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ABSTRACT: Heterogeneous Ziegler−Natta and homogeneous metallocene
catalysts are known to produce ultrahigh molecular weight polyethylene
(UHMWPE) in the entangled state. On the other hand, only (two)
homogeneous single-site catalysts are reported to yield disentangled
UHMWPE (dis-UHMWPE). This disparity between the two types of
catalysts and the two states of polyethylene can be bridged if a heterogeneous
single-site catalyst that can yield dis-UHMWPE is made accessible. Here,
one-pot two-step synthesis of a MgCl2 supported [Ti(OEt)4] derived catalyst
1 with a two-stage activation strategy is reported to produce dis-UHMWPE.
Second activation of catalyst 1 was performed by adding excess modified methylaluminoxane (MMAO12), and XPS analysis
indicated that the catalyst existed in only Ti(III) state at [Al]/[Ti] ratio of 600. Catalyst 1 after second activation with MMAO12
was found to be highly active in ethylene polymerization and produced dis-UHMWPE. Polymerization conditions were tailored
to obtain molecular weight (Mw) as high as 13 million g/mol PE. To the best of our knowledge, this is the first time a
heterogeneous catalyst (catalyst 1) that displays pseudosingle site nature is able to produce dis-UHMWPE. The thus-prepared
nascent polyethylene revealed a melting temperature of 141−144 °C, which is a characteristic melting transition for a dis-
UHMWPE. The disentangled state of the nascent PE and its Mw and MWD were further authenticated by rheological
investigations. Isothermal time sweep oscillatory experiments in linear viscoelastic limit revealed a rapid rise in elastic modulus
followed by equilibration to plateau modulus, which are characteristic features of the disentangled state. Thus, a pseudo-single-
site heterogeneous catalyst has been accessed, which upon second activation with excess MMAO12 led to the production of dis-
UHMWPE.

■ INTRODUCTION

Among the 300 odd million tons of polymers produced today,
polyolefins constitute nearly half of the total volume and are
most commonly manufactured by employing the supported
Ziegler−Natta (ZN) catalyst.1−6 The mode of action and
fundamental principles of the Ziegler−Natta polymerization
were deeply investigated in the early 1970s, and the
monometallic mechanism proposed by Cossee−Arlman is
unequivocally accepted by the scientific community.7−9

Conventional ZN catalysts are known to be multisite in nature,
as the alkylaluminum used for activating Ti(IV) precursor leads
to titanium species with mixed oxidation states, which probably
coexist in the catalytic system.10 Among other reasons, the
existence of Ti in various oxidation states is believed to be
responsible for regularly observed broader molecular weight
distribution (MWD) in ZN-catalyzed olefin polymerization
reaction.11−13 Therefore, detecting the distribution of oxidation
states of a ZN catalyst and quantifying them has become
indispensable, if we were to advance the seemingly matured
olefin polymerization reaction. However, it is an impeding
challenge to detect the distribution of oxidation states of
titanium in a supported ZN catalyst and quantify them. This is

especially inconvenient due to the extreme air and moisture
sensitivity of ZN catalysts, and such studies have been rarely
undertaken. About a decade ago, Somorjai and co-workers took
up this challenge and investigated the oxidation states of a
model ZN catalyst using high-resolution X-ray photoelectron
spectroscopy (XPS).14 Their investigation concluded that after
reaction with triethylaluminum, the Ti species exists in Ti(IV),
Ti(III), and Ti(II) states with different peak intensities. A
consequence of simultaneous existence of multiple oxidation
states is broadening of molecular weight distribution and a
compromise on the properties offered by the polymer.
Remarkably, their findings revealed that the predominant
oxidation state of an activated titanium in the model catalyst
was Ti2+, which contradicts the previous belief that the active
species in a ZN system is generally a Ti3+ species.10 Although
the above model system probably mimicked the actual catalytic
system, access to a single site heterogeneous catalytic system in
reality remains a formidable challenge. In contrast to the
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multisite heterogeneous ZN catalytic systems, homogeneous
catalytic systems such as metallocene yield a single-site catalyst
that produces polyolefins with narrow MWD.15,16

An edge the single-site catalysts (metallocene, postmetallo-
cene, etc.) holds over the multisite ZN system is their ability to
produce high to ultrahigh molecular weight polyethylene
(UHMWPE).17−19 Among the homogeneous single-site
catalytic systems, bis(phenoxy-imine)-based complexes of
group IV metals (FI) are known to produce UHMWPE in a
controlled manner and provide an unprecedented route to
synthesize disentangled UHMWPE (dis-UHMWPE) (Figure
1).20−22 Recently, Enders and co-workers23,24 reported a
hemimetallocene−chromium catalyst capable of yielding
UHMWPE, which was then tamed by Romano et al. to
produce dis-UHMWPE.25 The dis-UHMWPE is a speciality
material as it offers the strongest commercially available films,
easy to draw and easy to deform into oriented tapes with a high
degree of chain alignment. Rastogi and co-workers have
developed a polymerization process to produce dis-UHMWPE
using single-site FI catalyst.26−33 Thus, an overview of literature
reports depicted in Figure 1 suggested that it is only the single-
site homogeneous catalysts that are reported to produce
disentangled ultrahigh molecular weight polyethylene.34 In this
context, a paradigm shift could be achieved if a heterogeneous
single-site catalyst yielding dis-UHMWPE can be accessed.
Although highly desirable, access to single-site heterogeneous
catalytic system is almost unexplored and rarely reported.35−37

Herein, we report controlled reduction of Ti(IV) precursor
to Ti(III) species using suitable amount of modified
methylaluminoxane (MMAO12). The resultant Ti(III) state
yields a pseudo-single-site heterogeneous catalytic system
which is capable of producing dis-UHMWPE. The existence
and quantification of Ti(III) state has been demonstrated using
X-ray photoelectron spectroscopy, and the disentangled state of
the ultrahigh molecular weight polyethylene was unfolded by
rheological investigations and thermal analysis.38

■ RESULTS AND DISCUSSION

Synthesis of Catalyst 1 and Establishing the
Oxidation States. Excess anhydrous magnesium chloride
was treated with titanium(IV) ethoxide in hexane. Subse-
quently, the heterogeneous mixture was activated by adding
excess amount of diethylaluminum chloride (DEAC). Anhy-
drous work-up followed by washing and drying yielded a
blackish-brown powder of the anticipated catalyst (1). The
solid-state (CP-MAS: cross-polarization magic angle spinning)
proton NMR spectrum of this solid revealed a resonances at

0.77 and 3.88 ppm (Figure S1). These peaks could be assigned
to the methyl (CH3) and methylene (CH2) groups present on
the titanium, respectively. The proton NMR finding was further
supported by 13C CP-MAS NMR which displayed peaks at 17.8
and 71.1−76.1 ppm (Figure S2) which can be assigned to
methyl and methylene carbons, respectively.39 The metal
content of catalyst 1 was determined by inductively coupled
plasma− optical emission spectroscopy, which revealed 3.02%
Ti, 17.83% Mg, and 1.12% Al in the catalyst. Morphological
characteristics of catalyst 1 were obtained using scanning
electron microscopic (SEM) analysis. The SEM image of
catalyst 1 is displayed in Figure 2. The SEM image clearly
shows that the particles are spherical or oval in shape with an
average size of 109−206 nm.

