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copolymerization with polar monomers†
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Lewis acids have been widely investigated to tune the properties of olefin polymerization catalysts.

However, the application of this strategy in heterogeneous olefin–polar monomer copolymerization has

rarely been studied. Herein, a series of [N, O]-type nickel catalysts bearing Lewis base response moieties

was designed and synthesized. These catalysts can be modulated by Lewis acids such as B(C6F5)3 and

MAO, resulting in greatly enhanced catalytic performances. This is due to the tuning of Lewis acid to the

electronic and steric hindrance effects of the catalysts. Moreover, this Lewis acid–base combination was

used as an anchoring strategy for heterogeneous catalysis, leading to increased thermal stability, the for-

mation of ultra-high molecular weight polyethylene (Mn up to 205.3 × 104 g mol−1), and excellent mor-

phology control. The immobilized nickel systems also promoted the copolymerization of ethylene with

polar monomers, generating copolymer with high molecular weight and high activity.

Introduction

The current global annual output of polyolefin is nearly
200 million tons. Polyolefin is widely used in every corner of
life and has become one of the most important polymers in
the history of materials.1 Since the discovery of the Ziegler–
Natta catalyst, the iteration of transition metal catalysts has
become the main driving force to promote the development of
the polyolefin industry.2–7

In recent years, there has been considerable use of olefin–
polar monomer coordination copolymerization.8,9 This route
provides a direct and economical method to synthesize new
functionalized polyolefin materials with improved and design-
able properties.10–14 Among olefin–polar monomer copolymer-
ization catalysts, low-cost nickel-based catalysts are highly
anticipated. Historically, hundreds of nickel catalysts bearing
various substitutes have been synthesized and their perform-
ances investigated in olefin–polar monomer
copolymerization.15–32 This trial-and-error research strategy
leads to more complicated catalyst synthesis.

Alternatively, with a tunable catalyst strategy, the catalytic
performance can be switched during olefin
polymerization.33–35 Lewis acid modulation is an interesting
method for tuning the performances of transition-metal

catalysts.36–38 The reactivity of nickel catalysts in olefin polymeriz-
ation can be tuned by the addition of Lewis acids such as
boranes and alumina. For instance, the Bazan, Lee, and Chen
groups developed olefin polymerization catalysts based on [P, O]-,
[N, N]-, and [N, O]-type nickel complexes (Scheme 1A–D).39–42

When B(C6F5)3 (BCF) was added, zwitterionic nickel catalytic
species were generated by the formation of coordination inter-
actions between the borane acceptor and oxygen donor.
Compared to corresponding neutral nickel complexes, these
zwitterionic species exhibited higher activity in ethylene polymer-
ization but generated low molecular weight products, which was
ascribed to the enhanced electrophilicity. This strategy can also
be used in heterogeneous catalytic nickel systems through the
introduction of solid-modified Lewis acid.

Heterogeneous catalysts are predominantly for industrial
polyolefin production because they offer many distinct advan-
tages, such as controlling the morphology of the polymer and
preventing reactor fouling.43–51 For instance, Rojas and Scott
prepared heterogeneous [N, O]- and [N, N]-type nickel catalysts
based on B(C6F5)3 or Al-modified supports for ethylene
polymerization to improve catalytic activity (Scheme 1E and
F).52–54 Recently, Shiono and Cai et al. prepared heterogeneous
nickel catalysts via the reaction of an anilinonaphthoquinone
ligand with methylaluminoxane-modified silica (MMAO/SiO2).
This system can mediate ethylene copolymerization with
5-hexene-1-yl acetate and allyl acetate and lead to satisfactory
polymer morphology control (Scheme 1G).55,56

As mentioned above, the Lewis acid-induced strategy is very
practical in olefin polymerization. Developing unique nickel
systems using this strategy for olefin (co)polymerization
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demonstrates exciting opportunities and will attract wide
application interests. Inspired by the pioneering work by
Bazan et al.,57 we designed and characterized a series of [N, O]-
type nickel complexes bearing Lewis base response moieties
(Scheme 1). With these nickel complexes, homogeneous and
heterogeneous ethylene polymerization and copolymerization
with polar monomers were studied by introducing soluble and
supported B/Al Lewis acid, respectively. It is hypothesized that
the introduction of Lewis acid units can significantly decrease
the electron cloud density of the Ni center and increase the
steric hindrance, thus leading to the simultaneous improve-
ment of catalytic activity and molecular weight of the gener-
ated polyolefins.

