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eight PE elastomers through 4,4-
difluorobenzhydryl substitution in symmetrical a-
diimino-nickel ethylene polymerization catalysts†

Yuting Zheng, ab Shu Jiang, ab Ming Liu, b Zhixin Yu,*a Yanping Ma, bc

Gregory A. Solan,*bc Wenjuan Zhang, bd Tongling Liang b and Wen-Hua Sun *b

The following family of N,N-diaryl-2,3-dimethyl-1,4-diazabutadienes, ArN]C(Me)C(Me)]NAr (Ar ¼ 2,6-

Me2-4-{CH(4-FC6H4)2}C6H2 L1, 2-Me-6-Et-4-{CH(4-FC6H4)2}C6H2 L2, 2,4-{CH(4-FC6H4)2}2-6-MeC6H2

L3, 2,4-{CH(4-FC6H4)2}2-6-EtC6H2 L4, 2,4-{CH(4-FC6H4)2}2-6-iPrC6H2 L5), each incorporating para-

substituted 4,4-difluorobenzhydryl groups but differing in the ortho-pairing, have been synthesized and

used as precursors to their respective nickel(II) bromide complexes, Ni1–Ni5. Compound

characterization has been achieved through a combination of FT-IR, multinuclear NMR spectroscopy

(1H, 13C, 19F) and elemental analysis. In addition, L1, Ni1 and Ni5 have been structurally characterized with

Ni1 and Ni5 revealing similarly distorted tetrahedral geometries about nickel but with distinct differences

in the steric protection offered by the ortho-substituents. All nickel complexes, under suitable activation,

showed high activity for ethylene polymerization with a predilection towards forming branched high

molecular weight polyethylene with narrow dispersity. Notably the most sterically bulky Ni5, under

activation with either EtAlCl2, Et2AlCl or EASC, was exceptionally active (0.9–1.0 � 107 g of PE per (mol

of Ni) per h) at an operating temperature of 40 �C. Furthermore, the polyethylene generated displayed

molecular weights close to one million g mol�1 (Mw range: 829–922 kg mol�1) with high branching

densities (86–102/1000 carbons) and a selectivity for short chain branches (% Me ¼ 94.3% (EtAlCl2),

87.2% (Et2AlCl), 87.7% (EASC)). Further analysis of the mechanical properties of the polymers produced at

40 �C and 50 �C using Ni5 highlighted the key role played by crystallinity (Xc) and molecular weight (Mw)

on tensile strength (sb) and elongation at break (3b). In addition, stress–strain recovery tests reveal these

high molecular weight polymers to exhibit characteristics of thermoplastic elastomers (TPEs).
Introduction

The synthesis of late transition-metal catalysts for ethylene
polymerization has remained a subject of enduring interest in
academia and industry, since the groundbreaking work by
Brookhart and co-workers on a-diimine group 10 (nickel and
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palladium) catalysts in the mid-1990s.1–3 Perhaps more
remarkable is the fact that these highly active catalysts can allow
the formation of moderate to highly branched polymers by
using ethylene as the single feedstock.4 Since then, this catalyst
class has been the target of a multitude of studies1a,3,5 with
variations in the steric6 and electronic properties5b,7 of the
ligand frame allowing a means to regulate and control the
performance of the catalyst and the structural properties of the
polyethylene.

With particular regard to a-diimino-nickel catalysts, great
advances have been made over the last few years with regard to
improvements in thermal stability and catalytic activity of their
active species. These developments have largely been concerned
with modifying the ligand backbone and changing the substit-
uents on the imino N-aryl groups.3c In terms of our contribution
to the area, we have examined in some depth the scope of non-
symmetric 1,2-bis(imino)acenaphthene-nickel(II) halide
complexes (A, Chart 1), where one N-aryl group is appended
with sterically bulky benzhydryl (CHPh2) or its uorinated
derivatives, e.g., Ar1 ¼ 2,6-dibenzhydryl-4-R,8 2,6-bis(di-
uorobenzhydryl)-4-R,9 2,4-dibenzhydryl-6-R10 and 2,4-
RSC Adv., 2022, 12, 24037–24049 | 24037
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Chart 1 a-Diimino-nickel(II) halide complexes based on unsymmet-
rical 1,2-bis(arylimino)acenaphthenes (A) and 2,3-dimethyl-1,4-dia-
zabutadienes (B) along with target precatalyst, C.
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bis(diuorobenzhydryl)-6-R11 (R ¼ alkyl, halide and aryl). As
a result, certain conclusions can be drawn from these investi-
gations, including the increased thermostability of these cata-
lysts and the enhanced catalytic activity, particularly for the 4,4-
diuorobenzhydryl-substituted systems; polyethylenes gener-
ated can vary from low molecular weight to narrowly dispersed
high molecular weight. From our viewpoint, these fundamental
studies can help accelerate the synthesis of an industrially
relevant a-diimine catalyst that can achieve precise regulation
of the polymer.

By the same token, N,N0-diaryl-2,3-dimethyl-1,4-
diazabutadiene-nickel complexes (B, Chart 1) incorporating
2,6-bis(diuorobenzhydryl) groups on one side of the ligand
frame, have shown encouraging results by producing highly
branched polyethylene with high molecular weight that can
sometimes display bimodal distributions.12 As with the A-type
precatalysts, the presence of the uoro-substituents has been
demonstrated to have a benecial effect on both catalytic
activity as well as on the thermal stability.

As part of our current program, we are aiming to expand the
types of nickel catalyst by harnessing the positive inuence of
the 4,4-diuorobenzhydryl groups on catalytic activity and other
properties.9,11 In particular, we report herein a new series of
symmetrical N,N-diaryl-2,3-dimethyl-1,4-diazabutadiene-nickel
precatalysts (C, Chart 1), that all contain one para-4,4-diuor-
obenzhydryl substituent per N-aryl group but differ in the
pairings for the ortho-substituents ((Me/Me, Me/Et, Me/(p-
FPh)2CH), Et/(p-FPh)2CH, iPr/(p-FPh)2CH). We considered that
this progressive increase in the steric properties of the ortho-
substitution pattern would not only impact on catalytic activity
and thermostability, but also on the polymer molecular weight
and the degree and composition of branching. The control of
the latter being central to the development of elastomeric
polyethylene with high molecular weight.13 Consequently,
a thorough ethylene polymerization study is described to
explore these changes, and also probe the inuence of co-
catalyst type, run temperature and ethylene pressure. All
ligands and complexes are new and so full details for ligand
synthesis and complexation are reported. Furthermore, the
potential for isomeric species in the ligand, precatalyst and
catalyst offers additional points of interest.
Scheme 1 Synthetic route to the N,N-diaryl-2,3-dimethyl-1,4-dia-
zabutadienes (L1–L5) and their nickel(II) bromide complexes (Ni1–Ni5).
Results and discussion
Synthesis and characterization of L1–L5 and Ni1–Ni5

The N,N-diaryl-2,3-dimethyl-1,4-diazabutadienes, ArN]C(Me)
C(Me)]NAr, where Ar ¼ 2,6-Me2-4-{CH(4-FC6H4)2}C6H2 L1, 2-
24038 | RSC Adv., 2022, 12, 24037–24049
Me-6-Et-4-{CH(4-FC6H4)2}C6H2 L2, 2,4-{CH(4-FC6H4)2}2-6-
MeC6H2 L3, 2,4-{CH(4-FC6H4)2}2-6-EtC6H2 L4, 2,4-{CH(4-
FC6H4)2}2-6-iPrC6H2 L5), were prepared in two steps (Scheme 1).
Firstly, 2,3-butanedione was treated with the corresponding 4,4-
diuorobenzhydryl-substituted aniline in acetic acid in the
presence of zinc(II) chloride. The resulting zinc intermediate
was then demetallated by interaction with an aqueous solution
of potassium carbonate to afford L1–L5; similar template/
demetallation approaches have been reported previously.14 All
a-diimines were characterized by 1H NMR and 13C NMR spec-
troscopy (see Fig. S1–S10†), FT-IR spectroscopy (see Fig. S11–
S15†) and elemental analysis. Subsequently, reacting L1–L5
with (DME)NiBr2 (DME ¼ 1,2-dimethoxyethane) in THF at
ambient temperature gave on work-up, [(ArN]C(Me)C(Me)]
NAr)]NiBr2 (Ar ¼ 2,6-Me2-4-{CH(4-FC6H4)2}C6H2 Ni1, 2-Me-6-Et-
4-{CH(4-FC6H4)2}C6H2 Ni2, 2,4-{CH(4-FC6H4)2}2-6-MeC6H2 Ni3,
2,4-{CH(4-FC6H4)2}2-6-EtC6H2 Ni4, 2,4-{CH(4-FC6H4)2}2-6-
iPrC6H2 Ni5), in good yield (Scheme 1). All complexes were
isolated as air stable brick red solids and characterized by FT-IR
spectroscopy (see Fig. S16–S20†), 1H NMR (see Fig. S21–S25†)
and 19F NMR spectroscopy (see Fig. S26–S30†) and elemental
analysis. In addition, the molecular structures of L3, Ni1 and
Ni5 were determined by single crystal X-ray diffraction.

