N

http://justc.ustc.edu.cn Received: April 24, 2024; Accepted: June 19, 2024

Remote electron effects and mt-m interactions of a-diimine nickel
complexes

+

Yizhan Wang*, Hailong He', and Dan Peng >

Hefei National Research Center for Physical Sciences at the Microscale, CAS Key Laboratory of Soft Matter Chemistry, Department of Poly-
mer Science and Engineering, University of Science and Technology of China, Hefei 230026, China

* These authors contributed equally to this work
>Correspondence: Dan Peng, E-mail: pengdan@ustc.edu.cn
© 2024 The Author(s). This is an open access article under the CC BY-NC-ND 4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Graphical abstract

/ Remote Electron Effect and 1r-1r Interaction
X

A YRS o> A,

>
( KCOOCHj3

New types of a-diimine nickel catalysts with remote electron effects and n-m interactions were prepared and used in ethylene (co) poly-
merization.

Public summary
m Novel a-diimine nickel catalysts with different electronic effects were prepared.

m These a-diimine nickel catalysts showed high polymerization activities in ethylene polymerization, generating polyethyl-
ene products with adjustable molecular weight and branching density.

m These a-diimine nickel catalysts can also catalyze the copolymerization of ethylene and polar monomer, preparing func-
tionalized polyolefin.
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Abstract: The seminal report of a-diimine palladium and nickel catalysts in 1995 represented a major breakthrough in the
preparation of functionalized polyolefin materials. Owing to the high abundance and low cost of nickel, nickel-based cata-
lysts have great application prospects in the industrialization process of olefin coordination polymerization. In this work,
various N-aryl substituents with different electronic effects were synthesized and introduced into a-diimine ligands. The as-
prepared o-diimine nickel catalysts showed high polymerization activity (0.9x10'-3.0x10” g-mol"-h™') in ethylene poly-
merization, generating polyethylene products with adjustable molecular weights (M, values: 7.4x10*-146.9x10* g-mol™)
and branching densities (31/1000 C—68/1000 C). The resulting polyethylene products showed excellent mechanical proper-
ties, with high tensile strength (up to 25.0 MPa) and high strain at break values (up to 3890%). The copolymerization of
ethylene and polar monomers can also be achieved by these nicekel complexes, ultimately preparing functionalized polyol-
efins.

Keywords: a-diimine nickel catalyst; ethylene polymerization; n-n interaction effect; electronic effect; polar monomer
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1 Introduction

Polyethylenes play an important role in films, pipes and med-
ical consumables because of their excellent properties, includ-
ing easy processing, corrosion resistance and other advant-
ages. However, traditional polyethylene materials have sever-
al limitations (adhesion, self-repair, antibacterial activity, de-
gradability, etc.) in practical applications because of their
nonpolar characteristics"’. Introducing a small number of po-
lar functional groups into polyethylene can enhance the per-
formance of the as-prepared polymer products and greatly
broaden their application range® . The coordination copoly-
merization of ethylene and polar monomers catalyzed by late
transition metal catalysts is one of the most economical meth-
ods for preparing functional polyolefin materials®* and has
been widely studied in recent decades”'”. High-performance
catalysts for copolymerization have been developed effect-
ively through the introduction of substituents with different
electrons and steric effects!>'"l.

The seminal report of a-diimine nickel and palladium cata-
lysts in 1995 promoted the development of the field of olefin
polymerization”. Compared with palladium, nickel is more
competitive in industry because of its high abundance in
nature and low cost. Since the discovery of a-diimine nickel
catalysts, approximately 2000 kinds of a-diimine nickel com-
plexes with different ligand structures have been reported and
successfully applied in ethylene polymerization!**", and Fig. 1
shows several well-defined a-diimine nickel complexes with
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structures reported in the literature™ *. However, designing
and synthesizing new types of catalyst structures to influence
the microstructure and physical properties of polymer
products is still highly scientific®* .

