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CATALYST SYSTEMS AND PROCESSES FOR PRODUCING POLYETHYLENE 

USING THE SAME  

CROSS REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority to U.S. Provisional Patent Application No. 63/031,638, 

filed May 29, 2020, and U.S. Provisional Patent Application No. 63/143,333, filed January 29, 

2021, which are incorporated by reference in their entirety. 

TECHNICAL FIELD 

[0002] Embodiments of the present disclosure are generally directed to processes for 

producing polyethylene and, in particular, contacting ethylene and, optionally, one or more 

(C3−C12)α-olefin comonomers with germanium-bridged bis-phenylphenoxy catalyst systems in a 

gas-phase polymerization reactor.   

BACKGROUND 

[0003] Since the discovery of Ziegler and Natta on heterogeneous olefin polymerizations, 

global polyolefin production reached approximately 150 million tons per year in 2015, and 

continues to increase due to market demand. The catalyst systems in the polyolefin polymerization 

process may contribute to the characteristics and properties of such polyolefins. For example, 

catalyst systems that include bis-phenylphenoxy (BPP) metal-ligand complexes may produce 

polyolefins that have flat or reverse short-chain branching distributions (SCBD), relatively high 

levels of comonomer incorporation, high native molecular weights, and/or narrow-medium 

molecular weight distributions (MWD).  

[0004] However, when utilized in some polymerization processes, such as gas-phase 

polymerization, catalyst systems that include BPP metal-ligand complexes typically exhibit: 1) 

operability issues associated with rapid light-off; and/or 2) poor productivity. In other terms, 

catalyst systems that include BPP metal-ligand complexes may generally result in reactor fouling 

and/or produce less polymer relative to the amount of the catalyst system used. As a result, the 

use of catalyst systems that include BPP metal-ligand complexes may not be commercially viable 

in gas-phase polymerization processes.        

SUMMARY 

[0005] Accordingly, ongoing needs exist for catalyst systems suitable for use in gas-phase 

reactors that have improved light-off and/or productivity characteristics when utilized in gas-

phase polymerization processes. The present disclosure addresses these needs by providing 

catalyst systems including BPP metal-ligand complexes having germanium-containing bridges. 

The catalyst systems, when utilized in gas-phase polymerization processes, exhibit  
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improved light-off and productivity characteristics when compared to similar catalyst systems 

including bis-phenylphenoxy metal−ligand complexes without germanium-containing bridges.  

[0006] The present disclosure includes processes for producing polyethylene. The process 

comprising contacting ethylene and, optionally, one or more (C3−C12)α-olefin comonomers with 

a catalyst system in a gas-phase polymerization reactor at a reactor temperature of 70 °C to less 

than or equal to 150 °C with an ethylene partial pressure greater than or equal to 150 psi, and a 

molar feed ratio of less than or equal to 0.030 of one or more (C3-C12)α-olefin comonomers to 

ethylene, wherein the catalyst system comprises an activated metal−ligand complex disposed on 

one or more support materials. The metal−ligand complex has a structure according to formula 

(Ia): 

A- 

(Ia) 

[0007] In formula (Ia), A- is an anion; M is titanium, zirconium, or hafnium; and n is 1, 2, or 

3. Each X is a monodentate ligand independently selected from a group consisting of 

(C1−C50)hydrocarbyl, (C1−C50)heterohydrocarbyl, (C6−C50)aryl, (C4−C50)heteroaryl, and 

halogen; 

[0008] In formula (Ia), R1 and R8 are independently selected from a group consisting of 

radicals having formula (II), and radicals having formula (III): 

 

(II) 

 

(III) 

[0009] In formula (II), R9–13 are independently chosen from –H, (C1−C50)hydrocarbyl, 

(C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, −SRC, or halogen.  In 

formula (III), R14–21 are independently chosen from –H, (C1−C50)hydrocarbyl, 

(C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, −SRC, or halogen. 
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[0010] In formula (Ia), R2, R3, R4, R5, R6, and R7 are independently chosen from −H, 

(C1−C50)hydrocarbyl, (C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, 

−SRC, and halogen. 