After having established the characteristics of 1, second
activation was carried out by treating 1 with MMAO12, and the
change in oxidation states of titanium was recorded by X-ray
photoelectron spectroscopy (XPS). Ti 2p XPS spectra collected
from catalyst 1 before and after the addition of MMAO12 are
shown in Figure 3. Two distinct peaks corresponding to the
spin−orbit split of 2p centered around 458 and 464 eV are
discernible from the Ti 2p core-level spectrum. The XPS of the
Ti 2p3/2 peak for the Ti(OEt)4/MgCl2 system activated with
diethylaluminum chloride was deconvoluted with titanium
species in 4+, 3+, and 2+ oxidation states. The binding energy
values are in line with the reported values.40 Quantification of
different Ti oxidation states shows the following composition:
25.7% of Ti(IV) [BE = 459.7 eV], 56.8% of Ti(III) [BE = 457.2

Figure 1. Representation of current state of the art in UHMWPE and dis-UHMWPE synthesis known in the literature.

Figure 2. SEM image of the catalyst 1.
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eV], and 17.5% of Ti(II) [BE = 454.4 eV]. The reason for the
presence of multiple oxidation states of surface Ti species could
be because of the reduction of Ti4+ [Ti(OEt)4] in the presence
of organoaluminum in an uncontrolled manner, resulting in a
multisite catalyst toward olefin polymerization. The activation
with MMAO12, for [Al]/[Ti] ratio = 20, revealed minor
changes in Ti oxidation states where all the Ti species were

shifted to slightly higher binding energy side by approximately
0.5 eV with Ti center existing in 4+, 3+, and 2+ oxidation state
likewise. This is expected as addition of MMAO12 can lead to
reduction of titanium precursor. However, after addition of
MMAO12 at [Al]/[Ti] ratio = 600, the Ti4+ and Ti2+ peak
intensities decreased drastically, and we could only fit one type
of Ti species, i.e., Ti3+ [BE = 457.7 eV]. Thus, the catalyst with
[Al]/[Ti] ratio = 600 gave a strong indication to be a pseudo-
single-site catalyst with Ti3+ as the only detectable oxidation
state. The oxidation state distribution on the surface of the Ti
catalyst was obtained from Ti 2p XPS peaks of the titanium
species before (addition of MMAO12) and after addition of
MMAO12 with [Al]/[Ti] ratio 20 and 600, respectively. The
Ti 2p XPS peaks for these samples are shown in Figure 3, and a
quantitative distribution of Ti valence states is listed in Table 1.

Disentangled Ultrahigh Molecular Weight Polyethy-
lene (dis-UHMWPE). Some of the supported Ziegler−Natta
type catalysts are known to produce high to ultrahigh molecular
weight polyethylenes. Magnesium chloride supported titanium
tetrachloride activated with triisobutylaluminum is reported to
produce a maximum viscosity-average molecular weight of 7.8
million g/mol at 60 °C and 7 bar of ethylene pressure after 2 h.
Along the same lines, when triethylaluminum is used as
cocatalyst, a maximum weight-average molecular weight of 4.2
million g/mol is obtained at 40 °C and 1 bar ethylene pressure
in 2 h.41 Similarly, TiCl3 activated with diethylaluminum
chloride yielded 6 million g/mol (at 65 °C, monomer pressure
of 5.5 bar after 1 h). While, a higher molecular weight of 10.5
million g/mol was obtained when the same catalyst was
supported on MgCl2, and the polymerization was performed at
40 °C and at a very high ethylene pressure of 20.7 bar for 1 h.42

When an equimolar mixture of triisobutylaluminum and
isoprenylaluminum was used to activate a MgCl2 supported
TiCl4 catalyst, a molecular weight of 10−15 million g/mol was
obtained (at 75 °C, ethylene pressure of 7.6 bar) after 2 h.43 In
most of the above reports, there were no data about the
polydispersity and there was no evidence for entangled or
disentangled state of the resultant UHMWPE. Given the
conditions applied for polymerization, it is reasonable to
assume that the above catalysts produced entangled UHMWPE
with a broad molecular weight distribution.44 In one recent
report, the metal−organic framework was utilized to build a
single-site heterogeneous catalyst composed of Ti(III)-,
Ti(IV)-, and Cr(III)-MFU-4l (MFU-4l = Zn5Cl4(BTDD)3,
H2BTDD = bis(1H-1,2,3-triazolo[4,5-b],[4′,5′-i])dibenzo-1,4-
dioxin).45 The thus-prepared catalyst was activated in the
presence of cocatalyst MAO or triethylaluminum to produce
PE with a Mw of 1.4 million g/mol (PDI = 2.3 at 9 bar of
ethylene pressure). However, the state (entangled or

Figure 3. Ti 2p XPS spectra of catalyst 1 before addition of MMAO12
(top), after addition of MMAO12 [Al]/[Ti] = 20 (center), and after
addition of MMAO12 [Al]/[Ti] = 600 (bottom).

Table 1. XPS Data of the Catalyst 1 at the Ti 2p3/2 Level

no. Ti 2p3/2 peak BE (eV) atomic %

1 before addition of MMAO12 Ti4+ 459.7 25.7
Ti3+ 457.2 56.8
Ti2+ 454.4 17.5

2 MMAO12 [Al/Ti] = 20 Ti4+ 460.2 22.2
Ti3+ 457.7 70.8
Ti2+ 454.8 7

3 MMAO12 [Al/Ti] = 600 Ti4+

Ti3+ 457.7 >99
Ti2+
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disentangled) of the resultant UHMWPE remains unex-
plained.45

After having established access to titanium catalyst 1 with a
predominant Ti3+ oxidation state, we set out to examine the
performance of this catalyst in ethylene polymerization. The
polymerization reactions were carried out in Büchi high-
pressure reactor in the presence of MMAO12 as a second stage
activator, and the important polymerization results are
summarized in Table 2. The most influential polymerization
parameters, such as metal to MMAO12 ratio, temperature,
ethylene pressure, and time, were screened to obtain maximum
molecular weight and narrow molecular weight distribution.
After polymerization, the polymer molar mass (Mw and Mn)
and molar mass distribution (MWD) was determined using
high-temperature gel permeation chromatography (HT-GPC)
at 160 °C in 1,2,4-trichlorobenzene (Figures S7−S12). The
identity of the resultant polyethylene was established using
high-temperature proton and carbon NMR spectra. A clean
single resonance in the proton NMR was observed at 1.23 ppm
(Figure S5) which can be ascribed to the methylene protons of
polyethylene. The high-temperature 13C NMR spectrum
revealed a single peak at 30.4 ppm (Figure S6), which can be
easily assigned to the repeating methylene carbon. Observation
of a single carbon resonance suggests that there are almost no
methyl branches, which is indicative of low or no β-hydride
elimination. The absence of methyl branches suggests the
existence of highly linear polyethylene.46,47 As is evident from
Table 2, polymerization could not take place in the absence of
modified methylaluminoxane (MMAO12) or catalyst 1 (Table
2, runs 1 and 2). In homogeneous metallocene or
postmetallocene catalyzed polymerization of olefins, methyl-
aluminoxane (MAO) or modified MAO (MMAO12) is
commonly used in large (Al:M = 1000−20000) excess.48,49

Therefore, the effect of [Al]/[Ti] ratio on the activity and
molecular weight of polyethylene was evaluated first. Initial
polymerization with [Al]/[Ti] ratio of 10 or 20 was largely
unsuccessful (Table 2, run 3). However, at a [Al]/[Ti] ratio of

