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A B S T R A C T

We designed a series of dinuclear structures (F1–F5) bearing different linkers (rigid to flexible) between the Fe
centers to investigate that how they could control the catalyst behaviour and polymer properties. The dinculear
structures were used for polymerization of ethylene in presence of MMAO and TiBA. Based on initial results,
catalyst F2 containing methyl-substituted phenyl bridge owned the highest activity (4.9× 106 g PE/mol Fe.h)
through dinuclearity and optimum bulkiness among the structures studied. This performance was along with the
greatest crystallinity (χc) of PE made by the catalyst. Polymerization at higher temperature and monomer
pressure exhibited high thermal stability and performance of catalyst F2, respectively. For further structures,
decreasing of effective electronic and steric features led to lower activity. In addition, not only catalyst F4
bearing the short ethylene bridge exhibited the lowest productivity, but also produced the PE containing high
level of short chain branches (37.2 SCB/1000C) affording a branched microstructure of polyethylene in presence
of TiBA. It could attribute to low steric and electronic effects and short distance between the centers (ethylene
linker) that made it suitable and active for SCB formation. Regarding to it, the electrophilicity index (ω) of F4
also was greater that led to high capacity or propensity of the specie to accept the (macro) monomer. For this
sample, virtually no χc observed in DSC and SSA thermograms. Moreover, MMAO acted as an effective cocatalyst
in comparison to TiBA, according to the kinetic profiles of ethylene polymerization. The observations were in
respect of strength and affinity of the cocatalysts in deactivation and reactivation of the centers at prolonged
time.

1. Introduction

As the polyolefins microstructure has a key role on the physical and
chemical properties of final product, the chemistry and structure of li-
gand and complex can control the catalyst behavior and polymer ar-
chitecture [1–3]. This fact reveals the importance of structure design to
reach desired properties [4–8]. There are many papers which have
discussed about the catalyst structures from metal effect to ligand
nature [9–11]. Late transition metals (LTM) complexes as a group of
olefin polymerization catalyst have shown striking features. For in-
stance; copolymerization of polar monomers, synthesis of linear to
hyperbranched polyethylene, rare short chain branches formation and
so on [12–20]. The chain walking mechanism for these structures is the
main origin of the observed properties [17–20]. Multinuclear LTM

catalysts are also interesting due to the unusual and unique pattern in
the polymerization [10]. Among LTM complexes, imino pyridine Fe-
based catalysts with high activity competitively to metallocenes are one
of the fascinating structures that produce HDPE or oligomers [2,21,22].
This variety of products of bis(imino)pyridine iron based catalysts also
is due to ortho-substituent effect and aryl rings that make the active
center to produce polymer or oligomer and linear to branched (rarely)
polyethylene [21,23]. Totally, catalyst structure lead to different be-
haviour of catalyst and thermal and microstructural properties of
polymer. High activity and convenient working and ease synthesis of
the mononuclear analogues made it to be interested by scientist to focus
on the multinuclear ones. The nature of bridge between the centers is
important as well as the length of it [24,25]. To clarify, the length and
nature of bridge have influence on the catalyst activity, stability and
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cooperation of the centers which may lead to effective interactions [2].
These features allow the catalysts to produce polyolefin with different
microstructure and properties.

There are some similar reported structures where the results were
notably interesting. Di, tri, tetra or even octanuclear Fe-based catalysts
which activated by TiBA, MAO or MMAO, and showed some synergistic
effects in comparison to mononuclear analogues [26–33]. Higher cat-
alytic activity, lifetime, thermal stability of complexes along with the
higher molecular weights (Mw), melting points (Tm), broader molecular
weight distributions (MWD) and higher linearity features of PE are
some of the observations in the literatures. The structures are bearing
rigid to flexible bridge between the centers. However, it seemed that
there is a need for a study on the nature of linker between the centers.

In addition to catalyst structure, the polymerization parameters are
very effective to control the behaviors and properties. One of the most
important parameters, which frequently discussed in the papers, is the
cocatalyst [34,35]. The nature and concentration of cocatalyst are very
crucial that make it to be a proper activator and impurity scavenger.
One of the advantageous of iron catalysts is good responsibility to
common alkyl activator such as TiBA instead of MAO or MMAO that
makes it desirable for industrial application [36].

