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ABSTRACT: Synthesis of functional polyethylene from ethylene
alone is tricky and heavily dependent on both the type and structure of
the precatalyst and the choice of cocatalyst used in the polymerization.
In the present study, a series of cobalt precatalysts was prepared and
investigated for ethylene polymerization under various conditions. By
incorporation of strong electron-withdrawing groups (F and NO,) and
a steric component (benzhydryl) into the parent bis(imino)pyridine
ligand, the catalytic performance of these precatalysts was optimized.
On activation with MAO or MMAO, these precatalysts with relatively
open structure achieved unprecedented ethylene polymerization rates
at 60 °C (up to 27.6 X 10° g mol™" h™') and remained effective at
temperatures up to 100 °C. Chain growth reactions were moderate,
resulting in polyethylene with molecular weights up to 61.0 kg/mol

Excellent activity ~ 27.6 X20° g mol* h*
High thermal stability (up to 100 °C)

a-Macro-olefin
Moderate My, up f¢

Saturated PE

and broad bimodal dispersity index. High crystallinity and melt temperature indicated a strictly linear microstructure, as further
confirmed by high-temperature '"H/"*C NMR measurements. Of significant note that chain termination predominantly occurred
through fS-elimination (up to 84.5%), yielding vinyl-terminated long-chain olefins. These functional a-macro-olefins are valuable as
precursors for postfunctionalization, expanding the potential applications of polyethylene across various sectors.

KEYWORDS: Bis(imino)pyridylcobalt precatalysts, ethylene polymerization, moderate polymer molecular weight polyethylene,

linear a-macro-olefins, f-elimination reaction

Bl INTRODUCTION

Coordination—insertion ethylene (oligo)polymerization is a
versatile method to generate a wide range of products with
great variations in the microstructure and chain lengths.' ™
These polymer products can be classified by chain length into
low to high olefins, low molecular weight waxes, and high to
ultrahigh molecular weight polymers, with structures ranging
from strictly linear to branched and hyperbranched.*”” Short-
to medium chain a-olefins are used as key comonomers in low-
density polyethylene and precursors for plasticizer alcohols,
surfactants, lubricants, detergents, and paper sizing;8’9 and
higher a-olefins are used to synthesize heavy linear alkyl
benzene and enhance wax properties.'”'" Additionally, the
terminal vinyl bond in long-chain a@-macro-olefins enables
various transformations to produce functional linear poly-
ethylenes. Synthesizing such functional products from ethylene
alone largely depends on the choice of catalyst as well as the
reaction conditions. Ziegler—Natta catalysts, Phillips catalysts,
metallocenes, and early transition metal catalysts are highly
effective for producing high-density and strictly linear poly-
ethylene."”™"® Alpha-diimine and iminopyridine nickel/palla-
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dium complexes, known for their chain-walking capability,
generate branched to hyperbranched polyethylene from only
ethylene.'” The bis(imino)pyridine-iron/cobalt complexes,
discovered in 1998, produce highly linear polyethylene with
varied molecular weights (A, Figure 1).*°”* The recent
modifications in the ligand framework of these catalysts have
enabled the production of a variety of products, including
short-chain to long-chain a-olefins waxes (C4—C,,) and,
recently, long-chain a-macro-olefins (C,,,) and saturated low
molecular weight waxes to high molecular weight poly-
ethylenes.”” In particular, 2-imino-1,10-phenathrolines-iron
complex catalysts demonstrated great success in synthesis of
selective ethylene oligomerization at industrial scale.”*
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Figure 1. Selected bis(imino)pyridylcobalt precatalysts (A—H) with variations at the imine-N and central pyridine were used for ethylene

polymerization, along with the precatalyst developed in this work (I).

The 2,6-bis(imino)pyridine cobalt complexes are prone to
chain transfer, resulting in the production of low molecular
weight polyethylene.” The molecular weight value is primarily
influenced by the ligand framework and steric/electronic
factors. Therefore, extensive research has focused on varying
imine-N and the central pyridine unit to investigate their
catalytic behavior for ethylene polymerization, and in turn
produce high activities and varying microstructures.”® For
instance, modifying the backbone of the parent bis(imino)-
pyridine ligand led to the creation of imino-phenanthrolinyl-
cobalt complexes (B, Figure 1).”” These precatalysts exhibited
modest activity in ethylene oligomerization, primarily produc-
ing linear a-olefins with some internal olefins. Fusing a 5-, 6-,
or 7-membered carbocyclic ring at 2 and 3 positions of
pyridine (C, Figure 1) resulted in polyethylene with low to
moderate molecular weights and a high proportion of terminal
double bonds (up to 95%).”**7®> On the other hand,
incorporating cyclohexyl rings on both sides of the pyridine
(D, Figure 1) yielded a variety of products including low
molecular weight polyethylene wax, a-olefin with Schulz Flory
distribution, or 1-butene (up to 93% selectivity),”” while their
analogues with cycloheptyl fused ring along with sterically
bulky N-aryl groups gave low to high molecular weight
polyethylene with high catalytic activities and thermal stability
(D, Figure 1).***7° Additionally, variants containing cyclo-
heptyl/cyclohexyl fused rings efliciently generated low
molecular weight, vinyl-terminated polyethylene with thermal
stability up to 60 °C (E, Figure 1).°"¢ Using the parent 2,6-
bis(imino)pyridine ligand with sterically bulky imine units
resulted in exceptionally high activities, comparable to iron-
based precatalysts in most cases, and produced polyethylene
with molecular weights ranging from moderate (%10 kg/mol)
to high (=100 kg/mol), with controlled dispersity (F—H,
Figure 1).3’1_47 In particular, cobalt precatalysts with 2,6-ortho
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benzhydryl steric groups and strong electron-withdrawing
substituents (e.g, R = Cl, NO,, OCF;) achieved excellent
activity (up to 13.7 X 10° g mol™ h™') and produced high
molecular weight polyethylene (up to 825 kg/mol) with
controlled molecular weight distributions across a broad
temperature range of 50—80 °C (H, Figure 1).*~* These
results suggest that catalysts with strong electron-withdrawing
groups and larger axial substituents generally promote chain
growth reactions during polymerization, leading to a high
molecular weight polyethylene. Conversely, excessive steric
hindrance at axial sites can hinder monomer insertion and
chain growth, resulting in minimal polymer forma-
tion.”**~*>**  Additionally, smaller axial steric hindrance
tends to facilitate chain transfer reactions, producing low
molecular weight polyethylene waxes or oligomers. Therefore,
the catalytic activity, thermal stability, and molecular weight
dispersity can be optimized by carefully balancing the steric
and electronic factors in the ligand structure.