[0011] The process of this disclosure includes an amount of ethylene consumed during the 

first 5 minutes upon injection of the catalyst system into the gas-phase polymerization reactor is 

less than 25% of the total ethylene consumed for the time of the entirety of the average residence 

time, tR, upon initial addition of the catalyst system, wherein the time at which 25% of the total 

ethylene uptake (t25%) is calculated by the equation according to formula (IV): 

∑ 𝐶2(𝑡)
𝑡25%
𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 =  0.25, 𝑎𝑛𝑑 𝑡25%  > 5 min          (IV). 

[0011a] In one aspect, the present disclosure includes a process for producing polyethylene, 

the process comprising contacting ethylene and, optionally, one or more (C3−C12)α-olefin 

comonomers with a catalyst system in a gas-phase polymerization reactor at a reactor temperature 

of 70 °C to less than or equal to 150 °C with an ethylene partial pressure greater than or equal to 

150 psi, and a molar feed ratio of less than or equal to 0.030 of one or more (C3-C12)α-olefin 

comonomers to ethylene using the catalyst system comprising a metal−ligand complex disposed 

on one or more support materials, wherein the metal−ligand complex has a structure according to 

formula (Ia): 

A- 

(Ia) 

wherein: 

A- is an anion; 

M is titanium, zirconium, or hafnium; 

n is 1, 2, or 3; 

each X is a monodentate ligand independently selected from a group consisting of 

(C1−C50)hydrocarbyl, (C1−C50)heterohydrocarbyl, (C6−C50)aryl, 

(C2−C50)heteroaryl, and halogen; 



 

 

3a 

 

R1 and R8 are independently selected from a group consisting of radicals having formula 

(II), and radicals having formula (III): 

 

(II) 

 

(III) 

wherein R9–13, and R14–21 are independently chosen from –H, (C1−C50)hydrocarbyl, 

(C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, 

−SRC, or halogen; 

R2, R3, R4, R5, R6, and R7 are independently chosen from −H, (C1−C50)hydrocarbyl, 

(C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, −SRC, 

and halogen;  

each RC, RP, and RN are independently chosen from −H, (C1-C50)hydrocarbyl, and (C1-

C50)heterohydrocarbyl; and 

an amount of ethylene consumed during the first 5 minutes upon injection of the catalyst system 

into the gas-phase polymerization reactor is less than 25% of the total ethylene consumed for the 

time of the entirety of the average residence time, tR, upon initial addition of the catalyst system, 

wherein the time at which 25% of the total ethylene uptake (t25%) is calculated by the equation 

according to formula (IV): 

∑ 𝐶2(𝑡)
𝑡25%
𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 =  0.25, 𝑎𝑛𝑑 𝑡25%  > 5 min          (IV). 

[0011b] In another aspect, the present disclosure includes a process for producing 

polyethylene, the process comprising contacting ethylene and, optionally, one or more (C3−C12)α-

olefin comonomers with a catalyst system in a gas-phase polymerization reactor at a reactor 

temperature of 70 °C to less than or equal to 150 °C with an ethylene partial pressure of 50 psi to 

150 psi, and a molar feed ratio of less than or equal to 0.030 of one or more (C3-C12)α-olefin 

comonomers to ethylene using the catalyst system comprising a metal−ligand complex disposed 

on one or more support materials, wherein the metal−ligand complex has a structure according to 

formula (Ia): 
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A- 

(Ia) 

wherein: 

A- is an anion; 

M is titanium, zirconium, or hafnium; 

n is 1, 2, or 3; 

each X is a monodentate ligand independently selected from a group consisting of 

(C1−C50)hydrocarbyl, (C1−C50)heterohydrocarbyl, (C6−C50)aryl, 

(C4−C50)heteroaryl, and halogen; 

R1 and R8 are independently selected from a group consisting of radicals having formula 

(II), and radicals having formula (III): 

(II) (III) 

wherein R9–13, and R14–21 are independently chosen from –H, (C1−C50)hydrocarbyl, 

(C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, 

−SRC, or halogen; 

R2, R3, R4, R5, R6, and R7 are independently chosen from −H, (C1−C50)hydrocarbyl, 

(C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, −SRC, 

and halogen; 

each RC, RP, and RN are independently chosen from −H, (C1-C50)hydrocarbyl, and (C1-

