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Abstract A fluorinated FI Zr-based catalyst of bis[N-(3,5-dicumylsalicylidene)-

20,60-flouroanilinato]zirconium(IV) dichloride was prepared and used for polymer-

ization of ethylene. It was revealed that ortho-F-substituted phenyl ring on the N

electronically plays a key role in the suppression of chain transfer reactions espe-

cially b-hydride transfer which resulted in an increase in the molecular weight of the

obtained polymer and moderation of the catalyst activity as well. Methylalumi-

noxane (MAO) and triisobuthylaluminum (TIBA) were used as a cocatalyst and a

scavenger, respectively. The catalyst showed the maximum activity at about

[Al]:[Zr] = 32000:1 M ratio and further addition of MAO did not affect the activity

of the catalyst. Ortho-F not only impressed the activity, but also reduced the

[Al]:[Zr] molar ratio needed to reach the highest activity in comparison with the

similar non-fluorinated FI catalysts. The highest activity of the prepared catalyst

was obtained at 35 �C. At the monomer pressure of 3 bars polyethylene was

obtained with the viscosity average molecular weight (Mv) of 1.3 9 106 indicating

the dramatic effect of ortho-F substitution on the polymerization mechanism. The

polymerization was carried out using different amounts of hydrogen. Neither

the activity of the catalyst nor the viscosity average molecular weight (Mv) of the

obtained polymer was sensitive to the hydrogen concentration. However, higher

amount of hydrogen could slightly increase the activity of the catalyst.
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Introduction

Development of new catalysts with transition metals has played a substantial role in

the fast-growing polyolefins industry. Improvement of new, better performing, less

costly polyolefins has often been a result of catalyst development. However,

polymerization processes of olefins, beside the requirement of higher activity

catalyst to control the particle size, particle size distribution, and morphology of the

resultant polyolefin are quite important. In the other words, success in these

developments requires an appropriate integration of catalyst selections with reactor

type and process parameters. Following the great success of the metallocene

catalysts, significant efforts have been directed toward the discovery and application

of new, highly active, single-site catalysts (post-metallocene catalysts) [1, 2]. These

research efforts have led to the introduction of quite a few high-activity, single-site

catalysts based on both early and late transition metal complexes with various

ligand environments [3–9]. In association with appropriate cocatalysts, many of

these catalysts show ethylene polymerization activities that are superior or

comparable to those seen with early group 4 metallocene catalysts. These

post-metallocene catalysts can produce a wide array of distinctive polymers

(e.g., hyper-branched PEs, ethylene–methyl acrylate copolymers, monodisperse

poly(1-hexene)s, and block copolymers based on a-olefins), many of which were

inaccessible using metallocene catalysts [2, 10].

Although a large number of families of high-performance single-site catalysts have

been developed thus far, improvements in some aspects of catalytic performance

(e.g., temperature stability, precise control of chain transfer, comonomer sequence

distribution control, precise control of polymer stereochemistry, and the ability to

incorporate sterically encumbered monomers and polar monomers) are still required

to achieve both greater control over polymer microstructures and extension of generic

polyolefinic materials by introducing new monomer combinations.

In particular, bis(phenoxy-imine) group 4 metal catalysts, developed by Fujita

[11–13] caused a new revolution in the field of catalytic olefin polymerization.

These complex catalysts exhibit unique characteristics for production of new

polymers that are not prepared by conventional Ziegler–Natta catalysts, as well as

by ordinary metallocene-type catalysts [14]. The FI catalysts display a very high

ethylene polymerization activity even at ambient temperature [12–15]. The ligand

structure has a central role, correlations between the ligand structure and the

polymerization activity have been interpreted. The introduction of an electron-

donating methoxy group para to the phenoxy-O was found to increase the thermal

stability of FI catalysts, making them available for polymerizations at industrially

practical higher temperatures [15, 16].

Recently fluorinated Ti–FI catalysts have been discovered that can promote

unprecedented living ethylene and propylene polymerization, resulting in the

formation of functionalized polymers and block copolymers from ethylene,
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propylene, and higher a-olefins [17, 18]. It has been reported that fluorinated

Ti–FI catalysts are capable of mediating the highly controlled, thermally robust

living polymerization of ethylene and propylene [18, 19]. Electronic attractive

interaction between a fluorinated phenoxy-imine ligand and a growing polymer

chain has significant effects on the catalytic properties of Ti–FI catalysts [19].

