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ABSTRACT 

Solid polymethylaluminoxane (sMAO) supported ansa-bridged permethylindenyl zirconocenes 

Me2SB(CpR,I*)ZrX2 ({(η5-C9Me6)Me2Si(η5-C5H3R)}ZrX2; R = H, Me, and nBu; X = Cl, Br, Me, and CH2Ph) 

have been investigated as catalysts for the slurry-phase polymerization of ethylene in the presence of H2. 

The catalysts demonstrated remarkable stability to H2 both in a high-throughput screening system and in a 

2 L batch reactor, with an almost constant ethylene uptake maintained throughout the polymerization runs. 

The catalysts demonstrated very high ethylene polymerization activities, almost three times higher than 

sMAO-(CpnBu)2ZrCl2 (industrial standard zirconocene catalyst) under the same conditions. The presence of 

small quantities of H2 (<1%) led to significant decreases in polymer molecular weights to produce com-

mercially desirable polyethylene waxes (Mn <10 kg mol−1) in the batch reactor.

 



 

INTRODUCTION  

Polymer properties such as molecular weights (Mw and Mn), molecular weights distributions (MWD, 

Mw/Mn), the degree of branching, comonomer incorporation, and stereochemistry determine the potential 

applications of a polymer.1 Dihydrogen (H2) is a highly efficient chain transfer agent for the polymerization 

of α-olefins by metallocene catalysts and is often employed to both decrease and control polymer molecular 

weights.2, 3 Contrary to conventional Ziegler–Natta catalysts, only a small quantity of H2 is required to 

significantly reduce polymer molecular weights.2, 4, 5  

Group 4 metallocenes are d0 organometallic compounds containing two η5-cyclopentadienyl (C5H5, 

Cp) ligands and two σ-type ligands (Cp2MX2). In comparison to traditional Ziegler–Natta catalysts,6 me-

tallocene catalysts provide a multitude of possibilities for synthesizing and controlling the structure and 

properties of polymers.7-9 In addition, the single-site nature of metallocene catalysts usually results in pol-

ymers with unimodal molecular weight distributions.10 Variation of the ancillary cyclopentadienyl ligands 

of Cp2MX2 species can influence polymerization activity and polymer properties. We recently reported a 

new family of unsymmetrical ansa-bridged zirconocenes based on the permethylindenyl ligand (C9Me7
–, 

Ind*, I*) as catalysts for ethylene and lactide polymerization (Chart 1).11-15 When immobilized on solid 

polymethylaluminoxane (sMAO), an insoluble form of oligomeric methylaluminoxane (MAO), the species 

showed slurry-phase ethylene polymerization activities up to 9509 kgPE molZr
−1 h−1 bar−1; 34% more active 

than an industry-standard metallocene under the same conditions.11 These systems produced polyethylenes 

with low molecular weights (Mn = 14 kg mol−1 for sMAO supported Me2SB(Cp,I*)ZrMe2 at 90 °C), and 

uniform, mono-disperse 'popcorn' morphologies. 



 

 

Chart 1. Group 4 permethylindenyl complexes Me2SB(Cp,I*)ZrCl2 (1),12 Me2SB(Cp,I*)ZrBr2 (2),11 

Me2SB(CpMe,I*)ZrCl2 (3),12 Me2SB(CpMe,I*)ZrBr2 (4),11 Z-Me2SB(CpnBu,I*)ZrCl2 (5),11 

Me2SB(Cp,I*)Zr(CH2Ph)2 (6),11 Me2SB(CpMe,I*)Zr(CH2Ph)2 (7),11 Me2SB(Cp,I*)ZrMe2 (8),11 and 

Me2SB(CpMe,I*)ZrMe2 (9).11 

Polyethylene waxes (PE-waxes) are polymers with molecular weights (Mn) less than 10 kg mol−1.16, 

17 PE-waxes can be made directly from the polymerization of ethylene under controlled conditions or by 

the thermal degradation of higher molecular weight polymers.18, 19 Due to their hydrophobicity and chemical 

and heat stability,20, 21 PE-waxes are used in plastic processing applications to improve product physical 

appearance and thermal properties. PE-waxes are also commonly used as additives to impart mark, slip, 

rub, and scratch resistance in printing inks and paints, improve the fusing properties in toner formulations, 

improve the mechanical properties of surface coatings, and act as lubricating agents in plastic processing.18, 

19, 22-24 PE-wax dispersions, obtained by the redispersion of low-density polyethylene (LDPE) in water,24-26 

are targeted for use in coating applications in the paper industry.27 They are also used as surface modifiers 

for primers, paints, inks, coatings, and lubricants.24 Additionally, PE-wax emulsions, prepared by mixing 



 

modified high-density polyethylene (HDPE) with an emulsifier and water, have shown applications in pack-

aging.28  

 Limited examples of group 4 metallocenes have been reported as catalysts for the production of 

polyethylene waxes.17, 29, 30 However, there is a great incentive for their use as traditional Ziegler–Natta 

catalysts usually result in significant reactor fouling due to the broad molecular weight distributions of the 

waxes produced, which also contain substantial amounts of undesirable ethylene oligomers.30 Napoli et al. 

reported that when group 4 metallocenes such as bis(cyclopentadienyl)zirconium dichloride (Cp2ZrCl2), 

rac-ethylenebis(1-indenyl)zirconium dichloride (rac-(EBI)ZrCl2) and rac-dimethylsilyl-bis(2-methyl-4-

phenyl-1-indenyl)zirconium dichloride (rac-Me2SB(2-Me,4-PhInd)ZrCl2) were activated by MAO, they pol-

ymerized ethylene in the solution phase in the presence of H2 and produced polyethylene waxes with mo-

lecular weights (Mn) less than 12 kg mol–1 and narrow molecular weight distributions (Mw/Mn = 2.0–3.5).17 