C50)heterohydrocarbyl; and 

an amount of ethylene consumed during the first 25 minutes upon injection of the catalyst system 

into the gas-phase polymerization reactor is less than 50% of the total ethylene consumed for the 

time of the entirety of the average residence time, tR, upon initial addition of the catalyst system, 

wherein the time at which 50% of the total ethylene uptake (t50%) is calculated by the equation: 

∑ 𝐶2(𝑡)
𝑡50%
𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 = 0.50, 𝑎𝑛𝑑 𝑡50% > 25 min . 
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[0012] These and additional features provided by the present disclosure will be more fully 

understood in view of the following detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is an ethylene uptake curve for Examples 4 and 7 from Table 1. 

[0014] FIG. 2 is a graphical depiction of the reactor temperature profiles for examples 1 to 3. 

[0015] FIG. 3 is a graphical depiction of the reactor temperature profiles for examples 4 to 6, 

in which the polymerization reaction was run under condition 2b. 

[0016] FIG. 4 is a graphical depiction of the reactor temperature profiles for examples 7 to 9, 

in which the polymerization reaction was run under condition 3. 

[0017] FIG. 5 is an ethylene uptake curve for Examples 7 and 9 in which the polymerization 

reaction was run under condition 3. 

[0018] FIG. 6 is a graphical depiction of the ethylene and the total ethylene uptake curves for 

Catalysts System 2 in example 14. 

[0019] FIG. 7 is an ethylene uptake curve and internal reactor profile for Catalyst System 2 in 

example 16. 

[0020] FIG. 8 is a graphical depiction of the ethylene and the total ethylene uptake curves for 

Catalysts System 2 in example 19. 

DETAILED DESCRIPTION 

[0021] Specific embodiments of procatalysts, catalyst systems, methods of producing catalyst 

systems, and processes for producing polyethylene will now be described. However, it should be 

understood that the systems, methods, and processes of the present disclosure may be embodied 

in different forms, and should not be construed as limited to the specific embodiments set forth in 
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as it decreases reactor yields and the amount of polymer produced per unit time, which ultimately 

is not economical on production scale polymerization reactors. Additionally, the large component 

of the light-off of the catalyst system is inherent to the activated metal−ligand complex of the 

catalyst system. Herein a structural feature of the active organometallic component of the catalyst 

system is described as having improved the operability of a catalyst by changing the inherent light-

off of the catalyst system.  

[0078] In this disclosure, a catalyst system having a favorable light-off is quantified by the 

formula (IV), wherein the amount of ethylene consumed during the first 5 minutes of the catalyst 

lifetime is less than 25% of the total ethylene consumed for the time of the entirety of the average 

residence time, tR, upon initial addition of the catalyst system, wherein the time at which 25% of 

the total ethylene uptake (t25%) is calculated by the equation according to formula (IV): 

∑ 𝐶2(𝑡)
𝑡25%
𝑡 = 0

∑ 𝐶2(𝑡)𝑡𝑅
𝑡 = 0

 =  0.25, 𝑎𝑛𝑑 𝑡25%  > 5 min          (IV) 

[0079] Alternatively, the light-off can be quantified when the uptake ratio (Ut), or percent of 

ethylene consumed at a specific time, t, following the delivery of the catalyst system into the 

polymerization reactor, compared to the total ethylene consumed during the entirety of either the 

catalyst lifetime or the average residence time, tR, whichever is shorter, and can be calculated 

according to formula (IV). For instance, the Ut of the catalyst system is less than or equal to 0.02 

(2 percent) at the time point of 0.5 minutes (30 seconds) after the catalyst system is fed into the 

reactor as given by the formulae (X) and (XI): 

𝑈𝑝𝑡𝑎𝑘𝑒 𝑎𝑡 30 𝑠𝑒𝑐 (0.5 𝑚𝑖𝑛), 𝑈0.5 =  
∑ 𝐶2(𝑡)0.5

𝑡 = 0

∑ 𝐶2(𝑡)𝑡𝑅
𝑡 = 0

 ≤  0.02         (X) 

𝑈𝑝𝑡𝑎𝑘𝑒 𝑎𝑡 30 𝑠𝑒𝑐 (0.5 𝑚𝑖𝑛), 𝑈0.5 =  ∫ C2(t)dt

0.5

0

 ≤  0.02         (XI) 

[0080] The ethylene uptake and ethylene uptake ratio of a catalyst system can be measured by 

the Light-Off Batch Reactor Test Method. 