This study introduces a new class of bis(imino)pyridine
cobalt complex catalysts by integrating ortho-benzhydryl as
axial steric bulk, and NO, and F groups as strong electron-
withdrawing substituents for ethylene polymerization under
diverse conditions (I, Figure 1). These precatalysts with a
relatively open structure displayed excellent polymerization
activity and high thermal stability and produced polyethylene
with moderate molecular weights. Compared with previously
reported bis(imino)pyridylcobalt precatalysts, these complexes
exhibited comparatively higher catalytic performance. Micro-
structural analysis revealed up to 84.5% terminal double bonds,
which are valuable for postfunctionalization and new polymer
synthesis. Moreover, as these complexes are entirely new,
detailed characterization is provided.

https://doi.org/10.1021/prechem.4c00067
Precis. Chem. 2024, 2, 655—668
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Scheme 1. Synthesis of Cobalt Complexes
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B RESULTS AND DISCUSSION

Synthesis and Characterization of Cobalt Complexes

The bis(imino)pyridine ligands used in this study were
prepared based on our previous reported work,” and their
cobalt chloride complexes, 2-[MeC=N{2-(Ph,CH)-4-NO,-6-
F}CH,]-6-[MeC=N(Ar)]CsH,N-CoCl, (Ar = 2,6-Me,C.H,
Co™¢ 2,6-Et,C4H; Co*®, 2,6-iPr,C¢H; Co*™", 2,4,6-Me,CH,
Co*™¢, and 2,6-Et,-4-MeCgH, Co**™¢) were prepared by the
treatment of cobalt chloride (0.95 equiv) in dichloromethane/
ethanol solution, affording excellent yields (Scheme 1). The
structures of all newly developed complexes were well
determined using multiple characterization techniques includ-
ing elemental analysis, FT-IR spectroscopy, and single-crystal
X-ray diffraction study (only in the case of Co** and Co**™¢).
In the FTIR spectra, the stretching vibrations for v(C=N)
imine functionality in the cobalt complexes appear around
1627 cm™', which is slightly lower than those observed in the
noncoordinated ligands (Figures S13—S17). This wavenumber
shift, well-documented in prior studies, highlights the
successful synthesis of the cobalt complexes®*” and indicates
effective coordination between the imine groups and cobalt
centers. Furthermore, the analysis of C, H, and N confirmed
the high purity of the title complexes.

The single crystals of Co*®" and Co**™¢ were analyzed by X-
ray diffraction, and their molecular structures are depicted in
the ORTEP views shown in Figures 2 and 3, respectively. The
structure refinements for both complexes are given in Table S1,
and selected bond lengths and angles are summarized in Table

cn

F1

Nmz

&

Figure 2. ORTEP views of Co®® along with thermal ellipsoids of
molecular structures shown at a 30% probability level. All hydrogen
atoms are removed to make a clear view, and one methyl group of the
ethyl moiety, which was disordered, was also removed for a clearer
view.

1
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Figure 3. ORTEP views of Co**™ along with thermal ellipsoids of
molecular structures shown at a 30% probability level. All hydrogen
atoms are removed to make a clear view.

1. Each complex has a penta-coordination sphere with slightly
distorted square pyramidal geometry around the cobalt center.
This geometry is quantitatively characterized by 7 values,
calculated as 7 = 0.25 for Co*® and 7 = 0.45 for Co?®™¢, where
75 is defined as (f — a)/60, with f representing the largest X-
M-X angle and «a the second largest angle in the coordination
sphere.”’” The planes of the arylimino groups are oriented
orthogonally to the plane defined by the cobalt and three
nitrogen atoms. The cobalt atom is situated above the basal
plane, with vertical distances of 0.629 A for Co*® and 0.727 A
for Co*™™e, 1t is found that the introduction of benzhydryl
substituents at the ortho position of one arylimino group
resulted in an increase in the Co—Nj, ;.. bond distance by
0.089 A for Co*® or 0.161 A for Co*™™™¢ compared to the
arylimino group lacking the bulky substituent (Table 1). This
increase is primarily due to the steric hindrance imposed by the
ortho-benzhydryl group, which influences the bond distances.
On the other hand, the Co—N, 4, bond distance is
significantly shorter than the Co—N,;,. bond distance,
highlighting the superior coordination ability of the pyridine
nitrogen with the metal center.”>"*® Moreover, within the
chelate rings, the angles N1-Col1—N2 and N2—Col1—N3 are
similar across both complexes; however, N2—Col—N3 is
slightly larger than N1—Col1—N2 by 2.1° for Co*** and 3.61°
for Co?™™e¢, This variation is again attributed to the distinct
steric environments around the metal center caused by the
different N-aryl groups. Such features are characteristic of
cobalt(Il) complexes with tridentate bis(imino)pyridine
ligands in a 1:1 ratio.”"***°

https://doi.org/10.1021/prechem.4c00067
Precis. Chem. 2024, 2, 655—668
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Table 1. Selected Bond Lengths (A) and Angles (deg) for Co*®* and Co**™¢

Bond lengths (&)