100, a few milligrams of polyethylene was obtained. It was
found that the activity increases with increasing [Al]/[Ti] ratio
from 100 to 600 (Table 2, runs 4−6) (activity = 671 kgPE/mol
Ti/h/atm). However, there was a drop in activity to 642 kgPE/
mol Ti/h/atm when the [Al]/[Ti] ratio was further increased
to 800 or 1000 (Table 2, runs 7 and 8). A similar trend was
observed for weight-average molecular weight (Mw), and the
highest Mw of 2.07 × 106 g/mol was observed at a [Al]/[Ti]
ratio of 600. The decrease in Mw upon increasing MMAO12
above the limit of 600 can be explained by chain transfer to
trimethylaluminum (TMA). The trimethylaluminum is usually
present in MMAO12, and with increasing concentration of
MMAO12, the amount of TMA increases leading to increase in
chain transfer and subsequent reduction in molecular weight.
Please note that the polydispersity index for these runs (run 4−
8) remained close to 2, which indicates a pseudo-single-site
nature of this supported catalyst.50−53

One of the compelling parameters that influence the degree
of entanglement, molecular weight, and activity is the
polymerization temperature. In order to suppress entanglement
during polymerization, the rate of chain propagation should be
lower than the rate of crystallization. This can be achieved by
performing polymerization at low temperature. However, the
rate of polymerization decreases with lowering polymerization
temperature. Therefore, for the successful synthesis of
disentangled ultrahigh molecular weight polyethylene, one has
to strike a right balance between the rate of polymerization and
rate of crystallization (disentanglement) of polyethylene. In our
attempts to strike this balance and identify suitable temper-
ature, the polymerization reactions were performed between 0
and 60 °C at the [Al]/[Ti] ratio 600 at ambient ethylene
pressure in toluene for 10 min. The highest Mw of 3.3 × 106 g/
mol (Table 2, run 9) was observed at 0 °C, while increasing the
temperature to 60 °C led to reduced molecular weight of 1.35
× 106 g/mol (Table 2, run 11). The low molecular weight at
high temperature could be due to enhanced β-hydride
elimination or chain transfer reactions at 60 °C. Although the

Table 2. Polymerization of Ethylene Catalyzed by Supported Ti Catalyst 1 in the Presence of MMAO12a

run Al/Ti time (min) temp (°C) yieldb (g) activityc (kgPE/mol Ti/h/atm) Mw
d (106 g/mol) PDId Tm

e (°C) crystf (%)

1 without MMAO12 10 40 no polymer
2 without 1 10 40 no polymer
3 20 10 40 no polymer
4 100 10 40 0.05 24 1.08 1.93
5 400 10 40 0.83 398 1.23 1.86 142.8 54.5
6 600 10 40 1.4 671 2.07 1.84 142.2 67.44
7 800 10 40 1.35 647 1.01 2.00 142.1 66.1
8 1000 10 40 1.34 642 1.09 2.25 142.1 65.1
9 600 10 0 0.20 96 3.29 1.73 142.5 82.4
10 600 10 20 0.48 230 2.11 1.75 142.3 72.3
11 600 10 60 3.21 1538 1.35 2.10 141.3 70.2
12 600 30 40 3.75 600 3.05 1.83 142.6 70
13 600 60 40 5.5 440 7.03 1.87 143.0 46.1
14 600 90 40 5.2 277 10.89 2.04 142.8 64.6
15 600 120 40 5.32 213 13.07 2.17 144.1 69.7
16g 600 10 40 1.56 374 3.32 2.24 142.4 75.7
17h 600 10 40 1.60 153 3.91 2.25 142.6 68.1
18 600 60 0 0.47 38 9.48 1.89 142.9 84

aConditions: catalyst = 12.5 μmol of Ti (20 mg of catalyst); solvent = 150 mL of toluene. bObtained from gram of polyethylene isolated. cActivity =
kg of PE/[mol of Ti]/atm/h]. dAs obtained from HT-GPC at 160 °C in 1,2,4-trichlorobenzene (TCB) against polystyrene standards, in 106 g/mol.
eObtained from DSC, first heating cycle. fCrystallinity calculated from the melting enthalpy measured by DSC and relative to the theoretical value
for 100% crystalline polyethylene.26 g2 bar ethylene puressure. h5 bar ethylene pressure.
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highest molecular weight was observed at 0 °C, but the activity
observed was the lowest (Table 2, run 9) under these
conditions. The optimal balance between activity, molecular
weight and temperature was stricken at 40 °C (Table 2, run 6).
The above two parameters, [Al]/[Ti] and temperature, were

kept constant, and the effect of time on polymer molecular
weight and catalytic activity was investigated. As it is apparent
from runs 6 and 12−15 (Table 2) and Figure 4, the molecular

weight linearly increases with increasing time. The effect of
time was investigated from 10 to 120 min, and the results
indicate that the catalyst displays living behavior, as the
molecular weight keeps increasing with time. After 120 min, the
molecular weight builds up to a whopping 13 million (13.07 ×
106) g/mol with narrow molecular weight distribution (PDI =
1.84−2.17). These observations indicate pseudo-single-site
nature and living behavior of the catalytic system.54 Next, the
effect of ethylene pressure was investigated, and the polymer-
ization reactions were conducted at 1, 2, and 5 bar of ethylene
pressure under identical conditions ([Al]/[Ti] = 600; 40 °C;
toluene = 150 mL, time = 10 min.). As expected, molecular
weight increases with increasing ethylene pressure, and a
maximum Mw of 3.91 × 106 g/mol was obtained at 5 bar
ethylene pressure (Table 2, run 17) (Figure S12). This
observation can be attributed to the increasing concentration of
ethylene at higher ethylene pressure, leading to abundant
availability of the monomer for polymerization. However,
catalytic activity decreases significantly as a result of slow
diffusion of ethylene through the fast growing polymer chain.26

The performance of the supported catalyst 1 prepared in this
investigation is compared with known supported as well as
homogeneous catalysts in Table 3. As it is evident from Table 3,
the supported ZN catalyst activated with triethylaluminum
(TEAL) displays an activity of 8.1 kgPE/mol Ti/h/atm with a
Mw of 2.1 × 106 g/mol and a PDI of 4.4 (Table 3, run 1).55

Under identical conditions, catalyst 1 revealed a much higher
activity of 213 kgPE/mol Ti/h/atm with a Mw of 13.07 × 106 g/
mol and a PDI of 2.17 (Table 3, run 2).56 The activity, higher
molecular weight, and narrow PDI suggest that MMAO12 is a
better activator than the traditional TEAL. One of the most
active homogeneous catalysts in the area of disentangled
UHMWPE is pentafluorophenoxyimine derived titanium
catalyst (FI).57,58 Unfortunately we could not come across
any literature report on ethylene polymerization using FI
catalyst under identical conditions, but run 3 in Table 3
summarizes the closest conditions to our investigations (Table
3, run 4). Note that in this reported experiment MAO was used
as cocatalyst instead MMAO12 used in this study, and almost
double the amount of MAO (Al:Ti = 1100) was employed.59

The FI catalyst displayed the highest activity of 4910 kgPE/mol
Ti/h/atm with a Mw of 5.2 × 106 g/mol and a PDI of 3.1
(Table 3, run 3). While under identical conditions (except the
cocatalyst), catalyst 1 was found to be 8 times less reactive and
displayed lower molecular weight (Table 3, run 4). Enders and
co-workers recently reported chromium based homogeneous
catalyst that is capable of producing UHMWPE.23 The authors
reported that naphthyridine cyclopentadienyl chromium
catalyst yields UHMWPE with an activity of 8.67 kgPE/mol
Cr/h/atm with a Mw of 0.48 × 106 g/mol and a PDI of 2.5
(Table 3, run 5).61 In this polymerization, pMAO was used as
cocatalyst at a [Al]:[Cr] = 1000. Under identical conditions,
catalyst 1 revealed a much higher activity (153 kgPE/mol Ti/h/
atm), Mw (3.91 × 106 g/mol), and similar PDI (∼2) (Table 3,
run 6). Thus, the heterogeneous catalyst 1 developed in this
investigation displayed lower activity then the state-of-the-art
homogeneous FI catalyst but was found to be highly active
compared to the standard heterogeneous ZN catalyst and
homogeneous Cr catalyst.

