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Correlating electronic properties of a nickel
polymerisation catalyst with the branching density
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This work investigates how the electronic properties of a nickel ethylene polymerisation catalyst can be
used to exert control on key polymerisation steps namely chain walking and chain propagation and in
turn affect branching and polymer molecular weight. Specifically, a series of sterically enhanced
2-(imino)-4-R-pyridine-nickel complexes (R = OMe Nil, Me Ni2, H Ni3, Br Ni4, CF3 Ni5, NO, Ni6) that
differ only in the electronic properties of the para-R substituent have been prepared and fully
characterised. Under activation with EASC (ethyl aluminium sesquichloride), all nickel catalysts exhibited
high activities for ethylene polymerisation and produced branched polyethylenes (BPE: branching density
range: 61-99/1000 Cs) with a range of molecular weights (4.89-154 kg mol™); the relative order of
catalytic activity being: Ni5 (CFs) > Ni4 (Br) > Nil (OMe) > Ni6 (NO,) > Ni3 (H) > Ni2 (Me).

Received 14th July 2025, Additionally, cyclovaltametry measurements performed on Nil-Ni6 have been used to measure half-

Accepted 12th August 2025 wave potentials (Eq/) that can serve as a quantitative descriptor of the electronic effect. Moreover, good
DOI: 10.1039/d5cy00859] correlations exist between E;, and i) the degree of branching and ii) the polymer molecular weight.
Importantly, this study highlights the potential of E;,, as a predictive tool for rational design of catalysts

rsc.li/catalysis to make tailored BPE's.

process.”** Indeed a wide range of branched architectures
are accessible that can be influenced by not only physical
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Polyethylene is a commercially important polymer that is
considered as the most widely produced polyolefin globally."™
As a significant variant of it, branched polyethylene (BPE)
has been utilised in a broad range of industrial and
bioengineering applications and fields including films,
sensors, capsules as well as end-uses exploiting their
elastomeric  properties  (POEs).>">  Traditionally, the
production of BPE's have relied on either a high pressure free
radical process or a metal-catalysed copolymerisation
process.”'®™® As an alternative approach, a metal-mediated
polymerisation process making use of ethylene as the sole
feedstock offers an attractive and direct route to such valuable
polymers.

In this regard nickel-based catalysts bearing o-diimine N,
N-chelating ligands (e.g., 1,4-diazabutadiene, 2-iminopyridine
etc.) have emerged over the last 30 years that can mediate the
formation of BPE's via a distinctive chain-walking
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properties such as temperature and pressure but also by the
structural properties of the catalyst.”> >’

In terms of the catalyst structure, electronic and steric
changes made to the N,N-ligand manifold have proved highly
influential whereby distinct effects can be observed on catalyst
activity, polymer molecular weight and the branching
properties of the PE.*>*® With respect to steric variations, the
introduction of exceptionally bulky groups to the
ortho-positions of the N-aryl groups such as benzhydryl
(CHPh,), represents a more recent approach that has seen
increases in polymer molecular weight (M,,), branching content
as well as thermal stability of the catalyst (e.g., I, in Chart 1).*°

Elsewhere electronic changes to the remote para-positions
of the N-aryl groups have been studied on a range of N,N-
ligand frames (e.g., I and II, Chart 1).>**' For N,0-chelated
nickel precatalysts, Chen et al. found that such electronic
perturbations can play a role in determining the polyethylene
branches (IIl, Chart 1).** Similarly, Long et al studied
electronic effects made to the backbone and N-aryl group in
IV (Chart 1) and additionally reported some correlation
between the redox half-wave potential (E;/,) of the particular
N,N-nickel precatalyst and the observed polyethylene
branching.*
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Chart 1 Selected

Ni(in)
precatalyst (I-1V), including this work (V), and the sites on their ligand
framework (R) used to study electronic effects.

examples of ethylene polymerisation

With the aim to gain a greater understanding about the
relationship between E;, at the catalyst level and various
properties of the resulting polymers, a more diverse range
of substituents with a wider range of electronic properties
was targeted. Herein, we report a family of 2-(arylimino)-4-
R-pyridines-nickel(n) bromide complexes each appended
with an  N-2,6-bis{di(4-fluoro)benzhydryl}-4-methylphenyl
group (Chart 1). Six members of this family, differing in
the electronic properties of the 4-R group (viz. OMe, Me, H,
Br, CF;, NO,) on the pyridine moiety are discussed, and
these precatalysts are employed under identical conditions
as catalysts for ethylene polymerisation. We reasoned that
by positioning the R group on the para-position of the
pyridine donor, it would have a more significant effect on
performance than in I-IV (Chart 1). Full details of the
synthetic and polymerisation procedures are presented
alongside the cyclovoltammetry measurements and various
other characterisation methods.

