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Abstract A fluorinated LTM catalyst of [bis(N,N0-2-fluorophenylimino)acenaph-

thene] nickel(II) dibromide was prepared and applied for ethylene polymerization.

We established a reasonable hypothesis, highlighting the role of fluorine in ligand

structure. In addition, density functional theory (DFT) studies have been applied to

strengthen our propositions. DFT calculations of the b-agostic cationic species at

room temperature and 75 �C suggest that the b-agostic structure for the latter was

destabilized by 19 eV which rendered it less prone to b-H transfer reactions than the

species at room temperature. In addition, a mechanism for the catalyst deactivation

for fluorinated a-diimine nickel based catalysts has been proposed.

Keywords Late transition metal � a-Diimine � Nickel catalyst � DFT � Deactivation
mechanism

Introduction

Since the development of the first Ziegler–Natta (1953–1954) and Phillips catalysts

(late 1940s), there has been a significant drive to increase catalytic activity, increase

the control of polymer structure and comonomer content, and at the same time

reduce the cost of the polymerization system [1–4]. The development of the

metallocene catalyst systems has allowed for increased control of polymer structure
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and molecular weight distribution, resulting in highly stereospecific systems and

systems which can produce polymers with novel properties [5–7].

The discovery of a-diimine derived late transition metal (LTM) catalysts has led

to a surge in interest in olefin polymerizations by catalysts other than those derived

from the more traditional, early metal complexes [8]. These catalysts allow

unprecedented ethylene and a-olefin homo- and copolymerization with a variety of

other monomers [8, 9]. This resulted in the development of several generations of

late-transition metal catalysts. Initial work with these systems was focused on the

modification of the nickel-based shell higher olefins process (SHOP) oligomeriza-

tion catalysts, it was discovered by Keim and Mecking [10, 11], that the catalysts

could be modified via the introduction of steric bulk to the ligand, to produce higher

molecular weight materials [12]. Subsequent variations to the ligand structure

resulted in higher molecular weight materials, and eventually very good stereo

control of the polymers [13–15]. Perhaps the most recognized and successful of

these variations are the Brookhart diimine catalysts [16, 17]. These systems produce

high molecular weight materials with high activities by controlling the chain

termination and transfer rates using the pseudo-axial bulk of the ligand [16–18].

This understanding of the function of pseudo-axial bulk led to the development of

other catalyst systems such as the Grubbs salicylaldimine [19]. Afterward,

tremendous efforts have been spent in both industrial and academic laboratories

on improving LTM Brookhart’s catalyst systems. Many structural modifications,

including steric tuning, changing the ligand backbone structure, and changing the

chelating heteroatoms, have been pursued on the archetype a-diimine ligands

[20, 21]. Brookhart and coworkers observed an increase in polar olefin incorporation

for increasingly electron-donating ligands [22]. Moreover, Guan and his coworker

investigated electronic effects of substitutions for a range of Pd based a-diimine

catalysts for ethylene polymerization [23]. They reported that the ligand electronic

structure of the catalysts has a significant effect on topology of the polyethylene

formed as well as catalyst activity. Furthermore, Alt and coworkers studied the

electronic influence of the ligand structure on the catalytic properties of a-diimine

nickel catalysts in the polymerization and oligomerization of ethylene by

incorporating halogen substituent at the different positions of the arene moieties

of the ligand [24].

As a part of our ongoing research in synthesis and application of polyolefin

catalysts, [25–27] herein, we wish to describe the synthesis and ethylene

polymerization of [bis(N,N0-2-fluorophenylimino)acenaphthene] nickel (II) dibro-

mide catalyst. The details of polymerization as well as polymer characterization

have been also described.

Experimental

Materials

Dichloromethane, diethyl ether, methanol, p-TsOH and 2-fluoro aniline were

supplied by Merck Chemical (Darmstadt, Germany) and were used as received.
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Toluene and n-hexane were obtained by Arak Petrochemical Co (Arak, Iran). The

chemicals were prepared from distilling over CaH2, sodium wire and benzophenon,

respectively. The distilled chemical was stored over 13X and 4A type activated

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

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

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

(Tehran, Iran). The gases were purified as explained in the literature [25].

Methylaluminoxane (MAO) (10% solution in toluene), triisobutylaluminum (TIBA)

(purity 93%), acenaphthoquinone (purity[99%) and (DME)NiBr2 were purchased

from Sigma Aldrich chemicals (Steinheim, Germany).

