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Abstract: A series of 2-(arylimino)benzylidene-8-arylimino-5,6,7-trihydroquinoline cobalt(II) chlo-
rides (Co1–Co6) containing a fused ring and a more inert phenyl group as the substituent at the
imino-C atom has been synthesized using a one-pot synthesis method and fully characterized by
FT-IR and elemental analysis. The molecular structures of Co2 and Co5 have been confirmed by
X-ray diffraction as having a distorted square pyramidal geometry around a cobalt core with a
tridentate N,N,N-chelating ligand and two chlorides. On activation with either methylaluminoxane
(MAO) or modified methylaluminoxane (MMAO), Co1–Co6 exhibited high activities for ethylene
polymerization. The least sterically hindered Co2 showed a maximum activity of 16.51 × 106 g
(PE) mol−1 (Co) h−1 at a moderate temperature 50 ◦C. Additionally, ortho-fluoride Co6 was able to
maintain a high activity not only at 70 ◦C but also after 60 min at 50 ◦C, highlighting its excellent
thermal-stability and long catalytic lifetime. The resultant polyethylene showed clearly narrower
molecular weight distribution (PDI: 1.3–3.1) than those produced by structurally related cobalt coun-
terparts, indicating the positive influence of benzhydryl substitution on the catalysis. Moreover, the
molecular weight (1.7–386.6 kg mol−1) of vinyl- or n-propyl-terminated polyethylene can be finely
regulated by controlling polymerization parameters.

Keywords: homogeneous catalysis; transition metal complex; cobalt; ethylene polymerization

1. Introduction

In the past two decades, bis(imino)pyridyl metal (Fe or Co) precatalysts [1–26] (A, Scheme 1)
have achieved great progress in ethylene polymerization and oligomerization, and therefore
showed high industrial research value. However, the bis(imino)pyridine systems seemed to
deactivate easily at high reaction temperatures and this observation may be attributed to the
following two reasons. Firstly, these catalysts can be potentially deactivated via alkylation
reactions with the alkylaluminium co-catalyst [27,28]. Secondly, the imino C-methyl groups can
undergo deprotonation reactions [29,30]. In order to handle these questions, a large number
of research studies [31–38] have been conducted on the structural modifications of ligands
deriving from the bis(imino)pyridine framework A (Scheme 1), which mainly include the
introduction of fused six, seven-membered rings and an imino C-phenyl group. Typically,
iron, or cobalt complexes based on carbocyclic-fused bis(imino)pyridine ligand B, C and D
(Scheme 1), were subsequently proposed. The 2,6-bis(cyclohexyl)-fused and 2,6-bis(cycloheptyl)-
fused complexes B (Scheme 1) exhibited much higher activities (10.9 × 106 g (PE) mol−1

(Co) h−1 for Bhexyl [33]; 8.5 × 106 g (PE) mol−1 (Co) h−1 for Bheptyl [34] vs. 4.1 × 106 g
(PE) mol−1 (Co) h−1 for A [1]) and better thermal stability [10.4 × 106 g (PE) mol−1 (Co) h−1

(70 ◦C) for Bhexyl [33]; 7.1 × 106 g (PE) mol−1 (Co) h−1 (70 ◦C) for Bheptyl [34] vs.
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2.7× 106 g (PE) mol−1 (Co) h−1 (60 ◦C) for A [1]] than the prototypical 2,6-bis(imino)pyridyl
cobalt complexes A (Scheme 1). However, the 2,6-bis(cyclopentyl)-fused B (Scheme 1)
showed much lower catalytic activities [35] due to the inefficient imine-N coordination to
the metal. In contrast, the doubly cycloheptyl-fused cobalt complexes, symmetrical C7,7
(Scheme 1) [39] and unsymmetrical C6,7 (Scheme 1) [40], with efficient imine-N coordination
to the cobalt center showed obviously high activities and good thermal stability. Mean-
while, linear polyethylene waxes with narrow dispersity and vinyl chain ends highlight
satisfying features of the polymers owing to their various applications such as lubricants
and colorants for plastics processes [41]. In order to improve the rotational flexibility of
the external Nimino-aryl group and protect the imino C-methyl groups [36–38], one type
of ligand backbone D (Scheme 1) incorporating a fused six or seven-membered ring and
an imino C-phenyl group was designed and proved to be a good candidate. For example,
E (Scheme 1) [36] showed high activities (8.7 × 106 g PE mol−1 (Co) h−1) toward ethy-
lene polymerization and exhibited good thermal stability (1.9 × 106 g PE mol−1 (Co) h−1,
80 ◦C) as well as long lifetime. When decreasing the alkyl ring size of singly fused cobalt
derivatives, the significant improvement of catalytic performance has been observed. To be
specific, the singly cyclohexyl-fused F (Scheme 1) [37] has been shown to achieve higher
catalytic activity (16.2 × 106 g PE mol−1 (Co) h−1) with desirable thermal stability and
lifetime than singly cycloheptyl-fused E counterpart (Scheme 1).
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To explore the structural scope of ligand backbone based on F (Scheme 1), a large
number of studies have involved varying the substitution pattern of the N-aryl groups.
The introduction of simple alkyl groups (e.g., Me, Et, i-Pr) or more sterically bulky groups
(e.g., benzhydryl and 4,4′-difluorobenzhydryl) into N-aryl groups, have been conducted
and investigated adequately. Significantly, 4,4′-difluorobenzhydryl-substituted G [38]
(Scheme 1) displayed high activities (27.1 × 106 g (PE) mol−1 (Co) h−1), good thermal
stability (2.6 × 106 g (PE) mol−1 (Co) h−1, 70 ◦C) and delivered highly linear polyethy-
lene with low molecular weight (0.69 to 31.51 kg mol−1) while broad polymer dispersity
(PDI up to 17.5). According to the literature [42–44], the molecular weight distributions
of the polymers produced by complexes with benzhydryl tended to be narrower than
those of the polymers produced by their counterparts with 4,4′-difluorobenzhydryl. The
reason for this may be that the electron withdrawing capacity of the para-fluoride may
decrease the electron density of the metal center and thereby decrease the chain termi-
nation energy barrier of the reaction. Consequently, the polymerization reactions would
easily be affected by environmental variables, leading to the wider molecular weight
distribution of the resulting polymers. Based on this consideration, benzhydryl groups
were introduced to replace 4,4′-difluorobenzhydryl for the sake of obtaining polyethy-



Catalysts 2022, 12, 1119 3 of 18

lene with a narrower molecular weight distribution. Additionally, in order to further
investigate the effect of bulky substituent type on the molecular weight distribution of
resultant polyethylene and compare the catalytic behaviors between G (Scheme 1) and
their counterparts, a series of 2-(arylimino)benzylidene-8-arylimino-5,6,7-trihydroquinoline
cobalt(II) chlorides (H, Scheme 1), [2-(ArN=CPh)-8-(NAr)-C9H8N]CoCl2 (Ar = 2-Me-4,6-
((C6H5)2CH)2C6H2 Co1, 2,6-Me2-4-((C6H5)2CH)C6H2 Co2, 2,4-Me2-6-((C6H5)2CH)C6H2
Co3, 2-Et-4,6-((C6H5)2CH)2C6H2 Co4, 2-i-Pr-4,6-((C6H5)2CH)2C6H2 Co5, 2-F-4,6-((C6H5)2
CH)2C6H2 Co6) was synthesized and a full catalytic evaluation (catalytic activity and
polymer properties) for ethylene polymerization was conducted. Furthermore, the intrinsic
properties (e.g., molecular weight, molecular weight distributions, melting temperatures,
microstructure) of the polyethylene were fully characterized and discussed in detail.