In the patent literature, catalysts comprising of a group 4 metallocenes, such as bis(cyclopentadienyl)dime-

thyl zirconium (Cp2ZrMe2) and Cp2ZrCl2, with an aluminoxane activator have been shown to produce pol-

yethylene waxes with molecular weights (Mw) of 2–10 kg mol–1 and varying molecular weight distributions 

(Mw/Mn = 2–10) at relatively low temperatures (70–90 °C) with H2 partial pressures of 1–10%.29 Group 4 

metallocenes such as bis(n-butylcyclopentadienyl)zirconium dichloride ((CpnBu)2ZrCl2) activated with tri-

methylaluminum (TMA) and immobilized onto an aluminoxane coated silica gel have also been shown to 

produce polyethylene waxes with narrow molecular weight distributions (Mw/Mn ≤5) from the gas phase 

polymerization of ethylene in the presence of high amounts of H2 (7 mol%).30 

High-throughput screening is a useful tool for simultaneously testing catalysts under a variety of 

different conditions via robotic systems that automate sample preparation, handling, and data analysis.31, 32 

Miniaturized, automated, parallel reaction set-ups have been implemented for the rapid assessment of novel 

catalyst applications, while also being used for the generation of reliable kinetic data for mechanistic stud-

ies.33, 34 High-throughput screening allows for reduced time in the design of new materials and faster opti-

mization of reaction conditions.35 It also offers multiple technical, economic and environmental advantages 

over conventional processes; the small size of the reactors leads to decreased costs, chemical consumption 



 

and waste, in addition to the increased probability of discovering materials or conditions with the desired 

properties or results in a shorter time period.33 Busico and co-workers demonstrated that for a 

MgCl2/TiCl4-AlEt3 Ziegler-Natta catalyst, a high-throughput system gave the same ethylene/1-hexene co-

polymerization results as a 2 L batch reactor for catalyst activity, polymer molecular weights, and 1-hexene 

incorporation.33 

High-throughput screening has also been shown to be a useful technique for the identification of 

new, selective organometallic catalysts for olefin polymerization.32, 33, 36, 37 For example, the development 

of pyridyl-amide hafnium catalysts for the homopolymerization of 1-alkenes to produce highly isotactic 

polymers.36, 38 The initial target was to identify novel catalysts for ethylene/1-octene copolymerization; 

however, high-throughput screening resulted in the identification of a catalyst with the ability to homopol-

ymerize 1-alkenes isoselectively. 

Herein, we report the synthesis of polyethylene waxes with narrow molecular weight distributions 

using highly active supported permethylindenyl zirconocene catalysts in a high-throughput screening sys-

tem and large-scale batch reactor. 

 

RESULTS AND DISCUSSION 

High-throughput ethylene/H2 polymerization The complexes in Chart 1 were immobilized on solid 

polymethylaluminoxane (sMAO) with an initial aluminum to zirconium catalyst loading ([AlsMAO]0/[Zr]0) 

of 200.11 Polymerizations were conducted in a high-throughput system, which allowed for multiple catalysts 

and conditions to be tested simultaneously in miniaturized, automated, parallel reaction set-ups.31, 32 

High-throughput polymerization studies were conducted in a parallel pressure reactor (PPR) in 23 mL cells 

with 5 mL heptane, 10 µmol triisobutylaluminum (TiBA, Al(CH2CH(CH3)2)3) scavenger, 0.05–0.15 mg 

pre-catalyst, 8.3 bar ethylene, and 0.8% (0.07 bar) or 1.6% (0.13 bar) H2 supplied by a mixed H2/N2 feed. 

Reactions were run at 80 °C for 1 hour or until 8.3 bar ethylene uptake was reached. sMAO supported 

Me2SB(Cp,I*)ZrCl2 (1sMAO), Me2SB(Cp,I*)ZrBr2 (2sMAO), Me2SB(CpMe,I*)ZrCl2 (3sMAO), Me2SB(CpMe,I*)ZrBr2 



 

(4sMAO), Z-Me2SB(CpnBu,I*)ZrCl2 (5sMAO), Me2SB(Cp,I*)Zr(CH2Ph)2 (6sMAO), Me2SB(CpMe,I*)Zr(CH2Ph)2 

(7sMAO), Me2SB(Cp,I*)ZrMe2 (8sMAO), and Me2SB(CpMe,I*)ZrMe2 (9sMAO) were studied. 

For catalysts of this type, H2 is anticipated to cause a reduction in ethylene uptake rate over time. 

However, the ideal targets are systems that are not deactivated by H2 and maintain constant ethylene uptake 

rates throughout the polymerization runs. The in-situ ethylene uptake rate profiles of 1sMAO–9sMAO highlight 

the stability of these catalysts in the presence of H2 (Figures 1 and S1–S4). When H2 was present, the 

ethylene uptake rates were lower than polymerization without H2; uptake rates of 11.77, 4.82, and 

3.58 psi min−1 for 8sMAO with 0, 0.8, and 1.6% H2 respectively after 600 seconds (Figure 1). The uptake 

rates were also observed to slowly decrease over time (from 4.69 psi min−1 after 200 seconds to 

2.98 psi min−1 after 1800 seconds for 6sMAO, Figure S3a). However, all the catalysts maintained significant 

ethylene uptake rates on completion of the polymerization runs. 8sMAO showed the highest stability to H2, 

with a constant ethylene uptake rate of approximately 3.50 psi min−1 throughout the polymerization with 

1.6% H2 (Figure 1). 