Results and discussion
Ligands and catalyst synthesis

Ligands L1–L2 were easily prepared in high yield from 2,3-
butanedione and amine through a condensation reaction.
Deprotonation of ligands with lithium diisopropylamide (LDA)
in THF provides lithium salt after evaporating the solvent.
Subsequent reaction of the salt with allylnickel chloride dimer
in dichloromethane affords complexes Ni1 and Ni2
(Scheme 2), which were characterized by 1H, 13C NMR, H–H
COSY spectra, and single crystal diffraction. In examining Ni2,
for example, the 1H NMR spectrum shows the proton signals
adjacent to benzene ring (–CHPh2) at 5.9 and 5.6 ppm and
terminal olefinic protons at 4.7 and 4.3 ppm. The values at 5.3,
3.1, 1.9, 1.6, and 0.9 ppm were attributed to the allyl group co-
ordinated to the nickel metal center.

The H–H COSY spectrum also showed the correlation of
corresponding protons. A single crystal of Ni1 was obtained

from a solution of toluene and pentane, as shown in Fig. 1,
and the length of the CvC bond adjacent to the oxygen atom
was shorter than that of the C–C bond adjacent to the nitrogen
atom (1.32 Å vs. 1.50 Å). To further investigate the truly catalyti-
cal active species, the coordination reaction of Ni2 with 2 eq.
of B(C6F5)3 was conducted. The 1H NMR, 19F NMR, and H–H
COSY spectra indicated a successful Lewis acid-induced iso-
merization process to generate the Ni2-BCF complex (see the
ESI†).

Homogeneous ethylene polymerization

For ethylene polymerization, we explored the catalytic perform-
ance of these two nickel catalysts at different temperatures
(30 °C, 50 °C, and 80 °C). Nickel complexes Ni1 and Ni2 were
not active without the addition of Lewis acid cocatalyst
(Table 1, entries 1 and 2). Even after increasing the polymeriz-
ation temperature to 80 °C or ethylene pressure to 20 atm,
polyethylene generation using Ni1 and Ni2 remained elusive in
our work. In contrast, after using the BCF cocatalyst, these two
catalysts exhibited activity in ethylene polymerization. The
strongest catalytic activity for Ni1 was at 50 °C, with polymeriz-
ation activity at 3.2 × 105 g mol−1 h−1 (Table 1, entries 3–5).
Catalyst Ni2 bearing larger steric hindrance (Table 1, entries
6–8) also showed similar trends, with the highest catalytic
activity of 6.4 × 105 g mol−1 h−1 at 50 °C, (Table 1, entry 7).

Molecular weight (Mn) and molecular weight distribution
(PDI) of the prepared polyethylene at different temperatures
were tested by high-temperature gel permeation chromato-
graphy (GPC). The results showed that the molecular weight of
polyethylene decreased with the increase in temperature for
the same catalyst. This was ascribed to the increased chain
transfer rate in the ethylene polymerization process when the

Scheme 1 (A–D) Soluble Lewis acid-induced nickel catalysts for ethylene homogeneous polymerization generating low molecular weight oligomer
and polyethylene. (E–G) Supported Lewis acid-induced nickel catalysts for heterogeneous ethylene (co)polymerization. (H) This work, a combination
of soluble and supported Lewis acid-induced nickel catalysts for ethylene (co)polymerization producing (co)polymer with high molecular weight.
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temperature increased. For these two different catalysts, the
molecular weight of polyethylene prepared by the Ni2 catalyst
with the larger steric hindrance at 30 °C was as high as 130.8 ×
104 g mol−1 (Table 1, entry 6), and thus, it would be classified
as an ultra-high molecular weight polyethylene (UHMWP). At
50 °C and 80 °C, the molecular weights of polyethylene gener-
ated by catalyst Ni2 were 115.5 × 104 g mol−1 and 96.0 × 104 g
mol−1, which were 6 times and 10 times higher than those of
the polyethylene prepared by Ni1, respectively (Table 1, entries
7 and 8).