Several isomers are possible for L1–L5 on the basis of Z,E-
isomerism about the C]N bonds, s-cis/s-trans isomerism and
anti/syn isomerism as a result of hindered rotation of the N-aryl
groups (Scheme 2).5g,h,j,6c,15 Given that L2 (R1 ¼ Me, R2 ¼ Et)
shows peaks for one compound in its 1H NMR spectrum (see
Fig. S2†), it would suggest that E,E/Z,E and s-cis/s-trans inter-
conversions for both L2-anti and L2-syn are fast on the labora-
tory timescale at room temperature. By contrast for L3–L5, two
isomers were seen in their 1H NMR spectra in ratios of
approximately 5 : 1 which we have attributed to the presence of
anti and syn isomers, respectively (see Fig. S3–S5†). In these
cases the steric properties of the sterically bulky ortho-CH(p-
FPh)2 groups are considered to impede N-aryl rotation resulting
in an enriched anti conformer. Similar observations are seen in
the uorine-free comparators of L3–L5.5k The 1H NMR spectra
of the complexes were all broad and paramagnetically shied (S
¼ 1) (see Fig. S21–S25†). For example, the 1H NMR spectrum of
Ni4 displayed two broad signals around dH 24 and dH 28 ppm for
its ortho-ethyl groups due to its steric hindrance16 (see
Fig. S24†). By comparison for Ni2, at least three broad reso-
nances are observed in the dH 24–28 ppm region Ni2 (see
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Some possible isomers for L1–L5 based on E/Z isomerism,
s-cis/s-trans isomerism and anti/syn isomerism; where f ¼ CH(p-
FPh)2.
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Fig. S22†), which would suggest the presence of both Ni2-anti
and Ni2-syn forms. Similar phenomena were seen in the 1H
NMR spectra of Ni3–Ni5 (see Fig. S14 and S25†), which were
likely due to the characteristic temperature dependence and
relaxation effects of paramagnetic complexes.16,17

In the 19F NMR spectrum of L1 a single broad peak at
d �116.85 ppm was seen on account of the equivalent para-4,4-
diuorobenzhydryl groups, which is slightly downeld shied
on coordination to nickel (see Fig. S26a† for spectra of L1 and
Ni1). By contrast in L3, the 19F NMR spectrum showed three
distinct uoride resonances, two closely located signals at
d �116.69 and �116.80 ppm, and another more downeld at
d �115.87 ppm. By comparison with L1, the more intense
resonance at d �116.69 can be assigned to the freely rotating
para-4,4-diuorobenzhydryl groups, while the other two reso-
nances to inequivalent CH(4-FC6H4)a(4-FC6H4)b groups on
account of restricted rotation due to the proximity of the imine-
methyl group,18 further evidence for this restricted rotation can
be detected in the 13C NMR spectra (see Fig. S5–S10†). Similarly,
complex Ni3 display three uoride resonances in an approxi-
mate 1 : 2 : 1 ratio (Fig. 1b and S28†), with the signals at
d �114.44 and d �116.38 ppm assignable to the ortho-CH(4-
FC6H4)a(4-FC6H4)b groups, while the third resonance centered
at d �115.33 ppm to the para-4,4-diuorobenzhydryl substit-
uent. Closer inspection of this latter signal, however, reveals it
to comprise two closely located resonances, which would
suggest that some restricted Cpara-aryl rotation is also possible
Fig. 1 ORTEP drawing of L3 (molecule A). Thermal ellipsoids are
shown at the 30% probability level while the hydrogen atoms have
been omitted for clarity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
in the complex. Notably, in Ni4 these signals for the para-CH(4-
FC6H4)a(4-FC6H4)b groups become more distinct (Fig. S29†).

Single crystals of L3, Ni2 and Ni5 of appropriate quality for
the X-ray determination were obtained by layering dichloro-
methane solutions of each compound with diethyl ether. The
structures of L3, Ni1 and Ni5 are depicted in Fig. 2–4, while
selected bond lengths and angles are collected in Table 1. For
Ni5 two independent molecules (A and B) were present in the
asymmetric unit while in L3 there were three (A, B and C). As the
molecules showed only minimal differences, only molecule A
for each structure will be discussed in any detail. For the two
nickel complexes, Ni1 and Ni5, the structures are similar and
based on a four coordinate nickel center bound by a bidentate
N,N-diaryl-2,3-dimethyl-1,4-diazabutadiene ligand (aryl ¼ 2,6-
dimethyl-4-bis(4-uorophenyl)methylphenyl Ni1 and 2,4-di
{bis(4-uorophenyl)methyl}-6-isopropylphenyl Ni5) and two
monodentate bromide ligands. In terms of geometry, this can
be described as distorted tetrahedral which is in part enforced
by the N–Ni–N bite angle of the N,N-chelating ligand [81.2(3)�

Ni1, 81.7(3)� Ni5]. Notably, there is some variation in the Br1–
Ni1–Br2 angles between the two structures (123.15(9)� Ni1,
116.69(9)� Ni5), which may relate to the differences in substi-
tution pattern on the N-aryl groups. The Ni–N bond lengths in
both structures are comparable [Ni(1)–N(1) 2.024(8) �A (Ni1),
2.009(9)�A (Ni5); Ni(1)–N(2) 2.006(9)�A (Ni1), 2.014(8)�A (Ni5)], as
are the Ni–Br lengths [Ni(1)–Br(1) 2.338(2) �A (Ni1), 2.336(2) �A
(Ni5); Ni(1)–Br(2) 2.317(2) �A (Ni1), 2.326(2) �A (Ni5)] and indeed
consistent with that found in previous reports.8a,19–22 The planes
of the N-aryl groups are almost perpendicular to the coordina-
tion plane C3–C4–N1–Ni–N2, as evidenced by the dihedral
angles for Ni1 (83.25�, 88.55�) and Ni5 (81.20�, 78.94�). By
comparison, the structure of the free ligand, L3, shows a E,E-s-
trans conguration with the bulky ortho-substituents on each N-
aryl ring adopting an anti conformer; such a transoid disposi-
tion of the imine nitrogens in 1,4-diazabutadienes is
commonplace.15 The C–Nimine bond lengths (N1–C3 1.276(3)�A,
N2–C4 1.270(3) �A) are nonetheless similar to that seen in
complexes Ni1 (N1–C3 1.288(13)�A, N2–C4 1.323(12)�A) and Ni5
(N1–C3 1.291(12) �A, N2–C4 1.286(12) �A). The 4,4-diuor-
obenzhydryl substituents in each of the three structures show
no unusual features.
Fig. 2 ORTEP drawing ofNi1. Thermal ellipsoids are shown at the 30%
probability level while the hydrogen atoms have been omitted for
clarity.

RSC Adv., 2022, 12, 24037–24049 | 24039
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Fig. 3 ORTEP drawing of Ni5 (molecule A). Thermal ellipsoids are
shown at the 30% probability level while the hydrogen atoms have
been omitted for clarity.

Fig. 4 Comparison of catalytic activity andmolecular weight of the PE
produced using Ni5 with that for A2,6-(CHPh2)2, A2,6-{(p-FPh)2CH}2, A2,4{(p-

FPh)2CH}2 and fluorine-free examples of C2,4(CHPh2)2; all polymerizations
performed in toluene at 40 �C under similar conditions using Et2AlCl as
co-catalyst.

Table 2 Screening of Ni2 for ethylene polymerization with a selection
of different co-catalystsa

Entry Co-cat. Al : Ni Activityb Mw
c Mw/Mn

c Tm
d (�C)

1 MAO 2000 6.84 2.25 2.27 105.5
2 MMAO 2000 4.11 2.53 2.62 112.4
3 EtAlCl2 400 5.21 2.53 2.55 104.4
4 Et2AlCl 400 4.81 1.91 2.72 106.3
5 EASC 400 4.08 2.34 3.12 106.8

a General conditions: 2 mmol of Ni2, 30 �C, 30 min, 10 atm ethylene,
100 mL toluene. b �106 g of PE per (mol of Ni) per h. c Determined by
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Ethylene polymerization evaluation

Co-catalyst screen. In the rst instance, we set about iden-
tifying the most suitable co-catalyst to deliver the highest
productivity by employing 2-methyl-6-ethyl-4-{bis-(4,4-
Table 1 Selected bond lengths (�A) and angles (�) for L3, Ni1 and Ni5

L3 (molecule A)

Br(1)–Ni(1) —
Br(2)–Ni(1) —
Ni(1)–N(1) —
Ni(1)–N(2) —
N(1)–C(3) 1.276(3)
N(2)–C(4) 1.270(3)
N(1)–C(5) 1.413(2)
C(4)–C(3) 1.502(3)
C–F (range) 1.352(3)-1.364(2)
Br(2)–Ni(1)–Br(1) —
N(2)–Ni(1)–Br(1) —
N(2)–Ni(1)–Br(2) —
N(1)–Ni(1)–Br(1) —
N(1)–Ni(1)–Br(2) —
N(1)–Ni(1)–N(2) —
C(4)–C(3)–N(1) 115.97(19)
C(3)–C(4)–N(2) 115.45(10)

