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homogenous catalyst were higher and showed more diver-
sity. The total methyl branch percentages for both LN and 
LNS catalysts were 13.1 and 3.4%, respectively.
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Introduction

Polyethylenes containing long and short branches have 
attracted great attention in the recent decades [1]. The 
existence of long branches in the polyethylene backbone 
improves its microstructural properties, e.g., polymer 
processability, toughness, impact resistance, and tensile 
strength [2]. Usually, Ziegler–Natta or metallocene cata-
lysts incorporate short branches into polymers by ethyl-
ene copolymerization with α-olefin comonomers such as 
1-butene, 1-hexene, and 1-octene [3, 4]. Other methods 
for creating branched polyethylene are based on using 
late-transition metal catalysts such as those reported 
by Svejda et al. [5], Paulovicova et al. [6], and Younkin 
et al. [7]. These types of catalysts have the ability to pro-
duce polymers with different microstructures in a wide 
range from relative linear polymers to hyper-branched 
or dendritic without using α-olefin co-monomers [8–10]. 
Special polymers can also be prepared by varying metal 
center and ligand type on the coordination sphere of late-
transition metal catalysts [10, 11]. Late-transition metal 
catalysts possessing α-diimine ligands can enhance or 
hinder chain transfer reactions using different substi-
tute in aryl rings. Besides, various substitutions in the 
ortho-position of the aryl ring of the catalyst may also 
induce the production of polyethylene with low or high 
degree of branching [12–14]. Heterogenization of these 

Abstract  In this work, ethylene polymerization was 
investigated by using homogeneous and heterogenouse 
nickel α-diimine catalysts [1,4-bis(2,6-diisopropylphenyl) 
acenaphthene diimine nickel(II) dibromide]. Methyl alu-
minoxane (MAO) and triethyl aluminum (TEA) were 
used as cocatalysts in homogenous and heterogeneous 
polymerizations, respectively. The heterogeneous catalyst 
showed lower activity than its homogeneous equivalent. 
The influence of polymerization temperature and hetero-
genization conditions was studied on the microstructure 
properties of the prepared polymers. Increasing polymeri-
zation temperature (TP) up to 50 °C decreased the activity 
of both homogenous (LN) and heterogeneous (LNS) nickel 
α-diimine catalysts. The highest activities were 1286 and 
982  kg PE (mol Ni  bar  h)−1 obtained at TP =  30  °C for 
LN and LNS catalysts, respectively. The polymer sam-
ples obtained by supported catalyst (LNS) showed lower 
unsaturation contents. Moreover, DSC analysis did not 
show any melting peaks for polymers obtained by LN cata-
lyst due to their amorphous structure, which was confirmed 
by XRD analysis. The microstructure of the prepared poly-
mers was completed by successive self-nucleation anneal-
ing (SSA) and was investigated by 13C NMR studies. 
The SSA thermogram of samples made by LNS catalyst 
exhibited several crystal types with different lamella thick-
nesses. The branches in polyethylene samples produced by 
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catalysts on inorganic supports, such as silica or mag-
nesium chloride, has also been proposed to overcome 
some problems such as difficulty in controlling poly-
mer morphology, relative low halftime of late-transition 
metal catalysts, and reactor fouling during homogenous 
polymerization processes [15, 16]. Several methods 
for immobilizing transition metal catalysts on the sup-
port have been reported in the literature including direct 
immobilization of catalyst on the carrier surface, graft-
ing after support modification with MAO or alkyl alu-
minum compounds and finally covalent bonding of the 
catalyst to the support through its ligands [17]. Numer-
ous studies have been carried out on the polymerization 
of the ethylene using LTM immobilized on different sup-
ports [18–20]. For instance, Chadwick et al. reported the 
immobilization of some of α-diimine nickel catalysts on 
MgCl2 for ethylene polymerization [21]. In addition, the 
effect of MgCl2 support on the morphology of the result-
ing polyethylene using nickel α-diimine based late tran-
sition metal catalyst was studied by Mao et al. [22]. Dif-
ferent immobilization methods of metallocene and late 
transition metal catalysts were studied in the literature 
[20–22]. However, there are fewer studies on polymer 
properties such as thermal behavior and microstructure 
of the obtained polymers.

In this work, we studied ethylene polymerization using 
both homogeneous and heterogeneous α-diimine nickel-
based catalysts and the effects of heterogenization on the 
microstructure, and properties of the produced polyeth-
ylenes were investigated by XRD, SSA, and 13C NMR 
techniques that have not been previously reported to this 
extent on this system. The novelty of this work is com-
prehensive microstructure study of the synthesized poly-
ethylene samples by homogeneous and heterogeneous 
nickel-based (LTM) catalysts.