Results and discussion

(a) Synthesis and characterisation of ligands and complexes

A series of 2-(arylimino)-4-R-pyridines, 2-{(2,6-{(p-FCsH),-
CH},-4-MeC¢H,)N—CMe}-4-RCsH;N (L1 R = OMe, L2 R = Me,
L3 R=H,L4 R=Br, L5 R=CF;, L6 R = NOZ) were prepared
by the condensation reaction of 2-acetyl-4-R-pyridine with
2,6-bis(bis(4-fluorophenyl)methyl)-4-methylaniline in

R
R R .
X Ar-NH; = il ‘
[ NHp, pTsOHHZO (cat) _ | NiBr(DME) N
N Toluene, reflux, 48 h N i CH,Ch, RT, ovemight \
-Ni

|
N
0 N Br Ar
Br
Ni1 - Ni6

F F
R|OMe Me H Br CF3 NO,
F O O F Ligand| L1 L2 L3 L4 L5 L6
Are g O 0 Complex| Ni1 Ni2 Ni3 Ni4 Ni5 Ni6
Y Yield/Complex (%)| 70 82 83 67 89 60
I

Scheme 1 Synthetic route to 2-imino-4-R-pyridines, L1-L6 and their
nickel(i) bromide complexes, Nil-Ni6.
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moderate to good yields (Scheme 1). Subsequently, the
corresponding nickel(n) complexes, [(N,N)NiBr,] [N,N = L1
(Ni1), L2 (Ni2), L3 (Ni3), L4 (Ni4), L5 (Ni5), L6 (Ni6)] were
synthesised by reacting L1-L6 with one equivalent of
NiBr,(DME) (DME = 1,2-dimethoxyethane) in
dichloromethane at ambient temperature. Compounds L1-
L2, L4-L6 and their corresponding nickel complexes are
novel, while L3 and Ni3 have been reported before.>* All
compounds were obtained in good yield and characterised by
a combination of 'H, *C and '°F NMR, FT-IR spectroscopy,
HRMS, single crystal X-ray diffraction and elemental analysis.

Single crystals of Nil1, Ni2, Ni3 and Ni4 suitable for the
X-ray determinations were grown by slow cooling of hot
acetonitrile solutions of each complex, while those for Ni5
and Ni6 were grown from dichloromethane by layering with
diethyl ether or hexane. Only the structure of Ni1 (Fig. 1) will
be discussed in any detail, while crystallographic details for
Ni2 to Ni6 are presented in the SI.

A view of Ni1(NCMe) is shown in Fig. 1, while selected
bond lengths and bond angles are given in the caption. The
structure consists of a single Ni(u) centre surrounded by N,N-
chelating L1, two bromide ligands and a molecule of
acetonitrile to complete a coordination geometry best
described as distorted trigonal bipyamidal (z; value** = 0.60).
The molecule of acetonitrile derives from adventitious
coordination during crystallisation.”> The Ni(1)-N(2)imine
bond distance of 2.0465(18) A is slightly longer than the
Ni(1)-N(1)pyridine Of 2.0255(19) A, which likely reflects the
steric properties of the N-aryl group. It is noteworthy that the
electronic properties of the para-R group have some effect on
the Ni(1)-N(1)pyrigine bond lengths when all six structures are
compared (see Table S3). Notably, when the electron

Cc7

Fig. 1 ORTEP representation of Nil(NCMe) with the thermal ellipsoids
set at the 50% probability level; the hydrogen atoms have been
omitted for clarity. Selected bond distances (A): Ni(1)-Br(1) 2.4506(4)
Ni(1)-Br(2) 2.4538(5), Ni(1)-N(1) 2.0255(19), Ni(1)-N(2) 2.0465(18), Ni(1)-
N(3) 2.0373(19), selected bond angles (°): Br(1)-Ni(1)-Br(2) 135.581(18),
N(1)-Ni(1)-Br(1) 90.21(6), N(1)-Ni(1)-Br(2) 89.37(6), N(1)-Ni(1)-N(2)
78.98(7), N(1)-Ni(1)-N(3) 171.33(8).

This journal is © The Royal Society of Chemistry 2025
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withdrawing properties of R increase, the Ni(1)-N(1)yridine
distance in general increases from 2.0255(19) A in methoxy-
containing Ni1(NCMe) to 2.0453(18) (A) in NO, derivative
Ni6(NCMe); the outlier being for Ni3(NCMe) (2.0493(14) (A)).
The N(2)-C(6) double bond of 1.287(3) (A) in Ni1(NCMe) is
typical of a C=N double bond, while the sterically bulky
N-2,6-bis{di(4-fluoro)benzhydryl}-4-methylphenyl ~ group is
inclined towards perpendicular to the N,N-coordination
plane. The O(1)-C(3)pyriaine bond distance of 1.345(3) (A) is
distinctly shorter than that of O(1)-C(7)metny, 1.436(3) (A),
which indicates some n-interaction of the methoxy oxygen
atom with the pyridine ring. There are no intermolecular
contacts of note.

