) solvents.
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It is possible that in MeOD-d4 the second peak is a second methanol coordinated species (e.g.
2-CF3/MeOD) as is the case in DMSO-d6, however the species is clearly isomeric in benzene-d6 where
no second species can be formed. As the DMSO species is non-isomeric and can be shown to be less
strongly coordinated (as even in large excess of DMSO, 66 % of 2-CF3/DMF remains) the nature of this
isomeric species is unclear. While cis/trans- isomerism is possible for weakly coordinating ligands,49,75
the fact that 2-CF3/DMSO is a single species despite the weaker coordination of DMSO makes it
unlikely. It is possible that the different sterics, and likely different coordination of DMF induces
cis/trans- isomerism, but other possibilities should be considered such as steric crowding forcing the
NMe2 group out of plane and significantly changing the electronic donation of the DMF ligand or
hindered rotation around the Ni-O bond giving rise to two species. A hindered rotation could occur
through π-donation either to or from the metal increasing the nominal bond order of the Ni-O bond.
A third alternative to cis/trans- isomerism is the change in coordination from coordinated via the
oxygen atom to a coordination through the nitrogen atom (Figure 4.8)

Figure 4.8: Potential isomers for 2-CF3/DMF. 1) cis/trans- isomerism. 2) NMe2 group in and out of plane. 3) Hindered rotation
around a Ni-O bond. 4) Change in coordination from the presumed oxygen based coordination94 to a nitrogen based
coordination.

While DMF binds more strongly than DMSO it can be easily displaced by small amounts of
pyridine. Adding pyridine-d5 (40 mg, < 20 equiv.) to a solution of 2-CF3/DMF (30 mg) gives exclusively
2-CF3/Py-d5 and free DMF. In the reverse experiment, adding DMF to a solution of 2-CF3/Py shows that
the complex is almost completely unchanged (the Ni-Me resonance remains that of 2-CF3/Py) even at
much larger excesses (100 mg DMF, > 50 equiv.) formation of 2-CF3/DMF is minimal (< 4 %, Figure 4.9).
While conversion to the 2-CF3/Py-d5 complex can be used to show the purity of the isomeric 2CF3/DMF complex, it also shows the much stronger binding of pyridine relative to DMF.

Figure 4.9: NMR spectra of 2-CF3/DMF (400 MHz. 25 °C) in benzene-d6 (left) and benzene-d6 with 20 equiv. pyridine-d5 (centre),
and a spectrum of 2-CF3/Py (400 MHz. 25 °C) in benzene-d6 with 50 equiv. DMF (right).

28

While examination of the Ni-Me resonance suggests only a small amount of 2-CF3/DMF is
formed, which is reinforced by the absence of resonances associated with coordinated DMF, an
exchange is apparent when comparing the resonances with those of 2-CF3/Py in the absence of DMF
(Figure 4.10). The Ni-Me resonance appears much broader and, more significantly, there is broadening
of the resonances for pyridine. The pyridine signals are also shifted downfield slightly, towards the
values for free pyridine in benzene-d6 (6.66 and 6.98 ppm for m-H and p-H respectively),95 while several
other signals are shifted, presumably due to the changing solvent quality, they do not broaden. This
suggests that even though the amount of 2-CF3/DMF formed is minimal, there is ongoing exchange of
these two ligands. The rate of this exchange is unclear, the averaging of resonances for free and bound
pyridine would suggest fast exchange, but the existence of distinct (albeit broad) Ni-Me resonances
suggests a slower exchange. As only one of the two isomers of 2-CF3/DMF is observed, it is possible
that there is a fast exchange to form one isomer and a slower exchange to form the observed isomer.

Figure 4.10: NMR spectra of 2-CF3/Py (400 MHz. 25 °C) in the presence of 50 equiv. DMF (top, dark red), the isolated complex
(2nd from top, red) formed from 2-CF3/DMF using excess pyridine-d5 (3rd from top, purple) with the isolated complex 2CF3/DMF for comparison (bottom, dark purple) all spectra taken in benzene-d6. Position of meta- and para-protons on
coordinated pyridine highlighted due to shifting and broadening, indicating a rapid exchange.

Following these exchange experiments and polymerisation experiments (discussed in more
detail below) a qualitative assessment of ligand binding strength for 2-CF3/L can be determined (Figure
4.11). It must be noted that this assessment is unique to catalysts based on 2-CF3. Binding strength is
significantly affected by both electronic and steric properties, changing simply from 2-CF3/DMSO to 1CF3/DMSO already changes the binding strength of DMSO relative to TMEDA. For 1-CF3/DMSO
multiple additions of DMSO are required to fully displace TMEDA, and in DMSO-d6 exchange of TMEDA
for DMSO-d6 is incomplete. Combined with the observed cis/trans- isomerism for alkyl complexes of
1-CF3/DMSO75 it suggests much weaker binding of DMSO for complexes of 1-CF3.
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Figure 4.11: A qualitative assessment of ligand binding strength for complexes based on 2-CF3.

4.2 Role of Labile Ligand in Catalyst Activity
Three catalysts were tested over the full range of low temperatures (10 – 30 °C, Table 4.2).
Direct comparison of the productivities of the three catalysts, 2-CF3/Py, 2-CF3/TMEDA and 2-CF3/DMF
over this range is challenging due to the different catalyst loadings used. For 2-CF3/TMEDA and (at 30
°C) 2-CF3/DMF higher catalyst loadings are impractical due to the activites leading to uncontrollable
exotherms. While the TOF values take into account the differing number of nickel centres, the amount
of precatalyst is unlikely to correspond exactly to the amount of activated catalyst. In this neutral
system polymerisation is carried out without a scavenger to remove oxygen or protic impurities, while
the toluene is purified, this process is imperfect and traces of catalyst poisons will remain. These trace
impurities will have an increasingly significant effect as the catalyst loading decreases, and therefore
the TOF values calculated will tend to be underestimated for 2-CF3/TMEDA where polymerisations are
carried out with 1 μmol of catalyst. Despite this it is clear that 2-CF3/TMEDA is significantly more active
than 2-CF3/DMF which is itself more active than 2-CF3/Py. All catalysts become more productive as the
temperature increases, due to increasing dissociation of the labile ligands at higher temperatures
(Figure 4.12).
Table 4.2: Polymerisations carried out over a range of low temperatures (10 - 30 °C), using precatalysts based on 2-CF3.
Entry

Precatalyst

1
2
3
4f
5f
6f
7g
8g
9g
10 h
11 h
12
13

2-CF3/Py
2-CF3/Py
2-CF3/Py
2-CF3/TMEDA
2-CF3/TMEDA
2-CF3/TMEDA
2-CF3/DMF
2-CF3/DMF
2-CF3/DMF
2-CF3/DMSO
2-CF3/DMSO
2-CF3/Lut
2-CF3/Lut

T
(°C)
10
20
30
10
20
30
10
20
30
10
20
10
20

Yield
(g)
0.4
2.6
4.1
0.6
1.5
2.1
0.5
1.2
4.2
1.9
1.2
-

TOFb
0.38
2.81
4.35
3.40
8.15
11.50
1.45
3.24
11.28
6.79
4.29
-

Mn
(x103 g.mol-1)c
216
505
466
557
237
100
505
232
133
467
293
-

Mw/Mnc
1.5
1.2
1.6
1.4
2.5
1.9
1.9
2.7
3.1
1.8
2.6
-

Tm
(°C)d
140/134
141/135
140/132
143/136
141/130
127/123
144/135
145/134
127/126
144/135
130/131
-

Crystallinity
(%)d
75/64
74/58
73/52
75/60
70/54
67/54
62/46
58/47
59/45
68/46
67/49
-

Branches/
1000 Ce
0.6
1.2
1.7
1.1
3.3
7.3
1.0
2.1
5.8
1.1
3.1
-

aPolymerisation

conditions: 5 µmol of precatalyst, 100 mL of toluene, 40 bar of C2H4, 40 min. b104 × mol [C2H4] × mol-1 [Ni] ×
h-1. cDetermined by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1. eDetermined by 13C NMR spectroscopy.
fCarried out with 1 µmol of precatalyst. gCarried out with 2 µmol of precatalyst. hCarried out with 2 µmol of precatalyst for
30 minutes.
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Figure 4.12: Productivity of 2-CF3 based catalysts over a range of low temperatures, showing the significant increase in
productivity possible with increasingly labile ligands.

4.3 Remarkable Stability of 2-CF3/Lut
Perhaps surprisingly the 2,6-lutidine complex, 2-CF3/Lut, is completely inactive for
polymerisation at low temperatures. The rationale behind the use of 2,6-lutidine is that the methyl
groups in the ortho-positions would provide a steric clash with the salicylaldiminato ligand, weakening
the dative bond and easing dissociation of the neutral ligand. The salicylaldiminato ligand is known to
aid the dissociation of neutral ligands, and can be an important aspect of catalyst design.45 As 2-CF3 is
in itself sterically very demanding, it is perhaps surprising that 2-CF3/Lut is inert when compared to the
less sterically congested 2-CF3/Py.
Not only is 2-CF3/Lut significantly less active than the pyridine equivalent at low temperatures,
it displays a remarkable tolerance of oxygen and protic compounds even at elevated temperatures.
Following polymerisation methanol was added to the polymerisation solvent to precipitate any
dissolved polyethylene, this was then stirred for around 30 minutes. When no precipitates were
observed the solvent was then removed at 50 °C under vacuum to give a red oil. An NMR taken of this
oil showed a considerable amount of the initial pre-catalyst remained intact (Figure 4.13). Without an
internal standard accurate measurement of how much catalyst remained is impossible however as the
ratio of pre-catalyst complex to free ligand is 2:1 (and with no evidence for significant formation of the
bis-ligated complex, see figure 4.14) it is clear that this complex is very stable.

Figure 4.13: 1H NMR spectrum (Benzene-d6, 400 MHz, 25 °C) of 2-CF3/Lut, 2-CF3 and solvent residues after exposure to ethylene
(at 10 °C), oxygen (at room temperature) and methanol (at 50 °C). Peaks can be assigned to the precatalyst (○), 2,6-lutidine
coordinated to the precatalyst (◊) and the free salicylalimine ligand (*). Comparing integrals, there is roughly twice as much
precatalyst as free ligand (a decomposition product).
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Figure 4.14: 19F NMR spectrum (Benzene-d6, 376 MHz, 25 °C) of 2-CF3/Lut and 2-CF3 after exposure to ethylene (at 10 °C),
oxygen (at room temperature) and methanol (at 50 °C). The two sets of peaks can be assigned to the precatalyst (○) and the
free salicylaldimine ligand (*). There is no evidence for formation of bis-ligated species as all peaks can be assigned and match
the ratio of free ligand to complex determined from 1H NMR.

One possible explanation for the remarkable stability of 2-CF3/Lut is that the methyl groups in
the 2- and 6- positions hinder an associative exchange. NMR studies of a related complex 1-CF3/Lut
showed that exchange is severely limited, with an exchange rate of 0.1 s-1, significantly lower than for
the labile ligand in 1-CF3/DMF (3.2 s-1) and the strongly binding 1-CF3/TPPTS (0.7 s-1) where high
activities in polymerisation are achieved by phase transfer of the neutral ligand (Figure 4.15).96

Figure 4.15: Structures of 1-CF3/Lut and 1-CF3/DMF, where 2,6-lutidne was shown to exchange very slowly.96

4.4 Effect of Labile Ligand on β-H Elimination
The role of the labile ligand on the properties of the polymer produced had not previously
been thoroughly investigated. It is known that increasing activity through trapping of the labile ligand
with Lewis acidic compounds can have negative effects on the polymer properties, specifically an
increase in β-H elimination leading to the formation of more branches and possibly a decrease in
molecular weight.54 As molecular weight is shown to be limited by the rate of propagation below 30 °C
for polymers produced by the catalyst with the least labile ligand 2-CF3/Py, it is possible that both rates
of β-H elimination and molecular weight could increase. For this reason, the rate of β-H elimination
was assessed by the degree of branching for these low temperature experiments.
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Figure 4.16: Plots showing the increase in branching (left) and decrease in melting temperature (right), showing that this is
more significant for the catalysts with labile ligands 2-CF3/DMF and 2-CF3/TMEDA reflecting an increase in β-H elimination
when a more labile ligand is used.

At 10 °C β-H elimination is similar for all catalysts, the degree of branching is low and the
differences between the catalysts are small. As temperature increases the degree of branching
increases for all catalysts, reflective of the increased rate of β-H elimination. The catalysts can be
distinguished, however, by the considerable difference in the increase of the degree of branching with
temperature (Figure 4.16). The degree of branching increases very little from 10 to 30 °C for 2-CF3/Py
by comparison there is a large increase in branching (from 1.1 to 7.3 branches per 1000 carbon atoms)
for 2-CF3/TMEDA over the same temperature range. 2-CF3/DMF also shows a larger than expected
increase in branching but produces a more linear polymer than 2-CF3/TMEDA. Interestingly 2CF3/DMSO where the labile ligand is of comparable binding strength to TMEDA, shows comparable
degrees of branching at 10 and 20 °C (Table 4.2, compare Entries 4 and 10, and 5 and 11). In all cases
the polymerisation temperature was carefully controlled (< 0.5 °C above the stated temperature)
throughout the reaction, ensuring that the heat generated by polymerisation did not influence the rate
of β-H elimination.
These results suggest that the labile ligand has a significant effect on the rate of the β-H
elimination with use of a more labile ligand leading to higher rates of β-H elimination. This increase in
β-H elimination and branching is also reflected in the melting temperatures of the polymers produced,
which shows that desirable melting temperatures in the region of 135 °C are lost when using 2CF3/TMEDA at polymerisation temperatures above 10 °C and when using 2-CF3/DMF above 20 °C.
To ensure the effects are due solely to the labile ligand, further experiments were carried out
to see if the pressurisation process has a significant effect on the polymer process. This process can
take a significant period of time, particularly at low temperatures where the solubility of ethylene is
increased, and at 10 °C can take nearly 10 minutes. Thus, the catalyst may experience a change in
ethylene concentration over the early stages of the experiment, which could affect branching.
Following pressurisation to 40 bar, polymerisations were run for a specified time (15, 30 and 40
minutes) before the reactor was vented. For further comparison, a reaction was also carried out where
catalyst was added to a reactor that had already been pressurised to 40 bar (using a higher argon back
pressure).
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Table 4.3: Polymerisations carried out with 2-CF3/DMF for various times, to assess the effect of pressurisation on branching.a
Time
Yield
TOFb
Mn
Mw/Mnc
Tm
Crystallinity Branches/
(Min.)
(g)
(x103 g.mol-1)c
(°C)d
(%)d
1000 Ce
1
2-CF3/DMF
15
0.2
1.47
260
1.9
142/135
73/60
n.d.
2
2-CF3/DMF
30
0.5
1.74
465
1.9
144/137
73/58
n.d.
3
2-CF3/DMF
40
0.5
1.45
578
1.8
144/135
62/46
1.0
4f
2-CF3/DMF
30
2.0
2.89
508
1.8
143/137
76/60
0.4
aPolymerisation conditions: 2 µmol of precatalyst, 100 mL of toluene, 40 bar of C H , 10 °C. b104 × mol [C H ] × mol-1 [Ni] × h2 4
2 4
1. cDetermined by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1. eDetermined by 13C NMR spectroscopy.
fCarried out with 5 μmol of catalyst, injected into the reactor at 40 bar.
Entry

Precatalyst

Interestingly, it seems the pressurisation phase has little effect on the polymerisation. All three
polymerisations show similar TOF values (1.45 – 1.75), suggesting that very little polymer is formed
during pressurisation. Similarly, from 15 to 30 minutes the molecular weight roughly doubles
suggesting prior to completing pressurisation any active catalyst builds only a short chain. The
molecular weight after 30 minutes is also comparable to that produced when the catalyst is added
directly to a pressurised reactor, again suggesting that little polymerisation occurs during
pressurisation. While the TOF value for the polymerisation with addition of catalyst after pressurisation
is higher, this is almost certainly due to the higher catalyst loading used.
While it seems the polymerisation carried out during the pressurisation of the reactor is
minimal, it is interesting to note that the branching of the polymer produced when the catalyst is added
after the reactor is pressurised is significantly lower. It is possible that during pressurisation a small
amount of moderately branched polymer is produced, which might be more significant for the more
active catalysts with labile ligands, however it seems this change alone cannot account for the
increased β-H elimination observed with labile ligands.

4.5 Effect of Labile Ligand on Molecular Weight
Exchanging the pyridine ligand for TMEDA or DMF has a clear effect on molecular weight
(Figure 4.17). At 10 °C, 2-CF3/DMF and 2-CF3/TMEDA produce polymers with significantly higher
molecular weights than 2-CF3/Py. As β-H elimination is observed to be low for all these catalysts at 10
°C, this is likely due to a higher barrier for dissociation (both in the initial activation and subsequently
from the recombined product) for the strongly coordinating ligand pyridine compared to weakly
coordinating ligands (TMEDA, DMF). The low activity of 2-CF3/Py reduces the rate of chain growth
significantly and by using TMEDA or DMF as the labile ligand higher molecular weights can be obtained
due to the higher activity.

Figure 4.17: Plot showing the influence of the labile ligand on polymer molecular weight, for catalysts with more weakly
coordinating ligands (2-CF3/TMEDA and 2-CF3/DMF) the expected decrease in molecular weight with temperature is observed.
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The increase in molecular weight observed for 2-CF3/Py at 20 °C can be explained as the
increase in activity compensates for any increase in β-H elimination (which based on the degree of
branching remains low) and chain transfer. As temperature is increased further to 30 °C, molecular
weights begin to decrease as the increase in β-H elimination and chain transfer becomes more
significant than the gain in activity.
For 2-CF3/TMEDA and 2-CF3/DMF increasing temperature reduces molecular weight
significantly, this is presumably due to the fact that these highly active catalysts display significantly
higher rates of β-H elimination than 2-CF3/Py at 20 and 30 °C.

4.6 Solvent Stabilisation of Catalysts with Labile Ligands
A possible source of the increase in β-H elimination is reduced recombination of the more
labile ligands at higher temperatures, analogous to the hindered recombination when Lewis acidic
compounds are used to trap the dissociated labile ligand. As coordinating species can clearly stabilise
the catalytic centre, polymerisations were carried out in a weakly coordinating solvent.
Diethyl ether was chosen as it is known to be sufficiently weakly coordinating to allow
polymerisation at low temperatures (10 °C) and high concentrations (10 vol.%).46 While the low boiling
point of diethyl ether limits the possible temperature range for polymerisations, comparative
experiments over the low temperature range (10 – 30 °C) can be performed easily. The solubility of
ethylene is likely to be different in toluene and ether and a lower concentration of ethylene can be
expected to increase β-H elimination. However, as the effect of the labile ligand is very pronounced in
toluene (for 2-CF3/TMEDA) if this effect is suppressed by ether, it should be apparent.
Table 4.4: Polymerisations carried out at low temperatures in diethyl ether using 2-CF3/TMEDA as a precatalyst.a
Entry
1
2
3

Precatalyst
2-CF3/TMEDA
2-CF3/TMEDA
2-CF3/TMEDA

aPolymerisation

h-1.

T
(°C)
10
20
30

Yield
(g)
2.6
4.6
7.6

TOFb

Mn
g.mol-1)c
749
579
505

Mw/Mnc

(x103
5.66
9.86
16.32

1.6
1.8
1.9

Tm
(°C)d
144/136
144/135
143/134

Crystallinity
(%)d
65/49
63/46
61/49

Branches/
1000 Ce
0.9
0.8
1.0

conditions: 2 µmol of precatalyst, 100 mL of diethyl ether, 40 bar of C 2H4, 40 min. b104 × mol [C2H4] × mol-1
by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1. eDetermined by 13C NMR

cDetermined

[Ni] ×
spectroscopy.

Polymerisations were carried out with 2-CF3/TMEDA in diethyl ether (Table 4.4). Productivities
were higher in diethyl ether than toluene, however this is likely due to using double the amount of
precatalyst, therefore direct comparison of the productivities is unlikely to accurately reflect the true
activity of the catalysts. Based on the literature it would be expected that the catalyst is poisoned by
the heteroatomic solvent, as this has also been shown at concentrations as low as 6 vol.%.50
Polymer properties are greatly improved in diethyl ether. Branching in diethyl ether is as low
as those obtained with 2-CF3/Py in toluene (Figure 4.18), although the productivity of 2-CF3/TMEDA in
ether is higher at all temperatures. Polymerisation in ether also allows for production of polymers with
the melting properties of UHMWPE at 20 and 30 °C, which was not possible in toluene. This suggests
that a coordinating solvent can reduce the higher rates of β-H elimination observed with labile ligands.
Combined with the enhanced activity provided by the labile ligand, higher molecular weight polymers
can be obtained with 2-CF3/TMEDA in diethyl ether than 2-CF3/Py in toluene (Figure 4.19). Considering
the fact that diethyl ether is a non-solvent for polyethylene, further optimisation could lead to the
production of UHMWPE, which due to rapid precipitation and crystallisation could have reduced
entanglements.
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Figure 4.18: Plots showing the degree of branching (left) and melting temperatures (right) of polymers produced by catalysts
based on 2-CF3 in toluene and diethyl ether. The lower rates of β-H elimination, mean that in diethyl ether the desirable
polymer properties of 2-CF3/Py can be obtained using 2-CF3/TMEDA.

Figure 4.19: Plot showing the high molecular weights obtained by combining the effects of high activities (from using a labile
ligand) and low rates of β-H elimination (provided by the stabilising effect of a weakly coordinating solvent).

It can therefore be seen that coordinating species show a minor but significant effect on β-H
elimination and therefore polymer microstructure. Though this has been observed before, by both
Grubbs46 and Schumann50 who both noted that addition of polar solvents could increase the linearity
of the polymers obtained it has generally not been considered further, likely due to a focus on other
properties such as activity and incorporation of polar comonomers.
Crucially, current computational models25 do not include the labile ligand, assuming it plays
little part in polymerisation after dissociation and so the role that the labile ligand plays in β-H
elimination has not been examined, with more significant factors such as the remote substituent effect
taking precedence.26,59

4.7 Precedent for Involvement of the Labile Ligand
Despite this, the recombination product of the labile ligand and the metal centre plays an
important role in the reaction, and there is ample evidence that suggests that this species is a
significant resting state (if not the resting state). NMR experiments on various salicylaldiminato
catalysts have been unable to show alternative resting states such as β-agostic stabilised species or
ethylene coordinated species,46,60,75,91 and attempts to abstract the neutral ligand can lead to catalyst
decomposition.97
36

These NMR experiments are supported by polymerisation experiments where productivity
shows a strong dependence on ethylene concentration, with the correlation being linear up to an
ethylene concentration of ≈80 g/L for 1-CF3/Py at 50 °C.98 This suggests that at low pressures the
resting state is not an ethylene-coordinated species although they may become significant at high
pressures and low temperatures where the concentration of ethylene in the solvent is very high.
Catalyst lifetimes are also significantly influenced by the labile ligand, with pyridine catalysts being
polymerisation active for longer than TMEDA-based catalysts, particularly at higher temperatures.98
Furthermore when Lewis acidic scavengers are used they can influence not only the initial activity, but
also productivity98 and microstructure,54 both positively and negatively.
Based on these results, it seems reasonable to re-examine the current models of β-H
elimination, for a complementary or alternative mechanism that incorporates this significant resting
state and can account for the influence of coordinating species on β-H elimination.

4.8 Models of β-H Elimination in Ni(II) Salicylaldiminato Complexes.
DFT studies suggest that insertion occurs exclusively from species with the alkyl chain arranged
in the cis-position with respect to oxygen, leading to the alkyl chain being found trans- to oxygen
immediately after insertion.26,48,59 While this trans-polymeryl species is stabilised by β-agostic
interactions, this species does not undergo β-H elimination to generate a chain-walking species. Before
β-H elimination can occur, the alkyl chain must be cis- to oxygen.26,48,59 The difference in energy
between the trans- and cis-polymeryl species is small, (for 1-CF3/Py the cis-alkyl species is preferred
for both methyl and n-propyl species59) but direct isomerisation is prevented by the high energy
transition state (ΔG‡ = 30 kcal.mol-1 approximately25) it is however facile following coordination of
ethylene.25,26,59 β-H elimination therefore follows from coordination of ethylene, isomerisation and
dissociation of ethylene to generate the required agostic cis-alkyl species25,26,59 (Figure 4.20). This
dissociation can be facilitated by an aryl interaction, if the electron density on the aryl ring is sufficiently
high (alkyl substituted rings) but for electron poor aryl rings (e.g. the trifluoromethyl substituted rings
in 2-CF3) this does not occur. The alternative dissociation route enabled by electron rich aryl rings is
posited to be the source of the ‘remote substituent effect’.26,51,59

Figure 4.20: Route to the agostic cis-alkyl species responsible for β-H elimination, with isomerisation facilitated by ethylene
and with dissociation playing a key role (many steps may be reversible).25,26,59

The labile ligand can act to trap the agostic trans-alkyl species formed following insertion,
giving the recombined trans-alkyl species. It is possible that with the labile ligand coordinated,
isomerisation can occur to give the recombined cis-alkyl species, which would give the crucial agostic
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cis-alkyl species if the labile ligand dissociates. This dissociation of the labile ligand could be facilitated
by an aryl interaction, similar to the dissociation of ethylene in current models.26 This gives an
alternative pathway to the formation of the agostic cis-alkyl species required for β-H elimination
(Figure 4.21).

Figure 4.21: Modified scheme to account for recombination products observed by NMR, and implied by influence of pressure
on polymerisation activity. Recombination products shown in grey offering an alternative pathway to the formation of the
agostic cis-alkyl species (many steps may be reversible).

The recombination product is likely formed (and reformed) throughout the reaction under
most pressure reaction conditions. This means the nature of the labile ligand is likely to significantly
influence both the activity of the catalyst (as it will influence the formation of ethylene coordinated
complexes) and the microstructure (as the labile ligand will influence the formation of the agostic cisalkyl species responsible for β-H elimination).
Under the narrow range of conditions studied here (10 – 30 °C, 40 bar ethylene pressure) it
appears that weakly coordinating labile ligands increase both chain growth and the rate of β-H
elimination. Under these conditions, more strongly coordinating ligand will have a higher barrier to
dissociation due to the more stable complex formed (which is reflected in the lower activity of these
complexes at low temperatures). Similarly, large amounts of weakly coordinating solvents could drive
an equilibrium between recombined cis-alkyl and agostic cis-alkyl species towards the recombined
product (where the recombined product is in this case, solvent stabilised, figure 4.22).

Figure 4.22: The effect of a vast excess of coordinating species (solvent) on the formation of an agostic cis-alkyl species from
the recombined cis-alkyl product, which is likely a significant resting state.

The steps seem reasonable, cis-/trans- isomerisation is observed for Ni-alkyls in the presence
of ethylene75 and for Ni-methyl species with weakly coordinating labile ligands.49,99 Isomerisation is
also observed when synthesising n-propyl complexes, using iso-propyl magnesium chloride which
while not conclusive suggests it may be possible for the entire chain walking process to take place in
the absence of ethylene.97 There is little evidence for non-associative decoordination of a strongly
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binding labile ligand, with most exchanges of ligands being associative60 however the possibility of
decoordination assisted by aryl rings, similar to that of ethylene demonstrated computationally for
terphenyl salicylaldiminato complexes means it is not completely implausible.26,59
While computational studies are needed to verify this mechanism, this plausible mechanism
of a second route to a cis-agostic species would explain the influence of coordinating species on the
rates of β-H elimination and chain growth. Considering the higher binding strength of labile ligands
such as pyridine, it could also explain why electron-withdrawing NO2-54 and SF5- (see Chapter 5)
substituents continue to reduce branching, where the current mechanism suggests the barrier to β-H
elimination (via unassisted dissociation of ethylene) should be similar to the less electron-withdrawing
(CF3-) substituents. At this point it is clear that this additional pathway has the potential to influence
both the rates of β-H elimination and chain growth but although the current systems investigated here
show a significant reduction in branching from strongly coordinating species (or an excess of weakly
coordinating species) this is likely highly system dependent and likely does not hold for all systems.

4.9 Summary
A number of catalysts based on one ligand framework (2-CF3) were synthesised, with the only
variation being the choice of labile ligand (TMEDA, DMSO, DMF, pyridine and 2,6-lutidine). While a
number of these catalysts had been synthesised previously, with the exception of pyridine, this was
the first time these catalysts were isolated.
The activity of these catalyst precursors ranged from highly active and unstable over time (2CF3/TMEDA) to essentially inert (2-CF3/Lut). Surprisingly, the labile ligand changed not just the activity
(and productivity) of the catalyst but also the polymer that was produced. While these changes were
minimal at 10 °C where β-H elimination was low, as the temperature increased the catalysts with more
labile ligands produced an increasingly branched polymer, with 2-CF3/TMEDA undergoing a sevenfold
increase in branching when the temperature is increased to 30 °C.
Experiments with 2-CF3/DMF at 10 °C, showed that polymerisation during the pressurisation
of the reactor was minimal with productivity per unit time, remaining consistent despite varying the
reaction time. Examining the molecular weights of these polymers suggest chain transfer is minimal
during the first 30 minutes, and addition of catalyst to a reactor which had already been pressurised
gave polymer with the same molecular weight (within the error of GPC) and degree of branching as
polymer produced under the same conditions but including the pressurisation phase.
Polymerisation in a weakly coordinating solvent allows for both high productivities and
desirable material properties, β-H elimination is suppressed in diethyl ether allowing 2-CF3/TMEDA to
produce linear polyethylene at 30 °C. The combination of minimal β-H elimination and high
productivities means using weakly coordinating solvents such as diethyl ether and highly active
catalysts 2-CF3/TMEDA, higher molecular weight polymers can be obtained than is possible with 2CF3/Py in toluene.
The clear influence of the labile ligand on β-H elimination requires an amendment of the
current models of propagation and β-H elimination for salicylaldiminato catalysts. Based on this it is
possible to propose a modified model which included the labile ligand (generally omitted in
computational studies). Though DFT work is necessary to further elucidate this model, it is the first
step in gaining a more complete view of polymerisation with these catalysts.
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5. Turbulent Mixing Techniques as a Route for Generating
Polyethylene Latexes with Low Entanglement Density from Lipophilic
Catalysts
Polyethylene latexes are used for various applications, mainly coating based. Polyethylene
latexes are produced industrially via surfactant stabilisation of a molten polyethylene wax or LLDPE
solution mixed into an aqueous phase using high shear techniques.100 In addition to the postpolymerisation processes, LDPE-dispersions are also generated by aqueous polymerisation at high
pressures. An approach for direct production of latexes of linear polyethylene in aqueous media using
milder conditions would be more attractive, and Ni(II) salicylaldiminato catalysts are an obvious choice
for producing polyethylene via catalytic olefin insertion polymerisation due to their high tolerance for
protic media and their ability to produce higher molecular weight polymers than other neutral late
transition metal catalysts. While it is possible to generate hydrophilic catalysts,69,74 it is also possible to
use emulsified lipophilic catalysts to carry out the polymerisation within a dispersed hydrophobic
phase.67,68,70,73,98
The vast majority of these processes use a relatively large volume of hydrophobic phase, this
does not allow for the formation of single crystal (disentangled) nanocrystals. The likelihood of multiple
catalyst centres per hydrophobic droplet and slower crystallisation in organic solvent will increase the
chances that the growing polymer chains interact with one another, forming entanglements and tie
molecules. Evidence for this can be seen in the multi-lamellar nature of the large polyethylene particles
formed.67
Polymer properties are also less desirable, instead of high molecular weight linear
polyethylene produced by 2-CF3/TPPTS and similar catalysts, due to the higher temperatures required
to obtain a good activity with the pyridine complexes typically used the polymer is generally
moderately branched and of lower molecular weights.98 The difference in polymer properties is such
that emulsion polymerisation was used to generate multi-phase polyethylene particles, by producing
a soft phase to encapsulate seed nanocrystal particles.73
However, there is a known example of microemulsion polymerisation where small
polyethylene nanocrystals are produced. Particles are of comparable size to polyethylene nanocrystals
(26 nm), molecular weights are relatively high (Mw = 2.0 x105 g.mol-1) and the active catalyst 1CF3/TMEDA is used allowing active polymerisation at the low temperature of 20 °C.68 Clearly, if
attempting to generate polyethylene nanocrystals from lipophilic catalysts, microemulsion techniques
are a good place to start.