Experimental

Materials

Methylaluminoxane (MAO, 10 wt% solution in toluene), 
triethyl aluminium (TEA), and triisobutyl aluminium 
(TIBA) were purchased from Sigma-Aldrich (Germany). 
Toluene and n-heptane were provided by Bandar Imam 
Petrochemical Co. (BIPC, Iran). Toluene was purified 
by distillation over sodium wire and benzophenone, and 
n-heptane was dried with CaH2 and stored over sodium 
wire and 4A activated molecular sieves. 2,6-Diisopro-
pyl aniline and acenaphthenequinone were supplied by 
Merck (Germany). Nickel(II) dibromide salt was pur-
chased from Sigma-Aldrich (Germany).

Catalyst and support preparation

All manipulations involving air sensitive compounds 
were performed under dried argon atmosphere in a glove 
box. LN catalyst (Scheme  1) was synthesized accord-
ing to the previous report [23]. The modified support 
of catalyst used in this work was prepared by treating 
an adduct MgCl2·nEtOH (n  =  3–4) (1  g) with TIBA 
(30 mmol) in 20 mL heptane [24]. Details of the experi-
mental procedure for producing MgCl2·nEtOH (adduct) 
and modification can be found elsewhere [25, 26]. The 
modified support (0.1 g) was added in 5 mL toluene, to 
which a suitable amount of late-transition-metal catalyst 
(3 mmol) was added; then it was stirred for 12 h, and the 
precipitate was washed with toluene to give the final sup-
ported catalyst. The proposed mechanism for immobiliz-
ing of the LN catalyst over the MgCl2 support is shown in 
Scheme 2. It is obvious that the modification of the alco-
holic MgCl2 by pretreatment with TIBA prepares it for 
the impregnation of the LN catalyst.

Polymerization

Polymerization was carried out in a 200-mL stainless 
steel reactor equipped with a magnetic stirrer and temper-
ature pressure controlling systems. At first, polymeriza-
tion reactor was purged with argon at 90 °C for about 2 h 
to ensure the absence of moisture and oxygen. Reactor 
was charged with 100 mL of n-heptane and purged with 

Scheme 1   Structure of Ni(II) diimine catalyst
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ethylene and temperature was adjusted to the polym-
erization temperature, subsequently. Methyl aluminox-
ane (MAO) in the homogeneous and triethyl aluminium 
(TEA) in the heterogeneous polymerizations were used 
and then the catalysts were added to the polymerization 
reactor. Polymerization was started by setting the ethyl-
ene pressure in reactor. After 30 min, polymerization was 
stopped and ethylene was discharged from the reactor. 
The obtained polymers were washed with acidified meth-
anol and dried under vacuum oven.

Characterization

The viscosity average molecular weights (Mv) of poly-
mers were determined in decahydronaphthalene at con-
stant temperature 135 ± 0.1 °C using Ubbelohde viscom-
eter and Mark–Houwink–Sakurada equation [27]. Fourier 
transform infrared spectroscopy (FTIR) experiments were 
carried out with a FTIR Bruker-IFS 48 (Germany) spec-
trophotometer. Vibrational bands of polymer structures in 
the range of 4000–500  cm−1 were analyzed. For calcu-
lating unsaturation percentage for polyethylene samples, 
the peak area corresponding to vinyl group absorptions in 
the 910–908 and 2019 cm−1 regions were measured and 
the percentage of vinyl end groups calculated using the 
obtained Eq. (1) from the calibration curve [28]:

(1)C = C (%) = (2.751× [A908/A2019] − 0.111)× 100.

Differential scanning calorimetry (DSC) curves of the 
polymers were obtained by applying Mettler-Toledo (823e, 
Switzerland) instrument. Samples were heated from room 
temperature to 150  °C at the rate of 10  °C  min−1 under 
nitrogen gas flow. Then, the system was kept for 10  min 
at the same temperature, followed by cooling to 25  °C 
by the rate 10  °C  min−1. Finally, samples were heated 
from 25 to 150  °C with the same heating rate, and the 
final DSC curves were collected at the last heating cycle. 
Lamella thickness and heterogeneity index were calculated 
with successive self-nucleation and annealing (SSA) as 
described in previous work [29]. X-ray powder diffraction 
(XRD) was used to observe crystal content of the polyeth-
ylene samples using a Siemens D5000 X-Ray (Germany) 
diffractometer. Branching contents of the polymers were 
measured using a Varian Inova 300 (USA) NMR spectrom-
eter, operating at 75 MHz. Samples were dissolved in the 
ortho-dichlorobenzene and deuterated benzene (20% v/v) 
and 13C NMR spectra were collected at 120 °C and con-
sequently the branching data were calculated according to 
previous reports [30, 31].