The electronic and steric effects of a-diimine ligands are
important factors affecting the properties of catalysts® %, In
this work, various o-diimine ligands with different substitu-
ents based on acenaphthenequinone structures were synthes-
ized, and the corresponding nickel catalysts were prepared. The
effects of these nickel complexes on the polymerization activ-
ity, M, value, branching density and mechanical properties of
the as-synthesized polyethylenes were systematically studied.

2 Materials and methods

The chemical reagents were used as received from commer-
cial sources without further purification. The synthesis of lig-
ands was carried out in air. 'H and "C NMR spectra of the lig-
ands were obtained with a Bruker 400 MHz instrument at
room temperature. The air-sensitive nickel complexes were
synthesized in a glove box. Elemental analysis, mass spectro-
metry and high-resolution mass spectrometry (HRMS) were
performed at the Analytical Center of the University of Sci-
ence and Technology of China. The molecular structures of
the single crystals of the nickel complexes were obtained via
X-ray diffraction. Ethylene polymerization and copolymeriza-
tion were performed in a low-pressure reactor. The polyethyl-
ene products were precipitated by acidified methanol. The M,
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Fig. 1. Selected a-diimine nickel complexes.

values and polymer dispersity indexes (PDIs) of the
polyethylenes were determined via gel permeation chromato-
graphy (GPC) at 150 °C using 1,2,4-trichlorobenzene as the
solvent. The T, values of the polymer products were ob-
tained via differential scanning calorimetry (DSC) analyses
on a TA Instruments DSC Q20. Stress/strain experiments
were performed at standard ambient temperature (25 °C) via a
UTM2502 universal tester. The polyethylene samples were
28 mm long, 2 mm wide and 0.5 mm thick.

3 Results and discussion

The substituted anilines were obtained according to the liter-
ature procedures”™. The ligands (L1-L4) were prepared via
acid-catalyzed condensation reactions in yields ranging from
85%—-88% and were characterized via NMR analyses. The
target a-diimine nickel complexes Nil-Ni4 were prepared in
high yields (85%—87%) via coordination reactions of the lig-
ands with (DME)NiBr, at ambient temperature (Fig.2).
Single crystals of Ni2 and Ni3 were obtained by layering
toluene solutions with n-hexane, and their contents were de-
termined via X-ray diffraction (Fig. 3). The metal center ad-
opted a twisted tetrahedral geometry, which resembled that
reported in the literature for a-diimine nickel complexes® "\,
Ethylene polymerization. With Et,AICl as a cocatalyst,
complexes Nil-Ni3 all showed high catalytic activities in
ethylene polymerization (level of 107 g-mol™-h™, Table 1), af-
fording polyethylenes with adjustable M, values and moder-
ate branching density. The highest catalytic activity was ob-
served at 80 °C for Nil-Ni3 (Table 1, entries 2, 5 and 8, up to
3.3x10” g'-mol"-h™"). The maximum molecular weight of the
as-prepared polyethylene products was 146.9%10* g-mol™,
which was generated by complex Nil at 50 °C (Table 1, entry
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2). As the polymerization temperature increased from 50 °C
to 100 °C, the M, value of the polyethylene products de-
creased significantly, which may be due to the increasing rate
of chain transfer and B-H elimination”**’. Under the same
conditions, the M, value of the resulting polyethylene
products synthesized from Nil with an electron-donating sub-
stituent (-OMe) is superior to that obtained from Ni3 with an
electron-deficient substituent (-F) (Table 1, entries 1-3 vs.
entries 7-9), which is mainly because the introduction of
electron-donating substituents inhibited the rate of p—H
elimination and chain transfer in the ethylene polymerization
process* . Interestingly, the M, values of polyethylene ob-
tained from Ni2 with electron-donating substituents (‘Bu)
were dramatically lower than those of Nil (Table 1, entries
4-6 vs. entries 1-3). m-w interactions are responsible for this
difference*". In the structures of the acenaphthenequinone-
based catalysts Nil-Ni3, the n—m interactions between the
aromatic ring in the diarylmethyl moiety and the acenaph-
thene planes demonstrated rigid conformations along with
enhanced steric hindrance of the nickel center, leading to an
improved M, value of the resulting polyethylenes. For Ni2
complexes, the introduction of —Bu with large steric
hindrance may weaken or eliminate this m-m interaction,
which can also be observed from the single-crystal structure
of Ni2 (Fig. 3a), leading to a much lower M, value of the
resulting polyethylene.

