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Abstract 
In the practical use for the production of the α-olefins, it is highly desired to 
develop a novel heterogeneous catalyst system. The metal complexes immobi-
lized into the clay interlayers show a great potential as heterogeneous catalysts 
due to their excellent processability. In this study, nine types of heterogeneous 
procatalyst Ln/Ni2+-micas were synthesized via a one-pot preparation method, 
which includes both the condensation reaction of the ligand derivatives and 
the intercalation of the ligands into the Ni2+ ion-exchanged fluorotetrasilicic 
mica interlayer. The ligand structures of the prepared procatalysts were [Ln: 
R-N = C(Nap)-C(Nap) = N-R] [(Nap = 1,8-naphthdiyl) (L1, R = 2-MePh; L2, 
R = 2-FPh; L3, R = 2-BrPh; L4, R = 4-MePh; L5, R = 4-FPh; L6, R = 4-BrPh; 
L7, R = 2,4-F2Ph; L8, R = 2,4-Br2Ph; L9, R = 2,6-F2Ph). At 50˚C and 0.7 MPa- 
ethylene pressure, the triisobutylaluminum-activated L1-L6/Ni2+-mica showed 
a catalytic activity for the ethylene oligo-/polymerization in the range of 334 - 
549 g-ethylene∙g-cat−1∙h−1. A high catalyst activity was obtained when the 
substituent having a larger steric bulk than that of a methyl substituent was 
introduced at the ortho-position of the aryl rings. The introduction of the flu-
orine substituent as a strong electron-withdrawing group to the para-position 
also increased the catalytic activity. The L2, L4, L5, and L6/Ni2+-micas showed 
moderate selectivities to oligomers consisting of C4-C20 in the range of 19.9 - 
41.6 wt% at 50˚C. The calculated Schulz-Flory constants α based on the mole 
fraction of C12 and C14 were within 0.61 - 0.78. 
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1. Introduction 

The oligomerization of ethylene is a major industrial process to produce α-ole- 
fins, which are used in the ethylene polymerization as a co-monomer and the 
preparation of a variety of economically important chemicals. Since Brookhart 
and coworkers found that the high electrophilicity of the cationic species of the 
α-diimine Ni(II) and Pd(II) complexes afforded a high activity for the polymeri-
zation of α-olefins, late transition-metal technology has attracted great attention 
in both academic and industrial research [1]-[8]. 

Both the high activity of the catalysts and their ability to control the molecular 
weight of the products are attributed to the following key features of the catalyst 
design. A major research direction in this field is modification of the α-diimine 
ligand or bis(imino)pyridine ligand structures [9] [10] [11]. For example, ortho- 
substituents of the aryl rings on the imino groups play an important role in con-
trolling the molecular weight of the products. In general, the molecular weight of 
polyethylene depends on the rate ratio of the chain transfer process relative to 
the chain propagation process [12] [13] [14]. The ortho-substituents on the aryl 
rings positioned at the axial sites for the triangle consisting of N-Ni-N in the 
complex can block the chain transfer reaction, such as β-hydrogen transfer to a 
monomer, because the rate of the chain transfer mainly depended on the steric 
bulk of the substituents [10]. Therefore, the molecular weight and the selectivity 
to oligomers or polymer can be controlled by tuning the steric bulk of the ortho- 
substituent. Another effective strategy is the tuning of the electronic state of the 
complexes. Qian et al. reported that the steric bulk and electro-withdrawing 
property of the halogen substituents have significant effects on the catalyst activ-
ity and the molar mass of the product [15] [16]. The charge control of the metal 
center in the complex could be achieved by introducing electro-donating groups 
or electro-withdrawing groups [17] [18] [19]. Modification of the ligand back-
bone structure is also known to be an important parameter in the catalyst design 
[20] [21] [22].  

Although homogeneous catalysts contain uniform and well-defined active 
sites, there are some drawbacks when these catalysts were used for industrial ap-
plications, especially the difficulty in separating the catalysts, products, and sol-
vent [23] [24]. To apply the metal complexes for practical use in the polyolefin 
production, the complexes are commonly heterogenized by supporting these on 
solid carriers, which can be used in the slurry and gas-phase processes. Recently, 
several research groups have reported heterogeneous catalysts which were pre-
pared by attaching the ligand to the carrier silica surface through a covalent 
bond because silica have high surface area, good porosity, and good mechanical 
properties [25] [26] [27] [28] [29]. While these supported catalysts were effective 
for the slurry polymerization, the preparation of the catalysts required a tedious 
process such as synthesis of a linker structure in the ligand and the reaction be-
tween the linker and surface silanol groups. In addition, the combination of the 
silica-supported methylalumoxane (MAO) with a metal complex is much easier, 
but often causes a decrease on the activity comparing to the corresponding ho-



M. Yoshida-Hirahara et al. 
 

102 

mogeneous systems. Therefore, a novel heterogeneous catalyst system with both 
a simple preparation method and high catalyst performance is desired the prac-
tical use. 