 

Figure 1. Slurry-phase polymerization ethylene uptake rate as a function of time of polymerization using 

sMAO supported Me2SB(Cp,I*)ZrMe2 (8sMAO) with 0 (black), 0.8 (red), and 1.6% H2 (blue). Polymerization 

conditions: [AlsMAO]0/[Zr]0 = 200, TiBA (10 μmol), ethylene (8.3 bar), pre-catalyst (0.05 mg), heptane 

(5 mL), and 80 °C. Reactions quenched at 8.3 bar ethylene uptake or after 1 hour. 



 

The catalysts showed a significant decrease in ethylene polymerization activity when H2 was intro-

duced to the system (Figures 2 and S7; Table 1); however, they remained very active with activities of 

44000, 18000, and 16000 kgPE molZr
−1 h−1 bar−1 for 1sMAO with 0, 0.8, and 1.6% H2 respectively. The pres-

ence of H2 offers an alternative termination pathway to those typically observed for ethylene polymerization 

(such as transfer to another ethylene monomer, β-hydride elimination, and chain transfer to the aluminum 

co-catalyst)39-41 whereby H2 binds to the free coordination site of the catalyst, leading to the release of the 

polymer chain and formation of a metal hydride species.40 The reduction in polymerization rate in the pres-

ence of H2 can be rationalized due to an increase in the formation of the metal hydride termination product, 

which requires reactivation for propagation by insertion of a monomer unit.40, 42 It has been found that the 

rate of insertion of ethylene into the Zr–H bond of the metal hydride is significantly slower than the rate of 

insertion into the Zr–Me bond of the catalyst, leading to a reduction in polymerization rate.43-46 This has 

been modeled for the polymerization of 1-hexene using (EBI)ZrMe2/B(C6F5)3, where the rate of reinitiation 

of Zr–H was found to be more than 1 order of magnitude slower than the rate of propagation of Zr–Me.47 

Solution phase ethylene/H2 polymerization data using rac-Me2SB(2-Me,4-PhInd)ZrCl2 activated with MAO have 

shown that the activity increased from 770 to 1185 kgPE molZr
−1 h−1 bar−1 for ethylene/H2 polymerization 

(4.5 bar ethylene, 1.5 bar H2, and 80 °C).17 However, the deactivating effect of H2 has been demonstrated 

for homogeneous ethylene polymerization using Cp2ZrCl2/MAO, where activity decreased from 45000 to 

21400 kgPE molZr
−1 h−1 bar−1 with 0 and 0.5 mol% H2 respectively (8 bar ethylene and 70 °C).5 After an in-

itial increase in activity, Cp2ZrCl2 supported on MAO activated silica was also shown to experience a de-

crease in slurry-phase ethylene polymerization activity with increasing amounts of H2; activities of 430 and 

400 kgPE molZr
−1 h−1 bar−1 with 0 and 4.1 bar H2 respectively (5.5 bar ethylene and 60 °C).50 



 

 

Figure 2. Slurry-phase ethylene polymerization activity as a function of H2 (%) using sMAO supported 

Me2SB(Cp,I*)ZrCl2 (1sMAO) (black square), Me2SB(Cp,I*)ZrBr2 (2sMAO) (purple right triangle), 

Me2SB(Cp,I*)Zr(CH2Ph)2 (6sMAO) (green diamond), and Me2SB(Cp,I*)ZrMe2 (8sMAO) (pink left triangle). 

Polymerization conditions: [AlsMAO]0/[Zr]0 = 200, TiBA (10 μmol), ethylene (8.3 bar), pre-catalyst (0.05–

0.15 mg), heptane (5 mL), and 80 °C. Reactions quenched at 8.3 bar ethylene uptake or after 1 hour. 

For sMAO-Me2SB(CpR,I*)ZrCl2 catalysts, activity follows the same trend observed in previous work 

for ethylene homopolymerization using 2 bar ethylene and 50 mL solvent;11 R = H > Me > nBu (1sMAO > 

3sMAO > 5sMAO) (Table 1 and Figure S7b). This is rationalized due to larger R substituents obstructing the 

metal center and inhibiting the initial coordination of ethylene monomers. For sMAO-Me2SB(Cp,I*)ZrX2 

catalysts, activity follows the order X = Cl > CH2Ph > Me > Br (1sMAO > 6sMAO > 8sMAO > 2sMAO), which 

was also observed in previous work (Figure 2 and Table 1).11 As the same cationic species is usually formed 

regardless of the identity of the initiation group,7, 51, 52 the differences in activity suggests that polymeriza-

tion activity is at least partially dependent on the efficiency of initiation group abstraction by the co-catalyst 

and by the presence of the initiating group on the surface of the inorganic support. For 

sMAO-Me2SB(CpMe,I*)ZrX2 catalysts, X = Cl (3sMAO) displays a much higher polymerization activity than 

X = Me, CH2Ph or Br in the presence of H2, which is in contrast to sMAO-Me2SB(Cp,I*)ZrX2 and previous 



 

studies and may be due to differences in the rate of formation of the metal hydride species (Table 1 and 

Figure S7a).  

In general, gel permeation chromatography (GPC) showed the polymers produced in the presence 

of 1.6% H2 had molecular weights (Mn) approximately 20 times smaller than in the systems without H2; for 

example, Mn = 120 and 6.1 kg mol−1 for 8sMAO with 0 and 1.6% H2 respectively (Figures 3 and S9–13; 

Table 1). Mn was also observed to decrease as more H2 was added to the system; for example, Mn = 120, 

14, and 6.9 kg mol−1 for 6sMAO with 0, 0.8, and 1.6% H2 respectively. 

