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The tuning of olefin-polymerization catalyst properties through ligand modifications is efficient but re-
quires complicated and costly syntheses. In this contribution, a simple Bu,Mg-based cocatalyst strategy
is designed that can simultaneously enhance the catalytic properties (activity, thermal stability, polymer
molecular weight, branching density, melting point, etc.) of various nickel catalysts («-diimine nickel,
pyridine imine nickel and iminopyridine-N-oxide nickel) in ethylene polymerization, and enable great
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In 1963, Ziegler and Natta won the Nobel Prize for their contri-
butions to olefin polymerization catalysts. More than 50 years later,
polyolefins are widely used in both industry and everyday prod-
ucts due to their desirable properties and low cost. The design and
development of high-performance catalysts have attracted great at-
tention from both academia and industry [1-16]. Since Brookhart’s
seminal works on «-diimine catalyst (Scheme 1, A) [17], this cat-
alyst system has been extensively investigated in the past few
decades [18-25]. Due to their unique chain walking mechanism,
this type of catalysts can prepare polyolefins with branched chain
structures and various polymer topologies. However, many of the
initially reported «-diimine catalysts suffered from low thermal
stability, which prevents their potential industrial applications.

Generally, modifications on ligand steric hindrance and elec-
tronic effects can improve important parameters such as activity,
thermal stability and polymer molecular weight. For instance, Long
and coworkers reported the studies of an «-diimine Ni(Il) catalyst
(Scheme 1, B) containing benzhydryl moiety, which maintained
high activity at temperatures up to 100 °C [26]. Chen and cowork-
ers studied ligand electronic effect on ethylene polymerization cat-
alyzed by «-diimine nickel(Il), which can efficiently influence cat-
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alytic activity and polyethylene molecular weight [27]. Brookhart,
Daugulis and Coates designed a “sandwich-type” «-diimine nickel
catalyst (Scheme 1, C) with great properties in ethylene polymer-
ization. These catalysts possess increased axial bulkiness, resulting
in lower rates of chain transfer relative to chain propagation rates
[28-30].

Rieger and coworkers prepared a series of Ni(ll) catalysts
with meta-substituted terphenyl «-diimine ligands (Scheme 1, D),
which afforded highly linear polyethylenes [31]. Recently, Jian and
coworkers designed a concerted double-layer steric strategy by in-
terlocking the axial spaces around the metal center to form a
large blockage, enabling high activity (up to 1.03 x 10° g mol~'h— 1)
and high polymer molecular weight (My, =4.2 x 106 g/mol) [32]. In
addition to the developments in «-diimine nickel system, a se-
ries of nickel catalysts bearing new ligands have been designed
and synthesized. For example, Chen and coworkers prepared a
series of iminopyridyl Ni(Il) catalysts (Scheme 1, E) containing
both dibenzhydryl and naphthyl moieties, generating polyethylene
with molecular weight of up to one million [33]. Similarly, some
iminopyridine-N-oxide nickel catalysts have been demonstrated
with great properties in ethylene polymerization (Scheme 1, F). It
was shown that the steric hindrance and electronic effect of the
ligand can significantly improve the polymerization activity, and
ultra-high molecular weight polyethylene with tunable molecular
weight distribution can be obtained [34-36].
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Scheme 1. Selected examples of previously reported nickel catalysts, and the three
nickel catalysts used in this work.

Modifications on ligand sterics and electronics have been
widely used in tuning catalysts properties. However, this usually
requires costly and cumbersome ligand/catalyst syntheses. Alter-
natively, the tuning of catalyst properties through different cocat-
alyst represents an easy and generally applicable strategy, which
has been widely used in early transition metal-based olefin poly-
merization catalysts [37,38]. For example, the utilization of boranes
[39-42], aluminum alkyls [43,44] or magnesium salts [45-47] can-
not only influence the catalytic performances, but also act as sup-
port to modulate product morphology [48,49]. Product morphology
control is a critical issue in polyolefin industry.