24040 | RSC Adv., 2022, 12, 24037–24049
diuorobenzhydryl)}phenyl substituted Ni2 as our test pre-
catalyst. Five commonly employed aluminum-alkyl co-catalysts
were initially explored namely, methylaluminoxane (MAO),
modied MAO (MMAO; contains 20–25% AliBu3), dieth-
ylaluminum chloride (Et2AlCl), ethylaluminum dichloride
(EtAlCl2) and ethylaluminum sesquichloride (EASC). All
preliminary polymerization runs were performed in toluene at
30 �C with the ethylene pressure kept at 10 atm and the run time
at 30 minutes; the results of the evaluations are collected in
Table 2. Inspection of the data reveals that all the aluminum
alkyls were capable of activating Ni2 with MAO the standout
performer allowing Ni2 to reach the maximum activity of 6.84�
106 g of PE per (mol of Ni) per h. On the basis of the level of
catalytic activity, MAO was taken forward for further investiga-
tion as was EtAlCl2 which proved the second most effective co-
catalyst (5.21 � 106 g of PE per (mol of Ni) per h).
Ethylene polymerization using Ni1–Ni5 in combination with
MAO

To allow an optimization of the performance of Ni2/MAO and in
turn establish a set of conditions that could be utilized to screen
the other nickel precatalysts, we initiated a study to explore the
Ni1 Ni5 (molecule A)

2.336(2) 2.338(2)
2.326(2) 2.317(2)
2.009(9) 2.007(8)
2.014(8) 2.019(7)
1.288(13) 1.291(12)
1.323(12) 1.286(12)
1.433(12) 1.413(13)
1.493(14) 1.498(14)
1.349(13)-1.376(13) 1.359(14)-1.381(15)
123.15(9) 116.69(9)
116.4(2) 116.4(2)
109.2(2) 109.2(2)
100.4(3) 100.4(3)
118.6(2) 118.6(2)
81.7(3) 81.7(3)
117.0(8) 116.6(8)
114.6(8) 115.0(8)

GPC, Mw in units of �105 g mol�1. d Determined by DSC.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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effect of Al : Ni molar ratio, run time, temperature and ethylene
pressure; the complete set of results are gathered in Table 3.

With the temperature maintained at 30 �C, the Al : Ni molar
ratio using Ni2/MAO was subject to a stepwise increase from
1000 : 1 to 3000 : 1 (entries 1–5, Table 3). Initially the activity
was seen to rise reaching a highpoint of 7.17 � 106 g of PE per
(mol of Ni) per h with the ratio at 1500 : 1, then as the ratio was
increased further the activity progressively decreased. As
a further point, the activity was seen to increase sharply when
the Al : Ni molar ratio was adjusted from 1000 : 1 to 1500 : 1,
which suggests there is a critical amount of MAO required
before good activity can be achieved. As has been previously
observed, the amount of MAO employed can inuence the
molecular weight of the polymer.9a–c,11,12,19,22–24 Similarly in this
case, an increase in the Al : Ni molar ratio led to a decrease in
the value ofMw from 539 kg mol�1 at 1000 : 1 to 186 kg mol�1 at
3000 : 1 (Fig. S32†). It would seem likely that termination of the
polymerization involving chain transfer to aluminum is to some
extent operational with larger ratios of MAO.8b,f,9d,11 Some
support for this is provided by the absence of detectable
downeld vinylic peaks in the d 110 � 140 region (Fig. S40†) of
the 13C NMR spectrum of the polymer (see later), although the
high molecular weight of this polymer may also explain this
absence.

With the Al : Ni molar ratio retained at 1500 : 1, the poly-
merization runs using Ni2/MAO were performed at ve distinct
temperatures ranging from 20 �C to 60 �C. Examination of the
data revealed that at 30 �C, the activity of 7.17 � 106 g of PE per
Table 3 Results for the ethylene polymerization evaluation usingNi1–
Ni5 in combination with MAOa

Entry Precat.
T
(�C)

t
(min) Al : Ni Act.b Mw

c Mw/Mn
c Tm

d (�C)

1 Ni2 30 30 1000 1.12 5.39 2.59 127.6
2 Ni2 30 30 1500 7.17 3.13 2.58 107.5
3 Ni2 30 30 2000 6.84 2.25 2.27 105.2
4 Ni2 30 30 2500 6.12 2.14 2.44 116.0
5 Ni2 30 30 3000 5.76 1.86 2.68 111.3
6 Ni2 20 30 1500 1.05 6.14 2.34 129.6
7 Ni2 40 30 1500 3.56 2.25 2.77 121.5
8 Ni2 50 30 1500 2.48 1.80 2.20 118.7
9 Ni2 60 30 1500 1.02 1.00 3.06 93.4
10 Ni2 30 5 1500 15.60 2.31 2.73 116.5
11 Ni2 30 15 1500 11.84 3.12 2.14 113.3
12 Ni2 30 45 1500 5.11 3.18 2.00 124.9
13 Ni2 30 60 1500 3.94 4.05 2.92 126.4
14e Ni2 30 30 1500 2.77 2.42 2.43 121.1
15f Ni2 30 30 1500 0.08 0.71 5.51 65.4
16 Ni1 30 30 1500 6.01 9.11 2.88 111.3
17 Ni3 30 30 1500 3.93 9.42 2.18 116.6
18 Ni4 30 30 1500 1.54 3.63 2.75 116.9
19 Ni5 30 30 1500 1.13 10.48 2.37 95.5
20 Ni5 40 30 1500 3.17 8.67 2.49 68.1
21 Ni5 50 30 1500 1.01 7.44 2.65 63.1

a General conditions: 2 mmol of nickel precatalyst, 30 �C, 30 min, 10 atm
ethylene, 100 mL toluene. b �106 g of PE per (mol of Ni) per h.
c Determined by GPC, Mw in units of �105 g mol�1. d Determined by
DSC. e 5 atm of ethylene. f 1 atm of ethylene.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(mol of Ni) per h remained the highest (entry 2, Table 3). It was
apparent that on raising the temperature beyond 30 �C, the rate
of chain transfer increased while the active species showed
some evidence of deactivation.25 Meanwhile, the inuence of
temperature on themolecular weight of the polymer was similar
than that seen with a change in the Al : Ni molar ratio. In
particular, on raising the temperature of the run, the molecular
weight of the polymer decreased from 614 kg mol�1 at 20 �C to
100 kg mol�1 at 60 �C (Fig. S33†); a nding that can be attrib-
uted to thermally induced chain transfer.8b,f,9d,10a,11

With the temperature and the amount of MAO retained at
30 �C and 1500 equivalents, respectively, the impact of run time
on the performance of Ni2/MAO was explored. By employing set
times between 5 minutes and 60 minutes (entries 2, 10–13,
Table 3), it was noted that the peak activity was observed aer 5
minutes with levels reaching up to 15.6� 106 g of PE per (mol of
Ni) per h. Such a highpoint in activity early in the run would
imply rapid formation of the active species followed by gradual
catalyst deactivation.6c Nonetheless, even aer one hour, the
activity still remained at an appreciable level [3.94 � 106 g of PE
per (mol of Ni) per h] highlighting the signicant lifetime dis-
played by this catalyst. Further studies showed that the
response of Ni2/MAO to variations in ethylene pressure were
consistent with previous studies,19 with a lowering in the pres-
sure leading to a reduction in the activity (entries 14 and 15,
Table 3). Concomitantly, the molecular weight of the polymer
decreased, and the dispersity broadened. It would seem plau-
sible that a reduced ethylene pressure would result in mass
transport limitations of the ethylene monomer leading to an
increase in the rate of chain transfer to aluminum, thereby
decreasing the molecular weight of the polymer.6c,8g

With an effective set of reaction conditions now established
for Ni2/MAO, the remaining precatalysts, Ni1, Ni3–Ni5, were
then evaluated similarly with the aim to explore the inuence of
structural changes to the ligand frame on catalytic performance
(entries 16–19, Table 3). All catalysts displayed good activity
(1.13–7.17 � 106 g of PE per (mol of Ni) per h) generating
polymers that showed narrow dispersities (Mw/Mn range: 2.18–
2.88). Overall, the order of activity was as follows: Ni2 [2-Me-6-
Et-4-(4,4-diuorobenzhydryl)] > Ni1 [2,6-Me2-4-(4,4-diuor-
obenzhydryl)] > Ni3 [2,4-di(4,4-diuoro-benzhydryl)-6-Me] > Ni4
[2,4-di(4,4-diuorobenzhydryl)-6-Et] > Ni5 [2,4-di(4,4-diuor-
obenzhydryl)-6-iPr].

