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Bimodal Ultrahigh Molecular Weight 
Polyethylenes Produced from Supported 
Catalysts: The Challenge of Using a Combined 
Catalyst System

Hao Liu, Cees W. M. Bastiaansen, Johannes G. P. Goossens, 
Albertus P. H. J. Schenning, John R. Severn*

Molecular precatalysts complexes (nBuCp)2ZrCl2 (Zr) and (η1:η5-Me2NCH2CH2C5Me4)CrCl2 (Cr) 
have been successfully supported on silica nanoparticles, via a single support (SS) or a double 
support (DS) strategy. These catalyst systems have been successfully used to produce bimodal 
polyethylenes with an ultrahigh molecular weight polyethylene content in a single reactor. The 
SS and DS catalyst systems have been fully evaluated under an identical polymerization condi-
tion to assess the challenges in tailoring the molecular weight distribution. The results show 
that a detrimental interaction exists between 
Zr and Cr catalysts, part of the Cr catalyst spe-
cies is deactivated during polymerization in 
the both DS and SS systems. The detrimental 
interaction in the DS system is reduced because 
the catalysts are supported on separate nano-
particles. But, surprisingly the two catalysts in 
the DS system are still able to “communicate” 
to each other via cocatalyst-induced catalyst 
leaching or other potential reasons.
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1. Introduction

Ultrahigh molecular weight polyethylene (UHMwPE) is a 
linear (or few short branches) polyethylene with a mole
cular weight (MW) higher than million g/mol. This mate-
rial has extraordinary mechanical properties in terms of 
tensile strength,[1] toughness,[2] and wear.[3] Due to the 
very high melt viscosity, UHMwPE is normally processed 
by compression molding or ram extrusion. Nevertheless, 
fusion defects in the melt-processed UHMwPE strongly 
affect the service life of the material.[4] In previous studies, 
it was found that during processing, the short chain part of 
the molecular weight distribution (MWD) plays a key role 
in eliminating the fusion defects of the consolidated mate-
rial.[5,6] Therefore, a bimodal distribution with an increased 
short chain tail could be a route toward improving the melt 
processing and properties of UHMwPE. In addition, small 
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particle sized of the polymer powder may also improve the 
consolidation of UHMwPE and thus reduce fusion defects 
in the final products.

Commercially available bimodal PEs have a com-
paratively low weight-average molecular weight 
(<200 kg mol−1) and are typically produced in a cas-
cade reactor by multisite Ziegler–Natta catalysts.[7–10] 
In recent decades, molecular catalysts have aroused a 
lot of interest due to the capability to produce polymers 
with narrow molecular weight distributions and a com-
paratively uniform comonomer incorporation across the 
MWD.[11] A variety of studies were performed to gen-
erate a bimodal or a broad molecular weight distribu-
tion polyethylene in a single reactor by using molecular 
precatalysts.[12–38] In this process, the catalyst systems 
used are a single molecular precatalyst activated by two 
different cocatalysts,[18] a molecular precatalyst/Ziegler–
Natta (or other) hybrid catalyst[13] or, more commonly, 
by combining two (or more) molecular precatalysts sys-
tems.[19–38] The combined molecular catalyst systems are 
either run in homogeneous or particle forming processes, 
however, for the former running UHMwPE in solution is 
not an option, due to the high viscosity issues in working 
up the reactor solution, especially devolatization and 
downstream processing. For the single support system 
two or more precatalysts, selected for their molecular 
weight capabilities and response to comonomer or 
hydrogen are coimmobilized on a single support particle 
(Figure 1a). These catalyst systems are able to produce 
multimodal MWD ethylene homopolymers and copoly-
mers under a set polymerization condition. Combined 
molecular catalysts system in a single reactor is often 
seen as a cheaper/easier route than traditional cascaded 
processes for multimodal polymers. This, however, is an 