In addition, the branching density of polyethylene (the
number of branches per 1000 carbon atoms in the polyethyl-
ene chain) can be adjusted by using different catalysts and
polymerization temperatures. A lower branching density of the
prepared polyethylene using Ni2 was observed, with the gene-
ration of additional linear polyethylene with a high melting
point (Tm up to 130.9 °C). The steric hindrance of a catalyst
has an important influence on the molecular weight and
branching density of polyethylene due to the decreased β-H
elimination rate for Ni2, with a larger steric hindrance.

Excluding the study of borane BCF, different Lewis acid
cocatalysts such as methylaluminoxane (MAO) were also intro-
duced to interact with the nickel complex in this system
(Table 1, entries 9–11). Compared to BCF, Ni2 exhibited
decreased activity in ethylene polymerization with cocatalyst
MAO. Additionally, the generated polyethylene exhibited a
lower molecular weight and melting point, and higher branch-
ing density (Table 1, entries 9–11 vs. 6–8). As such, the selec-
tion of different Lewis acids in this work was advantageous
because they effectively modulated the topological structures
of the produced polyethylene, which provided versatile cata-
lytic performances for olefin polymerization.

DFT calculation

To further understand the structural differences and influence
of Lewis acid modulation, density functional theory (DFT) cal-
culations were carried out to study the electronic nature and
steric effects of these catalysts. As depicted in Fig. 2, catalytic

Scheme 2 Design of Lewis-acid-induced homogeneous and heterogeneous nickel complexes utilizing soluble and supported Lewis acids.

Fig. 1 The molecular structure of Ni1 (CCDC2295534†). Hydrogen
atoms were omitted for clarity, and ellipsoids were set at 30% prob-
ability. Selected bond lengths (Å) and angles (°): Ni1–O1 1.893 (4), Ni1–
N1 1.897 (5), Ni1–C7 2.007 (7), Ni1–C8 1.989 (8), Ni1–C14 1.998 (13);
N1–Ni1–O1 85.2 (2), O1–Ni1–C7 99.5 (3), N1–Ni1–C8 101.2 (3), N1–
Ni1–C8 101.2 (3), C7–Ni1–C8 74.2 (3).
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species 1A–1C and 2A–2C were classified as three types, start-
ing from the same α-ketone-imine ligand structure. 1A and 2A
are previously reported cationic nickel catalytic species with
the ability to mediate olefin polymerization with high
activity.58

The results of frontier-orbital electron densities (FED) on
the Ni centers indicated that the electron cloud densities of
the Ni centers of 1B and 2B were significantly higher than
those of the other four Ni complex species. This may explain
the near complete absence of catalytic activity for these two
complexes, because a Ni center with a high electron cloud
density may be not beneficial for the coordination and electro-
philic activation of monomer. Moreover, steric maps were gen-
erated using the SambVca 2.1 A tool, which provides the quan-
tified steric hindrance around the catalytic species. It was indi-
cated that the use of BCF modulation resulted in significantly
increased steric hindrance (Vbur value: 1C > 1B ≈ 1A; 2C > 2B ≈
2A). For 1C and 2C, this may lead to the simultaneous inhi-
bition of ethylene coordination and chain transfer, resulting

in lower catalytic activities and higher polymer molecular
weights compared with 1A and 2A, respectively.

Supported Lewis acid-induced heterogeneous ethylene
polymerization

Extensive academic research efforts have focused on homo-
geneous nickel catalysts for olefin polymerization.15–18,37

However, heterogeneous catalysts have been dominating
industrial polyolefin production because they offer many dis-
tinct advantages, such as controlling the polymer morphology
and preventing reactor fouling.43–51 From this perspective, het-
erogenization of soluble catalysts on solid supports represents
an attractive strategy to bridge these two fields. The Lewis acid-
induced heterogeneous strategy using a Lewis acid-modified
support provides an efficient approach for this field.