Ethylene polymerization

The polymerization was performed in a stainless steel Buchi reactor size 1 L

equipped with an agitator. The reactor was evacuated and purged with N2 several

times at 110 �C for removing of oxygen and moisture. Toluene was added into the

reactor at room temperature and saturated with ethylene gas. TIBA was used as

scavenger and added to the reactor before addition of the MAO. Following to,

various MAO and catalyst ratio were added, respectively, with stirring at 800 rpm

under specific ethylene pressure. Ethylene gas feed was started and the pressure of

reactor was kept constant at the applied monomer pressure for each run. After

finishing the polymerization, the residue ethylene gas was released out of reactor

and the polymer slurry was quenched with acidic ethanol. The polymer was filtrated,

washed with ethanol and dried in vacuum oven.

Polyethylene and complex characterization

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

Elemental analysis for CHN was carried out by CHNO type Thermo Firingan 11112

EA microanalyzer. Differential scanning calorimetry (DSC) (Universal V4IDTA)

with a rate of 10 �C/min was used for the polyethylene 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 [28]. Calculation of

DHf =DH�
f � 100 gives the values of crystallinity where DHf is the heat of fusion and

DH�
f ¼ 69 cal/g is the heat of fusion of 100% crystalline polyethylene. 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 [29]. All the

catalyst preparation and polymerization procedure were carried out under dried N2.

Synthesis of bis(N,N0-2-fluorophenylimino)acenaphthene

To a solution of acenaphthoquinone (6.1 mmol) in methanol (20 mL), 2-fluoroani-

line (12.2 mmol) and a trace amount of p-TsOH were added. The resulting solution

was stirred at 45 �C for 48 h. A bright red precipitate appeared. The precipitated

was filtered, washed with n-hexane and dried. The obtained reddish precipitate was
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recrystallized from ethanol and the pure product was produced. The yield of the

reaction was about 86%; 1H-NMR (CDCl3): d 6.80 (dd, 2H), 7.17–7.45 (m, 8H),

7.84 (d, 2H), 7.91 (d, 2H). Anal. Calc. for C24H14N2F2: C, 78.25; H, 3.83; N, 7.60

Found: C, 78.34; H, 3.85; N, 7.62.

Synthesis of [bis(N,N0-2-fluorophenylimino)acenaphthene] nickel(II)
dibromide

Dimethoxyethanenickel dibromide (DME)NiBr2 (1.2 mmol) and the ligand

(1.2 mmol) were combined in a Schlenk flask under a nitrogen atmosphere to

prepare Ni-based FI catalyst A (Scheme 1). CH2Cl2 (25 mL) was added to the solid

mixture. The produced suspension was stirred for 24 h at room temperature. Solvent

removal of the suspension resulted in the formation of a brown solid. The solid was

washed with Et2O several times and dried in vacuum. The yield of the reaction was

about 70%; mp: [300 �C. NMR characterization was not possible because the

compound is paramagnetic. Anal. Calcd. For C24H14Br2N2F2Ni: C, 49.12; H, 2.40;

N, 4.77. Found: C, 49.18; H, 2.44; N, 4.80. EIMS: MS (m/z): 579 (M), 506 (M?-Br),

426 (M?-2Br), 368 (M?-NiBr2).

Results and discussion

Effect of polymerizations parameters on activity

The experiments of ethylene polymerization with the prepared catalyst were carried

out by dissolving the corresponding catalyst in toluene, followed by the injection of

a toluene solution of different amount of TIBA, MAO and monomer gas to the

Buchi reactor. After 30 min, reactions were terminated by shutting off the feed

stream, followed by nitrogen purge and polymer precipitation using acidified (HCl)

ethanol. Some results of polymerization are listed in Table 1.

The catalyst could not be used as a single component catalyst to polymerize

ethylene, while Grubbs’ catalysts with bulky phenyl group or larger groups at the

ortho position of the phenoxy group can catalyze ethylene polymerization without

cocatalyst [30]. It is clear that the prepared catalyst is different from mononuclear

Grubbs’ catalysts.