over-simplistic view and belies the tremendous skill and 
ingenuity that is needed to translate these sophisticated 
systems from laboratory batch reactors to large scale 
continuous industrial processes. The main reason for this 
challenge comes via virtue of why one selects the indi-
vidual precatalysts, and that is different reactivity ratios 
and responses to process variables (pressure, feed ratios, 
temperature) making process control demanding. How-
ever, this difference in reactivity ratios also extends to 
catalyst/cocatalyst ratios and poisons and also stability 
in terms of storage/shipment of the catalyst.[39] In addi-
tion, one complex may produce hydrogen, yet have a low 
response to it, whilst the other component is extremely 
responsive making prediction based on only one compo-
nent being present difficult.[40] The resulting discrepan-
cies in the kinetics of the catalysts could also cause dif-
ficulties in getting a precise control over bimodality. In 
these cases bimodality is controlled via trimming with 
one or more of the molecular catalyst components or 
selective poisoning.

Depending on the nature of the selected catalysts, an 
interaction between the catalysts can exist in the com-
bined catalyst systems which results in synergistic[41–43] 
or antagonistic effects.[44] The interaction of catalysts also 
causes difficulties in controlling/tailoring the bimodality 
of the products. Therefore, the compatibility of the cata-
lysts needs to be often considered.

For supported catalysts, the catalyst particles can be 
considered as microreactors. Ideally, one catalyst par-
ticle forms one polymer particle and is not impacted by 
other catalyst particles during the polymerization reac-
tion. Thus, we propose to synthesize bimodal molecular 
weight distribution PEs using a double support (DS) 
system (Figure 1b) where the two single-site precatalysts 
are separately immobilized on silica nanoparticles, for 
comparison to the single support (SS) system. In prin-
ciple, the kinetics of the DS particles should not deviate 
from the individual catalyst components since the cata-
lysts are located on different silica nanoparticles. Using 
this catalyst support strategy, the interaction between 
catalysts might be avoidable and thus approach a process 
where the MW and MWDs can be tailored under iden-
tical polymerization conditions. In addition, we expect 
that the small polymer particles produced by the silica 
nanoparticle supported catalysts could be able to afford a 
better degree of mixing for LMW and HMW components 
than micrometer-sized systems, which is part of a wider 
investigation inspired by the study of Mülhaupt and 
co-workers.[15,45,46]

In this work, the production of bimodal PEs use single 
SS and DS catalyst systems were fully studied and were 
compared. The present goal was to investigate the chal-
lenges in producing tailored bimodal polymer in a single 
reactor with high UHMwPE content.
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Figure 1.  a) Silica nanoparticles (NS) with both catalyst species 
supported and b) mixing silica nanoparticle with two catalyst 
species separately supported.
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2. Experimental Section

2.1. Materials

All of the experiments with air- and/or moisture-sensitive mate-
rials were carried out under an inert atmosphere in a glovebox 
or using standard Schlenk techniques. Methyl cyclohexane 
(MCH) and toluene were passed over a column containing 
Al2O3 and stored over 4 Å molecular sieves. Solvents were 
degassed by argon bubbling for at least 4 h prior to use. (η1:η5-
Me2NCH2CH2C5Me4)CrCl2 (Cr, Scheme 1) was kindly donated by 
SABIC Euro Petrochemicals and (nBuCp)2ZrCl2 (Zr, Scheme 1) 
was purchased from MCAT GmbH. Methylaluminoxane (MAO, 
10 wt% solution in toluene) and triisobutylaluminum (iBu3Al, 
1 m in hexane) were purchased from Sigma-Aldrich and used as 
a cocatalyst and to scavenge impurities. The 7 nm fumed nano-
silica (NS) was purchased from Sigma-Aldrich and probed by 
transmission electron microscopy (Figure S1, Supporting Infor-
mation). Before use, the silica was calcined at 600 °C for 4 h 
under a nitrogen stream. Ethylene (purity 4.5, Linde) and ultra-
high purity nitrogen (Linde) were further purified by passing 
through columns packed with BTS catalyst (Sigma-Aldrich, 
copper catalyst for oxygen removal; BASF R3-15) and molecular 
sieves, respectively.