 

Table 1. Slurry-phase ethylene/H2 polymerization using sMAO supported complexes in a high-throughput 

system.a 

Catalyst H2 
b Activity c Mn d Mw/Mn 

1sMAO 

0 44000 110 3.2 

0.8 18000 14 2.3 

1.6 16000 11 2.0 

2sMAO 

0 7500 120 2.4 

0.8 6000 11 2.6 

1.6 4000 7.1 2.6 

3sMAO 

0 20000 110 3.0 

0.8 16000 11 2.9 

1.6 12000 5.1 2.9 

4sMAO 

0 6600 120 2.9 

0.8 3500 8.9 3.4 

1.6 1900 4.5 3.6 

5sMAO 

0 38000 63 2.4 

0.8 4000 6.7 3.6 

1.6 3800 4.3 3.4 

6sMAO 
0 37000 120 2.5 

0.8 17000 14 2.5 



 

1.6 9500 6.9 2.4 

7sMAO 

0 23000 110 3.3 

0.8 5000 7.5 3.7 

1.6 4000 3.9 3.9 

8sMAO 

0 27000 120 3.0 

0.8 14000 11 2.6 

1.6 7400 6.1 2.7 

9sMAO 

0 17000 110 3.1 

0.8 3400 6.9 3.6 

1.6 2660 3.9 3.8 

(a) Polymerization conditions: [AlsMAO]0/[Zr]0 = 200, TiBA (10 μmol), ethylene (8.3 bar), pre-catalyst 

(0.05–0.15 mg), heptane (5 mL), and 80 °C. Reactions quenched at 8.5 bar ethylene uptake or after 1 hour; 

(b) %; (c) kgPE molZr
−1 h−1 bar−1, reported to 2 significant figures; (d) kg mol−1, reported to 2 significant 

figures. 

The polymers produced in the presence of H2 are classed as ultra-low molecular weight polyethyl-

enes, PE-wax, with Mn of 4–11 kg mol−1. The decrease in molecular weights in the presence of H2 is most 

likely due to the increased amount of chain termination that occurs when H2 acts as a chain transfer agent. 

A decrease in polymer molecular weights in the presence of H2 has also been observed by Soares and co-

workers when using rac-(EBI)ZrCl2 supported on MAO treated silica; Mw decreased from approximately 

100 to 3 kg mol−1 in the presence of 2 bar H2 (60 °C and 5.5 bar ethylene).50  



 

 

Figure 3. Polymer molecular weights (Mn) as a function of H2 (%) for the polymers produced using sMAO 

supported Me2SB(Cp,I*)ZrCl2 (1sMAO) (black square), Me2SB(Cp,I*)ZrBr2 (2sMAO) (purple right triangle), 

Me2SB(Cp,I*)Zr(CH2Ph)2 (6sMAO) (green diamond), and Me2SB(Cp,I*)ZrMe2 (8sMAO) (pink left triangle). 

Polymerization conditions: [AlsMAO]0/[Zr]0 = 200, TiBA (10 μmol), ethylene (8.3 bar), pre-catalyst (0.05–

0.15 mg), heptane (5 mL), and 80 °C. Reactions quenched at 8.3 bar ethylene uptake or after 1 hour. 

The activation barrier for H2 insertion has been calculated to be lower than that for ethylene inser-

tion, indicating why only a small amount of H2 is required to reduce polymer molecular weights drasti-

cally.53 The molecular weight distributions (Mw/Mn) were found to be fairly narrow and unaffected by the 

presence of H2, ranging between 2.0 to 3.9 for all solid MAO supported catalysts, indicating that these 

species behave largely as single-site catalysts (Table 1). 

Crystallization-elution fractionation (CEF) was used to measure the elution temperature (Tel,max) of 

the polymers, which decreases as the melting point and crystallinity of the polymer decreases. Tel,max was 

found to decrease slightly in the presence of H2 (Tel,max of 110.9, 109.9, and 109.3 °C with 0, 0.8, and 1.6% 

H2 respectively for 8sMAO), indicating that melting point and crystallinity also decrease slightly in the pres-

ence of H2 (Table S1; Figures S18 and S19). The amorphous fraction (AF) increased as the H2 concentration 

increased; AF ≤0.4, ≤2.2, and ≤3.5 wt% for all catalysts with 0, 0.8, and 1.6% H2 respectively. 

 



 

Large scale ethylene/H2 polymerization 1sMAO, 3sMAO, 6sMAO, 7sMAO and 8sMAO were studied for eth-

ylene/H2 polymerization in 2 L steel batch reactors. Polymerizations were run at 80 °C for 1 hour with 1 L 

hexane, 2.5 mL triethylaluminum (TEA, Al2(C2H5)6) scavenger, 0.025–0.070 g pre-catalyst, [AlsMAO]0/[Zr]0 

of 200, 8 bar ethylene gas, and either 0, 0.38 (0.03 bar) or 0.86% (0.07 bar) H2. 

Similar to the high-throughput system, the presence of H2 decreased the ethylene uptake rate com-

pared to polymerization without H2; uptake rates of 17.81 and 5.28 L mgCAT
−1 min−1 for 8sMAO after 

60 minutes with 0 and 0.86% H2 respectively (Figures 4, S5, and S6). 