Thermal and Melt Behavior of the Polyethylene. The
melting and crystallization temperature was obtained from
differential scanning calorimetry data (Figures S13−S19). The
first melting peak (Tm1) obtained from the first heating cycle
was in the range 141.3−144.1 °C for the polyethylenes
prepared in this investigation, whereas, the second melting peak
(Tm2) obtained from the second heating cycle varied between
134.6 and 135.7 °C. Thus, in general, second melting peaks
were approximately 7−8 °C lower than the first melting peaks.
This behavior is indicative of disentangled state of UHMWPE.

Figure 4. Plots of Mn and Mw/Mn (PDI) as a function of
polymerization time for ethylene polymerization at [Al]/[Ti] ratio
600, 1 bar of ethylene pressure, and 40 °C in toluene.

Table 3. Comparison of Activity, Molecular Weight, and Molecular Weight Distributiona

run cat. temp (°C) time (min) ethylene (bar) activityc (kgPE/mol Ti/h/atm) Mw (106 g/mol) PDI (GPC) ref

1 het ZN 40 120 1 8.1 2.1 4.4 55
2 cat. 1 40 120 1 213 13.07 2.1 60
3 FIb 40 30 1 4910 5.2 3.1 59
4 cat. 1 40 30 1 600 3.05 1.83 60
5 Cr cat.c 40 10 5 8.67 0.48 2.5 61
6 cat. 1 40 10 5 153 3.91 2.25 60

aConditions: for detailed polymerization conditions, please go through the cited reference. bNote that this experiment was performed using MAO
instead of MMAO12, and almost double the amount of MAO (Al:Ti = 1100) was used. cNote that this experiment was performed using pMAO
instead of MMAO12, and almost double the amount of pMAO (Al:Cr = 1000) was used.

Macromolecules Article

DOI: 10.1021/acs.macromol.8b00590
Macromolecules XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00590/suppl_file/ma8b00590_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00590/suppl_file/ma8b00590_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b00590


The first melting peak of the nascent PE is attributed to
formation of single crystal lamellae, which is a hallmark of the
disentangled state, whereas the peak after second melting
indicates the hindrance to formation of single crystal lamellae
due to presence of entanglements formed after first
heating.26,38,62 The degree of crystallinity of the majority of
the nascent PE samples was above 60%, as analyzed from

enthalpy of the first melting peak relative to the theoretical
melting enthalpy of 293 J/g for 100% crystalline PE.63 The
maximum crystallinity of 82% and 84% was obtained for a
polymerization run at 0 °C for 10 min and 1 h (Table 1, runs 9
and 18), respectively.
To further investigate the disentangled state of the

polyethylene obtained using catalyst 1, DSC experiments

Figure 5. DSC plots of the dis-UHMWPE sample (Table 1, run 13) obtained from the second heating cycle (Fig. 8 ramp G-H) with annealing time
of 5, 15, 30, and 60 min.

Figure 6. Time sweep data of PE4 sample for about 48 h. The equilibrium storage modulus is attained after about 37 h. The G′ value increases from
0.96 to 1.82 MPa over the course of that time.
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were performed using a thermal analysis protocol developed by
Rastogi and co-workers.38 At a time when the semicrystalline
polymer is molten, the disentangled polymer chains in the
noncrystalline phase tend to entangle, leading to a heteroge-
neous distribution of entanglement density in melt.38 The
difference in heterogeneity in the entanglement density of the
disentangled samples was generated using a reported protocol,
where the nascent PE sample was heated from 50 °C to an
annealing temperature of 160 °C at the heating rate of 10 °C/
min and then annealed for different time intervals, i.e., 5, 15, 30,
and 60 min. After annealing, the sample was cooled to an
isothermal crystallization temperature of 128 °C where it was
allowed to undergo isothermal crystallization for 180 min.
Subsequently, the sample was cooled to 50 °C before the
second heating from 50 to 160 °C. The DSC curves obtained
from the second heating cycle after annealing for 5, 15, 30, and

60 min are plotted Figure 5. The presence of dis-entangled PE
was confirmed by the appearance of two separate melting peaks
in DSC curve, after annealing and isothermal crystallization for
stipulated time. A lower temperature melting peak at 134 °C
and a higher temperature melting peak at 139.5 °C indicate the
crystallization from entangled and disentangled domains of the
heterogeneous polymer melt, respectively.38 Furthermore, it
was found that the ratio of area under the low and high melting
temperature peaks changes with the annealing time (at 160
°C). Thus, the ratio of area under higher temperature melting
peak decreases and eventually the area under lower temperature
melting peak (entanglement density) increases with increasing
annealing time from 5 to 60 min. This phenomenon is in line
with the previous report and is associated with the trans-
formation of the heterogeneous distribution of entanglement
density to homogeneous state.38

Figure 7. Dynamic frequency sweep of the PE samples after the equilibration in the time sweep. G′ and G″ are represented by solid lines and dashed
lines, respectively (top). The modulus crossovers of PE1 and PE2 are indicated by red circles. The data for PE2 are shown separately at the bottom
for clarity.
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Small-Amplitude Oscillatory Rheology. Figure 6 shows
results of isothermal time sweep oscillatory test for a
representative sample run 18 from Table 2. The storage
modulus is seen to increase with time and eventually saturates
after about 48 h. The rise in G′ is rapid initially followed by
more gradual increase until saturation. These trends are
indications of the disentangled state of the sample, in
agreement with the DSC results. The disentangled state is
intrinsically metastable and has lower elasticity. During
isothermal annealing, the chains reorganize to achieve the
equilibrium entangled state, which has higher elasticity. Hence,
G′ increases as seen in Figure 6. All samples showed similar
time sweep behavior indicating that they were synthesized in
disentangled states. Small-amplitude frequency sweep measure-
ments were then performed on four samples, viz. runs 7, 6, 13,
and 18 from Table 2, which were labeled as PE1, PE2, PE3, and
PE4, respectively, at 190 °C. According to HT-GPC, the
molecular weights of these UHMWPE samples are ordered as
PE1 < PE2 < PE3 < PE4.
Frequency sweeps were performed only after the equilibrium

entangled state of the samples was attained, i.e., after
approximately 48 h in a time sweep at 190 °C. The storage
moduli (G′) and viscous moduli (G″) of the samples are
plotted in Figure 7 (top). Additionally, the G′, G″, and tan δ of
the sample PE2 are displayed separately in Figure 7 (bottom).
The storage moduli increase with increase in molecular weight.
For the lower molecular weight samples, crossovers of the
storage (G′) and viscous (G″) moduli curves are seen at (0.01
rad/s, 0.105 MPa) for PE1 and at (4 × 10−3 rad/s, 0.131 MPa)
for PE2. No crossovers are seen in PE3 and PE4 due to the
high molecular weights of the samples. As shown in Figure 7
(bottom) for PE2, the G′ shows a weak but finite frequency
dependence after crossover frequency, and the G″ data show a
peak at frequencies higher than the crossover frequency. These
are indications of some amount of polydispersity in the
samples.64 Similar behavior was seen for all the other three
samples. Following Talebi et al.28 and using the in-built
software of ARES G2 (Trios), the molecular weight
distributions of the samples were calculated from the
rheological response. The PE samples were assumed to have
unimodal log-normal distribution, which is the usual case for
PE synthesized with Ziegler−Natta catalysts.65 The relaxation
time exponent x in the relation λ ∼ (Mw)

x was fixed in the
range 3.3−3.6, with the higher values being used for lower
molecular weight samples and lower values for higher molecular
weight samples. This is in line with theoretical understanding
that reptation will be the dominant relaxation mechanism for
the higher molar mass PE,66 while additional mechanisms such
as constraint release will also contribute to stress relaxation for
the lower molar mass PE.67 The plateau modulus was estimated
using GN

