10

11

12

13

14

15

16

17

18

19

20

21

22

23

Controlling the Activity of an
Immobilised Molecular Catalyst by
Lewis Acidity Tuning of the Support
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ABSTRACT: The performance profile of a supported metallocene catalyst in slurry-phase
ethylene polymerization can be significantly enhanced by tuning the chemical composition of
the support. By employing catalyst supports derived from zinc-containing layered double
hydroxides (LDHs), the slurry phase ethylene polymerization productivity of (EBI)ZrCl, (EBI =
rac-ethylenebis(indenyl)) can be quadrupled relative to a magnesium-containing support.
Productivity increases approximately linearly with zinc content of the LDH before reaching a
plateau, our experiments suggest the productivity of this catalyst system is related to the
overall Lewis acidity of the support surface. We have found that iron-containing LDH supports
with a similar overall Lewis acidity also results in productivity enhancements, demonstrating
the general nature of this phenomena.

KEYWORDS:

supported catalyst, support effect, ethylene polymerization, zirconocene, layered double

hydroxide

INTRODUCTION:

Immobilization of molecular catalysts offers many possible advantages, in fine chemical
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synthesis it offers the potential for recycling.[1] However, there remain several barriers to the
introduction of immobilized catalysts in the fine chemicals industry, mainly associated with the
increased costs of heterogenization.[2] By contrast the immobilization of homogeneous (post-
)metallocene polyethylene complexes on a support is an area of great industrial importance,
and therefore has been investigated thoroughly.[3-6] These supported catalysts provide an
alternative to heterogeneous Ziegler-Natta and Phillips catalysts, offering access to polymers
with narrower molecular weight distributions and distinct microstructures.[6] Various methods
of immobilization have been reported,[4] however ion-pairing is the most common due to the
predominantly cationic nature of these catalysts and the ease of immobilizing these species
with the oligomeric anionic species methylaluminoxane (MAO).

A range of inorganic solids and polymeric materials have been investigated, however the most
common is silica.[4, 7-9] While silica offers excellent properties in terms of size and shape
control, its chemical tunability is limited.[7] Polymerization catalysis can be influenced by the
concentration of surface silanols (which can be tuned via calcination)[10] or by
functionalization of the surface with organic molecules introduced by reaction with surface
silanols.[11-13] The influence of the support on the catalyst behavior, has instead been
demonstrated by comparing distinct inorganic supports such as silica and alumina.[14] A
systematic investigation of the influence of the support on these catalysts, therefore
potentially offers an additional route to tuning the polymerisation behaviour of these
catalysts.

A highly tunable class of inorganic supports are layered double hydroxides (LDH). These
inorganic solids are commonly represented by the formula, [M1-gM’x(OH)2]?* [A"/n]-mH,0 (M
and M’ are most commonly divalent (e.g. Mg?*) and trivalent (e.g. AlI**) cations respectively, A™
is an anion, and 0 < x < 1). As such they form Brucite like layers with intercalated anions (A") to

balance the overall positive charge of the metal hydroxide sheet. LDH has previously been
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used as a support for polymerization catalysts,[15-17] and can be templated onto other
inorganic materials to make a range of core-shell species,[18-21] some of which have also
been used as catalyst supports.[22] It has previously been shown that the choice of cations and
anions have a significant influence on polymerization behaviour.

These highly tunable supports have great potential to serve as platform systems, whereby a
number of different metal ions with a range of properties can be incorporated with minimal
structural changes to show how physiochemical properties of the support can influence the
chemistry of the immobilized catalyst. Here we demonstrate how by tuning one aspect (the
nature of the divalent metal cation) the activity of an immobilized ansa-zirconocene complex
(EBI)ZrCl; (EBI = rac-ethylenebis(indenyl)) can be significantly enhanced. We relate this to a
fundamental property of the Lewis acidity of the support and show how the same effect can

be achieved by alternatively tuning the nature of the trivalent metal cation.