Supported Lewis acids (BCF/SiO2 or MAO/SiO2) in this work
were prepared through BCF- and MAO-modified SiO2. The sup-
ported catalysts were accessed by mixing nickel complex with
Lewis acid-modified SiO2 in toluene, stirring for 3 h, and then

Table 1 Lewis acid-induced ethylene homogeneous polymerization catalyzed by Ni1–Ni2a

Ent. Cat. Lewis acid T (°C) Yieldb (g) Act.b (105) Mn
c (104) PDIc Bd Tm

e (°C)

1 Ni1 — 30 0 — — — — —
2 Ni2 — 30 0 — — — — —
3 f Ni1 BCF 30 0.5 2.0 32.0 1.80 10 127.5
4 f Ni1 BCF 50 0.8 3.2 18.9 1.56 13 122.6
5 f Ni1 BCF 80 0.6 2.4 8.7 1.45 22 116.4
6 f Ni2 BCF 30 1.2 4.8 130.8 2.36 6 130.9
7 f Ni2 BCF 50 1.6 6.4 115.5 2.54 11 129.5
8 f Ni2 BCF 80 1.3 5.2 96.0 1.88 13 125.9
9g Ni2 MAO 30 0.5 2.0 95.8 1.44 12 126.5
10g Ni2 MAO 50 0.9 3.6 75.4 1.43 20 120.3
11g Ni2 MAO 80 0.6 2.4 56.8 1.98 23 118.5

a Polymerization conditions: Ni catalyst = 5 μmol in 2 mL CH2Cl2, heptane = 28 mL, ethylene = 8 atm, 0.5 h. b The yields and activities are an
average of at least two repetitive cycles. The activity is in units of 105 g mol−1 h−1. cDetermined by gel permeation chromatography (GPC) in tri-
chlorobenzene at 150 °C with polystyrene standards. The molecular weight is in units of 104 g mol−1. dDetermined by 1H NMR in C2D2Cl4 at
120 °C. eDetermined by differential scanning calorimetry (DSC, second heating). f 10 eq. of B(C6F5)3 was added.

g 100 eq. of MAO was added.

Fig. 2 DFT studies for nickel complex species 1A–1C and 2A–2C: the numbers in parentheses are frontier-orbital electron densities on the Ni
centers; Vbur is the calculated topographic steric map around the nickel catalytic center.
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washing the solid precipitate with toluene. The maximum cata-
lyst-supporting capacity was approximately 5 μmol Ni1/Ni2 per
100 mg of SiO2. In the solid-state19 F MAS NMR spectrum, the
chemical shifts of peaks (−135, −155, and −166 ppm) were
characteristic of BCF/SiO2, and newly generated peaks (−123,
−142, and −158 ppm) were assigned to Ni2-BCF/SiO2. This
indicated that Ni2 was successfully immobilized on –SiOB
(C6F5)2 by binding to the carbonyl group of the ligand (see the
ESI†).

Compared with the homogeneous system, catalytic activity
of the heterogeneous catalyst Ni2-BCF/SiO2 was significantly
increased at 30 °C, 50 °C, and 80 °C (Table 2, entries 1–3 vs.
Table 1, entries 6–8, Fig. 3a and b). Excellent catalytic perform-
ance was observed for Ni2-BCF/SiO2, with an increase in

activity up to 1.28 × 106 g mol−1 h−1 (Table 2, entry 2). The pre-
pared polyethylene was UHMWPE with an increased molecular
weight of 205.3 × 104 g mol−1 and 183.8 × 104 g mol−1, and a
lower branch density and higher Tm at 30 °C and 50 °C,
respectively (Table 2, entries 1 and 2). At the elevated tempera-
ture of 80 °C, the heterogeneous catalyst Ni2-BCF/SiO2 contin-
ued to produce polyethylene with a high molecular weight of
120.8 × 104 g mol−1 (Table 2, entry 3), which enabled a great
advantage for the industrial application of UHMWPE
preparation.