Several points emerge from inspection of this order. Firstly,
the precatalysts incorporating the less sterically bulky ortho-
substituents, Ni1 (Me/Me) and Ni2 (Me/Et) proved the most
active, which is consistent with previous observations.21 Of
these two systems, Ni2 showed the highest productivity [7.17 �
106 g of PE per (mol of Ni)], which may originate from favorable
electronic or steric factors imparted by the possible syn/anti
conformers; this is, however, far from clear.5g,6,7 Secondly, it is
apparent that the incorporation of one sterically bulky ortho-
(4,4-diuorobenzhydryl) group per N-aryl unit depressed activity
at this temperature. It is possible that the anti/syn mixture seen
in L3–L5, may not in this case be benecial to the polymeriza-
tion if reproduced in Ni3–Ni5. Nonetheless, for the three cata-
lysts based on this substitution pattern (Ni3, Ni4 and Ni5), the
RSC Adv., 2022, 12, 24037–24049 | 24041
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Table 4 Results for the ethylene polymerization evaluation usingNi1–
Ni5 in combination with EtAlCl2

a

Entry Precat.
T
(�C)

t
(min) Al : Ni Act.b Mw

c Mw/Mn
c Tm

d (�C)

1 Ni2 30 30 300 3.28 2.34 2.87 107.7
2 Ni2 30 30 400 5.21 2.53 2.55 104.4
3 Ni2 30 30 500 5.83 2.48 2.59 106.3
4 Ni2 30 30 600 6.48 2.05 2.79 99.0
5 Ni2 30 30 700 4.84 2.63 2.05 110.1
6 Ni2 30 30 800 4.24 2.48 2.31 112.7
7 Ni2 20 30 600 5.30 3.64 2.73 116.5
8 Ni2 40 30 600 5.82 1.18 1.96 87.9
9 Ni2 50 30 600 4.88 1.03 2.36 86.5
10 Ni2 60 30 600 2.39 0.69 2.76 65.0
11 Ni2 30 5 600 17.52 1.49 2.76 108.3
12 Ni2 30 15 600 7.40 1.87 2.46 112.7
13 Ni2 30 45 600 4.74 2.27 2.72 108.7
14 Ni2 30 60 600 3.73 2.40 2.56 109.5
15e Ni2 30 30 600 4.93 1.60 2.43 106.7
16f Ni2 30 30 600 0.35 0.68 1.91 47.8
17 Ni1 30 30 600 6.14 13.08 2.17 109.9
18 Ni3 30 30 600 7.43 8.19 2.84 109.0
19 Ni4 30 30 600 4.95 1.28 2.90 114.0
20 Ni5 30 30 600 4.81 15.19 2.30 93.3
21 Ni5 40 30 600 9.20 9.22 2.45 69.6
22 Ni5 50 30 600 4.43 8.88 2.25 50.1
23g Ni5 40 30 600 8.97 8.36 2.68 77.3
24h Ni5 40 30 600 10.03 8.29 3.12 73.8

a General conditions: 2 mmol of nickel precatalyst, 30 �C, 30 min, 10 atm
ethylene, 100 mL toluene. b �106 g of PE per (mol of Ni) per h.
c Determined by GPC, Mw in units of �105 g mol�1. d Determined by
DSC. e 5 atm of ethylene. f 1 atm of ethylene. g Ni5 in combination
with Et2AlCl.

h Ni5 in combination with EASC.
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steric properties of the second ortho-substituent (Me, Et, iPr)
proved inuential with 6-methyl Ni3 more active than 6-iso-
propyl Ni5.

By contrast, in terms of polymer molecular weight the order
follows: Ni5 [2,4-di(4,4-diuorobenzhydryl)-6-iPr] > Ni3 [2,4-
di(4,4-diuorobenzhydryl)-6-Me] > Ni1 [2,6-Me2-4-(4,4-diuor-
obenzhydryl)] > Ni4 [2,4-di(4,4-diuorobenzhydryl)-6-Et] > Ni2
[2-Me-6-Et-4-(4,4-diuorobenzhydryl)]. Interestingly, for ortho-
ethyl substituted Ni2 and Ni4, the molecular weight of the
resulting polymers was notably lower than that seen with the
other catalysts (Mw range: 313–363 kg mol�1). However, it
remains unclear as to how this structural variation makes it
more amenable to chain transfer.6c,8g On the other hand, the
molecular weight of the polymer produced using the most
sterically bulky Ni5 was more than a million g mol�1 (i.e., 1048
kg mol�1, entry 19, Table 3); see Fig. S30† for a pictorial
representation of the molecular weight variations. Notably,
when compared with their non-uorinated benzhydryl
comparators,21,26 these MAO-activated para-4,4-
diuorobenzhydryl-substituted nickel complexes exhibited
higher activities (see later). Such a nding is consistent with the
electron-withdrawing uoride substituents enhancing the
Lewis acidity of the active metal species leading to more effec-
tive monomer coordination and insertion.27–29

To probe the response of ortho-(4,4-diuorobenzhydryl)-
substituted Ni5 to run temperature, we also investigated Ni5/
MAO at temperatures in excess of 30 �C. Signicantly, this
catalyst almost trebled its level of activity when the temperature
was raised to 40 �C (3.17 � 106 g of PE per (mol of Ni) per h),
a nding that underlines the capacity of the bulky ortho-CH(4-
FC6H4)2 group to improve the thermal stability of the catalyst. A
plausible explanation can be attributed to the increased spatial
volume present at the ortho-position leading to an enhanced
shielding effect on the axial positions in the active nickel cata-
lyst, thus inhibiting the chain transfer.1a,4a
Ethylene polymerization using Ni1–Ni5 in combination with
EtAlCl2

With the intention to explore the inuence of co-catalyst on the
performance of the nickel precatalyst and in turn the properties
of the polymers generated, we then undertook a more in-depth
evaluation using EtAlCl2 as the co-catalyst. As with the MAO
investigation, Ni2 was selected as the trial precatalyst and an
optimization of the Al : Ni molar ratio, temperature, time and
ethylene pressure re-conducted; the results are documented in
Table 4.

As with theNi2/MAO study,Ni2/EtAlCl2 was rst investigated
at 30 �C with the Al : Ni molar ratio in this case adjusted from
300 : 1 to 800 : 1 (entries 1–6, Table 4). The results revealed that
the peak activity of 6.48 � 106 g of PE per (mol of Ni) per h was
achieved at 600 : 1 which compares with 7.17 � 106 g of PE per
(mol of Ni) per h for Ni2/MAO. However, and unlike that seen
for Ni2/MAO, the molecular weight of the polyethylene can be
more precisely controlled with values typically around 200 kg
mol�1 (Mw range: 205–263 kg mol�1), with signicantly less
inuence caused by changing the amount of alkylaluminum.
24042 | RSC Adv., 2022, 12, 24037–24049
This nding would also suggest that the larger amounts of co-
catalyst required in the MAO runs to allow effective pre-
catalyst activation, also facilitated more effective chain transfer
to MAO.8b,f,9d,11

As for the effect of run temperature, the activity of Ni2/
EtAlCl2 and the molecular weight of the resulting polymer
showed similar variations to that seen with Ni2/MAO (entries 4,
7–10, Table 4). Indeed, Ni2/EtAlCl2 also reached its maximum
activity at 30 �C (6.48� 106 g of PE per (mol of Ni) per h), but the
increase in level from that noted at 20 �C (5.30 � 106 g of PE per
(mol of Ni) per h) was less pronounced. Evidently, lower
temperature can hinder the activation of Ni2 with MAO.
Furthermore, Ni2/EtAlCl2 at 60 �C still maintained an appre-
ciable level of activity (2.39 � 106 g of PE per (mol of Ni) per h)
which by comparison is more than double that seen for Ni2/
MAO (1.02 � 106 g of PE per (mol of Ni) per h) at the same
temperature.

Likewise, the response to run time for Ni2/EtAlCl2 was
similar to that found for Ni2/MAO with the former attaining its
maximum activity aer 5 minutes [17.52 � 106 g of PE per (mol
of Ni) per h] and thereaer decreasing to 3.73 � 106 g of PE per
(mol of Ni) per h at 60 minutes with the onset of catalyst
deactivation. Nonetheless, the molecular weight gradually
increased over time implying the presence of sufficient active
species to sustain chain propagation (entries 4, 11–14, Table 4).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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On reducing the ethylene pressure of the run to 5 atm and then
1 atm saw the activity of Ni2/EtAlCl2 drop and the resulting
molecular weight of the polymer fall; related ndings has been
reported in previous literature.9a,23b

As a common feature of the polymers generated during the
optimization process forNi2/EtAlCl2 was their narrow dispersity
(Mw/Mn range: 1.91–2.87). Indeed, a similar observation was
made with Ni2/MAO, which highlights the single-site nature of
these catalysts and in turn the good control imparted on
propagation. On the other hand, and as a notable difference,
the molecular weight of the polymers produced by Ni2/MAO
(Mw range: 100–614 kg mol�1) was in general higher when
compared to that seen for Ni2/EtAlCl2 (Mw range: 69–364 kg
mol�1) (vide infra).

Subsequently, we subjected Ni1, Ni3, Ni4 and Ni5, to the
optimized conditions established for Ni2/EtAlCl2 (Al : Ni molar
ratio ¼ 600 : 1, T ¼ 30 �C, run time ¼ 30 min). All ve pre-
catalysts including Ni2 showed good activity spanning the
range, 4.81–7.43� 106 g of PE per (mol of Ni) per h (cf. 1.13–7.17
� 106 g of PE per (mol of Ni) per h for MAO). With respect to the
relative performance, this order was: Ni3 [2,4-di(4,4-
diuorobenzhydryl)-6-Me] > Ni2 [2-Me-6-Et-4-(4,4-
diuorobenzhydryl)] > Ni1 [2,6-Me2-4-(4,4-diuorobenzhydryl)]
> Ni4 [2,4-di(4,4-diuorobenzhydryl)-6-Et] > Ni5 [2,4-di(4,4-
diuorobenzhydryl)-6-iPr]. Scrutiny of this downward trend
highlights one key difference to that seen with MAO : Ni3,
incorporating a sterically bulky ortho-substituent, is now the
most active system of the series (7.43 � 106 g of PE per (mol of
Ni) per h, entry 18, Table 4), rather than in third place as was
seen with MAO. The main reason behind this observation
remains unclear but it may be derive from the different binding
capacities between the active nickel center and aluminum-
based anion in the active species.30,31

In terms of the molecular weight of the polymers generated,
these fell in a wider range than with MAO [Mw range: 128–1519
kg mol�1 (EtAlCl2) vs. 313–1048 kg mol�1 (MAO)] with the
highest molecular weight material signicantly greater with
EtAlCl2. Pertaining to the precatalyst, the value ofMw falls in the
order: Ni5 [2,4-di(4,4-diuorobenzhydryl)-6-iPr] > Ni1 [2,6-Me2-
4-(4,4-diuorobenzhydryl)] > Ni3 [2,4-di(4,4-
diuorobenzhydryl)-6-Me] > Ni2 [2-Me-6-Et-4-(4,4-
diuorobenzhydryl)] � Ni4 [2,4-di(4,4-diuorobenzhydryl)-6-
Et]. In the main, this order resembles that seen with MAO
with the most sterically bulky precatalyst Ni5 forming the
highest molecular weight polymer, while ortho-ethyl containing
Ni2 and Ni4, the lowest. Indeed, Ni5/EtAlCl2 is amenable to
forming ultra-high molecular weight polyethylene (UHMWPE)
with the run temperature at 30 �C; see Fig. S34† for a depiction
of these trends. As with the MAO study, the reason why the
ortho-ethyl-containing precatalysts (Ni2 and Ni4) have
a tendency to form lower molecular weight polymer remains
unclear; we nevertheless consider this a valuable feature for
catalyst design.