5.1 Microemulsion Techniques
An attempt was made to produce catalyst microemulsions based on the previous
microemulsion formulation used for these catalysts.68 While this microemulsion formulation was used
for producing nanoscale droplets of a toluene solution of 1-CF3/TMEDA and could produce a stable
microemulsion using the more stable (but inactive) 2-CF3/Lut (see Figure 5.1) dispersions made using
the pre-catalysts 2-CF3/DMF and 2-CF3/TMEDA were polymerisation inactive. As dispersions changed
from a red to a yellow colour during formation of a microemulsion, it was assumed that the cosurfactant added to the microemulsion (pentan-1-ol) was hydrolysing the pre-catalysts Ni-Me bond.
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Figure 5.1: Particle droplet size distribution (based on volume of toluene) of a microemulsion of 2-CF3/Lut (left) and visible
appearance of optically transparent microemulsions (right) showing (left to right) a blank microemulsion, a fresh
microemulsion containing 10 μmol 2-CF3/Lut and a microemulsion after slow decomposition of 10 μmol 2-CF3/Lut showing
decomposition products do not disturb the emulsion.
1

H NMR spectra of the pre-catalysts 2-CF3/DMF (Figure 5.2) and 2-CF3/TMEDA (Figure 5.3) in
benzene-d6 showed that upon addition of pentan-1-ol, resonances associated with the free labile
ligand (either DMF or TMEDA) and methane are formed. Hydrolysis is partial for 2-CF3/DMF, with
roughly 55 % of the initial precatalyst being hydrolysed (based on integrals of the free solvent and the
precatalyst) while for the more labile 2-CF3/TMEDA hydrolysis is complete within 15 minutes.
While the pentan-1-ol was added in large excess in these experiments, it was less than the
ratio of catalyst (10 μmol, ≈ 11 mg) to co-surfactant in the microemulsion formulation (4.9 mL, 4 g, 45
mmol) and as the co-surfactant is likely to be found in the hydrophobic solvent, hydrolysis by the cosurfactant seems a plausible mechanism for catalyst deactivation. Hydrolysis by the co-surfactant
would also explain the previously observed rapid loss of activity of 1-CF3/TMEDA under emulsion
polymerisation conditions.68

Figure 5.2: 1H NMR spectrum (Benzene-d6, 400 MHz, 25 °C) of 2-CF3/DMF after addition of pentan-1-ol (excess). Peaks that
can be identified include the Ni-Me bond of the precatalyst (●), free DMF (◊) and methane (□). Resonances for DMF bound to
the metal centre would appear at 1.25 and 0.75 ppm for the majority isomers (see Figure 4.10).
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Figure 5.3: 1H NMR spectrum (Benzene-d6, 400 MHz, 25 °C) of 2-CF3/TMEDA after addition of pentan-1-ol (excess). Peaks that
can be identified include free TMEDA (◊) and methane (□). No significant peaks remain in the Ni-Me region.

This hydrolysis was observed regardless of the order of addition (e.g. addition of a toluene precatalyst solution to an aqueous solution of SDS/pentan-1-ol and addition of pentan-1-ol to a
miniemulsion of toluene, pre-catalyst and an aqueous SDS solution were tried) addition of CsOH (514
mg) did not suppress hydrolysis which is consistent with hydrolysis occurring in the hydrophobic phase.
Attempts to carry out polymerisations prior to complete microemulsion formation led to a poorly
active polymerisation that produced polyethylene aggregates and traces of dispersed polyethylene
(identified by FT-IR).

5.2 Nanoprecipitation Techniques
As an alternative to microemulsion techniques attempts were made to produce a dispersion
of lipophilic catalysts through nanoprecipitation techniques where no co-surfactant is required and the
particles containing catalyst are small compared to classic miniemulsion techniques. Initial attempts
to carry out a simple nanoprecipitation of a solution of 2-CF3/Lut in diethyl ether or THF were
unsuccessful. While some catalyst was dispersed, significant amounts of macroscopic red pre-catalyst
powder could be filtered off. Dispersion was more successful when the more hydrophilic THF was used
and the nanoprecipitation was carried out into an aqueous solution of SDS, however in all cases the
dispersions produced were unsuitable for polymerisation. As it was noticed that precipitation started
to occur after a certain fraction of the solution was added and that the stirring rate was inconsistent
throughout the addition as the volume and viscosity of the solution changed it was decided to change
from a nanoprecipitation by manual injection to using a multi-inlet vortex mixer (MIVM). This not only
renders the mixing process more reproducible and more rapid but also results in a mixing rate in the
turbulent regime.101 Initial testing with 2-CF3/Lut in THF showed that it was possible to generate a
dispersion that was stable over time, while the initial dispersion was observed to cream over time the
dilute dispersion was stable (Figure 5.4).
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Figure 5.4: Visible appearance of dispersions of 2-CF3/Lut soon after formation (left) and after overnight standing (right). The
dispersions are (both images, from left to right): dilute MIVM dispersion, initial MIVM dispersion, nanoprecipitation using
syringe pump, nanoprecipitation by hand, initial catalyst solution in THF.

5.3 Generation of Catalyst Emulsions through Multi-Inlet Vortex Mixing
Initial dispersions for polymerisation were generated using a catalyst solution of 2-CF3/Py (10
μmol) in THF (20 mL) which was rapidly mixed with an aqueous SDS solution (15 g/L SDS, 90 mL). 3
streams of SDS solution were used (30 mL each) and all streams were run with a flow rate of 6 mL/min.
This means that mixing occurs in the turbulent flow regime (Reynolds numbers, Re > 2300) and
therefore the mixing should be very rapid and largely independent of flow rate. Polymerisation with
the resulting dispersion was then carried out at 25 °C and 40 bar of ethylene pressure.
The resulting opaque dispersion was shown to be low in polymer content (0.185 g / 100 mL)
but colloidally stable. DLS measurements showed the particles were large (see Figure 5.5) with a clear
shoulder in the volume measurements suggesting a bimodal particle size distribution. From the TEM
images the second particle fraction can be seen to be ‘polymer screws’.

Figure 5.5: Particle size distribution of PE latex generated from initial MIVM emulsion, showing a clear shoulder at 200 nm
(left). TEM image of particles in PE latex showing irregularly shaped platelets (80 – 200 nm) and polymer screws (right).
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Figure 5.6: Cartoon showing potential route to ‘polymer screws’ resulting from generation of large catalyst aggregates.

The ‘polymer screws’ could feasibly consist of multiple lamella, connected by low crystalline
tie segments. These could be formed if there was insufficient separation of catalyst molecules during
polymerisation (Figure 5.6). This is supported by measurements of the ‘thread’ of the ‘screw’ which
are consistent with typical dimensions of polyethylene nanocrystals (10 to 12 nm in height and 20 to
50 nm diameter).
The large amounts of THF used also seem to disturb the polymerisation (under the conditions
used 25 °C, 40 bar ethylene). Activity is low (TON = 0.06 × 104 mol [C2H4] × mol-1 [Ni]) and the melting
temperature (Tm = 118 °C) and molecular weight (Mn = 25 kg.mol-1) of the polymer produced is much
lower than might be expected, suggesting significant interactions between the THF cosolvent and the
catalyst. Branching is also far higher than might be expected considering the low temperatures used,
with 10.4 branches per 1000 carbon atoms. These poor polymer properties might explain the shape of
the polyethylene platelets produced, with much more poorly defined edges than might be expected
for nanoscale crystals.
However having demonstrated proof of concept, that nanoscale crystalline polyethylene
platelets can be generated using MIVM techniques, the technique can then be further optimised.
There are three aims to achieve to make MIVM techniques competitive with generation of hydrophilic
catalysts. Firstly, catalysts must be made more productive to give dispersions with higher polymer
contents (>2 wt. %). Secondly, the formation of ‘polymer screws’ must be suppressed to generate
dispersions consisting exclusively of platelets. Finally, the properties of the resulting polymer must be
improved, to give a linear, high molecular weight (105 – 106 g.mol-1) polyethylene. Ideally, the polymer
produced would have the melt properties of disentangled UHMWPE.
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5.4 Standard Set-Up and Procedure for the MIVM
To further investigate the use of MIVM techniques on creating PE latexes, a standardised
system was developed. The MIVM had previously been used in the group for blending inorganic
materials with conjugated polymers to produce composite materials.101 With the exception of a side
arm fitting allowing the system to be purged with nitrogen, no physical changes were made to the
reported set-up. This system is itself a scaled down version of a mixer reported by Prud’homme, where
various parameters such as feed-rates and the arrangement of streams was investigated.102
For these experiments, the cosolvent volume was dramatically reduced from 20 mL to 2 mL.
This was flowed into the MIVM against three streams of an aqueous SDS solution (3 × 5.5 mL, 20 g/L).
Again, a flow rate of 6 mL/min was used to allow for mixing in the turbulent flow regime. The most
critical factor was the arrangement of the syringes in the syringe pump set-up (Figure 5.7). To ensure
the entirety of the catalyst solution was added to the emulsion, a volume of N2 equal to the internal
volume of the PTFE tubes (≈1.4 mL) is required to drive all of the catalyst solution into the mixer.
Furthermore, to ensure that the catalyst stream meets a constant stream of aqueous SDS solutions a
‘dead volume’ of approximately 2.1 mL is used by not fully extending the syringe containing the catalyst
solution. By comparison, all syringes of aqueous SDS solution are fully extended. This means when the
syringe pump is engaged, 2.1 mL of aqueous SDS solution (per syringe) flows into the tubing and mixer
before the syringe pump begins to drive the catalyst solution towards the mixer.

Figure 5.7: Overviews of the typical MIVM set-up, prior to starting the syringe pump. Inset: A cartoon of the arrangement of
the syringes.
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Figure 5.8: Close up of the MIVM (left) and the MIVM top (right). Important features are highlighted.

Figure 5.9: Close up of the MIVM (left) and the MIVM base (right). Important features are highlighted.

5.5 Effect of Cosolvent in MIVM
As these dispersions are unstable, immediately following mixing the initial emulsion was
rapidly diluted by addition to a much larger volume of aqueous SDS solution (85 mL, 20 g/L). Particle
size distribution of the catalyst dispersion was then measured and shown to be stable over a time
period (150 minutes) relevant to polymerisation (Figures 5.10 and 5.11). The single-angle
backscattering DLS method used is limited in accurately resolving broad size distributions, as present
here for most samples. Nevertheless, some conclusions can be drawn. In terms of reproducibility, the
dispersion process led to reasonably similar particle size distributions in repeated experiments.
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Interestingly the choice of cosolvent showed a significant effect on the particle size distribution of the
catalyst dispersion, with different cosolvents giving different particle size distributions (Figure 4.10).

Figure 5.10: Particle size distribution of catalyst dispersions generated with MIVM techniques using different cosolvents (left),
particle size distribution of a catalyst dispersion generated using MIVM techniques and DMF as a cosolvent showing stability
of the emulsion over time (right).

Figure 5.11: Particle size distribution of catalyst dispersions generated using MIVM techniques and DMSO (left) or THF (right)
as a cosolvent showing stability of the emulsion over time.
Table 5.1: Measurements of particle size in MIVM dispersions of 2-CF3/DMF generated using DMF, DMSO or THF as a
cosolvent.a
Entry

Cosolvent

Polymerisation
Catalyst Particle Size
Z-Average
Polymer
Latex Particle Size
Temperature (°C)
(Intensity, d. nm) b
(d. nm) b
Content (wt.%) c
(Volume, d.nm) d
1
THF
15
182.9
151.8
3.18
718
2
THF
25
164.4
126.4
2.74
330
3
DMF
15
66.6/155.2
68.2
0.03
100
4
DMF
25
90.9
65.7
0.13
131
5
DMSO
15
47.0/223.5
99.8
2.51
263
6
DMSO
25
53.7/277.8
74.1
2.28
213
a10 µmol of precatalyst 2-CF /DMF, 100 mL of dispersion produced from 2 mL of cosolvent vs. (3 × 5.5 mL) of aqueous SDS
3
(20 g/L) at 6 mL/min, diluted by addition to 85 mL aqueous SDS (20 g/L) 40 bar of C2H4, 60 min. bDetermined by DLS, intensity
average, all measurements carried out at 25 °C . cDetermined by precipitation of a 50 g aliquot. dDetermined by DLS, volume
average, all measurement carried out at 25 °C.

Catalyst dispersions generated using DMF or DMSO show a bimodal particle size distribution,
suggesting that both small, discrete catalyst particles and larger catalyst aggregates are generated
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using this technique. The smaller fraction is not observed in emulsions generated using THF, suggesting
that in this case more catalyst aggregates are present. It is important to note that the intensity
measurement is heavily weighted towards large particles, and that in reality all emulsions may contain
a significant fraction of small particles.

Figure 5.12: Particle size distributions of PE latexes produced from catalyst dispersions using different cosolvents at 15 °C (left)
and 25 °C (right).

The distribution of the initial catalyst molecules seems to have an effect on the size of the
polyethylene particles produced. THF, which produces the largest catalyst particles, also produces the
largest polyethylene particles at both 15 °C and 25 °C (Figure 5.12). Dispersions using DMF as a
cosolvent have the smallest catalyst particles and the polyethylene latexes are shown by DLS to be
predominantly small particles, with a small shoulder of large particles at 200 nm. Using DMSO gives
particles which are somewhere between THF and DMF, both in the catalyst dispersion and the
polyethylene latex. TEM images of the polyethylene dispersion produced from a MIVM catalyst
dispersion using DMF as a cosolvent at 15 °C show exclusively platelets are formed with no visible
polymer screws (Figure 5.13).

Figure 5.13: TEM image of polyethylene particles produced from a catalyst dispersion generated using MIVM techniques and
DMF as a cosolvent (polymerisation carried out at 15 °C, Table 5.1, Entry 3), showing only platelets formed even in an area of
high particle density (left). TEM image of nanoscale platelets, showing the possible well-defined hexagonal shape for the
platelets. Hexagonal platelet highlighted in red. (right)
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Measuring the thickness of particles by contrast, it can be determined that most particles are
single lamella with a thickness of 8 nm, typical of the nanocrystal lamella. However, a number of
particles can be found where the thickness is much higher, typically in the region 20-30 nm, which
would correspond to multiple lamella.
To further investigate the polymer structure, TEM were taken of a polyethylene latex
generated from a catalyst dispersion using DMF at 25 °C. Here, both particle size and polymer content
are higher, suggesting ‘polymer screws’ are more likely to have been formed. Despite this, again no
polymer screws were found on the TEM grid. Large hexagons were observed, as well as truncated
lozenges, which is typical of larger nanocrystals. A number of particles were observed on their side,
this showed that in some cases multi-lamellar structures are formed. These particles are far thicker
than the single lamella (8-13 nm) structures generated previously,71,82,103 with particles with a thickness
of 37 nm being measured which would correspond to three or four lamella and with certain particles,
a clear, sharp, step-wise thickening can be seen where the lamella do not align precisely (Figure 5.14).

Figure 5.14: TEM images of polyethylene particles produced from a catalyst dispersion generated using MIVM techniques and
DMF as a cosolvent (polymerisation carried out at 25 °C, Table 5.1, Entry 4) showing predominantly nanocrystal platelets, but
also thicker particles corresponding to multi-lamellar particles (left). This multi-lamellar nature is evident from the step-growth
nature of the thicker lamella. Highlighted in red (right).

The formation of multi-lamellar structures explains the large increase in particle size in the DLS
measurements, as the particles are growing in all dimensions. This means that the particles are more
isotropic and the DLS measurement is no longer averaging two significantly different dimensions.
As the (relatively) high polymer contents and large size of polyethylene particles generated via
MIVM techniques using THF and DMSO result in an unstable latex, where particles aggregate and
precipitate as bulk PE after standing overnight, preparing samples for TEM requires an alternative
approach. To obtain stable polyethylene dispersions suitable for dialysis a small amount of the nascent
dispersion (0.5 or 1.0 mL) was diluted to a total volume of 20 mL. By DLS, the particle size distribution
of these dilute dispersions was the same as the initial dispersion (Figure 5.15) and unlike the undiluted
dispersions there was no visible aggregation or change in particle distribution in the first 24 hours.
These dilute dispersions were then dialysed to remove excess surfactant and produce a dispersion
suitable for TEM.
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Figure 5.15: Particle size distributions for an unstable polyethylene dispersion and two dispersions generated by dilution of
this initial dispersion (left). Particle size distributions showing no change in particle size after the dilute dispersions were
allowed to stand for 24 hours (right).

TEM of these dilute dispersions showed that as both the catalyst dispersion particle size and
the catalyst activity increases the polyethylene particles undergo a significant morphological change.
Individual single lamella particles and isolated multi-lamellar particles can still be observed however
large stacks formed from multiple polyethylene lamella are also present and seem to incorporate the
majority of the polyethylene formed (Figure 5.16). These lamellar stacks have a rough, irregular edge
due to the large number of hexagonal- and/or lozenge-shaped lamella which form each stack. Due to
the varying thickness of the stacks across the topography of the stack, individual lamella can in some
cases be observed on the stack, allowing the expected lamella structures to be observed (Figure 5.17).
These stacks vary in size but can grow to extremely large sizes, with individual stacks reaching over 500
nm in diameter, from DLS we can expect growth (in rare cases) to micron sized particles (Figure 5.18).

Figure 5.16: TEM image of particles formed in high activity, high polymer content dispersions (left). Individual single lamella
particles (blue hexagon) can be observed as well as truncated lozenge lamella (red hexagon) incorporated into larger particles
(right).
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Figure 5.17: Multi-lamellar nature of the particles can be seen from the varying thickness at the edges, and rough irregular
nature (left). In some cases, crystal edges that fit the expected single lamella nanocrystals can be seen (right, highlighted in
red).

Figure 5.18: TEM image showing varying sizes of polymer stacks (left). Polymer stacks over 500 nm in diameter can be found
by TEM imaging (right).

These stacks likely consist of multiple lamella, bound together by a number of tie molecules
and can be considered an equivalent of the ‘polymer screws’ formed in the initial experiments. Unlike
the ‘polymer screws’ the tie molecules of these stacks will likely be mostly incorporated into the
polymer lamella, which may be due to the improved polymer properties (discussed in more detail
below). While it might seem that the reduction in solvent volume is therefore ineffective at preventing
‘polymer screws’ or ‘polymer stacks’ it must be noted that the polymer content and the catalyst activity
per unit time are an order of magnitude higher in the situations where the ‘polymer stacks’ are formed.

5.6 Effect of Cosolvent on Catalyst Performance and Polymer Properties
The cosolvent not only influences the particle size distribution of the catalyst dispersion and
the resulting polyethylene latex, but also has a significant effect on catalyst activity and the resulting
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polymer properties (Table 5.2). Varying the solvent allows for a wide range of activities and polymer
contents. There seems to be no clear trend in how the solvent influences catalyst activity, with
emulsions based on THF and DMSO proving highly active while those using DMF have very low
activities, this is likely to be the result of two different effects.
Table 5.2: Effect of cosolvent on polymerisation with dispersions generated through MIVM techniques.a
Entry

Cosolvent

1
2
3
4
5
6

THF
THF
DMF
DMF
DMSO
DMSO

T
[°C]
15
25
15
25
15
25

Polymer
[wt. %]
3.18
2.74
0.03
0.13
2.51
2.28

Yield
[g]
3.39e
2.67
0.04
0.12
2.51f
2.35g

TONb
1.21
0.95
0.02
0.04
0.90
0.84

Mn
[103 g/mol]c
569
420
35
49
640
375

Mw/Mnc

Tm [°C]d

1.5
1.7
1.9
1.9
1.8
2.1

146/137
145/138
133/135
135/133
142/136
144/138

Crystallinity
[%]d
63/46
63/46
65/62
65/56
65/45
68/50

aPolymerisation

conditions: 10 µmol of precatalyst 2-CF3/DMF, 100 mL of dispersion produced from 2 mL of cosolvent vs. (3
× 5.5 mL) of aqueous SDS (20 g/L) at 6 mL/min diluted to 100 mL with aqueous SDS (20 g/L), 40 bar of C 2H4, 60 min. b104 ×
mol [C2H4] × mol-1 [Ni]. cDetermined by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1. eIncludes 350 mg of
aggregates. fIncludes 61 mg of aggregates. gIncludes 94 mg of aggregates.

Firstly, the fraction of cosolvent which is contained in the ‘catalyst particles’ will have a
significant effect. Polar additives can generally be classified as penetrating or non-penetrating
additives. Penetrating additives will enter the micelle, forming mixed micelles which are stabilised
through enhanced hydrophobic interactions of the surfactants hydrophobic chains close to the micelle
surface.104 Typically this is associated with a decrease in the critical micelle concentration (cmc) at low
concentrations,104 which is the case for THF water mixes up to 6 vol.%.105 In contrast DMSO is shown
to be a non-penetrating additive for SDS micelles and increases the cmc at all concentrations.106 The
nature of DMF is less clear, it is shown to hinder micelle formation for cationic alkyl ammonium
bromide surfactants at 5 wt.% concentrations107 but it does not directly follow that this means that it
will act as a non-penetrating additive for SDS micelles. The related compound N-methylacetamide, acts
as a penetrating additive for SDS micelles but a non-penetrating additive for cetyltrimethylammonium
bromide (CTAB).108 It must be noted that this is all based on purely binary, micellar systems and the
presence of the catalyst particles in the form of large surfactant structures and pressurisation with
ethylene is likely to change the system significantly. There is also evidence of cosolvent interaction
with the catalyst for all emulsions, implying penetration into the surfactant structures in all cases.
However, proposing that the fraction of the cosolvent contained within the catalyst particles can be
placed in the order THF > DMF > DMSO seems reasonable.

Figure 5.19: Combination of penetration of cosolvent into surfactant structures and ability to coordinate strongly to a nickel
centre, showing why DMF is the only cosolvent to suppress catalytic activity.

The second factor is the strength of the coordination, both DMF and DMSO are more strongly
coordinating ligands than THF, which is a poor ligand by comparison. No THF compounds analogous to
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2-CF3/DMF or 2-CF3/DMSO have ever been isolated and taking an NMR of the weakly coordinated 2CF3/TMEDA in THF-d8 shows incomplete conversion (75 %), even with the large excess of THF provided
by using it as a solvent (See Chapter 4.1 for more details). It is therefore likely that even if there is a
significant fraction of THF that can potentially coordinate to the catalyst molecules, it is likely to be less
favoured compared to ethylene and easily displaced if it does coordinate. By contrast, DMF is likely to
coordinate readily to any vacant catalyst site, competing effectively with ethylene and limiting chain
growth. The combination of these two factors means that DMF is both likely to be found in high
concentrations at the catalytic centres and able to efficiently compete with ethylene to block the active
site. (Figure 5.19)
Despite the low activity, catalysts dispersed using DMF as cosolvent are highly stable over time,
while ethylene consumption is minimal it occurs for an hour even at 25 °C, this is significantly higher
than the standard temperature (15 °C) for polymerisation in water and generally results in rapid
deactivation. The dispersion obtained after an hour is also still red, suggesting the catalyst is not
significantly decomposed. This is comparable to the stabilising effect observed with addition of DMF
to dispersions of hydrophilic catalysts such as 1-CF3/TPPTS.72 This stabilising effect is also observed for
the more active catalyst dispersions produced using THF and DMSO. At 15 °C the catalyst remains
highly active for an hour of polymerisation which is typically not possible without the use of CsOH. At
25 °C these highly active dispersions are still very productive, however, it can be seen from the
consumption of ethylene that the lifetime is reduced (Figure 5.20), suggesting the coordination of
cosolvent is less stabilising and hydrolysis increases.
That the stabilising effect of the cosolvent is much stronger for DMF also has benefits, unlike
the dispersions generated using THF and DMSO productivity increases with temperature. As the
dispersions made using DMF are both highly stable and more active at 25 °C, DMF could potentially be
used to generate dispersions suitable for polymerisation at higher temperatures using pyridine or
phosphine labile ligands or catalysts more suited to high temperatures such as those discussed in
Chapter 6.

Figure 5.20: Consumption of ethylene over time for catalyst dispersions using DMSO as a cosolvent, showing long lifetime at
15 °C (left) and much shorter lifetime at 25 °C (right).

This stabilising effect is also evident when looking at the polymer properties, compared to the
polymer produced using the initial MIVM dispersion with a high THF content all the polymers produced
have very high second melting points implying linear polymer is produced. The melting points of
polymers produced using dispersions based on DMF, are slightly lower than those using DMSO or THF.
Potentially, the interaction of the cosolvent with the catalyst is still hindering the polymerisation,
leading to lower molecular weights and lower melting temperatures. Interestingly the high melting
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points are also observed at 25 °C (Table 5.2, Entries 2 and 6), this is clear evidence of the stabilising
effect of the cosolvent, as 2-CF3/DMF is shown to produce moderately branched polymer with a lower
melting temperature above 20 °C in toluene (see Chapter 4). Interestingly the highly active dispersions
produce polymer with the melt behaviour of UHMWPE.
The molecular weights of the polymers correspond to the productivity of the catalytic systems,
the more productive catalyst dispersions based on THF and DMSO produce high molecular weight
polymer while the poorly active dispersions based on DMF produce low molecular weight polymer at
both temperatures studied. As the temperature increases, the productivity of dispersions based on
THF and DMSO decreases and lower molecular weight polymer is produced. Conversely, the activity of
DMF-based dispersions and the molecular weight of the resultant polymer increases with
temperature. This is likely due to poorer coordination of cosolvent and reduced stabilisation with
temperature, increasing hydrolysis for THF- and DMSO-based dispersions but increasing the rate of
propagation for the DMF-based dispersions. As the high melting temperatures suggest branching (and
therefore β-H elimination) is suppressed, chain transfer is likely less significant than increasing
hydrolysis.
The molecular weights of the polymers produced by highly active dispersions (i.e. those based
on DMSO and THF) are very high and comparable to those obtained with hydrophilic catalysts such as
1-CF3/TPPTS and 2-CF3/TPPTS under optimised conditions where CsOH is used to suppress hydrolysis
(see Chapter 3). The molecular weights obtained with MIVM dispersions at 25 °C are comparable to
the ‘ideal polyethylene nanocrystals’ produced by 2-CF3/TPPTS at 10 °C and are significantly higher
than mini-emulsion techniques typically carried out at 50°C with catalysts based on pyridine.73,98

5.7 Determining the Disentanglement of Polyethylene Produced from MIVM Emulsions
To determine if the polymer has the melt properties of disentangled UHMWPE, slow melting
at 1 K.min-1 was carried out. This was inconclusive, the first melting temperatures were greatly reduced
compared to fast melting at 10 K.min-1 consistent with a lower melting temperature that should be
observed for disentangled UHMWPE, but they were not as low as the theoretical maximum melting
point of 135 °C, which was shown to be possible for the polyethylene nanocrystals (Chapter 3.1) and
therefore could be a result of reduced overheating. As the disentangled melting proceeds through
detachment of the polymer chains from the crystal front, the morphology of the crystal is significant,
the much larger platelet structures produced by the emulsions based on THF and DMSO may not have
time to melt completely at 135 °C. In principle, observation of a second melting point upon slow
melting (0.1 K.min-1) is also evidence for disentanglement.18
This can be observed for disentangled polymer produced using a controlled (i.e. produced at
high dilution and low temperatures) metallocene polymerisation where due to a lack of stabilisation
macroscopic particles are produced, while the disentangled nature can be confirmed through
rheological measurements (Figure 5.21).18 Despite the much higher heating rates of ‘slow’ heating used
here (1 K.min-1 compared to the literature value of 0.1 K.min-1) the shape of many of the melting peaks
is suggestive of two peaks which are poorly resolved and for at least one sample is resolved into two
distinct melting peaks (Figure 5.22).
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Figure 5.21: Melting of macroscopic particles of UHMWPE produced by early transition metal catalysts, showing two melting
peaks of disentangled UHMWPE produced using a metallocene catalyst at 0.1 K.min -1. Taken from reference [18]
supplementary section (Fig. 1.2, therein).18

Figure 5.22: Slow melting (1 K.min-1) of polymer produced from emulsions, showing polymers with two melting points which
are poorly resolved (left) and resolved (right). The second melting point is indicative of disentangled UHMWPE.

While this would suggest that the MIVM techniques allow for generation of dispersions of
disentangled UHMWPE from lipophilic catalysts, it is possible that rather than incomplete melting of
large disentangled crystals, this is the result of superimposing the melting behaviour of disentangled
and entangled UHMWPE. For this reason the disentangled nature of the particles was further
investigated by annealing (see Chapter 3.1) of the polymer from two dispersions with high polymer
contents (Table 5.1, Entries 1 and 5). Annealing experiments would distinguish between completely
and partially disentangled UHMWPE (see Chapter 3.1, Figure 3.6).
Both samples were annealed at 135 °C for 180 minutes before cooling to 25 °C and carrying
out the two standard heating cycles at 10 K.min-1 (Figure 5.23). The 1st heating cycle showed two clear
melting points for both samples. Compared to polymers produced using neat organic solvent as a
reaction medium, both polymer samples show a higher fraction of disentangled polymer and this
fraction was largest for the polymer precipitated from the DMSO based emulsion, but each sample
contains a significant fraction of polymer that remains unaffected by the annealing process. To ensure
that this is truly entangled polymer and that the annealing time was sufficient to melt all disentangled
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polymer present, a second annealing experiment was carried out with much longer annealing time
(135 °C for 480 minutes, Figure 5.24).

Figure 5.23: DSC traces of 1st and 2nd heating cycles of polymer following annealing at 135 °C for 180 minutes. Polymer samples
were produced from MIVM emulsions based on THF (left) and DMSO (right).

With increasing annealing time the second melting peak, which corresponds to the
disentangled fraction, increases further. Despite this, the fact that the higher melting point remains
even upon prolonged annealing suggests that entanglements (or tie molecules) which prevent
detachment of the chain from the crystal front are present and limit melting at 135 °C. This is
particularly clear for the polymer produced with a DMSO-based catalyst dispersion, where in the first
3 hours of annealing there is significant melting but in the next 5 hours there is very little further
change and even less in the final 4 hours. The decreasing returns from annealing can also be seen for
the polymer from the THF-based dispersion but the change is less dramatic (Figure 5.25). As annealing
at 135 °C on sufficiently long time scales (>750 minutes)10 can even partially melt commercially
produced entangled UHMWPE, further increases in the lower melting peak are likely due to the slow
melting of a partially entangled fraction.