Similarly, the Ni2-MAO/SiO2 system exhibited increased
activity for ethylene polymerization compared to the homo-
geneous system, producing polyethylene with higher molecular
weight and lower branching density (Table 2, entries 4–6 vs.

Table 2 Supported Lewis acid-induced heterogeneous ethylene polymerization catalyzed by Ni2a

Ent. Cat. Supported Lewis acid T (°C) Yieldb (g) Act.b (105) Mn
c (104) PDIc Bd Tm

e (°C)

1 Ni2 BCF/SiO2 30 1.9 7.6 205.3 1.75 3 134.0
2 Ni2 BCF/SiO2 50 3.2 12.8 183.8 2.28 4 131.9
3 Ni2 BCF/SiO2 80 2.1 8.4 120.8 2.21 11 129.2
4 Ni2 MAO/SiO2 30 1.0 4.0 132.5 2.37 6 130.1
5 Ni2 MAO/SiO2 50 1.2 4.8 121.8 1.51 14 127.5
6 Ni2 MAO/SiO2 80 0.7 2.8 85.5 1.64 15 123.7

a Polymerization conditions: Ni catalyst = 5 μmol, heptane = 30 mL, ethylene = 8 atm, 0.5 h. b The yields and activities are an average of at least
two repetitive cycles. The activity is in units of 105 g mol−1 h−1. cDetermined by gel permeation chromatography (GPC) in trichlorobenzene at
150 °C with polystyrene standards. The molecular weight is in units of 104 g mol−1. dDetermined by 1H NMR in C2D2Cl4 at 120 °C. eDetermined
by differential scanning calorimetry (DSC, second heating).

Fig. 3 Comparisons of the homogeneous and heterogeneous ethylene polymerization systems using Ni2: (a) molecular weight comparisons of
generated polyethylene at 30 °C and 50 °C; (b) branching degree comparisons of generated polyethylene at 30 °C and 50 °C; (c and d) time-depen-
dent studies (polymer yields vs. polymerization time) at 80 °C.
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Table 1, entries 9–11; Fig. 3a and b). To investigate the thermal
stability of homogeneous and heterogeneous systems, time-
dependent studies at 80 °C were performed. As depicted in
Fig. 3, the heterogeneous catalysts Ni2-BCF/SiO2 and Ni2-MAO/
SiO2 continued their ethylene polymerization activity within
60 minutes, while the homogeneous Ni2 catalyst lost nearly all
activity within 30 minutes (Fig. 3c and d). The striking behav-
ior difference between the homogeneous and heterogeneous
nickel systems can be explained by the increased steric
environment around the nickel center through the heterogeni-
zation step, which inhibited the chain transfer rate during the
polymerization process.

Excluding the study of catalytic performance by nickel cata-
lysts, polymer morphology control is also important for indus-
trial polymerization procedures. Heterogeneous catalysts
usually demonstrate distinct advantages compared with homo-
geneous systems. In our work, the homogeneous catalyst pro-
duced sticky polyethylene on the polymerization reactor
(Fig. 4a and c). In contrast, the corresponding heterogeneous
nickel complex generated free-flowing polyethylene with excel-
lent morphology control at 50 °C (Fig. 4b and d), and no
reactor fouling due to the leaching of catalyst into solution.
This advantage offers the possibility to conduct a continuous
polymerization process for industrial applications.

Tensile strength analysis was performed for the prepared
polyethylene samples. As Fig. 4e shows, the generated poly-
ethylene possesses enhanced mechanical properties utilizing
the Ni2-BCF/SiO2 supported catalyst compared to its homo-
geneous counterpart (Fig. 4e, tensile strength 36.6 vs. 18.9
MPa; elongation at break 542% vs. 415%). A similar trend was

also observed for the supported Ni2-MAO/SiO2 and homo-
geneous systems (Fig. 4f, tensile strength 26.1 vs. 14.0 MPa;
elongation at break 553% vs. 407%). It should be noted that
the mechanical properties of the polyethylene produced by the
heterogenization system may be the result of the combined
performance of polyethylene with the left SiO2 support.