+

NH2

CH3OH, [p-TsOH]
F

O

O
N N

F F

2
45 oC, 48 hr

O

O
Ni

Br

Br

CH2Cl2, 24h
N2 atmosphere

N N
Ni

Br BrF F

Scheme 1 Synthetic route to synthesize [bis(N,N0-2-fluorophenylimino)acenaphthene] nickel(II)
dibromide
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We have investigated the catalyst precursor by changing the ratios of MAO.

Variation of the molar ratio of MAO/catalyst showed considerable effects on the

catalyst activities and molecular weights of the resulted polymer. When the mole

ratio of [Al]/[Ni] is 500/1 at 30 �C, the catalytic activity is 1.5 9 103

g PE mmol-1 Ni h-1 and increase of the activity up to 6.6 9 103 g PE mol-1

Ni h-1 was observed by increase of the ratio of [Al]/[Ni] to 1000/1, then decrease of

the activity with the increase of ratio of [Al]/[Ni] as shown in Fig. 1 is observed. At

low concentration of MAO, the catalyst shows low activity, because there is no

sufficient MAO to create all of active centers following to separate all of the active

centers. But when the concentration of MAO increases by a certain value, on one

hand, the plentiful MAO around the active center may block the monomer insertion,

on the other hand, the free TMA in MAO can reduce the active center. So they can

induce the decrease of catalytic activity.

Moreover, Chen and Marks [31] reported that an important deactivation process

for MAO activated catalytic systems is a-hydrogen transfer which leads to the

production of methane and catalytically inactive Zr–CH2–Al or Zr–CH2–Zr species.

Table 1 Some specification of the obtained polymers

Pressure

(bar)

Temperature

(�C)
Activity (g PE/

mmol Ni h)

Crystallinity

(%)

Tm
(�C)

Mv

2 0 7.9 9 102 58 110 2.48 9 105

2 20 3.9 9 103 34 88 2.32 9 105

2 40 4.1 9 103 14 78 8.20 9 104

4 30 8.8 9 103 – – 1.20 9 105

6 30 1.4 9 104 40 118 1.47 9 105

2 50 6.4 9 102 10 74 9.80 9 103

Fig. 1 Plots of polymerization activity (filled square) and Mv (filled triangle) of polyethylene versus vs.
[Al]/[Ni] ratio. Polymerization temperature = 30 �C, polymerization time = 30 min, monomer
pressure = 2 bar, [Ni] = 7 9 10-4 mmol, toluene = 250 mL
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Figure 1 shows how the amount of MAO can dominate the catalyst activity. In

addition, the viscosity average molecule weight (Mv) of the polymers decreased

from 1.2 9 105 to 0.68 9 105 with increase of the [Al]/[Ni] ratio from 500/1 to

4000/1 (Fig. 1).

Similar to most transition metal-based catalysts, the Ni catalysts also suffered

from the decay of catalytic activity at elevated polymerization temperatures

[32, 33]. In this study, with the polymerization at the optimum value of [Al]/[Ni],

the catalyst gave the polymer in a low yield at 0 �C. The optimum activity

(6.7 9 103 g PE/mmol Ni h) was gained at 30 �C, and further increasing the

temperature resulted in an intense decrease in catalytic activity (Fig. 2). Interest-

ingly, at low polymerization temperatures no conspicuous changes in Mv of

polymers were observed, suggesting the electronic effect of ortho fluorine

substitutions phenyl ring on the N [34, 35].

As it is known, the b-hydride elimination rate directly affects the molecular

weight of polymers. The introduction of F groups at the ortho position of phenyl

groups can effectively suppress the b-hydride elimination by interaction with b-H of

the growing polymer chain (Scheme 2). It gives rise to inhibiting the formation of

olefin hydride complex intermediate which is susceptible to carry out various chain

transfer reactions. Therefore, the transfer reactions can rarely occur and the

molecular weight of the polymer is retained constant. Inversely, at higher

temperatures due to the activation energy provided for b-H elimination to occur,

the olefin hydride complex intermediate is simply formed and KCT (chain transfer)

is favored over Kins (insertion) which led to the strong decrease of molecular weight.