2.2. Catalysts Immobilization

The catalysts were immobilized via a two-step process. 
The detailed procedure is as follows: Methylaluminoxane 
(20 mL, 10 wt% in toluene) was diluted with toluene (20 mL) and 
added to calcined nanosilica (2.0 g) under manual agitation. Sub-
sequently, the slurry was heated to 80 °C and occasionally agitated. 
After 4 h the MAO modified nanosilica (MAO/NS) was filtered 
inside a glove box and washed with MCH three times to elimi-
nate the residual MAO. The MAO/NS was dried under vacuum for 
4 h to obtain a free-flowing powder. The prepared MAO/NS con-
tained 17.43 wt% (6.46 mmol g−1) of Al, which was determined 
by an inductively coupled plasma-atomic emission method, 
by Kolbe Mikroanalytisches Laboratorium, Mulheiman der  
Ruhr, Germany.

In the second step, the precatalyst was reacted with MAO/
NS to yield the final silica-supported catalyst system. A typical 
procedure was as follows: 50 mg MAO/NS was first reacted with 
1 mL Zr (or Cr) solution (1 × 10−3 m in toluene) in a sealed vial 

with a magnetic stirring at 50 °C (room temperature for Cr). After 
1 h, the supported catalysts suspension was diluted with MCH to 
10 mL and was used for polymerization immediately.

In the single support (SS) system, the 50 mg MAO/NS was 
sequentially reacted with both 1 mL Zr solution (0.2 × 10−3 to 
0.9 × 10−3 m in toluene) and 1 mL Cr solution (0.1 to 0.8 μmol in 
toluene) in the order Zr prior to Cr.

To confirm that the precatalyst are fully immobilized on 
silica, the immobilization solution was measured on a Shimadzu 
UV-3102 PC spectrophotometer with a quartz cuvette equipped 
with an airtight cap (Figure S2, Supporting Information).

2.3. Polymerization Reactions

All of the ethylene polymerization experiments were performed 
in a 200 mL steel Büchi autoclave. The polymerization was car-
ried out at 50 °C and 10 bar monomer pressure. The autoclave 
was heated in an oven overnight at 160 °C before each run. 
After evacuation and purging with argon three times, the MCH 
(80 mL) was charged in the preheated autoclave. Then triisobu-
tylaluminium (iBu3Al) (0.5 mmol in 10 mL MCH) was injected as 
cocatalyst, and the solvent was saturated with ethylene by pres-
surizing to 10 bar. After 20 min of stirring to allow the cocatalyst 
to scavenge the reactor, the autoclave was temporarily vented 
to purge the partial the reactor of argon and to allow the injec-
tion of the catalyst slurry. The autoclave was then repressurized 
to 10 bar, and the pressure was maintained throughout the run. 
The temperature of the autoclave was controlled via a thermo-
stat bath. After 60 min, the system was depressurized, and a mix-
ture of ethanol and diluted hydrochloric acid was injected. The 
polymer was separated by filtration and dried overnight at 60 °C 
under vacuum.

2.4. Polymer Characterization

High temperature size exclusion chromatography (HT-SEC) of 
the PEs was performed at 160 °C using a Polymer Laboratories 
PLXT-20 Rapid SEC polymer analysis system (refractive index 
detector and viscosity detector) with 3 PLgel Olexis (300 × 7.5 mm, 
Polymer Laboratories) columns in series. 1,2,4-Trichlorobenzene 
was used as eluent at a flow rate of 1 mL min−1. The molecular 
weights were calculated with respect to polyethylene standards 
(Polymer Laboratories). A Polymer Laboratories PL XT-220 robotic 
sample handling system was used as autosampler. Polymer sam-
ples with 0.5 wt% antioxidant (Irganox 1010) were dissolved in 
TCB at 160 °C for 3 h prior to the analysis.

3. Results and Discussion

As these experiments were conducted under fed-batch con-
ditions a series of catalyst loading experiments were con-
ducted to investigate the poison limit of the reactor set-up 
and maximum catalyst loading to avoid loss of internal 
temperature control which would strongly influence the 
performance of the catalysts and the molecular weight dis-
tribution of polymer products formed. The results showed 
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Scheme 1.  Chemical structures of precatalysts.
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that the loss of thermal control starts when a Zr loading of 
more than 0.1 μmol Zr catalyst is used in the polymeriza-
tion system (Figure 2). A further increase in precatalyst 
loading resulted in a further increase of the internal tem-
perature. The results indicate that a low overall precatalyst 
concentration is essential to maintain a constant tempera-
ture for both DS and SS catalyst systems.

