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Complexes of titanium(IV) with bulky phenolic ligands such as 2-tert-butyl-4 methylphenol, 2, 4-
di-tert-butyl phenol and 3,5-di-tert-butyl phenol were prepared and characterized. These catalyst
precursors, formulated as [Ti(OPh∗)n(OPri)4−n] (OPh∗ = substituted phenol), were found to be
active in polymerization of ethylene at higher temperatures in combination with ethylaluminum
sesquichloride (Et3Al2Cl3) as co-catalyst. It was observed that the reaction temperature and ethylene
pressure had a pronounced effect on polymerization and the molecular weight of polyethylene
obtained. In addition, this catalytic system predominantly produced linear, crystalline ultra-low-
molecular-weight polyethylenes narrow dispersities. The polyethylene waxes obtained with this
catalytic system exhibit unique properties that have potential applications in surface coating and
adhesive formulations. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

There has been an immense interest in the use of non-
cyclopentadienyl catalysts for olefin polymerization over the
past few years.1 – 4 The replacement of ubiquitous ‘Cp’ ligand
with hard donor ligands such as amido,5,6 alkoxide,7 siloxide8

and aryl oxide9 – 11 groups has tremendously expanded
the scope of organometallic chemistry at early d-block
metal centers.12,13 One particular area of focus has been
the application of titanium alkyloxides and aryloxides as
precatalysts for novel types of α-olefin polymerizations.14 – 17

These titanium-based catalysts have also found extensive use
in organic transformations such as oxidation,18 epoxidation19

and carbon–carbon bond formation.20 Further, the diversity
of these titanium complexes stems from the fact that Ti(OR)4-
type compounds are easily accessible and possess the ability
to stabilize unusual coordination polyhedra, which have lead
to the synthesis of two- and three-dimensional metal–organic
frameworks.21 – 23
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E-mail: gopal.tembe@ipcl.co.in

Industrial manufacture of polyethylene is primarily
concerned with conventional grades such as low-density,
high-density and linear-low-density polyethylenes (LDPE,
HDPE and LLDPE). Nevertheless, new types of polyethylene
as building blocks in chemical industry catalyst systems that
are more active and selective are constantly being sought
to meet the demand for polymer properties and minimize
the cost of production. A potentially emerging segment of
the global polyethylene business involves the production of
specialty low-molecular-weight polyethylene wax, which is
gaining importance for many applications.24 – 27 Polyethylene
wax (PE wax) can be made by direct polymerization of
ethylene under controlled conditions. Another route involves
breaking down high-molecular-weight polyethylene into
lower-molecular-weight fractions. A third method involves
separation of the low-molecular-weight PE fraction from
high-molecular-weight polymer.

Commercial PE waxes, because of their unique physic-
ochemical properties, serve as aids in a variety of plastics
processing applications to enhance lubricity, control the
set/softening point of hot melt adhesives, impart slip and rub
resistance in printing inks and improve the fusing properties
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in toner formulations, etc.28 – 30 Wax producers like Clariant
(Licowax), Dow (Insite catalyst) and Mitsui (Excerex process)
employ proprietary metallocenes and methyl alumoxane as
co-catalysts for polymerizing ethylene to highly crystalline
low-molecular-weight polyethylene.31 – 34 Synthetic PE waxes
are generally characterized by low melt temperatures, high
crystallinity, molecular weights from 1000 to 3000 g/mol and
mean particle size around 10–30 µm. Compared with the
relatively expensive metallocene technology, the design and
development of non-metallocene homogeneous catalysts that
are easily accessible, less expensive and tolerant to mois-
ture and air for producing specialty PE wax, constitutes an
useful research objective. However, there has been no sys-
tematic effort to study catalysts containing aryl oxides of
group 4 metals, in particular those derived from sterically
hindered phenols in ethylene polymerization. The arylox-
ides of titanium and zirconium described by the formulation
[(OR)nMX4−n, where R = substituted phenol, X = labile lig-
and and M = Ti(IV) or Zr(IV)] are relatively ineffective in
presence of MAO as co-catalyst for producing low-molecular-
weight polyethylene.35 – 40 In a recent finding we reported that
titanium complexes of 1,1′-bi-2-aryl oxide, such as BINOL
(1,1′-binaphthalene-2,2′-diol), which is an important c2 sym-
metric chiral auxiliary ligand, promoted the polymerization
of ethylene to predominantly low-molecular-weight prod-
uct having high crystallinity and narrow polydispersity.41 In
order to gain further insight into the interesting behavior of
bulky aryloxy derivatives of Ti(IV) in polymerization, in the
present work, catalyst precursors containing sterically bulky
phenols have been prepared and evaluated for catalytic ethy-
lene polymerization in combination with ethyl aluminum
sesquichloride as co-catalyst.

