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Summary: A new phenoxyimine catalyst (Bis-(N-(30,50-diiodo-salicylidene)-2,6-difluor-
oaniline)-titanium(IV)-dichloride) has been synthesised and characterised. After

activation with MAO, it was used as highly active catalyst in living olefin polymer-

isation of ethylene and propylene. Ultra-high molecular weight polyethylene and

atactic polypropylene of low polydispersity were obtained. The living character of the

polymerisation was shown by on-line polymerisation kinetics and linear growth of

number-average molar mass with polymerisation time. A block copolymer of the type

PE-block-P(E-co-P) was prepared and characterised by CRYSTAF analysis and AFM

micrographs.
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Introduction

Since the pioneering days of Ziegler and

Natta several successful attempts were

made to initiate living olefin homo- and

copolymerisation by preventing chain ter-

mination and chain transfer reactions [1].

The first generation of living olefin poly-

merisation process were based upon cata-

lysts with poor activities operating at

low temperatures. For example, in 1979

Doi et al. obtained living syndiotactic poly

(propylene) using [V(acac)3] activated by

diethyl aluminiumchloride at temperatures

below �65 8C [2]. Modern single site

catalysts exhibit much higher activities

and produce block copolymers in industrial

processes. Recently T. Fujita et. al. at Mitsui

Chemicals, Inc. found a new class of single

site catalysts, the so-called ‘‘FI catalysts’’,

useful for living olefin polymerisation [3].

Their phenoxyimine titanium(IV) dichlor-

ide complexes bearing two 30-substituted

salicylidene anilinato ligands gave remark-

ably high catalyst activities in living ethy-

lene polymerisation and enabled the

synthesis of block copolymers when the

anilinato ring was substituted by fluorine

atoms in both ortho positions [4].

Results and Discussion

Here we report the synthesis of the phen-

oxyimine catalyst (bis-(N-(30,50-diiodo-sali-
cylidene)-2,6-difluoroaniline)-titanium(IV)

-dichloride) (1), which was synthesised and

characterised by means of NMR and mass

spectroscopy as well as elementary analysis.

The ligand was prepared by Schiff-base

reaction of the corresponding aldehyde

and 2,6-difluoroaniline. It was deprotonated

by n-butyllithium and reacted with ½ eq. of

TiCl4 to give 1 in 55% yield. This complex

was claimed by T. Fujita et al. in patent [5],

but has not yet been reported in open

literature. The synthesis of the complex is

shown in Scheme 1.

1 was activated by methylaluminoxane

(Ti/Al-ratio 1:2500) and was used as

catalyst in living olefin polymerisation of
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ethylene and propylene, for the preparation

of polyethylene and poly(propylene)

homopolymers as well as PE-block-P(E-

co-P) block copolymers with very high

molecular weight containing one crystalline

PE and one amorphous flexible atactic P(E-

co-P) block. The activity for ethylene

polymerisation is very high (1,000 kg PE/

mol Ti � h), the activity in propylene poly-

merisation is considerably lower. On-line

kinetics showed that mass consumption of

the monomer gas was constant during

polymerisation time and a constant activity

for the catalyst was observed. As can be

seen in Table 1, the obtained homopoly-

mers showed very high molecular weights

(Mn¼ 3.5 � 106 g/mol for the polyethylene)

and very low polydispersities (PE: Mw/

Mn¼ 1.57). Molar masses and polydisper-

sities were determined by high temperature

size exclusion chromatography (HT-SEC)

indicating the living character of the
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Scheme 1.

Synthesis of (Bis-(N-(30,50-diiodo-salicylidene)-2,6-difluoro-aniline)-titanium(IV)-dichloride) (1).

Table 1.
Results of the polymers obtained by 1/MAO.

polyethylene poly(propylene) PE-block-P(E-co-P)

polymerisation time / min. 30a 120b 10/60c

catalyst activity / g/(mmol � h) 1,000 24 n. d.
Mn / kg/mol 3,500 200 2,000
Mw/Mn 1.57 1.17 1.60
Tm/8C 133 – 133
Tg/8C – �8.6 <�60
DHm / J/g 135 – 89

a 25 çmol/L 1, 250 mL toluene, MAO, Al/Ti¼ 2,500:1, 2 bar, 25 8C.
b 40 mmol/L 1, 250 mL toluene, MAO, Al/Ti¼ 2,500:1, 2 bar, 25 8C.
c 33 mmol/L 1, 300 mL toluene, MAO, Al/Ti¼ 2,500:1, 2 bar, 25 8C, first block: 10 min.; second block: 60 min.
n. d.: not determined.
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polymerisation. NMR spectra showed that

linear polymers were obtained. The poly-

mers were analysed by DSC. The poly-

ethylene showed low crystallinity, the

poly(propylene) obtained was atactic.