It is well known that impurities[12,47,48] and the Al/
metal ratio[49] can also strongly influence the catalyst per-
formance. The differences of each catalyst's sensitivity to 
these criteria should be taken into account when using a 
combined catalysts system to tailor the MW and MWDs. 
Therefore, the Al/Catalyst ratios were varied via varying 
moles of precatalyst (Zr or Cr) immobilized on 5 mg equiv-
alents MAO/NS. In addition, polymerizations carried out 
using these catalysts to provide a reference line for the 
polymers (yield and properties) for truly isolated catalyst 
under these loading conditions.

The results of ethylene polymerizations carried out with 
different Al/catalyst ratios are given in Tables 1 and 2. A 
very low polymer yield (Entry 1 in both tables) is observed 
when loading with 0.01 μmol precatalyst (Zr and Cr). The 
polymer yields gradually increase with increasing cata-
lyst loading. The low polymer yield obtained at a low 
catalyst loading indicates that impurities were present in 
the polymerization system which poisoned the catalysts. 
The polymer yields of the polymerization are plotted in 
Figure 3a as a function of catalyst loading. An approxi-
mately linear increase in polymer yield is observed. 
The linear fitted lines are based on the average polymer 
yields and the shown slopes indicate that the activity is 
126.4 kg PE/mmol Zr·h for Zr and 89.9 kg PE/mmol Cr·h 
for Cr, respectively. In Figure 3b, the catalyst loading is 
plotted as a function of polymer yield. The fitted lines 
indicate that poisoned catalyst amount is 0.0030 μmol 
for Zr and 0.0064 μmol for Cr, respectively. The results 
clearly reveal that the poison limit for Zr and Cr in current 
polymerization is around 0.0045 μmol. The polymer yield 
is linear with increasing Zr and Cr loading implying that 
the Al/M ratios were not impacting the polymer yields 
within the studied range.

In the DS system, control over the Zr/Cr ratio was 
achieved via altering the mass ratios of the individually 
supported Zr and Cr catalysts. For the SS system, eight dif-
ferent batches of catalyst were synthesized with varied 
Zr/Cr ratio from 9/1 to 2/8. The overall catalyst loading (Zr 
and Cr) was maintained at 0.1 μmol. The polymerization 
results of DS and SS support system are shown in Tables 3 
and 4, respectively. The individually supported Zr and Cr 
catalysts produced monomodal PEs which are presented 
in Table 3 (P-Zr and P-Cr) as a reference.

The molecular weight and molecular weight distribu-
tion of the polymers were characterized by HT-SEC. The 
data are summarized in Tables 3 and 4. It is shown that 
the molecular weight of Cr produced monomodal (P-Cr) 
is 3.5 × 106 kg mol−1, which is ≈10 times higher than 
Zr produced monomodal (P-Zr). The molecular weight 
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Figure 2.  Influence of Zr concentrate on internal reactor tempera-
ture. Conditions: Al/Cat. = 325, ethylene pressure = 10 bar, tem-
perature = 50 °C, time = 1 h, cocatalyst 0.5 mmol iBu3Al, solvent: 
methyl cyclohexane 100 mL.

Table 1.  Polymerization results of different Zr loadings.

Entrya) Zr [μmol] Al/Zr Polymer yield [g] Average yield  
[g]Run 1 Run 2 Run 3

1 0.01 3250 Trace Trace Trace –

2 0.02 1625 1.5 2.4 1.7 1.9

3 0.04 813 5.0 4.3 5.2 4.8

4 0.06 542 6.9 8.6 7.5 7.7

5 0.08 406 9.5 9.4 9.9 9.6

6 0.10 325 11.7 12.0 12.6 12.1

a)Conditions: MAO/NS = 5 mg, ethylene pressure = 10 bar, temperature = 50 °C, time = 1 h, cocatalyst = 0.5 mmol iBu3Al, solvent = MCH 
100 mL.
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distributions (MWD =Mw M/ n) for both of the monomodal 
samples are around 2.5, which is typical for molecular 
catalysts immobilized on silica.