Additionally, the rotation of aryl rings is increased at higher polymerization

temperature which might favor the olefin hydride complex intermediate formation

(Scheme 3). As a result, the Mv of the polymer is decreased as the temperature

increased which is due to the facilitated chain transfer reactions at the elevated

temperature (Fig. 2). Accordingly, we get the highest (2.48 9 105) and lowest

Fig. 2 Plots of polymerization activity (filled square) and Mv (filled triangle) of polyethylene versus
reaction temperature. Polymerization time = 15 min, [Al]/[Ni] = 1000:1, monomer pressure = 2 bar,
[Ni] = 7 9 10-4 mmol, toluene = 250 mL
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molecular weight (5.5 9 104) of polyethylene at 25 and 50 �C, respectively, while
at the temperatures above 50 �C, polymer molecular weight was dropped

dramatically and the catalyst activity was negligible.

Theoretical study by DFT

To support our proposed explanations and also investigate the effect of temperature

on the catalyst structure, theoretical study was applied. To estimate the relative

stabilities of b-agostic species, density functional theory (DFT) studies have been

performed with GAUSSIAN 03 [36] program using B3LYP method of theory with

the Lanl2dz basis set at room temperatures and 75 �C, respectively (Schemes 4, 5).

DFT studies showed that the interaction between b-H of the growing polymer chain

and ortho-fluorine of the ligand is predictable to produce higher molecular weight

polyethylene by the effective suppression of b-H transfer to the metal or incoming

monomer (ortho-F/b-H distance 2.52 Å) (Van der Waals radii of H and F are 1.20

and 1.47 Å, respectively) Schemes 2 and 4 show this interaction. A similar result

has been found in titanium complexes with b-diketiminato ligands [37] and

phenoxyimine ligands [35] and also our previous work with zirconium phenoxy-

imine ligands [38].
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Scheme 3 Aryl ring rotation and more probability of olefin hydride intermediate formation
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Although previous studies demonstrated that main reason for obtaining low

molecular weight polymer is attributed to higher b-H transfer reactions, in the

present study we proposed, that at higher temperature (above 50 �C), production of

low molecular weight polyethylene is not due to the high b-H transfer reactions, but

Scheme 4 DFT-optimized structure of a cationic species structure at 25 �C, E = -41,334.780 eV

Scheme 5 DFT-optimized structure of a cationic species structure. T C 50 �C, E = -41,334.591 eV
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it is due to the coordination of fluorine atom with nickel giving rise to hindrance

upon axial coordination sites. As illustrated in Scheme 5, at higher temperature one

of the ortho-fluorinated aniline rings by possessing planar position, aids fluorine

atom to situate at close proximity to the nickel (ortho-F/Ni distance 2.09 Å).

Additionally, coordination of ortho-F to Ni can be also proved by lower positive

QEq charge on Ni at higher temperature, at higher temperature the QEq charge on

the central metal is ?0.39 which declined to QEq charge 0.28 at room temperature.

As a result, hindrance of axial position caused by ortho-F substitution of the ligand

over central metal prevents proper monomer insertion to the active centers

following to diminish the catalyst activity as well as molecular weight of the

resulting polymer. In the other words, catalyst deactivation is responsible to produce

low molecular weight PE at high temperatures. One more fact is that since the

calculated charge on hydrogen and fluorine atoms at room temperature is ?0.176

and -0.260, respectively, fluorine is better ligand than hydrogen, leading to make

stronger coordination bonding with nickel. So, F coordination does not has enough

tendency to separate from nickel even while the coming monomer is next to the

active center. To the best of our knowledge, this is the first report of catalyst

deactivation mechanism for fluorinated a-dimine Ni catalysts at high temperatures.

Another evidence for unfeasibility of b-H transfer reactions to the metal center at

high temperature is perceived from longer distance between b-H of the growing

polymer chain and nickel (b-H/Ni 2.29 Å at high temperature versus 1.73 Å at room

temperature). Schemes 6 and 7 represent the optimized b-agostic structure of the

cationic species at low and high temperatures.

According to the literature, it has already been reported that b-H transfer is the

dominant chain transfer mechanism for ethylene polymerization with non-fluori-

nated Zr and Ti–FI catalysts, whereas a chain transfer to aluminum can be

predominant in the case of the non-fluorinated FI catalyst. However, fluorinated

LTM catalyst behavior in terms of influential role of F substitution has never been

reported so far. In addition, all the literatures have been investigating the promoting

Scheme 6 HOMO (left figure) and LUMO (right figure) molecular orbitals of the optimized b-agostic
structure at room temperature (ortho-F/H-b interaction possibility). EHO = -9.25 eV, ELU = -6.32 eV
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halogen substitution effects on polymer molecular weight and catalyst activity at

low temperature, while herein with precise practical and computational study, not

only the promoting effects, but also the possibility of destructive role of F

substitution on catalyst behavior at higher polymerization temperature which is

critical for commercial application of such catalysts is elaborated.

