
lable at ScienceDirect

Journal of Organometallic Chemistry 835 (2017) 43e51
Contents lists avai
Journal of Organometallic Chemistry

journal homepage: www.elsevier .com/locate/ jorganchem
Mechanisms for the effects of fluorine and a-diimine backbone
structure on the catalyst behavior and catalyst deactivation in
ethylene polymerization by Ni catalysts

S. Ahmadjo a, *, S. Damavandi b, **, G.H. Zohuri b, A. Farhadipour b, Z. Etemadinia b

a Department of Catalyst, Iran Polymer and Petrochemical Institute, Tehran, Iran
b Department of Chemistry, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran
a r t i c l e i n f o

Article history:
Received 22 November 2016
Received in revised form
25 February 2017
Accepted 25 February 2017
Available online 28 February 2017

Keywords:
Late transition metal
Fluorinated nickel catalyst
Ethylene polymerization
Density functional theory (DFT)
* Corresponding author.
** Corresponding author.

E-mail addresses: s.ahmadjo@ippi.ac.ir (S. Ahmadjo
com (S. Damavandi).

http://dx.doi.org/10.1016/j.jorganchem.2017.02.043
0022-328X/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t

Ethylene polymerizations were carried out via three fluorinated late transition metal (LTM) catalysts
activated by methylaluminoxane (MAO) as a co catalyst. The effects of polymerization conditions, the
fluorine of ligand and the a-diimine backbone structure on the catalysts performance and polymer
properties were studied. Modification of the a-diimine ligand had a notable effect on the catalysts
behavior. The catalyst [bis(N,N/-2-fluorophenylimino)acenaphthene] nickel (ІІ) dibromide (catalyst 1)
showed the highest activity compared to other catalysts used in this study. Moreover, the catalyst 1
produced a polymer with the highest molecular weight, while the catalyst [bis(N,N/-2-
fluorophenylimino)ethan] nickel (II) dibromide (catalyst 2) produced a polymer with the lowest mo-
lecular weight. A mechanism was proposed for the effects of fluorine and a-diimine backbone structure
on the catalysts behavior, catalyst deactivation and molecular weight of the polymers obtained. Our
mechanistic hypothesis was strongly verified by computational approaches, we used to describe the
system. The probable reactive electronic interactions of fluorine substitution were accurately distin-
guished to explain the influence of the ligand backbone on the molecular weight of the obtained
polymer.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Based on annual production volume, polyolefins are by far the
most important commercial class of synthetic polymers. New
polyolefin catalysts technologies synchronized with sophisticated
polymerization techniques are promising areas of research. Zie-
glereNatta and Philips catalysts both have been exploited
commercially over many years. Recently, the study of families of
highly active late transition metal catalysts has become one of the
most interesting research fields [1e3]. The first effort on this topic
involved the nickel-based shell higher olefins process (SHOP)
oligomerization catalysts, which were reported by Peuckert et al.
[4]. They showed that modification of the ligand of the catalysts
could influence the molecular weight and stereoregularity of
), saman_damavandi@yahoo.
polymers [5e9]. Brookhart in 1995 reported the first a-diimine
catalysts [10]. These systems showed special properties such as
high activities and high molecular weight via retarding the rate of
chain transfer reactions [5e11]. There are many papers dealing
with ethylene polymerization using nickel a-diimine catalysts
[12e19]. Furthermore, Guan investigated the electronic effects of
substitutions for a range of Pd-based a-diimine catalysts [3]. He
reported that the ligand electronic structure of the catalysts had an
important effect on the properties of the polyethylene obtained as
well as the catalyst activity. Also, Alt and coworkers studied the
electronic influence of the ligand structure on the catalytic prop-
erties of halogenated nickel a-diimine catalysts [14].

In the present study, three fluorinated nickel a-diimine catalysts
including [bis(N,N/-2-fluorophenylimino)acenaphthene] nickel (ІІ)
dibromide (1), [bis(N,N/-2-fluorophenylimino)ethane] nickel (II)
dibromide (2), and 1,2-dimethyl [bis(N,N/-2-fluorophenylimino)
ethane] nickel (II) dibromide (3) have been synthesized and used
for ethylene polymerization (Scheme 1). The influence of the steric
hindrance caused by various substituents on the ligand backbone as
well as the electronic interactions induced by introduction of
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Scheme 1. Structure of the catalysts 1-3 prepared in this work.
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fluorine atom into the aryl groups on the catalyst behavior and
polymer properties have been comparatively studied. In addition,
theoretical studies have been carried out to find a possible corre-
lation between the catalysts structures and their activities.