Figure 5.24: DSC traces of 1st and 2nd heating cycles of polymer following annealing at 135 °C for 480 minutes. Polymer samples
were produced from MIVM dispersions based on THF (left) and DMSO (right).
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Figure 5.25: Change in melting behaviour during the 1st heating cycle for samples annealed for different lengths of time,
showing diminishing returns for longer annealing times. Polymer samples were produced from MIVM dispersions based on
THF (left) and DMSO (right).

Figure 5.26: 1st heating cycle of polymers after annealing for 180 minutes, showing the difference in the fraction of
disentangled polymer for two dispersion cosolvents.

The difference between the melting behaviour following annealing is interesting. The polymer
from the latex produced using the DMSO-based dispersion shows a much larger fraction of
disentangled polymer than those from the THF-based dispersion. This is particularly true at shorter
annealing times (Figure 5.26). This may be due to the difference in initial catalyst particle size, with the
smaller catalyst particles and enhanced catalyst separation produced by a DMSO-based dispersion
leading to reduced entanglement formation. It is known that in a homogenous system, entanglements
are likely to form in the initial stages of polymerisation prior to the formation of a nascent crystal. 17
Compared to this the highly ordered nature of ‘ideal polyethylene nanocrystals’ arises in part due to
high rate of crystallisation relative to propagation.71 It is therefore important to separate the catalyst
particles until the nascent crystal forms to prevent entanglement. As (large) multi-catalyst particles are
more likely to be formed in THF-based dispersions, a larger fraction of the polymer is likely to be
entangled. Understanding and controlling the initial catalyst particle size distribution might allow for
the production of completely disentangled polymer from highly active MIVM dispersions.

5.8 Solvent Properties Influencing Particle Size Distribution
The source of this difference in particle size distribution is not immediately evident, all solvents
used are miscible in water and will predominantly be found in the aqueous phase after mixing. A
potential explanation is that the addition of cosolvent denatures the surfactant structures during
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mixing. Previous experiments by M. S. Bakshi showed that the addition of THF, DMF and DMSO
increase the Gibbs free energy of micellisation.109 THF was shown to be particularly disruptive due to
the low dielectric constant (εR = 7.5) and large hydrophobic surface, while at the relatively low amounts
(≈2 vol.%) used here, DMF and DMSO are broadly similar.109 If denaturing of surfactant structures was
the only factor, it might be expected that DMSO would produce the smallest particles as it is the least
disruptive cosolvent,109 however other factors such as the relatively low solubility of 2-CF3/DMF in
DMSO and the high viscosity of DMSO may well play a role. To further investigate this two further
solvents acetonitrile (MeCN, εR = 37.5) and 1,2-dimethoxyethane (DME, εR = 7.3) were chosen to
compare with DMF (εR = 37) and THF (εR = 7.5) to see if the dielectric constant of the solvent has a
significant effect on particle size (Table 5.3).
Table 5.3: Measurements of particle size in MIVM dispersions of 2-CF3/DMF generated using MeCN or DME as a cosolvent.a
Entry

Cosolvent

Polymerisation Catalyst Particle Size
Z-Average
Polymer Content
Latex Particle Size
Temperature
(Intensity, d. nm) b
(d. nm) b
(wt.%) c
(Volume, d.nm) d
(°C)
1
MeCN
15
90.9
77.0
0.22
150
2
MeCN
25
91.3
79.8
0.14
141
3
DME
15
140.3
104
2.27
305.1
4
DME
25
155.8
115.2
1.50
307.3
a10 µmol of precatalyst 2-CF /DMF, 100 mL of emulsion produced from 2 mL of cosolvent vs. (3 × 5.5 mL) of aqueous SDS (20
3
g/L) at 6 mL/min, diluted to 100 mL with aqueous SDS (20 g/L), ), 40 bar of C2H4, 60 min. bDetermined by DLS, intensity
average, all measurements carried out at 25 °C . cDetermined by precipitation of a 50 g aliquot. dDetermined by DLS, volume
average, all measurement carried out at 25 °C.

Using MIVM techniques to generate a dispersion with MeCN gave a stable dispersion with
particles of a similar size to dispersion using DMF, but unlike DMF and DMSO a monomodal size
distribution was obtained when using MeCN. Interestingly the dispersion generated using MeCN
contains no particles over 300 nm according to DLS, which may be due to a reduced viscosity of MeCN
compared to DMF and DMSO. Despite this the dispersions generated with DMF and DMSO as cosolvent
both contain a fraction of smaller particles (approximately 15 – 30 nm) and a larger fraction of small
particles (<50 nm). (Figure 5.27)

Figure 5.27: Particle size distribution of a catalyst dispersion generated using MIVM techniques and MeCN as a cosolvent (left).
Overlay of particle size distributions generated using DMF, DMSO or MeCN as cosolvent, showing larger fraction of smaller
particles (>50 nm) present when DMF or DMSO is used (right).

Despite these differences the PE latexes produced from catalyst dispersions using MeCN and
DMF are similar in size distribution (Figure 5.28). While there appears to be a significant difference at
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15 °C, this is likely due to differences in activity and polymer content (0.22 wt. % and 0.03 wt.% for
MeCN and DMF respectively) as at 25 °C when the polymer contents are comparable (0.14 wt.% ≈ 0.13
wt.%) the size distributions are very similar.

Figure 5.28: : Particle size distributions of PE latexes produced from catalyst dispersions using DMF or MeCN at 15 °C (left) and
25 °C (right).

Dispersions based on DME are also possible, the precatalyst dispersion obtained was
monomodal, and the particle size was comparable to THF. A slight increase in the intensity assigned to
small particles was observed (Figure 5.29). Like with THF, catalytic activity was high for dispersions
based on DME and the PE latex generated shows large particles of a comparable size to the other highly
active dispersions, which use DMSO or THF as a cosolvent (Figure 5.30).

Figure 5.29: Monomodal distribution of catalyst dispersion based on DME (left) and a direct comparison with a dispersion
based on THF, showing a broadly comparable particle size but an increase in the fraction of small particles (right).
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Figure 5.30: Particle size distributions of PE latexes produced from catalyst dispersions using THF, DMSO or DME at 15 °C (left)
and 25 °C (right).

From this, it is clear that the dielectric constant of the cosolvent plays a significant role in the
size of the initial catalyst dispersion. As this controls the size of the polymer particles and the degree
of entanglement it is clearly important to use a solvent with a high dielectric constant. Comparing DMF,
DMSO and MeCN factors other than the dielectric constant play a role, particularly in the dispersity
and distribution of the size of the catalyst particles.
Table 5.4: Polymerisation behaviour of 2-CF3/DMF in a MIVM dispersion using MeCN or DME as a cosolvent a
Entry
1
2
3
4

Cosolvent
MeCN
MeCN
DME
DME

T
[°C]
15
25
15
25

Polymer
[wt. %]
0.22
0.14
2.27
1.50

Yield
[g]
0.21
0.14
2.07
1.46

TONb
[103
0.07
0.05
0.74
0.52

Mn
g/mol]c
36
26
690
456

Mw/Mnc

Tm [°C]d

2.6
2.3
1.5
1.8

135/134
133/132
146/139
146/137

Crystallinity
[%]d
61/57
56/55
64/46
65/46

aPolymerisation

conditions: 10 µmol of precatalyst 2-CF3/DMF, 100 mL of emulsion produced from 2 mL of cosolvent vs. (3 ×
5.5 mL) of aqueous SDS (20 g/L) at 6 mL/min, diluted to 100 mL with aqueous SDS (20 g/L), 40 bar of C2H4, 60 min. b104 × mol
[C2H4] × mol-1 [Ni]. cDetermined by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating 10 K.min-1.

The polymerisation behaviour was also examined for dispersions based on MeCN and DME
(Table 5.4), this was found to again be broadly similar to DMF and THF respectively. That DME is more
poisonous than THF is unexpected, as DME is reported to be significantly less inhibiting to the catalyst
than diethyl ether46 and THF is reported to be significantly more detrimental to polymerisation than
diethyl ether.50 The poor catalyst performance in DME may reflect a difference in the content of DME
and THF in the hydrophobic phase or the quality of DME used (commercially purchased 99.5 %,
anhydrous under N2 compared to thoroughly distilled THF). Molecular weights, like for other MIVM
dispersions, reflect the productivity of the catalytic system.
For the best dispersions both high activity and small particles are desired, DME and THF
produce precatalyst dispersions with large particles while using MeCN and DMF as cosolvents leads to
poorly active dispersions. Therefore, further experiments were carried out with dispersions based on
DMSO, which are highly active and include a significant fraction of small particles.

5.9 Effect of catalyst solubility in DMSO based MIVM dispersion.
As 2-CF3/DMF is poorly soluble in DMSO, large particles may arise during the dispersion
process, due to the catalyst ‘crashing out’ from the DMSO as it rapidly mixes with water and is
dispersed. To investigate this further 2-CF3/TMEDA was used as the pre-catalyst. 2-CF3/TMEDA has a
very low solubility in DMSO but the rapid exchange of TMEDA for DMSO, to generate the more soluble
60

2-CF3/DMSO in-situ, allows it to be dissolved. Dispersions of this in-situ generated catalyst, however,
showed similar particle size distributions as were generated with 2-CF3/DMF. The dispersion formed
using 2-CF3/TMEDA has a lower productivity (TON = 0.43 × 104 mol [C2H4] × mol-1 [Ni]) compared to
the dispersion based on 2-CF3/DMF (TON = 0.90 × 104 mol [C2H4] × mol-1 [Ni]) which may be due to use
of a less stable catalyst with a more labile ligand. The polyethylene latexes produced by the two
dispersions have a comparable particle size, particularly when the large difference in productivity is
taken into account. While a more diverse array of catalysts should be tested to further investigate the
effects of catalyst solubility, small changes like those shown above do not appear to have a significant
effect on catalyst dispersion (Figure 5.31).

Figure 5.31: Effect of pre-catalyst on the particle size of the catalyst dispersion (left) and the polyethylene latex (right).

5.10 Reintroducing a Hydrophobic Phase.
Dispersion could be improved by including a small amount of a strongly hydrophobic phase. A
hydrophobic phase would significantly alter the process of super-saturation, which leads to the catalyst
nanoprecipitation. Including a hydrophobic phase will swell the surfactant structures and hinder
crystallisation, which could lead to more entanglements forming. However, uniform nanocrystals of
disentangled polyethylene have been produced from amphiphilic catalysts in the presence of small
amounts (< 0.2 vol.%) of fluorocarbons or hydrocarbons, through ultrasonication of the resulting
emulsion (Unpublished results, M. Schnitte and S. Mecking). As the amphiphilic catalysts are sufficiently
water soluble to dissolve in an aqueous surfactant solution, the initial emulsion to be ultrasonicated
can be easily formed. For the dispersions (or emulsions) produced by MIVM techniques, it is necessary
to show that the hydrophobic cosolvent does not disturb the mixing process.
Toluene was selected as a hydrophobic phase as there are only a limited number of
hydrophobic solvents that are miscible with DMSO. While toluene is also miscible with water at these
low concentrations it is likely that it will swell the surfactant structures and very little toluene will be
found in the aqueous phase. Toluene was added to the DMSO catalyst solution prior to mixing, in
various amounts. The effect this had on catalyst particle size distribution and catalyst performance was
then tested (Table 5.5 and Figure 5.32).
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Table 5.5: Measurements of particle size in MIVM dispersions of 2-CF3/DMF generated using DMSO as a cosolvent with
addition of toluene.a
Entry

Toluene
Ratio
Catalyst Particle Size
Z-Average
Polymer Content
Latex Particle Size
Added (mL) DMSO:Toluene
(Intensity, d. nm) b
(d. nm) b
(wt.%) c
(Volume, d.nm) d
1
0.0
53.7/278
74.1
2.51
263
2
0.1
20:1
195
140
5.98
355
3
0.2
10:1
135/472
181
3.29
672
a10 µmol of precatalyst 2-CF /DMF, 100 mL of dispersion produced from 2 mL of DMSO vs. (3 × 5.5 mL) of aqueous SDS (20
3
g/L) at 6 mL/min, diluted by addition to 85 mL aqueous SDS (20 g/L) 40 bar of C2H4, 60 min, 15 °C. bDetermined by DLS,
intensity average, all measurements carried out at 25 °C . cDetermined by precipitation of a 50 g aliquot. dDetermined by DLS,
volume average, all measurement carried out at 25 °C.

Addition of small amounts of toluene significantly increased the size of the catalyst particles,
this is likely due to both swelling of the hydrophobic phase and a decrease in dielectric constant of the
mixed water-soluble cosolvent. When utilising 0.2 mL of toluene the resulting dispersion was visibly
hazy but stable. Dispersions were stable over time with no formation of a macroscopic second phase.
To compare use of DME with 10 % alkanes led to visible separation into two phases shortly after mixing.

Figure 5.32: Particle size distribution of precatalyst dispersion based on DMSO with addition of toluene.

The presence of a small amount of toluene (0.1 mL) positively influenced the catalyst
performance, greatly enhancing productivity and lifetime (Table 5.6 and Figure 5.33). This is likely due
to the swelling of the hydrophobic phase with toluene. Increasing the toluene content of the
hydrophobic phase would reduce the concentration of DMSO there, and may improve the partitioning
of DMSO into the aqueous phase, reducing the amount of DMSO in the hydrophobic phase both of
these effects would reduce the coordination of DMSO to the active centre improving activity. Swelling
the hydrophobic phase and increasing the particle/droplet size could also reduce hydrolysis as the
average exposure of a catalyst molecule in the hydrophobic phase to the aqueous phase would
decrease. Depending on the amount of DMSO in the hydrophobic phase in the absence of toluene, the
addition of toluene might decrease the polarity of the hydrophobic phase and reduce the
concentration of water in the hydrophobic phase further suppressing hydrolysis. As there are
improvements in both initial activities and lifetime, several (or all) of these possible effects are likely
to be relevant to the increased productivity in the presence of toluene. Addition of more toluene (0.2
mL) did not increase productivity further and actually decreased the amount of polymer obtained.
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Table 5.6: Polymerisation performance of MIVM dispersions of 2-CF3/DMF generated using DMSO as a cosolvent with addition
of toluene.a
Entry
1
2
3

Toluene Added
(mL)
0.0
0.1
0.2

Polymer
[wt. %]
2.51
5.98
3.29

Yield
[g]
2.51e
7.26f
5.47g

TONb
0.90
2.59
1.95

Mn
[103 g/mol]c
640
589
496

Mw/Mnc

Tm [°C]d

1.8
1.8
2.2

144/138
144/136
146/139

Crystallinity
[%]d
68/50
64/48
63/46

aPolymerisation

conditions: 10 µmol of precatalyst 2-CF3/DMF, 100 mL of dispersion produced from 2 mL of cosolvent vs. (3
× 5.5 mL) of aqueous SDS (20 g/L) at 6 mL/min, diluted to 100 mL with aqueous SDS (20 g/L), 40 bar of C 2H4, 60 min, 15 °C.
b104 × mol [C H ] × mol-1 [Ni]. cDetermined by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1. eIncludes 61
2 4
mg of aggregates. fIncludes 1114 mg of aggregates. gIncludes 2465 mg of aggregates.

Figure 5.33: Ethylene consumption over time for polymerisations using MIVM dispersions of 2-CF3/DMF based on DMSO
showing the effect of adding a small amount of toluene (left). Change in productivity with addition of varying amounts of
toluene (right).

As the amount of toluene added to the catalyst dispersion is increased the particle size of the
resulting polyethylene latex also increases (Figure 5.34). Aggregates also become an increasingly
significant fraction of the polymer produced, growing from 2.5 % (pure DMSO) to 15 % (20:1, DMSO to
toluene) to 45 % (10:1, DMSO to toluene) of the total yield.
While the greatly increased productivity might account for the larger particle sizes and
agglomeration upon adding 0.1 mL of toluene, as the particle size and amount of aggregates increases
further when 0.2 mL of toluene is used, despite a lower productivity being observed shows that toluene
has an intrinsically destabilising effect on the emulsions produced by MIVM techniques. Again, this is
likely due to the swelling of the hydrophobic phase. Swollen particles may contain more catalyst
molecules, form larger particles of polyethylene and may be softer, as these polyethylene particles
become larger the chance that they agglomerate and form macroscopic particles will also increase.
While the toluene added has no significant effect on the linearity (judging by the consistently
high melting temperatures) it does reduce the molecular weight slightly. This is possibly due to a
decreasing amount of DMSO in the increasingly apolar hydrophobic phase, leading to reduced catalyst
stabilisation and increased hydrolysis.
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Figure 5.34: Particle size distributions of PE latexes produced from catalyst dispersions of 2-CF3/DMF based on DMSO with
additions of small amounts of toluene (left). Change in the mass of polyethylene collected after the polymerisation as
macroscopic particles that aggregated during polymerisation with addition of small amounts of toluene (right).

5.11 Effect of Ultrasonic Shear on Catalyst Particle Distribution and Subsequent
Polymerisation
Ultrasonic shear can be used to significantly decrease the particle droplet size of an emulsion;
this has been used to generate macroemulsions70,73,98 and to form uniform dispersions of amphiphilic
catalysts swollen with small amounts of hydrophobic additives. Reducing the size of the particles would
help to disperse the catalystand assist the generation of disentangled polyethylene. An experiment
was carried out to investigate if smaller polyethylene particles can be obtained from MIVM dispersions
swollen with a small amount of toluene and subjected to ultrasonic shear (Table 5.7).
Table 5.7: Effect of ultrasonication on the particle size of the precatalyst dispersion and the PE latex formed following
polymerisation.a
Entry

Toluene
Ratio
Catalyst Particle Size
Z-Average
Polymer Content
Latex Particle Size
Added (mL) DMSO:Toluene
(Intensity, d. nm) c
(d. nm) c
(wt.%) d
(Volume, d.nm) e
1
0.1
20:1
195
140
5.98
355
2b
0.1
20:1
36.1/155f
120.5f
1.85
257
a10 µmol of precatalyst 2-CF /DMF, 100 mL of dispersion produced from 2 mL of DMSO vs. (3 × 5.5 mL) of aqueous SDS (20
3
g/L) at 6 mL/min, diluted by addition to 85 mL aqueous SDS (20 g/L) 40 bar of C2H4, 60 min, 15 °C. bDiluted by addition to 145
mL aqueous SDS (20 g/L), total volume of dispersion 160 mL, ultrasonication for 5 minutes at 180 W cDetermined by DLS,
intensity average, all measurements carried out at 25 °C . dDetermined by precipitation of a 50 g aliquot. eDetermined by DLS,
volume average, all measurement carried out at 25 °C. fParticle size obtained directly after ultrasonication.

Ultrasonication was carried out on a MIVM dispersion after transferring to the reactor. The
initial dispersion was diluted to a total volume of 160 mL rather than the standard 100 mL, due to the
larger reactor used. A sample had previously been taken to determine the size of the particles created
by the MIVM dispersion process. After ultrasonication a small amount of the dispersion was removed
from the reactor. This sample was measured and then the measurement was repeated as it was
observed that during the first measurement particle size distribution was changing (Figure 5.35).
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Figure 5.35: Effect of ultrasonic-shear (US) on the particle/droplet size distribution, measured prior to US, as soon as possible
after US and after standing following US.

Ultrasonication appears to afford a slightly narrower particle/droplet size distribution and the
average size is also slightly reduced. Upon standing the original size distribution is reobtained. While
this might suggest that ultrasonic shear is ineffective at changing particle size, the bulk solution in the
reactor is stirred at 1000 rpm and can be pressurized almost immediately after ultrasonication finishes
so it may be possible to begin the polymerisation before the particles swell again.
A significant change in aggregation is seen for the latex produced by the ultrasonicated
dispersion, only traces of polymer are precipitated after ultrasonication and the particles of the
polyethylene latex are smaller than those found in a latex prepared from a dispersion which was not
ultrasonicated (Figure 5.36). While this could be due to changes in particle size of the precatalyst
dispersions induced by ultrasonication, it is possible that the higher dilution (10 μmol 2-CF3/DMF in
160 mL aqueous SDS solution) result in higher dilution of active particles, independent of the
ultrasonication. Comparing the two initial dispersions, prior to any further treatment (i.e. directly after
dispersion and dilution) shows some minor differences in the particle distribution, which could be due
to differences in dilution and could account for differences in the particle size found in the
polyethylene latex.
The differences in particle size for the latex could also be attributed to the differences in
productivity. Catalyst productivity is significantly lower following ultrasonication (Table 5.8), this could
be due to hydrolysis during the ultrasonication process, where significant heat is generated. The lower
activity and higher dilution leads to a lower polymer content, which may help stabilise the initially
formed particles preventing aggregates. Assuming a similar number of catalytically active particles,
higher productivity will also lead to larger polymer particles simply due to the larger amount of polymer
produced.
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Figure 5.36: Particle size distributions of PE latexes produced from catalyst dispersions of 2-CF3/DMF showing a potential
effect of ultrasonication on the polyethylene particles produced (left). Particle size distribution differences in precatalyst
emulsions show a slight difference in distribution which could account for changes in particle size after polymerisation (right).
Table 5.8: Polymerisation performance of MIVM dispersions of 2-CF3/DMF generated using DMSO as a cosolvent with addition
of toluene, and a short period of ultrasonication.a
Toluene Added
Polymer
Yield
TONc
Mn
Mw/Mnd
Tm [°C]e
Crystallinity
(mL)
[wt. %]
[g]
[103 g/mol]d
[%]e
f
1.1
0.1
5.98
7.26
2.59
589
1.8
144/136
64/48
1.2b
0.1
1.85
2.77
0.99
459
2.0
143/137
64/49
a10 µmol of precatalyst 2-CF /DMF, 100 mL of dispersion produced from 2 mL of DMSO vs. (3 × 5.5 mL) of aqueous SDS (20
3
g/L) at 6 mL/min, diluted to 100 mL with aqueous SDS (20 g/L), 40 bar of C2H4, 60 min, 15 °C. bDiluted to 160 mL with aqueous
SDS (20 g/L), ultrasonication for 5 minutes at 180 W c104 × mol [C2H4] × mol-1 [Ni]. dDetermined by GPC at 160 °C. eDetermined
by DSC, 1st/2nd heating, 10 K.min-1. fIncludes 1114 mg of aggregates.
Entry

Overall, this initial test case for the use of ultrasonic shear to improve the qualities of the MIVM
dispersion is inconclusive. While there is evidence for a narrower particle size dispersity following
ultrasonication, it is unclear how long this unstable state persists in the reactor. Polymer particle sizes
are reduced, but not significantly and this is offset by a large reduction in catalyst productivity.

5.12 Summary
Multi-inlet vortex mixing techniques allow access to sub-micron scale, polyethylene latexes.
High molecular weights and reasonable productivities are easily obtained with relatively little
optimisation. While the generation of catalyst dispersions has very little impact on catalyst
performance, with comparable productivities to those obtained in toluene, the polymer particles
obtained are large and polydisperse, containing multi-lamellar particles of (minimally-)entangled
polyethylene. The large particle size also makes the latexes unstable, leading to precipitation if the
initial dispersion is not sufficiently diluted. In this sense polyethylene latexes generated from catalysts
emulsified using MIVM techniques compare unfavourably to the latexes of high (and ultra-high)
molecular weight polyethylene nanocrystals generated using hydrophilic catalysts.
The large multi-lamellar particles are more comparable to polyethylene latexes produced using
mini-emulsion techniques, however with greatly enhanced polymer properties. The molecular weights
of polymers produced using emulsions generated using MIVM techniques are in several cases higher
at 15 °C than can be produced by 2-CF3/Py in pure anhydrous media at any temperature. This means
that potentially MIVM techniques allow for generation of large particles of high molecular weight
polyethylene, as a complementary technique to mini-emulsion techniques (Figure 5.37)
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Figure 5.37: Broad classification of techniques for aqueous polymerisation, based on molecular weight of polymers produced
and size of polyethylene particles, demonstrating the potential of MIVM techniques as a route to higher molecular
polyethylene latexes than can be produced by mini-emulsion polymerisations (left). How MIVM techniques could be modified
to give more desirable polymer and particle properties (right).

Particle size was shown to be strongly dependent on cosolvent properties, with the relative
permittivity shown to have the most significant effect although viscosities may also be significant.
Unfortunately, the best solvents in terms of catalyst dispersion particle size were shown to be too
inhibiting for good polymerisation. Better mixing could be obtained by using solvent blends (e.g.
MeCN/DMSO) to improve catalyst emulsion particle size, this might also have benefits for catalyst
stability and allow access to even higher molecular weights.
Alternatively, as the initial precatalyst dispersion formed must be diluted to prevent creaming,
and some aggregation may occur prior to dilution it may be possible to improve mixing by changing
the concentration of precatalyst solution in the initial dispersion. This can be done with MIVM
techniques as unlike other turbulent mixing techniques each stream contributes individually (unlike
alternative turbulent mixing techniques such as confined impinging jets, where each stream
contributes equally),102 so in principle a small volume of catalyst solution can be run slowly into three
streams of aqueous SDS solution running at higher speeds. This way the concentration of precatalyst
solution in the mixing chamber can be reduced without influencing the turbulence.
Overall, while significant steps need to be taken, with the long-term stability of the
polyethylene latexes produced being most critical, turbulent mixing and supersaturation of solutions
of lipophilic catalysts with water using MIVM techniques is a promising new technique for the
generation of high molecular weight polyethylene latexes from simple hydrophobic catalysts.

67

6. Pentafluorosulfanyl-substituents in Polymerisation Catalysis
Aqueous dispersions of linear polyethylene with the melt properties of UHMWPE were
previously synthesised as ideal polyethylene nanocrystals, however this requires low temperatures of
10 °C to ensure β-hydrogen elimination is reduced sufficiently to generate linear (<1 methyl branch
per thousand carbon atom) polyethylene.71 Working at 10 °C is less practical due to the formation of
ethylene hydrate (a clathrate) at low temperatures and high pressures. Using additives such as PEG
and ethylene glycol can suppress clathrate formation to some extent allowing for polymerisation at 10
°C. Separate from these practical issues, further reducing β-hydrogen elimination is desirable as it may
allow higher molecular weights, higher productivities (due to a reduction in time spent chain-walking)
and allow for linear polyethylene at higher temperatures.
For nickel salicylaldiminato complexes it is understood that incorporating remote electron
withdrawing substituents reduces β-hydrogen elimination.51,52,54,58 This can be clearly demonstrated
by the reduction in branching and increase in molecular weight upon going from methyl substituents
to the trifluoromethyl (CF3) substituents commonly used to generate high molecular weight polymers.
Therefore, replacing the CF3 substituents with even more electron withdrawing groups is a
theoretically simple change that could be made to further reduce β-hydrogen elimination.
In practise the challenge is identifying functional groups that are not only significantly more
electron withdrawing, but also stable under polymerisation conditions and synthetically accessible. A
ligand incorporating nitro (NO2) substituents was previously synthesised and confirmed that electronwithdrawing substituents result in low branching and high molecular weights.54 However, the nitro
group is far too sensitive to be of interest as anything other than a model compound and the small
gain in molecular weight obtained must be weighed against a far more challenging synthesis and a
greatly reduced activity. Looking to other commonly used electron withdrawing groups,
trifluoromethoxy (OCF3) and trifluoromethylsulfanyl (SCF3) groups seem to offer little benefit over the
CF3 group when looking at reported Hammett parameters (Table 6.1).110 The cyano (CN) group is
significantly more electron withdrawing, but such a group is possibly incompatible with the
organometallic reagents used in synthesis of nickel salicylaldiminato complexes and may also
coordinate to the nickel centres. Finally, there are a number of more uncommon potential candidates
such as trifluoromethylsulfonyl (SO2CF3) and trifluoromethylsulfinyl (SOCF3) where a lack of
commercially available starting materials (e.g. 1,3-disubstituted benzene compounds) prevents the use
of these substituents.
Table 6.1: Reported Hammett Parameters for Selected Electron Withdrawing Groups.110
Substituent
Cyano

Structure

Nitro
Pentafluorosulfanyl
Trifluoromethoxy
Trifluoromethyl

-SF5
-OCF3
-CF3

Trifluromethylsulfinyl
Trifluromethylsulfanyl
Trifluoromethylsulfonyl

-SCF3

σm
0.56

σp
0.66

0.71

0.78

0.61
0.38
0.43

0.68
0.35
0.54

0.63

0.69

0.40

0.50

0.83

0.96
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6.1 The Pentafluorosulfanyl Substituent
One substituent that fulfils all the desired criteria is the pentafluorosulfanyl (SF5) group.111,112
This group is relatively underutilised considering its desirable properties; combining strong electron
withdrawing capability,113 high lipophilicity114 and significant steric bulk with high thermal and chemical
stability. Developments in the preparation of compounds containing SF5 groups and their
establishment in areas such as medicinal chemistry and agrichemicals, has been well documented in a
number of recent reviews.115,116
The compatibility of SF5 groups with many synthetic transformations117-119 and the increasing
number of commercially available precursors such as SF5-substituted arenes120 is now increasing the
number of areas where the desirable properties of this group are utilised. The SF5 group has found
applications as a lipophilic alternative to the NO2 group in organocatalysis.121 The group is also
becoming increasingly common in materials science, being applied in liquid crystals,122 polymers,123
triboluminescent materials124 and photochromic switches.125
There are no examples of organometallic complexes bearing ligands with SF5 substituents for
catalysis. While the potential catalytic applications of complexes bearing SF5-substituents has been
noted,126,127 the potential of this area has not yet been investigated. Due to the high turnover-numbers
catalysts enable, the additional costs and challenges of incorporating the SF5 group are more easily offset by the potential gains such as improved catalyst performance or, in the case of polymerisation
catalysts, access to new (or improved) materials.
While the more electron withdrawing nature of the pentafluorosulfanyl substituent has the
potential to reduce β-hydrogen elimination, the greatly increased steric bulk may also be a factor.
Elimination is facilitated by an aryl-interaction with the metal centre, while this interaction becomes
less favourable as the terphenyl substituents become increasingly electron poor,58 it can also be
prevented by using sterically demanding substituents. Evidence for this can be seen in the increase in
molecular weight and decrease in branching upon going from methyl (Me), to ethyl (Et) to iso-propyl
(i-Pr) substituents.53 As the SF5 group has steric bulk comparable with a tert-butyl (t-Bu) group,116 arylinteractions with the nickel centre will clearly be unfavourable for both steric and electronic reasons.
Additional steric bulk might also favour higher molecular weights, not through reduction of β-hydrogen
elimination but by preventing the subsequent chain transfer. As chain transfer is prevented by
increasing steric bulk in the axial positions,60 the larger SF5-substituents may hinder chain transfer
relative to the CF3-substituents.