[0081] In embodiments, the reactor temperature of the gas-phase polymerization reactor is 

from 70 °C to 150 °C. For example, the reactor temperature of the gas-phase polymerization 

reactor may be from 70 °C to 120 °C, from 70 °C to 110 °C, from 70 °C to 100 °C, from 90 °C to 

150 °C, from 90 °C to 120 °C, from 90 °C to 110 °C, from 90 °C to 100 °C, from 100 °C to  
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∑ 𝐶2(𝑡)
𝑡25%
𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 =  0.25, 𝑎𝑛𝑑 𝑡25%  > 5 min          (IV). 

[0087] In one or more embodiments, the amount of ethylene consumed during the first 25 

minutes upon injection of the catalyst system into the gas-phase polymerization reactor is less than 

50% of the total ethylene consumed for the time of the entirety of the average residence time, tR, 

upon initial addition of the catalyst system, wherein the time at which 50% of the total ethylene 

uptake (t50%) is calculated by the equation: 

∑ 𝐶2(𝑡)
𝑡50%
𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 =  0.50, 𝑎𝑛𝑑 𝑡50%  > 25 min          . 

[0088] In embodiments, hydrogen gas may be used during polymerization to control the final 

properties of the polyethylene. The amount of hydrogen in the polymerization may be expressed 

as a mole ratio relative to the total polymerizable monomer, such as, for example, ethylene or a 

blend of ethylene and 1-hexene. The amount of hydrogen used in the polymerization process may 

be an amount necessary to achieve the desired properties of the polyethylene, such as, for example, 

melt flow rate (MFR). In embodiments, the mole ratio of hydrogen to total polymerizable 

monomer (H2:monomer) is greater than 0.0001. For example, the mole ratio of hydrogen to total 

polymerizable monomer (H2:monomer) may be from 0.0001 to 10, from 0.0001 to 5, from 0.0001 

to 3, from 0.0001 to 0.10, from 0.0001 to 0.001, from 0.0001 to 0.0005, from 0.0005 to 10, from 

0.0005 to 5, from 0.0005 to 3, from 0.0005 to 0.10, from 0.0005 to 0.001, from 0.001 to 10, from 

0.001 to 5, from 0.001 to 3, from 0.001 to 0.10, from 0.10 to 10, from 0.10 to 5, from 0.10 to 3, 

from 3 to 10, from 3 to 5, or from 5 to 10.  

[0089] In embodiments, the catalyst systems of the present disclosure may be utilized to 

polymerize a single type of olefin, producing a homopolymer. However, additional α-olefins may 

be incorporated into the polymerization scheme in other embodiments. The additional α-olefin 

comonomers typically have no more than 20 carbon atoms. For example, the catalyst systems of 

the present disclosure may be utilized to polymerize ethylene and one or more (C3−C12)α-olefin 

comonomers. Exemplary α-olefin comonomers include, but are not limited to, propylene, 1-

butene, 1-pentene, 1-hexene, 1-heptene, 1-octene, 1-nonene, 1-decene, and 4-methyl-l-pentene. 

For example, the one or more α-olefin co-monomers may be selected from the group consisting 

of propylene, 1-butene, 1-hexene, and 1-octene; or, in the alternative, from the group consisting 

of 1-hexene and 1-octene. 
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CLAIMS 

1. A process for producing polyethylene, the process comprising contacting ethylene and, 

optionally, one or more (C3−C12)α-olefin comonomers with a catalyst system in a gas-phase 

polymerization reactor at a reactor temperature of 70 °C to less than or equal to 150 °C with an 

ethylene partial pressure greater than or equal to 150 psi, and a molar feed ratio of less than or 

equal to 0.030 of one or more (C3-C12)α-olefin comonomers to ethylene using the catalyst system 

comprising a metal−ligand complex disposed on one or more support materials, wherein the 

metal−ligand complex has a structure according to formula (Ia): 

A- 

(Ia) 

wherein: 

A- is an anion; 