2. Results and Discussion
2.1. Preparation and Characterization of Co1–Co6

Due to the large steric hindrance of benzoyl group, it is difficult to isolate the bis(arylimine)
ligands. Therefore, in this work, cobalt complexes were synthesized by the metal tem-
plate method. Specifically, 2-(arylimino)benzylidene-8-arylimino-5,6,7-trihydroquinoline
cobalt(II) dichloride complexes, [2-(ArN=CPh)-8-(NAr)-C9H8N]CoCl2 (Ar = 2-Me-4,6-
(CH(C6H5)2)2C6H2 (Co1), 4-(CH(C6H5)2)-2,6-Me2C6H2 (Co2), 2,4-Me2-6-(CH(C6H5)2)C6H2
(Co3), 2-Et-4,6-(CH(C6H5)2)2C6H2 (Co4), 2-iPr-4,6-(CH(C6H5)2)2C6H2 (Co5), 2-F-4,6-(CH
(C6H5)2)2C6H2 (Co6)), can be prepared in high yield (43–65%) by the one-pot reaction of
1 equiv. 2-benzoyl-5,6,7-trihydroquinolin-8-one, 4 equiv. aniline (A1–A6) and 0.8 equiv.
cobalt(II) chloride in refluxing acetic acid (Scheme 2).
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All the cobalt complexes have been fully characterized by FT-IR and elemental analy-
sis. In their FT-IR spectra, all cobalt complexes (Co1–Co6) displayed a clear imine (C = N)
absorption band (1600 cm−1) indicating the effective coordination state between the cobalt
center with the Nimine atom. Meanwhile, the elemental analysis data confirmed the molec-
ular formulae as LCoCl2 for all cobalt complexes. In addition, the molecular structures
of Co2 and Co5 were confirmed by the single-crystal X-ray diffraction. Their molecular
structures are shown in Figures 1 and 2, respectively, and the selected bond lengths and
angles are listed in Table 1. In both molecular structures, the distorted square pyramidal
coordination geometry can be observed in which one chloride ligand (Cl1) occupies the
apical position while three nitrogen donors and the remaining chloride (Cl2) form the
square basal plane. This distortion makes the cobalt center of Co2 and Co5 sit above the
basal plane at a distance of 0.372 and 0.342 Å, respectively. Moreover, the bond lengths
of Co–Npyridyl (Co1-N2: 2.051(8) Å Co2 and 2.051(2) Å Co5) are shorter than the exterior
Co–Nimine bond lengths (Co1–N1: 2.295(7) Å Co2 and 2.310(3) Å Co5; Co1–N3: 2.258(8) Å
Co2 and 2.214(2) Å Co5), indicating the existence of more effective coordination between
Co and Npyridyl atoms; similar features have been observed in structurally related cobalt
analogues [33]. Due to the steric hindrance in the ligand skeleton, there are N1–C7–C8–
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N2 and N3–C16–C12–N2 torsion angles (9.9◦, 2.8◦ for Co2; 17.5◦, 8.6◦ for Co5) within
the N,N,N-ligand consistent with the fact that N-aryl groups tend to deviate from the
coordination planarity.
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2.2. Catalytic Evaluation of Co1–Co6 for Ethylene Polymerization

Normally, the alkyl aluminoxane reagents, namely methylaluminoxane (MAO) and
modified methylaluminoxane (MMAO), as the best activators were used to activate cobalt
pre-catalysts for ethylene polymerization [45,46]. Therefore, MAO and MMAO were used
for the detailed studies of ethylene polymerization, separately. In both studies, the optimal
parameters such as polymerization temperature, Al:Co molar ratio, polymerization time
and ethylene pressure were screened using ortho-fluoride Co6 as the test pre-catalyst. Then,
the remaining five cobalt complexes (Co1–Co5) were evaluated based on the optimum
polymerization condition. Differential scanning calorimetry (DSC) and gel permeation
chromatography (GPC) were used to characterize all polymers to understand their nature.
In addition, high temperature 1H NMR, 13C NMR, DEPT-135 13C NMR and FT-IR spec-
troscopy were used to analyze the microstructural properties of the selected polyethylene.

2.2.1. Optimization of the Polymerization Conditions Using Co6/MAO

The run temperature of Co6/MAO catalytic system was firstly screened from 30 ◦C to
70 ◦C when the Al:Co molar ratio and run time were set as 2000:1 and 30 min, respectively
(entries 1–5, Table 2).



Catalysts 2022, 12, 1119 5 of 18

Table 1. Selected bond lengths (Å) and angles (◦) for Co2 and Co5.

Co2 Co5

Bond lengths (Å)
Co(1)–Cl(2) 2.239(3) 2.1984(10)
Co(1)–Cl(1) 2.256(3) 2.2914(10)
Co(1)–N(2) 2.051(8) 2.051(2)
Co(1)–N(1) 2.295(7) 2.310(3)
Co(1)–N(3) 2.258(8) 2.214(2)
N(2)–C(12) 1.368(12) 1.343(4)
N(2)–C(8) 1.349(11) 1.335(4)
N(1)–C(7) 1.286(11) 1.288(4)

N(3)–C(16) 1.242(12) 1.285(4)
Bond angles (◦)

Cl(1)–Co(1)–Cl(2) 117.10(13) 117.32(4)
N(1)–Co(1)–N(3) 145.4(3) 146.07(9)
N(1)–Co(1)–Cl(1) 99.1(2) 99.37(7)
N(1)–Co(1)–Cl(2) 97.35(2) 99.04(7)
N(2)–Co(1)–Cl(1) 103.6(2) 92.64(8)
N(2)–Co(1)–Cl(2) 139.3(2) 150.02(8)
N(2)–Co(1)–N(3) 74.7(3) 75.42(9)
N(1)–Co(1)–N(2) 73.5(3) 73.10(9)
N(3)–Co(1)–Cl(1) 101.2(2) 94.35(7)
N(3)–Co(1)–Cl(2) 97.9(2) 101.91(7)

Table 2. Catalytic evaluation using Co6/MAO as the test system a.