6.2 Synthesis of Pentafluorosulfanyl-substituted Ni(II) Precatalysts
Synthesis of the desired SF5-substituted ligands was simple and required only a few steps. The
commercially available 1-bromo-3,5-bis(pentafluorosulfanyl)benzene is easily converted to the
pincaol-protected boronic acid ester (6) using [Pd(dppf)Cl2] (Figure 6.1). GC showed conversion of the
starting material to the product was > 95 % after 4.5 hours and the pure product could be isolated in
a 76 % yield. Due to this slightly higher yield this route was preferred over the previously reported
Grignard route (65 % yield).121

Figure 6.1: Catalytic conversion of commercially available starting material to the desired boronic acid ester.
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From the boronic acid ester, the desired anilines (7, 8) were synthesised by Suzuki coupling
either with 2,6-dibromo- or 2,4,6-tribromoaniline. Salicylaldimines (1-SF5, 2-SF5) were then synthesised
by acid catalysed condensation of these anilines with the appropriate salicylaldehyde. Pre-catalysts (1SF5/Py, 2-SF5/Py) were obtained in near quantitative yields by reaction with [(TMEDA)NiMe2] in the
presence of pyridine (Figure 6.2).

Figure 6.2: Synthesis of SF5-substituted ligands and complexation to obtain Ni(II) precatalysts, 1-SF5/Py and 2-SF5/Py.

Interestingly, for both these complexes the resonances for pyridine in the 1H NMR spectrum
are very broad. By comparison, for the analogous compounds with CH3, t-Bu and CF3-substituents the
pyridine resonances are well defined multiplets.51,52 As the previously synthesised NO2-substituted
complex also showed broad resonances for pyridine,54 this broadening could be due to a more
electron-deficient metal centre binding the neutral ligand strongly and hindering its free rotation.

Figure 6.3: Synthesis of the hydrophilic catalyst 1-SF5/TPPTS.

Synthesis of a water soluble complex proved more challenging. These are formed by
introducing TPPTS (3,3′,3″-phosphanetriyltris(benzenesulfonic acid) trisodium salt) as a ligand to an
intermediate complex, stabilised by the labile neutral ligand DMF (Figure 6.3). Complete exchange of
DMF for TPPTS was unsuccessful but by washing away the lipophilic intermediate, a pre-catalyst
mixture of the water soluble complex 1-SF5/TPPTS, free TPPTS, and residual DMF was isolated. From
the relative ratios of these compounds determined by 1H NMR an approximate molecular weight was
calculated (see the experimental section for more detail). This crude mixture could then be used to
give stable dispersions of polyethylene through direct polymerisation. As is the case for the pyridine
complexes, the resonances associated with bound TPPTS are broader than is the case for the analogous
CF3-complex.
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6.3 Polymerisation in Toluene
Polymerisations with SF5-substituted complexes in toluene were carried out over a wide
temperature range (30 - 70 °C). These results were compared to experiments with the analogous CF3complexes (carried out at the same time) to assess the effect of the substituent on polymer properties
and catalyst performance (Table 6.2)
Table 6.2: Ethylene polymerisation results with complexes 1-SF5/Py, 2-SF5/Py and CF3-analogues (1-CF3/Py, 2-CF3/Py) as
precatalysts in toluene.q
Entry

Precatalyst

1
2
3
4
5
6
7
8
9
10
11
12

1-SF5/Py
1-SF5/Py
1-SF5/Py
1-CF3/Py
1-CF3/Py
1-CF3/Py
2-SF5/Py
2-SF5/Py
2-SF5/Py
2-CF3/Py
2-CF3/Py
2-CF3/Py

T
(°C)
30
50
70
30
50
70
30
50
70
30
50
70

Yield
(g)
1.88
4.85
7.38
3.41
5.47
10.7
0.40
3.29
9.48
4.06
6.91
19.03

TOFb
2.02
5.20
7.91
3.66
5.86
11.41
0.42
3.53
10.15
4.35
7.40
20.39

Mn
(×103 g.mol-1)c
302.8
115.1
24.1
174.6
26.5
10.0
263.3
122.3
25.1
466.1
31.5
11.6

Mw/Mnc
1.6
2.5
2.3
1.8
2.3
2.0
2.0
3.3
2.3
1.6
2.5
2.2

Tm
(°C)d
134
128
122
131
121
115
132
128
121
132
118
113

Crystallinity
(%)d
55
56
54
53
59
61
58
56
56
55
55
52

Branches
/1000 Ce
1.0
2.5
7.2
2.9
8.1
11.7
1.0
3.0
8.0
1.7
10.6
15.2f

aPolymerisation

conditions: 5 µmol of precatalyst, 100 mL of toluene, 40 bar of C2H4, 40 min. b104 × mol [C2H4] × mol-1 [Ni] ×
by GPC at 160 °C. dDetermined by DSC, 10 K.min-1. eDetermined by 13C NMR spectroscopy. fIncludes 1.1
ethyl branches and < 0.5 n-propyl branches.
h-1. cDetermined

When comparing the SF5-substituted catalysts to the analogous CF3 complexes, it is clear that
at any given temperature the SF5-substituent makes the catalyst less productive (Figure 6.4). While this
is the case for all experiments, it is particularly obvious when comparing 2-SF5/Py and 2-CF3/Py at 30
°C (Table 6.2, Entries 7 and 10). This low productivity is due to poor activation, by calculating the
number of chains per nickel a value of 0.3 for 2-SF5/Py is obtained compared to a value of 1.8 for 2CF3/Py (Table 6.3, Entries 7 and 10). These values suggest that in the best-case scenario (where
absolutely no chain transfer occurs) only 30 % of the nickel centres of precatalyst 2-SF5/Py are ever
activated under these conditions.

Figure 6.4: Productivity in toluene for SF5-substituted catalysts and their CF3-substituted analogues.

This poor activation is likely due to strong binding of the labile ligand to an electron deficient
metal centre increasing the barrier to exchange of pyridine for ethylene to generate an active species.60
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Recombination of the labile ligand with the catalyst after ethylene insertion to generate a
resting state with coordinated pyridine occurs regularly throughout the reaction. As the dissociated
pyridine may repeatedly recombine with the metal centre over the course of the reaction, this will also
limit the rate of propagation. This explains why even at higher temperatures when high chain per nickel
values (Table 6.3) suggest activation could easily be quantitative (76 and 62 at 70 °C for 2-SF5/Py and
1-SF5/Py respectively) the SF5-substituted catalysts are less productive than the CF3-analogues.
Table 6.3: Chains per nickel as calculated from catalyst loading (5 μmol), yield and number average molecular weight (Mn) for
1-SF5/Py, 2-SF5/Py and CF3-analogues 1-CF3/Py and 2-CF3/Py.
Entry
Precatalyst
T (°C)
Yield (g)
1
1-SF5/Py
30
1.88
2
1-SF5/Py
50
4.85
3
1-SF5/Py
70
7.38
4
1-CF3/Py
30
3.41
5
1-CF3/Py
50
5.47
6
1-CF3/Py
70
10.7
7
2-SF5/Py
30
0.40
8
2-SF5/Py
50
3.29
9
2-SF5/Py
70
9.48
10
2-CF3/Py
30
4.06
11
2-CF3/Py
50
6.91
12
2-CF3/Py
70
19.03
aDetermined by GPC at 160 °C. bCalculated as =(Yield/M )/Catalyst loading.
n

Mn (× 103 g/mol)a
302.8
115.1
24.1
174.6
26.5
10.0
263.3
122.3
25.1
466.1
31.5
11.6

Chains per Nickelb
1.3
8.3
62
2.6
41
214
0.3
5.4
76
1.8
43
317

Figure 6.5: Mass flow showing consumption of ethylene flow over 40 minutes for 1-SF5/Py at 70 °C (left) and an overlay
comparing the consumption of ethylene over the same time for 1-CF3/Py and 1-SF5/Py (right).

It must be noted that while the SF5-substituted catalysts are less productive over 40 minutes,
the mass flow suggest that they may be more temperature stable and therefore might become more
productive over longer reaction times. At 70 °C there is relatively little change in ethylene consumption
over time for 1-SF5/Py while the initially more active 1-CF3/Py shows a decrease in activity over the
course of the reaction and after approximately 30 minutes there is no difference in activity between
the two catalysts (Figure 6.5). Despite this, longer reaction times were not used due as producing
significantly more polymer is likely to hinder efficient mixing and introduce mass transfer issues.
Previous studies with double the catalyst loading of 2-CF3/Py showed similar polymer yields at 70 °C,
presumably for this reason.128

6.4 Polymerisation in Toluene – Effect on Polymer Properties
The SF5-substituent has a significant effect on polymer properties. In general, as the
polymerisation temperature is increased, an increase in β-hydrogen elimination leads to an increase
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in branching (and a decrease in molecular weight). NMR shows that while at 30 °C levels of branching
are comparable, as the temperature increases the difference in branching become apparent. The SF5substituted complexes produce polymers with far fewer methyl branches than the CF3-analogues at
polymerisation temperatures of 50 °C and 70 °C, showing clearly the effect of a more electronwithdrawing substituent in limiting β-hydrogen elimination (Figure 6.6).
A similar trend is observed when comparing the molecular weights of the polymers produced.
Molecular weights produced using precatalysts 1-SF5/Py and 2-SF5/Py are higher than those of the CF3analogues (with one exception). At higher temperatures when β-hydrogen elimination is much more
significant, the SF5-substituted complexes produce polymers with molecular weights double (70 °C) or
quadruple (50 °C) those produced by the CF3-complexes. The calculated values of chains per nickel
(Table 6.3), show that chain transfer is greatly reduced for the SF5-substituted catalysts at higher
temperatures with 2-SF5/Py producing a quarter of the chains produced by 2-CF3/Py at 70 °C.

Figure 6.6: Decreased β-H elimination can be observed through the reduction in branching at all temperatures (left) and the
significant increases in molecular weight at higher temperatures (right) for SF5-substituted complexes when compared to their
CF3-substituted analogues.

The one exception occurs at 30 °C (Table 6.1, Entries 7 and 10). While 1-SF5/Py still produces a
polymer with higher molecular weight than 1-CF3/Py, 2-SF5/Py produces lower molecular weight
polymer than 2-CF3/Py. This is likely due to coordination of the neutral pyridine ligand, similar to the
behaviour of 2-CF3/Py at temperatures below 30 °C (Table 4.1 Entries 1-4). As chain propagation
decreases, the rate of propagation relative to termination decreases, leading to shorter polymer
chains.

6.5 Polymerisation in Water
Following the promising results in toluene, aqueous polyethylene dispersions were generated
using 1-SF5/TPPTS. Unlike the polymerisations in toluene the productivity of 1-SF5/TPPTS is superior
to that of 1-CF3/TPPTS. and comparable when CsOH is added to limit hydrolysis (Table 6.4). This
difference in productivity could arise from the radically different activation mechanism where TPPTS
undergoes phase transfer upon dissolution in water,69,72 hindering the recombination with the labile
ligand which occurs in toluene. This enhanced productivity with extremely hydrophilic ligands has been
clearly demonstrated for complexes which are soluble in both toluene and water (i.e. amino-PEG,
TPPDS and TPPMS complexes)69 and an analogous phase-transfer activation has been seen for catalysts
with fluorous labelled ligands.90 While both 1-SF5/TPPTS and 1-CF3/TPPTS would benefit from this
activation, as difficult exchange of pyridine is considered to limit productivity of SF5 catalysts in
toluene, it is likely to be more significant for 1-SF5/TPPTS.
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Table 6.4: Ethylene polymerisation results with complex 1-SF5/TPPTS and its CF3-analogue, 1-CF3/TPPTS, as precatalysts in
water.a
Entry

Precatalyst

1
2b
3
4b

1-SF5/TPPTS
1-SF5/TPPTS
1-CF3/TPPTS
1-CF3/TPPTS

Yield
(g)
3.20
3.95
2.18
4.62

TONc
2.30
2.85
1.56
3.30

Mn
(×103 g/mol)d
1195
1406
428
501

Mw/Mn d
1.3
1.3
1.2
1.2

Tm
(°C)e
141/137
140/136
137/132
136/131

Crystallinity
(%)e
75/56
76/51
72/58
75/53

Particle
Size (nm)f
27
25
22
29

Branches
/1000 Cg
<0.7
<0.7
2.6
2.4

aPolymerisation

Conditions: 5 µmol of precatalyst, 100 mL H2O, 15 °C, 1.5 g SDS, 40 bar of C2H4, 30 min. b100 mL H2O, 15 °C,
3 g SDS, 512 mg CsOH.H2O, 60 min. c104 × mol [C2H4] × mol-1 [Ni]. dDetermined by GPC at 160 °C. eDetermined by DSC, 1st/2nd
heating, 10 K.min-1. fDetermined by DLS, volume average. gDetermined by 13C NMR spectroscopy.

For phase transfer to explain the higher productivity, however, the catalyst must have a higher
intrinsic activity, this could be due to a more electron deficient metal centre. While this was not
observed in toluene, without the requirement to displace the labile ligand after recombination, this
might be significant when comparing 1-CF3/TPPTS and 1-SF5/TPPTS.
An alternative explanation for the superior productivities is that the lipophilic SF5 substituent
prevents hydrolysis of the growing polymer chain. Placement of the bulky, lipophilic substituents above
and below the nickel centre could create a hydrophobic pocket for catalysis. A reduction in hydrolysis
would explain why the gains in productivity when hydrolysis is suppressed are relatively small for 1SF5/TPPTS when compared with 1-CF3/TPPTS. Examining the consumption of ethylene over time
shows that there does not appear to be a significant extension in lifetime for 1-SF5/TPPTS when CsOH
is added (Figure 6.7), which might suggest that hydrolysis is intrinsically limited by the catalyst.
However, if hydrolysis is not a significant factor for 1-SF5/TPPTS the short lifetime of the catalyst (30
minutes) requires an explanation as the decrease in activity over 30 minutes is much greater than
those seen at higher temperatures in toluene (see Figure 6.5).

Figure 6.7: Ethylene consumption over time for 1-SF5/TPPTS under standard conditions (Table 6.4, Entry 1, left) and with CsOH
added to suppress hydrolysis (Table 6.4, Entry 2, right).

6.6 Generation of Aqueous Dispersions of Linear, Disentangled UHMWPE
Despite the polymerisations being carried out at 15 °C the polyethylene produced using 1SF5/TPPTS shows high linearity (< 1 branch per 1000 carbon atoms), truly linear polyethylene had
previously only been synthesised at 10 °C. The effect on molecular weight is also highly significant. In
the absence of additives to suppress hydrolysis (e.g. CsOH) polyethylene with a molecular weight of
1.2 x 106 g.mol-1 was obtained, this is over three times the molecular weight of the linear ‘ideal
polyethylene nanocrystals’71 produced by 2-CF3/TPPTS and the dispersions of slightly more branched
polyethylene produced by 1-CF3/TPPTS (Table 6.4, Entry 3). An increase in molecular weight to 1.4 x
106 g.mol-1 was observed when polymerisation was carried out with 1-SF5/TPPTS in the presence of
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CsOH. This represents the highest molecular weight for polyethylene nanocrystals obtained to date,
and an increase in molecular weight of 1 x 106 g.mol-1 over the ‘ideal polyethylene nanocrystals’ which
are the only other truly linear polyethylene nanocrystals produced to date.
Interestingly, when comparing the increase in molecular weight and the increase in catalyst
productivity when polymerisations with 1-SF5/TPPTS and CsOH are carried out, the magnitude of
change is very similar (≈ 1.2 times). This is in stark contrast to the changes observed for dispersions
created using 1-CF3/TPPTS where the increase in productivity (≈ 2 times) was significantly more than
the increase in molecular weight (≈ 1.2 times). There is no change in the molecular weight distribution
when using CsOH with either catalyst therefore the discrepancy between gains in productivity and
molecular weight observed when using 1-CF3/TPPTS must be assigned to chain transfer which occurs
to a more significant extent when hydrolysis is suppressed.72 By contrast, there seems to be little to no
chain transfer with 1-SF5/TPPTS, presumably due to the previously established low rates of β-hydrogen
elimination.
Due to the high molecular weights and low degree of branching these dispersions show the
melt behaviour of UHMWPE. Slow melting also shows that the polymer is disentangled UHMWPE.
(Figure 6.8). These nanocrystals are therefore the first dispersions of disentangled UHMWPE and could
be used (for example) in production of melt-processable8 UHMWPE composites,85 where due to
efficient mixing of dispersions and the nanoscale particles a second material can be blended
homogenously.

Figure 6.8: 1st heating melting temperatures for UHMWPE generated as a dispersion (for a heating rate of 1 K.min-1) showing
that the polymer is disentangled (Tm in first heat at 10 K.min-1: 141 °C (left) and 140 °C (right).

6.7 Morphology of UHMWPE Nanocrystals
1-SF5/TPPTS produces a transparent dispersion of polyethylene, which is typical for the
dispersions produced using these hydrophilic catalysts. DLS measurements suggest larger particles are
produced by 1-SF5/TPPTS compared to 1-CF3/TPPTS. TEM measurements show that the large particles
are again in the form of lozenges, these particles typically have a length in the range of 150 – 250 nm
(Figure 6.9) which is comparable to disentangled UHMWPE crystals produced by crystallisation of
single chains from organic solutions at high dilution. Smaller particles are less common when viewing
the TEM, those that are observed are distorted hexagons, with a diameter of approximately 40-60 nm
(Figure 6.10).

75

Figure 6.9: DLS plot (based on volume percent) showing the larger average particle size of 1-SF5/TPPTS (left) and a TEM image
of an isolated single crystal of UHMWPE produced directly as a dispersion (right).

Figure 6.10: TEM image giving an example overview of particles (left) and a TEM image of small particles, both as an isolated
individual crystal and an area with many particles (right).

These nanocrystals observed in TEM, as well as the previously discussed melting behaviour
suggest that the underlying mechanisms of particle nucleation, polymerisation and crystallisation, and
crystal growth remain similar to those in previous hydrophilic catalysts such as 1-CF3/TPPTS.72

6.8 Pentafluorosulfanyl-Substituents in Early Transition Metal Catalysis
While 1-SF5/Py, 2-SF5/Py and 1-SF5/TPPTS represent the first polymerisation catalysts to utilise
the pentafluorosulfanyl substituent and the beneficial effects are readily apparent, it is also interesting
to consider the use of this substituent for early transition metal catalysts. Early transition metal
catalysts are the basis of olefin-coordination-insertion polymerisation on an industrial scale and while
the bulk of these are Ziegler-Natta and Phillips type heterogenous catalysts, molecular metallocene
and post-metallocene catalysts are also used in both homogenous systems and immobilised on
supports.21 Phenoxy-imine (FI) type catalysts introduced by Mitsui Chemicals are of interest due to
metal-fluorine interactions which allow living polymerisation of olefins up ultra-high molecular
weights.129 Due to similarity of the ligand structure to the salicylaldiminato ligands already prepared
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and ease of synthesis an SF5-FI (9-SF5)2TiCl2 and a known CF3-FI analogue (9-CF3)2TiCl2 were prepared
(Figure 6.11).130

Figure 6.11: Precatalyst structure for an FI catalyst incorporating pentafluorosulfanyl groups (9-SF5)2TiCl2 and the
trifluoromethyl analogue (9-CF3)2TiCl2. Displayed as a single isomer despite fluxional structure.

Using MAO-10T (a 10 weight percent solution of unmodified methylaluminiumoxane in
toluene) as scavenger and activator (Al:Ti, 750:1) these catalysts were tested in ethylene
polymerisation, at 50, 70 and 90 °C at a low catalyst loading of 1 µmol. (Table 6.5)
Table 6.5: Ethylene polymerisation results with precatalyst (9-SF5)2TiCl2 and the CF3-analogue (9-CF3)2TiCl2 activated with MAO
in toluene.a
Entry

Precatalyst

1
2
3
4
5
6

(9-SF5)2TiCl2
(9-SF5)2TiCl2
(9-SF5)2TiCl2
(9-CF3)2TiCl2
(9-CF3)2TiCl2
(9-CF3)2TiCl2

T
(°C)
50
70
90
50
70
90

Yield
(mg)
116
136
121
58
70
123

TONb
0.41
0.49
0.43
0.21
0.25
0.44

Mwc
(×103 g.mol-1)
590
438
215
195
201
259

Mw/Mnc

Tm (°C)d

2.3
2.9
3.7
1.8
5.3
1.4

141/139
140/139
135/136
145/140
139/139
137/135

Crystallinity
(%)d
91/73
93/76
69/57
79/62
79/69
81/74

aPolymerisation
b104

conditions: 1 µmol of precatalyst, 100 mL of toluene, 0.5 mL MAO-10T (750 μmol Al), 6 bar of C2H4, 10 min.
× mol [C2H4] × mol-1 [Ni]. cDetermined by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1.

Polymerisations produced very low polymer yields, likely due to the use of unmodified MAO
with high contents of free trimethylaluminium (TMA) which can negatively influence the catalyst,
typically modified MAO (MMAO) or TMA-free MAO (d-MAO) are used with FI catalysts.131 The low
activities are also possibly due to rapid precipitation of the polyethylene produced, which is also
reflected in the inconsistent (and sometimes very broad) molecular weight distributions. Yet, despite
the broad Mw/Mn values, it is clear that the molecular weight of the polymers produced at lower
temperatures is significantly higher for those polymers produced by the SF5 catalyst. This is consistent
with the expected increase in β-H elimination as the temperature increases.

Figure 6.12: Changes in molecular weight with temperature, showing a sharp decrease for the SF 5-substituted catalyst and a
slight increase for the CF3-substituted catalyst.
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Surprisingly the molecular weight of the polymers produced by the CF3-substituted catalyst
increases slightly with increasing temperature (Figure 6.12). This is unusual as with increasing
temperature, increasing chain transfer should reduce molecular weights (as seen with the polymers
produced by the SF5-substituted catalyst). Considering the lower activity of (9-CF3)2TiCl2 when
compared with (9-SF5)2TiCl2 at 50 and 70 °C, it is possible that the CF3 catalyst is poorly activated at low
temperatures. Evidence that catalyst activity is limiting the molecular weight can be seen in the strong
correlation of TON and molecular weight (Mw) for (9-CF3)2TiCl2 although care should be taken when
dealing with such a limited number of points, especially considering the similar magnitudes of two of
the points (Figure 6.13).
If activity is limited by blocking of the active site, increasing the steric bulk e.g. by exchanging
the CF3 group for the SF5 group could aid dissociation of the weakly coordinating counter ion
[Me(MAO)]-, improving both activity and molecular weight. Ligand steric bulk increasing cation-anion
distance and bond distances between the metal centre and the bridging methyl group has previously
been demonstrated in zwitterionic zirconocene species produced upon activation with B(C6F5)3.132 It
must be noted that in this case the increasing steric bulk destabilised the polymerisation catalyst,
however this is potentially due to the more open zirconocene structure.132

Figure 6.13: Change of productivity with temperature for the SF5-substituted catalyst and its CF3-analogue (left), unlike the
SF5-substituted catalyst the molecular weight capability of the CF3-substituted catalyst correlates with the catalyst activity
(right).

The relatively low activities (for an early transition metal catalyst) and the fact that both
catalysts are unable to polymerise a more sterically demanding α-olefin, propene, at 50 °C would
support the idea that polymerisation of ethylene in (9-SF5)2TiCl2 is facilitated by the steric separation
of cation and counter ion.

6.9 Summary
Pentafluorosulfanyl substituents were incorporated into early and late transition metal
polymerisation catalysts for the first time. These represent the first examples of organometallic
catalysts bearing SF5-groups and demonstrate the potential the group has in catalysis. For late
transition metal catalysts the increased electron-withdrawing capacity (and to a lesser extent the
increased steric bulk) greatly reduced β-H elimination. This reduction in β-H elimination allowed for
significant increases in molecular weight for most conditions and up to a four-fold increase under
certain conditions and increased linearity under all conditions. Crucially, this reduction allowed for the
polymerisation of ethylene to linear UHMWPE in aqueous media. The production of disentangled
UHMWPE as nanocrystal dispersions has potential for easy blending to give composites of melt-
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processable UHMWPE, as this material is only accessible using catalysts incorporating SF5-substituents,
the benefits of using SF5 groups in polymerisation catalysis is clear.
For early transition metal catalysts a first example demonstrates the beneficial steric
properties of the SF5 group, allowing for enhanced activation of an FI catalyst leading to a more
productive catalyst at lower temperatures which produces higher molecular weight polymers.
Having demonstrated the benefits of the enhanced electronic and steric properties of the SF5
substituents in polymerisation catalysis it is hoped that the use of this substituent, which combines the
rare combination of very high electron-withdrawing capacity, lipophilicity and stability is expanded
into other areas of organometallic catalysis.
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7. Extreme Shielding Catalysts as a Route to UHMWPE
In 2015, Brookhart and Daugulis reported two new salicylaldiminato catalysts, based on a 1aminonaphthalene derivative with substituted aryl rings in the 2 and 8 positions (Figure 7.1).60 X-ray
structures show that the aryl rings are positioned above and below the nickel centre (similar to the
parent terphenyl derivative). Using these pyridine complexes as pre-catalysts it was shown that high
activities and very high molecular weights could be obtained at relatively high temperatures (up to 60
°C). The high molecular weight was attributed to the aryl ring in the 8-position being positioned in the
axial site and preventing the chain migrating into the axial position, necessary for an associative chain
transfer.60 A conceptually identical approach is used to produce the highly-branched UHMWPE typical
of diimine late transition metal catalysts, increasing the axial steric bulk also leads to improved catalyst
temperature stability with many elegant diimine derivatives having been developed to allow
polymerisation at high temperatures.37-40

Figure 7.1: Salicylaldiminato catalysts reported by Brookhart and Daugulis based on 1-aminonaphthalene.

Unlike the highly branched UHMWPE from α-diimine catalysts, Brookhart and Daugulis
reported a moderately branched UHMWPE with the new complexes. Variation of the substitution of
the aryl ring in the 2-position (both methyl and trifluoromethyl were used) showed an effect on
branching levels, similar to the remote substituent effect shown in terphenyl-based catalysts. No
variation of the aryl ring in the 8-position was made, presumably due to the difficulty in synthesising
the 8-[3,5-bis(trifluoromethyl)phenyl]naphthyl-1-amine compared to the methyl derivative.133
The high molecular weights obtainable, the quasi-living behaviour (limited by precipitation)
and the relatively low degrees of branching at high temperatures make these catalysts interesting for
use in the production of highly ordered nanocrystals, investigation of the properties of this catalyst in
water are therefore required. The large degree of steric bulk is especially interesting considering the
differences in lifetime when comparing 1-CF3/TPPTS and 2-CF3/TPPTS, with the more sterically
demanding 2-CF3/TPPTS displaying longer lifetimes. There are also interesting fundamental questions
to be considered such as the role of the substituents on the aryl ring in the 8-position, the reduced
branching rates compared to terphenyl-based catalysts and the nature of the quasi-living behaviour.
To this end, one of the two catalysts (3/Py) was synthesised along with two novel catalysts
(4/Py and 5/Py), which differed only in the substitution pattern of the naphthyl-1-amine derivatives
they were based on (Figure 7.2). Compared to the known 2,8-diarylnaphthylamine derivative, these
new compounds incorporate more electron-withdrawing groups. The first derivative (used in 4/Py)
introduces an additional aryl ring (with CF3 substituents) in the 4-position. This is analogous to the
additional aryl ring in the 4-position included in catalysts based on 2-CF3, which has been shown to
have some minor benefits. Comparing 4/Py and 3/Py will give an indication of the importance of
reducing electron density on the metal centre. The second derivative (used in 5/Py) also introduces an
aryl ring in the 4-position but more importantly introduces CF3-substituents to the aryl ring in the 8position. Comparing 4/Py and 5/Py will therefore answer the question as to whether the substituents
on the 8-aryl ring influence polymer properties, possibly through a remote substituent effect. As the
complexes reported by Brookhart and Daugulis clearly demonstrate a remote-substituent effect for
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the aryl ring in the 2-position, no changes were made to these substituents with the CF3-substituents
used in 3/Py favoured due to the beneficial effect of limiting branching.

Figure 7.2: Previously synthesised catalyst based on 2,8-diarylnaphthylamine reported by Brookhart and Daugulis (3/Py) and
novel catalysts based on 2,4,8-triarylnaphthylamine (4/Py and 5/Py) to further investigate the effect of substitution in
extreme-shielding catalysts.

3/Py and 4/Py both require 8-(3,5-dimethylphenyl)naphthyl-1-amine, NA-Me, this can be
synthesised via a multi-step reaction. The naphthylamine is converted into the picolinamide
derivative,40 the picolinamide acts as a directing group allowing palladium catalysed C-H activation
exclusively in the 8-position (Figure 7.3).60

Figure 7.3: Synthesis of 8-(3,5-dimethylphenyl)naphthyl-1-amine (NA-Me) by directed C-H activation required for 3/Py and
4/Py.

Synthesis of 5/Py required synthesis of 8-[3,5-bis(trifluoromethyl)phenyl]naphthyl-1-amine
(NA-CF3). While this compound is known, removal of the directing group following C-H activation is a
multi-step process (requiring multiple purification steps) and overall this is an extensive and
undesirable synthesis. For this reason a new route to NA-CF3 was developed based on a lithiation route
by Zheng.134 It was shown that this allowed selective and quantitative 8-lithiation of napthylamine,
reaction with trimethyl borate provided a species suitable for Suzuki coupling NA-CF3 was obtained in
an 80 % yield (Figure 7.4). The only side product obtained was naphthylamine produced by carbonboron bond hydrolysis.135 An anhydrous Suzuki coupling was attempted but no conversion of the
boronate species was observed (Figure 7.5),135 a highly active Negishi coupling which requires only
short reaction time136-138 of the 8-zincated product was also unsuccessful (Figure 7.6). It is likely that
removal of the sterically demanding trimethylsilyl protecting group by hydrolysis is required for a
successful cross-coupling reaction.
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Figure 7.4: New synthesis route to 8-[3,5-bis(trifluoromethyl)phenyl]napthyl-1-amine (NA-CF3), required for 5/Py.

Figure 7.5: Unsuccessful anhydrous Suzuki coupling for 8-(3,5-bis[trifluoromethyl]phenyl)naphthyl-1-amine.

Figure 7.6: Unsuccessful Negishi coupling for8-(3,5-bis[trifluoromethyl]phenyl)naphthyl-1-amine.

From the 8-aryl naphthylamines NA-Me and NA-CF3, salicylaldimine ligands 4 and 5 were
synthesised in a manner analogous to the reported synthesis of 3. Namely, a catalytic bromination, a
Suzuki coupling and a condensation with the appropriate aldehyde were employed. By increasing the
number of equivalents of N-bromosuccinimide (NBS) used in the bromination from one to two
equivalents, the 8-arylnaphthylamine could be selectively brominated in both the 2- and 4-position.
After the Suzuki coupling the desired 2,4,8-triarylnaphthylamines were obtained (Figure 7.7).

Figure 7.7: Synthesis of 2,4,8-triarylnaphthylamines and subsequent condensation to salicylaldimines 4 and 5.

Precatalysts 4/Py and 5/Py were then synthesised by reaction with [(TMEDA)NiMe2] in the
presence of pyridine. Due to the large steric bulk of these extreme-shielding ligands complexation
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required long reactions times and an excess of Ni(II) precursor to ensure all of the ligand undergoes
complexation (Figure 7.8).

Figure 7.8: Synthesis of novel precatalysts, 4/Py and 5/Py based on 2,4,8-triarylnaphthylamine derivatives.