Mechanical properties. The physical and mechanical
properties of the polymer products were also determined and
are provided in Table 1. The polyethylene produced by Ni2 at
100 °C showed poor stretchability due to its low M, value
(Table 1, entry 6)“". The other polyethylene products can be
transferred into dog bone-shaped samples and exhibit good
mechanical properties (Fig.4). The polyethylene samples
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Fig. 2. Synthesis of a-diimine ligands L1-L3 and nickel catalysts Ni1-Ni3.

F2

Fig. 3. (a) Molecular structures of Ni2 (CCDC number 2348877).The selected bond lengths (A) and angles (°) were as follows: Nil-N1 2.025(2),
Nil-N2 2.025(2), Nil-Brl 2.3315(4), Nil-Br2 2.3315(4), N1-Nil-N2 82.40(14), Br2-Nil-Brl 115.38(3). (b) Molecular structures of Ni3 (CCDC num-
ber 2348878).The selected bond lengths (A) and angles (°) were as follows: Nil-N12.034(2), Nil-N2 2.209(2), Nil-Brl 2.4368(5), Nil-Br2 2.3539(5),

NI1-Nil-N2 80.15(9), Br2-Nil-Brl 130.943(18).

generated from Nil at 50 °C have a high branching density
and melting point (7,,), affording high tensile strength (25.0
MPa) and moderate strain at break values (745%, Fig. 4a).
When the polymerization temperature was increased to 80 °C
and 100 °C, the tensile strength of the prepared polyethylene
products decreased (25.0 MPa and 5.9 MPa), whereas the
strain at break increased (1400% and 2078%, Fig. 4a). Com-
pared with that of Nil, the tensile strength of polyethylene
prepared from Ni2 and Ni3 at 80 °C is lower (3.2 MPa and
14.8 MPa, Fig. 4b and c). The difference in mechanical prop-
erties may be due to the different topological structures of the
polymers (molecular weight and branching density). Finally,
these polyethylene samples also exhibited elastic properties,
the cyclic recovery value of which reached 70% (Table 1,

0903-3

entry 3, Fig. 4d).

Ethylene copolymerization. Finally, catalysts Nil-Ni3
can also catalyze the copolymerization of ethylene and the
polar monomer methyl 10-undecenoate, resulting in the
preparation of ester-functionalized polyolefin materials. Com-
plex Ni2 had the highest incorporation ratio of the polar
monomer (1.1 mol%, Table 2, entry 2). This may be due to
the weakening of the n—m interactions in the Ni2 structure.
The Nil catalyst shows the highest polymerization activity
(2.1x10* g'mol™-h™), moderate incorporation ratio of the
polar monomer (0.9 mol%) and highest polymer molecular
weight (31.3x10* g'mol™, Table 2, entry 1), which may be
attributed to the electron-donating effect and n—x interactions
of the Nil complex with the —OMe substituent. The Ni3
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Table 1. Ethylene polymerization using Nil-Ni3“.
Entry* Catalyst 7(°C) Yield(g) Activity’(10” g'mol"*h") M,(10*g'mol™) PDI B¢ T,(°C) Stress(MPa)’ Strain(%)’ SR(%)¢*
1 Nil 50 1.00 3.0 146.9 19 32 113.1 25.0+0.3 745+19.8 33
2 Nil 80 1.10 3.3 88.2 20 51 70.6 22.6+0.2 1400+36.1 36
3 Nil 100 0.50 1.5 81.4 1.5 68 69.7 5.9+0.5 2078+27.5 70
4 Ni2 50 0.89 2.7 44.0 1.9 42 83.2 5.6+0.5 460+25.5 69
5 Ni2 80 1.02 3.1 13.3 40 59 73.1 3.240.3 1440+33.7 65
6 Ni2 100 0.81 2.4 7.4 40 67 - - - -
7 Ni3 50 0.80 2.4 60.2 1.9 31 90.5 16.8+1.2 471£15.3 25
8 Ni3 80 0.82 25 53.4 1.9 58 65.0 14.8+0.3 677+11.2 35
9 Ni3 100 0.31 0.9 10.5 33 63 61.3 7.7£0.2 788+30.5 57