RESULTS AND DISCUSSION

Synthesis of aryloxide complexes of titanium
The preparation of Ti–phenolate complexes was carried out
via the stoichiometric reaction between Ti(OPri

)4 and the
phenolic ligands [1 : 2 mole ratio in the case of 1 and 1 : 4 mole
ratio in the case of 2–4] and removal of liberated isopropanol
azeotropically. The reaction in toluene afforded dark orange
colored complexes.

Catalyst characterization
The titanium complexes 1–4 described by the empirical
formula Ti(OPh∗

)n(OPri
)4−n are generally soluble in aromatic

and chlorinated aromatic solvents but only sparingly
so in aliphatic hydrocarbons. Catalysts 1–4 have been
characterized by microanalysis, IR, 1H NMR, FAB mass
spectra and thermal analysis. In a typical IR spectra of
1, the low intensity broad peaks in the 3000–3500 cm−1

region indicate deprotonation of the phenolate ligand on
complexation to the titanium center.

The 1H NMR spectra are generally simple and were
primarily used as a diagnostic tool for ascertaining the purity
of the complexes (Fig. 1). A set of multiplets in the region
7.0–7.3 ppm for the aromatic protons is a common feature in
addition to signals due to methyl proton at 2.36 ppm and the
tertiary butyl group {–C(CH3)3} at 1.3 ppm. In the FAB mass
spectra of 3 a prominent peak for ligand fragment (phenolate
ion) appeared at 206. However, the parent ion was not
detected. Fragment ions originating from other species were
difficult to establish due to the complexity of the spectrum
beyond m/z values of 400. Such band patterns were also
noted in the EI-MS of other titanium alkoxide complexes.42 – 45

Figure 1. 1H NMR of catalyst 3.
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Scheme 1. Catalyst synthesis. Ph∗OH = 2-tert-butyl-4 methyl phenol (1 and 2); 3,5-di-tert-butyl phenol (3); 2,4-di-tert-butyl phenol
(4).

In general the Ti catalysts are quite stable, as is apparent
from the thermal degradation profile (Fig. 2), which indicates
major degradation peaks in the 200–400 ◦C region. However,
complete degradation to the dioxide, TiO2, was noted beyond
480 ◦C. Typical TG results for 1 (observed 16.8%; calculated
16.2%) and 3 (observed 8.9%; calculated 9.2%) support the
solid-state stoichiometry of the complexes inferred from
microanalysis.

Polymerization of ethylene
The results of ethylene polymerization using catalyst
precursors 1–4 are shown in Table 1. The efficiency of
catalysts was compared with known metallocenes such as
Cp2TiCl2 and Cp2ZrCl2 in the presence of EASC as co-
catalyst. The polymerization was carried out under different

reaction conditions such as temperature, pressure, solvent
and co-catalysts. Initial examination of catalysts indicated
that, amongst the different substituted phenols, titanium
complexes of 2-tert-buyl-4 methylphenol and 3, 5 di-tert-butyl
phenol generally display higher activity in polymerization
than the titanium complex of 2, 4 di-tert-butyl phenol
(Table 1, entries 1–4). The metallocenes on the other hand
are practically inactive under these reaction conditions
(Table 1, entries 5 and 6). The activity is also predominantly
dependent on the nature of the co-catalyst. Ethylaluminum
sesquichloride uniquely favors the polymerization. Other
chlorinated alkylaluminums, EtAlCl2 (EADC; Table 1, entry
11), are also active but show lower productivities. This rather
exclusive combination of Ti–phenolate precursor and EASC
co-catalyst in polymerization suggests formation of active
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Figure 2. Typical TG of catalyst 3.