Entry T (◦C) Al:Co t (min) Mass of
PE (g)

Activity
b

Tm
c

(◦C) Mw
d Mw/Mn

d Ri
e Rt

f

1 30 2000 30 2.3 2.3 123.9 1.5 1.5 164.0 4600.0
2 40 2000 30 3.7 3.7 123.6 1.6 1.8 263.8 8325.0
3 50 2000 30 6.9 6.9 122.6 1.7 1.5 492.0 12,176.5
4 60 2000 30 6.1 6.1 120.2 2.4 1.7 434.9 8641.7
5 70 2000 30 2.9 2.9 122.8 2.2 1.5 206.8 3954.5
6 50 1750 30 6.3 6.3 121.9 1.5 2.1 449.2 17,640.0
7 50 2250 30 6.5 6.5 122.1 1.6 1.5 463.5 12,187.5
8 50 2500 30 6.5 6.5 121.5 1.6 1.5 463.5 12,187.5
9 50 2750 30 6.6 6.6 121.8 1.6 1.6 470.6 13,200.0

10 50 3000 30 5.6 5.6 121.8 1.5 2.0 399.3 14,933.3
11 50 4000 30 5.5 5.5 122.5 1.3 1.4 392.2 11,846.2
12 50 2000 5 3.9 23.1 118.9 1.3 1.4 1668.4 50,400.0
13 50 2000 15 4.8 7.7 120.5 1.5 1.5 684.5 19,200.0
14 50 2000 45 6.3 4.2 121.1 1.7 1.6 299.5 7905.9
15 50 2000 60 8.2 4.1 123.2 1.9 1.7 292.3 7336.8

16 g 50 2000 30 2.1 2.1 122.4 1.1 1.3 149.7 4963.6
17 h 50 2000 30 - - - - - - -

a General conditions: 2.0 µmol Co6, 100 mL toluene, PC2H4 = 10 atm. b 106 g (PE)·mol−1 (Co)·h−1. c Determined
by DSC. d Mw (kg mol−1) and Mw/Mn were determined by GPC. e Rate of monomer insertion, in units of mmol/h.
f Rate of chain termination, in units of µmol/h. g PC2H4 = 5 atm. h PC2H4 = 1 atm.

50 ◦C was found as the most suitable temperature affording highest activity of
6.9 × 106 g (PE) mol−1 (Co) h−1 (entry 3, Table 2). When the temperature was raised
to 70 ◦C, the catalytic activity of Co6/MAO sharply decreased to 2.9 × 106 g (PE) mol−1

(Co) h−1 due to partial decomposition of the active species and low solubility of ethylene in
toluene at high temperature (Figure 3b). As shown in Figure 3, the GPC curves verified the
increasing tendency of molecular weights from 1.5 to 2.4 kg mol−1 along with the increas-
ing temperature. The reason for this may be that the proportion of the chain propagation
path increased at a higher temperature [47]. Molecular weights increased progressively
from 1.7 kg mol–1 at 50 oC to 2.4 kg mol–1 at 60 ◦C (entry 3 and 4, Table 2), which can
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be mainly credited to the sharply decreased chain termination rate (Rt range: 12,176.5 to
8641.7 µmol/h). Similar conclusions have been reached elsewhere [48,49]. Meanwhile,
the bimodal distribution can be explained by the bimodality active center formed at a
high temperature.
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and (b) plots of catalytic activity and Mw of the resultant PE as a function of run temperature (entries
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On varying molar ratios of Al:Co from 1750:1 to 4000:1 at 50 ◦C (entries 3, 6–11, Table 2),
the best activity up to 6.9 × 106 g (PE) mol−1 (Co) h−1 was still observed at 2000:1 (entry
3, Table 2). Further increasing Al/Co molar ratio to 3000:1, the activity slightly decreased
to 5.6 × 106 g (PE) mol−1 (Co) h−1. There was no significant change in activity value
when the molar ratio was above 3000:1 (Figure 4b). Additionally, the molecular weights
of the resultant polyethylene showed a stable trend as the molar ratio of Al:Co increased,
which can plausibly be attributed to β-H elimination as the main chain termination pathway
rather than chain transfer to aluminum. Generally, all the polyethylene obtained at different
Al:Co molar ratios possessed low-molecular weights (Mw = 1.3–1.7 kg mol−1) and narrow
molecular weight distributions (Mw/Mn = 1.5–2.1).
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Applying the optimized reaction parameters (Al:Co molar ratio = 2000:1 and tempera-
ture = 50 ◦C) on ethylene polymerization, the lifetime (5–60 min) of Co6/MAO catalytic
system was extensively investigated (entries 3 and 12–15, Table 2). The highest activity
(23.1× 106 g (PE) mol−1 (Co) h−1) was observed within 5 min (entry 12, Table 2), indicating
that there was no induction period in the whole polymerization process, which was similar
to previous work [50]. On prolonging the polymerization time to 60 min, catalytic activities
were gradually decreased to a minimum value of 4.1× 106 g (PE) mol−1 (Co) h−1 (Figure 5).
This finding suggests that the active species underwent a steady deactivation process
over time. However, the activity observed at 60 min (4.1 × 106 g (PE) mol−1 (Co) h−1) was
comparable to that observed at 45 min (4.2 × 106 g (PE) mol−1 (Co) h−1) implying a con-
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siderable lifetime of this class of catalyst. In terms of the molecular weight of the resultant
polyethylene, their value increased from 1.3 kg mol−1 to 1.9 kg mol−1 as the run time was
prolonged from 5 min to 60 min, which indicates the catalyst can maintain continuous
chain propagation over time.
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Subsequently, ethylene polymerization under low pressure (1 or 5 atm) was further
explored. With the decrease of ethylene pressure, the catalytic activity decreased signifi-
cantly to 2.1 × 106 g (PE) mol−1 (Co) h−1 at 5 atm while only trace polymer was obtained
at 1 atm (entries 16, 17, Table 2). Two possible reasons could be used to explain this obser-
vation. Firstly, the lower the ethylene pressure, the less easy the coordination and insertion
reaction of ethylene. Secondly, low ethylene pressure will reduce the solubility of ethylene
monomer in toluene. For the same reason, the molecular weight of the polymer decreased
from 1.7 kg mol−1 (10 atm, entries 3 in Table 2) to 1.1 kg mol−1 (5 atm, entries 16 in Table 2).

2.2.2. Catalytic Evaluation of Co1–Co6 Using MAO as Co-Catalyst under the
Optimal Conditions

Under the optimum conditions [Al:Co molar ratio = 2000:1, polymerization temper-
ature = 50 ◦C and run time = 30 min, PC2H4 = 10 atm] established for Co6/MAO, the
remaining cobalt complexes Co1–Co5 have been employed to study the effect of ligand
structure on catalytic activity and polymer properties; the polymerization results are col-
lected in Table 3.

Table 3. Ethylene Polymerization using Co1–Co6 with MAO as the co-catalyst a.