COZEt COZEtMe
Co(1)—CI(1) 2.2412(8) 2.2104(12)
Co(1)—ClI(2) 2.2661(9) 2.2376(13)
Co(1)-N(1) 2.290(3) 2.361(3)
Co(1)-N(2) 2.035(2) 2.031(3)
Co(1)-N(3) 2.201(3) 2.200(3)
N(1)-C(2) 1.284(4) 1.280(4)
N(1)-C(29) 1.418(4) 1.404(4)
N(2)-C(3) 1.334(4) 1.345(4)
N(2)-C(7) 1.353(4) 1.339(4)
N(3)-C(8) 1.286(4) 1.287(4)
N(3)-C(10) 1.437(4) 1.446(4)

Angles (deg)

CozEt COZEtMe
CI(1)—Co(1)-CI(2) 115.18(3) 118.76(8)
N(1)—Co(1)-N(2) 73.93(10) 73.11(10)
N(1)—Co(1)-N(3) 149.00(9) 149.48(10)
N(1)—Co(1)-CI(1) 92.67(7) 90.61(8)
N(1)—-Co(1)—CI(2) 99.54(7) 95.93(8)
N(2)—Co(1)-CI(1) 136.90(8) 126.03(10)
N(2)—Co(1)-Cl(2) 107.46(8) 113.99(11)
N(2)—Co(1)-N(3) 76.03(10) 76.72(11)
N(3)—Co(1)—CI(1) 104.18(7) 103.61(8)
N(3)—Co(1)-CI(2) 96.56(7) 100.39(9)

Ethylene Polymerization

Besides the structure of the precatalyst, reaction settings
dramatically influence both catalytic behavior and the final
polymer properties.”’ ~*” Therefore, the effects of cocatalysts
(MAO, MMAO), temperature (30—100 °C), time (5—60
min), and ethylene pressure (0.1—1 MPa) are initially
examined to obtain the optimal conditions. Subsequently, the
catalytic capacity of all titled cobalt complexes was studied at
optimal conditions.”>*>** In addition, a detailed comparison
was made with previously reported bis(imino)pyridine cobalt
complexes for ethylene polymerization. The units for activity
and molecular weights (M,,) of PE are typically expressed as g
mol™ h™" and g mol™!, respectively.

Ethylene Polymerization with Co/MAO Catalytic System

Initially, cobalt complex Co*® was used as the test precatalyst

to screen the optimal conditions (Table 2, entries 1—17). In
situ activation of Co*® with varying amounts of MAO (Al/Co
= 1000, 1500, 2000, 2500) resulted in the highest catalytic
activity of 491 X 10° g mol™" h™" with M, of 38.3 X 10° g
mol™" at 1500 [conditions: temperature = 30 °C, time = 30
min, ethylene = 1 MPa]. As shown in Figure 4a, the data
exhibited a bell-shaped curve: activity increased with the
cocatalyst concentration, peaked at 1500, and then gradually
declined (entries 1—4). In contrast, polymer molecular weight
(M,,) continuously decreased from 57.8 X 10° to 26.0 X 10° g
mol™ as cocatalyst concentration rose. Low cocatalyst
concentrations are insufficient, while excessive amounts may
reduce activity, likely due to catalyst deactivation or inhibition.
Additionally, higher concentrations of the aluminum com-
pound in the reaction mixture may favor chain termination
over chain propagation, leading to reduced polymer molecular
weights.”>*> This behavior is typical of bis(imino)pyridine
cobalt precatalysts. As can see in the Figure Sa, the M,
dispersity remained broad and unimodal across all concen-
tration of cocatalyst and became even broader at higher
concentrations (M,/M, = 12.5-15.4), which is also an
indication of higher chain transfer reactions occurrence at
higher concentration of cocatalyst.>'

The polymerization results in Table 2 (entries 2 and 5—11)
demonstrated that both catalytic activity and polymer
molecular weights were significantly influenced by reaction
temperature [Al/Co = 1500, time = 30 min, ethylene = 1
MPa]. The relationship between catalytic activity and temper-
ature (30—100 °C) also followed a bell-shaped curve: activity
initially increased, reached a maximum of 9.66 X 10° g mol™
h™ at 60 °C, and then gradually dropped to a minimum of
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0.45 X 10° g mol™ h™" at 100 °C (Figure 4b). On the other
hand, polymer M,, gradually decreased from 57.8 X 10° g
mol ™" to 18.9 X 10°> g mol ™' with reaction temperature (entries
2, S—11, Figure 4b). The decline in activity at higher
temperatures was in principal due to the decomposition of
active species, while gradient decrease of ethylene concen-
tration in the reaction mixture may also contribute to lower the
catalytic activity.”> Generally, it is accepted that elevated
temperatures promote chain transfer reactions relative to the
chain growth reactions (ky/k,), which resulted in lower
molecular weight polyethylene. The molecular weight dis-
tribution was broad and unimodal with a small high-molecular-
weight tail across all temperatures (Figure Sb), and the gradual
broadening of the M, dispersity further supported the
occurrence of increased chain transfer reactions at higher
temperatures (M,,/M, = 14.0—16.2).

The polymerization results in Table 2 (entries 7, 12—15)
summarized the effect of reaction time [conditions: Al/Co =
1500, temperature = 60 °C, and ethylene = 1 MPa]. These
results showed the high stability of the Co*®/MAO catalyst
system at 60 °C. Both polymer yield and molecular weights
increased with longer reaction times, achieving the highest
activity of 27.6 X 10° g mol™" h™" at § min (entries 7, 12—15).
However, activity gradually dropped with extended reaction
times (Figure 4c), likely due to polymer mass removal and the
gradual decomposition of the active catalytic species.'”>
Despite this drop, the system sustained a significant activity of
5.8 X 10° g mol™" h™! even after 60 min at 60 °C (entry 15).
The molecular weight of the polyethylene improved from 13.0
X 10% to 23.2 X 10° g mol™" with longer reaction times (Figure
4c), due to the continuous dominance of chain growth over
chain transfer reactions. Additionally, the molecular weight
dispersity decreased with time (M, /M, = 9.42—14.4),
indicating reduced chain transfer reactions at longer times
(Figure Sc). Overall, these results highlight the robust stability
of the Co*®/MAO catalyst system, maintaining high activity
and polymer molecular weight over a 60 min period at 60 °C.