Herein, we investigated the effect of catalyst and cocatalyst natures
and structures for polymerization of ethylene. Each parameter showed a
specific influence on the catalyst behavior and produced polyethylene.
Some theoretical factors also monitored to compare with experimental
results. The catalysts behaviors were comprised through the nuclearity,
nature and length of bridge between the centers and nature of the ac-
tivator.

2. Experimental

2.1. Materials

All manipulations of air/water sensitive compounds were conducted
under Ar/N2 atmosphere using the standard Schlenk technique. All the
solvents were purified prior to use. Toluene (purity 99.9%) was purified
over sodium wire/benzophenone, and used as polymerization media
and second step of ligand synthesis. Anhydrous THF obtained using the
same procedure and it used in the synthesis of complexes. Methanol
(Merck chemical) was purified over calcium hydride powder, and dis-
tilled prior to use in first step of ligand synthesis as solvent. Xylene was
purchased from Merck chemical and used for purification of PE sam-
ples. 2,6- diisopropyl aniline, 1,4-phenylene diamine, 2,3,5,6-tetra-
methyphenyldiamine, ethylenediamine, 1,6-hexanediamine, 4,4′-me-
thylenedianiline, 2,6-diacetyl pyridine, iron (II) dichloride and
petroleum ether (purity 99.5%) were supplied by Merck Chemical
(Darmstadt, Germany) and used in synthesis of ligands and complexes.
Ethylene (purity 99.99%) was provided by Bandar Imam Petrochemical
Company (BIPC, Iran). Modified-Methylaluminoxane (MMAO) (7 wt%
in Toluene) and triisobutyl aluminium (TiBA) were supplied by Sigma
Aldrich Chemicals (Steinheim, Germany).

2.2. Polymerization procedure

Ethylene polymerizations were conducted in a 200mL stainless steel
Buchi reactor, using toluene as the solvent. The reactor was purged with
nitrogen at 90 °C for 2 h prior to each reaction. Dried toluene, coca-
talyst and catalyst were introduced under nitrogen atmosphere, re-
spectively. The reactor was saturated with ethylene to desired total
pressure and reaction proceeded for 30min, by mixing at 800 rpm. To
better study on the reaction coordinate, the stirrer was stopped while
injection of catalyst then stirrer and plot started, concurrently. Ethylene
consumption was compensated using a mass flow meter to keep the
pressure constant. Finally, the reactor was evacuated and the product
was washed with acidic methanol (5%) and dried under reduced
pressure.

2.3. Characterization

1H NMR and FT-IR spectrums were obtained using Bruker AC-400
and Thermo Nicolet AVATAR 370 spectrometers, respectively.
Elemental and Mass analyses were performed on a Thermo Finnigan
Flash 1112EA microanalyzer and Varian CH-7A spectrometer. MWDs
were determined with a Polymer Char high‐temperature gel permeation
chromatographer (GPC), run at 145 °C under a flow rate of 1,2,4‐tri-
chlorobenzene of 1mLmin−1. The GPC was equipped with three de-
tectors in series (infrared, light scattering, and differential viscometer)
and calibrated with polystyrene narrow standards [31]. Differential
scanning calorimetry (DSC) thermograms were recorded at second
heating cycle with the rate of 10 °C/min by Perkin Elmer DSC Q100
instrument. Successive self-nucleation and annealing (SSA) analysis was
carried out at the heating and cooling rates of 10 °Cmin−1. Samples
were first heated to 180 °C, maintained for 10min, and cooled down to
25 °C. Subsequently, samples were heated to the first self-nucleation
temperature (T1), maintained for 10min then cooled down to 25 °C.
Successive self-nucleation was achieved by repeatedly heating to the
next self-nucleation temperatures and cooling down to 25 °C. After
covering the temperature range between 165 and 25 °C, the final
heating ramp from 25 up to 170 °C was applied to collect all melting
endotherms [37].

2.4. Ligands and complexes synthesis

All the ligands (SILn, n= 1–6) and complexes (M1 and Fn, n= 1–5)
(Scheme 1) were synthesized and characterized which the spectrums
are provided in the supporting information (SI) [25,39].