However, this cocatalyst strategy has remained largely unex-
plored in late transition metal-based olefin polymerization cata-
lysts, especially for the purpose of product morphology control
[50-56]. In this contribution, we decide to explore the influence of
a Et,AlCl/Buy,Mg binary cocatalyst system on a known «-diimine
Ni(Il) catalyst (Scheme 1, Nil). In addition to significantly im-
proved catalytic activity and polymer molecular weight, this cocat-
alyst enables great product morphology control. More importantly,
this strategy is generally applicable for various late transition metal
nickel catalysts such as pyridine imine nickel (Scheme 1, Ni2)
[57] and iminopyridine-N-oxide nickel (Scheme 1, Ni3) [58] cata-
lysts.

Similar with literature reports, the activation of classic Nil1 with
Et,AlCI catalyzes the polymerization of ethylene (30 °C, 50 °C and
80 °C) to generate branched polyethylene (the branching densities:
53-79/1000 C) with activities of ca. 106g mol=! h=! (Table 1, en-
tries 1-3). In contrast, the addition of Bu,Mg to Et,AICl followed
by injection of the nickel catalyst can increase the polymerization
activity to up to 1.29 x 107 g mol~! h=1 (Table 1, entries 4-10). The
polyethylene molecular weight was increased by an order of mag-
nitude from 1.72 x 10° g/mol to 1.90 x 108 g/mol. The polyethylene
branching density was decreased from 53 to 10 per 1000 carbon
atoms, along with significantly increased polymer melting point
(from 85 °C to 129.7 °C). When the amount of Bu,Mg was in-
creased to be the same as or exceeding the amount of Et;AlC],
the polymerization activity was significantly reduced (Table 1, en-
tries 11 and 12). In another set of control experiment, the addi-
tion of Bu, Mg to the nickel catalyst followed by injection of Et,AlCI
showed no activity at all (Table 1, entry 13). These results indicated
that excessive Bu,Mg may react with the nickel pre-catalyst and
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deactivate the system. This performance enhancement was ampli-
fied at higher polymerization temperatures (Table 1, entries 14 and
15, Fig. S1a in Supporting information). For example, the polymer-
ization activity and molecular weight were increased by 9 and 29
times, respectively, with the addition of 250 equiv. Bu,Mg at 80 °C
(Table 1, entry 15vs. entry 3). Moreover, polymerization time de-
pendence studies at 80 °C showed that the addition of Bu,Mg can
significantly increase catalyst thermal stability (Fig. S1b in Support-
ing information).

This Buy,Mg-based cocatalyst strategy is also applicable in Ni2
and Ni3 systems. With the addition of Bu,Mg, the polymerization
activity of Ni2 was increased by more than 10 times, along with in-
creased polyethylene molecular weight, decreased branching den-
sity and increased melting point (Table 1, entries 16-18, Fig. S1c in
Supporting information). The polymer molecular weight distribu-
tion was increased after adding Bu, Mg, which may be caused by
the generation of multiple active centers through interaction of the
sterically open ligands with Bu,Mg. With Et,AICl cocatalyst, Ni3
is not active at all in ethylene polymerization (Table 1, entry 19).
However, the addition of Bu,Mg can lead to highly active catalyst
(Table 1, entries 20 and 21).

The origin of this interesting Bu,Mg-based cocatalyst strategy
was investigated. The addition of Bu,Mg to Et,AICl could lead
to the formation of MgCl, [47], which serves as an efficiently
solid support for nickel catalysts and influences their properties
in polymerization. Scanning electron microscope showed the reac-
tion of AIEt,Cl with Bu,Mg led to the formation of discrete parti-
cles with diameters of ca. 100nm (Fig. 1a). The shape of the re-
sulting polyethylene particles replicated that of MgCl, with aver-
age diameters increased to ca. 500nm at 30 °C (Fig. 1b). Impor-
tantly, the polymers prepared in the presence of Bu,Mg are in
the form of dispersed and non-sticky particles (Fig. 1c). In direct
contrast, the absence of Bu,Mg results in the formation of viscous
and continuous materials (Fig. 1d). Previously, it has been demon-
strated that the supporting of homogeneous nickel catalysts on
solid support usually led to increased polymer molecular weight
and decreased branching density in ethylene polymerization [50-
56]. This is consistent with our experimental results, and support
the above-mentioned hypothesis. Most importantly, this simple co-
catalyst strategy can prevent reactor fouling through polymer mor-
phology control.