“ Polymerization conditions: 0.2 pmol nickel catalyst in 2 mL CH,Cl,, 18 mL heptane, 8 atm ethylene, 500 eq. Et,AICl, time = 10 min. * The activity was

determined from the mass of the polymer product and was the average of at least two runs. ¢ Determined by GPC. ¢ Branching density determined by 'H

NMR at 120 °C. ¢ T}, values were determined via DSC./ Strain and stress at break values. ¢ Strain recovery values: SR = 100 (g, — &,)/e,.
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Fig. 4. (a) Stress—strain curves of the polymer samples obtained from Nil at 50 °C, 80 °C and 100 °C. (b) Stress—strain curves of the polymer samples ob-
tained from Nil-Ni3 at 80 °C. (c) Fracture stress and Young’s modulus of the polymer samples generated from Nil-Ni3 at 80 °C. (d) Strain recovery

curve of the polymer sample from Table 1, entry 3.

catalyst has the lowest molecular weight (2.0x10* g-mol™,
Table 2, entry 3) and incorporation ratio of the polar
monomer (0.3 mol%), possibly because the Ni3 catalyst,
which is electron deficient, is easily poisoned by the polar
monomer. In addition, the copolymerization of ethylene and
0.5 M 6-chlorohex-1-ene catalyzed by Ni2 was also per-
formed (Table 2, entry 4, incorporation ratios: 0.4 mol%). In
summary, the electronic and m—n interactions of catalysts can

09034

greatly influence their catalytic activities in the copolymeriza-
tion of ethylene and polar monomers, the M, values and the
incorporation ratios of the resulting copolymers.

4 Conclusions

In this work, various new types of a-diimine nickel com-
plexes with different N-aryl moieties were prepared and
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Table 2. Ethylene copolymerization using Nil-Ni3“.
Yield Activity , } -

M, <(10* g-mol™ ¢ Tn'(°C
Entry Catalyst Comonomer (@) (10° g-mol "-h 1) X , (10* g'mol™) PDI w(°C)

1 Nil Aye00CHs 2.10 2.1 0.9 313 1.6 117.5

2 Ni2 ARYLOOCHs 1.50 1.5 1.1 8.9 1.6 110.4

Ni3 A LO0CHs 0.82 0.8 0.3 2.0 2.4 101.0

4¢ Ni2 ¢ 1.80 1.8 0.4 27.7 1.7 114.3

“ Polymerization conditions: 10 pmol Ni in 2 mL CH,Cl,, 18 mL heptane, 8 atm ethylene, 1.0 M methyl 10-undecenoate, total volume of heptane, CH,Cl,
and polar monomer =20 mL, 50 °C, 500 eq. Et,AlICl, 60 min. * Comonomer incorporation ratio determined by 'H NMR at 120 °C. © Determined by GPC.

¢ T, values were determined via DSC. ¢ 0.5 M 6-chlorohex-1-ene.

studied for use in ethylene polymerization and copolymeriza-
tion with methyl 10-undecenoate. The above nickel catalysts
mediate ethylene polymerization with high activities (10’
g'mol'-h™), and the M, value of the as-prepared polyethyl-
ene products can be adjusted by the polymerization condi-
tions, remote electronic effects and n—x interactions of these
nickel complexes. The as-synthesized polyethylene samples
also exhibited mechanical properties with high tensile
strength (up to 25.0 MPa) and high strain at break values (up
to 3890%), along with elastic properties (cyclic recovery
value: 25%-70%). Furthermore, these nickel complexes can
catalyze the copolymerization of ethylene and polar
monomers (methyl 10-undecenoate and 6-chlorohex-1-ene)
with a moderate incorporation ratio of polar monomers
(0.3-1.1 mol%). The study of remote electronic effects and
n—7 interactions in this work provides new inspiration for the
design and synthesis of olefin polymerization catalysts.
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