 

Figure 4. Slurry-phase polymerization ethylene uptake rate as a function of time of polymerization using 

sMAO supported Me2SB(Cp,I*)ZrMe2 (8sMAO) with 0 (black), 0.38 (red), and 0.86% H2 (blue). Polymeriza-

tion conditions: [AlsMAO]0/[Zr]0 = 200, TEA (0.5 mmol), ethylene (8 bar), pre-catalyst (0.025–0.050 g), hex-

ane (1 L), 80 °C, and 1 hour. 

For most catalysts, the uptake rate was also shown to decrease gradually over time; for example, 

5.76 and 3.08 L mgCAT
−1 min−1 for 6sMAO after 600 and 3600 seconds respectively with 0.86% H2. However, 

1sMAO and 8sMAO displayed the highest stability to H2, with uptake rates of 6.54 and 5.28 L mgCAT
−1 min−1 

for 8sMAO after 600 and 3600 seconds respectively with 0.86% H2.  

As observed in the high-throughput system, activity decreased as the amount of H2 in the reactor 

was increased. However, all catalysts maintain very high activities (Table 2 and Figure S8). For 1sMAO and 



 

8sMAO, activity decreased by approximately half and one third respectively with 0 and 0.86% H2; from 30000 

to 13000 kgPE molZr
−1 h−1 bar−1 and from 27000 to 8900 kgPE molZr

−1 h−1 bar−1 respectively. In addition to 

the formation of the metal hydride species, the reduction in activity on the introduction of H2 to the system 

may be due to the decreased solubility of ethylene monomers in the hexane solvent in the presence of H2.
54 

For 1sMAO, additional experiments were run using higher concentrations of H2 (2.00 and 3.50%). When H2 

was increased from 0.86% to 3.50%, activity decreased by approximately a third to 

4200 kgPE molZr
−1 h−1 bar−1. When compared to an industrial standard, sMAO supported (CpnBu)2ZrCl2, 

1sMAO afforded productivities almost three times higher under the same polymerization conditions; produc-

tivities of 1.2 and 3.2 kgPE gCAT
−1 respectively with 3.50% H2. 

Polymer molecular weights (Mn) significantly decreased with increasing H2 concentration; from 75 

to 4.8 kg mol−1 for 8sMAO with 0 and 0.86% H2 respectively (Table 2 and Figures S14–S17). For 1sMAO, the 

molecular weights of the isolated polymers continued to decrease as the amount of H2 in the system was 

increased further. The lowest recorded polymer molecular weights were isolated using 1sMAO in the presence 

of 2.00 and 3.50% H2, with Mn reaching as low as 1.7 kg mol−1. This demonstrates the applications of these 

catalysts for the production of commercially viable polyethylene waxes. In general, the molecular weight 

distributions of the polymers were unaffected by the presence of H2 (Table 2). However, Mw/Mn was ob-

served to increase when moving from the high-throughput system to the batch reactor, especially for 1sMAO; 

Mw/Mn of 3.2 and 5.0 with 0% H2 in the high-throughput and batch reactor respectively. This may be due 

to the different conditions of polymerization between the two systems (e.g. TiBA vs. TEA activator, hep-

tane vs. hexane solvent or variations in how the ethylene and H2 are supplied to the reactor) and indicates 

that polymerization is less controlled on a larger scale. 

 

Table 2. Slurry-phase ethylene/H2 polymerization using sMAO supported complexes in a 2 L batch reac-

tor.a 

Catalyst H2 
b Activity c Mn d Mw/Mn 



 

1sMAO 

0 30000 53 5.0 

0.86 13000 - - 

2.00 6400 2.1 5.8 

3.50 4200 1.7 6.5 

3sMAO 

0 12000 69 3.6 

0.38 7400 9.7 3.5 

0.86 7600 5.0 3.8 

6sMAO 

0 12000 71 3.8 

0.38 6900 9.2 3.0 

0.86 6700 5.2 2.7 

7sMAO 

0 22000 69 3.0 

0.38 9500 6.8 4.1 

0.86 7200 4.6 4.1 

8sMAO 

0 27000 75 3.0 

0.38 12000 7.0 3.8 

0.86 8900 4.8 3.2 

(a) Polymerization conditions: [AlsMAO]0/[Zr]0 = 200, TEA (2.5 mL), ethylene (8 bar), pre-catalyst (0.025–

0.070 g), hexane (1 L), 80 °C, and 1 hour; (b) %; (c) kgPE molZr
−1 h−1 bar−1, reported to 2 significant figures; 

(d) kg mol−1. 

 Scanning electron microscopy (SEM) shows that the polyethylenes formed in the absence of H2 

have very uniform, 'popcorn' morphologies (Figure S20).11 The presence of H2 was found to have little 

effect on the morphologies of the polymers, with the same 'popcorn' morphology observed using 1sMAO with 

0, 2.00, and 3.50% H2 (Figures 5, S20, and S21).  

 



 

Figure 5. SEM images at ×200 and ×1000 magnification of the polymers produced from the slurry-phase 

polymerization of ethylene using 1sMAO in the presence of 2.00% H2.  

The polymers produced using 7sMAO and 8sMAO were found by differential scanning calorimetry 

(DSC) to have a high crystallinity (83 and 86% respectively in the presence of 0.86% H2) and melting 

temperature (Tm) indicative of high-density polyethylene (HDPE) with minimal defects and branching; 

130 °C in the presence of 0.86% H2. Density measurements further confirmed the production of HDPE 

(0.98 g cm−3). 