To evaluate the effect of pressure on ethylene polymer-
ization, three reactions in a row were carried out with different
ethylene pressures in the range of 0.1—1 MPa [conditions: Al/
Co = 1500, temperature = 60 °C, time = 30 min]. Increasing
the ethylene pressure from 0.1 to 0.5 MPa led to a 150%
increase in activity (entries 16, 17). Further raising the
pressure to 1.0 MPa resulted in an additional 140% increase in
activity (entries 7, 17). These results indicate a significant
dependence of polymerization activity on ethylene pressure,
with the increased activity attributed to the higher ethylene

https://doi.org/10.1021/prechem.4c00067
Precis. Chem. 2024, 2, 655—668
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Figure 4. Polymerization activity and polymer molecular weights, using Co*®/MAO at different Al/Co ratios (a), temperatures (b), and times (c)
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Figure 5. GPC curves at different cocatalyst amounts (a), temperatures (b), and times (c) using Co*®/MAO as the catalytic system at 1 MPa

ethylene pressure.

concentration in toluene at elevated pressures.'”** Addition-
ally, the molecular weight of the resulting polyethylene showed
a linear relationship with ethylene pressure, increasing from
17.6 X 10* to 20.5 X 10 g mol™!, accompanied by a unimodal
and broad dispersity (M, /M, = 8.60—14.4)."%>"

With the aim to investigate steric and electronic substituents
of aniline (Scheme 1), the catalytic performance of other
prepared cobalt precatalysts (Co*™¢, Co*", Co*™¢, and
Co?™™¢) was examined using the optimal conditions
determined for Co*®/MAO (Table 2, entries 7, 18—21).
The observed activities for all precatalysts are generally high,
falling in the range of 7.20—13.3 X 10° g mol™* h™' and are
greatly influenced by the steric properties of the ortho
substituents and electronic substituent of para substituents
present on the small N-aryl group (Figure 6a).”>* For
comparison purposes, prepared cobalt complexes are classified
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Figure 6. Comparison of polymerization activity and M, (a) and
GPC curves (b) for different precatalysts using MAO (Table 2).
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into two groups: group A [Co™¢, Co**, Co*"] bearing
different ortho substituents and para-hydrogen; group B
[Co™¢, Co®™™¢] bearing different ortho and para-methyl
substituents. It is found that the second group of cobalt
complexes bearing para-methyl substituents exhibited com-
paratively lower activities than their counterpart bearing para-
hydrogen substituent. For instance, Co?™* exhibited an activity
of 13.3 X 10° g mol™ h™!, which is slightly higher than that of
activity obtained with Co*™* (entry 18 vs 20) and a similar
result was found on comparison with Co®®* with Co?*™¢
(entry 7 vs 21). This fact highlights the negative effect of the
electron donating para-methyl substituent on activity; perhaps
the electron releasing effect decreases the Lewis acidic
character of the metal center which in turn somehow reduces
the rate of monomer coordination—insertion. Within the
cobalt complexes of group A, the catalytic activity shows an
inverse relationship with the increasing steric hindrance of the
ortho-R substituents. For instance, Co*™® displayed higher
activity than that of Co*® by a factor of 1.4 and higher than
that of Co®* by a factor of 1.9 (entries 7 vs 18 and 19). The
complex Co™" was found to be the least active precatalyst due
to bearing a sterically bulky ortho substituent (entry 19). This
is likely the result of the less hindered ortho-R substituent
allowing for easier ethylene coordination and insertion at the
active sites. Overall, based on the steric and electronic
substituent on the aniline, activities decreased as follows:

o™ (R! = Me, R* = H) > Co®™® (R' = Me, R* = Me) >
CoZEt (R! = Et, R = H) > Co*®™e¢ (R! = Et, R* = Me) > Co*™*
(R! = iPr, R? = H).
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Table 2. Ethylene Polymerization with Co/MAO Catalytic System®

Entry Precat. Al/Co T (°C) t (min) PE (g)
1 Co?®t 1000 30 30 3.20
2 Co?t 1500 30 30 491
3 Co2t 2000 30 30 4.12
4 Co?®t 2500 30 30 3.55
5 Co2t 1500 40 30 5.40
6 Co?®t 1500 50 30 6.67
7 Co*® 1500 60 30 9.66
8 Co?®t 1500 70 30 7.20
9 Co*®t 1500 80 30 2.10
10 Co?t 1500 90 30 0.94
11 Co™t 1500 100 30 0.45
12 Co2t 1500 60 05 4.42
13 Co?®t 1500 60 15 6.31
14 Co2t 1500 60 45 10.3
15 Co?®t 1500 60 60 11.6
16° Co?®t 1500 60 30 1.67
17 Co™® 1500 60 30 4.13
18 Co™Me 1500 60 30 13.3
19 Co?Pr 1500 60 30 7.20
20 CoMe 1500 60 30 12.5
21 Co?EtMe 1500 60 30 8.93

Act? M,° M, /M,* T, (°C)% X, (%)
3.20 57.8 125 135.2 427
491 383 12.9 132.0 43.4
412 27.7 142 130.5 42.9
3.55 26.0 154 129.5 41.7
5.40 327 14.0 129.7 42.1
6.67 311 14.0 1303 415
9.66 20.5 144 1278 37.4
7.20 20.4 14.7 130.2 38.5
2.10 20.0 154 1303 39.5
0.94 192 159 1284 26.8
0.45 189 162 1324 352

27.6 13.0 116 1278 36.9

12,6 19.2 103 129.7 37.6
6.86 22.1 9.70 1289 39.4
5.80 232 9.42 129.2 38.0
1.67 17.6 8.60 130.0 38.4
413 19.3 8.60 1317 42.8

13.3 19.3 9.3 1273 33.8
7.20 61.0 8.0 131.5 49.4

12.5 17.7 9.1 125.9 31.0
8.93 41.1 9.5 130.0 44.5

“Conditions: precat. (2.0 ymol), solvent (toluene, 100 mL), ethylene (1 MPa). bActivity: 10° g mol™! h™". “GPC results (M,, 10% g mol™").
“Determined by DSC, X, = 100 X AH; (T,,)/AH% (T°,,), where AH% (T°,) = 248.3 J g”". “Ethylene (0.1 MPa).fEthylene (0.5 MPa).