7.1 Polymerisation in Toluene
These pyridine precatalysts were used for polymerisation in toluene (Table 7.1). Over the
temperature range studied (40 – 60 °C) these catalysts display comparable activity with 2-CF3/Pyr
(Figure 7.9) at higher temperatures, though it could be argued that 2-CF3/Py is more active at 40 °C,
reflecting the previously noted low activity at lower temperatures for such extreme shielding
catalysts.60 All catalysts were tested at 40, 50 and 60 °C. Due to the high activity which made
temperature control difficult, experiments at 70 °C were carried out only with the least active catalyst
(5/Py). For 3/Py and 4/Py the precipitation of large amounts of polymer prevented sufficient stirring
and the heat generated through polymerisation could not be removed, leading to temperatures rapidly
reaching 80 °C or more.
Table 7.1: Ethylene polymerisations results with extreme shielding complexes, 3/Py, 4/Py and 5/Py as precatalysts in toluene.a
Entry

Precatalyst

1
2b
3
4
5
6
7
8
9
10
11

3/Py
3/Py
3/Py
3/Py
4/Py
4/Py
4/Py
5/Py
5/Py
5/Py
5/Py

T
[°C]
40
40
50
60
40
50
60
40
50
60
70

Yield
[g]
3.6
6.4
5.8
16.5
3.8
7.7
12.6
2.1
5.4
11.5
6.4

TOFc

Mn
g/mol]d
818
1232
1021
1437
796
1186
1451
527
885
1206
859

Mw/Mnd

[103
5.09
3.06
7.75
23.6
5.39
11.0
21.1
2.99
7.74
16.4
9.16

1.2
1.3
1.3
1.3
1.3
1.3
1.3
1.1
1.2
1.2
1.3

Tm
[°C]e
135
132
130
125
134
131
126
135
132
131
130

Crystallinity
[%]e
39
47
45
43
46
47
44
53
48
51
46

Branches
/1000 Cf
1.0
1.2
1.9
4.5
1.1
1.8
4.3
0.7
1.0
1.2
2.7

Chains per
Nickel
0.9
1.0
1.1
2.3
1.0
1.3
1.8
0.8
1.2
1.9
2.7

aPolymerisation

conditions: 5 µmol of precatalyst, 100 mL of toluene, 40 bar of C2H4, 30 min. bPolymerisation carried out for
90 min.
× mol [C2H4] × mol-1 [Ni] × h-1. dDetermined by GPC at 160 °C. eDetermined by DSC, 10 K.min-1. fDetermined by
13C NMR spectroscopy.
c104
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Figure 7.9: Productivity in toluene for extreme shielding catalysts and a representative terphenyl analogue (2-CF3/Py). TOF
values for 2-CF3/Py taken from Table 4.1

The reasons for the relatively lower activity of 5/Py are not clear. It has been shown that with
increasingly electron-withdrawing ligands, activity decreases due to the stronger binding of the neutral
ligand (pyridine), however the additional CF3-substituents are unlikely to significantly reduce electron
density at the nickel centre. As can be seen in the 19F NMR spectrum of 5/Py, the resonance for the
CF3 substituents on the aryl ring in the 8-position appears as two sharp signals, indicating that the ring
is fixed above the nickel centre as in 3/Py (Figure 7.10, assignment by comparison to 4/Py and 3/Py).

Figure 7.10: 19F NMR Spectrum (Benzene-d6, 376 MHz, 25 °C) of 5/Py, showing resonances for trifluoromethyl groups on a
fixed ring (R1), a ring with free rotation (R3) and a ring with hindered rotation (R2).

The comparable activity of 3/Py and 4/Py suggests the effect of electron-withdrawing
substituents in remote positions has a minimal effect on catalyst activity. For 5/Py where the ring is
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fixed out of plane (relative to the naphthyl ring) any effect of the electron-withdrawing substituents
would be minimal.
A possible explanation for the slightly lower activity of 5/Py relative to 4/Py is increasing steric
bulk. As the trifluoromethyl group is similar in size (though not shape) to an ethyl group139 it may
present a bigger barrier than a methyl group to the exchange of pyridine for ethylene which is
presumed to be associative.60 Hindering the coordination of ethylene is likely to have a significant on
the catalyst activity, which in turn has consequences for the molecular weight (discussed in more detail
below).

7.2 Effect of Catalyst Design on Rates of β-Hydrogen Elimination
Compared with catalyst 2-CF3/Py over the same temperature range (see Table 4.1), 3/Py, 4/Py
and 5/Py all show greatly reduced rates of β-hydrogen elimination, as evidenced by the much lower
rates of branching (Figure 7.11). This is notable considering the close proximity of the methyl
substituted aryl ring to the metal centre in 3/Py and 4/Py, as β-hydrogen elimination is facilitated by
an interaction with an electron rich aryl ring.58,59
The decrease in branching from terphenyl catalysts (2-CF3/Py) to extreme shielding catalysts
(3/Py, 4/Py and 5/Py) could be due to the change in backbone, influencing the magnitude of any
remote substituent effect. Alternatively, the reduction in branching could be due to the change in
sterics making insertion of ethylene into secondary alkyls formed via chain walking less favourable. A
similar increase in sterics leading to a reduction in branching was observed for diimine palladium
catalysts.36
It was previously shown that the nature of the substituents on the aryl ring in the 2-position,
affects the rate of β-hydrogen elimination in much the same way as remote substituents on terphenylbased catalysts.51,60 Comparing the degree of branching of 3/Py and 4/Py shows that β-hydrogen
elimination is almost entirely controlled by the nature of the remote substituents in close proximity to
the metal centre, with any changes in electron density at the metal centre caused by addition of the
remote bis(trifluoromethyl)phenyl substituent in 4/Py having only a small, if any, effect.
There are significant differences, however, in branching for 4/Py and 5/Py. At all temperatures
5/Py produces a more linear polymer than 4/Py and over the temperature range studied (40 – 60 °C)
there is almost no change in the linearity of polymers produced by 5/Py. While this reduction in
branches via changing the substituent is less dramatic than the change observed for changing from
methyl to trifluoromethyl substituents in terphenyl catalysts54 it suggests that an analogous remote
substituent effect influences the rate of β-H elimination in naphthylamine based catalysts.
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Figure 7.11: Scatter plot showing number of branches at different polymerisation temperature. (Values for 2-CF3/Py taken
from Table 4.1)

As changing the nature of the substituents on either aryl ring (2-position or 8-position)
influences the branching, it is interesting to compare the magnitude of the effect of changing the
substituents for each ring has on β-hydrogen elimination. Brookhart and Daugulis showed that
changing the substituents on the ring in the 2-position from methyl to CF3 reduced branching to
roughly one third under the same conditions.60 The effect of the same change from methyl to CF3 for
the substituents on the ring in the 8-position, can be seen by comparing polymers produced by 4/Py
and 5/Py under conditions comparable to those reported by Brookhart and Daugulis , which shows
that approximately half as many branches are formed in this case.

7.3 Effect of Catalyst Design on Molecular Weight
As reported by Brookhart and Daugulis, 3/Py is clearly capable of producing high molecular
weight polymer and under the right conditions, UHMWPE can be synthesised in a short time (30
minutes) by all the catalysts presented here. Unlike 2-CF3/Py (and other terphenyl-based catalysts)
from 40 °C to 60 °C 3/Py, 4/Py and 5/Py show an increase in molecular weight with temperature
(Figure 7.12). By comparing the degree of branching (reflective of the rate of β-H elimination) with the
molecular weight, it can be shown that molecular weight increases with β-H elimination,
demonstrating that chain transfer cannot be the only decisive mechanism controlling molecular weight
for these catalysts under these conditions.

Figure 7.12: Change in molecular weight with polymerisation temperature with extreme shielding catalysts and a
representative terphenyl-catalyst. (Values for 2-CF3/Py taken from Table 4.1)
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All extreme shielding catalysts (3/Py, 4/Py and 5/Py) display a living polymerisation behaviour
at lower temperatures (50 °C or lower) as can be seen from the narrow molecular weight distributions
(Mw/Mn ≤ 1.3) and the fact that approximately one polymer chain is produced per nickel centre.
Experiments at 40 °C also showed that when the reaction time was increased, the molecular weight
increased (Table 7.1, Entries 1 and 2). As living catalysts, the molecular weight is limited solely by the
rate of polymerisation and the most active catalysts (3/Py and 4/Py) produce the polymers with the
highest molecular weights.
By comparison, selected terphenyl-based catalysts (1-CF3/Py, 1-SF5/Py, 2-CF3/Py, and 2SF5/Py) show the expected decrease in molecular weight with increasing branching over the same
temperature range. For terphenyl-based catalysts, chain transfer is a well-known chain termination
mechanism in aprotic media, and increasing β-hydrogen elimination (reflected in higher degrees of
branching) leads to increased chain transfer.
At 60 °C chain transfer is observed for the extreme-shielding catalysts, as can be seen from the
increased number of chains per nickel (Table 6.1, Entries 4, 7 and 10) but it remains a rare event (i.e.
once per active site) and the increase in polymerisation activity compensates for the loss of living
character. This leads to production of UHMWPE in a controlled fashion, retaining the narrow molecular
weight distributions observed at low temperatures (Mw/Mn = 1.2 for 5/Py). By comparison, 2-CF3/Py
produces over 100 chains per nickel at 60 °C, highlighting the impact of the ligand structure on the rate
of chain transfer.
Chain propagation can be hindered by several pathways with these catalyst, one is the
dissociation of the labile ligand. This dissociation increases with temperature and explains why as
temperature increases both activity and molecular weight increases. Another limitation could be βhydrogen elimination, although the very high barriers to chain transfer mean that the catalytic centre
will likely revert to the propagating species, chain-walking species are not actively propagating. Some
evidence for the influence of chain-walking species can be seen in the slight broadening of the
molecular weight distribution with increasing temperature, notably the narrowest molecular weight
distributions are produced by 5/Py which is also the catalyst least prone to β-hydrogen elimination.

7.4 Polymerisation in Aqueous Media
As it is possible that the steric shielding is able to reduce hydrolysis, a water-soluble extremeshielding catalyst (4/TPPTS) was synthesised. The high steric bulk of the ligand 4 made exchange of
DMF for TPPTS challenging and the synthesis was low yielding with 4/TPPTS being isolated with large
amounts of free TPPTS.
Initial polymerisations with 4/TPPTS (Table 7.2) showed that the polymerisation was active for
a long time even in the absence of CsOH (Figure 7.13). Addition of CsOH increased productivity slightly,
however there was no clear effect on molecular weight. The molecular weight of the obtained
polymers was also low, less than was obtained with 1-CF3/TPPTS and 2-CF3/TPPTS under comparable
conditions. Considering the high molecular weights obtained with 4/Py this is a little surprising as β-H
elimination is low and so no chain transfer should occur, while the long lifetime suggests hydrolysis is
at least hindered by the catalyst design. Considering the low productivity of the catalyst and the
relatively long time it takes to consume the overpressure in the absence of CsOH (roughly 20 minutes,
Figure 7.13) one possibility is that activation is poor.
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Table 7.2: Ethylene polymerisation results with complex 4/TPPTS as precatalysts in water.a
Entry

Precatalyst

1
2b

4/TPPTS
4/TPPTS

Yield
[g]
1.38
1.66

TONc
0.99
1.18

Mn
[103 g/mol]d
371
375

Mw/Mn d

Tm [°C]e

1.4
1.3

143/139
142/138

Crystallinity
[%]e
77/54
80/59

Particle
Size (nm)f
21
20

Branches
/1000 Cg
n.d.
n.d.

aPolymerisation

Conditions: 5 µmol of precatalysts, 100 mL H2O, 15 °C, 0.75 g SDS, 40 bar of C2H4, 60 min. b1.5 g SDS, 512 mg
CsOH.H2O.
× mol [C2H4] × mol-1 [Ni]. dDetermined by GPC at 160 °C. eDetermined by DSC, 1st/2nd heating, 10 K.min-1.
fDetermined by DLS, volume average. gDetermined by 13C NMR spectroscopy.
c104

Figure 7.13: Ethylene consumption over time for 4/TPPTS showing a long lifetime in the absence of CsOH (left) and at higher
pH (right).

In an attempt to overcome a possible poor activation, polymerisations were carried out over a
range of temperatures (15, 20, 25, 30 and 40 °C) in water (Table 7.3). The experiments in toluene show
increasing temperature can increase both productivity and molecular weight if activation or
recombination is problematic. It has been shown previously that aqueous polymerisations at higher
temperatures (50 °C) produce less polymer due to the significantly decreased lifetime of the catalyst.69
This short lifetime is likely a result of increased hydrolysis as at 50 °C, in toluene catalysis can be carried
out for far longer than the observed 10 minutes in aqueous media. To limit the effects of hydrolysis at
higher temperatures, all polymerisations were carried out using CsOH to adjust the pH to 12.5 and to
judge the effects of hydrolysis on the polymerisation, comparative experiments were carried out with
1-CF3/TPPTS over a range of temperatures both with (15 – 30 °C) and without (15 – 25 °C) CsOH.
Table 7.3: Effect of temperature on ethylene polymerisation with 4/TPPTS and 1-CF3/TPPTS as precatalysts in water.a
Entry

Precatalyst

1
2
3
4
5
6
7
8
9
10b
11 b
12 b

4/TPPTS
4/TPPTS
4/TPPTS
4/TPPTS
4/TPPTS
1-CF3/TPPTS
1-CF3/TPPTS
1-CF3/TPPTS
1-CF3/TPPTS
1-CF3/TPPTS
1-CF3/TPPTS
1-CF3/TPPTS

T
(°C)
15
20
25
30
40
15
20
25
30
15
20
25

Yield
(g)
1.66
1.15
0.99
0.67
0.32
4.62
3.54
2.34
2.07
2.18
0.90
0.89

TONc
1.18
0.82
0.71
0.48
0.23
3.30
2.57
1.65
1.48
1.56
0.64
0.63

Mn
(×103 g.mol-1)d
375
347
275
206
104
501
314
285
209
428
253
199

Mw/Mn d

Tm (°C)e

1.3
1.3
1.4
1.4
1.6
1.2
1.5
1.4
1.5
1.2
1.5
1.5

142/138
141/137
139/137
136/137
132/132
139/132
137/131
135/130
131/128
135/132
136/131
135/131

Crystallinity
(%)e
80/59
72/56
81/62
74/56
95/59
74/52
73/54
71/53
73/55
72/56
72/60
76/60

Particle
Size (nm)f
20
19
17
15
12
29
n.d.
n.d.
n.d.
26
n.d.
n.d.

aPolymerisation

Conditions: 5 µmol of precatalysts, 100 mL H2O, 1.5 g SDS, 512 mg CsOH.H2O, 40 bar of C2H4, 60 min. b1.5 g
SDS, no CsOH.H2O. c104 × mol [C2H4] × mol-1 [Ni]. dDetermined by GPC at 160 °C. eDetermined by DSC, 1st/2nd heating, 10
K.min-1. fDetermined by DLS, volume average.
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For both catalysts, increasing temperature decreased the productivity of the catalyst in
aqueous media (Figure 7.14). By observing the mass flow of 1-CF3/TPPTS at 15 °C and 30 °C it could be
seen that the initial activity increases with temperature, but catalyst deactivation is increased and the
lifetime of the catalyst appears much shorter (Figure 7.15). This is also the case for 4/TPPTS but it is
far harder to see due to the much lower overall activity, which means at higher temperatures the initial
overpressure is not consumed.

Figure 7.14: Productivity of 1-CF3/TPPTS and 4/TPPTS with increasing temperature in aqueous polymerisation

Figure 7.15: Ethylene consumption over time for 1-CF3/TPPTS (with CsOH) at 15 and 30 °C.

Changing temperature also influences the polymer properties. From the melting temperatures
of the polymers, it can be seen that β-H elimination increases with temperature as expected, however
this is far less significant for 4-TPPTS than 1-CF3/TPPTS. With second melting temperatures of 137 °C
from polymer produced at 30 °C, it is clear that 4-TPPTS produces strictly linear polymer, while the
steady decrease in melting temperature for 1-CF3/TPPTS reflects an increase in branching with
temperature. The molecular weight is also clearly influenced, decreasing significantly as temperature
increases for both catalysts (Figure 7.16).
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Figure 7.16: Effect of temperature on polymer properties, showing a decrease in melting temperatures (left) and molecular
weight (right).

As the change in molecular weight with temperature is dominated by increased hydrolysis, any
potential gains from improved catalyst activation are lost. It is possible that aqueous dispersions of
high molecular weight polyethylene could be obtained with extreme shielding ligands if a suitable
hydrophilic or amphiphilic ligand was selected to facilitate activation of the precatalyst.
The increased polymerisation temperature also significantly influences the morphology of
particles produced by 4/TPPTS. This can be seen in the significant decrease in particle size with
temperature, observable by DLS (Figure 7.17).

Figure 7.17: Change in average particle size (left) and particle size distribution (right) for 4/TPPTS with increasing temperature
as determined by DLS.

Significant changes in particle size observable by DLS are unusual due to the highly anisotropic
nature of the nanocrystals and the fact that the particle size generally only changes significantly in two
dimensions. For this reason TEM images were taken of the dispersions produced at 15 and 40 °C. As
these dispersions show the biggest disparity in particle size, the change should be more easily visible
in the TEM than for any other two temperatures (Figure 7.18)
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Figure 7.18: TEM images of dispersions produced by 4/TPPTS at 15 °C (left) and 40 °C (right), showing the change in particle
morphology with temperature.

TEM images show not only a significant change in particle size but also in particle morphology.
At 15 °C, there are many large, (truncated-)lozenge shaped particles and a small number of hexagonal
particles typical of a polymerisation where hydrolysis and chain transfer are minimised.72 There are
also a few particles that appear like rods in the TEM, these could potentially be particles positioned on
their side showing the cross-section of a hexagonal particle.
At a high polymerisation temperature of 40 °C the particles found in the TEM image are
significantly different, consistent with a shorter reaction time, lower molecular weights and increased
hydrolysis the largest lozenges (>100 nm) are replaced by a few smaller truncated lozenges (<50 nm).
However, the expected small hexagons (20 nm) are not readily apparent. Overall, the particle shapes
are less uniform.
Annealing experiments were carried out on dispersions below (110 °C) and above (150 °C) the
nominal polymer melting temperature, to see if the expected hexagons could be formed. These
experiments were inconclusive with no change in particle dimensions being observed below the
melting temperature and above the melting temperature larger, irregular agglomerates of polymer
being formed.

7.5 Polymerisation in Heteroatom-Containing Organic Solvents
Brookhart and Daugulis reported that the molecular weight of these catalysts was not limited
by activity but the quasi-living nature of these catalysts was instead prevented by precipitation. To
investigate this further a number of experiments were carried out in a non-solvent to induce rapid
precipitation.
THF was chosen as a suitable non-solvent, while low molecular weight, branched and
amorphous polyethylene may be soluble in hot THF, the high molecular weight, relatively linear and
crystalline material obtainable with these catalysts is completely insoluble. This low solubility will make
crystallisation and precipitation relatively rapid compared to polymerisation in toluene at the same
temperature. By ensuring rapid precipitation of polyethylene with even moderate molecular weights
the ability of the catalyst to continue chain propagation after polymer precipitation can be assessed.
The solvent quality may also allow a degree of control over both the morphology, and more
significantly the entanglement density. As the majority of entanglements are formed prior to
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precipitation,17 rapid precipitation would therefore reduce the time available for entanglement
formation.
While a good solvent for inducing precipitation, THF is a rather challenging polymerisation
medium. While it is an aprotic solvent which is not capable of chain termination through hydrolysis it
can severely impede chain propagation by blocking the vacant site and may facilitate chain transfer by
exchanging with any polymeryl-olefins formed through β-hydrogen elimination. Addition of even small
amounts of coordinating additives was shown to be capable of reducing polymerisation activity.46,50
Gains in molecular weight and linearity were observed when adding small amounts of coordinating
additives, presumably through suppression of β-hydrogen elimination through better stabilisation of
the catalyst (examined further in Chapter 4). The effect of adding variable amounts of THF were
investigated with a terphenyl catalyst (1-CF3/Py) in this group by Peter Wehrmann. It was shown that
at concentrations up to 10 % (by volume) THF had little effect on polymerisation in toluene with no
significant influence on productivity or molecular weight. There is a slight decrease (4 °C) in melting
temperature for polymer produced in the presence of the highest amounts of THF which could indicate
an increase in branching, however further characterisation of the polymer was not carried out.98
Upon going from coordinating additive to polymerisation media, the effects of coordination
become more pronounced. Polymerisations with the highly active catalyst 2-CF3/DMF at 10 °C in
toluene, diethyl ether and THF shows a significant drop in activity to the extent that polymerisation in
THF produces only traces of polyethylene (Table 7.4). Polymer properties are also impacted by the use
of coordinating solvents with a significant drop in molecular weight being observed upon going from
toluene to diethyl ether. Polymerisation in THF did not produce sufficient polymer for characterisation.
Table 7.4: Polymerisation in heteroatom-containing organic solvents (THF, diethyl ether) with comparisons to toluene where
appropriate, for extreme shielding catalysts 3/Py, 4/Py and 5/Py and catalysts based on 2-CF3 (2-CF3/Py and 2-CF3/DMF) for
reference.a
Entry

Catalyst

1f
2
3
4
5
6
7
8g
9g

2-CF3/DMF
2-CF3/DMF
2-CF3/DMF
2-CF3/Py
3/Py
4/Py
5/Py
4/Py
4/Py

T
(°C)
10
10
10
60
60
60
60
35
35

Solvent
Tol.
Et2O
THF
THF
THF
THF
THF
Tol.
Et2O

Yield
(g)
0.49
0.32
Trace
11.2
13.4
9.6
10.1
5.9
1.8

TOFb
1.74
0.45
n.d.
12.0
19.1
13.7
14.4
2.81
0.88

Mn
(×103 g.mol-1)c
465
384
n.d.
6
1097
993
1111
1279
519

Mw/Mnc

Tm (°C)d

1.5
1.8
2.1
1.4
1.7
1.2
1.2
1.4

141/137
141/137
133/132
99/99
125/120
127/120
136/128
142/135
142/135

Crystallinity
(%)d
62/46
75/60
68/67
52/52
61/44
64/46
67/52
74/49
72/50

Branches/
1000 Ce
1.0
n.d.
n.d.
26.1
5.7
7.0
3.5
0.9
1.2

aPolymerisation

conditions: 5 µmol of precatalyst, 100 mL of solvent, 40 bar of C2H4, 30 min. b104 × mol [C2H4] × mol-1 [Ni] ×
h-1. cDetermined by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1. eDetermined by 13C NMR spectroscopy.
fPolymerisation carried out with 2 μmol of precatalyst. gPolymerisation carried out for 90 minutes.

In contrast to low temperature reactions (Table 7.4, Entry 3) it is possible to polymerise in THF
at 60 °C with both the established terphenyl-based catalyst 2-CF3/Py as well as the extreme shielding
catalysts 3/Py, 4/Py and 5/Py. While there is a decrease in productivity compared to polymerisation
in toluene all catalysts can still produce roughly 10 g of polymer (TON, > 6 × 104 × mol [C2H4] × mol-1
[Ni] × h-1), the extreme shielding catalysts are also more tolerant of THF than 2-CF3/Py with 5/Py being
the most tolerant of the extreme shielding catalysts. While rapid precipitation of polymer or
coordination of THF may be hindering the catalysts, it is clearly not a significant limit to polymerisation.
While the higher polymerisation temperature helps to overcome the solvent coordination, the
high temperatures lead to high rates of β-H elimination, chain transfer and the production of low
molecular weight polymers when standard terphenyl-based catalysts are used (Table 7.4, Entry 4).
Therefore, extreme shielding catalysts are uniquely positioned to produce high-molecular weight
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polymers in THF due to the previously observed extremely low rates of β-H elimination and chain
transfer at high temperatures. While the molecular weight is reduced when 3/Py, 4/Py and 5/Py are
used in THF, UHMWPE can still be obtained. As polyethylene becomes insoluble in THF at much lower
molecular weights precipitation clearly does not restrict the molecular weight. The decrease in
molecular weight is perhaps better explained by a decrease in the rate of propagation due to
competitive coordination of THF.
In contrast to using THF as an additive, all polymerisations show an increase in branching with
THF as polymerisation solvent. The trend in branching remains similar to that in toluene, with all
extreme-shielding catalysts having lower branching than 2-CF3/Py and 5/Py having the lowest
branching. Unlike in toluene there is a slight disparity in the linearity of polymers produced by 3/Py
and 4/Py, the reasons for which are unclear. The overall increase in branching may be explained by
the solvent influencing the relative rates of propagation and β-H elimination as discussed in Chapter
4.
Table 7.5: Polymerisations with precatalyst 5/Py in THF at lower temperatures and longer reaction times.a
Entry
1
2
3

Time
(Min.)
30
30
60

T
(°C)
60
50
50

Yield (g)

TOFb

Mn
g.mol-1)c
1050
783
922

Mw/Mnc

Tm (°C)d

1.3
1.1
1.3

136/128
141/133
140/131

(×103
3.0
1.4
3.4

4.27
2.01
2.44

Crystallinity
(%)d
67/52
59/43
61/43

Branches/
1000 Ce
n.d.
n.d.
n.d.

aPolymerisation

conditions: 5 µmol of 5/Py, 100 mL of THF, 40 bar of C2H4. b104 × mol [C2H4] × mol-1 [Ni] × h-1. cDetermined
by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1. eDetermined by 13C NMR spectroscopy.

Polymerisations with THF were carried out over a longer period of time at 50 °C. The lower
temperature and stronger binding of THF significantly reduces productivity and also further reduces
molecular weight. Unsurprisingly β-H elimination decreases, and at 50 °C more linear polymers can be
obtained than at 60 °C (although they are still branched). An extremely narrow molecular weight
distribution was observed after 30 minutes at 50 °C. At longer polymerisation times, molecular weight
still increases though not proportionally as would be expected for a perfectly living polymerisation,
very high molecular weights can be obtained, even at 50 °C in a relatively poor solvent further
demonstrating that the molecular weight is not limited by precipitation.

7.6 Potential Materials for Stabilisation of Nascent Poylethylene in THF
The generation of UHMWPE in THF opens the possibility for a path to UHMWPE nanoparticles
in alternative solvents. The rapid crystallisation of high molecular weight polyethylene in THF should
allow for formation of particles which are disentangled. This may require higher dilution or a reduced
polymerisation temperature. Stabilising the nascent polyethylene particles is also necessary to obtain
a dispersion. Steric stabilisation has previously been used to generate dispersions of ‘large’ particles of
disentangled UHMWPE in toluene by cocrystallising the nascent UHMWPE with an ethylene-butene
copolymer.86 This steric stabilisation requires that the stabilising agent has polyethylene-like segment
for cocrystallisations and a THF-soluble segment to ensure the particle remains dispersed in THF.
Potential stabilisers include a wide range of non-ionic surfactants based on poly(ethylene
glycol) (PEG) chains grown from long chain alcohols such as lauryl alcohol (C12). Alternatively longchain α,ω-diacids derived from plant oils,140 could be combined with commercial available polyethers
such as PEG, poly(propane-1,3-diol) or poly(THF). Polyesters incorporating these polyethylene-like,
long methylene sequences crystallise in the same manner as polyethylene, and display similar melting
properties.141 Polyesters combining both polyethylene-like long chains and commercial polyethers
have previously been synthesised for use as thermoplastic elastomers.142 While these polyesters used
repeating polyethylene-like ‘hard’ segments separated by polyether ‘soft’ segments to create the
desired elastomeric behaviour, a stabiliser for use in THF should probably contain only one ‘hard’
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segment to prevent aggregation due to multiple polyethylene particles cocrystallising on a single
polyester chain. A suitably long ‘hard’ segment could be generated through combining long-chain α,ωdiacids and long-chain α,ω-dialcohols to a dimer or trimer, or through generating a ultra-long-chain
diacid (e.g. C48) through catalytic chain doubling.143
To test the suitability of commercial PEG-based non-ionic surfactants, Brij-L4 and Brij-L23 were
used as model substrates to test the polymerisation of 5/Py in the presence of PEG-based materials.
Surprisingly the polymerisation was completely suppressed. As the hydroxyl chain-end could
potentially hydrolyse the polymer chain an esterified version, Brij-L4-(O)Et, was also prepared,
however this also prevented polymerisation (Figure 7.19).

Figure 7.19: Structures of THF soluble polyether based additives.
Table 7.6: Polymerisation with 5/Py in THF, showing the effect on polymerisation of polyether-based additives.a
Amount of
Yield TOFb
Mn
Mw/Mnc
Tm
Crystallinity Branches/
3
-1
c
Additive (g)
(g)
(×10 g.mol )
(°C)d
(%)d
1000 Ce
1
n/a
3.0
4.27
1050
1.3
136/128
67/52
3.5
2
Brij-L4
1.0
3
Brij-L23
1.0
4
Brij-L4-(O)Et
1.0
5
Diglyme
1.0
1.4
2.00
758
1.3
130/125
57/43
5.5
6
PO3G-1000
0.9
2.9
4.20
n.d.
n.d.
135/126
54/40
4.0
7
Poly(THF)
1.1
3.3
4.67
n.d.
n.d.
135/126
57/40
4.4
aPolymerisation conditions: 5 µmol of 5/Py, 100 mL of THF, 40 bar of C H , 30 min, 60 °C. b104 × mol [C H ] × mol-1 [Ni] × h-1.
2 4
2 4
cDetermined by GPC at 160 °C. dDetermined by DSC, 1st/2nd heating, 10 K.min-1. eDetermined by 13C NMR spectroscopy.
Entry

Additive

As all PEG-derivatives completely suppress polymerisation, investigation was made into the
potential effect of chelation on polymerisation. Grubbs reported that the related, potentially chelating
additive, dimethoxyethane was less poisonous than diethylether.46 As a model of a PEG chain the
simplest oligoether, diglyme, was used which showed a significant suppression of polymerisation
activity. While diglyme was not as inhibiting as Brij-L4 or Brij-L4-(O)Et, the productivity of the catalyst
was halved compared to the reference polymerisation. Interestingly polymerisation in the presence of
commercial long chain polyethers PO3G-1000 (poly(propane-1,3-diol), Mn = 1000) and poly(THF) (Mn
= 1000) was unaffected, suggesting chelates larger than five-membered rings are not formed or are
easily opened and the chelating ether displaced. For the best comparison the number of potentially
chelating units was kept consistent, with the amount of additive corresponding to approximately 15
mmol of the repeating unit (i.e. CH2CH2O, CH2CH2CH2O and CH2CH2CH2CH2O for diglyme, PO3G-1000
and poly(THF) respectively).
This inhibiting behaviour of PEG units is perhaps surprising, considering polymerisation has
been carried out in the presence of dimethoxyethane, with amino-PEG as a neutral ligand and in the
presence of PEG in aqueous systems. This could be due to the much lower concentrations of PEG chains
present in the vicinity of the catalyst when amino-PEG is used as a labile ligand, and in aqueous systems
where the hydrophobic catalyst will undergo phase transfer.
While PEG based stabilisers were found to be unsuitable for stabilising the nascent
polyethylene (which includes many of the commercially available non-ionic surfactants) custom-made
stabilisers incorporating poly(propan-1,3-diol) and poly(THF) are a potential route to stabilising
UHMWPE synthesised in THF.
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7.7 Summary
In summary, these catalysts produce polymers with low degrees of branching even at high
temperatures. A remote substituent effect similar to that observed in terphenyl-based systems is a
potential tool for tuning the degree of branching, however in general terphenyl-based systems
produce polymers with a much higher degree of branching. A first look suggests that changing the
substituents on the ring in the 2-position is a more effective means of controlling β-hydrogen
elimination than altering the substituents on the ring in the 8-position, although a more rigorous
investigation would be necessary to confirm this.
Molecular weight does not correlate to β-H elimination instead increasing with increasing
productivity, leading to the most productive catalysts (which also have the highest rate of β-H
elimination) producing the highest molecular weight. Remarkably, the catalysts are living at
temperatures up to 50 °C. At higher temperatures this living behaviour is lost, with each nickel centre
producing multiple chains; however, chain transfer remains an extremely rare event. Despite this
narrow molecular weight distributions (Mw/Mn = 1.2 for 5/Py) are retained at 60 °C.
Polymerisation in water using 4-TPPTS is disappointing, due to low catalyst activity and the
production of low molecular weight polymer. Attempts to improve activity by increasing temperature
were successful but molecular weights and overall catalyst productivity was decreased, possibly due
to increasing hydrolysis. Nanocrystal shape was also not as expected, while the expected lozenges
were observed, a second nanocrystal form was also observed. This second nanocrystal form became
more common as temperature was increased, but tempering experiments could not elucidate the
nature of the nanocrystal structure.
Despite the disappointing results in water, the low levels of β-H elimination and almost
complete prevention of chain transfer makes these catalysts almost ideal for polymerisation in a
coordinating solvent, where high temperatures are required to overcome the coordination of solvent.
These extreme shielding catalysts were able to polymerise in THF, producing lightly branched
UHMWPE at 60 °C. This is unique to these catalysts, other tolerant Ni(II) catalysts such as 2-CF3/Py
undergo high amounts of β-H elimination and chain transfer producing highly branched polymer with
a molecular weight of only 6,000 g.mol-1. By contrast all extreme shielding catalyst produce (ultra)-high
molecular weight polymer in a highly controlled manner. If these nascent polyethylene particles could
be stabilised, they would provide a third complementary medium to water and toluene for blending
polyethylene nanoparticles with other materials.
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8. Concluding Summary
Investigations were made into the use of neutral nickel(II) salicylaldiminato complexes for the
production of disentangled UHMWPE. Initial DSC investigations of ‘ideal polyethylene nanocrystals’
showed that not only were the melt properties of nanocrystals of linear polyethylene identical to those
of UHMWPE, they were those of disentangled UHMWPE. These DSC techniques were also able to
distinguish between polyethylenes with the same melting point, similar degree of branching and
closely matched molecular weights based on the degree of entanglements. These techniques were
further demonstrated on polyethylene from latexes with high polymer contents (10 %) and/or large
particle sizes (including a fraction >100 nm), showing that these high molecular weight polyethylenes
were disentangled (Figure 8.1). Through investigations using 1-CF3/TPPTS and 2-CF3/TPPTS in basic
aqueous media, it was found that even under optimised conditions it was not possible to produce
UHMWPE in aqueous systems with the current hydrophilic catalysts.