The HT-SEC may not accurately describe the wt% of 
HMW phase due to a number of experimental param-
eters such as sample preparation (incomplete dissolu-
tion, degradation) and hardware limitations (column 
cut-off, etc.). Therefore, a set of physically blended 
bimodal PEs were prepared with varied ratios of two 
monomodal PEs. The MW and MWDs of the physically 
blended bimodal PEs were measured by HT-SEC, and a 
correlation was established by comparing the input and 
output values of the contents of HMW (Table S1 and 
Figure S3, Supporting Information). Thus, the HT-SEC 
results of DS and SS samples were further “calibrated” 
by the correlation from physically blended bimodal PEs, 
and the calibrated HMW phase are shown in Tables 3 
and 4 as well.

The HT-SEC data in Tables 3 and 4 show a clear ten-
dency in which the molecular weight and molecular dis-
tribution gradually increases with increasing Cr loading 
for both the DS and SS system. The HT-SEC curves of the 
DS and SS system produced bimodal PEs are plotted in 
Figure 4a,b, respectively. There is no significant shift in 

the individual peak maxima in HT-SEC curves indicating 
that the molecular weight capability of Zr or Cr catalysts 
are not significantly influenced by each other in both the 
DS and SS system. As shown in the plots, the height of the 
high molecular weight HT-SEC peak gradually increases 
with an increasing amount of the Cr catalyst. The results 
illustrate that the MW and MWDs of the bimodal PEs can 
be tuned via tuning the Zr/Cr ratios in the combined cata-
lysts systems.

In the individual catalyst polymerization reactions, 
the activities of Zr and Cr were calculated (126.4 kg PE/
mmol Zr·h and 89.9 kg PE/mmol Cr·h). The theoretical 
polymer yields and composition of the combined Zr and 
Cr catalysts systems can therefore be calculated based 
on the amount of Zr and Cr feed to the system to give 
a predicted Mw and split for the DS and SS system. The 
predicted polymer yields and experimental polymer 
yields of DS and SS system are plotted in Figure 5. It is 
shown that the DS and SS systems have relatively low 
polymer yields in comparison to the predicted polymer 
yields.

In order to investigate the behavior of the individual 
complexes in the bimodal polymerizations with SS and 
DS, the LMW phase (Zr) and HMW phases (Cr) in bimodal 
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Figure 3.  Polymer yield as a function of precatalyst loading for Zr and Cr.

Table 2.  Polymerization results of different Cr loadings.

Entrya) Cr  
[μmol]

Al/Cr Polymer yield [g] Average yield  
[g]Run 1 Run 2 Run 3

1 0.01 3250 Trace Trace Trace –

2 0.02 1625 1.1 0.9 1.2 1.1

3 0.04 813 3.1 3.4 2.9 3.1

4 0.06 542 4.9 5.3 5.1 5.1

5 0.08 406 6.8 6.9 7.1 6.9

6 0.10 325 8.2 8.4 7.8 8.2

a)Conditions: MAO/NS = 5 mg, ethylene pressure = 10 bar, temperature = 50 °C, time = 1 h, cocatalyst = 0.5 mmol iBu3Al, solvent = MCH 
100 mL.
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PEs were investigated. Due to the fact that the immobi-
lized catalysts have partially lost their single-site feature 
and the “calibration” for the HMW fraction, it is difficult 
to use the simple Schulz–Flory equation to deconvolute 
the HT-SEC curves.[50,51] Therefore, the contents of HMW 
phase are calculated via the equation[45]

f M M
M M

w w
w w

,Zr

Cr Zr
= −

−
	 (1)

where Mw is the weight-average molecular weight of 
bimodal PE from HT-SEC, MwCr is the weight average 
molecular weight of P-Cr, MwZr is the weight average 
molecular weight of P-Zr and f is HMW phase content of 
DS and SS produced bimodal PEs. The calculated results 
are shown in Tables 3 and 4.