In the IR spectra of Nil to Ni6, the v(C=N)imine
absorptions fall around 1600 cm™" which are typically 23-50
em™" less than that seen in L1 to L6. All complexes are
paramagnetic and gave magnetic moments (g range:
2.64-3.05 BM) that are consistent with two unpaired
electrons (S = 1)°**” In their '"H NMR spectra, this
paramagnetism is manifested by broad and highly shifted
peaks appearing in their "H NMR spectra (see Table S1).
Typically, these peaks are seen in the range -23 to +221
ppm with some level of assignment possible. For example,
the meta-protons belonging to the pyridine ring appear
between 60-80 ppm, while the ortho-protons are highly
downfield shifted to ca. 200 ppm (broad and weak).
Similarly, the peaks observed in the region of 15-20 ppm
and 25-30 ppm can be assigned to the N-aryl meta protons
and imine-methyl protons, respectively, based on
comparison with previous studies performed in our group.

Conversely, their °F NMR spectra are simpler and each
reveal two distinct signals which suggests some restricted
rotation for the F-substituted ortho-benzhydryl groups. In the
case of Ni5, an additional more downfield fluorine resonance
is seen for the para-CF; group. In their mass spectra,
fragmentation peaks corresponding to [M-Br|" ions are seen
for all complexes. The microanalytical data for all nickel
complexes further support the proposed LNiBr, composition.

(b) Catalytic evaluation and polymer characterisation

To determine the most suitable activator, five different
aluminium-alkyl reagents were initially assessed using Ni1 as
the test precatalyst (Table 1). All polymerisation runs were
performed in toluene with the ethylene pressure set at 10

Table 1 Activator screening using Nil for ethylene polymerisation®
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atm, the temperature at 30 °C and the run time at 30 min. By
employing MAO (methylaluminoxane), MMAO (modified
methylaluminoxane), EtAlICl,, Et,AICI and EASC (ethyl
aluminium sesquichloride), it was found that the resultant
catalytic activities using Nil followed the order: EASC > Et,-
AICI > EtAlICl, > MMAO > MAO. In terms of molecular
weights of the polyethylenes, it was noted the ethyl
aluminium chloride containing activators tended to form
slightly higher values when compared to their MAO
comparators but showed slightly broader dispersities. On the
basis of the level of catalytic activity, EASC was taken forward
for further for more detailed studies.

To identify an effective set of conditions that could be
used to evaluate all six nickel precatalysts using EASC, Nil
was subjected to a series of experiments directed towards
ascertaining the optimal run temperature and Al:Ni molar
ratio (Table 2). In the first instance, the temperature of the
run using Ni1/EASC was varied from 20 °C to 50 °C with the
Al:Ni ratio fixed at 400:1 (runs 1-4, Table 2). The highest
activity of 1.87 x 10° g of PE (mol of Ni)™ h™ was found at 30
°C generating a narrowly disperse polymer (M,/M, = 1.89)
with a molecular weight of 6.14 kg mol™. In terms of
variations in polymer molecular weight, a general drop was
seen from 13.0 kg mol ™" at 20 °C to 3.09 kg mol ™" at 50 °C, in
line with thermally induced chain transfer. Inspection of the
corresponding 7, values reveals a general decrease in
accordance with the lowering in M, and also greater
branching (via chain-walking) in the polymer as the
temperature was increased (runs 1-4, Table 2). With the run
temperature maintained at 30 °C, the Al:Ni molar ratio was
then varied between 300:1 to 700:1 (runs 2, 5-8, Table 2)
with the result that 600:1 gave the peak activity of 2.03 x 10°
g of PE (mol of Ni)™ h™. Once again, the dispersity of the
polymer remained narrow and the molecular weight
comparable with the obtained with an Al:Ni ratio of 400:1
(run 2, Table 2).

With an effective set of conditions established for Ni1/
EASC, [Al:Ni = 600:1, run temperature = 30 °C, Pc g, = 10
atm, run time = 30 min], the remaining five nickel
precatalysts, Ni2-Ni6, were evaluated similarly (runs 9-13,
Table 2). All catalysts proved highly active displaying well-
controlled polymerisations (M,/M, range: 1.75-2.41) with
their relative order being: Ni5 (CF;) > Ni4 (Br) > Nil (OMe)
> Ni6 (NO,) > Ni3 (H) > Ni2 (Me). With the exception of Ni6,
the nickel catalysts bearing electron-withdrawing para-R

Entry Activator PE (g) Al:Ni Act. M,* M /My T? (°C)
1 MAO 0.79 2000: 1 0.79 2.41 1.63 63.7
2 MMAO 1.16 2000:1 1.16 2.66 1.75 69.3
3 EtAICI, 1.23 400:1 1.23 4.62 1.85 59.8
4 EtAICI 1.60 400:1 1.60 4.22 1.82 50.5
5 EASC 1.87 400:1 1.87 6.14 1.89 64.4