Figure 8.1: Disentangled behaviour of nanocrystals where large particles can be detected by DLS:

As small particles of high molecular weight polyethylene had been produced previously from
a microemulsion system, these were considered as a potential route to UHMWPE nanocrystals. As this
would require catalysts which are highly active at the low temperatures, a series of lipophilic catalysts
with various labile ligands were synthesised, characterised and a qualitative assessment was made of
ligand binding strength. These catalysts were tested at 10 - 30 °C, temperatures where the activity of
2-CF3/Py limits the molecular weight of the polyethylene obtained. The new catalysts showed
productivities up to an order of magnitude higher than 2-CF3/Py at 10 °C (Figure 8.2).
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Figure 8.2: High productivity of catalysts with labile ligands, presumably underestimated due to low catalyst loading.

Despite the enhanced activities, examination of the polymer properties showed a significant
increase in β-H elimination, reflected in an enhanced degree of branching for polymers produced with
more labile ligands above 10 °C. Investigations into the effect of pressurisation on the system
suggested that this increase in β-H elimination was not caused by polymerisation during the
pressurisation phase, as introducing the precatalyst before and after pressurisation produced
polymers with comparable melting temperatures and molecular weights (within the errors of GPC).

Figure 8.3: Stabilising effect of coordinating solvents on polymer properties.

Further experiments with more labile ligands in diethyl ether, a solvent that has been
previously shown to reduce the degree of branching of polymers, showed that the nature of the
solvent can have a dramatic effect on the rate of β-H elimination. By introducing additional
coordinating solvents, β-H elimination can be suppressed to the extent that linear polymer can be
produced using 2-CF3/TMEDA (the catalyst with the weakest coordinating ligand) where in toluene the
branching was seven times higher (Figure 8.3). Despite this stabilisation, productivities are comparable
with those in toluene and the combination of high activity and low β-H elimination means that a linear
polyethylene with a molecular weight of 7 × 105 g.mol-1 can be produced at 10 °C, this is one of the
highest molecular weights produced by a terphenyl-based neutral Ni(II) salicylaldiminato catalyst to
date. Based on the effect of labile ligands and coordinating solvents on branching, as well as results
previously reported in the literature the current model of β-H elimination for these complex can be
amended and an additional pathway incorporating species with the labile ligand introduced with the
catalyst precursor coordinated can be put forward (Figure 8.4).
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Figure 8.4: Proposed additional pathway for β-H elimination (shown in grey), which occurs from the recombination product,
considered a key resting state for these catalysts.

Despite the enhanced activities of the new complexes incorporating labile ligands in organic
solvents, attempts to emulsify them using known microemulsion formulas were unsuccessful, with fast
catalyst decomposition occurring. NMR scale investigations showed that addition of the cosolvent
(pentan-1-ol) led to rapid hydrolysis of the catalyst.
Instead of microemulsion techniques, a novel approach to creating nanoscale dispersed
particles of a lipophilic catalyst was carried out. This was done using multi-inlet vortex mixing to rapidly
mix aqueous surfactant solutions with a solution of a lipophilic catalyst in a water-miscible solvent. The
rapid mixing causes a rapid loss of solvent quality leading to nanoscale precipitation of catalyst
particles. The size of the catalyst particles in the dispersion was shown to be highly dependent on
cosolvent properties particularly the dielectric constant.
In comparison to microemulsions, these nanoparticle dispersions were highly active and
produced high molecular weight linear polyethylene at higher temperatures than previously reported
(25 °C). While the high activity was associated with sub-micron rather than nanoscale particles,
platelets similar to those seen in nanocrystal latexes could be produced (Figure 8.5). Annealing
experiments showed that the large particles consisted of polyethylene that was to some extent
entangled, however less so than polyethylene produced in typical homogenous solutions. While
unable to produce high molecular weight polyethylene nanocrystals on a large scale so far, this
technique shows potential as a way to disperse catalysts into a non-solvent medium.
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Figure 8.5: Particle size distribution of PE latex from a MIVM emulsion with low activity and nanoscale platelets produced.

New hydrophilic catalysts are clearly needed to produce disentangled UHMWPE nanocrystals,
based on the higher molecular weights obtained with 2-CF3/TPPTS compared to 1-CF3/TPPTS two clear
approaches can be identified; reduction in β-H elimination and increase in steric bulk. As a further
reduction in β-H elimination can easily be achieved by introducing more electron-withdrawing
substituents on the distal N-terphenyl (remote substituents) this was pursued by introducing the highly
electron-withdrawing, yet stable pentafluorosulfanyl (SF5) groups. With analogues of known catalysts
1-CF3/Py, 1-CF3/TPPTS, 2-CF3/Py and 2-CF3/TPPTS synthesised they were compared in both toluene
and aqueous media. In toluene a clear decrease in branching was observed, with an associated
increase in molecular weight. In aqueous media nanocrystals of disentangled UHMWPE were produced
for the first time (Figure 8.6). Molecular weights obtained with 1-SF5/TPPTS were triple those obtained
with 1-CF3/TPPTS and over 106 g.mol-1 higher than the previously synthesised ideal polyethylene
nanocrystals, the only previous example of highly linear polyethylene nanocrystals.

Figure 8.6: The first use of SF5 groups in organometallic catalysis, producing the first aqueous dispersion of UHMWPE

In pursuit of increased steric bulk, catalysts based on extreme-shielding catalysts introduced
by Brookhart and Daugulis were synthesised, with modifications to investigate a potential remote
substituent effect. It was found that all catalysts produced UHMWPE at high temperatures (60 °C) in
toluene, and with the correct remote substituents the branching can be reduced to the extent linear
UHMWPE is produced (Figure 8.7). These high molecular weights are possible as chain transfer is
significantly reduced even at high temperatures and at low temperatures, the polymerisation process
is living.
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Figure 8.7: Properties of polyethylene produced by extreme-shielding catalysts.

These catalysts were also investigated in aqueous media, however productivities and
molecular weights were low presumably due to poor exchange of the phosphine ligand of the
precatalyst (or other coordinating species) with ethylene. While these catalysts were unsuitable for
aqueous polymerisation, the low rates of β-H elimination and chain transfer at high temperature
allows for polymerisation in strongly coordinating media that would poison the catalyst at low
temperatures. An example of this is THF, where at low temperatures only traces of polymer can be
produced. Polymerisation in THF at 60 °C produced UHMWPE that was moderately branched. While
the rate of branching suggests a slight increase in the rate of β-H elimination in THF, chain transfer
remains low with each active site producing 2-3 chains over the course of the reaction. As THF is a
relatively poor solvent for polyethylene, if the nascent particles can be stabilised, a possible route to
disentangled UHMWPE in a third complementary solvent could be realised. The fact that extremeshielding catalysts can be used to produce UHMWPE in THF, shows the potential that this system has
for polymerisation to UHMWPE in compartmentalised systems.

Figure 8.8: Expansion of conditions in which linear (<2 branches per 1000 C atoms) polyethylene can be produced and
molecular weights which can be achieved with these catalysts under these conditions.
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Disentangled, linear UHMWPE nanocrystals have been produced as a proof of concept of the
ability of neutral nickel(II) salicylaldiminato complexes to make disentangled UHMWPE. The new
extreme-shielding catalysts have also allowed access to linear UHMWPE in organic solvents.
Understanding of the role the labile ligand plays in this process and the remote substituent effect, and
living behaviour of the extreme-shielding catalyst at low temperatures will allow for further
development towards linear UHMWPE. As it stands, the range of temperatures, solvents and catalysts
where linear polyethylene can be produced have been greatly expanded and the molecular weights
that can be obtained greatly increased (Figure 8.8).
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9. Zusammenfassung
Es wurde untersucht, inwieweit neutrale Nickel(II)-salicylaldiminato Komplexe für die
Herstellung von verschlaufungsfreiem ultra-hochmolekularem Polyethylen (UHMWPE) verwendet
werden können. Frühere Untersuchungen mittels DSC von “idealen Polyethylen-Nanokristallen”
zeigten, dass die Schmelzeigenschaften der Nanokristalle aus linearem Polyethylenen nicht nur mit
denen von UHMWPE identisch waren, sie stimmten auch mit denen von verschlaufungsfreiem
UHMWPE überein. Diese DSC Methoden konnten zudem Polyethylene mit gleichem Schmelzpunkt,
gleichem Verzweigungsgrad und eng beieinanderliegenden Molekulargewichten anhand des Gehalts
an Verschlaufungen voneinander unterscheiden. Ferner wurden diese Messmethoden bei
Polyethylenen aus Latizes mit hohem Polymeranteil (10 %) und/oder großer Partikelgrößen (mit einem
Anteil >100 nm) angewandt und zeigten, dass diese hochmolekularen Polyethylene verschlaufungsfrei
waren. Bei Untersuchungen mit 1-CF3/TPPTS und 2-CF3/TPPTS (siehe Struktur in Abb. 1) in basischen,
wässrigen Medien wurde festgestellt, dass es selbst unter optimierten Bedingungen nicht möglich ist,
UHMWPE mit den gegenwärtigen hydrophilen Katalysatoren in wässrigen Systemen herzustellen.

Abbildung 9: Strukturen der Katalysatoren 1-CF3/Py, 1-CF3/TPPTS, 1-SF5/TPPTS, 2-CF3/Py, 2-CF3/TPPTS und 2-CF3/TMEDA.

Da bereits zuvor Partikel aus hochmolekularem Polyethylen aus Mikroemulsionen hergestellt
worden waren, wurden diese als potenzieller Weg zu Nanokristallen aus UHMWPE betrachtet. Da dies
Katalysatoren erfordert, die auch bei niedrigen Temperaturen sehr aktiv sind, wurden verschiedene
lipohile Katalysatoren mit unterschiedlichen labilen Liganden synthetisiert, charakterisiert und die
Stärke der Ligandenbindungen qualitativ bewertet. Diese Katalysatoren wurden bei 10 – 30 °C erprobt,
also bei Temperaturen bei denen die Aktivität von 2-CF3/Py das Molekulargewicht des erhaltenen
Polyethylens begrenzt. Die neuen Katalysatoren zeigten Produktivitäten bis zu einer Größenordnung
höher, als für 2-CF3/Py bei 10 °C.
Trotz erhöhter Aktivität zeigte die Untersuchung der Polymere, die mit labileren Liganden bei
mehr als 10 °C hergestellt worden waren, eine bedeutende Zunahme an β-H-Eliminierung auf, die sich
in einer erhöhten Anzahl von Verzweigungen widerspiegelte. Untersuchungen hinsichtlich der
Auswirkung der Druckbeaufschlagung auf das System mit Ethylen zu Beginn der Reaktion legten nahe,
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dass die Zunahme an β-H-Eliminierung nicht durch Polymerisation während des Druckaufbaus
verursacht wurde, da die Zugabe des Präkatalysators vor und nach der Druckbeaufschlagung Polymere
mit vergleichbaren Schmelztemperaturen und Molekulargewichten produzierte.
Weitere Versuche mit labileren Liganden in Diethylether, bekannt als Lösungsmittel mit der
Eigenschaft, den Verzweigungsgrad von Polymeren zu reduzieren, zeigten auf, dass die Eigenschaften
eines Lösungsmittels erheblichen Einfluss auf die Geschwindigkeit der β-H-Eliminierung haben können.
Durch Verwendung zusätzlicher koordinierende Lösungsmittel kann die β-H-Eliminierung so weit
unterdrückt werden, dass lineares Polymer durch die Verwendung von 2-CF3/TMEDA (der Katalysator
mit dem schwächsten koordinierenden Ligand L) hergestellt werden kann, wohingegen in Toluol der
Verzweigungsgrad siebenmal höher war. Trotz dieser Stabilisierung sind die Produktivitäten mit denen
in Toluol vergleichbar und die Kombination von hoher Aktivität und weniger β-H-Eliminierung
bedeutet, dass lineares Polyethylen mit einem Molekulargewicht von 7 × 105 g mol-1 bei 10 °C
produziert werden kann. Das ist bis heute eines der höchsten Molekulargewichte, das mittels
terphenyl-basierter neutraler Ni(II)-salicylaldiminato Katalysatoren hergestellt wurde. Aufbauend auf
den Auswirkungen von labilen Liganden und koordinierenden Lösungsmitteln auf den
Verzweigungsgrad, sowie anhand bereits publizierter Ergebnisse, kann das gegenwärtige Modell der
β-H-Eliminierung für diese Komplexe erweitert und eine zusätzliche im Reaktionsverlauf enthaltene
Spezies, die den mit dem Präkatalysator zugeführten labilen Liganden enthält, vorgebracht werden.
Trotz gesteigerter Aktivitäten der neuen Komplexe mit labilen Liganden in organischen
Solventien scheiterten Versuche, sie mittels bekannter Methoden der Mikroemulsion zu emulgieren,
wobei eine schnelle Katalysatorzersetzung auftrat. NMR-Untersuchungen ergaben, dass die Zugabe
eines Cosolvens (pentan-1-ol) zu einer rapiden Hydrolyse des Katalysators führte.
Anstelle von Mikroemulsionsverfahren wurde ein neuer Ansatz zur Herstellung nanoskaliger
dispergierter Teilchen bestehend aus einem lipophilen Katalysator angewendet. Hierbei wurden durch
turbulentes Mischen wässrige Tensidlösungen mit einer Lösung aus einem lipophilen Katalysator in
einem mit Wasser mischbaren Lösungsmittel vermischt. Die schnelle Vermischung verursacht einen
raschen Verlust an Lösungsvermögen, was wiederum ein nanoskaliges Ausfallen von
Katalysatorpartikeln bewirkt. Die Partikelgröße in der Dispersion hing sehr von den Eigenschaften des
Cosolvens ab, insbesondere von der Dielektrizitätskonstante.
Im Vergleich zu Mikroemulsionen, waren diese Nanopartikel-Dispersionen sehr aktiv und
produzierten lineare Polyethylene mit hohem Molekulargewicht bei höheren Temperaturen als bisher
berichtet (25 °C). Diese hohe Aktivität wurde eher den Teilchen im Submikronbereich, als den
nanoskaligen Teilchen zugeordnet und Plättchen ähnlich denen in Nanokristall Latizes konnten
hergestellt werden. Tempern zeigte, dass die großen Teilchen aus Polyethylen mit einem gewissen
Grad an Verschlaufungen bestanden, jedoch mit weniger Verschlaufungen als bei Polyethylen, das in
typischen homogenen Lösungen hergestellt wurde. Auch wenn es so noch nicht möglich ist,
Polyethylen-Nanokristalle mit hohem Molekulargewicht in großen Mengen herzustellen, zeigt dieses
Verfahren eine potenzielle Methode, Katalysatoren in einem nicht-lösenden Reaktionsmedium zu
dispergieren.
Es ist offensichtlich, dass neue hydrophile Katalysatoren für die Herstellung von UHMWPE
Nanokristalle ohne Verschlaufungen benötigt werden. Basiert auf dem höheren Molekulargewicht, die
man eher mit 2-CF3/TPPTS im Vergleich mit 1-CF3/TPPTS erhält, bieten sich zwei Strategien an:
Reduktion von β-H-Eliminierung und Steigerung des sterischen Anspruchs. Durch Einführen von
elektronenziehenden Substituenten an den distalen Terphenylringen ('remote substituents') kann eine
weitere Reduktion der β-H-Eliminierung bewirkt werden. Hier wurden die stark elektronenziehenden,
aber dennoch stabilen Pentafluorosulfanyl-Gruppen (SF5) eingeführt. Die hergestellten Analoga der
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geläufigen Katalysatoren 1-CF3/Py, 1-CF3/TPPTS, 2-CF3/Py und 2-CF3/TPPTS wurden in Toluol und
wässrigen Medien verglichen. Bei der Verwendung in Toluol wurde eine deutliche Verringerung des
Verzweigungsgrades, verbunden mit der Zunahme des Molekulargewichts beobachtet. In wässrigen
Medien wurden zum ersten Mal Nanokristalle aus UHMWPE ohne Verschlaufungen produziert. Die mit
1-SF5/TPPTS erzielten Molekulargewichte waren dreimal so hoch als die mit 1-CF3/TPPTS erzielten und
über 106 g mol-1 höher als bisher synthetisierte ideale Polyethylen Nanokristalle, die bisher als einzig
verfügbares Beispiel für hochlineare Polyethylen Nanokristalle galten.
Um den sterischen Anspruch zu erhöhen, wurden auf den von Brookhart und Daugulis
eingeführten hochgradig abgeschirmten Katalysator-Motiven basierende Katalysatoren synthetisiert
und modifiziert, um einen potentiellen Substituenteneffekt zu untersuchen. Es zeigte sich, dass alle
Katalysatoren UHMWPE in Toluol bei hoher Temperatur (60 °C) herstellten und mit den richtigen
Substituenten konnte der Verzweigungsgrad auf den Bereich von linearem UHMWPE reduziert
werden. Diese hohen Molekulargewichte sind möglich, da selbst bei hohen Temperaturen
Kettenübertragung deutlich verringert wird und bei niedrigen Temperaturen das die Polymerisation
lebend ist.
Diese Katalysatoren wurden auch in wässrigen Medien untersucht. Allerdings waren hierbei
Produktivität und Molekulargewichte niedrig, aufgrund eines wahrscheinlich schwachen Austausches
des Phosphinliganden des Präkatalysators (oder anderer koordinierender Spezies) mit Ethylen.
Während diese Katalysatoren für wässrige Polymerisation ungeeignet sind, erlauben niedrige
Geschwindigkeiten von β-H-Eliminierung und Kettenübertragung bei hoher Temperatur eine
Polymerisation in stark koordinierenden Medien, die bei niedrigen Temperaturen den Katalysator
vergiften würde. Ein Beispiel für dieses Verhalten liefert THF, in welchem bei niedrigen Temperaturen
nur Spuren von Polymer produziert werden können. Eine Polymerisation in THF bei 60 °C lieferte
UHMWPE mit mäßiger Verzweigung. Der Verzweigungsgrad deutet auf eine leichte Steigerung an β-H
Eliminierung in THF hin, wohingegen die Kettenübertragung niedrig bleibt und 2-3 Ketten pro aktivem
Zentrum im Laufe der Reaktion hergestellt wurden. Da THF ein relativ schlechtes Lösungsmittel für
Polyethylen ist, könnte – falls die entstehenden Partikel stabilisiert werden können – eine mögliche
Route zu verschlaufungsfreiem UHMWPE in einem dritten ergänzenden Solvens realisiert werden. Die
Tatsache, dass hochgradig abgeschirmte Katalysatoren zur Herstellung von UHMWPE in THF
verwendet werden können, zeigt das Potential dieses Systems für die Polymerisation zu UHMWPE in
kompartimentierten Systemen auf.
Es konnten verschlaufungsfreie, lineare UHMWPE Nanokristalle hergestellt und der Beweis für die
Eignung von neutralen Nickel(II) Salicylaldiminato Komplexen zur Herstellung von UHMWPE ohne
Verschlaufungen erbracht werden. Die neuen stark abgeschirmten Katalysatoren ermöglichten auch
einen Zugang zu linearem UHMWPE in organischen Lösungsmitteln. Das Verständnis für die Rolle der
labilen Liganden in diesem Prozess, der Effekt von distalen Substituenten, sowie das lebende Verhalten
des stark abgeschirmten Katalysators bei niedrigen Temperaturen, erlauben Weiterentwicklungen hin
zu linearem UHMWPE. In der jetzigen Form ist das Spektrum von Temperatur, Lösungsmittel und
Katalysatoren in dem lineares Polyethylen produziert werden kann, erheblich erweitert worden und
die erreichbaren Molekulargewichte wurden stark erhöht.
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10. Experimental Section
10.1 General Considerations
All reactions involving air- and/or moisture-sensitive substances were carried out under an
inert atmosphere (argon or nitrogen) using standard Schlenk or glovebox techniques. Solvents were
dried and degassed using standard laboratory techniques. CH2Cl2 and DMF were distilled from calcium
hydride, benzene from sodium and THF from blue sodium benzophenone ketyl under nitrogen prior to
use. Toluene, diethyl ether and n-pentanes were dried and deoxygenated by passing over columns of
alumina and BASF R3-11 catalyst. Pyridine and 2,6-lutidine were deoxygenated and distilled from
potassium hydroxide before storing in a Rotaflo-flask prior to use. DMSO (anhydrous, ≥99.9 %), DME
(anhydrous, 99.5 %) and MeCN (anhydrous, 99.8 %) were purchased from Aldrich and stored in a
rotaflo-flask prior to use. Water was deoxygenated by refluxing under a stream of nitrogen. For
measuring NMR of sensitive complexes benzene-d6, DMSO-d6, THF-d8, pyridine-d5 and methanol-d4
were purged with nitrogen, dried with 4A mol. sieves and stored in a glove-box prior to use. All other
NMR solvents were used as received.
[(TMEDA)NiMe2] was prepared according to literature procedures, and stored at -30 °C in a
glovebox prior to use.52 [Pd(dba)2] was prepared according to literature procedures and stored in a
glovebox prior to use.144 ZrCl4 (Aldrich) was commercially available and stored in a glovebox prior to
use. Oxide free TPPTS (J&K Scientific) was commercially available, dried at 100 °C under vacuum to
remove water and stored in a glovebox prior to use. Pd(dppf)Cl2.DCM (MCat) and
bis(pinacalato)diboron (Activate Scientific) were commercially available and stored in a glovebox prior
to use.
2-Hydroxy-3-(9-anthryl)benzaldehyde,52 8-(3,5-dimethylphenyl)naphthalen-1-amine60 and the
boronic acid ester 2-(3,5-bis(trifluoromethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane145 were
prepared according to known literature procedures.
1-Bromo-3,5-bis(pentafluorosulfanyl)benzene (UBE Industries), potassium acetate (Merck),
2,6-dibromoaniline (ABCR), 2,4,6-tribromoaniline (Aldrich), triphenylphosphine (Acros Organics),
potassium hydroxide (Aldrich), p-toluenesulfonic acid monohydrate (Aldrich), 3,5diiodosalicylaldehyde (ABCR), sodium dodecyl sulfate (Fluka), cesium hydroxide monohydrate (Fluka),
n-Butyllithium (Aldrich), Trimethylsilylchloride (TMSCl, Aldrich), trimethyl borate (Aldrich), 1-bromo3,5-bis(trifluoromethyl)benzene (Aldrich), N-bromosuccinimide (Aldrich) and ethylene 3.5 (Air Liquide)
were commercially available and used without further purification.
Molecular weights of obtained polyethylenes were determined by GPC in 1,2,4trichlorobenzene at 160 °C at a flow rate of 1 mL min-1 on a Polymer Laboratories 220 instrument
equipped with Olexis columns with differential refractive index, viscosity and light scattering (15° and
90°) detectors. Values reported were determined by triple detection, with calibration with polystyrene
and linear polyethylene standards. For low molecular weight samples (where Mn <104 g.mol-1) values
were determined direcly vs. linear polyethylene standards.
Differential scanning calorimetry of polymer (ca. 5 mg in an aluminium crucible) was measured
on a Netzsch DSC 204 F1 with a heating/cooling rate of 10 K.min-1. To determine disentanglement an
additional measurement to determine the 1st melting temperature at a heating rate of 1 K.min-1 was
used.
Dynamic light scattering (DLS) on diluted polyethylene dispersions was performed on a
Malvern Nano-ZS ZEN 3600 particle sizer (173° back scattering). The autocorrelation function was
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analyzed using the Malvern dispersion technology software 3.30 algorithm to obtain number weighted
particle size distributions.
Transmission electron microscopy (TEM) was carried out on a Zeiss Libra 120 EF-TEM
instrument. For the TEM analyses samples were dialyzed with demineralized water in a Spectrum
Laboratories Spectra/Por Dialysis Membrane 1, MWCO 6−8000.
1

H NMR spectra were recorded at 400 or 600 MHz. For polymer samples, NMR spectra were
recorded at 130 °C, in C2D2Cl4 with Cr(acac)3 as a relaxation agent (0.5 wt%). 13C NMR spectra were
referenced relative to the solvent signal (74.05 ppm). Integrals were totaled to 1000C and the value
for the αβ-resonances (37.2, 33.7 and 34.2 ppm for Me, Et and n-Pr respectively)53 were used to
determine the branch content.

10.2 Polymerisation procedures
Polymerisation in Homogenous Organic Solvents
Ethylene polymerisations in toluene, THF and diethyl ether were carried out in a 300 mL
stainless steel mechanically stirred pressure reactor equipped with a heating/cooling jacket supplied
by a thermostat controlled by a thermocouple dipping into the polymerisation mixture (Büchi
Miniclave). This reactor was placed under vacuum and backfilled with argon, this process was repeated
three times at temperatures above 60 °C to ensure the reactor was thoroughly degassed before cooling
to 5 °C below the desired reaction temperature. 100 mL of dried and degassed solvent was then
cannula-transferred to the cooled reactor and stirred at 500 rpm. The stated amount of the
appropriate precatalyst was then dissolved in minimal solvent and transferred to the reactor via
syringe. The stirring speed was increased to 1000 rpm and the reactor was pressurised to a constant
pressure of 40 bar of ethylene, while the temperature was increased to the desired value. Ethylene
pressure was kept constant by feeding ethylene throughout the reaction, the flow of ethylene into the
reactor was monitored by mass flow meters. Ethylene flow to the reactor was stopped after the stated
reaction time and the reactor was carefully vented. Bulk polymer was precipitated in methanol,
filtered, washed thoroughly with methanol and dried in a vacuum oven (50 °C, 30 mbar) overnight.

Polymerisation in Aqueous Media
Ethylene polymerisations with hydrophilic precatalysts in aqueous media were carried out in
a 300 mL stainless steel mechanically stirred pressure reactor equipped with a heating/cooling jacket
supplied by a thermostat controlled by a thermocouple dipping into the polymerisation mixture (Büchi
Miniclave). This reactor was placed under vacuum and backfilled with argon, this process was repeated
three times at temperatures above 60 °C to ensure the reactor was thoroughly degassed before cooling
to 5 °C below the desired reaction temperature. In a 250 mL schlenk tube SDS, CsOH.H2O (512 mg, if
required) and any other non-volatile additives required (e.g. PEG) were dissolved in 100 mL distilled
and degassed water. Once dissolved, any volatile additives required (e.g. ethylene glycol) were added.
90 mL of the resulting homogenous solution was then cannula-transferred to the cooled reactor and
stirred at 500 rpm. The stated amount of the appropriate precatalyst was then dissolved in the
remaining 10 mL of aqueous solution and transferred to the reactor via syringe. The stirring speed was
increased to 1000 rpm and the reactor was pressurised to a constant pressure of 40 bar of ethylene,
while the temperature was increased to the desired temperature. Ethylene pressure was kept constant
by feeding ethylene throughout the reaction, the flow of ethylene into the reactor was monitored by
mass flow meters. Ethylene flow to the reactor was stopped after the appropriate time and the reactor
was carefully vented. The resulting dispersion was filtered over cotton wool, and the solids content
was determined by precipitation of a 20 g aliquot with >150 mL methanol. The obtained bulk polymer
was then filtered, washed thoroughly (with water and methanol) and dried in a vacuum oven (50 °C,
30 mbar) overnight.
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Polymerisation using MIVM Techniques
Ethylene polymerisations with lipophilic precatalysts in aqueous media were carried out in a
300 mL stainless steel mechanically stirred pressure reactor equipped with a heating/cooling jacket
supplied by a thermostat controlled by a thermocouple dipping into the polymerisation mixture (Büchi
Miniclave). This reactor was placed under vacuum and backfilled with argon, this process was repeated
three times at temperatures above 60 °C to ensure the reactor was thoroughly degassed before cooling
to 5 °C below the desired reaction temperature. In a 250 mL schlenk tube, 100 mL of an SDS solution
(20 g.L-1) made by dissolving dried and degassed SDS in distilled and degassed water.
The MIVM was assembled, attached to the schlenk line and degassed by opening the tap to
the line and purging with nitrogen for approximately 5 minutes, after which three syringes were filled
with 5.5 mL of the SDS solution and attached to three of the purged lines, the fourth line and the outlet
continued to be purged. In the glove box the stated amount of the appropriate precatalyst was
dissolved in 2 mL of the appropriate cosolvent (or cosolvent mixture). This was taken into the syringe
along with 1.4 mL of nitrogen, the needle was placed into a septum to close the syringe and the syringe
removed from the glovebox and attached to the fourth and final line. The syringes were arranged in
the syringe pump (Harvard Apparatus, PHD 2000 Infusion) as shown below and the outlet placed to
inject into the schlenk tube, with the remaining 85 mL of SDS solution stirring rapidly.