2. Experimental

2.1. Materials

Dichloromethane, diethyl ether, methanol, p-TsOH and 2-fluoro
aniline were supplied by Merck Chemical (Darmstadt, Germany)
and were used as received. Toluene and n-hexanewere obtained by
Arak Petrochemical Co (Arak, Iran). The chemicals were prepared
from distilling over CaH2, sodium and benzophenone, respectively.
Polymerization grade ethylene (purity 99.9%) was supplied by Iran
Polymer Petrochemical Institute (Tehran, Iran). Methylaluminox-
ane (MAO) (10% solution in toluene), triisobutylaluminm (TIBA)
(purity 93%), acenaphthoquinone (purity > 99%), (DME)NiBr2 and
a-diketo compounds were purchased from Sigma Aldrich (Stein-
heim, Germany).

2.2. Ethylene polymerization

The polymerizationwas performed as described previously [20],
with the use of a stainless steel Buchi reactor size 1 L equipped with
an agitator, along with a control system for controlling heat and
pressure. The reactor was evacuated and purged with N2 several
times at 110 �C for removing impurities. Toluenewas added into the
polymerization reactor at 25 �C and the reactor was saturated with
ethylene gas. TIBA and MAO were added into the polymerization
reactor as scavenger and co catalyst, respectively. Then, the
appropriate amount of catalyst was added into the reactor and the
mixture was stirred under ethylene atmosphere at various pres-
sures. After finishing the polymerization reaction, the supply of
ethylene gas was stopped and the polymer was washed with acidic
ethanol. The polymer was dried in a vacuum oven at 60 �C for about
8 h.

2.3. Characterization of catalyst and polyethylene

1H-NMR spectrum was recorded on a Bruker BRX-100 AVANCE
spectrometer. Elemental analysis for CHN was carried out by a
CHNO type Thermo Firingan 11112 EA microanalyzer. Differential
scanning calorimetry (DSC) (Universal V4IDTA) experiments were
used for evaluation of thermal properties of the synthesized poly-
ethylenes at a heating rate of 10 �C min�1. The degree of crystal-
linity of a polyethylene sample can be calculated from the heat of
fusion, determined by the differential scanning calorimetrymethod
[21]. The crystallinity percentage of each polyethylene sample was
computed form the equation DHf/DHf

* � 100, where DHf is the heat
of fusion and DHf

* ¼ 69 cal g�1 is the heat of fusion of 100% crys-
talline polyethylene. Intrinsic viscosity [h] was measured in decalin
at 135 �C using an Ubbelohde viscometer. Mv values were calcu-
lated through equation [h] ¼ 6.2 � 10�4 Mv

0.7 [22].

2.4. Computational details

All computations were carried out by density functional theory
(DFT), using Gaussian 09 program [23]. The B3LYP/6-311G level of
theory was used to optimize the geometry of molecule. Addition-
ally, the natural bond orbitals (NBO) analysis was carried out using
version 3.1 of NBO package [24] included in Gaussian 09 program at
the B3LYP level of theory and with the 6-311G basis set.

2.5. General synthesis procedure for the a-diimine ligands

To a solution of respective diketo compound (6.1 mmol) in
methanol (20 mL), 2-fluoroaniline (12.2 mmol) and a trace amount
of p-TsOH were added. The resulting solution was stirred at reflux
temperature. The progress of the reaction was monitored by thin
layer chromatography (TLC). The precipitate was filtered, washed
with n-hexane and dried. The obtained solid was recrystallized
from ethanol to prepare a pure product.

L1 (86%): 1H-NMR (CDCl3): d 6.80 (dd, 2H), 7.17e7.45 (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.

L2 (88%): 1H-NMR (CDCl3): d 6.55 (d, 2H, J ¼ 7.5 Hz, N¼CeH),
6.88e7.05 (m, 4H, Ar-H), 7.10e7.20 (m, 4H, Ar-H). Anal. Calc. For
C14H10N2F2: C, 68.85; H, 4.13; N, 11.47; Found: C, 68.70; H, 4.10; N,
11.42.

L3 (85%): 1H-NMR (CDCl3): d 2.24 (s, 6 H, N¼CeCH3), 6.77e6.96
(m, 5H, Ar-H), 7.20e7.35 (m, 3H, Ar-H). Anal. Calc. For C16H14N2F2: C,
70.58; H, 5.18; N, 10.29; Found: C, 70.66; H, 5.23; N, 10.25.