“ Conditions: 2.0 pmol of Ni1, 100 mL of toluene, 10 atm C,H,, 30 °C, 30 min. ? Values in units of 10° g (PE) (mol of Ni) " h™. ¢ M,, in units of

kg mol ™, determined by GPC. ¢ Determined by DSC.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Ethylene polymerisation results using Nil-Ni6 and EASC*
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Run Precatalyst T (°C) Al:Ni Activity” M,° My /My© T (°C)
1 Ni1 20 400:1 1.17 13.0 2.05 93.5
2 Ni1 30 400:1 1.87 6.14 1.89 64.4
3 Ni1 40 400:1 1.47 3.47 1.45 54.8
4 Nil 50 400:1 1.36 3.09 1.40 41.3
5 Ni1 30 300:1 0.32 6.81 1.81 71.3
6 Nil 30 500:1 1.94 5.32 2.02 62.9
7 Nil 30 600:1 2.03 5.93 1.75 61.3
8 Ni1 30 700:1 1.79 4.69 1.91 61.2
9 Ni2 30 600:1 1.15 4.89 1.83 61.0
10° Ni3 30 600:1 1.64 5.67 1.92 72.6
11 Ni4 30 600:1 3.83 11.1 1.94 90.4
12 Ni5 30 600:1 4.17 13.7 2.07 104.1
13 Ni6 30 600:1 1.89 15.4 2.41 117.8

“ Conditions: 2.0 pmol of nickel precatalyst, 100 mL of toluene, 10 atm C,H,, 30 °C, 30 min. ? Values in units of 10° g (mol of Ni)™ h™. ¢ M,
in units of kg mol ™, determined by GPC. ¢ Determined by DSC. ¢ The results for Ni3 are consistent with the published data.*

substituents generally showed higher activities compared to
those bearing electron-donating substituents. Indeed, the
highest activity was observed using CF;-containing Ni5 (4.17
x 10° g of PE (mol of Ni)™ h™, run 12, Table 2). It remains
unclear as to why NO,-containing Ni6 does not follow this
trend, but related phenomenon have also been observed in
other catalyst systems containing NO, substituents.**?*?8
When compared to CFz;, the NO, substituent exhibits
stronger electron-withdrawing ability, as is evidenced by the
Hammett constants (o,(NO,) 0.78, 0,(CF5) 0.56).%°
However, NO, not only displays strong electron-withdrawing
ability, but is also a highly reactive unit."” Hence, in the
presence of excess of the [Al] activators, side reactions may
occur, resulting in decreased activity. As a further
observation, there is a tendency for the molecular weight and
Tm values of the PE to increase as the electron-withdrawing
properties of the para-R group increase with NO,-containing
Ni6 producing the highest M, of 15.4 kg mol™. It would
seem likely that the enhanced electrophilicity of the active
metal centre facilitates the chain propagation leading to
higher activity and higher molecular weight polymer.

To explore the branching density of the polymers
produced using Ni1-Ni6 in runs 7 and 9-13 (Table 2), we
used semi-quantitative high temperature '*C NMR
spectroscopy to measure it."”*'™** Table 3 collects together

Table 3 Branching density (B) and composition of the polymer samples"'b

the results of the data analysis along with the values of the
branching density (B) expressed in terms of branches per
1000 Cs. As shown in Table 3, the BPE produced by this
catalyst family displays a medium to high degree of
branching, with levels falling between 61 and 99/1000 Cs.
Evidently, as the para-R substituent changes from electron-
donating to electron-withdrawing, the branching density
tends to decrease. This result is consistent with that reported
by Long and Chen,**?® where the nickel complexes bearing
electron-withdrawing substituents tend to decrease the
branching density. This trend may be explained by the
competition between the various steps in the ethylene
polymerisation process. In N,N-nickel catalyst systems, the
competition between chain-walking and chain propagation
determines the preference of branch formation.*>**™° This
can be further rationalised in term of the ability of their
B-agostic intermediates to undergo ethylene coordination.
Where the electron withdrawing substituents increase the
electron deficiency at the nickel centre, thereby promoting
the ethylene coordination over chain walking.***>*7:49:>1:52
All BPEs producing Nil1-Ni6 with EASC as activator were
further investigated using *C NMR spectroscopy. The *C
NMR spectrum of the polymer produced using Nil/EASC
(run 7, Table 2) is shown as a representative example in
Fig. 2 (PE-Ni1), while others are included in the SI. The

Branching composition (%)

PE sample B/1000 Cs Me Et Pr Bu Amyl Longer Me (1,4-paired) Me (1,6-paired)
PE-Ni1 99 79.8 0.2 4.6 2.1 4.1 9.2 5.3 5.5

PE-Ni2 98 81.1 1.3 0 5.2 0 12.5 3.6 6.0

PE-Ni3*® 91 70.4 2.0 2.9 2.2 12.2 10.3 7.6 4.2

PE-Ni4 76 88.7 0 0 0 0 11.3 0 0

PE-Ni5 65 78.3 0 0 0 0 21.7 7.2 0

PE-Ni6 61 85.9 0 4.5 3.1 0 6.5 0 3.1

“ Data obtained using high temperature '*C NMR spectroscopy. * Analysis performed using approaches described in the literature.*"**%* ¢ Data

obtained from ref. 30.
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Fig. 2 *C NMR spectrum of PE-Nil produced using Ni1/EASC (run 7, Table 2) in the region  11-41 ppm; recorded in C,D,Cl, at 100 °C.