The N2 valve for purging the system was then closed and the syringe pump ran at 6 mL/min. A
visibly clear (orange/gold) solution was obtained. If DLS measurements of the catalyst dispersion were
required, 2 mL was taken and injected into a DLS cuvette through a septum to ensure an inert
atmosphere was maintained. The remaining 100 mL of solvent was then cannula-transferred to the
cooled reactor with stirring at 500 rpm. The stirring speed was increased to 1000 rpm and the reactor
was pressurised to a constant pressure of 40 bar of ethylene, while the temperature was increased to
the desired temperature. Ethylene pressure was kept constant by feeding ethylene throughout the
reaction, the flow of ethylene into the reactor was monitored by mass flow meters. Ethylene flow to
the reactor was stopped after the appropriate time and the reactor was carefully vented. The resulting
dispersion was filtered over cotton wool, and the solids content was determined by precipitation of a
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50 g aliquot with >150 mL methanol. The obtained bulk polymer was then filtered, washed thoroughly
(with water and methanol) and dried in a vacuum oven (50 °C, 30 mbar) overnight.
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10.3 Ligand Synthesis
The synthesis of ligands 1-CF3,51 2-CF3128 and 360 were carried out according to known literature
procedures.

Synthesis of 1-SF5:
Synthesis of 2-(3,5-bis(pentafluorosulfanyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, 6:
3,5-Bis(pentafluorosulfanyl)bromobenzene (1.023 g, 2.5 mmol), potassium acetate (0.450 g, 5 mmol),
bis(pinacalato)diboron (1.000 g, 3.9 mmol) and [Pd(dppf)Cl2.DCM] (60 mg, 75 µmol) were dissolved in
DMF (5 mL) and stirred at 90 °C for 270 minutes. After stirring for 4.5 hours, the reaction mixture was
cooled to room temperature before a large excess of diethyl ether was added. The excess salts
precipitated were removed by filtering over celite and the filtrate was concentrated to give brown
solid. Column chromatography (Petrol Ether, Ethyl Acetate, 8:1) gave the pure product as white solid
(0.886 g, 1.9 mmol, 76 %).

1

H NMR (400 MHz, CDCl3): δ 8.28 (d, J =2.0 Hz, 2H) 3, 8.19 (t, J = 2.1 Hz, 1H) 1, 1.36 (s, 12H) 6.
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F NMR (376 MHz, CDCl3): δ 82.0 (m, 2F), 63.0 (d, J = 151 Hz, 8F).

13

C NMR (100.5 MHz, CDCl3): δ 153.5 (p, J = 18.3 Hz) 2, 134.8 (p, J = 5.0 Hz) 3, 126.5 (p, J = 4.8 Hz) 1,
85.3 (s) 5, 25.2 (s) 6.
Elemental Analysis: Predicted: C, 31.60; H, 3.31; N, 0.00. Found: C, 31.28; H, 3.79; N, 0.00.
Synthesis of 3,3'',5,5''-tetrakis(pentafluorosulfanyl)-[1,1':3',1''-terphenyl]-2'-amine, 7:
Boronic acid ester 6, (315 mg, 0.69 mmol), KOH (200 mg, 3.5 mmol) and 2,6-dibromoaniline (75 mg,
0.30 mmol) were dissolved in THF (4 mL) and degassed water (6 mL). A catalyst solution of [Pd(dba)2]
(8 mg, 14 µmol) and triphenylphosphine (8 mg, 28 µmol) in THF (2 mL) was added before heating the
mixture at 80 °C overnight.
After overnight heating, the solution was allowed to cool to room temperature. The reaction mixture
was then extracted with DCM (3 x 15 mL) and the combined organic extracts were dried over MgSO4
and concentrated to give an orange solid. This was purified by column chromatography (Petroleum
Ether, Ethyl Acetate, 40:1) to give the pure product as white solid (186 mg, 0.25 mmol, 83 %).

1

H NMR (400 MHz, CDCl3): δ 8.17 (t, J = 2.0 Hz, 2H) 8, 8.09 (d, J = 2.0 Hz, 4H) 6, 7.21 (d, J = 7.5 Hz, 2H)
2, 7.02 (t, J = 7.6 Hz, 1H) 1, 3.72 (s, 2H) NH2.
19

F NMR (376 MHz, CDCl3): δ 81.6 (m, 4F), 63.1 (d, J = 151 Hz, 16F).
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13

C NMR (100.5 MHz, CDCl3): δ 154.3 (p, J = 19.6 Hz) 7, 141.2 (s) and 140.5 (s) 5, 131.7 (s) 2, 130.2 (t, J
= 4.4 Hz) 6, 126.2 (s) 4, 125.0 (s) 3, 123.5 (m) 8, 119.8 (s) 1.
Elemental Analysis: Predicted: C, 28.85; H, 1.48; N, 1.87. Found: C, 29.07; H, 2.09; N, 1.85.
Synthesis of salicylaldimine, 1-SF5:
Aniline 7, (0.140 g, 0.20 mmol) and 3,5-diiodosalicylaldehyde (0.084 g, 0.22 mmol, 1.1 equiv.) were
dissolved in methanol (6 mL) acidified with p-toluenesulfonic acid (8 mg) before stirring at 70 °C for 16
hours. After 16 hours stirring, solvent was removed to give an orange oil. Excess aldehyde and ptoluenesulfonic acid were removed by filtration over a silica plug (Petroluem Ether, Toluene, 1:1) the
filtrate was concentrated to give the product as bright yellow solid. (165 mg, 0.15 mmol, 75 %).

1

H NMR (400 MHz, CDCl3): δ 12.6 (br s, 1H) OH, 8.08 (m, 3H) 8, 13, 7.93 (d, J = 1.9 Hz, 4H) 6, 7.86 (s,
1H) 9, 7.56 (s, 3H) 1, 2, 7.19 (d, J = 2.1 Hz, 1H) 15.
19

F NMR (376 MHz, CDCl3): δ 81.1 (m, 4F), 63.1 (d, J =151 Hz, 8F).

13

C NMR (100.5 MHz, CDCl3): δ 168.5 (s) 9, 159.8 (s) 11, 153.8 (m) 7, 151.0 (s) 13, 144.9 (s) 4, 140.6 (s)
15, 140.3 (s) 3, 132.0 (s) 2, 131.7 (s) 5, 130.4 (m) 6, 127.7 (s) 1, 123.4 (m) 8, 119.1 (s) 10, 87.0 (s) 12,
80.5 (s) 14.
Elemental Analysis: Predicted: C, 27.16; H, 1.19; N, 1.27. Found: C, 27.48; H, 1.60; N, 1.49.

Synthesis of 2-SF5:
Synthesis of aniline, 8:
2,4,6-Tribromoaniline (196 mg, 0.6 mmol), boronic acid ester 6, (958 mg, 2.1 mmol) and KOH (0.56 g,
10 mmol) were dried under vacuum before dissolving in absolute THF (10 mL) and degassed water (10
mL). A catalyst solution of [Pd(dba)2] (24 mg, 42 µmol) and triphenylphosphine (24 mg, 90 µmol) in
THF (2 mL) was added before heating the mixture at 80 °C for 24 hours.
After 24 hours the solution was allowed to cool to R.T. The reaction mixture was separated into two
phases, the aqueous phase was washed with THF (3 x 20 mL) before the combined organic extract was
dried over MgSO4 and concentrated to give a yellow solid. This washed with methanol to give the
product as a white powder (400 mg, 0.37 mmol, 62 %).
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1

H NMR (400 MHz, CDCl3): δ 8.23 (t, J = 2Hz, 2H) 12, 8.10 (m, 5H) 10 and 8, 8.02 (d, J =1.9 Hz, 2H) 6,
7.38 (s, 2H) 3, 3.91 (s, 2H) NH2.
19

F NMR (376 MHz, CDCl3): δ 81.3 (m, 6F), 63.2 (d, J = 151 Hz, 16F), 63.0 (d, J = 150 Hz, 8 F).

13

C NMR (100.5 MHz, CDCl3): δ 154.5 (m) 7 and 11, 142.1 (s) 5, 141.7 (s) 1, 140.2 (s) 9, 130.3 (s) 3, 130.2
(m) 10, 129.1 (s) 4, 127.3 (m) 6, 125.7 (s) 2, 124.1 (m) 12, 122.6 (m) 8.
Elemental Analysis: Predicted: C, 26.75; H, 1.22; N, 1.30. Found: C, 28.18; H, 1.56; N, 1.30.
Synthesis of salicylaldimine, 2-SF5:
Aniline 8, (150 mg, 0.14 mmol) and 3-(Anthracen-9-yl)-2-Hydroxybenzaldehyde (41.8 mg, 0.14 mmol)
were dissolved in toluene (20 mL) acidified with p-Toluenesulfonic acid monohydrate (17 mg). This was
refluxed for 24 hours with a Dean-Stark device used to remove water formed. After 24 hours, the
heating was stopped and the dark solution concentrated to give a brown oil. This was purified by
column chromatography (Petroleum Ether, Toluene, 2:1). This gave a yellow solid which was washed
with pentanes to give the product as a yellow powder (152 mg, 0. 11 mmol, 79 %).

1

H NMR (400 MHz, CDCl3): δ 11.46 (s, 1H) OH, 8.52 (s, 1H) 27, 8.30 (s, 1H) 13, 8.22 (t, J = 1.9 Hz, 1H) 1,
8.11 (d, J = 1.9 Hz, 2H) 3, 8.08 (t, J =1.9 Hz, 2H) 12, 8.04 (d, J = 8.7 Hz, 2H) 25, 7.94 (d, J = 1.9 Hz, 4H) 10,
7.69 (s, 2H) 6, 7.47 (m, 5H) 17, 22, 24, 7.36 (ddd, J = 8.8, 6.5, 1.3 Hz, 2H) 23, 7.19 (dd, J =7.8, 1.8 Hz, 1H)
15, 7.12 (t, J = 7.5 Hz, 1H) 16.
19

F NMR (376 MHz, CDCl3): δ 81.1 (m, 6F), 63.2 (d, J = 151 Hz, 16 F), 63.1 (d, J = 151 Hz, 8F).

13

C NMR (100.5 MHz, CDCl3): δ 171.9 (s) 13, 159.4 (s) 14, 154.4 (m) 2, 153.8 (m) 11, 146.6 (s) 8, 141.5
(s) 4, 139.8 (s) 9, 138.8 (s) 17, 136.9 (s) 5, 132.8 (s) 7, 132.8 (s) 15, 131.5 (s) 26, 131.3 (s) 20, 130.7 (s)
6, 130.6 (m) 10, 130.5 (s) 21, 128.6 (s) 25, 128.1 (m) 3, 127.8 (s) 19, 127.4 (s) 27, 126.2 (s) 22, 125.7 (s)
23, 125.3 (s) 24, 123.8 (m) 1, 123.6 (m) 12, 119.9 (s) 16, 117.9 (s) 18.
Elemental Analysis: Predicted: C, 39.80; H, 1.86; N, 1.03. Found: C, 39.93; H, 1.84; N, 1.15.
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Synthesis of 4:
Synthesis of 2,4-dibromo-8-(3,5-dimethylphenyl)naphthalen-1-amine, 10:
8-(3,5-Dimethylphenyl)naphthalen-1-amine (NA-Me, 2.700 g, 10.9 mmol) was degassed and dissolved
in DCM (15 mL) before cooling to -78 °C. In a separate flask N-bromosuccinimide (3.887 g, 21.8 mmol,
2.0 equivalents) was dissolved in DCM (70 mL) and cooled to -78 °C, a suspension of ZrCl4 (25 mg, 0.1
mmol, 0.01 equivalents) in DCM (15 mL) was added to this and stirred briefly. The solution of NBS and
ZrCl4 was then added slowly to the solution of NA-Me, this was stirred for 60 minutes before warming
to room temperature. 70 mL of saturated NaHCO3 solution was added to the solution and the biphasic
mixture was stirred vigorously for 5 minutes.
The phases were separated, the aqueous phase was washed with DCM (3 × 50 mL) and the combined
organic phase was washed with saturated NaCl solution, before drying with Na2SO4. Solvents were
removed to give a viscous brown oil, which was washed with pentanes (5 mL) to give the product as
an off-white powder (3.361 g, 8.3 mmol, 76 %).

1

H NMR (400 MHz, CDCl3): δ 8.25 (dd, J = 8.6, 1.4 Hz, 1 H) 5, 7.88 (s, 1H) 3, 7.53 (dd, J = 8.5, 7.1 Hz, 1H)
6, 7.26 (dd, J =7.1, 1.3 Hz, 1H) 7, 7.12 (s, 1H) 14, 7.05 (s, 2H) 12, 4.32 (br s, 2H) NH2, 2.41 (s, 6H) 15.
13

C NMR (101 MHz, CDCl3): δ 142.3 (s) 11, 140.8 (s) 1, 139.0 (s) 8, 138.3 (s) 13, 133.3 (s) 3, 132.6 (s) 10,
129.9 (s) 7, 129.8 (s) 14, 127.9 (s) 5, 127.1 (s) 12, 126.3 (s) 6, 121.8 (s) 9, 110.3 (s) 4, 104.6 (s) 2, 21.5
(s) 15.
Elemental Analysis: Predicted: C, 53.36; H, 3.73; N, 3.46. Found: C, 53.51; H, 3.73; N, 3.74.
Synthesis of 2,4-bis(3,5-bis(trifluoromethyl)phenyl)-8-(3,5-dimethylphenyl)naphthalen-1-amine, 12:
2,4-dibromo-8-(3,5-dimethylphenyl)naphthalen-1-amine, 10, (1.377 g, 3.4 mmol), 2-[3,5Bis(trifluoromethyl)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.560 g, 7.5 mmol, 2.2
equivalents) and KOH (0.950 g, 17.0 mmol, 5 equivalents) were degassed and dissolved in THF (15 mL)
and degassed water (20 mL). A catalyst solution of [Pd(dba)2] (40 mg, 70 μmol, 0.02 equivalents) and
triphenylphosphine (39 mg, 150 μmol, 0.045 equivalents) in THF (5 mL) was added and the solution
was stirred at 80 °C overnight.
After cooling to room temperature the phases were separated. The aqueous phase was extracted with
THF (3 x 20 mL) and the combined organic phase was washed with 0.5 M NaOH before drying over
MgSO4 and filtering over celite. Solvent was removed and the product was recrystallised from hexanes
as a white solid (1.615 g, 2.4 mmol, 74 %).
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1

H NMR (400 MHz, CDCl3): δ 7.99 (s, 4H) 17, 22, 7.94 (s, 1H) 19 or 24, 7.87 (s, 1H) 19 or 24, 7.73 (d, J =
8.4 Hz, 1H) 5, 7.48 (t, J = 7.7 Hz, 1H) 6, 7.30 (d, J = 7.0 Hz, 1H) 7, 7.19 (s, 1H) 3, 7.13 (s, 2H) 12, 7.10 (s,
1H) 14, 4.23 (s, 2H) NH2, 2.41 (s, 6H) 16.
13

C NMR (101 MHz, CDCl3): δ 143.6 (s) 16 or 21, 143.0 (s) 11, 142.3 (s) 16 or 21, 141.9 (s) 1, 139.9 (s) 8,
138.3 (s) 13, 133.5 (s) 10, 132.6 (q, J = 33.3 Hz) 18 or 23, 131.9 (q, J = 33.2 Hz) 18 or 23, 130.7 (m) 17 or
22, 130.4 (m) 17 or 22, 129.7 (m) 3, 7 and 14, 127.3 (s) 4, 127.1 (s) 12, 126.4 (s) 6, 125.4 (s) 5, 123.6 (q,
J = 272.9 Hz) 20 or 25, 123.4 (q, J = 272.9 Hz) 20 or 25, 121.4 (m) 19 or 24, 120.9 (m) 19 or 24, 120.8 (s)
9, 118.4 (s) 2, 21.5 (s) 15.
19

F NMR (376 MHz, CDCl3): δ -62.7 (s, 6F), -62.8 (s, 6F)

Elemental Analysis: Predicted: C, 60.81; H, 3.15; N, 2.09. Found: C, 61.03; H, 3.47; N, 2.34.
Synthesis of salicylaldimine, 4:
2,4-Bis(3,5-bis(trifluoromethyl)phenyl)-8-(3,5-dimethylphenyl)naphthalen-1-amine 12 (604 mg, 0.9
mmol), 2-hydroxy-3-(9-anthryl)benzaldehyde (269 mg, 0.9 mmol) and TsOH.H2O (20 mg) were
dissolved in toluene (25 mL). The resulting clear yellow solution was then refluxed overnight. The
solvent was removed to give a brown solid. This brown solid was washed with hot methanol to give
the product as a yellow powder (672 mg, 78 %).

1

H NMR (400 MHz, CDCl3): δ 7.99 (s, 4H) 17, 22, 7.94 (s, 1H) 19 or 24, 7.87 (s, 1H) 19 or 24, 7.73 (d, J =
8.4 Hz, 1H) 5, 7.48 (t, J = 7.7 Hz, 1H) 6, 7.30 (d, J = 7.0 Hz, 1H) 7, 7.19 (s, 1H) 3, 7.13 (s, 2H) 12, 7.10 (s,
1H) 14, 4.23 (s, 2H) NH2, 2.41 (s, 6H) 16.
13

C NMR (101 MHz, CDCl3): δ 143.6 (s) 16 or 21, 143.0 (s) 11, 142.3 (s) 16 or 21, 141.9 (s) 1, 139.9 (s) 8,
138.3 (s) 13, 133.5 (s) 10, 132.6 (q, J = 33.3 Hz) 18 or 23, 131.9 (q, J = 33.2 Hz) 18 or 23, 130.7 (m) 17 or
22, 130.4 (m) 17 or 22, 129.7 (m) 3, 7 and 14, 127.3 (s) 4, 127.1 (s) 12, 126.4 (s) 6, 125.4 (s) 5, 123.6 (q,
J = 272.9 Hz) 20 or 25, 123.4 (q, J = 272.9 Hz) 20 or 25, 121.4 (m) 19 or 24, 120.9 (m) 19 or 24, 120.8 (s)
9, 118.4 (s) 2, 21.5 (s) 15.
19

F NMR (376 MHz, CDCl3): δ -62.7 (s, 6F), -62.8 (s, 6F)
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Elemental Analysis: Predicted: C, 69.40; H, 3.49; N, 1.47. Found: C, 69.15; H, 4.24; N, 1.59.

Synthesis of 5:
One Pot Synthesis of NA-CF3:

In a 100 mL schlenk, 1-naphthylamine (3 g, 21 mmol) was dissolved in diethyl ether (50 mL) and cooled
to -78 °C. A 2.5 M solution of n-BuLi (8.4 mL, 21 mmol) was then added. After stirring for 30 minutes
TMSCl (2.9 mL, 23 mmol, 1.1 equivalents) was added and the solution was allowed to stir for an hour.
After an hour a small sample (0.5 mL) was taken, solvents were removed and white solid obtained
dissolved in MeOD-d4.

1

H NMR (400 MHz, MeOD-d4): δ 7.96 (m, 1H) 8, 7.72 (m, 1H) 5, 7.38 (dt, J = 6.4, 3.4 Hz, 2H) 6, 7, 7.20
(m, 2H) 3, 4, 6.80 (dd, J = 4.8, 3.7 Hz, 1H) 2, 0.09 (s, 9H) 11.
13

C NMR (101 MHz, MeOD-d4): δ 144.4 (s) 1, 135.9 (s) 9, 129.2 (s) 5, 127.4 (s) 4, 126.6 (s) 6, 125.4 (s) 7,
125.3 (s) 10, 122.6 (s) 8, 119.2 (s) 4, 110.7 (s) 2, -1.1 (s) 11.

A second addition of 2.5 M n-BuLi (19.5 mL, 49 mmol, 2.3 equivalents) was carried out. After the
addition the solution was allowed to stir at -78 °C for 30 minutes before the cooling bath was removed
and the solution allowed to warm to R.T. over a further 30 minutes.
60 minutes after the second addition of n-BuLi a small sample (0.5 mL) was taken, solvents removed
and the white solid obtained was quenched with MeOD-d4.

1

H NMR (400 MHz, MeOD-d4): δ 7.70 (m, 1H) 5, 7.36 (m, 2H) 6, 7, 7.19 (m, 2H) 3, 4, 6.80 (dd, J = 6.0,
2.5 Hz, 1H) 2, 0.08 (s, 9H) 11.
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13

C NMR (101 MHz, MeOD-d4): δ 144.6 (s) 1, 136.0 (s) 9, 129.2 (s) 5, 127.4 (s) 4, 126.6 (s) 6, 125.3 (s) 7,
125.3 (s) 10, 122.4 (t, 1JCD = 23.7 Hz) 8, 119.1 (s) 4, 110.6 (s) 2, -0.9 (s) 11.

60 minutes after the second addition of n-BuLi, the solution was cooled to -78 °C. Trimethyl borate (7.1
mL, 63 mmol, 3 equivalents) was then added. This solution was then stirred for an hour at -78 °C before
the cooling bath was removed and the solution allowed to warm to room temperature over a further
hour. After two hours solvents were removed to give an off-white solid.
Prior to removal of solvents, a small sample (0.5 mL) was taken, solvents removed and the off-white
solid obtained was dissolved in MeOD-d4. NMR showed a range of products. Thin layer
chromatography showed that neither the starting naphthylamine nor the silylated naphthylamine
were present, suggesting borylation is quantitative to a mixture of products.
KOH (5.89 g, 105 mmol, 5 equivalents) was added to the off-white solid and dissolved in 50 mL dry and
degassed THF. 7.2 mL (42 mmol, 2 equivalents) of 1-bromo-3,5-bis(trifluoromethyl)benzene and 20 mL
of degassed water were added. A catalyst solution which was prepared by dissolving [Pd(dba)2] (0.42
mmol, 0.02 equivalents) and triphenylphosphine (234 mg, 0.89 mmol, 0.04 equivalents) in THF (10 mL)
was added and the solution was stirred at 80 °C overnight.
After cooling to room temperature the phases were separated. The aqueous phase was extracted with
THF (3 x 50 mL) and the combined organic phase was washed with 0.5 M NaOH before drying over
MgSO4 and filtering over celite. Solvent was removed and the red oil purified by column
chromatography (Petroleum ether: Ethyl acetate, 5:1. Rf = 0.58) to give the product (5.93 g, 17 mmol,
80 %).

1

H NMR (400 MHz, CDCl3): δ 7.95 (s, 2H) 12, 7.93 (s, 1H) 14, 7.87 (dd, J = 8.3, 1.2 Hz, 1H) 5, 7.42 (m, 2H)
4, 6, 7.35 (dd, J = 8.1, 7.2 Hz, 1H) 3, 7.18 (dd, J = 7.0 Hz, 1.4 Hz, 1H) 7, 6.73 (dd, J = 7.3, 1.3 Hz, 1H) 2,
3.37 (s, 2H, NH).
13

C NMR (101 MHz, CDCl3): δ 145.2 (s) 11, 142.8 (s) 1, 135.9 (s) 10, 135.0 (s) 8, 130.9 (q, 2JCF = 33.4 Hz)
13, 130.1 (s) 5, 129.5 (s) 12, 129.1 (s) 7, 127.0 (s) 2, 124.6 (s) 6, 123.3 (q, 1JCF = 272.9 Hz) 15, 121.1 (m)
14, 120.2 (s) 9, 119.8 (s) 4, 112.4 (s) 2.
19

F NMR (376 MHz, CDCl3): δ -62.7.

This compound was previously synthesised by a multi-step reaction.133
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Synthesis of 2,4-dibromo-8-(3,5-bis(trifluoromethyl)phenyl)naphthalen-1-amine, 11:
NA-CF3 (1.715 g, 4.8 mmol) was degassed and dissolved in DCM (60 mL) before cooling to -78 °C. In a
separate flask N-bromosuccinimide (1.709 g, 9.6 mmol, 2.0 equivalents) was dissolved in DCM (12 mL)
and cooled to -78 °C, a suspension of ZrCl4 (22.1 mg, 0.01 mmol, 0.02 equivalents) in DCM (10 mL) was
added to this and stirred briefly. The solution of NBS and ZrCl4 was then added slowly to the solution
of NA- CF3, this was stirred for 60 minutes before warming to room temperature. 70 mL of saturated
NaHCO3 solution was added to the solution and the biphasic mixture was stirred vigorously for 5
minutes.
The phases were separated, the aqueous phase was washed with DCM (3 × 50 mL) and the combined
organic phase was washed with saturated NaCl solution, before drying with Na2SO4. Solvents were
removed to give a viscous brown oil, which was washed with pentanes (5 mL) to give the product as
an off-white powder (2.422 g, 4.7 mmol, 98 %).

1

H NMR (400 MHz, CDCl3): δ 8.22 (dd, J = 8.6, 1.3 Hz, 1H) 5, 7.98 (s, 1H) 14, 7.91 (s, 3H) 3, 12, 7.58 (dd,
J = 8.5, 7.1 Hz, 1H) 6, 7.29 (dd, J = 7.0, 1.3 Hz, 1H) 7, 3.92 (br s, 2H) NH2.
13

C NMR (101 MHz, CDCl3): δ 144.5 (s) 11, 140.1 (s) 1, 135.4 (s) 8, 134.0 (s) 3, 132.8 (s) 10, 131.6 (q, J =
33.7 Hz) 13, 131.0 (s) 7, 129.5 (m) 6, 12, 126.4 (s) 6, 123.2 (q, J = 273 Hz) 15, 121.8 (m) 14, 119.2 (s) 9,
111.2 (s) 4, 105.9 (s) 2.
19

F NMR (376 MHz, CDCl3): δ -62.8 (s, 6F).

Elemental Analysis: Predicted: C, 42.14; H, 1.77; N, 2.73. Found: C, 43.93; H, 2.49: N, 3.16.
Synthesis of 2,4,8-tris(3,5-bis(trifluoromethyl)phenyl)naphthalen-1-amine, 13:
2,4-dibromo-8-(3,5-bis(trifluoromethyl)phenyl)naphthalen-1-amine 11, (1.756 g, 3.4 mmol), 2-[3,5Bis(trifluoromethyl)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.560 g, 7.5 mmol, 2.2
equivalents) and KOH (0.950 g, 17.0 mmol, 5 equivalents) were degassed and dissolved in THF (15 mL)
and degassed water (20 mL). A catalyst solution of [Pd(dba)2] (40 mg, 70 μmol, 0.02 equivalents) and
triphenylphosphine (39 mg, 150 μmol, 0.045 equivalents) in THF (5 mL) was added and the solution
was stirred at 80 °C overnight.
After cooling to room temperature the phases were separated. The aqueous phase was extracted with
THF (3 x 20 mL) and the combined organic phase was washed with 0.5 M NaOH before drying over
MgSO4 and filtering over celite. Solvent was removed and the crude product was further purified by
column chromatography (Petroleum ether: Ethyl acetate: Triethylamine, 95:5:1. Rf = 0.38) and then
washing with methanol to give the product as an off-white solid (0.780 g, 1.6 mmol, 46 %).
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1

H NMR (400 MHz, CDCl3): δ 8.02 (s, 2H) 12, 7.98 (s, 2H) 19 and 24, 7.97 (s, 4H) 17 and 22, 7.89 (s, 2H)
14, 7.80 (dd, J = 8.6, 1.2 Hz, 1H) 5, 7.55 (dd, J = 8.6, 7.0 Hz, 1H) 6, 7.37 (dd, J = 7.1, 1.2 Hz, 1H) 7, 7.27
(s, 1H) 3, 3.77 (s, 2H) NH2.
13

C NMR (101 MHz, CDCl3): δ 144.8 (s) 11, 142.9 (s) 16 or 21, 141.4 (s) 16 or 21, 140.7 (s) 1, 136.1 (s) 8,
133.6 (s) 10, 132.89 (q, J = 33.5 Hz) 13, 132.1 (q, J = 33.3 Hz) 18 or 23, 131.7 (q, J = 33.6 Hz) 18 or 23,
130.7 (s) 7, 130.6 (m) 17 or 22, 130.2 (m) 17 or 22, 130.1 (s) 3, 129.5 (m) 12, 128.5 (s) 4, 127.0 (s) 5,
126.6 (s) 6, 123.5 (q, J = 272.8 Hz) 15, 123.3 (q, J = 272.9 Hz) 20 or 25, 123.3 (q, J = 273.0 Hz) 20 or 25,
121.8 (m) 19 and 24, 121.3 (m) 14, 120.5 (s) 9, 120.1 (s) 2.
19

F NMR (376 MHz, CDCl3): δ -62.8 (s, 6F), -62.9 (s, 6F), - 63.0 (s, 6F).

Elemental Analysis: Predicted: C, 52.39; H, 1.94; N, 1.81. Found: C, 52.52; H, 2.25; N, 2.00.
Synthesis of salicylaldimine, 5:
2,4,8-tris(3,5-bis(trifluoromethyl)phenylnaphthalen-1-amine 13, (405 mg, 0.5 mmol), 2-hydroxy-3-(9anthryl)benzaldehyde (156 mg, 0.5 mmol) and TsOH.H2O (15 mg) were dissolved in toluene (15 mL).
The resulting clear yellow solution was then refluxed overnight. The solvent was removed to give a
brown solid, which was washed with methanol to give the product as an off-white powder (429 mg,
0.4 mmol, 79 %).

1

H NMR (400 MHz, CDCl3): δ 10.83 (s, 1H) OH, 8.54 (s, 1H) 1, 8.08 (d, J = 8.3 Hz, 2H) 3, 8.06 (m, 2H) 15
and 28, 8.04 (s, 2H) 26, 7.83 (dd, J = 8.4, 1.3 Hz, 1H) 31, 7.83 (s, 2H) 19, 7.79 (s, 1H) 21, 7.61 (dd, J = 8.5,
7.1 Hz, 1H) 32, 7.57 (s, 1H) 23, 7.52 (s, 2H) 37, 7.50 (t, J = 2.2 Hz, 2H) 4, 7.49 – 7.42 (m, 5H) 5, 6 and 39,
7.40 – 7.36 (m, 2H) 10 and 33, 7.05 (dd, J = 7.8, 2.2 Hz, 1H) 12, 7.01 (dd, J = 7.7, 6.9 Hz, 1H) 11.
13

C NMR (101 MHz, CDCl3): δ 170.3 (s) 15, 159.4 (s) 14, 145.7 (s) 16, 145.3 (s) 36, 142.1 (s) 18 or 25,
141.7 (s) 18 or 25, 138.0 (s) 10, 137.5 (s) 34, 136.2 (s) 24, 133.3 (s) 30, 132.6 (s) 12, 132.6 (s) 33, 132.3
(q, J = 33.5 Hz) 27, 132.2 (q, J = 33.5 Hz) 20, 131.6 (s) 2, 131.5 (s) 8, 131.2 (q, J = 33.5 Hz) 38, 130.6 (m)
19, 130.4 (m) 7 and 26, 130.1 (s) 23, 129.3 (m) 37, 128.7 (s) 3, 127.5 (s) 17, 127.4 (s) 32, 127.2 (s) 1,
126.8 (s) 31, 126.8 (s) 13, 126.5 (s) 6, 125.5 (s) 5, 125.3 (s) 35, 125.2 (s) 4, 123.4 (q, J = 272.9 Hz) 29,
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123.2 (q, J = 273.0 Hz) 22, 123.0 (q, J = 273.3 Hz) 40, 122.1 (m) 28, 121.0 (m) 21, 120.9 (m) 39, 119.4 (s)
11, 118.0 (s) 9.
19

F NMR (376 MHz, CDCl3): δ -62.7 (s) 29, -62.9 (s) 22, -63.2 (br s) 40.