Table 1. Results of ethylene polymerization with Ti–phenolate catalytic systema

Entry Catalyst Temperature, ◦C Pressure, psi Co-catalyst Activity, kg PE/g Ti Mw PD Tm (◦C) d (g cm−3)

1 1 100 500 EASC 19.9 1290 1.5 118 0.952
2 2 100 500 EASC 24.7 1170 1.5 124 0.954
3 3 100 500 EASC 18.5 930 1.4 128 0.958
4 4 100 500 EASC 4.7 840 1.4 125 0.954
5 Cp2TiCl2 100 500 EASC 0.2 — — — —
6 Cp2ZrCl2 100 500 EASC 1.0 — — — —
7b 2 100 250 EASC 9.5 116
8c 3 50 500 EASC 2.6 —
9d 3 30 500 EASC 0.3 —
10 3 100 500 MAO 1.5 132
11 3 100 500 EADC 4.2 123
12 3 100 500 TEAL 0.2 —
13e 3 100 500 EASC 23.5 116
14f 3 100 500 EASC 0.1 —

a All reactions were carried out in a 600 ml SS reactor at 100 ◦C and 500 psi ethylene pressure for 1h in toluene.
b (C2H4) = 250 psi; temperature = 50 ◦Cc , 30 ◦Cd ; e solvent = chlorobenzene;
f hexane.
EADC = EtAlCl2, TEAL = Et3Al.

intermediates responsible for polymerization, as will be
discussed in the following section. Interestingly conventional
co-catalysts for polyolefin production such as methyl
alumoxane (MAO) and triethylaluminum (TEAL, Et3Al;
entries 10 and 12) displayed poor activity while the isolated
polymer was found to be largely coarse and inhomogeneous.
A noteworthy feature of polyethylene obtained with these
Ti–phenolate catalysts is the invariably low molecular
weight (Mw) of the polymer, as revealed by GPC analyses.
In all cases the PEs display narrow molecular weight
distribution (Mw/Mn = 1.4–1.5). It is however, pertinent to
point out that the tetra aryloxides of unsubstituted phenol
such as Ti(OR)4 essentially lead to low molecular weight
linear alpha olefins in the C4 –C20 carbon range in sharp

contrast to exclusive formation of solid PE wax with [Ti
(OPh∗

)n (OPri
)4−n]-type complexes employed in the present

study.46,47 This can be qualitatively interpreted as the chain
propagation rates, rp ≈ rt in the case of the Ti(OR)4 –EASC
catalyst system, resulting in oligomer formation whereas
with the [Ti(OPh∗

)n(OPi
)4−n]–EASC system rp > rt, giving

polyethylene under identical conditions. The absence of
α-olefins was also confirmed by gas chromatographic
analysis of reaction mixture after separation of polymer.
Detailed studies on the effect of temperature (entries 3, 8
and 9) and pressure (entries 3 and 7) were then carried
out employing complex 3 and EASC as the co-catalysts.
From the results summarized in Tables 1 it is evident
that increasing the reaction temperature from ambient to
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100 ◦C has a marked effect on the activity as seen by the
approximately 10-fold increase in polymer yield. Applying
higher pressure while maintaining constant temperature
led to higher productivity. Generally a combination of
higher Al : Ti ratio and higher temperature led to an
improvement in the productivity of the catalyst. A brief
study of the effect of different solvents (Table 1, entries 13
and 14) indicated that a chlorinated aromatic solvent such as
chlorobenzene showed a nearly 25% increase in productivity
of polyethylene over toluene. Interestingly, this increase was
accompanied by a slight increase in Mw. However, aliphatic
hydrocarbon solvents such as hexane resulted in poor activity,
which may be due to low solubility of catalysts in these
solvents.

In order to ascertain the level of branching in the ‘as
synthesized’ polymer reported in Table 1, the IR spectrum
was compared with a standard PE wax sample using the
following equation.48 The branching degree of PEs was
determined by taking the value of absorbance of the 1378 cm−1

peak (νs CH3)
n

1000C
= (A1378/lρ) 5.4

0.691

From the spectrum shown in Fig. 2 the reference material
indicated a branching degree of 4 compared with 1.9 for
the sample. These values are consistent with generally fewer
short chain branches (SCB) observed for most linear high
density polyethylenes (∼1–2/1000C).