High-throughput ethylene/H2/1-hexene copolymerization Due to a phenomenon known as the comono-

mer effect, metallocene catalysts can experience an increase in ethylene polymerization activity on the 

introduction of long-chain α-olefins, such as 1-hexene.3, 55-57 The origin of this effect is unclear; however, 

it is most widely accepted that α-olefin incorporation decreases polymer crystallinity, which leads to an 

increase in polymer solubility in the reaction medium. This causes the catalytic sites to become more ac-

cessible and allows for more facile monomer diffusion.58-60 Additionally, molecular simulations also show 

that ethylene solubility is enhanced by up to 10% on the addition of 5 mol% 1-hexene at 70–100 °C, which 

could then lead to an increase in activity.61 However, the comonomer effect cannot always be explained as 

a purely physical phenomenon, and changes in the chemistry of the active sites must be considered.62 One 

possible explanation is a 'trigger mechanism' whereby the active sites of the catalyst coordinate two mono-

mers (in addition to the polymer chain),63 with coordination of the second monomer 'triggering' insertion 

of the first.64 This has been expanded to propose that when two different monomers are present (e.g. eth-

ylene and a more electron-rich α-olefin) then the α-olefin stabilizes the active site and 'triggers' insertion of 

ethylene, leading to an enhancement in activity.62, 65   

For these catalyst systems, it was postulated that combining the increase in ethylene uptake rate 

usually observed for ethylene/1-hexene copolymerizations may reduce some of the deactivating effects of 

H2. The incorporation of longer chain α-olefin monomers into polyethylene chains can also increase the 



 

degree of polymer branching, and therefore lower the melting point, crystallinity, and density.66 This in-

creases the flexibility of the polymer and allows applications in packaging, foams, elastic fibers, and adhe-

sives.67 

Slurry-phase ethylene/H2/1-hexene copolymerization high-throughput studies were conducted at 

80 °C for 1 hour or until 5.5 bar ethylene uptake was reached. Polymerizations were run using 5 mL hep-

tane, 10 µmol TiBA scavenger, 0.05–0.10 mg pre-catalyst, 150 or 250 µL 1-hexene (2.5 or 5.0% of the 

total reaction volume), [AlsMAO]0/[Zr]0 of 200, 8.3 bar ethylene, and 0.8% (0.07 bar) H2 supplied by a mixed 

H2/N2 feed. sMAO supported Me2SB(CpMe,I*)ZrBr2 (4sMAO), Me2SB(CpnBu,I*)ZrCl2 (5sMAO), 

Me2SB(CpMe,I*)Zr(CH2Ph)2 (7sMAO), and Me2SB(CpMe,I*)ZrMe2 (9sMAO) were studied.  

The uptake rate profiles show an initial increase in ethylene uptake rate due to the comonomer 

effect, which begins to decrease after approximately 300 seconds (Figures S22 and S23). The catalysts 

experienced an increase in polymerization activity with 125 μL 1-hexene and 0.8% H2 when compared to 

ethylene/H2 homopolymerization due to the comonomer effect (Table 3 and S26). However, with 250 μL 

1-hexene, all catalysts except 7sMAO experienced a decrease in polymerization activity compared to the 

ethylene/H2 system with 125 μL 1-hexene. This decrease in activity could be due to competitive coordina-

tion between ethylene and 1-hexene monomers at the active metal center; upon coordination, if the rate of 

1-hexene insertion is slower than ethylene insertion, the rate of ethylene uptake decreases and leads to a 

decrease in polymerization activity.68 The decrease in activity may also be due to slower rates of monomer 

insertion; insertion into the branched alkyl active species [R–1-hexene–cat] that forms following 1-hexene 

insertion is typically slower than insertion into unbranched alkyl active species [R–ethylene–cat] due to the 

increased steric bulk of the α-olefin.69  

 

 

 

 



 

Table 3. Slurry-phase ethylene/H2/1-hexene copolymerization using sMAO supported complexes in a 

high-throughput system.a 

Catalyst 1-Hexene b Activity c Mn d Mw/Mn 

4sMAO 

0 3500 8.9 3.4 

125 7900 11 2.8 

250 4500 14 2.7 

5sMAO 

0 4100 6.7 3.6 

125 21000 10 2.5 

250 14000 12 2.4 

7sMAO 

0 5000 7.5 3.7 

125 19000 8.0 3.0 

250 24000 11 2.8 

9sMAO 

0 3400 6.9 3.6 

125 13000 9.2 2.8 

250 13000 11 2.8 

(a) Polymerization conditions: 0.8% H2, [AlsMAO]0/[Zr]0 = 200, TiBA (10 μmol), ethylene (8.3 bar), pre-cat-

alyst (0.05–0.10 mg), heptane (5 mL), and 80 °C; reactions quenched at 5.5 or 8.3 bar ethylene uptake for 

co- and homopolymerization respectively or after 1 hour; (b) µL; (c) kgPE molZr
−1 h−1 bar−1, reported to 

2 significant figures; (d) kg mol−1. 