As with Ni5/MAO, we also explored the performance of Ni5/
EtAlCl2 at run temperatures of greater than 30 �C. Signicantly,
at 40 �C a dramatic increase in activity was observed with Ni5/
EtAlCl2 reaching a value of 9.20 � 106 g of PE per (mol of Ni)
© 2022 The Author(s). Published by the Royal Society of Chemistry
per h that equates to a 90% improvement in activity; even at
50 �C the level only dropped to 4.43� 106 g of PE per (mol of Ni)
per h (cf. MAO for 3.17 � 106 g of PE per (mol of Ni) per h at
40 �C and 1.01 � 106 g of PE per (mol of Ni) per h at 50 �C).
Evidently, both Ni5/MAO and Ni5/EtAlCl2 show heightened
performance characteristics at higher run temperature which is
particular true for EtAlCl2, which evidently reects the
enhanced thermal stability of the active species formed with
this co-catalyst. Though numerous publications of the use of
2,3-dimethyl-1,4-diazabutadiene-nickel precatalysts in ethylene
polymerization have been reported,1g,3b,4,5f,12,13,19–21,26 relatively
few have been concerned with the generation of polyethylene
elastomers at higher run temperature. However in those cases,
the elastomeric materials tend to be of too low a molecular
weight. It is noteworthy that with the current modication to
the N,N-ligand frame, the catalyst,Ni5/EtAlCl2, displays not only
enhanced thermal stability, but also produces polyethylene
elastomers displaying amongst the highest molecular weights
(9.22 � 105 g mol�1 at 40 �C and 8.88 � 105 g mol�1 at 50 �C).

In order to further probe the outstanding performance
characteristics displayed by Ni5 at higher temperature, we
extended the investigation to include two other aluminum-alkyl
co-catalysts namely EASC and Et2AlCl (entries 23 and 24, Table
4). While Ni5/Et2AlCl showed similar performance to Ni5/
EtAlCl2 (entry 21 vs. 23, Table 4), the activity of Ni5/EASC
reached an exceptional level of 1.0 � 107 g of PE per (mol of Ni)
per h at 40 �C (entry 24, Table 4), which is to the knowledge of
the authors among one the highest reported for a-diimine-
nickel complexes operating at this temperature. Furthermore,
the molecular weight of the polyethylene obtained using both
Ni5/Et2AlCl and Ni5/EASC remained exceptionally high. To
illustrate these results, Fig. 4 collects together catalytic activity
and polymer molecular weight data for Ni5/Et2AlCl alongside
that produced using selected examples of A (Chart 1) as well as
uorine-free analogues of the current precatalysts C;8b–g,9b,11,21 all
catalytic runs were performed under comparable conditions
and co-catalyst. As a further point that can be gleaned from
inspection of this gure, it is apparent that the introduction of
electron-withdrawing uoro-substituents in Ni5 enhances
catalytic activity, ndings that are consistent with previously
reported experimental observations9,11 and calculations.27–29
Properties of the polyethylenes
13C NMR spectroscopic studies. On the basis of the high

catalytic activity displayed byNi2/MAO at 30 �C (entry 2, Table 3)
together with Ni5/EtAlCl2, Ni5/Et2AlCl and Ni5/EASC at 40 �C
(entries 21, 23 and 24, Table 4), the structural properties of the
resulting polymers, PE-M30Ni2, PE-EtAlCl240Ni5, PE-Et2-
AlCl40Ni5 and PE-EASC40Ni5, were investigated by 13C NMR
spectroscopy. To allow suitable solubility, these four polymer
samples were dissolved at 100 �C in either chlorobenzene-d5 or
o-dichlorobenzene-d4 and their spectra recorded at this
temperature (Fig. S40–S43†); the assignment of the spectra was
based on approaches documented in the literature (Table 5).32

On examination of the results, it is apparent that all four
polyethylene samples contain a signicant amount of
RSC Adv., 2022, 12, 24037–24049 | 24043
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Table 5 Branching density and composition of the PEsa,b

PE sample Branches/1000Cs

Branching composition (%)

Me Et Pr Bu Amyl Me (1,4-paired) Me (1,6-paired)

PE-M30Ni2 50 70.9 3.22 3.04 6.30 2.79 4.39 4.76
PE-EtAlCl240Ni5 86 81.6 1.17 0.07 2.50 0.68 6.58 5.63
PE-Et2AlCl40Ni5 86 75.9 1.90 1.43 2.67 1.51 5.76 5.51
PE-EASC40Ni5 102 72.2 3.09 1.39 2.64 1.52 7.92 7.60

a Data obtained using 13C NMR spectroscopy. b Analysis performed using approaches described in ref. 32.
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branching that would be expected on the basis of a chain
walking mechanism.33 Notably, the polymers obtained using
Ni5/EtAlCl2, Ni5/Et2AlCl and Ni5/EASC displayed a higher
degree of branching than that seen with Ni2/MAO and also
contain a greater amount of short chain branching (>87%); the
lower values of Tm also reects this (see Tables 3 and 4).34,35 This
would suggest that the steric hindrance provided by the
diuorobenzhydryl groups likely inhibits extensive “chain-
walking” and favors monomer insertion; the difference in run
temperature may also be a contributing factor. It has been re-
ported in previous experiments that higher polymerization
temperatures result in more highly branched poly-
ethylene.3b,5b,c,10b,24,26 Based on literature precedent, we propose
the methyl branch is generated by a single chain walking step
involving b-H elimination, a 2,1-reinsertion and then
coordination/insertion of ethylene. In the current system, the
steric hindrance imparted by the ortho-alkyl group inhibits
further nickel migration to a more bulky secondary Ni-alkyl
resulting in high levels of methyl branches. Unlike the results
by Gao and co-workers,33e the presence of methyl branches was
not accompanied by sizable amounts of long chain branching.
Evidently, the current catalysts allow good control of the type of
branch which will likely impact on the performance character-
istics of these polyethylene materials (see later). Meanwhile, it is
evident that the type of aluminum activator exerts some effect
on the branching density of the polyethylene (EASC > Et2AlCl �
EtAlCl2) with EASC preferring to form more highly branched
polyethylene. This nding is consistent with recent work in our
group concerning EASC-activated a-diimino-nickel complexes
in ethylene polymerization.8f
Table 6 Selected properties of the PE samples obtained using Ni5
with various co-catalysts and run temperatures

PE sample
T,
�C Tm

a, �C Mw
b Xc

a, % sb
c, MPa 3b, %

PE-EtAlCl240Ni5 40 69.6 9.22 20.06 6.5 223
PE-EtAlCl250Ni5 50 50.1 8.88 13.60 4.0 413
PE-M40Ni5 40 68.0 8.67 22.40 10.06 366
PE-M50Ni5 50 63.1 7.44 16.96 5.41 405
PE-Et2AlCl40Ni5 40 77.3 8.36 16.30 5.62 211
PE-EASC40Ni5 40 73.8 8.29 15.71 4.60 382

a Determined by DSC;
Xc ¼ DHfðTmÞ=DH�

f ðT
�
mÞ; DH

�
f ðT

�
mÞ ¼ 248:3 J g�1. b Determined by

GPC, values �105 g mol�1. c Determined by using a universal tester.
Mechanical properties of the polyethylenes

In order to assess the mechanical properties of the branched
polyethylenes generated using Ni5 at higher run temperature
(40–50 �C), we selected six samples prepared using this pre-
catalyst but differing in the co-catalyst and temperature: PE-
40MNi5 (entry 20, Table 3), PE-50MNi5 (entry 21, Table 3), PE-
40EtAlCl2Ni5 (entry 21, Table 4), PE-50EtAlCl2Ni5 (entry 22,
Table 4), PE-Et2AlCl40Ni5 and PE-EASC40Ni5. Each sample was
subjected to a tensile stress–strain test using a universal tester
and a stress–strain recovery test using dynamic mechanical
analysis (DMA); the full set of results are given in Table 6.