(E)-1-(6-(1-((2,6-diisopropylphenyl)imino)ethyl)pyridin-2-yl)
ethan-1-one (SIM): To a solution of 2,6-diacetyl pyridine (10mmol)
and catalytic amount of formic acid in methanol (15mL), 2,6-diiso-
propyl aniline (9mmol) was added by dropping funnel at room tem-
perature. The progress of reaction was measured by TLC technique.
After 12 h, a pale yellow solid was filtered off and washed with cold
methanol. For purification, the precipitate was suspended in refluxing
ethanol, then filtered while still hot. The product was dried under re-
duced pressure (yield: 85%).1HNMR (CDCl3, 300MHz): δ=1.19 (6H,
d), 1.23 (6H, d), 2.31 (3H, s), 2.84 (2H, sep), 2.90 (3H, s), 7.10–7.28
(3H, m), 8.07 (1H, t), 8.25 (1H, d), 8.65 (1H, d). Anal. Calcd. For
C21H26N2O: C, 78.22; H, 8.13; N, 8.69. Found: C, 78.27; H, 8.20; N,
8.12. Ft-IR (KBr, cm−1): 1648 (eC]Ne), 1699 (eC]Oe). Mass (EI, m/
z): 322 [M+, 100%].

(1E,1′E)-1,1′-(pyridine-2,6-diyl)bis(N-(2,6-diisopropylphenyl)
ethan-1-imine) (SIL1): To a solution of 2,6-diisopropyl aniline
(10mmol) and 2,6-diacetyl pyridine (9mmol), a catalytic amount of
formic acid was added and then stirred for 12 h. The yellow product
was filtered and washed with cold methanol. The solid dried under
reduced pressure (yield: 98%). 1HNMR (CDCl3, 300MHz): δ=1.1
(24H, d), 2.2 (6H, s), 2.8 (4H, sep), 7.1 (6H, m), 7.9 (1, t), 8.5 (2, d).
Anal. Calcd. For C33H43N3: C, 82.28; H, 9.00; N, 8.72. Found: C, 82.43;
H, 9.03; N, 8.39. Ft-IR (KBr, cm−1): 1649 (eC]Ne). Mass (EI, m/z):
481 [M+, 100%].

(1E,1′E)-N,N'-(1,4-phenylene)bis(1-(6-((E)-1-((2,6-diisopropyl-
phenyl)imino)ethyl)pyridin-2-yl)ethan-1-imine) (SIL2): To a hot
solution of SIM (15mmol) in xylene, a solution of 1,4-phenylene dia-
mine (7mmol) was added in presence of para-toluene sulfonic acid as
catalyst. The solution stirred for 72 h using Dean-Stark apparatus. The
solution was cooled down and filtered. The solid was washed with cold
methanol for several times.1HNMR (CDCl3, 300MHz): δ=1.20 (d,
12H), 1.21 (d, 12H), 2. 31 (s, 6H), 2.33 (s, 6H), 2.74–2.85 (m, 4H),
6.93(s, 4H), 7.12(t, 2H), 7.38 (d, 4H), 7.95 (t, 2H), 8.51 (d, 4H). Anal.
Calcd. For C48H56N6: C, 80.41; H, 7.87; N, 11.72. Found: C, 80.27; H,
7.70; N, 11.64. Ft-IR (KBr, cm−1): 1642 (eC]Ne). Mass (EI, m/z): 716
[M+, 100%].

(1E,1′E)-N,N'-(2,3,5,6-tetramethyl-1,4-phenylene)bis(1-(6-((E)-
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1-((2,6-diisopropylphenyl)imino)ethyl) pyridine-2-yl)ethan-1-
imine) (SIL3): The same procedure was employed for synthesis of SIL3.
1HNMR (CDCl3, 300MHz): δ=1.17 (d, 12H), 1.19 (d, 12H), 2.24 (s,
12H), 2.33 (s, 6H), 2.34 (s, 6H), 2.74–2.80 (m, 4H), 7.14 (t, 2H), 7.31
(d, 4H), 7.99 (t, 2H), 8.59 (d, 4H). Anal. Calcd. For C52H64N6: C, 80.79;
H, 8.34; N, 10.87. Found: C, 80.70; H, 8.26; N, 10.67. Ft-IR (KBr,
cm−1): 1646 (eC]Ne). Mass (EI, m/z): 772 [M+, 100%].