Results and discussion

Catalyst activity

Results of homogeneous (LN) and heterogeneous (LNS) 
late-transition metal catalyst activities at different 

Scheme 2   Proposed mecha-
nism for immobilizing of LN 
catalyst over MgCl2 support, 
(iBu: isobutyl)
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polymerization temperatures are shown in Table  1. The 
results showed that by increasing TP, the catalyst activity 
decreased probably due to phenomena such as possible 
changes in the structure of catalyst or the lower solubility 
of the monomer in the polymerization medium at higher TP 
[9, 32]. However, Xu et  al. [22] and Schilling et  al. [33] 
reported some heterogeneous LTM catalysts that exhibited 
higher polymerization activities than the corresponding 
homogeneous LTM catalysts. In contrast, Jiang et al. [17] 
reported drop in the activity of supported LTM catalyst by 
increasing the polymerization temperature. Therefore, pre-
diction of the polymerization activities in heterogeneous 
catalysts is difficult due to the complexity of their struc-
tures or properties of the supports that were used.

The highest activity 1286 kg PE (mol Ni bar h)−1 was 
obtained at TP = 30 °C in the homogeneous system. Com-
paring with the LN catalyst, the LNS showed lower activ-
ity at the same polymerization condition. This effect might 
be probably due to deactivation of some active sites dur-
ing the grafting reaction or even due to the steric effect of 
the support itself that plays the role of a huge ligand [15, 
22]. The highest activity for LNS catalyst was observed at 
TP = 30 °C, similar to LN catalyst (Table 1).

The results of Table  1 showed that Mv of the resultant 
polymers obtained by LN and LNS catalysts decreased with 
increasing polymerization temperature under the same polym-
erization condition. This effect can be due to the enhancement 
of chain transfer rates or to the increase in termination over 
propagation reactions at the higher temperature, making it more 
difficult to produce polymers with high molecular weights 
[16]. Moreover, supported catalyst led to higher Mv in compari-
son to LN catalyst probably due to lower β-hydride elimina-
tion reactions (Table 1) [34, 35]. Ma et al. synthesized silica-
supported iron (LTM) catalyst for ethylene polymerization: this 
catalyst produced polymers with higher molecular weights and 

melting temperatures compared to unsupported catalyst [19]. 
In general, the probability of occurring β-hydride elimination 
reactions in late transition metal catalysts is high. This type of 
termination reaction produces polymers with an unsaturated 
terminal chain (vinyl or vinylidene terminal groups), while 
chain transfer to aluminum gives completely saturated polymer 
chains. Vinyl terminated chains were capable of re-insertion 
into the main chain to form long branches that is characters of 
polymers obtained by LTM catalyst [35]. According to Table 1, 
at TP = 30 °C the unsaturation percentage in polymer chains 
using LNS catalyst decreased from 4.7 to 4.4 compared with 
LN catalyst. This behavior can be attributed to lower β-hydride 
elimination reactions upon heterogenization as confirmed by 
Mv results [15, 17]. Kaminsky et al. [36] reported unsaturation 
percentage between 6.8 and 17% for polymers obtained by 
bridged metallocene catalysts.

Thermal properties of polymers

The effect of polymerization temperature on thermal 
properties of the polymers obtained with LNS catalyst 
was investigated by DSC analysis. As shown in Fig. 1, at 
TP = 30 °C a sharp melting peak at 120 °C was obtained 
which was evolved into two broad peaks at 117  °C and 
103 °C for TP = 50 °C. The broadening of the peak at this 
polymerization temperature may be probably due to higher 
branching associated with the enhancement of the chain 
walking or could be attributed to more irregularity of the 
chain structure that possessed different branch densities in 
the prepared polyethylene. Moreover, at TP = 70 °C only a 
melting peak at 122 °C and the drop in activity can be seen 
(Table 1). Higher melting points are attributed to the chains 
with fewer number of branches [15, 37]. Alobaidi et al. also 
reported that increasing polymerization temperature led to 
a decrease in the polymers melting temperature obtained by 