To investigate the molecular properties of polyethylenes
further, they were characterized by GPC (Fig. 3). A
commercial PE wax sample was also included as a reference
for comparison. The GPC of this material also displays
similar distribution in the low-molecular-weight region. As
discussed earlier, one of the striking feature of these PEs is
the exceptionally low molecular weights (Mw = 840–1290)
and narrow polydispersities (PD = 1.4–1.5). In no case was
high-molecular-weight PE (Mw ≥ ∼105) obtained, although
these catalysts resemble typical Ziegler–Natta systems. As
briefly mentioned in the Introduction, polyethylene waxes
with interesting applications have similar molecular weights
and molecular weight distributions. The DSC (Fig. 4) also
reveals lower Tm than that observed for conventional HDPE
or LDPE. A known sample of micronized PE wax was used as
benchmark for comparison of polymer properties with that
obtained in this work (The commercial samples employed
in this work, MPP123 and MPP 635 are a micronized, high-
melting-point, crystalline form of polyethylenes and were
supplied by M/s Micro Powders Inc., USA. The products
have a Tm of 125-135 ◦C, molecular weight 2000, d (25 ◦C)
0.96 and maximum particle size = 31 µm. These and other
grades of polyethylene waxes have been designed to increase
the abrasion resistance and anti-blocking characteristics in
flexographic inks as well as industrial paints and coatings.
More details can be found at www.micropowders.com).

The intensity of the equatorial peaks in the X-ray
diffractogram (Fig. 5) for the 110 (2θ = 21.5◦) and 200

Figure 3. GPC profile of polymer listed in Table 1:
(a) commercial sample; (b) Table 1, entry 3; (c) Table 1, entry
2; (d) Table 1, entry 4; (e) Table 1, entry 1.

Figure 4. DSC of PE wax, Table 1: (a) entry 2; (b) entry 3.

(2θ = 23.5◦) reflection planes for the experimental sample
closely match the intensity of the reference sample and the
pattern is indicative of orthorhombic crystallinity in these
samples.

The crystalline nature of these polymers was also estimated
by integration of the X-ray diffraction peaks observed for the
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Figure 5. XRD of PE wax (a) commercial sample; (b) Table 1,
entry 1; (c) Table 1, entry 2; (d) Table 1, entry 3.

wax samples. A high degree of crystallinity is indicated
in all cases, generally in the range 80–88%. The polymer
particles appear as well separated crystalline blocks having
sharp plate-like features, as seen by a scanning electron
micrograph. A common feature of these waxes is that the
average particle size of the polymer as measured during post-
reactor work-up was typically <400 µm. In Fig. 6 is shown
the SEM of one of the PE samples obtained in this study. The
unique polymer properties exemplified by these titanium
phenolate–EASC catalyst system can be fine-tuned to tailor
the Mw and polydispersities for the end use application.

Catalytic pathway
Treatment of mononuclear Ti(OR)4-type alkoxides with
alkylaluminum halides has been reported to yield active
intermediates (see below) responsible for the polymerization
of ethylene to low-molecular-weight dimers and oligomers,
which essentially follow Schulz–Flory-type distribution.49 – 53
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We believe that a similar type of active species may be
involved in the present Ti–phenolate system. Moreover, as

EASC is derived from an equimolar mixture of EADC and
DEAC,54 we have

2 Et3Al2Cl3 ⇀↽ (EtAlCl2)2 + (Et2AlCl)2

Since EASC can dissociate as Et2AlCl and EtAlCl2 in solution,
it is reasonable to expect the formation of two types of
catalytic species on interaction with Ti–phenolate catalyst.
The reduction of Ti(IV) in the presence of EASC will generate
catalytically active Ti-alkyl intermediates.

Qualitative information on the course of reaction was
followed with the help of UV–vis spectra at different stages
of mixing of the catalyst precursor and EASC in toluene. For
example, in Fig. 7 the peak at 365 nm after immediate addition
of EASC to catalyst 1 disappears (intensity is reduced). The
introduction of ethylene leads to a new peak at around 460 nm
(LMCT band). Similar evidence for the formation of active
Ti-alkyl species was proposed for ethylene polymerization
using a metallocene Cp2TiCl2 and MAO by Kaminsky and
others.55,56

As shown in Scheme 2 the active catalysts in polymeriza-
tion need to retain monomeric four or five coordinate geome-
try to allow for olefin insertion and subsequent propagation.57

Figure 6. SEM of PE wax (Table 1, entry 1).
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Scheme 2. Reaction of catalyst 1 with EASC.
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Figure 7. UV spectrum, (a) catalyst 1 + EASC; (b) catalyst 1;
(c) catalyst 1 + EASC + C2H4.

In the present Ti–phenolate catalytic system, higher tem-
peratures tend to favor formation of active intermediates
responsible for polymerization.

Mechanistic aspect
From the information collected in Table 1 it follows that for
the different Ti–catalyst precursors examined in this study,
the activities and molecular weight dependence are primarily
governed by (1) the nature of the substituents; (2) the type
of alkyl aluminum co-catalyst; and finally (3) the reaction
conditions of polymerization.