RESULTS AND DISCUSSION:

Zinc and magnesium are commonly used divalent cations in LDH chemistry. To investigate
what effect substituting magnesium with zinc had on catalyst activity a series of Zn,(Mgs)Al-
LDHs ([(ZnxMg1-x)0.75Al0.25(0OH)2][CO3]0.125:mH,0) were synthesized by coprecipitation. M(ll) was
varied from 100 % Mg (x = 0) to 100 % Zn (x = 1), in all cases the trivalent cation (M(lIl))
selected was aluminum and the ratio of M(II):M(lll) was fixed at 3:1. The coprecipitation pH
was fixed at 10 and in all cases, the coprecipitation was carried out in the presence of Na,CO3
to produce carbonate containing LDHs. A comparison of the theoretical and actual values of
the ratios of zinc, magnesium and aluminum for this series Zn,(Mgs-)Al (where 0 £ x < 3) is
given in Table 1.

The purity of the synthesized LDH can be demonstrated by the similarity of the theoretical and
the actual values (Table 1), XRD patterns of the synthesized LDH (Figure 1) and from the TGA

(Figure 2, for all TGA and DTGA curves see S, Figures S3-9). The XRD patterns of all the LDHs,
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show the typical Bragg reflections of an LDH (3R; polytype). No crystalline phases associated

with impurities such as zinc oxide are observed, even for Zns;Al with the additional reflections

assignable to the 3R; polytype.[23]

Table 1: Zn,(Mgs—)Al LDHs used to investigate the influence of the divalent cation on

polymerization.

Support Theoretica | Experimenta | Theoretica | Experimenta | Residua | Metal-
| Zn:Mg I I M(Il) Zinc | | I metal
Ratio? Zn:Mg Ratio® | Content M(II) Zinc Weight | distanc
(%)° Content (%)? | at800 |ea (AY
°C (%)e
MgsAl 0:3 0:2.87 0 0 52.43 3.0576
ZnosMgysAl | 0.5:2.5 0.47:2.26 16.7 17.2 55.54 3.0632
Zno7sMga2sA | 0.75:2.25 | 0.72:2.14 25 25.1 56.70 3.0632
I
ZnMg,Al 1:2 0.94:1.86 33.3 33.6 57.74 3.0668
Zn1sMgisAl | 1.5:1.5 1.41:1.41 50 50.0 60.62 3.0694
Zn,MgAl 2:1 1.88:0.94 66.7 66.7 63.79 3.0736
ZnsAl 3:0 2.87:0 100 100 67.52 3.0842

“Determined by ratio of metal nitrates used in coprecipitation, relative to Al. “Determined by

ICP-MS, relative to Al. ‘Determined by ratio of metal nitrates used in coprecipitation.

IDetermined by ICP-MS. ¢Determined by TGA (30 — 800 °C, 5 K.min™*). /Determined using the

position of the 110 Bragg reflection in the powder XRD.
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Figure 1: XRD powder patterns of Zn,(Mgs—)Al LDH (0 < x < 3), see S| Figure S1 for hkl/ indexing

of additional Bragg reflections present in ZnsAl.

Residual Weight (%)

T T T T T T T
100 200 300 400 500 600 700 800
Sample Temperature (°C)

Figure 2: Selected TGA and DTGA curves for Zn,(Mgs—)Al LDH (x = 0 and 3).

Using the XRD data the metal-metal distance a can be determined from the position of the 110
Bragg reflection, this shows an approximately linear trend with the met-al-metal distance
increasing with the zinc content reflecting the substitution of magnesium cations with the
larger zinc cation in the unit cell (see SI, Figure S2).