(1E,1′E)-N,N'-(methylenebis(4,1-phenylene))bis(1-(6-((E)-1-
((2,6-diisopropylphenyl)imino)ethyl)pyridin-2-yl)ethan-1-imine)
(SIL4): The same procedure was employed for synthesis of SIL3. 1HNMR
(CDCl3, 300MHz): δ=1.12–1.33 (m, 24H), 2.29 (s, 12H), 2.79 (m, 4H,
3.91 (s, 2H), 6.96–7.15 (m, 14H), 7.95 (t, 2H), 8.53 (m, 4H, H). Anal.
Calcd. for C55H62N6: C, 81.84; H, 7.74; N, 10.41. Found: C, 81.80; H,
7.74; N, 10.41. Ft-IR (KBr, cm−1): 1644 (eC]Ne). Mass (EI, m/z): 806
[M+, 100%].

(1E,1′E)-N,N'-(ethane-1,2-diyl)bis(1-(6-((E)-1-((2,6-diisopropyl-
phenyl)imino)ethyl)pyridin-2-yl)ethan-1-imine) (SIL5): The same
procedure was employed for synthesis of SIL3. 1HNMR (CDCl3,
300MHz): δ=1.19 (d, 12H), 1.25 (d, 12H), 1.84 (t, 4H), 2.25 (s, 12H),
2.76 (m, 4H), 7.13 (t, 2H), 7.22 (d, 4H), 7.98 (t, 2H), 8.59 (d, 4H). Anal.
Calcd. For C44H56N6: C, 79.00; H, 8.44; N, 12.56. Found: C, 78.98; H,
8.29; N, 12.60. Ft-IR (KBr, cm−1): 1632 (eC]Ne). Mass (EI, m/z): 668
[M+, 100%].

(1E,1′E)-N,N'-(hexane-1,6-diyl)bis(1-(6-((E)-1-((2,6-diisopro-
pylphenyl)imino)ethyl)pyridin-2-yl)ethan-1-imine) (SIL6): The
same procedure was employed for synthesis of SIL3. 1HNMR (CDCl3,
300MHz): δ=1.19 (d, 12H), 1.23 (d, 12H), 1.38 (m, 4H), 1.69 (m,
4H), 1.89 (t, 4H), 2.29 (s, 12H), 2.79 (m, 4H), 7.15 (t, 2H,), 7.23 (d,
4H), 7.99 (t, 2H), 8.63 (d, 4H,). Anal. Calcd. For C48H64N6: C, 79.51; H,
8.90; N, 11.59. Found: C, 79.41; H, 8.81; N, 11.33. Ft-IR (KBr, cm−1):
1638 (eC]Ne). Mass (EI, m/z): 724 [M+, 100%].

2.5. General procedure for synthesis and characterization of complexes

To a suspension of FeCl2 (1.1 equiv.) in THF, a solution of ligand
(SIL1: 1.0 equiv. and SILn, n= 2–6: 0.5 equiv.) was added and refluxed
for 10min. The mixture then cooled down and filtered under nitrogen
purge. The product was washed with THF and petroleum ether. Under
stream of nitrogen, the solid was dried. All the solids were in blue and
dark blue color.

The FT-IR spectrums of the complexes (provided in SI) revealed that
the imine signal was shifted to weak field as it coordinated to the Fe

atoms. This shift for M1 was to 1619 cm−1, while for dinuclear com-
plexes were 1613, 1612, 1607, 1602 and 1615 cm−1 (from F1 to F5),
respectively. Elemental analysis of the complexes, strongly, confirmed
the structures which the difference between the theoretical and ex-
perimental values was less than 0.5%. Table of elemental analysis also
are provided in the SI.