Entry Precat. Mass of PE (g) Activity b Tm
c (◦C) Mw

d Mw/Mn
d Ri

e Rt
f

1 Co1 5.1 5.1 133.9 68.2 2.7 363.6 403.8
2 Co2 16.5 16.5 123.9 3.3 1.4 1176.5 14,000.0
3 Co3 5.0 5.0 132.5 55.4 1.4 356.5 252.7
4 Co4 3.9 3.9 132.4 62.8 2.8 278.1 347.8
5 Co5 3.8 3.8 134.7 198.7 1.7 270.9 65.0
6 Co6 6.9 6.9 122.6 1.7 1.5 492.0 12,176.5

a General conditions: 2.0 µmol cobalt precatalyst, 100 mL toluene, PC2H4 = 10 atm, 30 min, 50 ◦C, Al:Co molar ratio
of 2000:1. b 106 g (PE)·mol−1 (Co)·h−1. c Determined by DSC. d Mw (kg mol−1) and Mw/Mn were determined by
GPC. e Rate of monomer insertion, in units of mmol/h. f Rate of chain termination, in units of µmol/h.

All cobalt catalysts displayed high activities in the range of 3.8–16.5× 106 g (PE)·mol−1

(Co)·h−1, and their activities were found to decrease as the following order: Co2 [2,6-
Me2-4-(CH(C6H5)2)] >> Co6 [2-F-4,6-(CH(C6H5)2)2] > Co1 [2-Me-4,6-(CH(C6H5)2)2] > Co3
[2,4-Me2-6-(CH(C6H5)2)] > Co4 [2-Et-4,6-(CH(C6H5)2)2] ~ Co5 [2-i-Pr-4,6-(CH(C6H5)2)2].
Several points are outlined as follows according to the analysis of the catalytic activity
trend of the complexes. The Co2 containing two methyl groups at the ortho-position of the
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N-aryl group showed the highest activity up to 16.5 × 106 g (PE)·mol−1 (Co)·h−1 (entry 2,
Table 3) among this set. This may be due to the low resistance effect of ortho-substituents,
which made the monomer easier to approach the metal center. Moreover, Co6 containing
the strongly electron-withdrawing fluoro-substituents at the ortho-position of the N-aryl
group had the second highest activity of 6.9 × 106 g (PE)·mol−1 (Co)·h−1 (entry 6, Table 3).
This finding can be attributed to the fact that the electron withdrawing group reduced the
electron density of the metal center leading to easier chain growth step [51]. In contrast,
those cobalt complexes containing electron-donating groups (Me (Co1 and Co3), Et (Co4),
i-Pr (Co5)) were less active with catalytic activity ranged from 3.8 to 5.1 × 106 g (PE)·mol−1

(Co)·h−1 (entry 1, 3-5, Table 3).
However, with Co3, the type of substituent at the N-aryl para-position has little effect

on the catalytic activity, which can be exemplified by comparing the catalytic activity
values of Co1 (para-R2 = CHPh2, 5.1 × 106 g (PE)·mol−1 (Co)·h−1) and Co3 (para-R2 = Me,
5.0 × 106 g (PE)·mol−1 (Co)·h−1). In terms of polymer molecular weight, the space volume
of the N-aryl ortho-substituents played an essential role in controlling the molecular weights
of the resultant polyethylene. The molecular weight of the polymer obtained using Co5 (up
to 198.7 kg mol−1) was over 50 times higher than that of the polymer obtained using Co2
(3.3 kg mol−1) and more than 100 times higher than that of the polymer obtained using Co6
(1.7 kg mol−1), which may be because the spatial volume of ortho-substituents in N-aryl
group can provide greater steric protection for the active center to prevent chain termination
reaction (entry 5, Table 3). Co2 and Co6 produce polyethylene with low molecular weight
(3.3 (Co2), 1.7 (Co6)), which can be mainly credited to the large chain termination rate (Rt:
14000.0 (Co2), 12176.5 (Co6)). Similar conclusions have been reached elsewhere [48,49].
It is obvious that the order of catalytic activity values was opposite to that of polymer
molecular weight values (Figure 6). Most importantly, current catalytic system could afford
polyethylene with narrower molecular weight distribution (Mw/Mn range: 1.4–2.8) than
its counterparts substituted by 4,4′-difluorobenzhydryl (G, Scheme 1) [38].
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MAO as co-catalyst in each case (entries 1–6, Table 3).

2.2.3. Optimization of the Polymerization Conditions Using Co6/MMAO

In the presence of MMAO, the pre-catalyst Co6 was again employed to optimize the
reaction conditions of ethylene polymerization; the results were tabulated in Table 4.
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Table 4. Catalytic evaluation using Co6/MMAO as the test system a.

Entry T (◦C) Al:Co t (min) Mass of
PE (g)

Activity
b

Tm
c

(◦C) Mw
d Mw/Mn

d Ri
e Rt

f

1 30 2000 30 1.9 1.9 123.1 3.7 1.1 135.5 1129.7
2 40 2000 30 2.4 2.4 121.7 2.4 1.3 171.1 2600.0
3 50 2000 30 2.2 2.2 121.5 2.1 1.3 156.9 2723.8
4 60 2000 30 1.5 1.5 120.6 5.0 1.7 107.0 1020.0
5 40 2250 30 5.4 5.4 122.0 2.7 1.3 385.0 5200.0
6 40 2500 30 2.5 2.5 121.9 2.4 1.3 178.3 2708.3
7 40 2750 30 1.5 1.5 122.9 2.6 1.3 107.0 1500.0
8 40 3000 30 1.1 1.1 122.4 2.8 1.4 78.4 1100.0
9 40 2250 5 3.3 19.8 119.9 1.8 1.3 1411.8 28,600.0

10 40 2250 15 4.2 8.4 121.6 2.6 1.3 598.9 8400.0
11 40 2250 45 7.9 5.2 121.8 2.8 1.3 375.5 4890.5
12 40 2250 60 10.2 5.1 122.2 6.1 2.1 363.6 3511.5

13 g 40 2250 30 1.2 1.2 121.5 1.1 1.3 85.6 2836.4
14 h 40 2250 30 - - - - - - -

a General conditions: 2.0 µmol Co6, 100 mL toluene, PC2H4 = 10 atm. b 106 g (PE)·mol−1 (Co)·h−1. c Determined
by DSC. d Mw (kg mol−1) and Mw/Mn were determined by GPC. e Rate of monomer insertion, in units of mmol/h.
f Rate of chain termination, in units of µmol/h. g PC2H4 = 5 atm. h PC2H4 = 1 atm.

With the Al:Co molar ratio fixed at 2000:1 and run time kept to 30 min, the reac-
tion temperature was screened from 30 to 60 ◦C (entries 1–4, Table 4). The optimum
temperature was found as 40 ◦C and the best activity was up to 2.4 × 106 g (PE) mol−1

(Co) h−1 (entry 2, Table 4). At higher reaction temperature, the activity gradually decreased
to 1.5 × 106 g (PE) mol−1 (Co) h−1 (Figure S1) and this behavior may result from the partial
inactivation of active species (Figure S1) or the lower solubility of ethylene in toluene under
high temperature. Regarding the obtained polyethylene, the molecular weights gradually
declined to 2.1 kg mol−1 as the temperature increased to 50 ◦C, which may be due to faster
chain termination at a higher temperature [47]. As we can seen from Table 4, the molecular
weights again showed a decreased trend from 30 ◦C to 50 ◦C (entry 1–3, Table 4) due to the
increased chain termination rate (Rt range: 1129.7 to 2723.8 µmol/h). Similar conclusions
have been reached elsewhere [48,49]. In comparison with the results of the Co6/MAO sys-
tem, the Co6/MMAO system showed slightly lower activity, but the resultant polyethylene
possessed larger molecular weight and similarly narrow polydispersity. This may be due to
the different effects of co-catalyst type on the activation mode and the type of active center
in the polymerization process.