The TGA of MgsAl LDH shows a typical weight loss profile, with loss of interlayer solvents up to
200 °C, followed by the dehydroxylation of Mg,(OH)Al and MgsOH sites up to 400 °C.[24, 25]
As previously reported, ZnsAl LDH shows a sharp loss of interlayer solvents at lower
temperatures,[26] followed by dehydroxylation at much lower temperatures,[27] as this is
influenced by the nature of the metal hydroxide bond.[28] Both LDH samples show loss of
mass up to 600 °C, which can be ascribed to loss of residual hydroxyl groups and carbonate
anions.[25, 27] The residual weight of the LDH at 800 °C reflects the zinc content, with the
magnesium being replaced by the heavier zinc ions, and the residual weight increasing
approximately linearly (see SI, Figure 510).

To generate the optimum supports for metallocene immobilization, the LDHs were calcined at
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400 °C for 3 hours (at a ramp rate of 10 K.min™!) to generate a semi-amorphous mixed metal
oxide (often referred to as a layered double oxide, LDO). LDOs still retain a low number of
surface hydroxyl groups. Calcination of zinc-containing LDHs can lead to formation of small,
zinc oxide crystallites at low temperature, particularly for those with high zinc content such as
ZnsAl LDH,[29] XRD of the LDO produced showed that disordered ZnO and MgO phases are
produced (see S, Figure $13). ¥’ Al-DPMAS ssNMR suggests that Al cations are incorporated
into these oxide phases as the amount of octahedral and tetrahedral aluminum changes as the

zinc content of the LDO increases, with all the AI**

cations being observed to be tetrahedral
sites consistent with a Wurtzite (ZnO) crystal structure after calcination of ZnsAl-LDH (see S,
Figure S14).

TGA performed under nitrogen to simulate the bulk calcination procedure (30 — 400 °C, 10
K.min™* ramp rate, 3 hours at 400 °C) showed that the residual weight corresponded linearly to
the zinc content (see SI, Figure S11), this suggests that for all supports, the calcination process
has acted similarly with respect to dehydroxylation and loss of anions, the beginning and end
points of which have been proposed to occur over a range of conditions, for example loss of
CO3% as CO; has been reported as beginning at temperatures ranging from below 150 to above
390 °C but is commonly assumed to be concomitant with dehydroxylation.[24, 25, 30]

The calcined support was then reacted with dried methylaluminoxane (d-MAO, 40 wt.%) to
allow for the immobilization of a metallocene. To create the final catalyst 10 umol of (EBI)ZrCl,
was reacted with 200 mg of the d-MAO modified LDH support. Polymerization was carried out
using 10 mg of solid catalyst (0.49 umol Zr) with 50 mL of hexanes as diluent, 150 mg of TiBA as

scavenger and 2 bar ethylene pressure. It is clear that the presence of zinc in the support has a

significant impact on the productivity of the catalyst (Figure 3).
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Figure 3: Productivity of catalysts using Zn,(Mgs—)Al as a function of zinc content (dashed black
line is a guide for the eyes).

We observe that substitution of Mg for Zn in the LDH support is associated with a large
increase in catalyst productivity, the polymerization catalysts produced using ZnsAl LDH is
more than four times as active than those using MgsAl (0.398 vs. 0.078 kgpe.g 2cat.h 7t at 70 °C).
For LDH supports with 0 to 50 % zinc content, productivity increases almost linearly with zinc
content with 25 % zinc content being a slight exception. By contrast there is almost no change
in productivity for catalysts using LDHs with between 50 to 100 % zinc content.

It is important to note that for all the supports the polymer produced is broadly comparable,
having a melting point consistent with high-density polyethylene and GPC showing minimal
change in molecular weight on going from MgsAl to ZnsAl LDH (Figure 4).

In order to investigate the origins of this very dramatic change in productivity the
physicochemical nature of the surface of the supports was investigated. The N, Brunauer-
Emmett-Teller (BET) surface area of the LDOs was determined and it showed that there was an
almost linear decrease in surface area with zinc content that cannot be accounted for just with
the increased mass of zinc (see Sl, Figure S18). This decrease in surface area with zinc content

is likely due to the increasing instability of dehydrated zinc LDH,[26] which leads to the
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collapse of the layered structures prior to dehydroxylation (at temperatures as low as 150 °C)

resulting in significant loss of surface area.
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Figure 4: Molecular weight distribution of polyethylene produced using catalysts with MgsAl
LDH and ZnsAl LDH as supports at 70 °C as determined by GPC. Measured in duplicate, dashed
line is second measurement.