upfield resonances seen between J 10 to 40 ppm highlight
the range of branching found in PE-Nil. Analysis of these
peaks reveals the presence of predominantly methyl
branches, accounting for between 70-89% of the total
branches, which may be attributed to the secondary carbons
formed by chain-walking.** In contrast, other shorter chain
branches are relatively scarce, with longer chain branches

— Ni2 Me

1000 4
500 |
ERCE
e
€
o
E
= =
3 ~500
-1000 |
-1500 T T T T T 1
-2.0 -1.5 -1.0 -0.5 0.0 05 1.0
Potential / V

becoming more prevalent. Interestingly, for PE-Ni4 and PE-
Ni5, only methyl and longer branches were observed.

To more accurately discuss the influence of electronic
effects of the catalysts on the polymerisation, it is necessary
to introduce some parameters that can quantitatively
describe the electronic properties. Herein, we make use of
classical Hammett constants as well as the half-wave

—— Me
——CF3

Current

T E,»(Me) I E, ,(CF;) 4
-12 -1.0

Potential / V

Fig. 3 Left: The CV trace for the global scan of Ni2 (referenced to ferrocene/ferrocenium) in the region from -2.0 to 1.0 V. Right: The CV traces
for the local scans of Ni2 (Me) and Ni5 (CF3) in the region from -0.7 to -1.4 V.

This journal is © The Royal Society of Chemistry 2025
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potential in the discussion of the polymerisation results
(vide infra).

(c) CV scans and E;,, measurements

In an attempt to correlate the distinct electronic properties
of Ni1-Ni6 with the variations in branching density as well
as other properties of the polymer, we set about
determining their half-wave potentials (E;,) by cyclic
voltammetry (CV). Typically, these CV measurements were
conducted using acetonitrile as the solvent, [nBu,N][PF,] as
the supporting electrolyte and the scan rate fixed at 50 mV
s % all are referenced to a ferrocene/ferrocenium standard.
Two representative local traces for Ni2 and Ni5 are shown
in Fig. 3(right), along with the global scan for Ni2
(Fig. 3, left); all other global and local scans for the nickel
complexes are collected in the SI. The E;, values were
determined from the average value of the oxidative and
reductive peak potentials of the quasi-reversible peak in the
CV traces.”

For Ni2 (Me) and Ni5 (CF;), the differences in the
magnitude of the E;, values of -1.057 V and -0.963 V,
respectively, show how the nature of the para-R group
impacts on this parameter. Specifically, the more electron-
withdrawing the group is, the less negative the value of E;,.
For purposes of comparison, these E;, values for all six
complexes are collected alongside the Hammett constants®’
for the given R groups in Table 4, and are additionally plotted
in Fig. 4. Inspection of the plot, reveals a R> value of 0.99
implying a highly linear correlation between the o, for the
para-R substituent and the E;, of the nickel precatalyst. In
addition, the complexes bearing electron-donating groups
exhibit lower o, and E;j. It is worth noting that whilst the
Hammett constant provides an electronic effect of the
particular substituent, it does not comprehensively account
for the behaviour of the entire complex. Nevertheless, the two
parameters indicate excellent correlation within the error
bars.

By inspection of Table 4, two key points emerge. Firstly,
the branching density of the polymer generally shows a
downward trend as the E;;, value becomes less negative; this
data is plotted in Fig. 5. Evidently, the E;, and branching

Table 4 Ej, values for the nickel precatalysts, Hammett constants for
their R groups and selected polymer data

Ni1l Ni2 Ni3 Ni4 Ni5 Ni6
para-R OMe Me H Br CF; NO,
E;p* (V) -1.068 -1.057 -1.033  -1.004 -0.963  -0.902
apb -0.27 -0.17 0 0.23 0.54 0.78
M,° 5.93 4.89 5.67 11.1 13.7 15.4
B? 99 98 91 76 65 61
T 61.3 61.0 72.6 90.4 104.1 117.8

¢ Half-wave potential of the nickel complexes determined from
their cyclic voltammograms. ” Hammett values obtained from the
literature.* ¢ M,, in units of kg mol™’. ¢ B = branches per 1000 Cs.
¢ Melting temperature in units of °C.
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Fig. 4 Plot of experimentally determined E;;, values against the
Hammett constants (o) of the para-R groups in the nickel precatalysts
(R? = 0.99).