3. Results and discussion

3.1. Productivity and kinetic of polymerization

The dinuclear structures (Fn, n= 1–5) bearing rigid to flexible
bridges along with the mononuclear (M1) were used in the poly-
merization of ethylene using MMAO and TiBA as cocatalysts. The re-
sults are presented in Fig. 1 and Table 1. Catalyst F2 through the op-
timum bulkiness around the active center showed the highest activity
among the mono and dinuclear catalysts. The productivity of the cat-
alysts was in the order of F2 > M1 > F5 > F3 > F4 > F1 in presence
of MMAO and also the same trend was observed in presence of TiBA
except F1 > F4. These trends are showing the importance of the ortho-
aryl effect (i.e. M1) and electron density delivered by the bridge be-
tween the centers (i.e. F5 > F4 and F3 > F1) [7,37,38,40–43]. These
observations are consistent on our previous results on dinuclear Ni-
based catalysts bearing the same bridges [7,37]. The effect of poly-
merization parameters such as [Al]/[Fe] molar ratio, temperature and
monomer pressure on the catalyst behaviour and polymer properties
was investigated. High concentration of TiBA (runs: 9, 11, 13, 16) led to
higher performance of the catalysts that ascribed to reaching greater
concentration of active centers [10,11]. Polymerization at higher tem-
perature for catalyst F2 revealed better performance, while the activity
decreased after 65 °C. Increasing of kinetic energy of polymerization
species along with the stability of the catalyst are the reasons for en-
hancing of productivity [10]. After 65 °C, irreversible deactivation and
degradation of the catalyst as chemical factors and decreasing of
monomer solubility as physical factor could interpret the observations
[25,37]. Mw of the sample dropped by half and MWD was narrower (i.e.
[Al]/[Fe]= 1500 and Tp= 65 °C; run 18) than the PE prepared at both
lower TiBA concentration and polymerization temperature (i.e. [Al]/
[Fe]= 1000 and Tp= r.t.; run 10). In this case, although, it was not
clear that decreasing of Mw is mostly due to high cocatalyst con-
centration or polymerization temperature, it is accepted that the in-
creasing of these factors increases the chain transfer and termination

Scheme 1. Synthesis procedure of ligands and catalysts.
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reactions affording lower Mw of the resultant polymer [26,44]. The
productivity of catalyst F2 and Mw of the sample also increased as the
ethylene pressure augmented in the reactor. Besides, MWD of the
polymer (run 20) slightly decreased. Increasing of monomer con-
centration and propagation/transfer or termination ratio controlled the
catalyst behavior [10,43].

The kinetic profiles of ethylene polymerization using the catalysts in
presence of MMAO and TiBA are depicted in Fig. 2. Higher monomer
uptake and consumption by F2 reflected the higher activity and stabi-
lity, while for the further dinuclear structures; less shielding effects
caused lower activity and stability. On the other hands, the difference
between the catalyst behaviour against the different cocatalysts could
be observed. By considering the deactivation and reactivation Eqs. (1)
and (2), it could be proposed that MMAO acts much better for re-
activation of center than TiBA due to its structure and higher Lewis

acidity of Al [45–47].

+ →C Cocat Ct
k

d
d (1)

+ →C Cocat Cd
k

t
re

(2)

3.2. Microstructure properties

The impact of catalyst and cocatalyst structures was not limited to
the catalyst activity but also the final products affected by the nature
and concentration of activator. One of the characteristics of imino-
pyridine iron based catalyst in polymerization of ethylene is production
of HDPE with broad MWD at moderate reaction conditions [26,27,48].
Broadening of the MWD has been attributed to the presence of more
than one active center due to different combination of catalyst and

Fig. 1. Chart of ethylene polymerization results in presence of mono-(M1) and dinuclear (Fn, n= 1–5) catalysts.

Table 1
Results of ethylene polymerization using mono and dinuclear catalysts in presence of MMAO and TiBA.

Run Cat. Yield(g) Activity (g PE/mmol Fe.h) Mn
b (g/mol) Mw

b (g/mol) MWDb Tm
a (°C) Xc

a (%) SCB/1000Cb

1 M1 5.5 2619.0 6600 143,000 21.7 137.0 67.8 5.5
2 F1 1.1 523.8 5300 180,000 34.2 138.0 67.6 6.7
3 F2 10.3 4904.8 8700 104,000 12.0 138.0 79.8 4.6
4 F3 2.1 1000.0 3100 30,800 9.9 132.7 68.2 11.6
5 F4 1.2 571.4 2000 30,700 15.6 128.5 60.9 16.6
6 F5 2.6 1238.1 4400 98,700 22.3 137.6 64.8 7.8
7 M1

c 3.3 1571.4 5000 66,600 13.2 132.6 73.9 9.5
8 F1c 0.7 333.3 2400 145,000 59.2 124.9 25.5 16.0
9 F1d 0.9 428.6 n.d. n.d. n.d 121.6 27.3 n.d
10 F2c 4.6 2190.5 4900 50,600 10.3 125.3 73.6 11.5
11 F2d 5.1 2428.6 n.d n.d n.d 135.6 n.d n.d
12 F3c 0.8 381.0 2000 36,400 18.3 128.8 66.6 13.4
13 F3d 1.4 666.7 n.d n.d n.d 129.8 65.0 n.d
14 F4c 0.4 190.5 2900 24,000 8.3 – 0.0 37.2
15 F5c 1.0 476.2 3000 45,300 14.9 133.8 25.8 21.3
16 F5d 1.3 619.0 n.d n.d n.d n.d n.d n.d
17 F2d,e 6.1 2904.8 n.d n.d n.d 129.1 65.9 n.d
18 F2d,f 6.3 3000.0 3800 24,600 6.4 128.3 66.1 12.8
19 F2d,g 3.6 1714.3 n.d n.d n.d 126.6 61.5 n.d
20 F2d,h 7.5 3571.4 5500 52,200 9.6 136.2 68.8 7.2