The one exception to this trend is for the support based on 25 % zinc content LDH, where the
surface area of the LDO is significantly higher than would be expected. This exception can be
explained by a change in morphology of this support with the initial LDH being formed from
smaller crystallites due to being unable to incorporate more zinc atoms into the unit cell.
Evidence for this can be seen in the powder XRD patterns, the change in a, which is almost
linear with zinc content shows no change on increasing from 16.7 to 25 %, the nature of the
crystallite domains can also be studied by use of Scherrer equation (see SI, Table S1 for
details). Crucially, these smaller crystallites consist of the fewest layers and so less surface area
is lost when the layered structure collapses at low temperatures.

As the introduction of the more electronegative Zn?* cations has led to an increase in activity
the acid-base properties of the LDOs was also investigated. This was carried out using

Temperature Programmed Desorption (TPD), the binding of ammonia to in-situ calcined
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supports (under N, 30-400 °C, 10 K.min™* ramp rate, 3 hours at 400 °C) was studied. Previous
studies suggest ammonia is adsorbed onto LDO surfaces by two classes of interactions (see
Figure 5).[31]

Prior FT-IR studies suggest that sites that bind ammonia purely through a hydrogen bond (Type
A) are only stable below 200 °C, while sites which incorporate both a hydrogen bond and a
dative interaction (Type B) persist at higher temperature even under vacuum.[31] These
features are distinct in the TPD curve of MgsAl LDO (see Figure 5). For the zinc containing
samples, the TPD curves obtained were deconvoluted into two broad features, and based on
the ratio of these features the total number of sites were split into “Type A” and “Type B” sites
(for further information on deconvolution see the Sl). This was then combined with the surface
area measurements to determine the concentration of each type of site per unit surface area

(see Figure 6).

"Type A" Sites:

o
H-N" H
| NH
H H
[¢] |
—M—  —M-0—

TPD

"Type B" Sites:

l(l)O 1I50 2(I)O 2é0 3(I)O 3;30 4(I)0
Temperature (°C)
Figure 5: TPD curve of ammonia on MgsAl LDO, which shows the two distinct classes of
interaction present between ammonia and the surface (“Type A” and “Type B”).
The overall amount of ammonia that can interact with the LDO increases significantly per unit
surface area for zinc containing LDOs. The additional ammonia is bound by a “medium

strength” acidic site, which is typical for LDO doped with transition metals.[32] Studies on the
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influence of solvent on the acidity and basicity of LDO, suggest that sites of this strength are
Lewis acidic and are capable of binding solvents such as ethanol and acetone.[33] Typically for
MgsAl LDO, Lewis acidic sites are based at AI** cations, but other divalent cations (Ni?*) have
been shown to provide an LDO with some Lewis acidic character.[31] The concentration of
“Type B” sites which feature a Lewis acidic interaction between ammonia and the metal oxide
surface increases linearly up to approximately 50 % zinc content, before remaining relatively
constant (Figure 6). This corresponds qualitatively to the trend observed with catalyst
productivity, and a plot of acidic site concentration against productivity at 90 °C shows a
surprisingly good fit (R = 0.98, see S, Figure $23), although the higher activity of the support
based on a 25 % zinc content LDH must be excluded, due to the higher surface area of this

sample and the subsequent overall higher number of Lewis acidic sites (see Sl, Figures S18 and

522).
—=a— Total Sites (A + B)
—e— "Type A" Sites
4.0+ —— "Type B" Sites
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Figure 6: Change in number of sites as determined by TPD with zinc content and the number of

acidic and basic sites obtained by deconvolution of TPD curves.