On varying the Al:Co ratios from 2000:1 to 3000:1 (entries 2, 5–8, Table 4) with the
temperature fixed at 40 ◦C, the optimal Al:Co molar ratio was found as 2250:1 with the
optimal activity of 5.4 × 106 g (PE) mol−1 (Co) h−1 (entry 5, Table 4). When the molar
ratio was 2500:1 or higher, the activity showed a modest decrease (entries 6–8, Table 4).
There was no significant change in molecular weights of polyethylene as the Al:Co molar
ratio increased (Figure S2). Additionally, the resultant polyethylene obtained at different
Al/Co molar ratios had unimodal and narrow molecular weight distribution (Mw/Mn
range: 1.3–1.4), suggesting the existence of single-site active species at 50 ◦C.

In order to explore the lifetime of active species in the Co6/MMAO system, the
polymerization time was varied between 5 and 60 min with Al:Co molar ratio and poly-
merization temperature fixed at 2250:1 and 40 ◦C, respectively (entries 5 and 9–12, Table 4).
The polymerization results showed that the maximum catalytic activity was 19.8 × 106 g
(PE) mol−1 (Co) h−1 after 5 min (entry 9, Table 4), while the activity decreased steadily
with the extension of reaction time (Figure S3). Similar with the long-time polymeriza-
tion of Co/MAO system, this high polymerization activity present in the early stage of
polymerization supported by Co/MMAO system highlights the short induction period of
this system. Nevertheless, although the catalyst partially decayed, it still maintained high
activity within 60 min, highlighting the appreciable lifetime of this catalytic system. Despite
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some evidence of deactivation, the molecular weight of the polymer can still increase from
1.8 kg mol−1 after 5 min to 6.1 kg mol−1 after 60 min, which indicates the catalyst was able
to maintain continuous chain growth.

In addition to the above screening of polymerization conditions, a study as to the
effects of ethylene pressure was also conducted using Co6/MMAO at 40 ◦C (entries
13–14, Table 4). When the pressure dropped to 5 atm, the activity value was 1.2 × 106 g
(PE) mol−1 (Co) h−1, which was noticeably lower than that observed at 10 atm (5.4 × 106 g
(PE) mol−1 (Co) h−1) (entry 5, Table 4), while at 1 atm no polymer could be detected.
Similar observations were noted with Co6/MAO system, which can be attributed to the
effects of different pressure on coordination/insertion rate of ethylene and the solubility of
the ethylene monomer in the reaction solvent. For similar reasons, it can be explained that
the molecular weight of the polymer showed a downward trend as the pressure decreased
(from 2.7 kg mol−1 at 10 atm to 1.1 kg mol−1 at 5 atm).

2.2.4. Catalytic Evaluation of Co1–Co6 Using MMAO as Co-Catalyst under the
Optimal Conditions

Under the optimum conditions (Al:Co molar ratio = 2250:1, polymerization temper-
ature = 40 ◦C, run time = 30 min and PC2H4 = 10 atm), the other five cobalt pre-catalysts
(Co1–Co5) were also investigated for the ethylene polymerization; the results are listed in
Table 5.

Table 5. Ethylene Polymerization using Co1–Co6 with MMAO as the co-catalyst a.

Entry Precat. Mass of PE (g) Activity b Tm
c (◦C) Mw

d Mw/Mn
d Ri

e Rt
f

1 Co1 4.3 4.3 133.5 81.6 1.8 306.6 189.7
2 Co2 11.1 11.1 123.4 3.6 1.5 791.4 9250.0
3 Co3 4.1 4.1 134.1 138.5 3.1 292.3 183.5
4 Co4 3.7 3.7 134.4 150.2 2.9 263.8 142.9
5 Co5 3.1 3.1 134.7 386.6 2.3 221.0 36.9
6 Co6 5.4 5.4 122.0 2.7 1.3 385.0 5200.0

a General conditions: 2.0 µmol cobalt precatalyst, 100 mL toluene, PC2H4 = 10 atm, 30 min, 40 ◦C, Al:Co molar ratio
of 2250:1. b 106 g (PE)·mol−1 (Co)·h−1. c Determined by DSC. d Mw (kg mol−1) and Mw/Mn were determined by
GPC. e Rate of monomer insertion, in units of mmol/h. f Rate of chain termination, in units of µmol/h.

Generally, all the cobalt pre-catalysts showed the similar order of activities as observed
for the Co/MAO system: Co2 [2,6-Me2-4-(CH(C6H5)2)] >> Co6 [2-F-4,6-(CH(C6H5)2)2] >
Co1 [2-Me-4,6-(CH(C6H5)2)2] ~ Co3 [2,4-Me2-6-(CH(C6H5)2)] > Co4 [2-Et-4,6-(CH(C6H5)2)2]
> Co5 [2-i-Pr-4,6-(CH(C6H5)2)2]. Comparing with the Co/MAO system, all the cobalt pre-
catalysts in Co/MMAO set exhibited slightly lower activities but delivered polyethylene
with higher molecular weights (up to 386.6 kg mol−1, entry 5 in Table 5). Among all
the pre-catalysts, the least sterically bulky Co2 complex exhibited the highest activity
of 11.1 × 106 g (PE)·mol−1 (Co)·h−1; ortho-fluoro substituted Co6 exhibited the second
highest activity of 5.4 × 106 g (PE)·mol−1 (Co)·h−1. The excellent properties of Co6
can be explained by the electron withdrawing properties of ortho-fluorine atoms. For
the properties of resultant polyethylene, the molecular weight of the polymer obtained
using Co5 (386.6 kg mol−1) was much higher than that of the polymer obtained using Co2
(3.6 kg mol−1) and Co6 (2.7 kg mol−1), which may be due to the steric bulk substitution at
ortho-position of the N-aryl group. Co2 and Co6 produce polyethylene with low molecular
weight (3.6 (Co2), 2.7 (Co6)), which can be credited to the large chain termination rate (Rt:
9250.0 (Co2), 5200.0 (Co6)). Similar conclusions have been reached elsewhere [48,49]. In
common with the study of Co/MAO system, the order between molecular weight and
activity also showed an obvious opposite trend (Figure S4). In particular, the dispersities for
the obtained polyethylene were narrow (Mw/Mn range: 1.3–3.1) and unimodal, indicating
that the benzoyl group is conducive to regulating the single active center state of the
catalytic center. Meanwhile, the high melting temperatures (Tm range: 122.0–134.7 ◦C) of
resultant polyethylene demonstrates the high linearity of polyethylene [52,53].
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In order to compare the catalytic performance of the current catalytic system with
structurally related cobalt catalysts [33,34,38,50], the key performance data relating to
activity, the molecular weight and PDI of polymer obtained by I–L and Co2 under their
optimized conditions with MAO as co-catalyst were collected in Figure 7.