Table 3. Ethylene Polymerization with Co/MMAO Catalytic System®

Entry Precat. Al/Co T (°C) t (min) PE (g)
1 Co® 1000 30 30 2.80
2 Co™® 1500 30 30 3.61
3 Co?®t 2000 30 30 3.99
4 Co™™ 2500 30 30 3.67
5 Co®t 2000 40 30 5.40
6 Co® 2000 50 30 4.93
7 Co*®t 2000 60 30 4.74
8 Co?®t 2000 70 30 3.70
9 Co™® 2000 80 30 3.42
10 Co®t 2000 90 30 0.96
11 Co*® 2000 100 30 0.51
12 Co™™e 2000 40 30 4.32
13 Co?Pr 2000 40 30 3.68
14 CoMe 2000 40 30 4.54
15 Co2EtMe 2000 40 30 5.20

Act? M,* M, /M,* T, (°C)? X, (%)
2.80 144 6.5 129.0 22
3.61 138 7.5 1286 403
3.99 9.15 7.6 128.0 36.9
3.67 8.63 9.5 128.4 37.3
5.40 8.00 8.4 126.6 37.5
493 7.83 8.5 126.3 335
4.74 7.61 8.6 126.5 383
3.70 7.55 8.7 126.6 329
342 7.40 8.8 126.2 30.9
0.96 7.35 9.0 126.4 33.1
0.51 7.33 9.6 129.3 24.0
432 7.0 10.0 124.4 172
3.68 316 7.0 130.9 45.7
4.54 8.5 9.9 125.7 24.3
5.20 272 114 130.4 37.4

“Conditions: precat. (Co*®, 2.0 umol), solvent (toluene, 100 mL), ethylene (1 MPa). bActivity: 106 g mol™ h™". °“GPC results (M,,, 10> g mol™").
“Determined by DSC, X, = 100 X AH; (T,,)/AH% (T°,,), where AH; (T°,,) = 2483 J g™.

Prior studies have reported that steric hindrance over the
axial sites of the metal center favors chain growth reactions
over the chain transfer reactions, thus producing high
molecular weight polyethylene.*”*>*” Consistent with these
reports, cobalt complexes bearing sterically bulky ortho-alkyl
substituents produced comparatively higher molecular weight
polyethylene (Figure 6a). Within group A, steric hindrance
decreased in the order Co*™ > Co*** > Co™™° and polymer
M,s also decreased in the same order. For instance,
replacement of the ortho-methyl group in Co*™° by the
ortho-ethyl group in Co*® gave a slight improvement in the M,,
from 19.3 X 10° to 20.3 X 10°> g mol™" and replacement by
isopropyl group in Co*" gave about 220% increase in the
polymer molecular weight, highlighting how steric hindrance
protects the active species from chain transfer reactions.
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Moreover, Co**™¢ containing a para-methyl group generated

polyethylene with a higher molecular weight than that of
polyethylene obtained with Co*** bearing para-hydrogen. The
impact of the para-methyl substituent on molecular weights
remains uncertain, perhaps due to electron releasing effect of
para-methyl group increasing the chain growth reactions over
the chain transfer reactions, thus generating higher molecular
weight polyethylene. The molecular weight distributions were
unimodal and broad in all cases, and likely more than one type
of active species was involved in chain propagation (Figure
6b). The broad dispersity is likely the result of high chain
transfer reactions as the molecular weight range was
moderately varied from 17.7 to 61.0 X 10° g mol L***
Moreover, high melt temperature is characteristic of all
obtained polyethylene from all cobalt precatalysts which varied

https://doi.org/10.1021/prechem.4c00067
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in the range of 125.9—131.5 °C with high crystallinity (X, =
33.8—49.4%).

Ethylene Polymerization with Co/MMAO Catalytic System

To thoroughly compare and assess the effect of cocatalysts on
catalytic activity, another cocatalyst, MMAO, was used to re-
evaluate the catalytic capacity of cobalt complexes for ethylene
polymerization under the same conditions. As was the case of
MAO, Co?® in activation with MMAO was selected as the test
catalytic system to optimize the reaction conditions. Table 3
shows the results for different Al/Co ratios (1000, 1500, 2000,
and 2500). The dependence of catalytic activity and polymer
molecular weights upon changing the cocatalyst amount
followed a similar relationship as was observed in the case of
MAO (Figure Sla). The highest activity of 3.99 X 10° g mol™
h™" was achieved with an Al/Co ratio of 2000 (entry 3), while
lower or higher ratios resulted in lower activities (entries 1-2,
4). The highest polymer molecular weight of 14.4 X 10° g
mol ™! was achieved at Al/Co ratio of 1000 and further increase
of cocatalyst concentration resulted in gradual decrease,
reached to the lowest value of 8.63 X 10°> g mol™" at Al/Co
ratio of 2500. This suggests that higher cocatalyst concen-
tration promotes chain transfer reactions over chain prop-
agation.” ™" The increase of dispersity values with cocatalyst
amount further supports the higher chain transfer reactions at
higher cocatalyst concentrations (M,,/M, = 6.5—9.5) (Figure
S2a). Compared with the Co*™/MAQO system, the Co**/
MMAO system produced polyethylene with narrower
molecular weight distributions. However, the Co**'/MMAO
system was less eflicient, showing about 20% lower activity and
75% lower polymer molecular weight compared to the Co**/
MAQO system (Table 2, entries 1 and 2 vs Table 3, entries 1
and 3).>%%°