2.6. General procedure for synthesis of the (a-diimine) nickel
dibromide catalysts 1-3

Dimethoxyethane nickeldibromide (DME)NiBr2 (1.2 mmol) and
the respective a-diimine ligand (1.2 mmol) were mixed in a flask
under an argon atmosphere. CH2Cl2 (25 mL) was added to the solid
mixture. The produced suspension was stirred for 24 h at room
temperature. For purification, the solvent (CH2Cl2) was reduced in
vacuo and the solid was precipitated by adding pure n-hexane.
After washing several times until the solvent remained colorless,
the product was dried in vacuo. Catalyst was obtained as a brown
crystalline powder. The solid was washed with Et2O and dried in
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vacuum. NMR characterization was not possible because of the
paramagnetic nature of the compounds.

Catalyst 1 (80%; mp: > 300 �C): Anal. Calc. 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): 583 (M), 506 (Mþ - Br), 426 (Mþ - 2Br), 368 (Mþ - NiBr2).

Catalyst 2 (77%; mp: > 300 �C): Anal. Calc. For C14H10Br2N2F2Ni:
C, 36.34; H, 2.18; N, 6.05. Found: C, 36.25; H, 2.20; N, 6.09. EIMS: MS
(m/z): 459 (M), 380 (Mþ - Br), 302 (Mþ - 2Br), 244 (Mþ - NiBr2).

Catalyst 3 (75%; mp: > 300 �C): Anal. Calc. For C16H14Br2N2F2Ni:
C, 39.16; H, 2.88; N, 5.71. Found: C, 39.11; H, 2.84; N, 5.73. EIMS: MS
(m/z): 487 (M), 408 (Mþ - Br), 330 (Mþ - 2Br), 272 (Mþ - NiBr2).
3. Results and discussion

Ethylene polymerizations with the toluene solution of the cat-
alysts were carried out, followed by the addition of MAO and
ethylene gas into the polymerization reactor.

The effects of the [Al]:[Ni] molar ratio on the polymerization
activities are summarized in Fig. 1. As displayed in Fig. 1, the cata-
lysts activities are in the order of catalyst 1 > catalyst 2 > catalyst 3.
Since increasing the concentration of MAO may improve the
number of the active species in the reaction and also may have
contribution in the stabilization of the formed active species
[25,26], the polymerization activities progressively increase with
the [Al]/[Ni] molar ratio up to [Al]/[Ni] ¼ 1000 and [Al]/[Ni] ¼ 2000
for the catalysts 1 and 2, respectively. Whereas, the activity of the
catalyst 3 dramatically reduces as the [Al]:[Ni] molar ratio in-
creases. The behavior is directly ascribed to the catalyst structure. In
this research, a reasonable mechanism is proposed for the catalyst
Fig. 1. Plots of polymerization activities of the catalysts 1 ( ), 2 ( ) and 3 ( ) versus
[Al]:[Ni] molar ratio. Polymerization temperature ¼ 30 �C, polymerization
time ¼ 30 min, monomer pressure ¼ 2 bar, [Ni] ¼ 7 � 10�4 mmol, toluene
volume ¼ 250 mL.

Scheme 2. Deactivation mechanism
deactivation. We suggest that the presence of methyl group having
a-acidic protons in the a-diimine backbone structure of the catalyst
3, makes the catalyst susceptible to be converted to its enamine
tautomer. This indicates that an interaction between the catalyst
and co catalyst can be occurred through the coordination of donor
N (nitrogen) and Lewis acid Al (aluminium). This interaction leads
to methane evolving and production of inactive catalyst species.
The deactivationmechanism proposed for the catalyst 3 is shown in
Scheme 2. While, due to the lack of CH3 group in the a-diimine
backbone structure, such a tautomerization is not probable for the
catalysts 1 and 2. Accordingly, the higher amount of MAO affected
the catalyst 3 and reduced its activity.