M is titanium, zirconium, or hafnium; 

n is 1, 2, or 3; 

each X is a monodentate ligand independently selected from a group consisting of 

(C1−C50)hydrocarbyl, (C1−C50)heterohydrocarbyl, (C6−C50)aryl, 

(C2−C50)heteroaryl, and halogen; 

R1 and R8 are independently selected from a group consisting of radicals having formula 

(II), and radicals having formula (III): 

 

(II) 

 

(III) 

wherein R9–13, and R14–21 are independently chosen from –H, (C1−C50)hydrocarbyl, 

(C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, 

−SRC, or halogen; 

R2, R3, R4, R5, R6, and R7 are independently chosen from −H, (C1−C50)hydrocarbyl, 

(C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, −SRC, 

and halogen;  
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each RC, RP, and RN are independently chosen from −H, (C1-C50)hydrocarbyl, and (C1-

C50)heterohydrocarbyl; and 

an amount of ethylene consumed during the first 5 minutes upon injection of the catalyst system 

into the gas-phase polymerization reactor is less than 25% of the total ethylene consumed for the 

time of the entirety of the average residence time, tR, upon initial addition of the catalyst system, 

wherein the time at which 25% of the total ethylene uptake (t25%) is calculated by the equation 

according to formula (IV): 

∑ 𝐶2(𝑡)
𝑡25%
𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 =  0.25, 𝑎𝑛𝑑 𝑡25%  > 5 min          (IV). 

2. The process of claim 1, wherein the process further comprises an uptake ratio (Ut) at a 

specific time, t, during the entirety of the average residence time, tR, can be calculated according 

to formula (V): 

∪𝑡  =  
∑ 𝐶2(𝑡)𝑡

𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

          (V) 

and Ut of the catalyst system is less than or equal to 0.02 (2 percent) at the time point of 0.5 

minutes (30 seconds) after the catalyst system is fed into the reactor as given by the formulae (X) 

and (XI): 

𝑈𝑝𝑡𝑎𝑘𝑒 𝑎𝑡 30 𝑠𝑒𝑐 (0.5 𝑚𝑖𝑛), 𝑈0.5 =  
∑ 𝐶2(𝑡)0.5

𝑡 = 0

∑ 𝐶2(𝑡)𝑡𝑅
𝑡 = 0

 ≤  0.02         (X) 

𝑈𝑝𝑡𝑎𝑘𝑒 𝑎𝑡 30 𝑠𝑒𝑐 (0.5 𝑚𝑖𝑛), 𝑈0.5 =  ∫ C2(t)dt

0.5

0

 ≤  0.02         (XI) 

3. The process of claim 2, wherein the Ut of the catalyst system is less than or equal to 0.05 

(5 percent) at the time point of 1.5 minutes (90 seconds) after the catalyst system is fed into the 

reactor, given by the expression: 

𝑈1.5  =  
∑ 𝐶2(𝑡)1.5

𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 ≤  0.05          (XIII) 
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4. The process of claim 2 or claim 3, wherein the Ut of the catalyst system is less than or 

equal to 0.15 (15 percent) at the time point of 3.0 minutes (180 seconds) after the catalyst system 

is fed into the reactor, given by the expression: 

𝑈3.0  =  
∑ 𝐶2(𝑡)3.0

𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 ≤  0.15           

5. The process of any one of claims 1 to 4, wherein the Ut of the catalyst system is less than 

or equal to 0.10 (10 percent) at the time point of 3.0 minutes (180 seconds) after the catalyst 

system is fed into the reactor, given by the expression: 

𝑈3.0  =  
∑ 𝐶2(𝑡)3.0

𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 ≤  0.10           

6. The process of any one of claims 1 to 5, wherein the amount of ethylene consumed during 

the first 18 minutes upon injection of the catalyst system into the gas-phase polymerization reactor 

is less than 50% of the total ethylene consumed for the time of the entirety of the average residence 

time, tR, upon initial addition of the catalyst system, wherein the time at which 50% of the total 

ethylene uptake (t50%) is calculated by the equation according to formula (XV): 

∑ 𝐶2(𝑡)
𝑡50%
𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 =  0.50, 𝑎𝑛𝑑 𝑡50% > 18 min          (XV). 

7.  The process of any one of claims 1 to 6, wherein the percent exotherm (%exo) is less than 

10%, or wherein the percent exotherm (%Exo) is less than 5%. 