Catalysts 2022, 12, x FOR PEER REVIEW  11  of  18 
 

 

a General conditions: 2.0 μmol cobalt precatalyst, 100 mL toluene, PC2H4 = 10 atm, 30 min, 40 °C, 

Al:Co molar ratio of 2250:1. b 106 g (PE)∙mol−1 (Co)∙h−1. c Determined by DSC. d Mw (kg mol−1) and 

Mw/Mn were determined by GPC. e Rate of monomer insertion, in units of mmol/h. f Rate of chain 

termination, in units of μmol/h. 

Generally, all  the cobalt pre‐catalysts showed  the similar order of activities as ob‐

served  for  the  Co/MAO  system:  Co2  [2,6‐Me2‐4‐(CH(C6H5)2)]  >>  Co6  [2‐F‐4,6‐

(CH(C6H5)2)2] > Co1  [2‐Me‐4,6‐(CH(C6H5)2)2] ~ Co3 [2,4‐Me2‐6‐(CH(C6H5)2)] > Co4 [2‐Et‐

4,6‐(CH(C6H5)2)2] > Co5 [2‐i‐Pr‐4,6‐(CH(C6H5)2)2]. Comparing with the Co/MAO system, 

all the cobalt pre‐catalysts in Co/MMAO set exhibited slightly lower activities but deliv‐

ered polyethylene with higher molecular weights (up to 386.6 kg mol−1, entry 5 in Table 

5). Among all the pre‐catalysts, the least sterically bulky Co2 complex exhibited the high‐

est activity of 11.1 × 106 g (PE)∙mol−1 (Co)∙h−1; ortho‐fluoro substituted Co6 exhibited the 

second highest activity of 5.4 × 106 g (PE)∙mol−1 (Co)∙h−1. The excellent properties of Co6 

can be explained by the electron withdrawing properties of ortho‐fluorine atoms. For the 

properties of resultant polyethylene, the molecular weight of the polymer obtained using 

Co5 (386.6 kg mol−1) was much higher than that of the polymer obtained using Co2 (3.6 

kg mol−1) and Co6 (2.7 kg mol−1), which may be due to the steric bulk substitution at ortho‐

position of  the N‐aryl group. Co2  and Co6 produce polyethylene with  low molecular 

weight (3.6 (Co2), 2.7 (Co6)), which can be credited to the large chain termination rate (Rt: 

9250.0 (Co2), 5200.0 (Co6)). Similar conclusions have been reached elsewhere [48,49]. In 

common with  the study of Co/MAO system,  the order between molecular weight and 

activity also showed an obvious opposite trend (Figure S4). In particular, the dispersities 

for the obtained polyethylene were narrow (Mw/Mn range: 1.3–3.1) and unimodal, indicat‐

ing that the benzoyl group is conducive to regulating the single active center state of the 

catalytic center. Meanwhile, the high melting temperatures (Tm range: 122.0–134.7 °C) of 

resultant polyethylene demonstrates the high linearity of polyethylene [52,53]. 

In order to compare the catalytic performance of the current catalytic system with 

structurally related cobalt catalysts [33,34,38,50], the key performance data relating to ac‐

tivity,  the molecular weight and PDI of polymer obtained by I–L and Co2 under  their 

optimized conditions with MAO as co‐catalyst were collected in Figure 7. 

 

Figure 7. Comparative catalytic performance of I–L with Co2 (entry 2, Table 3) under their respec‐

tive optimum conditions. 

Figure 7. Comparative catalytic performance of I–L with Co2 (entry 2, Table 3) under their respective
optimum conditions.

The data inspection in Figure 7 mainly reveals the following several points. Firstly,
the introduction of imino-C phenyl group has a positive effect on increasing the molecular
weight of the obtained polyethylene. For instance, complex I [34] could produce polyethy-
lene with higher molecular weight than those prepared by complex J [50]. This observation
may be due to the protective effect of phenyl on the active center. Secondly, the increase of
ring size had a favorable effect on the molecular weight of polyethylene. The molecular
weight obtained with complex I was significantly higher than that obtained with complex
K [33], and their activities were comparable with each other. Thirdly, the introduction of
4,4′-difluorobenzhydryl and benzhydryl groups can greatly improve catalytic activity of
complex. For example, L [38] and Co2 was more active than I–K, which can be attributed to
the electron withdrawing capacity of the 4,4′-difluorobenzhydryl and benzhydryl groups
being able to decrease the electron density of the metal center and thereby making chain
propagation more facile. Fourthly, the molecular weight distribution of the polymer pro-
duced by cobalt complex with benzhydryl (PDI = 1.4, Co2) was much narrower than that
of the polymer produced by its counterparts with 4,4′-difluorobenzhydryl (PDI = 6.5, L),
indicating the positive influence of benzhydryl substitution on the single site catalytic
behavior of cobalt catalysts. The reason may be that the chain termination energy barrier of
the remote fluorine substituted complexes is low and the polymerization reactions may be
easily affected by environmental variables, making the molecular weight distribution of
the resulting polymers wider.

2.3. Microstructural Properties of Resultant Polyethylenes

To further explore the microstructural properties of these resultant polyethylene, high
temperature 1H and 13C NMR spectroscopy was used to record two representative samples
generated using Co2/MAO (Mw = 3.3 kg/mol, entry 2, in Table 3) and Co2/MMAO
(Mw = 3.6 kg/mol, entry 2, in Table 5). To meet the requirements for sample solubility,
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these NMR spectra were recorded at 100 ◦C in d2-tetrachloroethane. For the two samples
mentioned above, their 1H and 13C NMR spectra displayed a singlet of high intensity with
chemical shifts (δH 1.34 ppm; δC 29.07 ppm) that were characteristic of the –(CH2)n– repeat
unit in accord with strictly linear polyethylene (Figures 8 and S5). Less intense downfield
peaks with chemical shifts (δ 5.90 (Hb) and δ 5.04 (Ha); δ 113.87 (Ca) and 139.03 (Cb)) can be
assigned to vinyl end groups (–CH=CH2). Additionally, the integral of Hg (δ 0.95) was three
times larger than that of Hb (δ 5.90) in both cases in accordance with the presence of some
saturated polyethylene. According to the integration results, it can be known that polymers
with vinyl end groups (–CH=CH2) were the main polymerization products indicating that
β-H elimination was the major chain termination pathway. In order to prove the correctness
of the structure revealed by NMR, we also tested the above polymers by DEPT-135 13C
NMR and FT-IR spectroscopy. The DEPT-135 13C NMR spectra showed that the positive
CH and CH3 peaks and negative CH2 peaks were present at reasonable positions in line
with the proposed microstructure of the resultant polymers (Figures S6 and S7). We also
recorded the FT-IR spectroscopy of polymers formed by Co2 (MAO: Al/Co = 2000:1 and
MMAO: Al/Co = 2250:1) (entry 2, Table 3; entry 2, Table 5), Co6 (MAO: Al/Co = 2000:1,
2500:1 and MMAO: Al/Co = 2250:1, 2750:1) (entry 3, Table 2; entry 8, Table 2; entry 5,
Table 4; entry 7, Table 4). As shown in Figure S8 and S9, these spectra reveal strong peaks at
710–740 cm−1 (CH2 rocking vibration) and 1460–1480 cm−1 (CH2 wagging vibration) that
are characteristics of linear polyethylene. Moreover, the terminal vinyl group gives rise
to additional bands at 1642 cm−1 for the C=C stretching mode, 994 cm−1 for the in-phase
plane vibration and 912 cm−1 for the out of-phase plane vibration [54–56]. These FT-IR
spectra once again prove the correctness of the structure of the polymerization products
revealed by NMR.
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3. Experimental Section
3.1. General Considerations