As activity increases we observed minimal influence on the nature of the polyethylene
produced, it is likely that the number of active sites involved in polymerization at any given

time is increasing. This could be due to a change in ionization efficiency or, more likely, due to

10
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a change in the nature of the ion pair formed, lowering barriers to insertion. For metallocene
mediated polymerization the number of concurrent active sites are typically low (<30 % of
zirconium centers)[34] and can be influenced by the activator.[35] Previous studies suggest
that the presence of more Lewis acidic species in a support changes how methylaluminoxane
(MAOQ) and aluminum alkyls graft to a protic surface.[36] Studies on MAO in solution have
shown that exchange[37] or removal of aluminum alkyls[38] and the presence of donors can
change the nature of the activating site of MAQO.[39]. We presume that the change in surface
properties leads to changes in the MAO structure which in turn leads to an enhanced activity
by increasing the number of catalytic centers.[40] Further study of the precise structural
changes is hindered by the complex nature of MAO, which is further modified in
composition[41] and structure[42] by drying and then how it interacts with non-periodic
supports.

We have investigated if the overall acid-base balance of the support is in fact a unifying
phenomenon that directly influences the performance of MAO/metallocene supported
catalysts. The acid-base properties of the LDO was varied by substitution of the AI** with Fe3* in
the LDH structure, after calcination of MgsFe LDH the resultant LDO showed an increased
concentration of Lewis acidic “Type B” sites. Polymerization catalysts based on this support
showed an enhanced activity (0.262 kgpe.g  car.h™ at 70 °C) for ethylene polymerization (Figure

7) without changing polymer properties as determined by GPC (Figure 8).

These results show that these dramatic increases in productivity can be achieved by varying
either the M?* or M3* metal sites in the parent LDH. This is despite the much lower number of
M3* sites present in an LDH and the fact that upon calcination, M3* cations migrate out of the
initial layered structure meaning that the number and concentrations of M3* and M?* cations in

an LDO are quite distinct and not easily compared. [24]

11
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Figure 7: Ethylene polymerization productivity (70 °C), for catalysts based on various calcined

LDH supports and the concentration of Lewis acidic “Type B” sites.
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Figure 8: Molecular weight distribution of polyethylene produced using catalysts based on
various LDH supports at 70 °C as determined by GPC. Measured in duplicate, dashed line is
second measurement.

In summary we have shown the potential of mixed metal oxides (LDOs), derived from LDHs as
highly tunable inorganic supports for immobilized molecular catalysts. We demonstrate that
the nature of the active species in [(EBI)ZrCl,]based ethylene polymerization catalysis can be
positively influenced by controlling the underlying acidity-basicity of the support. We are able

to achieve fourfold higher polymer productivity without altering the nature of the

12
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polyethylene produced by simply altering the composition of the support.
This work should facililate a deeper understanding of how the chemical properties of supports
used in industry (such as silica) could be tuned to increase their Lewis acidity and enhance the

catalytic behavior of immobilized molecular catalysts.

EXPERIMENTAL:

All air-sensitive chemistry was carried out under an inert atmosphere using Schlenk line or
glove-box techniques. Toluene and n-hexanes were collected from an MBraun SPS, degassed
on a Schlenk line and stored over a potassium mirror for at least 12 hours before use. d-MAO
used was dried Axion CA1330 provided by Chemtura, dried on a Schlenk line and then stored in
a glove-box before use. (EBI)ZrCl, (STREM Chemicals) and TiBA (Aldrich) were stored in a
glovebox prior to use. AI(NOs)3-9H,0 (99.999 % trace metals), Mg(NOs),-6H,0 (99.999 % trace
metals) and Zn(NOs),-6H,0 (99.999 % trace metals), NaOH (>98 %, pellets), ethanol (>99.8 %)
and pentanes (>99 %) were purchased from Aldrich and used as received.