Ethylene-polar monomer copolymerization with Lewis acid-
induced homogeneous and supported nickel catalysts

As the largest class of thermoplastic polymers, polyolefin
materials have wide applications and a huge annual pro-
duction. The introduction of even a small amount of polar
functional groups into polyolefins could result in great control
over important material properties. As the most direct and
economic strategy, the coordination–insertion copolymeriza-
tion of olefin with polar-functionalized monomers can enable
molecular level control of the copolymer microstructures,
which is one of the greatest challenges in this field. Thus, the
copolymerization of ethylene and polar monomers (methyl
10-undecenoate and 6-chlorohex-1-ene) was investigated at
50 °C in this work.

For the homogeneous system with BCF or MAO as the coca-
talyst, Ni2 was active in the copolymerization of ethylene with
methyl 10-undecenoate, generating copolymer with moderated
molecular weight and comonomer incorporation ratio
(Table 3, entries 1 and 3, respectively). In contrast, there was
higher activity of the heterogeneous Ni2-BCF/SiO2 and Ni2-
MAO/SiO2 systems as compared to the soluble system, and
copolymer was generated with higher molecular weight, up to

Fig. 4 (a) Polyethylene sample prepared from Ni2-BCF at 50 °C in solution. (b) Polyethylene sample prepared from Ni2-BCF/SiO2 at 50 °C in solu-
tion. (c) Polyethylene sample accessed from Ni2-BCF at 50 °C after drying. (d) Polyethylene sample prepared from Ni2-BCF/SiO2 at 50 °C after
drying. (e) Stress–strain curves of polyethylene samples obtained using Ni2-BCF and Ni2-BCF/SiO2 at 50 °C. (f ) Stress–strain curves of polyethylene
samples obtained using Ni2-MAO and Ni2-MAO/SiO2 at 50 °C.
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22.8 × 104 g mol−1 and 14.1 × 104 g mol−1, respectively
(Table 3, entries 2 and 4, respectively).

A similar trend was observed for the copolymerization of
ethylene with 6-chlorohex-1-ene (Table 3, entries 5–8),
affording copolymer with high molecular weight (29.5 × 104 g
mol−1). The copolymers showed a slightly decreased comono-
mer incorporation ratio produced by the heterogenization
system, which may be ascribed to the increased steric hin-
drance around the nickel catalytic center through the heteroge-
nization process, which subsequently decreased the likelihood
for the occurrence of polar monomer insertion (Table 3,
entries 2, 4, 6, and 8). The heterogeneous strategy in this
work provides a general method for additional Lewis acid-
induced catalytic systems in the olefin copolymerization
process.

Conclusions

We designed and characterized [N, O] nickel catalysts with
different amounts of steric hindrance. These complexes
mediated binding to Lewis acids such as B(C6F5)3 and MAO.
The catalytic behaviors of nickel catalysts in homogeneous
ethylene polymerization can be tuned by the addition of Lewis
acids. To extend soluble Lewis acids to their supported
counterparts, heterogeneous ethylene polymerization systems
(Ni2-BCF/SiO2 and Ni2-MAO/SiO2) were designed and investi-
gated. Compared to its homogeneous counterparts, the
immobilized nickel catalyst behaved with high activity and
thermal stability during ethylene polymerization, and was able
to produce UHMWPE with excellent morphology control
(molecular weight up to 205.3 × 104 g mol−1). Moreover, these
immobilized nickel systems also promoted the copolymeriza-
tion of ethylene with polar monomers, generating copolymer
with high molecular weight and high activity. The ease of the
Lewis acid-induced olefin (co)polymerization in this work
demonstrates exciting opportunities for the synthesis of high-
performance polyolefin materials and may inspire additional
applications in other metal catalysis fields.
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spectroscopy. eDetermined by differential scanning calorimetry (DSC, second heating).
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