Changes in the reaction temperature between 30 and 100 °C
revealed that the highest activity of 5.40 X 10° g mol™' h™*
occurred at 40 °C (Table 3, entries 3, S—11). Activity
decreased as the temperature elevated beyond this point
(Figure S1b). The decrease in activity was relatively less, only
36%, for temperatures ranging from 30 to 80 °C. However, a
dramatic decline in activity occurred with a 10 °C increase
from 80 to 90 °C and then to 100 °C, resulting in significant
decrease in activity of 72% and 50%, respectively. This fact
highlights high stability of the active species within the
temperature range of 30 to 80 °C (entries 3, 5-9).
Additionally, despite the molecular weight of polyethylene
gradually decreasing from 9.15 X 10° to 7.33 X 10° g mol™
with temperature, the decrease was relatively less, with only a
20% decline observed when the temperature was increased
from 30 to 100 °C. This indicates a high stability of the active
species and continued chain growth reactions. The slight
reduction in molecular weight with rising temperature is likely
due to the increase of chain transfer reactions.”” This
observation is supported by the consistent broadening of the
dispersity index with the temperature (Figure S2b).
Furthermore, the decreased rate of monomer insertion could
be attributed to partial decomposition of the active species or/
and reduced solubility of the monomer at higher temper-
atures.’””" In comparison to MMAO, Co®** demonstrated
superior thermal stability when activated with MAO: the
highest activity of 9.66 X 10° g mol™ h™" was obtained at 60
°C with MAO, while 40 °C was the optimal temperature with
MMAOQO giving an activity of 540 X 10° g mol™ h7".
Additionally, the molecular weight of the resulting poly-
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ethylene was significantly higher with MAO than with MMAO
across all studied reaction temperatures, indicating that Co*™
performs better in combination with MAO under various
reaction conditions (Table 2, entries 2, 5—11 vs Table 3,
entries 3, S—11).

Under otherwise identical conditions (Al/Co = 2000,
temperature 40 °C, ethylene = 1 MPa, time = 30 min), all
tested cobalt complexes exhibited high polymerization rates, in
the range of 3.68 X 10° - 5.40 X 10° g mol™" h™' (Table 3,
entries 5, 12—15). Among the complexes in group A (Co*™e,
Co™, Co?™) the complex Co**, which contains an ortho-
ethyl group, showed the highest activity of 5.40 X 10° g mol™
h™ (Figure 7a).”® In contrast, complexes with less steric
hindrance [Co®™® (R' = Me, R*> = H)] or more steric
hindrance [Co*™ (R! = iPr, R* = H)] demonstrated lower
activity (entries 5, 12—13). Particularly, complex Co*™*, with
the most ortho steric congestion, had the lowest polymerization
activity at 3.68 X 10° g mol™' h™'(entries 13). Meanwhile, the
incorporation of para-methyl substituent into the small N-aryl
unit had a positive impact on the rate of monomer insertion;
therefore, Co®™* displayed slightly higher activity than that of
Co*™¢, However, this trend reversed when comparing Co?EtMe
with Co*®. Overall, structure—activity relationship follows an
order of Co”® (R' = Et, R* = H) > Co**™¢ (R! = Et, R = Me)
> CoMe (R! = Me, R? = Me) > Co™¢ (R! = Me, R? = H) >
Co*™ (R! = iPr, R* = H). This activity—structure relationship
is different from one observed in the case of MAQO. Moreover,
cobalt complexes with sterically bulky ortho-substituents were
more effective in producing higher molecular weight poly-
ethylene compared to their sterically less hindered analogues
(Figure 7a). For example, ethylene polymerization mediated by
Co*™ yielded polyethylene with a molecular weight 350%
higher than that produced by Co?™* and about 300% higher
than that of Co®®* (entries 1—3). A similar trend was observed
when comparing the molecular weight of polyethylene from
Co*™e to that from Co*™™¢ (M, = 8.5 X 10° vs 27.2 X 10° g
mol~!, respectively). Additionally, the incorporation of para-
methyl groups in cobalt complexes proved superior compared
to counterparts bearing para-hydrogen substituents (entries 1
and 2 vs 4 and $). For instance, replacing Co*®* with Co**™¢
resulted in a 240% increase in the molecular weight of the
obtained polyethylene. This enhancement is likely due to the
electron-releasing effect of the para-methyl substituent, which
increases the stability of the active species and facilitates chain
growth reactions.’™”® The dispersity of the prepared PE was
unimodal and broad; it is possible more than one type of active
species was involved (Figure 7b). High melt temperatures (T,
=124.4 °C - 130.9 °C) and the high percentage of crystallinity
indicate a highly linear microstructure of the polyethylene.
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Figure 7. Comparison of polymerization activity and M,, (a) and
GPC curves (b) for different precatalysts using MMAO (Table 3).
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Figure 9. 3C NMR spectrum of the polyethylene produced using Co™¢/MAO (Table 2, entry 18).

The comparison of cocatalysts revealed that MAO was
identified as a more effective activator compared to MMAO for
the activation of the title cobalt complexes for ethylene
polymerization. In particular, Co*®' was the most active

precatalyst with MMAQO; its activity increased by about
150% when activated with MAO. Similarly, Co™e showed
the highest activity with MAO, displaying about 200% higher
activity compared to MMAO. In general, title complexes
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Figure 10. Comparative analysis with previously reported bis(imino)pyridylcobalt precatalysts (cocatalyst MAO or MMAO).

produced polyethylene with significantly higher molecular
weight when activated with MAO rather than MMAO.
Notably, MAO-activated Co*"" generated polyethylene with
a molecular weight about 100% higher than the same
precatalyst activated with MMAO. The reasons for these
differences in catalytic behavior are not fully understood but
are likely due to variations in activation ability, cocatalyst
composition, size, activation process, and control over chain
transfer reactions.