0 ≈ ρRT/Me.
68 Here ρ is the melt density of PE, the

temperature T = 190 °C, and R is the universal gas constant.
The entanglement molecular weight Me was taken to be 1250
g/mol, which is a reasonable assumption for UHMWPE at 190
°C.64

The molecular weights of the sample calculated from this
method are given in Table 4. These are seen to be in close
agreement with the experimentally measured values using HT-
GPC. However, the polydispersity indices calculated from
rheological methodology were higher than the results reported
by HT-GPC. The absolute weight-average molecular weight in
HT-GPC was measured using a light scattering (LS) detector.
However, measurement of PDI requires both LS and RI

detectors. Since GPC measurements were done using very
dilute samples, there may be some errors in determination of
concentration by the RI detector. Thus, a plausible reason for
the difference in PDI values obtained from rheology and GPC
may be attributed to the errors in RI detector measurements.
Higher PDIs can be expected for UHMWPEs reported in the

present work relative to those reported for UHMWPEs
synthesized by FI catalysts because of two possible reasons:
(a) Catalyst concentrations used in the polymerization step
reported here are much higher than those typically used in
polymerization by single-site FI type catalysts. Thus, growing
chains are likely to encounter each other and will tend to
entangle in the present case than in the cases reported in the
literature. (b) There could be small amounts of other Ti species
with different oxidation states which are below the detectable
range of XPS. The heterogeneity in the active species could
lead to greater polydispersity. Nevertheless, the rheology data
would be more reliable for such high molecular weight
polyethylene.

■ CONCLUSIONS
In summary, treatment of magnesium chloride with titanium-
(IV) ethoxide and first activation by diethyl aluminum chloride
yields catalyst 1 as a blackish-brown solid. The identity of
catalyst 1 was unambiguously ascertained by a combination of
spectroscopic and analytical methods. Thus, solid-state (CP-
MAS) proton and carbon NMR spectra of 1 revealed the
appearance of methyl and methylene protons at 0.77 and 3.88
ppm, respectively, and the corresponding carbons at 17.8 and
71−76 ppm. ICP-OES analysis disclosed about 3.01% loading
of titanium on the magnesium chloride support. In our
attempts to access, identify, and quantify the oxidation states,
catalyst 1 was doubly activated with a variable amount of
MMAO12, and the oxidation states of the resulting catalysts
were accessed by X-ray photoelectron spectroscopy. As evident
from Table 1, treatment of catalyst 1 with [Al]/[Ti] ratio of
600 led to quantitative reduction of Ti(IV) to Ti(III). A
characteristic Ti 2p3/2 peak for Ti3+ was observed at a binding
energy of 457.7 eV, which is in line with the reported value.40

After having established access to a supported catalyst with
predominant Ti3+ state, the performance of 1 was evaluated in
ethylene polymerization. Catalyst 1 after second activation with
MMAO12 was found to be highly active in ethylene
polymerization and produced very high molecular weight
polyethylene. The effect of MMAO12 on molecular weight,
molecular weight distribution, and activity was investigated, and
a [Al]/[Ti] ratio of 600 produced the optimal balance between
Mw, MWD, and productivity. Thus, at [Al]/[Ti] = 600, PE with
a weight-average molecular weight of 2.07 × 106 g/mol and an
activity of 671 kgPE/mol Ti/h/atm was obtained. The highest
Mw with minimum activity was observed at 0 °C, whereas

Table 4. Comparison of the HT-GPC Results and MWD
Calculated from Rheology for the Selected Disentangled
UHMWPE Samples

HT-GPC results rheological MWD results

UHMWPE
sample

Mw (×106
g/mol) PDI

Mw (×106
g/mol) PDI

“x” in λ ∼
(Mw)

x

PE1 1.00 2.00 1.04 3.72 3.6
PE2 2.07 1.84 2.07 4.14 3.5
PE3 7.03 1.87 7.04 9.78 3.4
PE4 9.48 1.89 9.64 7.78 3.33
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minimum Mw and maximum activity were evidenced at an
elevated temperature of 60 °C. Remarkably, catalyst 1 displayed
a living behavior over the period of 2 h and a maximum Mw of
13.07 × 106 g/mol with a narrow MWD was attained.
Comparison of literature known heterogeneous catalyst and
state-of-the-art homogeneous catalysts suggests that the
hitherto unknown catalyst 1 after second stage activation with
MMAO12 outperforms its heterogeneous counterpart and
chromium-derived homogeneous system but falls short of the
FI catalyst. Nevertheless, to the best of our knowledge, this is
the first time a heterogeneous catalyst (catalyst 1) that displays
pseudo-single-site behavior is able to produce disentangled
ultrahigh molecular weight polyethylene.
The thermal properties of the resultant dis-UHMWPE were

investigated using DSC. In the first heating cycle, the nascent
polyethylenes revealed thermal transition at around 141−144
°C, which is a characteristic melting transition for a
disentangled UHMWPE. The DSC investigations demonstra-
ted that the entangled state (melting at around 134 °C) and
disentangled states (melting at around 140 °C) coexist in the
second heating cycle. Similar observations have been reported
by Rastogi and co-workers under identical thermal program.
Thus, from the DSC investigations it is apparent that the
nascent polymer obtained is in the disentangled state. The
disentangled state of the PE, molecular weight, and molecular
weight distribution were further corroborated by rheological
investigations. Isothermal time sweep experiments showed that
the elastic modulus increased with time reaching plateau values
after about 48 h. This corroborates the DSC evidence of
disentangled nature of the as-synthesized PE. The rheologically
determined molar mass agreed well with the absolute weight-
average molecular weight obtained from light scattering
detector of HT-GPC. Rheological measurements suggest higher
polydispersity in molar mass distribution than that expected for
a truly single site catalyzed polymer. However, this could be
due to the higher catalyst concentration used during polymer
synthesis. Thus, a pseudo-single-site heterogeneous catalyst has
been developed in a one-pot process, which upon second
activation with MMAO12 led to the production of disentangled
ultrahigh molecular weight polyethylene.

■ EXPERIMENTAL SECTION
Materials. Unless noted otherwise, all manipulations for air- and

moisture-sensitive compounds were performed under an argon

atmosphere using standard high-vacuum Schlenk techniques or in a
glovebox. Titanium(IV) ethoxide, toluene, and hexane were purchased
from Spectrochem Pvt. Ltd., Mumbai, India. Titanium(IV) ethoxide
was used as received, and toluene/hexane was dried over sodium/
benzophenone in an argon atmosphere and freshly distilled prior to
use. Ethylene (99.995%; 4.5 grade) was supplied by Ms. Vadilal
Chemicals Ltd., Pune, India. Diethylaluminum chloride (DEAC) was
obtained from Crompton GmbH. Anhydrous magnesium chloride and
modified methylaluminoxane (MMAO-12, 7 wt % aluminum in
toluene) were obtained from Sigma-Aldrich and used as received.
Antioxidant Irganox 1010 was purchased from Ciba.

XPS Analysis. XPS measurements were carried out using Thermo
Scientific K-alpha+ X-ray photoelectron spectrometer (XPS). As the
catalyst is air/moisture sensitive, a specially designed vacuum transfer
module was used to transfer samples from a glovebox environment
into the K-Alpha+ system without exposure to air. The details of the
vacuum transfer module and complete sample preparation are
described in Supporting Information.