The yields of the Zr and Cr (based on calibrated results) 
of the bimodal polymerization systems are plotted in 

Figure 6. The calculated LMW and HMW contents (solid 
line) are obtained based on the predicted activities of 
individual polymerizations with the Zr and Cr (Figure 3a). 
Figure 6a is the comparison of LMW contents in the DS 
and SS system. It is observed that the LMW fractions pro-
duced in DS and SS system are approximately identical 
to the predicted values. These results illustrate that the 
activity of Zr in DS and SS system is not unduly influenced 
by the presence of the Cr complex. In the SS system, less 
HMW phase is recovered than the predicted values which 
are shown in Figure 6b. This indicates that either Cr was 
partly deactivated in the presence of the Zr complex or 
that the polymerization environment at the local active 
site was different for Cr in the presence of Zr and thus the 
overall polymer yields decreased in the SS system.

For the DS system, the catalysts were separately sup-
ported on different silica nanoparticles. This support 
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Table 4.  Polymerization results of SS system.

Samplea) Zr/Cr Yield  
[g]

MMww   
[kg mol−1]

MMnn   
[kg mol−1]

MMww MM// nn LMWb) 
[wt%]

HMWb) 
[wt%]

LMWc) 
[wt%]

HMWc) 
[wt%]

SS1 9/1 9.7 408 136 3.0 97.0 3.0 96.9 3.1

SS2 8/2 9.1 538 157 3.4 92.7 7.3 91.9 8.1

SS3 7/3 8.4 625 151 4.1 89.9 10.1 88.6 11.4

SS4 6/4 7.8 724 168 4.3 86.7 13.3 84.8 15.2

SS5 5/5 7.3 855 170 5.0 82.5 17.5 79.9 20.1

SS6 4/6 7.1 1080 173 6.2 75.3 24.7 71.5 28.5

SS7 3/6 5.8 1470 221 6.7 62.7 37.3 56.7 43.3

SS8 2/8 5.2 1760 253 7.0 53.1 46.9 55.4 54.6

a)Conditions: MAO/NS = 5 mg, precatalyst loading = 0.1 μmol, ethylene pressure = 10 bar, temperature = 50 °C, time = 1 h, 
cocatalyst = 0.5 mmol iBu3Al, solvent = MCH 100 mL; b)Calculated based on Equation (1); c)Calibrated results.

Table 3.  Polymerization results of DS system.

Samplea) Zr/ Cr Yield  
[g]

MMww  
[kg mol−1]

MMnn   
[kg mol−1]

MMww MM// nn LMWb) 
[wt%]

HMWb) 
[wt%]

LMWc) 
[wt%]

HMWc) 
[wt%]

P-Zr 1/0 12.1 314 124 2.5 100 0 100 0

P-Cr 0/1 8.2 3400 1330 2.6 0 100 0 100

DS1 9/1 11.0 319 85 3.7 99.8 0.2 99.8 0.2

DS2 8/2 9.9 494 125 4.0 94.2 5.8 93.6 6.4

DS3 7/3 9.3 675 137 5.0 88.3 11.7 86.7 13.3

DS4 6/4 8.7 858 145 5.9 82.4 17.6 79.8 20.2

DS5 5/5 8.2 1170 178 6.6 72.4 27.6 68.1 31.9

DS6 4/6 8.0 1250 185 6.7 69.8 30.2 65.0 35.0

DS7 3/6 7.7 1630 248 6.6 57.5 42.5 50.6 49.4

DS8 2/8 7.1 1950 287 6.8 47.1 52.9 38.4 61.6

a)Conditions: MAO/NS = 5 mg, precatalyst loading = 0.1 μmol, ethylene pressure = 10 bar, temperature = 50 °C, time = 1 h, cocatalyst = 
0.5 mmol iBu3Al, solvent = MCH 100 mL; b)Calculated based on Equation (1); c)Calibrated results.
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strategy was expected to prevent the interaction 
between the Zr and Cr catalysts. However, the possible 
“communication” between the Zr and Cr catalyst seems 
still to exist when comparing the values of HMW phase 
with the predicted yields (Figure 6b).