Synthesis of Zn,(Mgs_,)Al LDH:

25 mmol Al(NO3)3-9H,0 and the appropriate amounts of Mg(NOs),-6H,0 and Zn(NQs),-6H,0
(75 mmol in total) were dissolved in 100 mL deionised water. This was then added at 100 mL.h"
! to0 a sodium carbonate solution (12.5 mmol in 100 mL deionised water), throughout the
addition the pH was monitored and the solution was maintained at pH 10 using 5 M NaOH.
After the addition was complete the white suspension was stirred overnight (18 hours). The
white solid was then filtered off and washed with deionised water until the filtrate was
neutral. The white solid was then washed with 1 litre of ethanol, before resuspending the solid
in 600 mL ethanol and stirring for four hours. The white solid was then collected by filtration,
washed with 400 mL ethanol and dried overnight in a vacuum oven (<30 mBar, R.T.).

Vacuum Calcination of Zn,(Mgs-,)Al LDH:

500 mg of Zn,(Mgs—)Al LDH was placed in a ceramic crucible, which was then placed in a quartz

13
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tube. This tube was placed in a tube furnace, connected to a schlenk line and evacuated. Once
a suitably low vacuum was reached (< 2 x10™! mBar) the sample was heated to 400 °C at a
heating rate of 10 K.min™2, once the furnace reached 400 °C this temperature was maintained
for 3 hours. The tube was under dynamic vacuum throughout the calcination and after
calcination the tube was sealed and brought into a glovebox where the calcined supports
[Zn«(Mgs—x)Al (400 °C, 3 h, 10 K.min™*)] were stored.

Synthesis of Catalyst Support [Zn,(Mgs-)AI (400 °C, 3 h, 10 K.min™')/40 wt.% d-MAO]:

250 mg of calcined support Zn,(Mgs—x)Al (400 °C, 3 h, 10 K.min!) and 100 mg d-MAO were
weighed out and mixed as solids. Toluene (50 mL) was then added and the sample was heated
to 80 °C. To ensure an even distribution of d-MAO on the support the suspension was swirled
continuously for 15 minutes and then swirled every 5 minutes for 105 minutes. After 2 hours,
the suspension was allowed to cool and the toluene was filtered off. The wet solid was dried
under vacuum and the catalyst support [Zny(Mgzx)Al (400 °C, 3 h, 10 K.min)/40 wt.% d-MAO]
stored in a glovebox.

Synthesis of Catalyst [Zn,(Mgs-x)Al (400 °C, 3 h, 10 K.min™*)/40 wt.% d-MAO/(EBI)ZrCl,]:

200 mg of catalyst support [Zn,(Mgs-x)AI (400 °C, 3 h, 10 K.min™%)/40 wt.% d-MAO] and 4.2 mg
(EBI)ZrCl; (10 umol Zr, approx. 100:1 Alpwacy:Zr) were weighed out and mixed as solids. Toluene
(15 mL) was then added and the sample heated to 60 °C. To ensure an even distribution of
(EBI)ZrCl; on the catalyst support, the suspension was swirled as toluene was added and
swirled continuously for 15 minutes and then swirled every 5 minutes for 45 minutes. After 1
hour, the suspension was allowed to cool and the toluene was decanted. The wet solid was
dried under vacuum and the catalyst [Zn,(Mgs-x)Al (400 °C, 3 h, 10 K.min™)/40 wt.% d-
MAO/(EBI)ZrCl;] stored in a glovebox.

Material Characterisation:

Powder X-ray diffraction (PXRD) analysis was carried out using a PANAnalytical X'Pert Pro

14
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Diffractometer in scanning mode using Cu Ka radiation (al= 1.540598 A, a2 = 1.544426 A) in
reflection mode at 40 kV and 40 mA. The samples were packed on stainless steel holders which
can result in peaks at 43.36, 44.29, and 50.51° but which did not interfere with the analysis.
Signals between 26 = 2 - 70° were recorded with step size 0.0167°. LDO samples were packed
in the glovebox and were run immediately after bringing out the glovebox, no evidence of
reconstruction was observed.