density (B) exhibited a linear negative correlation, which can
be fitted into a linear function E;;, = —0.7-0.004B, where the
R? = 0.96 demonstrated a significant correlation. Notably, the
slope indicates that for every 0.01 V difference in E;,, a
change of around 3 branches/1000 Cs occurs in the resulting
BPE. Furthermore, it can also be observed that for catalysts
bearing electron withdrawing groups (NO,, CF;, Br), the
branching density decreases with appreciable changes in E;,.
By contrast, for catalysts bearing electron donating groups
(MeO, Me), the variation in E,, is less pronounced, with only
minor changes in the distinctly higher values of B. As
mentioned earlier, we attribute this increased branching to
the decreasing electrophilicity of the active metal centre
leading to more favourable chain-walking over chain
propagation. Nevertheless, these result point towards the
possibility that the value of E;/,, could be used as predictive
tool to measure branching density without the need for
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Fig. 5 Plot of experimentally determined E;/, values (in V) against the
experimental branching density B (R? = 0.96).
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additional polymerisation tests. This hypothesis has been
previously proposed and tested by Long et al®® using the
classic Brookhart type a-diimine nickel catalyst. In this work,
we have extended this to the 2-iminopyridine-nickel catalyst
family where we have broadened the range of substituents,
and noted comparable observations.

As a second point, the variation in E;;, can also, to some
degree, be correlated with the molecular weight of the BPE.
As shown in Fig. 6, the E;, and the M, of the polymer
formed by the nickel catalysts followed a positive linear trend
with an R® = 0.89. However, it is evident for catalysts bearing
electron withdrawing groups this relationship works well but
is less effective with electron donating groups. In the latter
case, the polymer molecular weights do not increase
sequentially with E,/, for Ni1 (OMe) and Ni2 (Me) displaying
minimal variations and comparable with Ni3 (H). These
findings are consistent with previous reports using a similar
catalyst type.** However, the introduction of electron
withdrawing groups in Ni4-Ni6 sees the M,, increase steadily
within the 10* kg mol™ range with Ej,. Indeed, the highest
molecular weight BPE was found in Ni6/EASC, 15.4 kg mol ",
which is significantly higher (3-5 times) than in previous
reported results.*>>*> To the knowledge of the authors, this
trend has not been observed in other 2-iminopyridine-nickel
catalysts where electronic modifications have been made to
the N-aryl group.®® It is likely that this can be attributed to
the more direct and enhanced electronic effect on the nickel
centre by the para-R substitution of the conjugated pyridine
ring.

Conclusions

In summary, a novel family of 2-(arylimino)-4-R-pyridine-
nickel(n) precatalysts, Nil-Ni6, differing only in their
electronic properties of the 4-R group (R = OMe, Me, H, Br,
CF3, NO,), has been successfully synthesised in good to high
yield. Structural characterisation, performed on Ni1-Ni6
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= 7 4Ni5
= e
Y o0 7
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-1.05 e
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Fig. 6 Plot of experimentally determined E;,, values (in V) against
molecular weight of the PE's produced by Ni1-Ni6 (R? = 0.89).
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highlights the significant steric properties imparted by the
ortho-di(4-fluoro)benzhydryl groups and the impact the
para-R group have on key bond parameters. On activation
with EASC, all catalysts displayed high activity producing
branched polymers with narrow dispersity. The highest
catalyst activity was obtained with CF;-containing Ni5 while
NO,-containing Ni6 produced the highest molecular weight
and least branched polyethylene (15.4 kg mol™*; 61 branches/
1000 Cs). Cyclic voltammetry has been performed on Ni1-Ni6
and has allowed E;, values to be readily extracted. These E;,
values vary depending on the type of 4-R substituent, and
show strong correlation with their Hammett constant.
Moreover, it is evident that the value of E;/, can be correlated
with not only the branching density but also to some level
the molecular weight of the resulting polymer. In particular,
as the E;, of the complex becomes more negative, the
branching density Overall, we feel these
observations support the concept that the value of E;), for a
nickel precatalyst shows promise as a tool for predicting the
level of branching, and in all likelihood other polymer
properties such as molecular weight. More generally, this
methodology has scope to provide a valuable insight for
producing BPE's with specific properties for a given
application.

increases.