To elucidate the influences of the environment on the 
catalytic performance of the catalysts, a few polymeri-
zation reactions were conducted using the SS system at 
different temperatures and pressures. The HT-SEC curves 
of the obtained PEs are shown in Figure 7. It is shown 
that the performances of the precatalysts are strongly 
influenced by the temperature and the pressure. Due to 
the very high activity of the nanosilica supported cata-
lysts, the rate of monomer diffusion from gas to solution 
might be lower than the rate of polymerization. There-
fore, the monomer concentration at a local active site 
might be lower than the expected value for a Cr complex 
in bimodal systems. In DS system, the low monomer con-
centration result in less HMW PE being produced. This 
feature is more evident in the SS system because pre-
catalysts are intimately supported on the silica particles 
and thus a lower polymer yield of HMW PE is observed 
(Figure 6b). Final the kinetic profiles of the individual 
component may be affected, unfortunately we had no 
facility to study this.

Besides the effect of the local polymerization environ-
ment, cocatalyst-induced catalyst leaching might also 

Macromol. Chem.  Phys. ,  ,  1600490
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Figure 4.  HT-SEC traces of bimodal PE samples obtained by the a) DS and b) SS system.

0.00 0.02 0.04 0.06 0.08 0.10
0

2

4

6

8

10

12

14

16
 Calculated result
 DS
 SS

Y
ie

ld
 P

E
 (

g)

Cr loading (µmol)

Figure 5.  The polymer yields of DS and SS systems compared with 
the calculated polymer yield.
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Figure 6.  Catalyst independent performance in DS and SS system: a) yields of Zr produced LMW phase and b) yields of Cr produced HMW 
phase.
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affect in the catalytic performance of the catalysts.[52] 
The leached catalyst can act as a homogeneous catalyst, 
which can result in reactor fouling during or after polym-
erization. Nevertheless, one of the features of a homoge-
neous catalyst is a rapid decay of activity.[53]

The produced polymer particles are probed by scanning 
electron micrograph (SEM). Agglomerates of polymer par-
ticles are observed with no evidence of reactor fouling 
(Figures S4 and S5, Supporting Information). However, 
due to the very small particle size and the agglomeration, 
it is rather difficult to observe the reactor fouling from 
SEM images. To elucidate if cocatalyst-induced catalysts 
leaching occurred in our polymerization systems, the 
individually supported Zr and Cr catalysts particles were 
treated with 0.5 mmol iBu3Al prior to polymerization. 
Ethylene polymerizations were carried out using the 
filtrate of the reactants as catalysts. The results show 
that only the filtrate of the Cr catalyst particles exhib-
ited some activity in ethylene polymerization (Figure S6, 
Supporting Information). This observation reveals that 
cocatalyst-induced Cr leaching indeed occurred during 
polymerization. One could imagine that such leaching 
is more likely to occur in the SS system because the later 
supported Cr complex has more chance to contact the 
cocatalyst. The activity of the leached Cr complex may 
decay rapidly and thus a low yield of HMW is obtained in 
the bimodal system.

4. Conclusions

Molecular precatalysts Zr and Cr were successfully immo-
bilized on silica nanoparticles using DS and SS strategies. 
To approach a process which can tailor the MW and MWD, 
several parameters including temperature and cocata-
lyst/catalyst ratios were taken into account. Using the DS 
and SS catalyst systems, two sets of bimodal molecular 

weight distribution PEs were synthesized under identical 
polymerization conditions. The results showed that MW 
and MWD of bimodal PEs can be varied via tuning the 
ratios of the catalysts. However, the two catalyst sys-
tems were still not able to predictively tailor the MW and 
MWDs because of the detrimental reaction between the 
precatalysts. The detrimental reaction deactivates part of 
Cr complex in both catalyst systems. The reason may be 
due to the divergence of polymerization environment at 
the local active site, or the cocatalyst caused precatalyst 
leaching. The results presented in this paper demonstrated 
the multivariate nature of the systems which makes it an 
extremely challenging to approach a truly MW and MWDs 
tailored process even using the DS system.
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Supporting Information is available from the Wiley Online 
Library or from the author.
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