Using glovebox or standard Schlenk techniques to manipulate air- or water-sensitive
materials in a nitrogen atmosphere, toluene was refluxed over sodium for 48 h and then
distilled under a nitrogen atmosphere prior to use. Ethylene was purchased from Beijing
Yansan Petrochemical Corp (Beijing, China). Methylaluminoxane (MAO, 1.46 M solution in
toluene) and modified methylaluminoxane (MMAO, 1.93 M solution in n-heptane) were
purchased from Akzo Nobel Corp. Other reagents were purchased from Acros or local
suppliers. Additionally, FT-IR spectra and elemental analyses were tested, respectively, on
a PerkinElmer System 2000 FT-IR spectrometer (Perkin-Elmer, Waltham, MA, USA) and a
Flash EA 1112 microanalyzer (Thermo Fisher Scientific, Waltham, MA, USA). Mw (molecu-
lar weight) and Mw/Mn (molecular weight distribution) of the resultant polyethylene were
determined by Agilent PLGPC 220 at 150 ◦C using 1,2,4-trichlorobenzene as the solvent (PL
Corp., England). While DSC traces and melting temperatures (Tm) of these polyethylenes
were obtained from the second scanning run on a PerkinElmer TA-Q2000 DSC analyzer
(Perkin-Elmer, Waltham, MA, USA). High temperature 1H and 13C NMR spectra of the
polyethylene were recorded on a Bruker AVANCE III 500 MHz (Bruker, Fällanden, Switzer-
land) at 100 ◦C, with a spectral frequency of 499.92 MHz and 125.70 MHz, respectively. The
test samples were prepared by dissolving 40 mg polyethylene in 1,1,2,2-tetrachloroethane-
d2 (2 mL) with a heat gun. Operating conditions were as follows: acquisition time (0.50 s
for 13C NMR and 2.18 s for 1H NMR), relaxation delay (5.0 s for 13C NMR and 2.0 s for 1H
NMR), spectral width (32.8947 kHz for 13C NMR and 15.0000 kHz for 1H NMR), number of
scans (1578 for 13C NMR and 256 for 1H NMR). 2-benzoyl-5,6,7-trihydroquinolin-8-one, 2,4-
dibenzhydryl-6-methylaniline (A1), 4-benzhydryl-2,6-dimethylaniline (A2), 2-benzhydryl-
4,6-dimethylaniline (A3), 2,4-dibenzhydryl-6-ethylaniline (A4), 2,4-dibenzhydryl-6-isopro-
pylaniline (A5) and 2,4-dibenzhydryl-6-fluoroaniline (A6), were prepared followed the
synthesis procedures based on related literature procedures [57–59].

3.2. Synthesis of [2-(ArN=CPh)-8-(NAr)-C9H8N]CoCl2 (Co1–Co6)

The cobalt complexes Co1–Co6 were prepared by the one-pot reaction of 2-benzoyl-
5,6,7-trihydroquinolin-8-one, corresponding anilines and CoCl2·6H2O in acetic acid. A
general synthetic procedure for Co1 was as follows: a suspension of 2-benzoyl-5,6,7-
trihydroquinolin-8-one (0.063 g, 0.25 mmol) and 2,4-dibenzhydryl-6-methylaniline (A1)
(0.43 g, 1.0 mmol) with CoCl2·6H2O (0.048 g, 0.20 mmol) in acetic acid (10 mL) was refluxed
for 6 h. After cooling to room temperature, the reaction mixture was concentrated and
removed the majority of the solvent by using rotary evaporator. Then, a mixture of diethyl
ether (8 mL) and dichloromethane (2 mL) was added to completely dissolve the residue.
Hexane (25 mL) was then added to precipitate the product. After filtration, the solid
was washed with a mixture of hexane and diethyl ether (3 × 15 mL; v:v = 5:1) and dried
under reduced pressure to give a yellow powder Co1 (0.13 g, 43%). FT-IR (cm−1): 3665(w),
2970(m), 1598(νC=N, m), 1559(s), 1531(s), 1475(m), 1449(s), 1266(m), 1075(m), 1033(m),
744(m), 700(s). Anal. Calcd for C82H67Cl2CoN3 (1224.29): H, 5.52; N, 3.43; C, 80.45. Found:
H, 5.30; N,3.25; C, 80.52%.

Characterization data for Co2 (yellow powder, 0.13 g, 57%): FT-IR (cm−1): 3669(w),
3054(w), 2967(m), 1604(νC=N, s), 1563(s), 1500(s), 1447(m), 1268(w), 1225(s), 1158(m),
1034(m), 833(m), 699(s). Anal. Calcd for C58H51Cl2CoN3 (919.90): H, 5.59; N, 4.57; C,
75.73. Found: H, 5.59; N, 4.47; C, 75.43%.

Characterization data for Co3 (yellow powder, 0.10 g, 45%): FT-IR (cm−1): 3664(w),
2969(m), 2157(w), 2025(w), 1972(w), 1599(νC=N, m), 1505(s), 1447(m), 1266(m), 1225(s),
1159(m), 1075(m),1036(m), 840(s), 699(s). Anal. Calcd for C58H51Cl2CoN3 (919.90): H, 5.59;
N, 4.57; C, 75.73. Found: H, 5.39; N, 4.36; C, 75.75%.

Characterization data for Co4 (yellow powder, 0.21 g, 60%): FT-IR (cm−1): 3057(w),
3025(w), 2361(m), 1596(νC=N, m), 1494(s), 1447(s), 1266(m), 1031(m), 744(s), 699(s). Anal.
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Calcd for C84H71Cl2CoN3 (1252.35): H, 5.71; N, 3.36; C, 80.56. Found: H, 5.52; N, 3.25;
C, 80.71%.

Characterization data for Co5 (yellow powder, 0.19 g, 53%): FT-IR (cm−1): 3669(w),
2967(m), 1599(νC=N, m), 1499(s), 1447(s), 1266(m), 1224(m), 1077(m), 1037(m), 829(m),
742(m), 699(s). Anal. Calcd for C86H75Cl2CoN3 (1280.40): H, 5.90; N, 3.28; C, 80.67. Found:
H, 5.89; N, 3.29; C, 80.77%.