Experimental section
(a) Materials and methods

All air-sensitive experiments were carried out under a
nitrogen atmosphere using standard Schlenk techniques.
Deuterated solvents used for NMR analysis were pre-dried.
All solvents were dried over the appropriate drying agent and
distilled under nitrogen where necessary. All NMR spectra
data (*H, "°C, '°F) were recorded on a Bruker Avance III 500
MHz spectrometer with a 5 mm BBO probe, Bruker Avance
III HD 400 MHz spectrometer with a 5 mm BBO probe or a
Bruker Avance NEO 500 MHz spectrometer with either a 5
mm Prodigy BBO cryoprobe or a 5 mm BBFO probe in the
deuterated solvents CDCI; or CD;OD. The determination of
the magnetic moments (geg) for the nickel(nr) complexes
made use of the Evans NMR method described previously.**
Infra-red (IR) data were recorded using a Perkin Elmer
Spectrum One instrument in the solid state. Elemental
analysis was recorded on a Flash EA 1112 microanalyzer.
Electrospray ionisation mass spectrometry analyses were
completed in acetonitrile using a Waters Quattro mass
spectrometer with a Gilson HPLC system included, as well as
a Waters SQD2 mass spectrometer with a Waters Acquity
H-Class UPLC and Waters 2777C Auto-sampler included. The
GPC data was recorded on a PL-GPC220 instrument operating
at 150 °C with 1,2,4-trichlorobenzene as the solvent at a flow
rate of 1.0 mL min'. The DSC data was recorded on a
PerkinElmer TA-Q2000 DSC analyser under a nitrogen
atmosphere. During this procedure, a sample (4.0-6.0 mg)
was heated to 150 °C at a rate of 20 °C min~* and kept for 5
min at 150 °C to remove the thermal history and cooled to
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—20 °C at a rate of 20 °C min~". For the "*C NMR spectra of
the polyethylenes, a weighed amount of polyethylene (ca. 50
mg) was added to 1,1,2,2-tetrachloroethane-d, (1 mL) with
TMS as an internal standard. Inverse gated *C spectra
recorded on a Bruker AV III 500WB spectrometer at 100 °C in
5 mm standard glass tubes at 100 °C with the number of
scans between 3537 and 4352. Operating conditions used:
spectral width 17986 kHz; acquisition time 1.8 s; relaxation
delay 2.0 s; pulse width 15.5 ps. An estimation of the
branching content was made by integration of the
corresponding peaks in the '*C NMR spectra using
approaches described in the literature.”***  Cyclic
voltammetry measurements were conducted using a
potentiostat with 0.01 mmol of the nickel complexes
dissolved in 3 mL of dry acetonitrile containing a supporting
electrolyte of 0.2 M nBu,NPF,. A silver electrode was used as
the reference electrode, a platinum working electrode, and a
platinum counter electrode. The measurements were
performed at a scan rate of 50 mV s™".

All chemicals used in the experiments were sourced from
commercial suppliers, unless otherwise specified for
synthetic chemicals. Full synthetic details for 2-(arylimino)-4-
R-pyridines,  2-{(2,6-{( p-FC¢H,),CH},-4-MeCsH,)N—CMe}-4-
RC;H;N (L1 R = OMe, L2 R=Me, L3 R=H, L4 R=Br, L5 R =
CF;, L6 R = NO,) are presented in the SI.

(b) Syntheses of the nickel(u) complexes

L1NiBr, (Ni1). A small dry Schlenk flask equipped with
a magnetic stirrer was evacuated and backfilled with
nitrogen. NiBr,(DME) (0.031 g, 0.10 mmol) and dry CH,-
Cl, (10 mL) were added, and the reaction mixture was
stirred at room temperature until almost all the nickel
salt had dissolved. L1 (0.065 g, 0.1 mmol) was added
and the stirred at room temperature
overnight. At the end of the reaction, petroleum ether
40/60 (50 mL) was added and the resulting precipitate
was allowed to settle to the bottom. The supernatant
solution was removed by syringe and the precipitate was
washed with petroleum ether (2 x 50 mL). Following
drying under reduced pressure, Nil was isolated as a
green solid (0.06 g, 70%). Table S1 gives the 'H NMR
data. "F NMR (500 MHz, CDCl;): 6 ppm -115.42,
-116.80. ESMS (MeCN) mj/z: 783 [M-Br], 824 [M-Br +
MeCN]. FT-IR (cm™'): 1013 (w), 1040 (m), 1098 (w), 1157
(s), 1219 (s), 1324 (s), 1503 (s), 1603 (m, C=N), 2362
(w), 2980 (w). Anal. Caled. for C,Hjz,Br,F,;N,NiO-MeCN-1/
4CH,Cl,: C 56.13, H 3.87, N 4.54; found C 56.30, H
3.52, N 4.77. pery (Evans NMR): 2.92 BM.

L2NiBr, (Ni2). Ni2 was prepared using a similar method
and molar ratios as that described for Nil and was isolated
as a green solid (0.073 g, 82%). Table S1 gives the '"H NMR
data. F NMR (500 MHz, CDCl;): § ppm -114.99, -116.32.
ESMS (MeCN) m/z: 767 [M-Br]. FT-IR (cm*): 1013 (w), 1028
(w), 1098 (w), 1157 (m), 1217 (s), 1320 (w), 1374 (w), 1503 (s),
1546 (w), 1606 (m, C=N), 2924 (w), 2982 (w), 3056 (w). Anal.

mixture was
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Caled. for C4 Hs,Br,F,N,Ni-1.5MeCN-0.5H,0: C 57.58, H
4.12, N 5.34; found C 57.74, H 4.14, N 5.44. fieqr (Evans NMR):
2.68 BM.

L3NiBr, (Ni3). Ni3 was prepared using a similar method
and molar ratios as that described for Ni1 and was isolated
as a green solid (0.102 g, 83%). The IR data and '°F NMR
data are consistent with what has been previously reported.*’
Table S1 gives the "H NMR data. g.¢ (Evans NMR): 2.78 BM.