Additionally, the presence of electron withdrawing fluoro substituents on aniline is

considered to be highly beneficial for increasing the catalyst activity. It is known

that introduction of electron-withdrawing F atoms on the ligand structure results

in an increase in metal–carbon reactivity leading to reduced activation energy for

ethylene insertion [20].

Although the catalytic behavior of ethylene and propylene polymerization, as

well as ethylene–propylene copolymerization, using fluorinated Ti–FI complexes

are extensively described in literature [21–23], but less attention has been paid to the

fluorinated Zr–FI complexes that prompted us to study the catalytic properties of a

fluorinated Zr–FI catalyst in ethylene polymerization.

In this study in order to investigate the influence of ligand on catalyst activity and

catalytic behavior during the polymerization, a fluorinated Zr-based FI catalyst was

prepared and used for polymerization of ethylene. The catalytic performance is

sensitive to the conditions of polymerization which are influenced by factors such as

temperature, monomer concentration, and catalyst:cocatalyst molar ratio. Therefore,

mentioned factors in ethylene polymerization using the prepared catalyst were

studied precisely. Furthermore, influence of hydrogen concentration on the

polymerization activity was investigated. Also some specifications of resulting

polymer were studied.

Experimental

Materials and ethylene polymerization

Zirconium tetrachloride, dichloromethane, methanol, 4-toluenesulfonic acid, phenol

and amine derivatives were supplied by Merk Chemical Co. (Darmstadt, Germany)

and were used as received. Toluene was obtained from the Merck Chemicals Co.,

n-hexane was supplied by Arak Petrochemical Co (Arak, Iran), the chemicals were

prepared from distilling over sodium wire, stored over 139 and 4A activated

molecular sieves and degassed by bubbling with dried nitrogen gas before use.

Polymerization grade ethylene (purity 99.9%) was supplied by Iranian Petrochemical

Co. (Tehran, Iran). Nitrogen gas (purity 99.99%) was supplied by Roham (Tehran

Iran). Methylaluminoxane (MAO) (10% solution in toluene) and triisobutylaluminum

(T1BA) (purity 93%) was supplied by Sigma–Aldrich Chemicals (Steinheim,

Germany).

All the catalyst preparation and polymerization procedure were carried out under

dried N2. Catalyst handling and polymerization procedures were carried out in 1-L

stainless steel Buchi reactor (bcp 250) equipped with controllers systems as

described before [24]. Toluene (250 mL) was introduced into the nitrogen-purged

reactor and stirred (450 rpm) and the reactor was kept at the appropriate temperature
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and then the ethylene gas feed (100 L/h) was started. After 5 min, the ethylene gas

feed was stopped and the toluene solution was kept under N2. To the resulting

toluene solution were added toluene solutions of TIBA, MAO, and catalyst to start

ethylene polymerization. Ethylene gas feed was started and the pressure of reactor

was kept constant at the applied monomer pressure for each run. After 15 min,

isobutyl alcohol (10 mL) was added and reaction was terminated by shutting off the

feed stream followed by nitrogen purge and polymer precipitation using acidified

(HCl) methanol. The obtained polymer was recovered by filtration, washed with

methanol (100 mL 9 3), and dried in a vacuum oven at 70 �C overnight.

Polyethylene and complex characterization

1H NMR spectrum was recorded on a Bruker BRX-100 AVANCE spectrometer.

Elemental analysis was performed on a Thermo Finnigan Flash 1112EA microan-

alyzer. The viscosity average molecular weight (Mv) of some polymer samples was

determined according to the literature [25, 26]. Intrinsic viscosity [g] was measured

in decaline at 135 �C using an Ubbelohde viscometer. Mv values were calculated

through equation [g] = 6.2 9 10-4 Mv
0.7 [25]. Differential scanning calorimetry

(DSC) (Universal V4IDTA) with a rate of 10 �C/min instrument was used for

polymer characterization. The degree of crystallinity of a polyethylene sample can

be calculated from its heat of fusion which can be determined by differential

scanning calorimetry. Comparison of the measured heat of fusion with that

estimated for 100% crystalline polyethylene yields the fraction of the sample in the

crystal lattice. In practice, the heat of fusion of pure crystalline polyethylene is taken

to be in the range of 66–70 cal/g, with a commonly accepted value being 69 cal/g

[26]. According to the literature [27], calculation of DHf/DHf* 9 100 gives the

values of crystallinity where DHf is the heat of fusion and DHf* = 69 cal/g is the

heat of fusion of 100% crystalline polyethylene.