a,b obtained by DSC and high temperature GPC-IR instruments, respectively. Polymerization Condition: runs 1–6 were carried out in presence of MMAO while for
7–20 TiBA were used. [Fe]:4.2 µmol, [Al]/[Fe]:1000, ethylene pressure: 2 bar, toluene 80mL, temperature: r.t., time: 30min.

c [Al]/[Fe]: 1000.
d [Al]/Fe]:1500.
e 50 °C.
f 65 °C.
g 80 °C.
h 5 bar.
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cocatalyst and reduction of initial active center to second one [26].
Moreover, it also has claimed that the more active (and unstable)
centers operated at the early stages of polymerization, gradually
transforming into the less active sites; the former sites afforded the low-
MW polyethylene fraction, while the latter sites were responsible for the

higher- MW PE fraction [22]. In the other side, unimodal molecular
weight distribution has been reported for some mononuclear structures
which strongly depends on the reaction conditions [22]. However,
presence of different stereoisomers might be considered which is con-
sistent on previous results of dinuclear catalysts [10,25]. Besides, it

Fig. 2. Kinetic profiles of ethylene polymerization using mono (M1) and dinculear (Fn, n=1–5) catalysts in presence of (A) MMAO, (B) TiBA.

Fig. 3. The MWD and SCB curves of PE obtained by mono and dinuclear catalysts in presence of MMAO.

M. Khoshsefat, et al. European Polymer Journal 119 (2019) 229–238

233



seems that both stereoisomers exist concurrently during the poly-
merization as catalysts are active in a very short time of polymerization
in presence of TiBA. Different trends for SCB/1000C (Figs. 3 and 4)
especially for cat/TiBA system implied the different behaviour of active
centers. Moreover, in presence of TiBA, Mw and MWD decreased, while
the SCB/1000C increased due to higher level of chain transfer reactions
by TiBA (Fig. 4).

A proposed mechanism is depicted in Fig. 5. For dinuclear structures
(except for F4 and F5), broadening to bimodality of MWD is much more
obvious due to much difference between the activated sites leading low
and high Mw fractions [25]. The GPC-IR graphs of the PE made by M1

and F2 using MMAO (Fig. 3) showed the higher Mw and narrow MWD
for F2 along with the slightly lower SCB/1000C. However, graph of
CH3/1000C revealed that higher level of methyl-end group for M1 due
to more fractions of low Mw. Electronic and steric effects are controlling
factors of structure difference.

Based on this, by increasing these effects on the active centers,
difference in catalyst structure and behaviour could be interpreted. For
instance, catalyst F4 bearing a short distance (higher steric effect than
F5) and lower electron density provided by ethylene bridge, showed the
lowest activity and stability along with the highest SCB content.

However, by decreasing of bridge length, dinuclearity along with
the catalyst…cocatalyst interactions increased. Furthermore, absence of
bulky substituents and rigid structures for F4 and F5 open the structure
orthogonal to N-N-N plane, and increase the frequency of the chain
transfer reactions (molecular structures are provided in Fig. 6b (down)
and SI) [21]. On the contrary, for catalyst M1 and F2, the situations are

different (Fig. 6a (up) and SI). Study on the theoretical factors revealed
that for catalyst F4, high ω afforded high level of propensity or capacity
of F4 to accept the electrons (monomer or macromonomers) [49,50].
Due to low stability of the catalyst, it was active for a short time but
produced PE containing high level of SCB.

These features could give the potential of chain transfer reactions
and comonomer (macromonomer) incorporation. On the other hand,
the extent of low Mw fractions for PE made by the catalysts is high
where the values are 40–60 CH3/1000C.

In respect of catalyst F4, at first glance, it seems that adjacency of
second metal center (figure S32, 6.16Å), very short energy interval
between two stereoisomers and short lifetime have made the active
centers to act similar but SCB/1000C graphs revealed different trends as
it descends and ascends, respectively.