Elemental Analysis: Predicted: C, 62.33; H, 2.57; N, 1.32. Found: C, 62.19; H, 3.19; N, 1.41.

Synthesis of 9-SF5-TMS:
Synthesis of 9-SF5:

Aminophenylsulfurpentafluoride (1.096 g, 5 mmol) and 3-tert-butylsalicylaldehyde (0.893 g, 5
mmol) were dissolved in toluene (6 mL) acidified with TsOH.H2O. This mixture was stirred at 70 °C
overnight. After overnight stirring solvents removed to give an oily yellow solid, this was washed with
methanol (2 x 5 mL) and yellow powder dried under high vacuum (1.49 g, 3.9 mmol, 79 %).

1

H NMR (400 MHz, CDCl3): δ 13.04 (br s, 1H) OH, 8.50 (s, 1H) 7, 7.91 (dd, J = 8.4, 1.3 Hz, 1H) 12, 7.59
(td, J = 7.7, 1.4 Hz, 1H) 10, 7.49 (dd, J = 7.7, 1.7 Hz, 1H) 4, 7.37 (t, J = 7.9 Hz, 1H) 11, 7.30 (dd, J = 7.7,
1.8 Hz, 1H) 2, 7.10 (m, 1H) 9, 6.93 (t, J = 7.7 Hz, 1H) 3, 1.52 (s, 9H) 15.
13

C NMR (101 MHz, CDCl3): δ 165.5 (s) 7, 160.7 (s) 6, 147.3 (p, J = 14.2 Hz) 13, 145.4 (s) 8, 138.2 (s) 5,
133.2 (s) 10, 131.5 (s) 4, 131.3 (s) 2, 128.7 (p, J = 4.6 Hz) 12, 125.9 (s) 11, 122.3 (s) 9, 119.1 (s) 1, 118.7
(s) 3, 35.2 (s) 14, 29.5 (s) 15.
19

F NMR (376.2 MHz, CDCl3): δ 86.53 – 82.66 (m, 1F), 68.7 (d, J = 151.2 Hz, 4F)

Elemental Analysis: Predicted: C, 53.82; H, 4.78; N, 3.69. Found: C, 53.94; H, 5.53; N, 4.17.
Synthesis of 9-SF5-TMS:

9-SF5 (1.25 g, 3.3 mmol) was dissolved in abs. THF (12 mL) and added to a schlenk containing
NaH (450 mg). This was then stirred at 50 °C for 3 hours before addition of excess TMSCl (2.1 mL). The
resulting decoloured mixture was allowed to stir for 2 hours before solvents were removed. Solids
were re-suspended in pentanes (15 mL) and filtered. Removal of pentanes gave the product as a white
solid (810 mg, 1.8 mmol, 54 %).
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1

H NMR (400 MHz, CDCl3): δ 8.65 (s, 1H) 7, 8.03 (dd, J = 7.7, 1.9 Hz, 1H) 2, 7.87 (dd, J = 8.4, 1.3 Hz, 1H)
12, 7.52 (m, 2H) 4, 20, 7.28 (t, J = 7.9 Hz, 1H) 11, 7.07 (t, J = 7.7 Hz, 1H) 3, 6.94 (d, J = 7.9 Hz, 1H) 9, 1.47
(s, 9H) 15, 0.31 (s, 9H) 16.
13

C NMR (101 MHz, CDCl3): δ 159.6 (s) 7, 156.0 (s) 6, 149.1 (s) 8, 146.5 (m) 13, 141.5 (s) 5, 132.8 (s) 10,
131.5 (s) 4, 128.5 (m) 12, 128.3 (s) 1, 126.8 (s) 2, 124.6 (s) 11, 122.0 (s) 3, 121.7 (s) 9, 35.0 (s) 14, 30.6
(s) 15, 1.90 (s) 16.
19

F NMR (376.2 MHz, CDCl3): δ 88.3 – 83.8 (m, 1F), 68.7 (d, J = 161.7 Hz, 4F).

10.4 Complex Synthesis
The synthesis of complexes 1-CF3/Py,54 1-CF3/TPPTS,69 2-CF3/Py,71 2-CF3/TPPTS,71 3/Py,60 and
(9-CF3)2TiCl2130 were carried out according to known literature procedures.

Synthesis of 1-SF5/Py:
1-SF5 (55.3 mg, 50 µmol) and [(TMEDA)NiMe2] (15.4 mg, 75 µmol) were dissolved in benzene (3 mL).
Evolution of methane was observed and once complete, pyridine (0.5 mL) was added and the solution
became clear red. The solution was stirred for two hours, after which solvents were removed. The oily
red solid obtained was redissolved in benzene and nickel black was removed by filtration. The benzene
was then flash frozen and the pure complex isolated by freeze drying. (60 mg, 48 µmol, 96 %).

1

H NMR (400 MHz, C6D6): δ 8.25 (br s, 2H) o-Py, 8.23 (t, J = 2.0 Hz, 2H) 8, 8.17 (d, J = 2.0 Hz, 4H) 6, 7.84
(d, J = 2.2 Hz, 1H) 13, 6.90 (dd, J = 8.6, 6.8 Hz, 1H) 1, 6.82 (m, 2H) 2, 6.70 (d, J = 2.2 Hz, 1H) 15, 6.59 (br
s, 1H) p-Py, 6.32 (br s, 2H) m-Py, 6.30 (s, 1H) 9, -0.93 (s, 3H) 15.
19

F NMR (376 MHz, C6D6): δ 81.9 (m, 4F), 63.4 (d, J = 152 Hz, 16F).

13

C NMR (100.5 MHz, C6D6): δ 167.4 (s) 9, 164.0 (s) 11, 153.9 (m) 7, 150.5 (s) 4, 13, 141.8 (s) 15, 141.4
(s) 5, 132.9 (s) 3, 131.1 (m) 2, 6, 127.1 (s) 1, 123.3 (m) 8, 119.5 (s) 10, 97.0 (s) 12, 73.2 (s) 14, -7.9 (s)
15.
Peaks from pyridine too broad to be found in the 13C spectrum.

Synthesis of 1-SF5/TPPTS:
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1-SF5 (55.3 mg, 50 µmol) and [(TMEDA)NiMe2] (10.2 mg, 50 µmol) were dissolved in DMF
(3 mL). Evolution of methane was observed and the solution became a deep red color. This was stirred
for 20 minutes before addition of TPPTS (25.6 mg, 45 µmol). After stirring for 3 hours, solvent was
removed to give a dark red solid. To remove lipophilic catalysts the solid was suspended in diethyl
ether (3 mL) and centrifuged, before removing the red supernatant. This process was repeated until a
colorless supernatant was obtained, the orange powder obtained was then dried. The precatalyst (42.5
mg, 12 μmol, 27 %) was obtained as a crude mixture, containing free TPPTS (2.5 equivalents) and DMF
(5 equivalents), with an approximate molecular weight of 3530.4 g.mol-1.

1

H NMR in MeOD-d4 was used to determine the ratios of TPPTS and DMF to precatalyst, this was done
by comparing the following resonances with the following weightings and the obtained integrals:
Component

Peak(s) selected
Ni-Me
resonances*
Isolated triplet

Peaks
Weighting Integral Equivalents
-1.49 (d, J = 7.7 Hz)
Precatalyst
3H
3.00 H
1
-1.52 (s)
Free TPPTS
7.36 (t, J =6.97 Hz)
3H
7.58 H
2.5
3.03 (s)
DMF
N-Me resonances
6H
31.0 H
5
2.90 (s)
*The Ni-Me resonances appear as a doublet due to a 3JHP coupling, and a singlet due to the previously
reported partial dissociation of TPPTS in MeOD-d4.69
Due to the small amount of sample obtained, the large number of species initially present (4), the large
degree of overlap of resonances in the aromatic region and the transformations the compound
underwent (bimolecular deactivation and formation of a new precatalyst species Ni-Me resonance at
-1.33 ppm, presumably a DMF coordinated species) a complete assignment was not carried out. Purity
for polymerization was judged on the basis of there being only the expected two Ni-Me resonances
initially and the 19F NMR showed only two sets of resonances (precatalyst and dissociated precatalyst).
This confirmed that there was only one hydrophilic precatalyst. An assignment of the 1H NMR is given
below, resonances associated with the dissociated precatalyst are omitted.
1

H NMR (400 MHz, MeOD-d4): δ 8.42 (t, J = 2.0 Hz, 2H) 4, 8.30 (d, J = 2.0 Hz, 4H) 3, 8.13 (d, J = 7.52, 1H)
2, 8.07 - 7.85 [8.03 (br s), 7.99 (d, J = 8.7 Hz), 7.93 (br s) and 7.88 (d, J =7.7 Hz) 26 H in total] TPPTS (2
resonances), free TPPTS (2 resonances) and DMF, 7.80 (d, J = 2.2 Hz, 1H) 7, 7.77 (br s, 3H) TPPTS, 7.65
(m, 2H) 2 and 5, 7.58 (dd, J = 8.83, 6.32 Hz, 1 H) 1, 7.49 (t, J = 7.6 Hz, 10.5 H) TPPTS and free TPPTS,
7.36 (t, J = 7.0 Hz, 7.5 H) free TPPTS, 7.27 (d, J = 2.3 Hz, 1H) 6, 3.03 (s, 15 H) DMF, 2.90 (s, 15 H) DMF,
-1.49 (d, J = 7.7 Hz, 3 H) 8.
19

F NMR (376 MHz, MeOD-d4): δ 80.2 (p, J = 150 Hz, 4 F), 52.2 (m, 16 H).

31

P NMR (161.8 MHz, MeOD-d4): δ 30.6 (s) TPPTS, -4.17 (s) free TPPTS.
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Synthesis of 2-CF3/TMEDA:
2-CF3 (252 mg, 250 μmol) and [(TMEDA)NiMe2] (52 mg, 255 μmol) were dissolved in benzene
and stirred for 25 minutes. The benzene was then flash frozen and removed by freeze drying. The fine
brown powder was washed with n-pentanes (3 mL) and dried giving the product as a dark-red powder
(209 mg, 180 μmol based on a molecular weight of 1158 g.mol-1 TMEDA:Ni-CH3 = 0.65:1, 72 %).

1

H NMR (400 MHz, as 2-CF3/DMSO-d6 in DMSO-d6): δ 8.61 (s, 2H) 26, 8.53 (s, 1H) 15, 8.40 (s, 4H) 19,
8.31 (s, 1H) 1, 8.25 (s, 2H) 22, 8.22 (s, 2H) 23, 8.13 (s, 1H) 29, 8.06 (d, J = 8.5 Hz, 2H) 10, 7.48 (t, J = 7.4
Hz, 2H) 11, 7.43 – 7.30 (m, 2H) 12 and 13, 7.26 (d, J = 7.7 Hz, 1H) 3, 7.22 (d, J = 7.2 Hz, 1H) 5, 6.65 (t, J
= 7.5 Hz, 1H) 4, 2.27 (s, 2.66 H) TMEDA-2, 2.11 (s, 7.80 H) TMEDA-1, -1.30 (s, 3H) 30.
13

C NMR (101 MHz, as 2-CF3/DMSO-d6 in DMSO-d6): δ 169.9 (s) 1, 163.4 (s) 7, 149.8 (s) 16, 141.3 (s) 25,
140.6 (s) 18, 136.8 (s) 5, 135.5 (s) 24, 135.0 (s) 8, 134.4 (s) 3, 133.3 (s) 17, 131.1 (m) 19, 130.9 (s) 9,
130.7 (q, J = 33.0 Hz) 20 and 27, 129.9 (s) 23, 129.8 (s) 14, 129.1 (s) 2, 128.1 (s) 10 and 26, 126.0 (s) 13,
125.7 (s) 15, 125.2 (s) 11, 125.0 (s) 12, 123.9 (q, J = 273.1 Hz) 21 and 28, 121.2 (s) 22 and 29, 118.6 (s)
6, 114.1 (s) 4, 57.2 (s) TMEDA-2, 45.5 (s) TMEDA-1, -7.1 (s) 30.
19

F NMR (376.2 MHz, as 2-CF3/DMSO-d6 in DMSO-d6): δ -61.0 (s, 6F) 28, -61.2 (s, 12F) 21.

Synthesis of 2-CF3/DMF:
2-CF3 (300 mg, 297 μmol) and and [(TMEDA)NiMe2] (67 mg, 327 μmol) were dissolved in
benzene and stirred with DMF (2 mL) for an hour. Solvents were then removed to give an oily dark-red
solid. This was redissolved in benzene and filtered to remove nickel black. The benzene was then flash
frozen and benzene and excess DMF was then removed by freeze drying. The fine red powder obtained
was washed with pentanes (4 mL) and dried giving the product as an orange powder (251 mg, 217
μmol, 73 %).

1

H NMR (400 MHz, as 2-CF3/Py-d5 in C6D6/Pyridine-d5): δ 8.36 (s, 4H) 19, 8.10 (s, 1H) 15, 8.03 (s, 2H)
26, 7.87 (s, 5H) 10, 22 and 29, 7.75 (d, J = 8.3 Hz, 2H) 13, 7.67 (s, 1H) DMF-2, 7.44 (s, 2H) 23, 7.31 (t, J
= 7.6 Hz, 2H) 11, 7.17 (m, 4H) 1, 5 and 12, 6.80 (d, J = 8.1 Hz, 1H) 3, 6.41 (t, J = 7.6 Hz, 1H) 4, 2.38 (s,
3H) DMF-1, 1.94 (s, 3H) DMF-1, -0.99 (s, 3H) 30.
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13

C NMR (101 MHz, as 2-CF3/Py-d5 in C6D6/Pyridine-d5): δ 167.8 (s) 1, 166.0 (s) 7, 161.3 (s) DMF-2, 151.2
(s) 16, 149.2 (m) Pyridine-d5, 141.9 (s) 25, 140.93 (s) 18, 137.7 (s) 5, 136.5 (s) 24, 135.8 (s) 8, 135.4 (s)
17, 134.2 (m) Pyridine-d5, 133.0 (s) 3, 132.4 (q, J = 33.6 Hz) 27, 131.7 (q, J = 33.4 Hz) 20, 131.5 (s) 14,
131.0 (s) 2, 130.7 (m) 19, 130.6 (s) 9, 129.1 (s) 23, 125.3 (s) 15, 124.9 (s) 12, 124.6 (s) 11, 123.7 (m)
Pyridine-d5, 123.7 (q, J = 273.1 Hz) 21, 123.5 (q, J = 272.9 Hz) 28, 121.5 (m) 29, 121.3 (m) 22, 119.0 (s)
6, 114.1 (s) 4, 34.7 (s) DMF-1, 30.3 (s) DMF-1, -8.61 (s) 30.
19

F NMR (376.2 MHz, as 2-CF3/Py-d5 in C6D6/Pyridine-d5): δ -62.4 (s, 12F) 21, -62.5 (s, 6F) 28.

Elemental Analysis: Predicted: C, 57.17; H, 2.97; N, 2.42. Found: C, 56.52; H, 3.23; N, 2.72.

Synthesis of 2-CF3/Lut:
2-CF3 (101 mg, 100 μmol) and [(TMEDA)NiMe2] (21 mg, 103 μmol) were dissolved in benzene
and stirred with 2,6-lutiidne (0.15 mL) for 15 minutes. The benzene was then flash frozen and removed
by freeze drying which gave an orange-red powder. This was washed with pentanes (2 mL) and dried
to give the product as a red powder (91 mg, 75 %).
1

H NMR (400 MHz, C6D6): δ 8.08 (s, 4H), 7.90 (m, 3H), 7.82 (s, 4H) 7.66 (t, J = 7.2 Hz), 7.30-7.22 (m, 5H)
7.14-7.09 (m, 2H), 6.80 (dd, J = 8.1, 1.8 Hz, 1H), 6.44 (dd, J = 8.11, 6.9 Hz, 1H), 6.15 (t, J = 7.7 Hz, 1H),
5.51 (d, J = 7.7 Hz, 2H), 2.65 (s, 6H), -1.48 (s, 3H).
19

F NMR (376 MHz, C6D6): -62.3 (s, 12F), -62.5 (s, 6F).

Synthesis of 2-CF3/DMSO:
2-CF3 (50 mg, 50 μmol) and [(TMEDA)NiMe2] (11 mg, 53 μmol) were dissolved in benzene and
stirred with DMSO (1 mL) for 15 minutes. The benzene was then flash frozen and removed by freeze
drying which gave a yellow suspension in DMSO. DMSO was removed by standing under high vacuum
giving the product as a yellow powder. (42 mg, 34 μmol based on a molecular weight of 1223 g.mol-1,
DMSO:Ni-CH3 = 1.8:1, 68 %).

1

H NMR (400 MHz, as 2-CF3/DMSO-d6 in DMSO-d6): δ 8.61 (s, 2H) 26, 8.53 (s, 1H) 15, 8.40 (s, 4H) 19,
8.31 (s, 1H) 1, 8.25 (s, 2H) 22, 8.22 (s, 2H) 23, 8.13 (s, 1H) 29, 8.06 (d, J = 8.5 Hz, 2H) 10, 7.48 (t, J = 7.4
Hz, 2H) 11, 7.43 – 7.30 (m, 2H) 12 and 13, 7.26 (d, J = 7.7 Hz, 1H) 3, 7.22 (d, J = 7.2 Hz, 1H) 5, 6.65 (t, J
= 7.5 Hz, 1H) 4, 2.54 (s, 10.8 H) DMSO-1, -1.30 (s, 3H) 30.
19

F NMR (376.2 MHz, as 2-CF3/DMSO-d6 in DMSO-d6): δ -61.0 (s, 6F) 28, -61.2 (s, 12F) 21.
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Synthesis of 2-SF5/Py:

2-SF5 (67.9 mg, 50 µmol) and [(TMEDA)NiMe2] (11.3 mg, 55 µmol) were dissolved in toluene (5
mL), after 5 minutes, pyridine (0.15 mL) was added and the solution was allowed to stir for two hours.
After two hours more [(TMEDA)NiMe2] (6 mg, 30 µmol) and stirred for a further hour. After this a final
addition of [(TMEDA)NiMe2] (6 mg, 30 µmol) and pyridine (0.2 mL) was made to ensure full
complexation, and the solution was stirred for another two hours. The solution was then filtered to
remove nickel black, and solvents were removed to give the product as orange solid (71 mg, 47 µmol,
94 %).
1

H NMR (400 MHz, C6D6): δ 8.35 (d, J = 1.9 Hz, 4H) 10, 8.28 (t, J = 1.9 Hz, 2H) 12, 8.26 (t, J = 1.9 Hz, 1H)
1, 8.10 (s, 1H) 27, 8.00 (d, J = 1.8 Hz, 2H) 3, 7.91 (d, J = 8.8 Hz, 2H) 22, 7.76 (d, J = 8.5 Hz, 2H) 25, 7.43
(dd, J = 8.8, 6.4 Hz, 2H) 23, 7.36 (br s, 2H) o-Py, 7.25 (m, 2H) 24, 7.23 (s, 2H) 6, 7.13 (d, J = 7.2 Hz, 1H)
17, 6.80 (s, 1H) 13, 6.67 (d, J = 7.9 Hz, 1H) 15, 6.36 (t, J = 7.4 Hz, 1H) 16, 6.17 (br s, 1H) p-Py, 5.59 (br s,
2H) m-Py, -1.10 (s, 3H) 28.
19

F NMR (376 MHz, C6D6): δ 81.7 (m, 6F), 63.6 (d, J = 151.7 Hz, 16F), 63.2 (d, J =151.3 Hz, 8F).

13

C NMR (100.5 MHz, C6D6): δ 167.8 (s) 13, 166.7 (s) 19, 154.1 (m) 2, 11, 152.1 (s) 8, 140.7 (s) 4, 138.5
(s) 17, 136.6 (s) 5, 135.9 (s) 20, 134.6 (s) 7, 132.9 (s) 15, 131.9 (s) 26, 131.7 (s) 14, 131.2 (m) 10, 131.0
(s) 21, 129.4 (s) 9, 125.8 (s) 27, 125.3 (s) 24, 125.0 (s) 23, 123.5 (m) 1, 12, 119.4 (s) 18, 114.9 (s) 16, 8.93 (s) 28.
Peaks from pyridine too broad to be found in the 13C spectrum. C3, C6 and C22 all lie under the benzene
peak (according to HSQC and HMBC) however unambiguous assignments cannot be made.

Synthesis of 4/Py:
Salicylaldimine 4 (48 mg, 50 μmol) and [(TMEDA)NiMe2] (16 mg, 75 μmol, 1.5 equiv.) were
dissolved in toluene (5 mL) and stirred to give a clear, dark red solution. Pyridine (0.2 mL) was added
and the solution was stirred for 4 hours. Solvents were removed to give an oily red solid. This was
redissolved in benzene (4 mL) and filtered to remove nickel black. The filtrate was then flash frozen
and solvents removed by freeze drying. The red solid obtained was suspended in pentanes (3 mL) and
centrifuged, the supernatant was removed and the remaining solid was dried to give the product as a
red powder (82 mg, 68 μmol, 68 %).
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1

H NMR (400 MHz, C6D6): δ 8.51 (s, 2H) 19, 8.21 (s, 1H) 37, 8.13 (s, 1H) 1, 8.04 (dd, J = 8.7, 1.1 Hz) 6,
7.90 (s, 1H) 28, 7.88-7.80 (m, 5H) 3, 6’, 21 and 26, 7.77 (d, J = 8.5 Hz, 1H) 3’, 7.56-7.49 (m, 2H) 31 and
33, 7.48 (dt, J = 5.0, 1.5 Hz, 2H) o-Py, 7.46-7.39 (m, 2H) 5 and 5’, 7.33 (ddd, J = 8.0, 6.5, 1.2 Hz, 1H) 4,
7.25 (ddd, J = 8.5, 6.5, 1.2 Hz, 1H) 4’, 7.23-7.16 (m, 2H) 15 and 32, 7.12 (dd, J = 6.9, 1.9 Hz, 1H) 10, 7.08
(s, 1H) 23, 7.02 (s, 1H) 39, 6.72 (dd, J = 8.0 H, 1.9 Hz, 1H) 12, 6.69 (s, 1H) 37’, 6.37 (dd, J = 7.9, 6.9 Hz,
1H) 11, 6.26 (tt, J = 7.7, 1.6 Hz, 1H) p-Py, 5.72-5.66 (m, 2H) m-Py, 2.15 (s, 3H) 40, 1.94 (s, 3H) 40’, -1.09
(s, 3H) 41.
13

C NMR (101 MHz, C6D6): δ 168.4 (s) 15, 165.9 (s) 14, 151.5 (s) 16, 150.9 (s) o-Py, 143.9 (s) 36, 143.2
(s) and 143.1 (s) 18 and 25, 141.9 (s) 34, 137.8 (s) and 137.5 (s) 38 and 38’, 137.1 (s) 10, 137.0 (s) 8,
136.0 (s) 24, 135.2 (s) p-Py, 133.6 (s) 12, 132.4 (s) 33, 132.3 (q, J = 33.4 Hz) 20 or 27, 132.0 (s) and 132.0
(s) 2 and 2’, 131.9 (q, J = 33.2 Hz) 20 or 27, 131.3 (s) 7’, 131.2 (m) 19, 131.0 (s) 7, 130.7 (m) 26, 130.5
(s) 13, 129.6 (s) 17, 129.5 (s) 37, 129.0 (s) 39, 127.2 (s) 35, 127.1 (s) 32, 125.6 (s) 1 and 31, 125.5 (s) 4’,
125 (s) 4 and 5’, 124.6 (s) 5, 124.2 (q, J = 273 Hz) 22, 123.9 (q, J = 273 Hz) 27, 122.1 (s) m-Py, 121.8 (m)
28, 121.0 (m) 21, 120.0 (s) 9, 113.3 (s) 11, 21.5 (s) 40 and 40’, -8.5 (s) 41.
Resonances for 3, 3’, 6, 6’, 23 and 37’ lie under the benzene-d6 resonance (at 128.2, 128.1, 128.4,
128.5, 128.5 and 128.5 respectively), assigned by HSQC.
19

F NMR (376 MHz, C6D6): δ -62.3 (s, 6F) 22, -62.4 (br s, 6F) 29.

Elemental Analysis: Predicted: C, 66.38; H, 3.65; N, 2.54. Found: C, 66.06; H, 3.91; N, 2.68

Synthesis of 4/TPPTS:
Salicylaldimine 4 (96 mg, 100 μmol) and [(TMEDA)NiMe2] (32 mg, 155 μmol, 1.5 equiv.) were dissolved
in DMF (3 mL) and stirred to give a clear, dark red solution. After 2 hours the solution was filtered to
remove nickel black. The filtered solution was added to TPPTS (43 mg, 75 μmol, 0.75 equiv.) and a
further 1 mL of DMF was added. This was stirred for three hours before removal of DMF to give a dark
red, oily solid. This was washed with diethyl ether (3 × 2 mL) and pentanes (2 × 4 mL) to give an orange
powder.
The precatalyst (78 mg, 33 μmol, 44 %) was obtained as a crude mixture, containing free TPPTS (2
equivalents) and DMF (3 equivalents), with an approximate molecular weight of 2380.7 g.mol-1.
Component

Peak(s) selected
Ni-Me
resonances*
Isolated triplet

Peaks
Weighting Integral Equivalents
-1.75 (d, J = 6.2 Hz)
Precatalyst
3H
3.00 H
1
-1.82 (d, J = 10.9 Hz)
Free TPPTS
7.36 (t, J =6.97 Hz)
3H
6.80 H
2
3.03 (s)
DMF
N-Me resonances
6H
17.99 H 3
2.90 (s)
*The Ni-Me resonances appear as two doublets due to a 3JHP coupling and the isomeric nature of the
complex.
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Due to the small amount of sample obtained, the complicated nature of the spectra of compounds
based on 4, the large number of species initially present (4), the isomeric nature of 4-TPPTS (observed
by the two peaks for coordinated TPPTS in the 31P NMR) the large degree of overlap of resonances in
the aromatic region and the transformations the compound underwent (formation of a new
precatalyst species Ni-Me resonance at -1.33 ppm, presumably a DMF coordinated species) an
assignment was not carried out. Purity for polymerisation was judged on the basis of there being only
the expected two Ni-Me resonances initially and the 19F NMR showed only two sets of resonances
(precatalyst and dissociated precatalyst). This confirmed that there was only one hydrophilic
precatalyst.

Synthesis of 5/Py:
Salicylaldimine 5 (106 mg, 100 μmol) and [(TMEDA)NiMe2] (41 mg, 200 μmol, 2 equiv.) were dissolved
in toluene (5 mL) and stirred to give a clear, dark red solution. Pyridine (0.5 mL) was added and the
solution was stirred for 4 hours. Solvents were removed to give an oily red solid. This was redissolved
in benzene (4 mL) and filtered to remove nickel black. The filtrate was then flash frozen and solvents
removed by freeze drying. The red solid obtained was suspended in pentanes (3 mL) and centrifuged,
the supernatant was removed and the remaining solid was dried to give the product as a red powder
(82 mg, 68 μmol, 68 %).

1

H NMR (400 MHz, C6D6): δ 8.93 (s, 1H) 37, 8.48 (s, 2H) 19 or 26, 8.13 (s, 1H) 1, 7.95 (s, 1H) 39, 7.92 (d,
J = 7.9 Hz, 2H) 6 and 21 or 28, 7.84 (m, 4H) 3, 19 or 26 and 21 or 28, 7.74 (d, J = 8.6 Hz, 1H) 3’, 7.70 (d,
J = 8.9 Hz, 1H) 6’, 7.56 (d, J = 8.2 Hz, 1H) 31, 7.46 (t, J = 7.3 Hz, 1H) 5, 7.42-7.28 (m, 5H) 4, 5’, 37’ and oPy, 7.20 (m, 1H) 4’, 7.11 (dd, J = 7.0, 1.5 Hz, 1H) 10, 7.09 (s, 1H) 23, 7.06 (t, J = 7.4 Hz, 1H) 32, 7.03 (s,
1H) 15, 6.90 (d, J = 7.2 Hz, 1H) 33, 6.67 (dd, J = 8.2, 1.9 Hz, 1H) 12, 6.42 (t, J = 7.5 Hz, 1H) 11, 6.31 (tt, J
= 7.5, 1.7 Hz, 1H) p-Py, 5.71 (t, J = 7.0 Hz, 2H) m-Py, -1.20 (s, 3H) 41.
13

C NMR (101 MHz, C6D6): δ 168.7 (s) 15, 166.65 (s) 14, 151.1 (s) 16, 151.0 (s) o-Py, 146.6 (s) 36, 142.9
(s) and 142.7 (s) 18 and 25, 138.3 (s) 10, 138.2 (s) 34, 136.4 (s) 8, 136.3 (s) 24, 135.8 (s) p-Py, 133.5 (s)
12, 133.3 (s) 33, 133.2 (s) 30, 133-130 (m) 2, 2’, 7, 7’, 13, 17, 19, 20, 26, 27, 37, 37’, 38 and 38’, 129.3
(s) 23, 128.8 (s) 3, 127.3 (s) 32, 127.1 (s) 31, 126.9 (s) 35, 126.0 (s) 1, 125.6 (s) and 125.5 (s) 4 and 4’,
125.2 (s) 5, 125.0 (s) 5’, 124.3 (q, J = 273 Hz), 124.1 (q, J = 274 Hz) and 124.0 (q, J = 273 Hz) 22, 29, 40
and 40’, 122.5 (s) m-Py, 122.3 (m) 21 or 28, 121.7 (m) 39, 121.5 (m) 21 or 28, 119.6 (s) 9, 114.5 (s) 11,
-8.2 (s) 41.
Resonances for 3’, 6 and 6’ lie under the benzene-d6 resonance (128.4, 128.0 and 128.4 respectively),
assigned by HSQC.
19

F NMR (376 MHz, C6D6): δ -62.0 (s, 3F) 40, -62.3 (s, 6F) 22 or 29, -62.4 (br s, 6F) 22 or 29, -62.6 (s, 3F)
40’.
Elemental Analysis: Predicted: C, 60.47; H, 2.83; N, 2.31. Found: C, 58.27; H, 3.07; N, 2,84.
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Synthesis of (9-SF5)2TiCl2:
9-SF5-TMS (271 mg, 0.6 mmol) was dissolved in toluene (3 mL) and added to a solution of TiCl4
(57 mg, 0.3 mmol) in toluene (1 mL). Solution immediately turned red and was left to stir for 3.5 hours.
Solvents were removed under vacuum giving an oily red solid which was washed with pentanes (2 x 5
mL) giving a red/orange powder (85 mg, 0.1 mmol, 33 %).
1

H NMR (400 MHz, C6D6): δ 7.85 (s, 2H), 7.47 (d, J = 8.6 Hz, 2H) 7.30 (d, J = 7.9 Hz, 4H) 6.87 (t, J = 7.7
Hz, 2H), 6.74 (d, J = 7.5 Hz, 2H), 6.66 (m, 4H), 1.46 (s, 18 H).
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