Based on a theoretical study by Morokuma58,59 on the
catalytic polymerization by chelating bridged and non-
bridged Titanium aryloxides, it is possible to predict the
possible course of ethylene polymerization for the present
Ti–phenolate–EASC catalytic system. The active cationic
species generated from the ‘pre catalyst’ intermediates
shown in Scheme 2 will facilitate the insertion of ethylene
(rate determining step) into the growing chain, which
ultimately leads to the desired polyethylene via propagation
and termination steps. A modified Cossee–Arlmann-type
mechanism60 – 62 can thus be extended to rationalize the
polyethylene formation with these catalysts (Scheme 3).

Although chain transfer can occur by other reactions
as well, however, the relative inactivity of these catalysts
with MAO & Et3Al indicates that termination is unlikely to
proceed by transfer to Al-alkyl or by H2 under the reaction
conditions. It is obvious that steric factors in phenols and
the coordination geometry around the Ti atom contribute
significantly towards productivity and inter alia molecular
weight regulation.63,64 This implies that the ligands that
generate the highest molecular weights do so by slowing
down β-hydrogen abstraction. Although the structure of
active intermediates is as yet unknown, the mechanism
leading to these linear low-molecular-weight polyethylenes

(OPh*)2Ti(OPri)2 + Et3Al2Cl3
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Ti

+

*PhO

C2H4
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Scheme 3. Proposed mechanism of ethylene polymerization
by Ti–phenolates.

is consistent with those reported previously for solution
phase olefin polymerization using titanium alkoxides and
aluminum alkyls.58,59,65,66 Efforts are underway to investigate
the detailed kinetics of this reaction.

CONCLUSIONS

The complexes of titanium(IV) with bulky phenolic ligands
in presence of ethylaluminum sesquichloride as co-catalyst
are highly effective for the synthesis of specialty low-
molecular-weight polyethylene with good productivity. The
catalyst activity is significantly influenced by the reaction
temperature and Al : Ti ratios. The physical properties
exhibited by these polyethylenes such as low molecular
weights, high crystallinity and narrow dispersities suggest
single-site catalytic behavior of Ti-aryloxy precursors. The
close resemblance of polymer properties to commercially
important synthetic waxes holds promise for developing
alternative cheaper catalysts for this process.

EXPERIMENTAL

Materials
The synthetic work involving air- and/or moisture-sensitive
compounds was carried out using standard high vacuum
Schlenk or dry box (VAC) technique. AR-grade toluene was
refluxed over sodium for 4 h and freshly distilled prior to
use. High-purity ethylene (polymer grade) was collected in
a cylinder from the commercial plant, the pressure of which
was adjusted with a two-stage regulator. Co-catalysts were
purchased from Ethyl Corporation or Crompton GmbH and
used without further purification. Titanium iso-propoxide
and the different substituted phenols were purchased from
Aldrich and used as received.
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Elemental analysis
Elemental analyses was carried out on a Perkin Elmer
Model 2400 instrument. Titanium content in catalysts was
determined gravimetrically as TiO2.

IR spectra
A Perkin Elmer FT-IR spectrometer model Spectrum BX was
used to obtain the IR spectra of samples pressed into KBr
pellets over the 4000–400 cm−1 range.

NMR analysis
1H NMR spectrum of catalysts was recorded in CDCl3 solvent
on a Varian NMR 300 MHz spectrometer using TMS as an
internal reference.

FAB mass spectra
FAB mass spectral analysis of catalysts was carried out on a
Jeol SX 102/DA-6000 mass spectrometer/data system using
argon/xenon as the FAB gas. The accelerated voltage was
10 kV and the spectra were recorded at room temperature.
m-Nitrobenzyl alcohol was used as the matrix.

UV–vis spectra
UV–vis spectra of Ti–catalyst and EASC were separately
taken in toluene solutions and sealed in 1 cm airtight
quartz cells under nitrogen atmosphere. The spectra were
then recorded on a Perkin-Elmer Lambda 19 UV–vis–NIR
spectrophotometer in the 200–800 nm range at ambient
temperature; 2.0 × 10−4 mmol solution of the catalyst in
toluene was taken for recording the spectra.