Thermal and Microstrcutural Analysis of PE

The differential scanning calorimetry (DSC) analysis of
polyethylene showed a sharp peak of endotherm at above
124 °C (Figures SS—S12). This implies a crystalline type of
polyethylene. The crystallinity (X.) of polyethylene was
determined by using the formula X, = 100 X AH; (T,)/
AH®% (T°,,), where AH% (T°,,) = 248.3 ] g~* which falls in the
range of 31—49% for Co/MAO and 17—46% for Co/MMAO,
depending on the structure of precatalyst. High crystallinity
and high melt temperatures imply the highly linear micro-
structure of obtained polyethylene. Further information about
the structure and chain end groups were confirmed by
performing 'H/1C NMR measurements of selected PE
samples (Table 2, entries 18, 19, 21).”"7>” As can see in
Figure 8, the '"H NMR spectra of Co*™¢/MAO based PE
exhibited a strong singlet at the upfield region at 1.37 and
29.09 ppm in the 3¢ NMR spectrum, corresponding to the
—CH,— repeating unit of the PE chain (Figure 9). Besides, two
more multiplets appeared at lowfield regions around 5.05 and
5.90 ppm in the "H NMR spectrum, corresponding to the vinyl
bond at the chain end group. These signals appeared at 139.14
and 114.0 ppm in the *C NMR spectrum. Both the 'H and
C NMR spectra confirmed the strictly linear microstructure
of the resulting polyethylene with vinyl [CH,=CH-(CH,),-
CH;] or/and methyl chain end groups [CH;-(CH,),-CH,].
Using the previously established method,"***®" the relative
proportion of vinyl terminated and fully saturated polyethylene
was determined and was investigated the impact of ligand
structure on this proportion. Based on the H,/H, integration
ratio, approximately 84.0% of the polyethylene chains were
terminated by f-H elimination reaction, yielding vinyl end
terminated PE with a strictly linear structure. The Co*:™¢/
MAO based PE gave almost similar percentage of vinyl end
terminated PE up to 84.5%, however, Co?P"/MAO bearing
ortho-isopropyl substituents produced polyethylene with 83.4%
vinyl terminated polyethylene chains (Figures S3—S4). This
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can be attributed to higher steric hindrance over the axial sites
of the metal center protecting the active species in a better way
from the f-H elimination reaction; thus, a slightly lower
proportion of CH,=CH-(CH,),-CH; chains was produced in
the case of Co*™/MAO mediated ethylene polymerization.

Comparative Analysis with Previously Reported
Bis(imino)pyridylcobalt Precatalysts

Brookhart and Gibson were the first to explore bis(imino)-
pyridylcobalt precatalysts for ethylene polymerization in the
late 1990s.'*?"*? Although their work laid the groundwork,
challenges persisted, including poor catalytic activity, sub-
optimal polymer molecular weight under industrial conditions,
broad molecular weight distributions, low thermal stability,
high cocatalyst demands, and uncontrolled chain ends. To
address these issues, continuous efforts have been made to
improve their catalytic performance and synthesis of new
polyethylene products.””” Herein, a comparison is made to
evaluate the catalytic performance of the current cobalt
precatalysts against previously reported bis(imino)-
pyridylcobalt precatalysts (Figure 10). This comparison
focused on key catalytic parameters including activity,
molecular weight, and dispersity at the temperature at which
maximum activity was achieved in the work (called optimal
temperature: TP'). For instance, precatalyst F (Figure 10)
showed its peak activity of 2.85 X 10° g mol™ h™" at 20 °C and
remained stable up to 60 °C.”' In the set of G type
precatalysts, activity varied from 7.0 X 10° to 18.0 X 10° g
mol ™" h™", with the highest activity achieved when R = Me and
Rp = H (G-1, Figure 10),” while the precatalyst with R = Me
and Rp = OMe produced polyethylene with the highest
molecular weight (M,, = 143.0 X 10* g mol™") but had a broad
dispersity index (G-3, Figure 10).>* Additionally, precatalysts
with R = F and Rp = F showed high thermal stability (up to 90
°C) and excellent catalytic activity of 2.7 X 10° g mol™ h™!
(G-5, Figure 10).>° The H type cobalt precatalysts
demonstrated both excellent activity (as high as 13.7 X 10° g
mol™ h™") and the ability to produce high molecular weight
polyethylene (up to 825 X 10° g mol™') with controlled
molecular weight distributions over a broad temperature range
(50—80 °C).* Precatalysts with strong electron-withdrawing
groups (such as R = Cl, NO,, OCF;) typically yielded higher
molecular weight polyethylene and more controlled dispersity
(H-4, -6, -8, Figure 10).*"**” With a few exceptions (G-1, H-
2, Figure 10),”>* the cobalt complexes reported in this study
(I, Figure 10) exhibited higher catalytic activity (as high as
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13.3 X 10° g mol™" h™"), compared to all previously reported
bis(imino)pyridylcobalt precatalysts. These complexes also
remain effective at high reaction temperatures up to 100 °C.
Additionally, they produce polyethylene with moderate
molecular weights over a wide temperature range (30—100
°C) without significant loss of molecular weight. Unlike
previous precatalysts,”' ~*” these exhibit unimodal distributions
with broad dispersity. Most notably, the polyethylene
produced is vinyl-terminated (up to 84.5%), making it suitable
for use as macromonomers or additives or for postfunction-
alization. These exceptional characteristics are attributed to the
incorporation of strong electron-withdrawing groups (ortho-F
and para-NO,) along with the sterically demanding ortho-
benzhydryl group into the title cobalt complexes.