Table 1   Ethylene polymerization using LN and LNS catalysts

Polymerization conditions: ethylene pressure: 4 bar, catalyst concentration [M] = 3 µmol (LN), [M] = 2.16 µmol (LNS) determined by ICP, 
polymerization time: 30 min, heptane: 100 mL
a  MAO: 4 mmol
b  TEA: 4 mmol
c  Determined by FTIR
d   Measured by DSC, Crystallinity based on ΔHm = 293 J g−1 for a 100% crystalline PE
e  The polymers were totally amorphous

Catalyst code TP (°C) Activity (kg PE (mol M bar h)−1) Mv (kg mol−1) Unsaturation (%)c Tm (°C) XC
d (%)

LNa 30 1286 511 – –e –

LN 50 966 365 4.7 – –

LN 70 583 317 – – –

LNSb 30 982 1687 – 120 21

LNS 50 650 828 4.4 103 19

LNS 70 325 359 – 122 14
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homogenous LTM catalyst; this trend showed a reduction 
in the short chain branch contents [15].

The polymer obtained with LN catalyst was amorphous 
and did not show any melting peak, which can be attrib-
uted to the production of the highly branched polyethyl-
ene [38]. This observation confirmed that catalyst hetero-
genization decreased chain walking to a great extent [20, 
21, 37]. The crystallinity contents of the polymers made 
by LNS catalyst decreased as polymerization temperature 
increased. In other words, the extent of branching increased 
with polymerization temperature (Table  1; Fig.  2). Jiang 
et  al. [17] produced branched polyethylene by α-diimine 
catalyst covalently supported on SiO2 and MgCl2 at higher 
polymerization temperature. In contrast, Choi et  al. [39] 
synthesised a clay (MMT)-supported (LTM) catalyst that 
produced polyethylene with high melting temperature due 
to reduction in the chain walking reaction. Therefore, dif-
ferent steric effects are available in the supported catalysts, 
resulting in either improvement or reduction of chain walk-
ing reaction which leads to formation of more amorphous 
or more crystalline polyethylene, respectively [37, 39].

Successive self-nucleation annealing (SSA) analysis is a 
rapid and practical approach for assessing chain heteroge-
neity in polyolefins. The synthesized polymers using LNS 
catalyst showed several peaks (Fig.  2), which suggest the 
existence of polyethylene with various crystal sizes and 
lamella thicknesses. The multiplicity of the endotherm peak 
is related to different lamellar thicknesses of the obtained 
polyethylene, which may be due to different branch con-
tents [40]. It is also observed that the lamella thickness dis-
tribution specified by DSCI criteria (Table  2) approaches 
one, which is similar to the behavior of metallocene cata-
lyzed PE [40, 41]. No peak was observed for homogene-
ous sample obtained by LN catalyst. This clearly showed 
the catalyst forms highly branched and, therefore, amor-
phous polymer. The lamellar thicknesses and heterogeneity 
index values are shown in Table 2. The melting temperature 

is related to the branch content and increasing the branch 
content decreases lamellar thickness of the crystal structure 
and thus lowers melting temperature [15, 37].

Crystallinity of polymers

X-ray diffraction analysis (XRD) of the polymers obtained 
by LN and LNS catalysts at polymerization temperature of 
50  °C is depicted in Fig.  3. As seen in this figure, XRD 
pattern of the obtained PE using LNS catalytic system 
shows two diffraction peaks corresponding to (110) and 
(200); sharp peaks are due to scattering from crystalline 
regions. On the other hand, the polymer obtained by LN 
catalyst presents only a broad peak that corresponds to 
the scattering from non-crystalline structures. Ray et  al. 
used clay as a support for Fe-based diimine catalysts; the 
produced polyethylene exhibited crystalline region in the 

Fig. 1   DSC thermograms for produced PE samples using LNS cata-
lyst Fig. 2   SSA thermograms for produced PE sample using LNS cata-

lyst at TP = 50 °C

Table 2   Lamella thicknesses and heterogeneity index value of the 
obtained PE using LNS catalyst at TP = 50 °C

a  DSCI (heterogeneity index) can be obtained from any peak height 
toward tallest peak height

Peak no. Lc (nm) Tm (°C) DSCIa

1 2.6 67 0.57

2 2.82 73 0.61

3 3.08 79 0.64

4 3.38 85 0.69

5 3.76 91 0.74

6 4.23 97 0.79

7 4.84 103 0.86

8 5.64 109 0.91

9 6.77 115 0.90

10 8.83 122 1.00
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XRD pattern [42]. The obtained results showed that LNS 
catalyst produces higher crystalline polymers than LN 
catalyst; accordingly LNS catalyst produces polymers with 
lower branching content due to lower chain walking reac-
tion. While, the LN catalyst prevents effective crystalliza-
tion of polyethylene due to excessive branching [43, 44].