At the monomer pressure of 4 bars, polymerization temperature
of 30 �C and optimum molar ratio of [Al]:[Ni], the catalysts 1-3
yielded polymers with the molecular weights in the order of
catalyst 1 > catalyst 3 > catalyst 2 (Table 1). The prepared fluori-
nated a-dimine Ni-based catalysts 1-3 were found to be able to
produce polyethylene with the Mv values of 1.40 � 105, 8.85 � 104

and 1.10 � 105, respectively.
As it is known, the b-hydride elimination rate directly affects the

molecular weight of polymers [27e29]. The introduction of fluorine
groups in the ortho position of the phenyl groups in the catalyst 1
can effectively suppress the b-hydride elimination through the b-
hydrogen of the growing polymer chain (Scheme 3). It inhibits the
formation of the olefin hydride complex intermediate that is highly
prone to carry out various chain transfer reactions. In spite of the
presence of fluorine groups in the ortho position of the aryl rings in
the catalysts 2 and 3, the molecular weight of the polymer obtained
is lower. In order to justify this discrepancy, we suggested a
mechanism which is demonstrated in Scheme 4. As shown, the
fluorine groups are more tended to interact with the hydrogen
atoms of the imine moiety in the catalyst 2 and of CH3 group in the
catalyst 3 attached to the a-diimine backbone structure. Therefore,
in the catalysts 2 and 3, the aryl rings rotate and the fluorine sub-
stitutions are in favor of b-hydride elimination, leading to forma-
tion of olefin hydride complex intermediate (Scheme 4) which can
undergo the probable chain transfer reactions giving rise to
decrease of molecular weight of the polymers. Because of more
localized positive charge on the protons in the backbone structure
of the catalyst 2, the mentioned interaction occurs simply and re-
sults in more decrease in molecular weight of the polyethylene.

In this stage, in order to strengthen our propositions and also
elaborate the interaction between the fluorine substitutions and
the ligand backbone or growing polymer chain, computational
study was applied. The calculations were carried out by density
functional theory (DFT), using Gaussian 09 program [23]. The
program used the B3LYP method of the theory with the 6-311G
basis set. Additionally, the natural bond orbitals (NBO) analysis was
carried out using version 3.1 of the NBO package [24] included in
Gaussian 09 program at the B3LYP level of the theory and with the
proposed for the catalyst 3.



Table 1
Characterization of polyethylenes synthesized in this work.

Catalyst Pressure (bar) Temperature (�C) Polymer (gr) Activity (g PE/mmol Ni.h) Crystallinity % Tm (�C) Mv

1 2 0 0.3 7.9 � 102 58 110 2.48 � 105

1 2 20 1.4 3.9 � 103 44 88 2.32 � 105

1 2 30 2.3 6.6 � 103 e e 8.20 � 104

1 2 50 0.2 6.4 � 102 10 74 9.80 � 104

1 4 30 3.1 8.8 � 103 e e 1.40 � 105

1 6 30 4.9 1.4 � 104 40 118 1.50 � 105

2 2 20 0.7 2.1 � 103 38 88 1.22 � 104

2 2 30 0.8 2.4 � 103 26 85 1.16 � 104

2 2 50 0.5 1.4 � 103 10 77 1.22 � 104

2 4 30 1.3 3.6 � 103 e e 8.85 � 104

2 6 30 2.7 7.7 � 103 33 90 8.88 � 104

3 2 20 0.8 2.4 � 103 42 102 1.43 � 105

3 2 30 0.7 2.0 � 103 32 100 1.31 � 105

3 2 50 0.3 8.6 � 102 10 90 6.27 � 104

3 4 30 0.3 2.2 � 103 e e 1.10 � 105

3 6 30 1.4 4.5 � 103 38 116 1.26 � 105

Polymerization conditions: polymerization time ¼ 30 min, [Al]:[Ni] ¼ 1000, [Ni] ¼ 7 � 10�4 mmol, toluene volume ¼ 250 mL.

Scheme 3. Electronic interaction between H-b and ortho-fluorine substituted phenyl ring on the N.
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6-311G basis set. After full optimization of the catalysts using the
B3LYP/6-311G theoretical methods, they exhibited a planar geom-
etry and the bond angles between the two ligands located in the
anti-positions were found to be in the range of 168-180� (Schemes
5e7).

As shown in Scheme 5, the DFT studies on the optimized active
species derived from the catalyst 1 dedicated that the interaction
between H-beta of the growing polymer chain and ortho-fluorine of
the ligand produced higher molecular weight polyethylene by the
effective suppression of b-hydrogen transfer reactions to the cen-
tral metal or incoming monomer (an ortho-fluorine atom/b-
hydrogen distance ¼ 2.381 Å) (Van der Waals radii of hydrogen
atoms and fluorine atom are 1.20 Å and 1.47 Å, respectively).