A decrease in activity for ethylene/1-hexene copolymerization has been observed in other zircono-

cene systems, such as for the solution-phase copolymerization of ethylene and 1-hexene using 

(2-PhInd)2ZrCl2 with MAO co-catalyst where activity decreased from 2200 to 960 kgPE molZr
−1 h−1 bar−1 with 

0 and 0.16 M 1-hexene respectively and 1 bar ethylene.70 The deactivating effects of 1-hexene have also 

been observed in heterogeneous systems; the copolymerization of ethylene and 1-hexene using 

(2,4-MeInd)2ZrCl2 supported on silica with MAO co-catalyst showed a decrease in activity from 4640 to 

200 kgPE molZr
−1 h−1 bar−1 with 0 and 0.8 M 1-hexene respectively and 1 bar ethylene.71  



 

Molecular weights (Mn) were observed to increase slightly when 1-hexene was added to the system, 

suggesting that competitive monomer coordination between ethylene, H2 and 1-hexene hindered termina-

tion processes; Mn of 6.9, 9.2 and 11 kg mol−1 for 9sMAO with 0.8% H2 and 0, 125 and 250 μL 1-hexene 

respectively (Table 3; Figures S27–S29). This may be because the increase in chain propagation from the 

higher ethylene/1-hexene copolymerization activity is greater than the increase in chain termination caused 

by chain transfer to H2. An increase in polymer molecular weights for ethylene/1-hexene copolymerization 

has been observed in solution-phase polymerization using 2,4-cyclopentadien-1-ylidene(isopropylidene)-

fluoren-9-ylidene zirconium dichloride (Me2CB(Flu,Cp)ZrCl2) with MAO co-catalyst.72  

The percentage incorporation of 1-hexene in the polymer chain was determined by 13C{1H} NMR 

spectroscopy as 0.6–0.7 and 1.0–1.1 mol% for all catalysts with 125 and 250 μL 1-hexene respectively in 

the presence of 0.8% H2 (Table S2). CEF showed that Tel,max. decreased as the proportion of 1-hexene in 

the polymer increased; Tel,max. = 110.5, 105.7, and 103.2 °C for 5sMAO with 0.8% H2 and 0, 125, and 250 μL 

1-hexene respectively (Table S2; Figures S32 and S33). Tel,max. likely decreased as melting temperature and 

crystallinity decreased due to the increase in chain branching caused by 1-hexene incorporation weakening 

the intramolecular interactions between polymer chains.58, 73 

Large scale ethylene/H2/1-hexene polymerization sMAO supported Me2SB(CpMe,I*)ZrCl2 

(3sMAO), Me2SB(Cp,I*)Zr(CH2Ph)2 (6sMAO), Me2SB(CpMe,I*)Zr(CH2Ph)2 (7sMAO), and Me2SB(Cp,I*)ZrMe2 

(8sMAO) were studied for ethylene/H2/1-hexene copolymerization in 2 L steel reactors with 1 L hexane, 

0.5 mmol TEA, 0.025–0.050 g pre-catalyst, [AlsMAO]0/[Zr]0 = 200, and 8 bar ethylene at 80 °C for 1 hour 

with 0.86% (0.07 bar) H2 and 10 mL 1-hexene (1% of the total reaction volume). On the addition of 1-hex-

ene to the ethylene/H2 system, all catalysts except 7sMAO experienced an initial increase in ethylene uptake 

rate and an increase in polymerization activity due to the comonomer effect; activities of 8900 and 

12000 kgPE molZr
−1 h−1 bar−1 for 8sMAO with 0 and 10 mL 1-hexene respectively (Table 4; Figures S24 and 

S25). This is similar to the positive comonomer effect observed for solution-phase ethylene/1-hexene co-

polymerization using rac-EBIZrCl2 where activity increased by 30% from 12800 to 

17200 kgPE molZr
−1 h−1 bar−1 with 0.5 mol L−1 1-hexene (1.6 bar ethylene and 60 °C).74 Similar increases in 



 

activity on the addition of 1- hexene have also been observed for some Ziegler-Natta-type and Phillips-type 

polymerization catalysts: TiCl4/MgCl2 and TiCl4/AlCl3/MgCl2 catalysts experienced activities 2.2 and 2.7 

times greater respectively on the addition of 0.2 mol L−1 1-hexene (1 bar ethylene and 0.2 bar H2 at 60 °C),75 

and Cr(VI)/silica–titania and Cr(II)/silica–titania catalysts experienced activities 1.2 and 2.5 times greater 

respectively on the addition of 0.014 mol L−1 1-hexene (38 bar ethylene at 103 and 97 °C respectively).62 

 Addition of 1-hexene to the ethylene/H2 system appeared to have no effect on the polymer molec-

ular weights (Mn of approximately 5 kg mol−1 for all solid catalysts with 0 and 10 mL 1-hexene), leading 

PE-wax formation (Table 4; Figures S30 and S31). Mw/Mn was relatively narrow for ethylene/H2/1-hexene 

copolymerization (Mw/Mn <4.1), indicating controlled polymerization (Table 4).  

 

Table 4. Slurry-phase ethylene/H2/1-hexene copolymerization using sMAO supported complexes in a 2 L 

batch reactor.a 

Catalyst 1-Hexene b Activity c Mn d Mw/Mn 

3sMAO 
0 7600 5.0 3.8 

10 12000 4.9 3.2 

6sMAO 
0 6700 5.2 2.7 

10 11000 4.6 2.8 

7sMAO 
0 7200 4.6 4.1 

10 2600 5.3 3.7 

8sMAO 
0 8900 4.8 3.2 

10 12000 4.5 2.8 

(a) Polymerization conditions: 0.86% H2, [AlsMAO]0/[Zr]0 = 200, TEA (0.5 mmol), ethylene (8 bar), pre-cat-

alyst (0.025–0.050 g), hexane (1 L), 80 °C, and 1 hour; (b) mL; (c) kgPE molZr
−1 h−1 bar−1, reported to 2 sig-

nificant figures; (d) kg mol−1, reported to 2 significant figures. 