Synthesis of 3,5-dicumylsalicylaldehyde

To a stirred ethylmagnesium bromide (3.0 M in Et2O, 30 mmol) a solution of

2,4-dicumylphenol (in THF, 28.0 mmol) was added dropwise over a 15 min at 0 �C.

The mixture was stirred for 2 h at room temperature. Dried toluene (50 mL) and a

mixture of triethylamine (41.6 mmol) and paraformaldehyde (purity 94%,

93.9 mmol) were added. The mixture was stirred for further 2 h at 80 �C. HCl

(6 N, 20 mL) was added at 0 �C. The organic phase was separated, dried over

MgSO4, and its solvent was removed. The yield of the reaction was about 65%. 1H

NMR (CDCl3, 100 MHz): d 2.5 (s, 12H, Me), 7.08–7.41 (m, 12H, aromatic-H),

10.14 (s, 1H, CH=O), 12.97 (s, 1H, OH).

Synthesis of N-(3,5-dicumylsalicylidene)-20,60-difluoroanilin

To a stirred mixture of 3,5-dicumylsalicylaldehyde (10 mmol) in methanol

(50 mL), 2,6-difluoroaniline (10.5 mmol) was added over a 5 min at room

temperature in the presence of trace amount of 4-toluenesulfonic acid as a catalyst.
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The solution was refluxed for 5 h, concentrated then recrystallized to a yellow solid

using methanol. The yield of the reaction was about 73%. 1H NMR (CDCl3,

100 MHz): d 2.32 (s, 12H, Me), 7.05–7.38 (m, 15H, aromatic-H), 8.59 (s, 1H,

CH=N), 13.50 (s, 1H, OH). Anal. found: C, 79.32; H, 6.30; N, 2.95; O, 3.38;.

Calcd.: C31H29F2NO; C, 79.29; H, 6.22; N, 2.98; O, 3.41%.

Synthesis of bis[N-(3,5-dicumylsalicylidene)-20,60-flouroanilinato]zirconium(IV)
dichloride

To a stirred solution of N-(3,5-dicumylsalicylidene)-20,60-difluoroanilin (5 mmol) in

dried THf (20 mL) at -78 �C, n-BuLi (1.6 M in n-hexane, 5.2 mmol) was added

dropwise in 10 min. The solution was allowed to warm to room temperature.

Solution of ZrCl4 (2.5 mmol in THF) was added at 0 �C dropwise. The solution was

stirred for 16 h at room temperature. Dried CH2Cl2 (50 mL) was added to the

solution and mixed for 15 min, the byproduct of LiCl was filtered out. The solid was

washed with n-hexane and the organic filtrates was added to the solution and

concentrated under vacuum to afford a green solid of the catalyst in 48% yield. 1H

NMR (CDCl3, 100 MHz): d 2.23 (s, 24H, Me), 7.18–7.54 (m, 30H, aromatic-H),

8.54 (s, 2H, CH=N). Anal. found: C, 67.66; H, 5.17; N, 2.51; O, 2.94;. Calcd.:

C62H56Cl2F4N2O2Zr; C, 67.74; H, 5.13; N, 2.55; O, 2.91. The adopted procedure in

the synthesis of the catalyst is outlined in Scheme 1.

Result and discussion

Polymerization of ethylene was carried out using the prepared catalyst at different

conditions in toluene. The catalyst activity, Rp (average), is expressed as g PE/mmol

OH

N

OH

O

OH

NH2

Catalyst

(CH2O)n

O

N
Zr

2
O

N
Zr

Cl

Cl
2

 n-BuLi/ZrCl4

0.5 mmol
MAO

Ethylene

FF F

F

F F F F

Scheme 1 Synthetic route to prepare bis[N-(3,5-dicumylsalicylidene)-20,60-flouroanilinato]zirconium(IV)
dichloride
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Zr h was determined after polymerization for 15 min for each run. TIBA (2 mmol),

the scavenger, was added prior to the addition of MAO, the cocatalyst while the

amount of TIBA was not included in the [Al]:[Zr] ratios. The polymerization

activity was continuously increased with increasing the [Al]:[Zr] molar ratio in the

range studied (Fig. 1).