Firstly, monotonic tensile stress–strain measurements were
undertaken at room temperature with each test performed with
24044 | RSC Adv., 2022, 12, 24037–24049
three specimens in order to achieve concordant results; the
stress–strain curves are depicted in Fig. 5. For the two samples
prepared using EtAlCl2, PE-EtAlCl240Ni5 displayed the higher
crystallinity (Xc¼ 20.06%), molecular weight (922 kgmol�1) and
ultimate tensile strength (6.5 MPa), while the strain at break
(223%) was lower. By comparison the maximum value of elon-
gation at break was observed for PE-E50Ni5 (413%), while the
level of crystallinity (Xc ¼ 13.60%) and molecular weight (888 kg
mol�1) were less. Similar observations were noted for the two
samples prepared with Ni5/MAO, with PE-M40Ni5 showing the
higher tensile stress [sb ¼ 10.06 MPa], crystallinity [Xc ¼ 22.4%]
and molecular weight [Mw ¼ 867 kg mol�1] but with the lower
strain at break [3b ¼ 366%]. Clearly the degree of crystallinity
impacts on the mechanical properties of these polymers,36 with
higher crystallinity leading to polyethylene displaying the
highest ultimate tensile strength but the lower value of 3b.
Nonetheless, the variations in molecular weight of the polymers
should also likely impact on these mechanical properties.
Furthermore, by consideration of the four polymer samples
obtained at 40 �C, it apparent that the type of aluminum co-
catalyst also impacts on the mechanical properties with
stress-at-break values ranging from 4.6 to 10.06 MPa and strain-
at-break values ranging from 211% to 382%. As a nal point, PE-
M50Ni5 displayed a higher tensile stress and a reasonable
elongation at break when compared with polymers obtained in
previous work using nickel catalysts under similar conditions
(i.e., MAO as activator, reaction temperature ¼ 50 �C, PC2H4

¼ 10
atm and run time ¼ 30 min).9a,b

Secondly, the six polyethylene samples were subjected to
stress–strain recovery tests by using dynamic mechanical
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Stress–strain curves for samples, PE-EtAlCl240Ni5, PE-
EtAlCl250Ni5, PE-M40Ni5, PE-M50Ni5, PE-Et2AlCl40Ni5 and PE-
EASC40Ni5; the vertical line represents the breakage point.
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analysis at 30 �C (Fig. S44†). Ten cycles were involved in each
recovery test to allow for elastic extenuation, while the elastic
recovery (R) was recorded at about 80% of the maximum tensile
strength (s); s was also determined by using dynamic
mechanical analysis. The stress–strain hysteresis loops showed
constant recovery levels observed for all samples aer the rst
cycle, which demonstrated that all samples possessed the
characteristics of thermoplastic elastomers (TPE's). With an
increase in the polymerization run temperature from 40 �C to
50 �C, the R value of the polymer generated using EtAlCl2
improved from 47.7% to 52.8%. Similarly, the elastic recovery of
the sample produced using MAO increased from 46.1% to
48.0%. Evidently, this study of elastic recovery indicates that the
run temperature also played an important role in the elasto-
meric properties of the polymer besides crystallinity. It is worth
highlighting that the high molecular weight of the polymer
samples described herein makes them unique when compared
with previously reported polyethylenes with thermoplastic
elastomer characteristics.5l,8c,8d,g,9a
Experimental section
General considerations

Standard Schlenk techniques were utilized under an atmo-
sphere of nitrogen to manipulate all air- and moisture-sensitive
compounds. Under nitrogen, toluene was dried over sodium
metal at reux and distilled before use. MAO (1.46 M solution in
toluene), MMAO (2.00 M in n-heptane) and EtAlCl2 (2.17 M in
hexane) were purchased from Akzo Nobel Corp. Dieth-
ylaluminum chloride (Et2AlCl, 1.17 M in toluene) and ethyl-
aluminum sesquichloride (EASC, 0.87 M in toluene) were
purchased from Acros Chemicals. Other reagents were
purchased from Aldrich, Acros or local suppliers. High-purity
ethylene was purchased from Beijing Yanshan Petrochemical
Company and used as received. 1H and 13C NMR spectra were
recorded on a Bruker DMX 400 MHz instrument and 19F NMR
spectra were recorded on a Bruker AVANCE III 500 MHz at
ambient temperature using tetramethylsilane (TMS) as an
© 2022 The Author(s). Published by the Royal Society of Chemistry
internal standard. IR spectra were recorded on a PerkinElmer
System 2000 FT-IR spectrometer. Elemental analyses were
conducted using a Flash EA 1112 microanalyzer. Molecular
weights (Mw) and dispersities (Mw/Mn) of polyethylene were
determined by a PL-GPC220 at 160 �C with 1,2,4-tri-
chlorobenzene as the eluting solvent. Differential scanning
calorimetry (DSC) was used to measure melting points of the
polyethylene; these were acquired from the second scanning
run on PerkinElmer DSC-7 at a heating rate of 10 �C min�1. 13C
NMR spectra of polymer were recorded on a Bruker AVANCE III
500 MHz instrument at 100 �C in chlorobenzene-d5 or o-
dichlorobenzene-d4 with TMS as an internal standard. Oper-
ating conditions used for the 13C NMR spectra of polymer
samples, PE-MAO30Ni2 and PE-EtAlCl240Ni5: spectral width
31.250 kHz, acquisition time 0.26 s, relaxation delay 1.5 s,
number of scans around 2048. Operating conditions used for
the 13C NMR spectra of polymer samples, PE-Et2AlCl40Ni5 and
PE-EASC40Ni5: spectral width 31.250 kHz, acquisition time
0.52 s, relaxation delay 2.0 s, number of scans around 2048. The
ve types of 4,4-diuorobenzhydryl-substituted aniline were
synthesized using reported procedures.37,38
Synthesis of ArN]C(Me)C(Me)]NAr (L1–L5)

(a) Ar ¼ 2,6-Me2-4-{CH(4-FC6H4)2}C6H2 (L1). To a 100 mL
round-bottomed ask, equipped with stir bar, was added zinc(II)
chloride (0.40 g, 3.0 mmol), 2,3-butanedione (0.26 g, 3.0 mmol),
2,6-dimethyl-4-bis(4-uorophenyl)methylaniline (2.0 g, 6.0
mmol) and acetic acid (2 mL). The reaction mixture was stirred
and heated for 4 h at 80 �C. Once cooled to room temperature,
diethylether (10 mL) was added and the resulting yellow
precipitate ltered. This intermediate zinc(II) chloride complex
was then dissolved in dichloromethane and a saturated
aqueous solution of potassium carbonate added and the stirred
at room temperature for 1.5 h.39–41 Using a separating funnel,
the organic layer was extracted and washed with water three
times and dried over MgSO4. Aer the volatiles were removed by
rotary evaporation, the product was recrystallized with hexane
and washed with acetonitrile to give L1 as a yellow powder
(1.14 g, 55%). 1H NMR (CDCl3, 400 MHz, TMS): d 7.07 (t, J ¼
5.6 Hz, 8H, Ar–H), 6.98 (t, J ¼ 8.8 Hz, 8H, Ar–H), 6.77 (s, 4H, Ar–
H), 5.44 (s, 2H, CH(p-FPh)2), 2.04 (s, 6H, MeC]N), 1.98 (s, 12H,
Ar–Me). 13C NMR (CDCl3, 100 MHz, TMS): d 168.26 (N]CMe),
162.67 (p-FC6H5), 160.24 (p-FC6H5), 146.75, 139.95, 139.91,
138.34, 130.81, 130.73, 128.82, 124.80, 115.21, 115.00, 54.82
(CH(p-FPh)2), 17.91 (CH3), 15.97 (N]CMe). 19F NMR (470 MHz,
CDCl3): d �116.85. FT-IR (cm�1): 2970 (w), 2914 (w), 2888 (w),
1892 (w), 1648 (m, vC]N), 1599 (m), 1504 (s), 1471 (w), 1432 (w),
1382 (w), 1355 (w), 1294 (w), 1217 (s), 1155 (s), 1135(w), 1117 (w),
1095 (w), 1013 (m), 962 (w), 936 (w), 893 (w), 835 (s), 783 (m), 754
(m), 716 (w). Anal. calcd for C46H40N2 (696.83): C, 79.29; H,
5.79; N, 4.02. Found: C, 78.89; H, 5.77; N, 3.69.

(b) Ar ¼ 2-Me-6-Et-4-{CH(4-FC6H4)2}C6H2 (L2). A similar
synthetic procedure as described for L1 but using 2-methyl-6-
ethyl-4-{4,4-diuorobenzhydryl}aniline as the aniline, gave L2
as a yellow solid (0.85 g, 41%). 1H NMR (CDCl3, 400 MHz, TMS):
d 7.10–7.06 (m, 8H, Ar–H), 6.99 (t, J ¼ 8.6 Hz, 8H, Ar–H), 6.78 (d,
RSC Adv., 2022, 12, 24037–24049 | 24045
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J ¼ 12.7 Hz, 4H, Ar–H), 5.46 (s, 2H, CH(p-FPh)2), 2.38–2.29 (m,
4H, Ar–CH2CH3), 2.05 (s, 6H), 1.96 (s, 6H), 1.08 (t, J ¼ 7.5 Hz,
6H). 13C NMR (CDCl3, 100 MHz, TMS): d 168.26 (N]CMe),
162.66 (p-FC6H5), 160.23 (p-FC6H5), 146.25, 140.01, 139.98,
138.45, 131.10, 131.07, 130.81, 130.73, 128.82, 127.20, 127.17,
124.48, 115.19, 114.98, 54.91 (CH(p-FPh)2), 24.94 (CH2), 24.89
(CH2), 17.91 (CH3), 16.15 (CH3), 13.75 (N]CMe), 13.72 (N]
CMe).19F NMR (470 MHz, CDCl3): d�116.88. FT-IR (cm�1): 2968
(w), 2918 (w), 2859 (m), 1895 (w), 1655 (m, vC]N), 1600 (m), 1504
(s), 1460 (w), 1425 (w), 1377 (w), 1357 (m), 1295 (w), 1219 (s),
1157 (s), 1118 (m), 1097 (w), 1016 (w), 966 (w), 934 (w), 873 (w),
832 (s), 786 (m), 757 (w), 717 (w), 639 (w). Anal. calcd for
C48H44N2 (724.89): C, 79.53; H, 6.12; N, 3.86. Found: C, 79.43; H,
6.02; N, 3.49.