8. The process of any one of claims 1 to 7, wherein R1 and R8 are the same; or 

wherein at least one of R1 and R8 is a radical having formula (II) and at least one of R10 

and R12 is tert-butyl; or 

wherein one of R1 and R8 is a radical having formula (III); or 

wherein at least one of R15, R16, R19, and R20 is tert-butyl; or 

wherein R14-21
 are –H. 

9. The process of any one of the preceding claims, wherein one or more support materials 

comprise fumed silica.  

10.  The process of any one of the preceding claims, wherein the anion is an aluminate. 
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11. The process of any one of claims 1 to 10, wherein the catalyst system is fed to the gas-

phase polymerization reactor in neat form, as a solution, or as a slurry. 

12. The process of any one of claims 1 to 11, wherein the catalyst system comprises spray-

dried particles. 

13. The process of any one of claims 1-12, wherein the ethylene partial pressure in the reactor 

is greater or equal to 150 psi, or wherein the ethylene partial pressure is greater or equal to 170 

psi, or wherein the ethylene partial pressure is greater or equal to 200 psi. 

14. The process of any one of claims 1-13, wherein the reactor temperature is less than or 

equal to 120°C; or wherein the reactor temperature is 75°C to 110°C; or wherein the reactor 

temperature is 80°C to 105°C; or wherein the reactor temperature is 85°C to 100°C. 

15. A process for producing polyethylene, the process comprising contacting ethylene and, 

optionally, one or more (C3−C12)α-olefin comonomers with a catalyst system in a gas-phase 

polymerization reactor at a reactor temperature of 70 °C to less than or equal to 150 °C with an 

ethylene partial pressure of 50 psi to 150 psi, and a molar feed ratio of less than or equal to 0.030 

of one or more (C3-C12)α-olefin comonomers to ethylene using the catalyst system comprising a 

metal−ligand complex disposed on one or more support materials, wherein the metal−ligand 

complex has a structure according to formula (Ia): 

A- 

(Ia) 

wherein: 

A- is an anion; 

M is titanium, zirconium, or hafnium; 

n is 1, 2, or 3; 

each X is a monodentate ligand independently selected from a group consisting of 

(C1−C50)hydrocarbyl, (C1−C50)heterohydrocarbyl, (C6−C50)aryl, 

(C4−C50)heteroaryl, and halogen; 
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R1 and R8 are independently selected from a group consisting of radicals having formula 

(II), and radicals having formula (III): 

 

(II) 

 

(III) 

wherein R9–13, and R14–21 are independently chosen from –H, (C1−C50)hydrocarbyl, 

(C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, 

−SRC, or halogen; 

R2, R3, R4, R5, R6, and R7 are independently chosen from −H, (C1−C50)hydrocarbyl, 

(C1−C50)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, −SRC, 

and halogen;  

each RC, RP, and RN are independently chosen from −H, (C1-C50)hydrocarbyl, and (C1-

C50)heterohydrocarbyl; and 

an amount of ethylene consumed during the first 25 minutes upon injection of the catalyst system 

into the gas-phase polymerization reactor is less than 50% of the total ethylene consumed for the 

time of the entirety of the average residence time, tR, upon initial addition of the catalyst system, 

wherein the time at which 50% of the total ethylene uptake (t50%) is calculated by the equation: 

∑ 𝐶2(𝑡)
𝑡50%
𝑡 = 0

∑ 𝐶2(𝑡)
𝑡𝑅
𝑡 = 0

 =  0.50, 𝑎𝑛𝑑 𝑡50%  > 25 min . 

16.  The process of claim 15, wherein the ethylene partial pressure is from 80 psi to 115 psi, or 

from 90 psi to 130 psi, or from 100 to 150 psi. 

17. The process of claim 15 or claim 16, wherein the amount of ethylene consumed during the 

first 30 minutes upon initial injection of the catalyst system into the gas-phase polymerization 

reactor is less than 50% of the total ethylene consumed for the time of the entirety of the average 

residence time. 

18.  The process of any one of claims 15 to 17, wherein the percent exotherm (%exo) is less 

than 5%, or wherein the percent exotherm (%Exo) is less than 2%. 
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