Thermogravimetric analyses (TGA) were performed under a nitrogen atmosphere using a
Perkin Elmer TGA 8000. The weight change was recorded from 30 — 800 °C (5 K.min™%). For
calcination under nitrogen, the weight change was recorded from 30 — 400 °C (10 K.min™!) and
over the 3 hour hold period.

Elemental analysis by ICP-MS was carried out by Dr. Alaa Abdul-Sada at the University of
Sussex. Analyses were conducted on 20-30 mg samples digested in conc. nitric acid and
diluted. Each solution was analysed three times.

Solid state NMR were run on a Bruker Avance IIl HD solid state NMR equipped witha 9.4 T
magnet, LDO samples were packed in the glovebox to prevent reconstruction to LDH.
Brunauer-Emmett-Teller (BET) method analysis was carried out using a Micromeritics 3Flex.
LDO samples were weighed out in the glovebox and a check-seal fitted to prevent
reconstruction. The N2 adsorption and desorption of samples were taken at -196 °C.

Prior to measurements with TPD, the LDH was calcined in-situ (to prevent reconstruction)
under He. An amount of LDH was used so that after calcination there was >100 mg of LDO,
based on the residual weight after calcination under N at 400 °C as determined by TGA. TPD
traces were recorded on a Micrometrics AutoChem Il 2920 Chemisorption Analyser equipped
with a thermal conductivity detector (TCD). The sample (>100 mg) was loaded in a quartz U-
tube and purged with He (50 cm®.min) at room temperature for 10 minutes. This flow of

helium was maintained while the temperature was raised to 400 °C using a ramp rate of 10
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K.min and held at this temperature for 3 hours, before cooling to 100 °C (10 K.min™2). 10 %
NHs in He gas (50 cm3.min?) was then flowed over the sample for 1 hour. Physically adsorbed
NH; was then removed by flowing helium (50 cm3.min™*) over the sample for 1 hour. For the
desorption step the sample was heated to 400 °C at a rate of 1 K.min under a helium flow (50
cm3.min?) with a sampling rate of 1 measurement per second.

Polymerisation Procedure:

Polymerisations were run in duplicate, if results were not consistent (defined here as within 10
% of the mean) a third polymerisation was carried out and the average value reported is that
of the two consistent runs. If the third polymerisation was consistent with both original runs,
or if after three runs no consistent results were obtained the average value reported is that of
all three runs. In a glovebox, approx. 150 mg of TiBA was dissolved in 10 mL n-hexanes and
added to a 150 mL ampoule and 10 mg of catalyst was then added. A further 40 mL of n-
hexanes was then added, and the ampoule sealed and brought out of the glovebox. The
ampoule was cycled on to a Schlenk line, heated to the desired temperature using an oil bath
and stirred using a magnetic stirrer bar at 1000 rpm. The ampoule was carefully evacuated,
and then pressurised to 2 Bar with ethylene. Polymerisation was carried out for 30 minutes,
after which the ampoule was vented carefully, and the polymer isolated by filtration and
washed with pentanes (50 mL) before air drying.

Polymer Characterisation:

HT-GPC were carried out by AS-Norner, each sample was run in duplicate on a high
temperature gel permeation chromatograph with a IR5 infrared detector (GPC-IR5) Samples
were dissolved in trichlorobenzene (TCB) with 300 ppm of 3,5-di-tert-butyl-4-hydroxytoluene
(BHT) at 160 °C for 90 minutes and filtered with a 10 um filter. Samples were run using TCB
(300 ppm BHT) at a flow rate of 0.5 mL.min as a mobile phase with 1 mg/mL BHT added as a

flow rate marker. The GPC column and detector were set at 145 and 160 °C respectively.
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Differential scanning calorimetry was carried out on a Perkin Elmer 4000 DSC, calibrated using
indium at a scan rate of 20 K.min*. Samples were heated to 180 °C at 20 K.min to remove
thermal history held at 180 °C for a minute before cooling to 30 °C (20 K.min™), after holding
for a minute the sample was again heated to 180 °C (20 K.min!) to record the melting point.
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