(c) Ar ¼ 2,4-{CH(4-FC6H4)2}2-6-MeC6H2 (L3). A similar
synthetic procedure as described for L1 but using 2,4-di{4,4-
diuorobenzhydryl}-6-methylaniline gave L3 as a yellow solid
(1.16 g, 36%). 1H NMR (400 MHz, CDCl3): two isomers are
present in a 5 : 1 ratio, d 6.95–6.91 (m, 16H, Ar–H), 6.88–6.81 (m,
18H, Ar–H), 6.37 (s, Ar–H, integrates to 0.33H, isomer 2), 6.32 (s,
Ar–H, integrates to 1.65H, isomer 1), 5.38 (s, 2H, CH(p-FPh)2),
5.22 (s, CH(p-FPh)2, integrates to 1.65H, isomer 1), 5.19 (s, CH(p-
FPh)2, integrates to 0.33H, isomer 2), 1.90 (s, MeC]N, inte-
grates to 5H, isomer 1), 1.88 (s, MeC]N, integrates to 1H,
isomer 2), 1.53 (s, Ar–Me, integrates to 1H, isomer 2) and 1.34 (s,
Ar–Me, integrates to 5H, isomer 1). 13C NMR (CDCl3, 100 MHz,
TMS): d 168.73 (N]CMe), 162.67 (p-FC6H5), 162.66 (p-FC6H5),
162.59 (p-FC6H5), 160.23 (p-FC6H5), 160.22 (p-FC6H5), 160.15 (p-
FC6H5), 146.03, 139.71, 139.68, 139.63, 139.60, 138.77, 138.41,
138.11, 138.08, 132.41, 130.78, 130.70, 130.61, 130.53, 129.54,
128.40, 124.41, 115.52, 115.31, 115.18, 115.16, 114.97, 114.95,
114.74, 54.67 (CH(p-FPh)2), 50.91 (CH(p-FPh)2), 50.39 (CH(p-
FPh)2), 17.85 (CH3), 17.81 (CH3), 16.37 (N]CMe), 15.97 (N]
CMe). 19F NMR (565MHz, CDCl3): d�115.87,�116.69,�116.80.
FT-IR (cm�1): 2972 (w), 2918 (w), 2877 (w), 1892 (w), 1647 (m,
vC]N), 1601 (m), 1506 (s), 1467 (w), 1421 (w), 1366 (m), 1333 (w),
1300 (w), 1227 (s), 1156 (s), 1131(m), 1095 (m), 1016 (w), 943 (w),
829 (s), 785 (m), 753 (w), 717 (w), 668 (w). Anal. calcd for
C70H52N2 (1073.19): C, 78.34; H, 4.88; N, 2.16. Found: C, 78.78;
H, 5.05; N, 2.08.

(d) Ar ¼ 2,4-{CH(4-FC6H4)2}2-6-EtC6H2 (L4). A similar
synthetic procedure as described for L1 but using 2,4-di{4,4-
diuorobenzhydryl}-6-ethylaniline gave L4 as a yellow solid
(1.35 g, 41%). 1H NMR (400 MHz, CDCl3): two isomers are
present in a 5 : 1 ratio, d 6.95–6.93 (m, 16H, Ar–H), 6.90–6.81 (m,
18H, Ar–H), 6.37 (s, Ar–H, integrates to 0.33H, isomer 2), 6.31 (s,
Ar–H, integrates to 1.65H, isomer 1), 5.38 (s, 2H, CH(p-FPh)2),
5.21(s, CH(p-FPh)2, integrates to 1.65H, isomer 1), 5.17 (s, CH(p-
FPh)2, integrates to 0.33H, isomer 2), 2.18 (q, 4H, J¼ 7.2 Hz, Ar–
CH2CH3), 1.53 (s, MeC]N, integrates to 1H, isomer 2), 1.35 (s,
MeC]N, integrates to 5H, isomer 1), 1.12 (t, J ¼ 7.5 Hz, Ar–
CH2CH3, integrates to 5H, isomer 1), 1.03 (t, J ¼ 7.5 Hz, Ar–
CH2CH3, integrates to 1H, isomer 2). 13C NMR (CDCl3, 100
MHz, TMS): d 168.69 (N]CMe), 162.66 (p-FC6H5), 162.61 (p-
FC6H5), 162.58 (p-FC6H5), 160.22 (p-FC6H5), 160.17 (p-FC6H5),
160.14 (p-FC6H5), 145.55, 139.79, 139.75, 139.72, 139.69, 138.96,
138.93, 138.42, 138.10, 131.85, 130.76, 130.68, 130.61, 130.59,
24046 | RSC Adv., 2022, 12, 24037–24049
130.58, 130.53, 130.52, 130.28, 128.60, 128.40, 127.71, 127.42,
115.48, 115.37, 115.26, 115.15, 114.94, 114.92, 114.71, 54.79
(CH(p-FPh)2), 50.89 (CH(p-FPh)2), 50.40 (CH(p-FPh)2), 24.49
(CH2), 23.97 (CH2), 16.57 (CH3), 16.21 (CH3), 13.66 (N]CMe),
13.43 (N]CMe). 19F NMR (470 MHz, CDCl3): d �115.86,
�116.72, �116.84. FT-IR (cm�1): 3038 (w), 2969 (w), 2877 (w),
1894 (w), 1643 (m, vC]N), 1601 (m), 1505 (s), 1450 (w), 1420 (w),
1363 (w), 1307 (w), 1225 (s), 1156 (s), 1125 (m), 1094 (w), 1014(w),
940 (w), 900 (w), 830 (s), 787 (m), 750 (w), 718 (w), 668 (w). Anal.
calcd for C72H56N2 (1101.24): C, 78.53; H, 5.13; N, 2.54. Found:
C, 78.68; H, 5.26; N, 2.29.

(e) Ar ¼ 2,4-{CH(4-FC6H4)2}2-6-iPrC6H2 (L5). A similar
synthetic procedure as described for L1 but using 2,4-di{4,4-
diuorobenzhydryl}-6-isopropylaniline gave L5 as a yellow
solid (1.45 g, 43%). 1H NMR (400 MHz, CDCl3): two isomers are
present in a 5 : 1 ratio, d 6.95–6.92 (m, 16H, Ar–H), 6.91–6.80 (m,
18H, Ar–H), 6.33 (s, Ar–H, integrates to 0.33H, isomer 2), 6.28 (s,
Ar–H, integrates to 1.65H, isomer 1), 5.38 (s, 2H, CH(p-FPh)2),
5.18 (s, CH(p-FPh)2, integrates to 1.65H, isomer 1), 5.15 (s, CH(p-
FPh)2, integrates to 0.33H, isomer 2), 2.52–2.40 (m, 2H, Ar–
CH(CH3)2), 1.58 (s, MeC]N, integrates to 1H, isomer 2), 1.35 (s,
MeC]N, integrates to 5H, isomer 1), 1.15 (d, J ¼ 6.9 Hz, Ar–
CHMe2, integrates to 5H, isomer 1), 1.02 (d, J ¼ 6.8 Hz, Ar–
CHMe2, integrates to 1H, isomer 2). 13C NMR (100 MHz, CDCl3)
d 168.78 (N]CMe), 162.64 (p-FC6H5), 162.62 (p-FC6H5), 162.57
(p-FC6H5), 160.21 (p-FC6H5), 160.17 (p-FC6H5), 160.13 (p-FC6H5),
144.81, 139.86, 139.82, 139.77, 139.74, 139.06, 139.03, 138.45,
138.10, 138.07, 135.34, 135.12, 131.62, 130.76, 130.68, 130.59,
130.52, 128.48, 128.32, 125.00, 115.43, 115.22, 115.14, 114.93,
114.90, 114.68, 54.88 (CH(p-FPh)2), 50.99 (CH(p-FPh)2), 50.53
(CH(p-FPh)2), 28.37 (–CH(CH3)2), 27.88 (–CH(CH3)2), 23.86
(CH3), 23.09 (CH3), 22.63 (CH3), 22.30 (CH3), 16.77 (N]CMe),
16.48(N]CMe). 19F NMR (470 MHz, CDCl3): d �115.85,
�116.75, �116.85. FT-IR (cm�1): 3039 (w), 2969 (w), 2873 (w),
1895 (w), 1643 (m, vC]N), 1601 (m), 1505 (s), 1452 (w), 1420 (w),
1363 (m), 1300 (w), 1225 (s), 1156 (s), 1125 (m), 1095 (w), 1015
(w), 962 (w), 940 (w), 903 (w), 830 (s), 787 (m), 750 (w), 718 (w),
668 (w). Anal. calcd for C74H60N2 (1129.30): C, 79.53; H, 6.12; N,
3.86. Found: C, 79.64; H, 6.22; N, 3.54.
Synthesis of [ArN]C(Me)C(Me)]NAr]NiBr2 (Ni1–Ni5)