To understand the kinetic behavior of ethylene polymerization, polymerization

was carried out at the different reaction times while the other conditions were kept

constant. The catalyst activity rises quickly to its maximum at the beginning of the

polymerization (5 min). Afterward, its activity drops slightly and keeps almost

stable for 10–30 min. Then, the activity drops sharply and after 1 h it was relatively

negligible (Fig. 3). Owing to presence of substituted fluorines on the ligand

backbone, the electropositivity of the metal center might be increased. On the other

hand, lack of bulky alkyl substitutions on the ligand backbone leads to provide

enough free space for propagation. Therefore, the quickly progress of activity might

be attributable to the higher electropositivity and a more open spatial structure of the

metal center which facilitates the monomer coordination. Moreover, Mv was

linearly increased with time suggesting the living polymerization behavior. In

general, fluorinated catalysts have been discovered to promote unprecedented living

ethylene and propylene polymerizations, resulting in the formation of functionalized

polymers and block copolymers from ethylene [35, 39].

Unexpectedly, high ethylene pressure did not significantly affect the activity of

the fluorinated Ni catalyst while at low ethylene pressure the influence on the

activity as well as molecular weight was remarkable (Fig. 4). Although the effect of

monomer concentration on activity remains clear, it was difficult to make an

interpretation of such a behavior at high monomer pressure. In addition, as can be

seen in Fig. 4, there is a stable zone for activity at the pressures above 5 bars.

However, as expected this trend is ascending at lower ethylene pressure.

A dramatic effect on the crystallinity of the resulting polymer was observed with

increasing of the polymerization temperature. The crystallinities and melting points

Scheme 7 HOMO (left figure) and LUMO (right figure) molecular orbitals of the optimized b-agostic
structure above 50 �C (ortho-F/Ni interaction possibility). EHO = -9.02 eV, ELU = -6.48 eV
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of the polymers obtained at the polymerization temperatures of 0, 20 and 40 �C
were 53, 34, and 14% and 110, 88 and 78 �C, respectively (Table 1). It substantiated

our hypothesis shown in Scheme 3 about the influence of fluorine atom and

temperature on the polymerization as well as polymer properties. As shown in

Scheme 3, higher temperatures facilitate chain transfer reactions through the

formation of olefin hydride complex intermediate. Therefore, chain walking would

occur which leads to the production of highly branched polyethylene with low

crystallinity. Inversely, at low polymerization temperature due to the electronic

interaction between F and b-H of growing polymer chain, seldom olefin hydride

Fig. 3 Plots of relationship between polymerization activity (filled square) and Mv (filled triangle) of
polyethylene with polymerization time. Temperature = 30 �C, [Al]/[Ni] = 1000:1, monomer
pressure = 2 bar, [Ni] = 7 9 10-4 mmol, toluene = 250 mL

Fig. 4 Plots of relationship between polymerization activity (filled square) and Mv (filled triangle) of
polyethylene with polymerization pressure. Temperature = 30 �C, [Al]/[Ni] = 1000:1, [Ni] = 7 9 10-4

mmol, time = 30 min
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complex formation is in favor of monomer insertion giving rise to produce PE with

high crystallinity and melting point.

Conclusion

The prepared fluorinated acenaphthoquinone-based a-diimine Ni-catalyst displayed

moderate ethylene polymerization activities. Although the interaction between

ortho-F and the b-H on a growing polymer chain suppresses the b-H elimination,

but the transition state of interaction is probably disfavored for coordination of

ethylene to the active centers which moderate the polymerization activity. DFT

studies revealed that the probable coordination of fluorine atom to the central metal

at high temperatures gives rise to a hindrance upon axial coordination sites which

leads to make an obstacle for monomer insertion resulting is lower both catalyst

activity and molecular weight of the polymer. The electronic interaction of b-H and

F could control branching degree of the resulted polymer by prohibiting the

formation of olefin hydride complex intermediate at lower polymerization

temperatures. The crystallinity and melting point of the polymer were depended

on polymerization temperature profoundly.
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