The optimized structure of the active species derived from the
catalyst 2 (Scheme 6) reveals the probable reactive interaction
between the fluorine atom substitution of the ligand backbone and
the hydrogen atoms of the imine moiety (an ortho-fluorine atom/
hydrogen atoms of CH¼N distance of 2.42 Å versus an ortho-fluo-
rine atom/b-hydrogen distance of 4.95 Å). Additionally, the
optimized structure of the active species derived from the catalyst 3
(Scheme 7) supports our hypothesis regarding the occurrence of
interaction between the fluorine atom and one hydrogen atom of
CH3 group (an ortho-fluorine atom/hydrogen atoms distance of
2.47 Å versus an ortho-fluorine/b-hydrogen distance of 4.54 Å). The
calculated structures depicted in Schemes 5e7 are considerably
consistent with those recommended by our mechanistic proposi-
tions presented in Schemes 3 and 4. Having strengthened our
propositions regarding different reactive interactions between the
fluorine atom and b-hydrogen in the catalyst 1 and also between
the fluorine and hydrogen atoms or CH3 in the catalysts 2 and 3,
respectively due to the differences in the constitutional structures,
the charges on the atoms were estimated. As illustrated in Scheme
8, the amount of the charges on the hydrogen atom of CH¼N and
the hydrogen atom of CH3 group on the a-diimine ligand backbone
of the active species are in strong accordance with our suggestions
regarding higher molecular weight of the polymer obtained by the
catalyst 3 in comparison with the catalyst 2. Indeed, more localized
positive charge on the hydrogen atom of CH¼N (þ0.29) comparing



Scheme 4. Different effects of fluorine on the catalysts behaviors due to its interaction with the substitution of a-diimine backbone structure.

Scheme 5. DFT-optimized structure of the cationic species derived from the catalyst 1.

Scheme 6. DFT-optimized structure of the cationic species derived from the catalyst 2.

Scheme 7. DFT-optimized structure of the cationic species derived from the catalyst 3.
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with the charge on the hydrogen atom of CH3 (~þ0.23) improves in
the presence of the fluorine atom and leads to formation of lower
molecular weight polyethylene. In the other words, the fluorine
atom with a lower tendency for electronically interacting with
growing polymer chain does not prevent the transferring reaction
in the catalyst 2 completely, which, in turn, leads to production of
lower molecular weight polyethylene.

The NBO analysis showed that the three complexes had an un-
paired electron, so appeared to have paramagnetic property, similar
nickel dibromide catalyst exhibiting paramagnetic nature are
described by Alt et al. [30]. All their five d-orbitals, however, had
pair electrons (alpha and beta electrons). As shown in Figs. 2e4, the
unpaired electrons are located in other molecular orbitals. The
electronic properties of the d-orbitals of Ni atom are tabulated in
Table 2 and their energy diagrams of d-orbitals are shown in Fig. 5.
Among them the dxy-orbital has the lowest energy because it acts
as a bonding orbital (bonded to the p-orbital of carbon atom) and
four other d-orbitals act as nonbonding orbitals, and the dz

2 orbital



Scheme 8. Charges of the cationic species derived from the catalysts 2 (up) and 3 (down) calculated by the DFT theory.
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has the highest energy. In the NBO analysis, the delocalization ef-
fects can be identified due to the presence of interaction between
somemolecular orbitals that act as donor or acceptor. The strengths
of these delocalization interactions are estimated by the second
order perturbation theory. The second order perturbation stabili-
zation energies, E(2), calculated at the B3LYP/6-311G level for the
catalysts 1, 2 and 3, are given in the last column of Table 2. It is
common to report the orbital energies, E, in atomic unit (a.u.), and
the second order perturbation energies, E(2), in kcal.mol�1. A large
stabilization energy E(2) value shows higher delocalization effects of
the electrons in the d-orbitals and their high stabilization, so the dxy
which contains a covalent C-C bond, has the lowest second order
perturbation stabilization energy.

Similar to most transition metal-based catalysts, the Ni-based
catalysts suffer from the decay of catalytic activity at elevated
polymerization temperatures [31,32]. In the present study, for the
polymerization carried out at the optimum value of [Al]:[Ni], the
catalysts 1, 2 and 3 showed the highest polymerization activities at
30, 30 and 20 �C, respectively (Fig. 6). Incorporation of fluorine
atoms into the catalyst structure diminished the catalyst activity in
comparison with their analogues having isopropyl substitutions
[33]. Besides, activity of the catalyst 3,which has a CH3 group on the
a-diimine backbone structure, is more vulnerable to polymeriza-
tion temperature. This again strengthens our hypothesis about the
deactivation process (Scheme 2).