The formation of block copolymers was

confirmed by means of morphology studies

and CRYSTAF experiments. The forma-

tion of atactic regions of 30–50 nm in

diameter derived from the poly(propylene)

domains can be seen within the matrix of

crystalline polyethylene (see Figure 1). In

CRYSTAF experiments which were car-

ried out at the Deutsches Kunststoffinstitut

in Darmstadt a single crystallisation peak

was detected at 87.3 8C which is a lightly

lower crystallisation temperature than

expected for pure PE, showing that a block

copolymer and no blend is present in the

obtained product (see Figure 2). No frac-

tion of atactic poly(propylene) could be

isolated by soxleth extraction with i-hexane

as well as with n-heptane.

Experimental

General

Toluene was distilled from sodium/potas-

sium, heptane was distilled from sodium.

Both were kept under argon. 3,5-Diiodo-

salicylaldehyde (97%, Sigma-Aldrich Chem-

icals), 2,6-difluoro-aniline (97%, Sigma-

Aldrich Chemicals) and titanium tetrachlor-

ide (>99%, Fluka) were used as received. n-

Butyllithium was purchased as solution in

hexane (1.6-M) from Sigma-Aldrich Chemi-

cals. Methylaluminoxane was purchased as

solution in toluene (10% g/v; 4.97 wt %Al)

from Crompton GmbH. Ethylene (3.0) and

propene (2.5) were obtained from Messer-

Griesheim.

Synthesis of N-(3(,5(-diiodo-salicylidene)-2,
6-difluoroaniline

5.23 g 3,5-diiodo-salicylidene (14.0 mmol)

were dissolved in toluene under argon

atmosphere in a double-necked 250 mL

Schlenk round bottom flask equipped with

a Dean-Stark trap and a reflux cooler.

13.9 mmol (1.80 g, 1.51 mL) of 2,6-

difluoroaniline and two drops of trifluor-

oacetic acid were added and the reaction

mixture was heated to 120 8C for 16 h. After

cooling, the product was isolated via flush

chromatography over silicagel 60 (40–63

mm, Merck) / Na2SO4. The solvent was

removed and the imine was dried in vacuo

over night (yield: 6.75g, 86%).

Synthesis and Characterisation of 1

1.00 g N-(30,50-diiodo-salicylidene)-2,6-
difluoroaniline (2.062 mmol) were dis-

solved in toluene under argon atmosphere
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Figure 1.

AFM images of PE-P(E-co-P) block copolymer (received from polymerisation using 10 mmol 1, MAO with ratio Ti/

Al¼ 1:2500, 300 mL toluene, 25 8C, 2 bar, 10 min. ethylene, then 1 h propylene, propene content in the block

copolymer: 8 %). Left image: side length 1 mm, right below: side length 3 mm.
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to give a yellow solution. At �78 8C 1.1 eq.

n-butyllithium (1.6-M solution in hexane,

1.5 mL) was added and the red reaction

mixture was warmed to ambient tempera-

ture and stirred for 3 hours. At�78 8C½ eq.

(196 mg, 1.03 mmol) titanium tetrachloride

were injected through a septum. The

solution was warmed to ambient tempera-

ture and stirred for 16 hours. Then the

reaction mixture was filtered over Na2SO4.

The amount solvent was reduced to 10 mL

and poured in stirring n-heptane to pre-

cipitate the complex. The Schlenk flask was

placed in the refrigerator at 4 8C for two

days. Then the solid was isolated, washed

twice with cold heptane and once with few

mL of cold toluene. Then 1 was dried

in vacuo over night (yield: 610 mg, 55%). 1

was recrystallised from toluene to give

orange needles.