The influence of the Bu,Mg on Nil catalyzed ethylene-polar
comonomer copolymerization was also investigated (Table 2). Un-
der the current conditions, Ni1l was not able to mediate ethylene
copolymerization with methyl 10-undecenoate (Table 2, entry 1).
In contrast, the addition of Bu,Mg can enable efficient copolymer-
ization (Table 2, entry 2), affording copolymers with high molec-
ular weight (22.5 x 10*) and moderate comonomer incorporation
(3.2%). For comonomers of 10-undecylenic acid and 10-undecenol,
Bu,Mg can significantly increase copolymer molecular weights,
while slightly affect activity and comonomer incorporation (Table
2, entries 4-8). The resulting copolymers are amorphous in the ab-
sence of Bu,Mg, while semicrystalline copolymers with high melt-
ing points can be generated with the addition of Bu,Mg.

The influence of Bu,Mg on polymer microstructures (molecu-
lar weight, branching density, etc.) can translate into influences
on physical properties. Tensile tests were carried out to probe
the mechanical properties of these polyethylene products (Fig. 1e).
In the absence of Bu,Mg, Nil generated polyethylene with elas-
tic properties (strength of 85MPa and strain of 1400%). How-
ever, the addition of Bu,Mg led to the formation of polyethylenes
bearing hard and strong thermoplastic properties, with signifi-
cantly enhanced tensile strength (33.2-47.4 MPa) and good strain
values (830%—1030%). Polyethylene with good mechanical proper-
ties can be obtained even at 80°C (sample from Table 1, entry
15). However, only sticky oil product can be obtained in the ab-
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Table 1

Effect of the Bu,Mg for nickel catalyst on ethylene polymerization.?
Entry Cat. T (°C) Bu, Mg (equiv.) Yield (g) Act T ( °C) Bd Mp® My [Mp®
1 Nil 30 0 0.32 2.56 85.0 53 17.2 2.5
2 Nil 50 0 0.19 1.52 - 54 14.6 24
3 Nil 80 0 0.12 0.96 - 79 4.6 3.8
4 Nil 30 50 1.01 8.08 118.3 28 88.7 4.0
5 Nil 30 75 1.42 11.36 119.8 25 95.9 3.5
6 Nil 30 125 1.39 11.12 122.1 24 106.4 3.2
7 Nil 30 200 1.45 11.60 124.6 21 121.7 3.0
8 Nil 30 250 1.62 12.96 1271 15 142.7 2.1
9 Nil 30 300 1.41 11.28 128.8 13 154.2 2.1
10 Nil 30 400 0.71 5.68 129.7 10 190.1 2.1
11 Ni1l 30 500 0.05 0.40 118.7 23 95.6 4.8
12 Ni1l 30 600 trace
13f Nil 30 250 trace
14 Nil 50 250 1.02 8.16 126.6 16 97.8 1.9
15 Nil 80 250 0.89 7.12 125.5 21 77.3 1.9
16 Ni2 30 0 0.05 0.40 64.3 56 0.3 1.7
17 Ni2 30 125 0.57 4.56 116.5 28 0.7 8.3
18 Ni2 30 250 0.64 5.12 119.7 42 0.5 53
19 Ni3 30 0 trace - - - - -
20 Ni3 30 125 0.10 0.80 125.1 19 1.0 10.7
21 Ni3 30 250 0.04 0.32 124.7 15 1.1 9.0

2 Conditions: Catalyst 0.5 pmol, EtAICI 500 equiv., P: 8 atm, t= 15 min, n-heptane 5mL. A mixture of Et,AlCl and Bu, Mg was added to the polymerization reactor,

followed by the injection of the nickel catalyst.

b The overall activity (106 g mol-! h~!) was determined from the mass of the polymer product. Values are the average of at least two runs.

¢ Determined by DSC.
d Branches per 1000 carbon atoms, determined by '"H NMR analysis.