Characterization data for Co6 (yellow powder, 0.20 g, 65%): FT-IR (cm−1): 3667(w),
2969(m), 1600(νC=N, m), 1557(s), 1527(m), 1472(s), 1450(s), 1425(m), 1268(m), 1031(m),
745(m), 700(s). Anal. Calcd for C80H61Cl2CoF2N3 (1232.22): H, 4.99; N, 3.41; C, 77.98.
Found: H, 4.89; N, 3.32; C, 78.19%.

3.3. X-ray Crystallographic Studies

The single crystals of Co2 and Co5 suitable for X-ray diffraction analysis were grown
at room temperature by the layering of hexane onto the solution of the corresponding
cobalt complex in which the solvent was the mixture of dichloromethane and diethyl
ether. Data collection for Co2 and Co5 was carried out on XtaLAB Synergy-R single-
crystal diffractometer (Rigaku Corp., Japan) with mirror-monochromatic Cu-Kα radiation
(λ = 1.54184 Å). During data collection, the crystal was kept at a steady temperature
(T = 169.99(13) K). The structure was solved with SHELXT (Sheldrick, Göttingen, Germany,
2015) [60] solution program by using Olex2 as the graphical interface. The model was
refined with SHELXL (Sheldrick, Göttingen, Germany, 2015) [61] using full matrix least
squares on F2. The free solvent molecules were removed by using the SQUEEZE option
of the PLATON software (Spek, Utrecht, The Netherlands, 2008) [62]. Details of the X-ray
structure determinations and refinements are provided in Table S1.

3.4. Procedures for Ethylene Polymerization
3.4.1. Ethylene Polymerization under 1 atm Ethylene

Using freshly distilled toluene (30 mL) to dissolve cobalt pre-catalyst (2.0 µmol) in a
Schlenk tube. Polymerization temperature was finely controlled by keeping the reactor
in water bath. Then the required amount of co-catalyst (MAO or MMAO) was added
by syringe and the rection mixture was stirred under 1 atm ethylene pressure. After the
required polymerization time (30 min), the vessel was evacuated, and the mixture was
quenched with 10% HCl solution in ethanol. Finally, the precipitated polymer was filtered,
washed with ethanol, and dried under vacuum at 50 ◦C for 24 h and weighed.

3.4.2. Ethylene Polymerization under 5 or 10 atm Ethylene

The higher-pressure ethylene polymerization was conducted in a stainless-steel au-
toclave (250 mL capacity), which was equipped with a mechanical stirrer, a temperature
probe, and an ethylene pressure control system. Firstly, the stainless-steel autoclave was
evacuated and backfilled by nitrogen or ethylene for three times. When the stainless-steel
autoclave was cooled to desired polymerization temperature, under ethylene atmosphere,
freshly distilled toluene (100 mL), co-catalysts (MAO or MMAO), and the toluene solution
with cobalt pre-catalyst (2.0 µmol) were injected successively into the autoclave using
syringes. Then, the autoclave was immediately pressurized to the desired pressure and this
pressure level was maintained for the required reaction time. After the desired reaction
time, stop the mechanical stirrer, cool the autoclave using ice-water bath and vent the excess
ethylene. The reaction mixture was quenched with 10% HCl solution in ethanol. Finally,
the precipitated polymer was filtered, washed with ethanol, and dried under vacuum at
50 ◦C for 24 h and weighed.

4. Conclusions

A series of cobalt dichloride complexes ligated by 2-(arylimino)benzylidene-8- arylimino-
5,6,7-trihydroquinoline has been synthesized and fully characterized. On activation with
either MAO or MMAO, all pre-catalysts Co1–Co6 showed high activities toward ethylene
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polymerization, while Co/MAO system usually had more effective catalytic behavior. In
particular, 2,6-dimethyl-substituted Co2 with the smallest steric hindrance displayed the
highest activity up to 16.5 × 106 g (PE) mol−1 (Co) h−1 among this set at 50 ◦C. Moreover,
ortho-fluoro substituted Co6 was the second most active pre-catalyst due to its strong
electron-withdrawing properties. In terms of thermostability of catalysts, Co6/MAO
system still revealed appreciable activity (2.9 × 106 g (PE) mol−1 (Co) h−1) even at 70 ◦C,
which may be due to the introduction of a fused alkyl ring and an imino C-phenyl group.
Compared with cobalt complexes with 4,4′-difluorobenzhydryl and other cobalt analogues,
these cobalt pre-catalysts in the current work could produce polyethylene with narrower
molecular weight dispersities (1.3–3.1), indicating the positive influence of benzhydryl
substitution on the single site catalytic behavior of cobalt catalysts. According to the
end-group analysis results of the resultant polyethylene, polymers with vinyl end groups
(–CH=CH2) were confirmed as the main product, indicating β-H elimination was the major
chain termination pathway. On controlling the reaction parameters, different molecular
weights (1.7–386.6 kg mol−1) of polyethylene with narrow PDIs (1.3–3.1) will be obtained.
Therefore, we believe this kind of cobalt pre-catalysts has the potential to produce lubricants
and colorants for industrial plastics processing in the future [41].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12101119/s1, Table S1: Crystal data and structure refinements
for Co2 and Co5, Figure S1: For Co6/MMAO: (a) GPC traces of the polyethylene obtained at
different run temperatures and (b) plots of catalytic activity and Mw of the resultant PE as a function
of reaction temperature (entries 1–4, Table 4), Figure S2: For Co6/MMAO: (a) GPC traces of the
polymers obtained at different Al:Co molar ratios and (b) plots of catalytic activity and Mw of the
resultant PE as a function of Al:Co molar ratio (entries 2, 5–8, Table 4), Figure S3: For Co6/MMAO:
(a) GPC traces of the polyethylene obtained over the course of time and (b) plots of catalytic activity
and Mw of the resultant PE as a function of reaction time (entries 5, 9–12, Table 4), Figure S4: Catalytic
activities and molecular weight of the polyethylenes produced by Co1–Co6; MMAO as co-catalyst
in each case (entries 1–6, Table 5), Figure S5: 1H NMR spectrum of the polyethylene obtained using
Co2/MMAO at 40 oC (entry 2, Table 5) along with an inset of the 13C NMR spectrum; both spectra
recorded at 100 ◦C in 1,1,2,2-tetrachloroethane-d2, Figure S6: DEPT-135 13C NMR spectrum of the
polyethylene obtained using Co2/MAO at 50 ◦C (entry 2, Table 3), Figure S7: DEPT-135 13C NMR
spectrum of the polyethylene obtained using Co2/MMAO at 40 ◦C (entry 2, Table 5), Figure S8:
FT-IR spectra of the polyethylene samples generated using Co2/MAO (top, entry 2, Table 3) and
Co6/MAO (middle, entry 2, Table 2 and bottom, entry 8, Table 2), Figure S9: FT-IR spectra of the
polyethylene generated using Co2/MMAO (top, entry 2, Table 5) and Co6/MMAO (middle, entry 5,
Table 4 and bottom, entry 7, Table 4).
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