Solid catalysts 7sMAO and 8sMAO produced polymers with 0.3 and 0.2 mol% 1-hexene incorporation 

respectively. The polymers produced using 7sMAO and 8sMAO showed a 7% decrease in polymer crystallinity 



 

(76 and 80% respectively) and a 1 °C decrease in Tm (129 °C for both catalysts) compared to ethylene/H2 

homopolymerization, likely due to an increased amount of chain branching. CEF showed that Tel,max. of the 

copolymers produced using 7sMAO and 8sMAO were similar; 98.4 and 98.7 °C respectively (Figure S34).  

As postulated, the density of the polymers produced using 7sMAO for ethylene/H2/1-hexene copoly-

merization decreased by 3% compared to ethylene/H2 polymerization (density of 0.95 and 0.98 g cm−3 re-

spectively), likely due to increases in chain branching.   

 

CONCLUSIONS  

Nine solid polymethylaluminoxane supported permethylindenyl zirconocenes (sMAO-Me2SB(CpR,I*)ZrX2) 

have been studied for their capacity to produce polyethylene waxes. Their H2 response in two ethylene 

polymerization systems was investigated using high-throughput screening and 2 L batch reactors.  

The catalysts showed remarkable resistance to H2 deactivation with an approximately constant eth-

ylene uptake maintained throughout the polymerization runs (up to one hour). In high-throughput condi-

tions, the presence of H2 resulted in a significant decrease in polymer molecular weights; Mn of 120 and 

6.1 kg mol−1 for sMAO-Me2SB(Cp,I*)ZrMe2 with 0 and 1.6% H2 respectively.  

The lowest molecular weights were obtained using sMAO-Me2SB(Cp,I*)ZrCl2 in the 2 L batch re-

actor with 3.50% H2 (Mn of 1.7 kg mol−1), highlighting the applications of these catalysts for the production 

of commercially viable polyethylene waxes. The HDPE produced had very uniform 'popcorn' morpholo-

gies, narrow molecular weight distributions, and high crystallinities. 

The addition of 1-hexene to the ethylene/H2 system initially lead to an increase in ethylene uptake 

rate and polymerization activity (from 3400 to 13000 kgPE molZr
−1 h−1 bar−1 for 

sMAO-Me2SB(CpMe,I*)ZrMe2 with 0 and 125 µL 1-hexene in the high-throughput system). In the batch 

reactor, the addition of 1-hexene led to no change in polymer molecular weights (Mn of 5 kg mol−1 for all 

catalysts with 0 and 10 mL 1-hexene respectively) and produced polymers with low 1-hexene incorporation 

(<0.3 mol%). 



 

The key challenge when using metallocene polymerization catalysts to produce PE-waxes is to 

balance the desired decrease in polymer molecular weights observed in the presence of H2 with the unde-

sired reduction in polymerization activity that can also occur. Although these catalysts experienced a de-

crease in polymerization activity when H2 was introduced to the system, the very low molecular weights of 

the polymers produced, coupled with the high stability of the catalysts the presence of H2, makes them ideal 

candidates to produce polyethylene metallocene waxes on an industrial scale. In addition, the decrease in 

density in the presence of 1-hexene, coupled with the formation of PE-waxes, offers the possibility of a 

wide range of applications. 

 

EXPERIMENTAL  

High-throughput screening Polymerization experiments were conducted by Dr. Alessio Mingione at 

HTExplore (University of Naples, Italy) in a Freeslate Parallel Pressure Reactor (PPR) platform consisting 

of 48 reaction cells contained within a triple MBraun LabMaster Glovebox. The cells (geometric volume 

~23 mL, working volume 5 mL) were individually controlled with monitoring of temperature and pressure. 

Slurry-phase polymerizations were run in semi-continuous mode. Two Vortex stir plates fitted with 6 × 8 

racks held the catalyst system components (pre-catalyst and scavenger). The injection system consisted of 

a dual-arm robot with specialized needles and injectors. Liquid solvents, diluents, and monomers were fed 

through syringe pumps, with gaseous monomers and diluents fed through direct lines with solenoid valves 

to individual cells.34 Heptane solvent (5 mL) and TiBA scavenger (10 µmmol) were added to the PPR via 

robotic syringes, which were then heated to 80 °C and pressurized to 8.3 bar with ethylene. When required, 

H2 was added to the reaction vessel via a 0.8 or 1.6% mixed H2/N2 feed. Pre-catalyst (0.05–0.15 mg in 

heptane slurry) and 1-hexene (when required) were injected with robotic syringes and chased by a certain 

amount of heptane solvent.  The reactions were run for 1 hour or until a certain ethylene uptake was reached 

(8.3 bar for ethylene homopolymerization and 5.5 bar for ethylene/H2/1-hexene copolymerization), follow-

ing which the reaction was quenched with an excess of dry air. The polymer samples were transferred to a 

Genevac EZ-Plus centrifugal evaporator to remove volatiles and then dried under vacuum overnight.  



 

Large scale batch polymerization Polymerizations were performed by Mr. Thawesak Parawan, Mr. 

Somjet Songnoey, or Mr. Pongsiri Kaeoyok at SCG Chemicals Co., Ltd. (Rayong, Thailand). A 2.5 L steel 

reactor was charged with hexane (850 mL) and TEA scavenger (0.5 mmol L−1) and saturated with ethylene 

gas (2 bar). 1-hexene, when required, was added at an overpressure. The reactor was heated to temperature 

and a mixture of pre-catalyst (0.025–0.050 g) in hexane (20 mL) was added and washed in with a further 

130 mL hexane. The ethylene pressure was set to 8 bar and the polymerizations run for 1 hour. On comple-

tion, the polymer was decanted and dried in an oven overnight.  
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