Gel permeation chromatography
Molecular weights of polyethylene were determined using
size exclusion chromatography (SEC). The high-temperature
GPC analysis of the polymers was carried out using Polymer
Lab’s PL-GPC 220 chromatograph. A set of PL Gel three
Mixed B columns were used. 1,2,4-Trichlorobenzene was
used as the mobile phase at 135 ◦C. Irganox, 0.0125%, was
added to the mobile phase prior to filtration. A sample
preparation unit, PL-SP260, was used to dissolve and filter
the samples at 135 ◦C; 0.2% solutions were injected with
the help of an auto sampler to record the chromatogram.
Viscotek’s Trisec conventional software was used to analyze
the chromatograms which were matched with polystyrene
calibration curve. The following MHK constants were
used to construct an universal calibration curve. For PS:
K = 1.2105 × 10−4; a = 707; PE: K = 4.055 × 10−4; a = 725.

Differential scanning calorimetry
Differential scanning calorimetry was performed under
continuous nitrogen purge on a Mettler–Toledo DSC 822
instrument from 30 to 200 ◦C at a scan rate of 10 ◦C/min.
Indium was used to perform the calibration.

Thermogravimetry
TGA/DTA of catalysts were recorded in air (heating rate
10 ◦C/min) from ambient to 800 ◦C on a TA Instrument
(Universal V2).

Density of polymer
The density of polymers was determined in n-butyl acetate
medium at 23 ◦C as per ASTM method D 792-00.

X-ray diffraction
X-ray experiments were carried out on a Brüker AXS
model D8 advanced diffractometer. Scattering patterns
were obtained with Ni-filled CuKα radiation (λ = 1.5406 Å,
generator voltage = 45 kV, current = 40 µA) in the reflection
mode, detected by a scintillation counter. Samples were
pressed films approximately 400 µm thick and were scanned
into 2θ ranges from 10–50◦ at a rate of 1 deg/min.
Measurements were recorded at steps of 0.02◦.

Scanning electron microscopy
Scanning electron micrographs of powdered polymer
samples were taken on a Jeol JFC 1100 instrument ion sputter
water. They were observed on a Jeol 5600 CV scanning
electron microscope in Hv mode with operating voltage of
20 kV.

Catalyst 1 preparation
To a solution of 1 mmol (284.3 mg) of Ti(OPri

)4 in toluene
(25 ml) was added slowly 2 mmol (324.5 mg) of 2-tert-butyl-
4 methyl phenol in warm toluene (30 ml) under nitrogen
atmosphere and heated at 60 ◦C for 3 h. The contents were then
stirred for 24 h at room temperature. The solvent was carefully
removed, the precipitated solid washed with small portions
of toluene and finally the dark orange-colored complex was
isolated. The remaining catalysts 2–4 were prepared in an
analogous manner by using the corresponding amount of
substituted phenol as the case may be. Anal calcd for catalyst
1 (C28H44O4Ti), C, 68.3; H, 9.0; Ti, 9.7; found: C,68.2; H 8.8;
Ti, 9.8. Catalyst 2 (C44H60O4Ti), C, 75.4; H, 8.6; Ti, 6.8; found:
C,75.8; H 8.6; Ti, 6.9. Catalyst 3 (C56H84O4Ti), C, 77.4; H, 9.7;
Ti, 5.5; found: C,77.8; H 10.1; Ti, 5.5. Catalyst 4 (C56H84O4Ti),
C, 77.4; H, 9.7; Ti, 5.5; Found: C,77.5; H 9.8; Ti, 5.8.

Procedure for ethylene polymerization
Ethylene polymerization was conducted in an high-pressure
stirred autoclave (600 ml, Parr, USA) connected to a model
4850 microprocessor controller. Prior to polymerization, the
reactor was baked at 150 ◦C under nitrogen for 2 h and
then cooled to room temperature. In a typical experiment
catalyst 1 (13.8 mg, 0.028 mmol) dissolved in toluene (50 ml)
and Et3Al2Cl3 (1.28 ml, 5.6 mmol) in toluene (200 ml) were
carefully charged into the reactor under a nitrogen blanket.
The Al : Ti molar ratio was 200. The reactor temperature was
set at 100 ◦C and then pressurized with ethylene to 500 psi.
The polymerization was continued for 1 h. After the end of the
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reaction the autoclave was cooled to ambient, excess ethylene
vented and the slurry slowly poured into acidic methanol
(5%, v/v) to precipitate the polymer. The white polyethylene
powder was filtered, washed several times with methanol
followed by acetone and finally dried under reduced pressure
at 70 ◦C for 2 h.
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