NMR Measurements. All solid-state NMR spectra were recorded
on a Joel 400 spectrometer, resonating at 100 MHz for 13C and 400
MHz for 1H, using a 4 mm double resonance MAS probe. High-
temperature NMR of the UHMWPE sample was recorded at 130 °C
in C6D6 + TCB (10:90) on a 500 MHz machine (Bruker Avance).

Determination of Molar Mass (Mw) and Molar Mass
Distribution (PDI). Weight-average molecular weight (Mw),
number-average molecular weight (Mn), and polydispersity index
(PDI) of the synthesized disentangled UHMWPEs were recorded in
1,2,4-trichlorobenzene at 160 °C by a Viscotek GPC (HT-GPC
module 350A) instrument equipped with the triple detector system.
The detectors were calibrated with linear polystyrene standards, and
the reported molecular weights are absolute molecular weights.

Scanning Electron Micrographs. The morphology of the
catalyst 1 was investigated using a high-resolution FEI QUANTA
200 3D Environmental SEM. The sample was suspended in hexane
and placed on silicon wafer. The samples were coated with gold by a
sputtering technique.

Thermal Analysis. A TA Instruments Q-10 or Q-100 differential
scanning calorimeter (DSC) was utilized to obtain the melting
temperatures (Tm) and subsequent melt enthalpies. To minimize the
thermal lag caused by the samples, the weight is kept within 6 ± 0.1
mg for each sample. During the measurement, nitrogen was
continuously purged at 50 mL/min. A thermal protocol has been
devised to obtain samples having different entanglement densities by
following a literature reported method as depicted in Figure 8.38 The
sample was heated from 50 °C to an annealing temperature which is
higher than PE’s equilibrium temperature (145 °C) at 10 °C/min to
160 °C. At this temperature, the sample was annealed for a fixed time
(5, 15, 30, and 60 min.). Four different annealing times were chosen to
vary entanglement density in melt. Next, the sample was cooled to an

Figure 8. Thermal analysis protocol.
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isothermal crystallization temperature of 128 °C at a 10 °C/min rate.
The sample was kept on hold at isothermal crystallization temperature
for a fixed time of 180 min. Next, the sample was cooled to 50 °C, and
second heating was done from 50 to 160 °C at 10 °C/min. The DSC
plots shown in Figure 5 were obtained during this second heating
ramp.
Rheology Measurements. The melt properties of the poly-

ethylene were measured using an 8 mm aluminum parallel plate
geometry on a strain-controlled rheometer (ARES G2). The PE
samples (along with 0.7 wt % antioxidant Irganox 1010) were
compacted into an 8 mm diameter disc of 1 mm thickness at room
temperature using a hand-held mold. The disc was loaded into the
rheometer at 110 °C. The temperature was increased to 130 °C at a
heating rate of 30 °C/min while a constant axial force of 1 N was
applied on the sample. The temperature was then ramped up to 190
°C at a rate of 10 °C/min while the axial force was stepped up to 4 N.
This method of heating and application of axial load is adapted from
the literature59 and is done to avoid slippage and ensure adequate
contact between the sample and the rheometer plate. Once the
temperature of the sample reached 190 °C, a time sweep was
performed at a frequency of 10 rad/s with a strain of 0.5% for about 48
h, after which a dynamic frequency sweep was performed on the
sample at 190 °C. The frequencies tested were from 600 to 6 × 10−4

rad/s at a strain of 0.5%.
Elemental Analysis. To know the weight percent of Ti, Al, and

Mg in synthesized heterogeneous catalyst 1, elemental analysis was
performed on an inductively coupled plasma optical emission
spectrophotometer (ICP-OES) [model: SPECTRO ARCOS Ger-
many, FHS 12 instrument].
Synthesis of Catalyst 1. In a three-neck round-bottom flask

equipped with a magnetic bar, nitrogen inlet, and a condenser, 40 mL
of freshly distilled dry n-hexane was added followed by 0.5 g (2.19
mmol) of titanium(IV) ethoxide and 3 g (31.51 mmol) of anhydrous
magnesium chloride. The reaction mixture was refluxed for an hour
with constant stirring. Subsequently, the temperature of the reaction
mixture was brought to room temperature, and 3.184 g (3.31 mL) of
diethylaluminum chloride (DEAC) in 10 mL of dry n-hexane was
added dropwise over a period of 20 min, and the reaction mixture was
refluxed for 2 h. The thus-obtained blackish slurry was cooled to room
temperature and washed with three portions of freshly distilled dry n-
hexane (3 × 25 mL). Finally, the solid catalyst 1 (yield: 3.46 g) was
dried under vacuum and stored in glovebox for further usage.
1H CP-MAS NMR (400 MHz, 298 K): δ = 3.88 (broad, s, CH2), 0.77
(broad, s, CH3).

13C CP-MAS NMR (100 MHz, 298 K): δ = 76.1−
71.1 (m, OCH2, Ti(OEt)4), 32.3 (m, CH2, n-hexane), 25.7 (m, CH2, n-
hexane), 17.8 (m, CH3, Ti(OEt)4), 8.2 (m, CH2, DEAC), 1.6 (s, CH3,
DEAC).
Elemental Analysis. Analysis was done using ICP-OES. Following

is the catalyst composition observed: Ti 3.01%; Al 1.12%; Mg: 17.83%.
Synthesis of MMAO-12-Treated Catalyst. In a round-bottom

Schlenk flask, 50 mg (0.031 25 mmol) of catalyst 1 and 7.25 mL
(18.75 mmol, 600 equiv) of MMAO-12 were added, and the mixture
was stirred for about an hour at room temperature. Subsequently, the
reaction mixture was washed with three portions of freshly distilled dry
n-hexane (3 × 10 mL each). Finally, the solid product was dried under
vacuum and stored in a glovebox for further analysis.
General Procedure for Ethylene Polymerization. The

polymerization was run in a Büchi glasuster cyclone 075 high-pressure
reactor equipped with an overhead mechanical stirrer, heating/cooling
jacket, and pressure regulators. A predried 250 mL Büchi reactor was
kept under vacuum at 95 °C for 1 h before usage. After cooling down,
the reactor was filled with argon, and after three cycles of vacuum/
argon, the reactor was filled with ethylene gas. It was charged with 130
mL of freshly distilled toluene at room temperature under the positive
flow of ethylene gas. The reaction temperature was set to the desired
value using Julabo temperature controller, and after the thermal
equilibrium is reached, 70% of total amount of MMAO-12 was added
and the mixture was stirred for about 30 min. Simultaneously, in a
separate Schlenk tube, 20 mL of freshly distilled toluene was taken,
and the remaining amount of MMAO-12 (30%) was added and the

content was stirred for 30 min (to quench air and moisture from
toluene if any). After 30 min, a suitable amount of catalyst was injected
into the reactor along with 20 mL of dry toluene containing
MMAO12, and the polymerization was initiated by pressuring the
reactor with ethylene. The polymerization was carried out for the
required time under vigorous stirring and constant feed of ethylene
and then terminated by addition of acidified methanol. The polymer
was filtered out, washed with a copious amount of methanol/acetone,
and dried overnight under vacuum at 60 °C to obtain free-flowing
powder. The polymerization results have been summarized in Table 2.

1H NMR (500 MHz, [C6D6 + TCB (10:90),] 130 °C): δ = 1.23
(broad, s, CH2).