Some properties of the obtained polymer are summarized in
Table 1. The degree of crystallinities of the polymers obtained by
the catalysts 1-3 at the polymerization temperature of 20 �C are 44,
38, and 42%, respectively (Table 1). At low polymerization tem-
perature, because of the interaction between the fluorine atom and
the b-hydrogen atom of the polymer chain (Scheme 3), the for-
mation of olefin hydride complex, which is less probable, is in favor
of monomer insertion, giving rise to a product with a high crys-
tallinity andmelting point. Among the three catalysts, the catalyst 2
produced polyethylene with the lowest crystallinity, which is in
accord with our description, i.e. more interaction of the fluorine
atom with the protons in the backbone of the structure resulted in
formation of the olefin hydride complex which, in turn, led to chain



Fig. 2. Contour diagram of five d-orbitals and the molecular orbital with unpaired electron for the catalyst 1.

Fig. 3. Contour diagram of five d-orbitals and the molecular orbital with unpaired electron for the catalyst 2.
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transfer reactions, short olefin re-insertion and eventually chain
walking to furnish branched polymer with low degree of crystal-
linity. Finally, as can be seen in Table 1, with all the three catalysts,
the polymer molecular weight tends to decrease with increasing
polymerization temperature.
4. Conclusion

A series of designed fluorinated Ni (II) catalysts bearing various
a-diimine backbone structures with different steric bulk were
demonstrated to be active in the ethylene polymerizations com-
bined with MAO. The catalyst activity, polymer molecular weight
and polymer microstructure could be tuned by modifying the
catalyst architecture and by controlling polymerization parameters
such as temperature and MAO concentration. Although, all the
catalysts had fluorine atom substitution on the aryl rings, the in-
fluence of the fluorine atom on the efficiency of each catalyst was
different. The mechanism proposed for explaining the effects of



Fig. 4. Contour diagram of five d-orbitals and the molecular orbital with unpaired electron for compound 3.

Table 2
Electronic properties of the d-orbitals in the complex 1, 2 and 3.

Complex d-orbital E (a.u.) Molecular orbitals typea E(2) (kcal.mol�1)

1 dz2 �0.200 LP (1)Ni 0.92
dyz �0.201 LP (2)Ni 7.21
dxz �0.206 LP (3)Ni 5.89
dx2�y

2 �0.238 LP (4)Ni 11.63
dxy �0.318 BD (1)Ni-C 21.05

2 dz2 �0.224 LP (1)Ni 0.82
dyz �0.229 LP (2)Ni 3.48
dxz �0.233 LP (3)Ni 6.37
dx2�y

2 �0.262 LP (4)Ni 8.69
dxy �0.317 BD (1)Ni-C 21.87

3 dz2 �0.218 LP (1)Ni 0.87
dyz �0.224 LP (2)Ni 3.17
dxz �0.228 LP (3)Ni 5.92
dx2�y

2 �0.256 LP (4)Ni 8.63
dxy �0.312 BD (1)Ni-C 22.14

a Lp: Lone pair or none bonding, BD: Bonding.

Fig. 5. Energy diagram of five
fluorine and a-diimine backbone structure on the catalysts
behavior, catalyst deactivation and molecular weight of the ob-
tained polymers were confirmed by the calculations made based on
the DFT method. The interactions between the fluorine atom and
growing chain in the catalyst 1 as well as between the fluorine atom
and hydrogen atom and the fluorine atom and CH3 in the a-diimine
moiety, respectively, in the catalysts 2 and 3were confirmed by DFT
studies, and it was found that the interactions could rationalize the
effect of electronic interaction on the polymer molecular weight.
Our suggested mechanisms for explaining the polymerization
behavior of the fluorinated LTM catalysts could make a proper
justification about the steric effects provided by a-diimine back-
bone as well as the electronic effects provided by the fluorine atoms
on the aryl rings.
d-orbitals in 1, 2 and 3.



Fig. 6. Plots of polymerization activities of the catalysts 1 ( ), 2 ( ) and 3 ( ) versus
polymerizations temperature. Polymerization time ¼ 30 min, monomer
pressure ¼ 2 bar, [Al]:[Ni] ¼ 1000, [Ni] ¼ 7 � 10�4 mmol, toluene volume ¼ 250 mL.
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