Based on proposed mechanism for activation and polymerization
using TiBA, catalyst F4 mostly goes through the route B including β–H
elimination and 2,1-reinsertion which leads to high level of SCB.
According to FT-IR spectra of the samples obtained in presence of TiBA
(figures S27 and S28), absorbance of δ-CH3 vibrations regarding the
alkyl branches (methyl, ethyl and higher) at 1373, 1375 and
1378 cm−1 were strong for F4 while the absorbance of δ-CH2 vibrations
attributing polymer chain backbone at 1462 and 1464 cm−1 were
broad (due to amorphous phase) and weaker than further samples [51].
This amorphous phase also could be observed through the bands in the
range of 715–735 cm−1 where the peaks were weak and negligible for
F4. These scenarios were the reverse for F4 in presence of MMAO. Ad-
ditionally, very weak absorbance of the band at 908 cm−1 related to

Fig. 4. The MWD and SCB curves of PE obtained by mono and dinuclear catalysts in presence of TiBA.
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vinyl groups for F1 and F3 exhibited the effect of electronic and steric
effects of structure and distance of active centers on the β–H elimina-
tion reaction. These bands were more obvious for samples made using
TiBA due to dominating of β–H elimination during chain termination
regarding the F1 and F3 catalyst structures (Fig. 5; route B).

3.3. Thermal properties

Crystallinities and melting points obtained by DSC thermograms of
second heating cycle depicted in the Fig. 7and are in regard to the
fractions made by each catalyst activated center and SCB content of
them. The lowest SCB made by F2 in presence of MMAO led to the
highest χc while for F4 in presence of TiBA, the highest SCB per 1000
carbon atoms and no χc were observed. In contrast, using MMAO led to
high χc (60.9%) disclosed lower branches (route A; nPr chain and low
Me branch content) than TiBA as the GPC-IR confirmed the results.
Moreover, there are two endotherms for F1 as it produced PE with a
distinct bimodal distribution and different trends of SCB content for low
and high Mw fractions. For the rest dinuclear catalysts, the same

behaviour was observed. Lower melting temperatures of PE observed
for all catalysts in presence of TiBA are in respect of thinner lamellae
due to higher level of branches and shorter polymer chains. Due to low
SCB/1000C of the polymer made by the most catalysts, it not showed a
satisfactory fractionation in SSA thermograms (Fig. 8). Of course, there
are some contributions for the main peaks, but the crystallinity domains
were very close and the deconvolutions were not successful, accord-
ingly. However, for the Cat/TiBA catalyst systems, there are some
contributions at lower temperature than main Tm. All these observa-
tions showed that using TiBA leads to higher SCB formation.

4. Conclusion

Optimum bulkiness around the active center leading to desired
steric and electronic effects along with the dinuclearity in catalyst
F2that played a key role on activity and stability. In addition to the
greater performance of catalyst F2, higher Mw and linearity feature of
PE was obtained in comparison to the mono and further dinuclear
structures. In contrast, catalyst F4 through less hindrance and specific

Fig. 5. Proposed mechanism for activation and ethylene polymerization by the catalysts in presence of MMAO and TiBA.

Fig. 6. (a) Molecular structures of precatalysts M1 (up) and F4 (down), (b) Theoretical factors calculated for the mono and dinuclear precatalysts.
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steric influence and electronic effect along with the short and no bulky
group of the bridge between the centers produced a branched (an
amorphous) PE with low activity in presence of TiBA. The molecular
models and theoretical factors (i.e. electrophilicity and Mullikan
charge) confirmed the experimental results. On the other hand, the
effect of cocatalyst nature (i.e. MMAO and TiBA) was striking. Kinetic

profiles of ethylene polymerization using the structures in presence of
MMAO and TiBA, completely, revealed that MMAO acts as an effective
activator. Strength and stability of the cocatalysts in deactivation and
reactivation of the centers were controlling factors on catalyst beha-
viour at prolonged time. The impacts of polymerization conditions on
catalyst behaviour and polymer properties were considerable.

Fig. 7. DSC thermograms of PE made by mono and dinuclear catalysts in presence of (A) MMAO and (B) TiBA.

Fig. 8. SSA thermograms of PEs made by mono (M1) and dinuclear (F2) catalysts in presence of MMAO (top; left and right) and all mono and dinucleear structures in
presence of TiBA.
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