€ My: 104 g/mol, M, and M,/M, determined by GPC in trichlorobenzene at 150 °C.
f A mixture of Bu,Mg and nickel catalyst was added to the polymerization reactor, followed by the injection of Et,AICI.
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Fig. 1. (a) Scanning electron micrograph of the MgCl, particle formed from the reaction of Et,AICl with Bu;Mg. (b) Scanning electron micrograph of the polymer products
for entry 6. (c) The photograph of the polymer products from entry 8 (500 equiv. Et,AlCl, 250 equiv. Bu;Mg). (d) The photograph of the polymer products from entry 1 (500
equiv. Et,CIAl 0 equiv. Bu;Mg). (e) Stress-strain curves of the polymer products from Nil. (f) Complex viscosity curves of the polymer products from Nil.

sence of BuyMg. The outstanding mechanical properties of these
polyethylenes can be attributed to their low branching density and
high molecular weight.

Furthermore, the rheological behaviors of these polyethylenes
were studied using flat plate rheometer. The storage modulus (G’)
and complex viscosity are two important parameters related to
polymer rheological and processing properties [59]. The complex
viscosity was determined using temperature sweep experiments
with Anton Paar MCR302 (plate: 25 mm diameter). The tempera-
ture scanning rate was set at 5°C/min, and the frequency was set
constant at 1.0Hz (Fig. 1f). When the temperature was increased
from 70°C to 180°C, the complex viscosities of samples prepared
without Bu,;Mg (30°C, 0 equiv. Bu,Mg, Table 1, entry 1) decreased
smoothly, indicating elastic properties. In contrast, a significant
step change at approximately 100°C were observed for the sam-
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ples prepared in the presence of Bu,Mg, which were characteristic
of thermoplastics. These results are consistent with the previously
mentioned polymer thermal properties and mechanical properties.

In summary, we have developed a simple and effective cocata-
lyst strategy to enhance the properties of nickel catalysts in ethy-
lene polymerization. In addition to significantly improved activ-
ity, thermal stability, polymer molecular weight, greatly reduced
branching density and increased melting points, this strategy en-
ables great product morphology control. Moreover, the polyethy-
lene products prepared by this strategy possess good mechani-
cal properties and tunable rheological/processing properties. Sim-
ilar property enhancement was also observed in ethylene copoly-
merization with a series of polar comonomers such as methyl 10-
undecylenate, 10-undecylenic acid and 10-undecenol. Most impor-
tantly, this versatile strategy is generally applicable to different
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f:f?izr?ce of the Bu;Mg on Nil catalyzed ethylene-polar comonomer copolymerization.?

Entry Comonomer [M] (mol/L) Bu, Mg (equiv.) Yield (g) Act. P Tm® (°C) Incorp. mol. (%) ¢ M,° My/Mp®
1 WCOOMe 0.2 0 trace - - - - -

2 =t coome 0.2 250 0.26 0.42 1225 32 225 45

3 7 45CO0H 0.2 0 2.50 5.00 - 2.8 115 44

4 T 5C00H 0.2 250 2.41 482 121.1 0.6 37.4 45

5 ZhC00H 05 250 1.45 2.90 118.0 14 20.9 45

6 =450 0.2 0 258 5.16 - 1.1 246 45

7 = i0H 0.2 250 271 5.42 119.8 05 84.4 46

8 =ig0H 0.5 250 1.53 3.06 116.7 1.2 40.0 6.4

2 Conditions: Catalyst Ni1 10 umol, 30 °C, 8 atm, Et;AICl: 1000 equiv., Bu;Mg: 250 equiv., 20 mL n-heptane, t =30 min.

b Activity: 10° gmol-! h-!. Values are the average of at least two runs.
¢ Determined by DSC.
4 Determined by 'H NMR analysis.

€ My: 10% g/mol, M, and M,/M, determined by GPC in trichlorobenzene at 150 °C.

nickel catalyst systems. It is expected that further studies using
different cocatalysts and on different late transition metal catalysts
could lead to the discovery of superior systems with potentials for
practical applications.
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