The value of [Al]:[Zr] = 32000:1 obtained for the catalyst with reasonable

activity in comparison with the non-fluorinated FI catalysts such as bis[N-(3-tert-

butylsalicilidene)anilinato]zirconium(IV) dichloride [28] which needs the value

more than [Al]:[Zr] = 120000:1 to show the highest activity could be an advantage

of the prepared catalyst. It is important to point out that using the [Al]:[Zr] molar

ratio more than [Al]:[Zr] = 32000:1 did not cause any obvious further enhancement

in the activity of the catalyst.

It has been reported that the steric bulky substitution on ortho position to the

phenoxy oxygen of the ligand provides steric protection toward the anionic phenoxy

oxygen from coordination with lewis acidic compounds [29, 30]. Introduction of

bulky cumyl group on ortho position to the phenoxy oxygen in the prepared catalyst

prevents the catalyst from coordination to the cocatalyst even at higher concen-

trations of cocatalyst and also induces effective ion-separation between the active

cationic species and the anionic cocatalyst which provides more space for

polymerization and increases the electrophilicity of the active species [30, 31].

Influence of polymerization temperature on activity was studied at the temperature

between 20 and 55 �C, while the [Al]:[Zr] molar ratio was kept constant at

[Al]:[Zr] = 32000:1. As it can be seen in the Fig. 2, the highest activity of the catalyst

was obtained at 35 �C. The reduction of catalyst activity in the polymerization

performed at the lower and upper temperature than the optimum value could be
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Fig. 1 Effect of MAO concentration on the activity of the catalyst. Polymerization conditions:
temperature = 35 �C, polymerization time = 15 min, monomer pressure = 3 bar, [Zr] = 7 9 10-5

mmol, toluene = 250 mL
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attributed to a low propagation rate and catalyst irreversible deactivation, respectively

[31]. However, higher temperature promotes easy transfer of the monomer to the

catalytic active centers [32] as well as reducing the solubility of the monomer gas in the

polymerization medium. Similar trends have been already mentioned in the literature

using homogeneous ansa-metallocene catalysts [33].

At the monomer pressure of 3 bars the catalyst could produce polyethylene with

the viscosity average molecular weight (Mv) of 1.39106 which is surprisingly a high

value in comparison with the similar non-fluorinated FI catalysts [34, 35] indicating

the dramatic electronic effect of ortho-F substitution on the polymerization

mechanism [35] (Fig. 3). The Mv values of 36 9 104, 10.4 9 104, and 1.84 9 104

have been reported already for the polyethylene obtained using the non-fluorinated

bis[N-(3-t-butyl-5-methoxysalicylidene)anilinato]zirconium(IV) dichloride, bis[N-

(3-cumyl-5-methoxysalicylidene)cyclohexylaminato]zirconium(IV) dichloride and

bis[(3-cumyl-5-methylsalicylidene)anilinato]zirconium(IV) Dichloride, respectively

[28, 36]. It has been proposed that attractive interaction between the ortho-F and the

b-H on a growing polymer chain, which is expected to effectively curtail b-H

transfer to the central metal and incoming monomer, is responsible for the

unprecedented behavior [22, 34]. Although this interaction suppresses the b-H

elimination, but the transition state of interaction between ortho-F and the b-H on a

growing polymer chain is probably disfavored for coordination of ethylene to the

active centers. This fact was proved with the moderation of activity of the catalyst.

The highest activity of the catalyst was 3.2 9 105 g PE/mmol Zr h at the

temperature of 35 �C and monomer pressure of 3 bars. It has been accepted that the

bulky substitutions effectively increase the activity of the catalyst through ion

separation that results in increasing the unsaturation degree of the active species that

leads to facilitate the coordination of ethylene to the active centers [12–14, 37]. The
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Fig. 2 Relationship between the polymerization temperature and the activity. Polymerization conditions:
polymerization time = 15 min, monomer pressure = 3 bar, [Al]:[Zr] = 32000:1, [Zr] = 7 9 10-5

mmol, toluene = 250 mL
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bulky cumyl groups on the structure of the catalyst may effectively play role to

increase the activity. Both of steric effect causing by cumyl bulky groups and

electronic effect causing by F groups influenced the activity of the catalyst

profoundly.