Branching contents determined by 13C NMR

The correlation of molecular structure and physical prop-
erties has to be taken into account for providing a correct 
analysis of branching in polyethylene. 13C NMR is undoubt-
edly the best technique to investigate the microstructure of 
these materials, and it has been extensively used to charac-
terize branching in polymers. In the present research, the 

amount and type of branches in the obtained polymers were 
analyzed by means of 13C NMR spectroscopy (Table  3). 
Calculations and measurements based on peak integration 
were done according to the method proposed by Galland 
et al. [30, 31].

As can be seen in Fig. 4, the signals of the methyl branches 
and the methine carbon were observed near 20 and 33 ppm, 
respectively. The paired 1,4 methyl branches and 1,5 and 1,6 
methyl branches were identified by the presence of the reso-
nance peaks at 34.7, 24.6, and 27.8 ppm, respectively [2, 30, 
31]. The long-chain branch (NL) was observed by the pres-
ence of peaks at 32.16 and 29.59 ppm, for polymer obtained 
with LN catalyst (sample A). The results in Table 3 show that 
the polymer obtained by LN catalyst includes mainly methyl 
and long branches. Alobaidi et al. [15] showed that the typi-
cal homogeneous α-diimine catalysts produced polyethylene 
with the higher methyl branches compared to long branches. 
Jiang et  al. [17] also used heterogeneous LTM catalyst for 
synthesis of the branched polyethylene, however, a linear 
semi-crystalline polyethylene was obtained at 0 °C, and the 
13C NMR spectrum of the obtained polymer showed just the 
signal for methyl branches. By increasing the polymerization 
temperature, methyl branch decreased but longer branch and 
degree of branching increased. The total amount of methyl 
branches for polymers obtained by LN and LNS catalysts 
were 13.2 and 3.4%, respectively. Polymer obtained by LNS 
catalyst showed lower amount of branches than the one 
obtained by LN catalyst, which mainly was constituted by 
methyl branches. Ye et al. [37] reported that MCM supported 
LTM catalyst produced branched polyethylene, although its 
short chain branches were less than those produced by the 

Fig. 3   XRD patterns of produced PE samples using LN and LNS 
catalysts at TP = 50 °C

Table 3   Short and long chain branching distribution of PE made with LN and LNS catalysts at TP = 50 °C

Branch type Sample

LN LNS

Percentage over total branch-
ing (%)

Percentage over main chain 
(%)

Percentage over total branch-
ing (%)

Percentage over main chain 
(%)

NM (isolated) 4.4 25.9 1.8 54.9

NM(1,4) 1.0 6.2 0.5 16.1

NM(1,5) 2.3 13.4 0.0 0.0

NM(1,6) 5.4 31.6 1.0 29.0

Total NM 13.1 77.0 3.4 100.0

NE 0.6 3.7 0.0 0.0

NP 0.9 5.3 0.0 0.0

NB 1.2 7.2 0.0 0.0

Na 0.0 0.0 0.0 0.0

NL (isolated) 1.1 6.7 0.0 0.0

NL(1,4) 0.0 0.00 0.0 0.0

Total NL 1.1 6.2 0.0 0.0

Total branches 18.0 100.0 3.4 100.0
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homogeneous LTM catalyst. These results are in accordance 
with the SSA results that the heterogenization of LTM cata-
lysts leads to lower chain walking and β-hydride elimination 
due to steric hindrance of the support structure [45, 46].

Conclusion

Ethylene polymerization was carried out using homo-
geneous and heterogeneous nickel α-diimine catalysts. 
The heterogeneous catalyst showed lower activity than 
homogeneous catalyst. Viscometer measurements and 
FTIR results demonstrated that heterogeneous catalyst 
(LNS) produced higher Mv and lower unsaturation content 
than homogeneous catalyst (LN). The study of thermal 
properties of the prepared polymers using DSC analysis 
revealed that supported catalyst (LNS) enhanced crystal-
linity but for (LN) catalyst no melting peak was observed 
which was confirmed by XRD results. Furthermore, SSA 
thermogram of samples made by LNS catalyst exhibited 
several crystal types with different lamellar thicknesses. 
13C NMR analysis showed that LNS catalyst could pro-
duce polyethylene containing relatively low branches 
compared with LN catalyst. For both catalysts, methyl 
branches were dominant.
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