B EXPERIMENTAL SECTION

Synthesis of Ligands

The synthesis of bis(imino)pyridine ligands used in this study
were prepared and characterized based on our previous
reported work. ™

Synthesis of Complexes

Synthesis of Co?M¢ (General Procedure). Under an inert
atmosphere, a Schlenk tube was filled with ligand L** (0.150
g, 0.26 mmol) and CoCl, (0.032 g, 0.25 mmol), followed by
the addition of 10 mL of dist. ethanol and 5§ mL of dist.
dichloromethane, it was then stirred for 12 h. Next, the solvent
was totally removed under vacuum. The product was
recrystallized with the addition of 10 mL of diethyl ether
and then washed three times. After filtration, the resulting solid
was vacuum-dried, yielding the light green Co** complex
(0.140 g, Yield: 76%). FTIR (KBr, cm™"): 3088 (w), 3027 (w),
2914 (m), 1645 (w), 1627 (v(C = N), s), 1595 (s), 1532 (s),
1500 (w), 1473 (m), 1453 (s), 1439 (w), 1374 (m), 1344 (s),
1261 (s), 1216 (s), 1153 (w), 1105 (w), 1082 (m), 1030 (s),
999 (w), 957 (m), 906 (s), 870 (s), 799 (s), 778 (s), 748 (s),
707 (s). Anal. Caled for Cy4H;Cl,CoFN,O,.(MeOH): C,
60.67; H, 4.82; N, 7.65. Found: C, 60.75; H, 4.40; N, 7.63.

Synthesis of Co®*. Following the general procedure used
for Co®™ synthesis, but with ligand L*** (0.200 g, 0.33 mmol)
and CoCl, (0.041 g, 0.31 mmol) instead, a light green Co®**
powder was obtained (0.190 g, Yield: 78%). FTIR (KBr,
cm™): 3086 (w), 3066 (w), 3026 (w), 2968 (m), 1629 (v(C =
N), s), 1587 (m), 1524 (s), 1516 (s), 1498 (m), 1465 (m),
1451 (w), 1376 (m), 1335 (s), 1281 (w), 1265 (s), 1216 (m),
1105 (s), 1070 (m), 1032 (w), 961 (w), 872 (w), 803 (s), 770
(m), 748 (s), 705 (s). Anal. Calcd for C;3H;Cl,CoFN,O,: C,
62.65; H, 4.84; N, 7.69. Found: C, 62.65; H, 5.03; N, 7.44.

Synthesis of Co?™. Following the general procedure used
for Co™e synthesis, but with ligand L*** (0.150 g, 0.24 mmol)
and CoCl, (0.029 g, 0.23 mmol) instead, light green Co*""
powder was obtained (0.142 g, Yield: 78%). FTIR (KBr,
cm™'): 3088 (w), 3062 (w), 2968 (m), 1627 (v(C = N), s),
1589 (m), 1532 (s), 1498 (m), 1469 (w), 1441 (m), 1372
(m), 1346 (s), 1263 (s), 1214 (w), 1206 (w), 1102 (w), 1080
(s), 1028 (m), 999 (w), 955 (w), 914 (w), 876 (m), 815 (m),
801 (s), 770 (m), 748 (s), 707 (s). Anal. Calcd for
Cy4oH,oCLCoFN,0,.(2H,0): C, 60.61; H, 547; N, 7.07.
Found: C, 60.42; H, 4.90; N, 6.94.

Synthesis of Co*Me. Following the general procedure used
for Co?™* synthesis, but with ligand L**¢ (0.150 g, 0.25 mmol)
and CoCl, (0.031 g, 0.24 mmol) instead, a light green Co*™*
powder was obtained (0.143 g, Yield: 78%). FTIR (KB,
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cm™'): 3088 (w), 3029 (w), 2916 (m), 1629 (v(C = N), s),
1593 (m), 1534 (s), 1498 (w), 1453 (w), 1374 (m), 1344 (s),
1263 (s), 1222 (m), 1159 (w), 1078 (m), 1032 (m), 997 (w),
957 (w), 906 (w), 853 (m), 799 (m), 750 (s), 703 (s). Anal.
Calcd for C4,H;,CL,CoFN,O,.(MeOH): C, 61.14; H, 5.00; N,
7.50. Found: C, 61.29; H, 4.64; N, 7.60.

Synthesis of Co®®™e. Following the general procedure
used for Co*M® synthesis, but with ligand L?E™Me (0,150 g 0.24
mmol) and CoCl, (0.030 g, 0.23 mmol) instead, a light green
Co?®™¢ powder was obtained (0.140 g, Yield: 77%). FTIR
(KBr, cm™): 3086 (w), 3029 (w), 2968 (m), 1627 (v(C = N),
s), 1589 (m), 1530 (s), 1496 (m), 1463 (m), 1372 (m), 1342
(s), 1263 (s), 1218 (m), 1076 (s), 1032 (m), 999 (w), 953
(w), 906 (w), 863 (m), 799 (m), 748 (s), 703 (s). Anal. Calcd
for C3H,,CLCoFN,0,: C, 63.08; H, 5.02; N, 7.55. Found: C,
62.56; H, 5.00; N, 7.48.

B CONCLUSION

In summary, five new bis(imino)pyridine-cobalt complexes
were prepared by incorporating two types of imino units with
different steric and electronic substituents and were evaluated
for their efficacy in ethylene polymerization. The structures of
these complexes were verified by using multiple analytical
techniques, including FTIR spectroscopy and X-ray diffraction
analysis. Upon in situ activation with either MAO or MMAO,
these cobalt complexes demonstrated high efliciency in
ethylene polymerization, displaying remarkable activity at 60
°C and remained active at elevated temperatures of up to 100
°C. The polymers produced had moderate molecular weights,
reaching up to 61.0 kg/mol, and displayed unimodal broad
dispersity. MAO was found to be a more efficient activator
than MMAO for the activation of the cobalt complexes under
study. It is revealed that complexes with less steric hindrance
showed greater overall activity, while those with more
congested structures were better suited for producing high
molecular weight polyethylene due to their ability to facilitate
chain growth reactions. Moreover, the catalytic activity
achieved in this study surpassed that of previously reported
bis(imino)pyridylcobalt precatalysts in most cases. The
polymerization process predominantly led to chain termination
through f-elimination, resulting in a-macroolefins with highly
linear long chains. These vinyl-terminated polyethylenes hold
significant promise as precursors for the development of new
polymers with terminal functional groups, opening avenues for
advanced material synthesis and applications.
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