LANiBr, (Ni4). Ni4 was prepared using a similar method
and molar ratios as that described for Ni1l and was isolated
as a green solid (0.12 g, 67%). Table S1 gives the 'H NMR
data. F NMR (500 MHz, CDCl;): § ppm -114.99, -116.32.
ESMS (MeCN) m/z: 797 [M—-2Br + H + MeCN], 832 [M-Br], 872
[M-Br + MeCN]. FT-IR (cm™): 1015 (w), 1095 (w), 1157 (m),
1217 (s), 1311 (m), 1503 (s), 1577 (w), 1600 (w, C=N), 2926
(w), 3054 (w), 3074 (w). Anal. Caled. for C,,H;,Br;F,;N;Ni-3/
2MeCN: C 53.04, H 3.47, N 5.04; found C 53.13, H 3.51, N
5.18. flege (Evans NMR): 2.64 BM.

L5NiBr, (Ni5). A small dry Schlenk flask equipped with a
magnetic stirrer was evacuated and backfilled with nitrogen.
NiBr,(DME) (0.031 g, 0.1 mmol) and dry CH,Cl, (8 mL) and
dry EtOH (2 mL) were added, and the reaction mixture was
stirred at room temperature until all the nickel salt had
dissolved. L5 (0.066 g, 0.1 mmol) was added and the mixture
was stirred at room temperature overnight. Upon completion,
the solvent was removed under reduced pressure. The solid
was wash with diethyl ether and hexane, Ni5 was isolated as
a green solid (0.078 g, 89%). Table S1 gives the "H NMR data.
1F NMR (500 MHz, CDCl;): § ppm -64.65, ~114.46, -116.31.
ESMS (MeCN) m/z: FT-IR (cm™*): 1015 (w), 1087 (w), 1155 (m),
1184 (m), 1223 (m), 1264 (m), 1307 (w), 1339 (w), 1374 (w),
1423 (w), 1503 (s), 1602 (w, C=N), 2922 (w) Anal. Calcd. for
Ca1H,oBr,F,N,Ni: C 54.64, H 3.24, N 3.11; found C 54.30, H
3.30, N 2.95. ftogr (Evans NMR): 3.05 BM.

L6NiBr, (Ni6). Ni6 was prepared using a similar method
and molar ratios as that described for Ni5 and was isolated
as a green solid (0.055 g, 60%). Table S1 gives the "H NMR
data. F NMR (500 MHz, CDCl;): § ppm -114.12, -116.09.
ESMS (MeCN) m/z: 798 [M-Br], 840 [M-Br + MeCN]. FT-IR
(em™): 1015 (W), 1095 (w), 1157 (m), 1225 (s), 1315 (w), 1355
(w), 1505 (s), 1540 (w), 1600 (w, C=N), 2852 (w), 2920 (w).
Anal. Caled. for CuoH,oBr,F,N;NiO,-3/2EtOH-1/4CH,Cl,: C
53.64, H 4.34, N 4.01; found C 53.62, H 4.08, N 4.16. e
(Evans NMR): 2.98 BM.

(c) Ethylene polymerisation evaluation

The polymerisation runs were carried out in a stainless-steel
autoclave (250 mL) which was equipped with an ethylene
pressure control system, a temperature controller and a
mechanical stirrer. The precatalyst (2 umol) was added to an
oven-dried autoclave, which was then placed under reduced
pressure and backfilled with ethylene three times. When the
set reaction temperature was reached, freshly distilled
toluene (3 x 25 mL) was injected into the autoclave to
dissolve the precatalyst. The required amount of activator

This journal is © The Royal Society of Chemistry 2025
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(i.e., MAO, MMAO, EtAICl,, Et,AlCl, EASC) was introduced by
syringe followed by more toluene (25 mL) to complete the
addition. The autoclave was immediately pressurised to 10
atm of C,H,, and the mechanical stirring commenced. After
the required reaction time, the autoclave was allowed to cool
to room temperature and the ethylene pressure released
before 10% hydrochloric acid in ethanol added to quench the
reaction. The polymer was collected by filtration and washed
with ethanol. Following drying under at room temperature
overnight, the polymer sample was weighed.

(d) Crystallographic determinations

Data for Ni1-Ni6 were collected using a Bruker D8 Quest
diffractometer with a Photon III detector and a microfocus
source with Cu-Ko radiation (4 = 1.54178). Intensities were
integrated from data recorded on 1° frames by o or ¢
rotation. A multi-scan method absorption correction was
applied. The structures were solved using SHELXS or SHELXT
the datasets were refined by full-matrix least-squares on
reflections with F> > 2¢(F®) values, with anisotropic
displacement parameters for all nonhydrogen atoms, and
with constrained riding hydrogen geometries; Uis,(H) was set
at 1.2 (1.5 for methyl groups) times U, of the parent atom.
SHELX was employed through OLEX2(1) for structure
solution and refinement.”® Crystal data and crystallographic
parameters for all six structures are summarised in Table S2.
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