General Procedure for the

Homopolymerisation

The polymerisations were carried out using

a semi-automated 600 mL polymerisation

reactor (Multi-purpose polymerisation reac-

tor) from Labeq AG. Polymerisation

were carried out at 25 8C, in 300 mL of

toluene at ethylene pressure of 2 bar. MAO

was used as cocatalyst, using a ratio Ti/

Al¼ 1:2,500. The reactor was filled with

toluene and half the amount of cocatalyst

(methylaluminoxane as solution in toluene,

10% g/v). Then the atmosphere was satu-

rated with 2 bar of ethylene (gas feed 150 g/

h) and the reactor was thermostated to

25 8C. 7.5mmol (8.15mg) of 1were dissolved

in few mL of toluene and activated by the

remaining amount of MAO. The solution of

the activated catalyst was injected by syringe

using a slight argon over-pressure. After 1 h,

the reactor content was drained and the

polymer was precipitated by pouring the

reaction mixture in methanol/aq. HCl. The

polymer was filtered and dried in vacuo over

night at 60 8C.

Procedure for the Copolymerisation

Polymerisations were carried out as

described above. After injecting the

toluene solution of the activated catalyst,

the reaction mixture was stirred for

10 minutes at 25 8C and 2 bar of ethylene

pressure. After the preparation of the

polyethylene segment, the atmosphere

was evaporated and the propylene gas feed

Macromol. Symp. 2006, 236, 111–116114

Figure 2.

CRYSTAF analysis of PE-block-P(E-co-P) received from polymerisation using 10 mmol 1, MAO with ratio Ti/

Al¼ 1:2500, 300 mL toluene, 25 8C, 2 bar, 10 min. ethylene, then 1 h propylene, propene content in the block

copolymer: 8%.
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(100 g/h) was initiated. The polymerisation

was continued for 1 hour. Then the reactor

content was drained and the polymer was

isolated as described above.

Analytical Techniques

NMR spectra were recorded on a Bruker

ARX 300 spectrometer (299.87 MHz) using

the solvent peaks as reference for 1H-spectra

and 13C-spectra and external standard for

the 19F-spectrum. High temperature spectra

were recorded at 120 8C. Mass spectrometry

and elementary analysis were carried out in

the institute for organic chemistry and

biochemistry of the Albert-Ludwigs-Uni-

versität in Freiburg/Br. A Finnigan TSQ7000

and a Vario EL for elemental analysis were

used. HT-SEC was carried out using a triple

column set (PLgel mixed-bed) and 1,2,

4-trichlorobenzene stabilised with 2 mg/

mL of Irganox 1010 as solvent at 140 8C.
Molecular weight distributions were ana-

lysed by light scattering, viscosimetry and

refractional index. Glass transition tempera-

tures and melting points of the obtained

polymers were detected using a Seiko 6200

differential scanning calorimetry (DSC).

Atomic Force Microscopy (AFM) experi-

ments were performed with a Nanoscope III

scanning probe microscope. Images were

taken at the fundamental resonance fre-

quency of the Si cantilever (300 MHz).The

flat surfaces that were examined were

obtained by cutting the sample with a

Diatome diamond knife at �45 8C using a

ultramicrotome (Ultracut E, Reichert & Jung)

equipped with a cryochamber. A CRYS-

TAF apparatus, model 200 from Poly-

merChar S. A., was used for fractionation.

Samples (20 mg) were dissolved in 30 mL of

distilled 1,2-dichlorobenzene at 160 8C.
After dissolution, the temperature was

decreased at a rate of 0.1 8C/min.

Conclusions

The phenoxyimine complex 1 has been

synthesised and characterised. After activa-

tion with MAO, the catalyst is highly active

in living olefin polymerisation for the

preparation of polyethylene and poly(pro-

pylene) homopolymers as well as PE-block-

P(E-co-P) block copolymers containing

one crystalline PE and one amorphous

flexible rubber-like block with very high

molecular weight. On-line polymerisation

kinetics showed linear mass consumption

of the monomer gas and constant catalyst

activity as expected for a living system.

SEC analyses proved the number-average

molar mass being dependent on polymeri-

sation time. The formation of block copo-

lymers was confirmed by means of AFM

morphology studies and CRYSTAF experi-

ments.

Living olefin polymerisation offers a new

synthetic approach for the preparation of

block copolymers which might be useful as

compatibilizers in polymer blends for

tailoring mechanical properties and the

synthesis of new materials. Further studies

on a systematic variation of the block

lengths and analyses of the block copoly-

mers are carried out at the moment and to

be published soon.
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