(a) Ar ¼ 2,6-Me2-4-{CH(4-FC6H4)2}C6H2 (Ni1). All complexes
were prepared based using the following procedure.19 A Schlenk
tube equipped with a stir bar was evacuated and transferred to
the glove box. The tube was then back-lled with nitrogen and
L1 (0.10 g, 0.16 mmol) and (DME)NiBr2 (0.05 g, 0.15 mmol)
introduced to the tube. Tetrahydrofuran (3 mL) was added and
the mixture le to stir overnight at room temperature. The
solvent was removed under reduced pressure and diethyl ether
added to induce precipitation. This solid was ltered and
washed three times with a mixture of dichloromethane and
diethyl ether to give Ni1 as a brick red solid (0.106 g, 76%). 19F
NMR (470 MHz, CDCl3): d�115.58. FT-IR (cm�1): 3043 (w), 2962
(w), 2913 (w), 1895 (w), 1639 (m, vC]N), 1602 (m), 1505 (s), 1473
(w), 1413 (w), 1375 (w), 1300 (w), 1223 (s), 1157 (s), 1097 (w), 1013
(w), 896 (w), 829 (s), 780 (m), 753 (m), 722 (w), 688 (w). Anal.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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calcd for C46H40N2 (915.34): C, 60.36; H, 4.40; N, 3.06. Found: C,
59.96; H, 4.41; N, 3.02.

(b) Ar ¼ 2-Me-6-Et-4-{CH(4-FC6H4)2}C6H2 (Ni2). By employ-
ing a similar approach to that described for Ni1 but using L2 as
the a-diimine, Ni2 was isolated as a brick red complex (0.108 g,
79%). 19F NMR (470MHz, CDCl3): d�115.64. FT-IR (cm�1): 2970
(w), 2913 (w), 2875 (m), 1892 (w), 1644 (m, vC]N), 1601 (m), 1505
(s), 1462 (w), 1413 (w), 1375 (w), 1295 (w), 1222 (s), 1157 (s), 1096
(w), 1013 (w), 988 (w), 902 (w), 835 (s), 782 (w), 748 (w), 683 (w).
Anal. calcd for C48H44N2 (943.39): C, 61.11; H, 4.70; N, 2.97.
Found: C, 61.52; H, 4.49; N, 2.59.

(c) Ar ¼ 2,4-{CH(4-FC6H4)2}2-6-MeC6H2 (Ni3). By employing
a similar approach to that described for Ni1 but using L3 as the
a-diimine, Ni3 was isolated as a brick red complex (0.147 g,
76%). 19F NMR (470 MHz, CDCl3): d�114.44,�115.32,�115.34,
�116.38. FT-IR (cm�1): 3069 (w), 2911 (w), 2861 (w), 1902 (w),
1635 (m, vC]N), 1601 (m), 1505 (s), 1468 (w), 1439 (w), 1413 (m),
1378 (w), 1300 (w), 1225 (s), 1157 (s), 1097 (m), 1016 (w), 881 (w),
839 (s), 791 (m), 761 (w), 725 (w). Anal. calcd for C70H52N2

(1291.69): C, 65.09; H, 4.06; N, 2.17. Found: C, 65.03; H, 3.87; N,
1.84.

(d) Ar ¼ 2,4-{CH(4-FC6H4)2}2-6-EtC6H2 (Ni4). By employing
a similar approach to that described for Ni1 but using L4 as the
a-diimine, Ni4 was isolated as a brick red complex (0.155 g,
78%). 19F NMR (470 MHz, CDCl3): d�114.53,�115.38,�115.42,
�116.45. FT-IR (cm�1): 3046 (w), 2970 (w), 2875 (w), 1893 (w),
1641 (m, vC]N), 1601 (m), 1505 (s), 1451 (w), 1415(w), 1376 (w),
1262 (w), 1225 (s), 1158 (s), 1097 (m), 1015 (w), 991 (w), 832 (s),
793 (m), 753 (w),719 (w), 702 (w). Anal. calcd for C72H56N2

(1319.74): C, 65.53; H, 4.28; N, 2.12. Found: C, 65.70; H, 4.10; N,
2.05.

(e) Ar ¼ 2,4-{CH(4-FC6H4)2}2-6-iPrC6H2 (Ni5). By employing
a similar approach to that described for Ni1 but using L5 as the
a-diimine, Ni5 was isolated as a brick red complex (0.157 g,
78%). 19F NMR (470 MHz, CDCl3): d�114.20,�115.30,�115.36,
�116.73. FT-IR (cm�1): 2963 (w), 2913 (w), 2873 (w), 1977(w),
1635 (m, vC]N), 1602 (m), 1505 (s), 1451 (w), 1411 (w), 1379 (w),
1302 (w), 1225 (s), 1157 (s), 1096 (w), 1015 (w), 992 (w), 873 (s),
830(s), 793 (m), 750 (w), 724 (w), 676 (w). Anal. calcd for
C74H60N2 (1347.80): C, 65.95; H, 4.49; N, 2.08. Found: C, 65.51;
H, 4.57; N, 1.83.
Procedure for ethylene polymerization

Ethylene polymerization at PC2H4
¼ 1 atm. A specied

amount of precatalyst was loaded into a 250 mL Schlenk tube,
equipped with a stir bar, and the tube evacuated and back-lled
with nitrogen twice and ethylene once. Under an ethylene
atmosphere, toluene (30 mL) followed by a pre-determined
amount of aluminum alkyl co-catalyst was added. The reac-
tion mixture was then stirred at the required temperature at
PC2H4

¼ 1 atm for the designated time before the ethylene supply
was disconnected and the vessel vented. The resulting mixture
was then quenched with 15% hydrochloric acid in ethanol and
the polymer ltered and nally dried at 50 �C for 8 h.

Ethylene polymerization at PC2H4
¼ 5 or 10 atm. The ethylene

polymerization process was carried out in a stainless-steel
© 2022 The Author(s). Published by the Royal Society of Chemistry
autoclave (250 mL) tted with a pressure control system,
temperature controller and mechanical stirrer. The autoclave
was evacuated and backlled with nitrogen three times and
then with ethylene once. When the reactor had reached the
desired reaction temperature, toluene (25 mL) and a solution of
the nickel precatalyst dissolved in toluene (25 mL) were added
successively. Then the required amount of co-catalyst (MAO,
EtAlCl2) and remaining toluene (50 mL) added. The mixture was
then stirred at either PC2H4

¼ 10 or 5 atm for the selected time. At
the end of the run, the supply of ethylene was ceased, and the
reactor vented. The resulting mixture was quenched with 15%
solution hydrochloric acid in ethanol and ltered. Aer drying
for 8 h at 50 �C under reduced pressure, the polymer was
weighed.
X-ray crystallographic determinations

Single crystal X-ray diffraction studies on L3, Ni1 and Ni5 were
performed on Rigaku-Axis fast IP diffractometer using graphite-
monochromated Cu-Ka radiation (l ¼ 1.54184 �A) at 169.99 K.
All hydrogen atoms were placed in calculated positions. The
intensities were corrected for Lorentz polarization effects and
empirical absorptions. The structures were solved by direct
methods and rened by full-matrix least squares on F2. Struc-
ture solution and renement were undertaken using the
SHELXL package.42 Crystal data and crystallographic parame-
ters for L1, Ni1 and Ni5 are summarized in Table S1.†
Conclusions

A series of novel 2,3-dimethyl-1,4-diazabutadienes (L1–L5) and
their nickel(II) complexes (Ni1–Ni5), all bearing para-bis(4-
uorophenyl)methyl groups but differing in the ortho-substi-
tution, have been successfully synthesized. Complex charac-
terization has been achieved through FT-IR and NMR
spectroscopy and in the case of Ni1 and Ni5 by single crystal X-
ray diffraction; distorted tetrahedral geometries were a feature.
With the addition of a para-uoro substituents to the benz-
hydryl phenyl groups, the catalytic performance of these nickel
complexes for ethylene polymerization has shown clear
improvements. In particular, a positive inuence on the
thermal stability of the catalyst and the molecular weight of
polyethylene was observed. Notably, this modication when
applied to the ortho-substitution pattern has allowed access to
high molecular weight polyethylenes displaying a high selec-
tivity for short chain methyl branches. Indeed, this good control
of the branching architecture has manifested itself in poly-
ethylenes exhibiting promising elastomeric properties. A
further notable feature of interest is that ortho-ethyl (Ni2, Ni4)
had a benecial inuence on producing low molecular weight
polyethylene.

Of particular note, Ni5 on activation with EASC showed the
highest activity of 1.0� 107 g of PE per (mol of Ni) per h at 40 �C,
while the polyethylene displayed not only a high molecular
weight but also a high degree of branching (102 branches/1000
carbons: % Me ¼ 87.7). Moreover, mechanical tests performed
on these branched polyethylenes highlighted the role played by
RSC Adv., 2022, 12, 24037–24049 | 24047
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crystallinity (Xc) and molecular weight (Mw) on the tensile
strength (sb) and elongation at break (3b).
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