13C NMR (125 MHz, [C6D6 + TCB (10:90),] 130
°C): δ = 30.4 (s, CH2).
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Metallocene Catalysts in Olefin Polymerization. Dalton Trans. 2009,
8803−8810.
(17) For earlier examples of catalysts that are capable of producing
UHMWPE, see: Kurtz, S. M. In The UHMWPE Handbook: Ultra High
Molecular Weight Polyethylene in Total Joint Replacement, 1st ed.;
Academic Press: New York, 2004.
(18) Kaminsky, W. New Polymers by Metallocene Catalysis.
Macromol. Chem. Phys. 1996, 197, 3907−3945.
(19) Ostoja Starzewski, K. A.; Xin, B. S.; Steinhauser, N.; Schweer, J.;
Benet-Buchholz, J. Donor−Acceptor Metallocene Catalysts for the
Production of UHMW-PE: Pushing the Selectivity for Chain Growth
to Its Limits. Angew. Chem., Int. Ed. 2006, 45, 1799−1803.
(20) Makio, H.; Kashiwa, N.; Fujita, T. FI Catalysts: A New Family of
High Performance Catalysts for Olefin Polymerization. Adv. Synth.
Catal. 2002, 344, 477−493.
(21) Makio, H.; Fujita, T. Development and Application of FI
Catalysts for Olefin Polymerization: Unique Catalysis and Distinctive
Polymer Formation. Acc. Chem. Res. 2009, 42, 1532−1544.
(22) Makio, H.; Terao, H.; Iwashita, A.; Fujita, T. FI Catalysts for
Olefin PolymerizationA Comprehensive Treatment. Chem. Rev.
2011, 111, 2363−2449.
(23) Mark, S.; Kurek, A.; Mulhaupt, R.; Xu, R.; Klatt, G.; Koppel, H.;
Enders, M. Hydridoboranes as Modifiers for Single-Site Organo-
chromium Catalysts: From Low- to Ultrahigh-Molecular-Weight
Polyethylene. Angew. Chem., Int. Ed. 2010, 49, 8751−8754.
(24) Ronellenfitsch, M.; Gehrmann, T.; Wadepohl, H.; Enders, M.
Improving 1-Hexene Incorporation of Highly Active Cp−Chromium-
Based Ethylene Polymerization Catalysts. Macromolecules 2017, 50,
35−43.
(25) Romano, D.; Ronca, S.; Rastogi, S. A. Hemi-metallocene
Chromium Catalyst with Trimethylaluminum-Free Methylaluminox-
ane for the Synthesis of Disentangled Ultra-High Molecular Weight
Polyethylene. Macromol. Rapid Commun. 2015, 36, 327−331.

(26) Romano, D.; Tops, N.; Andablo-Reyes, E.; Ronca, S.; Rastogi, S.
Influence of Polymerization Conditions on Melting Kinetics of Low
Entangled UHMWPE and Its Implications on Mechanical Properties.
Macromolecules 2014, 47, 4750−4760.
(27) Rastogi, S.; Lippits, D.; Talebi, S.; Bailly, C. Formation of
Entanglements in Initially Disentangled Polymer Melts. Macro-
molecules 2006, 39, 8882−8885.
(28) Talebi, S.; Duchateau, R.; Rastogi, S.; Kaschta, J.; Peters, G. W.
M.; Lemstra, P. J. Molar Mass and Molecular Weight Distribution
Determination of UHMWPE Synthesized Using a Living Homoge-
neous Catalyst. Macromolecules 2010, 43, 2780−2788.
(29) Rastogi, S.; Yao, Y.; Ronca, S.; Bos, J.; van der Eem, J.
Unprecedented High-Modulus High-Strength Tapes and Films of
Ultrahigh Molecular Weight Polyethylene via Solvent-Free Route.
Macromolecules 2011, 44, 5558−5568.
(30) Ronca, S.; Romano, D.; Forte, G.; Andablo-reyes, E.; Rastogi, S.
Improving the Performance of a Catalytic System for the Synthesis of
Ultrahigh Molecular Weight Polyethylene with a Reduced Number of
Entanglements. Adv. Polym. Technol. 2012, 31, 193−204.
(31) Ronca, S.; Forte, G.; Ailianou, A.; Kornfield, J. A.; Rastogi, S.
Direct Route to Colloidal UHMWPE by Including LLDPE in Solution
during Homogeneous Polymerization of Ethylene. ACS Macro Lett.
2012, 1, 1116−1120.
(32) Romano, D.; Andablo-Reyes, E.; Ronca, S.; Rastogi, S. Effect of
a Cocatalyst Modifier in the Synthesis of Ultrahigh Molecular Weight
Polyethylene having Reduced Number of Entanglements. J. Polym. Sci.,
Part A: Polym. Chem. 2013, 51, 1630−1635.
(33) Liu, K.; Ronca, S.; Andablo-Reyes, E.; Forte, G.; Rastogi, S.
Unique Rheological Response of Ultrahigh Molecular Weight
Polyethylenes in the Presence of Reduced Graphene Oxide.
Macromolecules 2015, 48, 131−139.
(34) Chikkali, S. H.; Patel, K.; Netalkar, S. In Metal Catalyzed
Polymerization: Fundamentals to Applications; CRC Press: Boca Raton,
FL, 2017; pp 31−115.
(35) Some of the heterogeneous ZN systems have been reported to
produce ultrahigh molecular weight polyethylene. However, almost all
of them appear to be multisite in nature, and no control over oxidation
state of the metal was achieved. It was not clear if the titanium exists in
one single oxidation state and which oxidation state. Or was it a
mixture of oxidation states exhibited by a common ZN system? For
recent efforts, see: Padmanabhan, S.; Sarma, K. R.; Sharma, S.
Synthesis of Ultrahigh Molecular Weight Polyethylene Using Tradi-
tional Heterogeneous Ziegler−Natta Catalyst Systems. Ind. Eng. Chem.
Res. 2009, 48, 4866−4871.
(36) Padmanabhan, S.; Sarma, K. R.; Rupak, K.; Sharma, S. Synthesis
of Ultrahigh Molecular Weight Polyethylene: A Differentiate Material
for Specialty Applications. Mater. Sci. Eng., B 2010, 168, 132−135.
(37) Philippaerts, A.; Ensinck, R.; Baulu, N.; Cordier, A.; Woike, K.;
Berthoud, R.; De Cremer, G.; Severn, J. R. Influence of the Particle
Size of the MgCl2 Support on the Performance of Ziegler Catalysts in
the Polymerization of Ethylene to Ultra-high Molecular Weight
Polyethylene and the Resulting Polymer Properties. J. Polym. Sci., Part
A: Polym. Chem. 2017, 55, 2679−2690.
(38) Liu, K.; de Boer, E. L.; Yao, Y.; Romano, D.; Ronca, S.; Rastogi,
S. Heterogeneous Distribution of Entanglements in a Nonequilibrium
Polymer Melt of UHMWPE: Influence on Crystallization without and
with Graphene Oxide. Macromolecules 2016, 49, 7497−7509.
(39) Additional peaks can be assigned to diethyl aluminum chloride
or to physisorbed solvent n-hexane. The peak assignment for diethyl
aluminum chloride is based on literature reported data, see: Sadykov,
R. A.; Safina, G. D.; Teregulov, I.; Kh; Paramonov, E. A. Chemically
Induced Dynamic Nuclear Polarization and the Mechanism of the
Reaction of Et3Al with CCl4 in the Presence of Transition Metal
Complexes. Kinet. Catal. 2010, 51, 497−501.
(40) Reference 11 and Lu, G.; Bernasek, S. L.; Schwartz, J. Oxidation
of a Polycrystalline Titanium Surface by Oxygen and Water. Surf. Sci.
2000, 458, 80−90.
(41) Zhang, H. X.; Shin, Y. J.; Lee, D. H.; Yoon, K. B. Preparation of
Ultrahigh Molecular Weight Polyethylene with MgCl2/TiCl4 Catalyst:

Macromolecules Article

DOI: 10.1021/acs.macromol.8b00590
Macromolecules XXXX, XXX, XXX−XXX

K

http://dx.doi.org/10.1021/acs.macromol.8b00590


Effect of Hydrogen and Cocatalyst on Molecular Weight and
Molecular Weight Distribution. Macromol. Res. 2012, 20, 112−115.
(42) Jones, R. L.; Armoush, M. Catalysts for UHMWPE. Macromol.
Symp. 2009, 283−284, 88−95.
(43) Padmanabhan, S.; Sarma, K. R.; Sharma, S.; Patel, V. Controlled
Catalyst Dosing: An Elegant Approach in Molecular Weight
Regulation for UHMWPE. Macromol. React. Eng. 2009, 3, 257−262.
(44) The assumption is based on the reported PDI for UHMWPE
synthesized using ZN type catalyst (in the presence of donors). See ref
41 and Shin, Y. J.; Zhang, H. X.; Yoon, K. B.; Lee, D. H. Preparation of
Ultrahigh Molecular Weight Polyethylene with MgCl2/TiCl4 Cata-
lysts: Effect of Temperature and Pressure. Macromol. Res. 2010, 18,
951−955.
(45) Comito, R. J.; Fritzsching, K. J.; Sundell, B. J.; Schmidt-Rohr, K.;
Dinca,̆ M. Single-Site Heterogeneous Catalysts for Olefin Polymer-
ization Enabled by Cation Exchange in a Metal-Organic Framework. J.
Am. Chem. Soc. 2016, 138, 10232−10237.
(46) Guan, Z.; Cotts, P. M.; McCord, E. F.; McLain, S. J. Chain
Walking: A New Strategy to Control Polymer Topology. Science 1999,
283, 2059−2062.
(47) Kenyon, P.; Mecking, S. Pentafluorosulfanyl Substituents in
Polymerization Catalysis. J. Am. Chem. Soc. 2017, 139, 13786−13790.
(48) Zijlstra, H. S.; Harder, S. Methylalumoxane − History,
Production, Properties, and Applications. Eur. J. Inorg. Chem. 2015,
2015, 19−43.
(49) Velthoen, M. E. Z.; Munoz-Murillo, A.; Bouhmadi, A.; Cecius,
M.; Diefenbach, S.; Weckhuysen, B. M. The Multifaceted Role of
Methylaluminoxane in Metallocene-Based Olefin Polymerization
Catalysis. Macromolecules 2018, 51, 343−355.
(50) While majority of the literature on UHMWPE does not report
PDI, heterogeneous catalysts displaying polydispersity index of up to 5
are classified as single site catalysts. See ref 45 and Hlatky, G. G.
Heterogeneous Single-Site Catalysts for Olefin Polymerization. Chem.
Rev. 2000, 100, 1347−1376.
(51) Heurtefeu, B.; Bouilhac, C.; Cloutet, E.; Taton, D.; Deffieux, A.;
Cramail, H. Polymer Support of “Single-Site” Catalysts for
Heterogeneous Olefin Polymerization. Prog. Polym. Sci. 2011, 36,
89−126.
(52) Amgoune, A.; Krumova, M.; Mecking, S. Nanoparticle-
Supported Molecular Polymerization Catalysts. Macromolecules 2008,
41, 8388−8396.
(53) Yu, F.; Yang, Y.; He, D.; Gong, D.; Chen, Z.-R. Pressure-
Sensitive Supported FI Catalyst for the Precise Synthesis of Uni- and
Bimodal Polyethylene. Ind. Eng. Chem. Res. 2017, 56, 4684−4689.
(54) Mitani, M.; Mohri, J.; Yoshida, Y.; Saito, J.; Ishii, S.; Tsuru, K.;
Matsui, S.; Furuyama, R.; Nakano, T.; Tanaka, H.; Kojoh, S.; Matsugi,
T.; Kashiwa, N.; Fujita, T. Living Polymerization of Ethylene
Catalyzed by Titanium Complexes Having Fluorine-Containing
Phenoxy−Imine Chelate Ligands. J. Am. Chem. Soc. 2002, 124,
3327−3336.
(55) Although there are many heterogeneous supported ZN systems
that have been reported to yield UHMWPE, we have chosen a
reference which provides requisite data under near identical conditions
for fair comparison. The following reference reports data near identical
conditions. See Table 2 in Zhang, H.; Shin, Y.; Lee, D.; Yoon, K.-B.
Preparation of Ultrahigh Molecular Weight Polyethylene with MgCl2/
TiCl4 Catalyst: Effect of Internal and External Donor on Molecular
Weight and Molecular Weight Distribution. Polym. Bull. 2011, 66,
627−635.
(56) Please note that, to the best of our knowledge, MAO has not
been used to activate supported ZN system. TMA was used as
cocatalyst in the supported ZN system reported in ref 55, whereas
MMAO12 has been used as cocatalyst in this work.
(57) Matsugi, T.; Fujita, T. High-performance Olefin Polymerization
Catalysts Discovered on the Basis of a New Catalyst Design Concept.
Chem. Soc. Rev. 2008, 37, 1264−1277.
(58) Please see ref 20 and the references therein.
(59) The data are for the most active pentafluoro-substituted
phenoxyimine system. See: Pandey, A.; Champouret, Y.; Rastogi, S.

Heterogeneity in the Distribution of Entanglement Density during
Polymerization in Disentangled Ultrahigh Molecular Weight Poly-
ethylene. Macromolecules 2011, 44, 4952−4960.
(60) This data are for catalyst 1 developed in the present work. For
more details see Table 2 and the Supporting Information.
(61) Sieb, D.; Baker, R. W.; Wadepohl, H.; Enders, M. Naphthyridine
Cyclopentadienyl Chromium Complexes as Single-Site Catalysts for
the Formation of Ultrahigh Molecular Weight Polyethylene. Organo-
metallics 2012, 31, 7368−7374.
(62) Rastogi, S.; Lippits, D.; Peters, G. W. M.; Graf, R.; Yao, Y.-F.;
Spiess, H. W. Heterogeneity in Polymer Melts from Melting of
Polymer Crystals. Nat. Mater. 2005, 4, 635−641.
(63) Romano, D.; Andablo-Reyes, E.; Ronca, S.; Rastogi, S.
Aluminoxane Co-Catalysts for the Activation of a Bis-Phenoxyimine
Titanium (IV) Catalyst in the Synthesis of Disentangled Ultra-high
Molecular Weight Polyethylene. Polymer 2015, 74, 76−85.
(64) Liu, C.; He, J.; van Ruymbeke, E.; Keunings, R.; Bailly, C.
Evaluation of Different Methods for the Determination of the Plateau
Modulus and the Entanglement Molecular Weight. Polymer 2006, 47,
4461−4479.
(65) In Non-radical Polymerisation; Bamford, C. H., Tipper, C. F. H.,
Eds.; Elsevier Scientific Publishing Company: Amsterdam, 1976.
(66) In Scaling Concepts in Polymer Physics; de Gennes, P. G., Ed.;
Cornell University Press: Ithaca, NY, 1979.
(67) In The Theory of Polymer Dynamics; Doi, M., Edwards, S. F.,
Eds.; Oxford University Press: Oxford, UK, 1988.
(68) In Polymer Physics; Rubinstein, M., Colby, R., Eds.; Oxford
University Press: Oxford, UK, 2003.

Macromolecules Article

DOI: 10.1021/acs.macromol.8b00590
Macromolecules XXXX, XXX, XXX−XXX

L

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00590/suppl_file/ma8b00590_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b00590