As expected, the activity of the catalyst increased with increasing the monomer

pressure (Fig. 4). The behavior is mainly due to the high concentration of the

monomer close to the catalyst active centers.

The effect of polymerization temperature on the viscosity average molecular

weight (Mv) was illustrated in Table 1. As activation energy for chain transfer

reaction is greater than that for propagation, high temperature leads to a decrease in

polymer molecular weight. It could be as a result of b-hydride elimination which is

facilitated with increasing the temperature [37, 38].

Crystallinity and melting point of the obtained polymer were between 55–65%

and 125–135 �C, respectively. Higher pressure increased both the crystallinity and
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Fig. 3 The electronically interaction between H-b and ortho-F-atom-substituted phenyl ring on the N
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Fig. 4 Effect of monomer pressure on the polymerization behavior. Polymerization conditions:
polymerization time= 15 min, [Al]:[Zr] = 32000:1, [Zr] = 7 9 10-5 mmol, temperature = 35 �C,
toluene = 250 mL
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the Mv values of the resulting polymer, while higher temperature decreased the Mv

values (Table 1).

Polymerization was carried out using different amount of hydrogen as a chain

transfer agent while the polymerization was carried out at the optimum conditions

established before. As it can be seen in Fig. 5, higher amounts of hydrogen only

could slightly increase the activity of the catalyst. It is presumable that interaction

between the ortho-fluorine atoms on the aniline ring and the b-hydrogen of the

growing polymer chain retards the chain transfer reaction to the hydrogen favoring

Table 1 Characterization of the resulting polymer using the prepared FI catalyst

Pressure

(bar)

Temperature

(�C)

[Al]:[Zr] Activity

(g PE/mmol Zr h)

Crystallinity

(%)

Tm (�C) Mv

1 25 32000 2.2 9 105 55 125 0.80 9 106

2 35 32000 2.7 9 105 57 128 1.10 9 106

3 35 10000 2.3 9 105 59 128 –

3 35 25000 2.9 9 105 59 128 –

3 35 32000 3.2 9 105 62.5 130 1.32 9 106

3 35 33500 3.3 9 105 61 130 –

5 35 32000 3.5 9 105 65 135 1.68 9 106

3 45 32000 2.3 9 105 60 133 0.82 9 106

3 55 32000 1.5 9 105 55 130 0.70 9 106

Polymerization conditions: polymerization time = 15 min, [Zr] = 7910-5 mmol, toluene = 250 mL

Crystallinity (%) = DHf/DHf* 9 100 where DHf is the heat of fusion and is DHf* = 69 cal/g is the heat

of fusion of 100% crystalline polyethylene
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Fig. 5 Influence of the hydrogen concentration on the polymerization activity and Mv. Polymerization
conditions: polymerization time = 15 min, [Al]:[Zr] = 32000:1, [Zr] = 7 9 10-5 mmol, temperature =
35 �C, toluene = 250 mL
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the chain propagation reaction. The Mv of the obtained polymer was not sensitive to

hydrogen concentration. Similar results have been reported already [39].

Conclusions

A FI catalyst consists of fluorinated bis(phenoxy-imine)Zr complex was prepared

and used for ethylene polymerization. The highest activity of the catalyst and the Mv

of the obtained polymer were 3.2 9 105 g PE/mmol Zr h and 1.32 9 106 at the

monomer pressure of 3 bars, respectively. The highest activity of the catalyst were

obtained at about 35 �C of temperature and [Al]:[Zr]=32000:1 M ratio. However,

due to the restriction of ethylene coordination caused by transition state of the

interaction between b-H of the growing polymer chain and F atoms, activity of the

catalyst was decreased in comparison with the non-fluorinated FI catalysts reported

already. Higher pressure increased the activity, crystallinity, and Mv values of the

resulting polymer. Ortho-F-substituted phenyl ring on the N electronically plays a

key role in the suppression of chain transfer reactions resulted in increasing the

molecular weight and moderation of the catalyst activity. This interaction probably

prohibited chain transfer to the hydrogen which caused low sensitivity of the

catalyst activity and molecular weight to the hydrogen concentration.
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