Recently, we developed novel heterogeneous catalyst precursors (procatalyst) 
immobilizing late transition-metal complexes in clay mineral interlayers, which 
were prepared by the direct reaction of a cation-exchange clay mineral (host 
material) and α-diimine or bis(imino)pyridine ligands (guest material) [30]-[36]. 
These procatalysts were readily assembled by intercalation of the guest into the 
host interlayers and subsequent coordination of the guest with the interlayer 
metal cations. The significance of these procatalysts was the wide selectivity to 
activators involving not only MAO, but also alkyl aluminum compounds and 
excellent processability, e.g., no bleaching of the active species from the clay 
mineral during the slurry polymerization. Moreover, the steric and/or electronic 
properties of these heterogeneous catalysts can be changed by modification of 
the ligand structures, which are performed in the homogeneous catalysts. We 
also developed a one-pot preparation method of the heterogeneous procatalysts 
by the reaction of Fe3+ ion-exchanged montmorillonite, ketone derivatives, and 
aniline derivatives [35]. While the obtained catalysts showed a high activity for 
the olefin oligo-/polymerization, the details of these catalyst systems, e.g., the 
electronic and steric effects on the catalytic properties, have not yet been clari-
fied. 

In this study, we report the synthesis of a series of novel heterogeneous cata-
lyst immobilizing α-diimine Ni(II) complexes with an acenaphthyl backbone via 
a one-pot preparation method. Their catalytic properties for the ethylene oligo-/ 
polymerization were also investigated. 

2. Experimental 
2.1. General Information 

The chemicals used for the procatalyst preparation and the ethylene oligo-/po- 
lymerization were purchased from Kanto Chemical Co., Inc., and Tokyo Chem-
ical Industry Co., Ltd. The fluorotetrasilicic mica (Na+-mica) was supplied by 
COOP Chemical Co., Ltd. The solvent used for the procatalyst preparation and 
the ethylene oligo-/polymerization was degassed by N2 bubbling, and then de-
hydrated over 400˚C-dried molecular sieves (MS-13X) before use. The prepara-
tion and handling of the procatalysts were performed by a standard Schlenk 
technique under a N2 atmosphere. 

2.2. Preparation of Procatalyst (Ln/Ni2+-mica) 

As shown in Figure 1, we synthesized procatalysts (Ln/Ni2+-mica) via the fol-
lowing two steps: 1) cation-exchange reaction of Na+-mica and 2) one-pot prep-
aration of the procatalyst. To overcome the problem in synthesizing unstable li-
gands or forming ligands in low yields, the one-pot preparation is an efficient 
methodology to form a metal complex [37]. Our one-pot process includes the 
condensation reaction of acenaphthenequinone and an aniline derivative, the  
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Figure 1. Schematic drawing of Ln/Ni2+-mica preparation. 

 
intercalation of the formed ligands into the Ni2+-mica interlayer, and the reac-
tion of the ligand and metal ions in the interlayer to form the corresponding 
metal complexes. 

2.2.1. Preparation of Ni2+-Mica 
Five grams of Na+-mica (amount of Na = 10.6 mmol) was added to a solution of 
nickel nitrate hexahydrate (5.45 g, 18.74 mmol) dissolved in deionized water 
(125 ml) using a 200-ml Erlenmeyer flask. The resulting suspension was main-
tained at 30˚C for 24 h. The solid part was recovered by filtration, and these 
consecutive manipulations were repeated. The crude product was washed five 
times with ethanol and dried for about two weeks at ambient temperature. The 
product was calcined at 200˚C for 4 h, and then dried in a vacuum at 200˚C for 4 
h to obtain the Ni2+-mica. The composition of Ni2+-mica was determined by an 
X-ray fluorescence (XRF) analysis (PW2400; PANalytycal B.V.). 

2.2.2. Preparation of Ln/Ni2+-Mica 
Nine types of Ln/Ni2+-mica with a series of substituted acenaphthenequinone li-
gands (Ln) were prepared by the one-pot preparation method with 1 equivalent 
of acenaphthenequinone, 2.5 equivalents of aniline derivatives, and a predeter-
mined amount of Ni2+-mica. The reaction ratio of the ligand derivatives and 
Ni2+-mica was controlled in order to obtain the Ln/Ni2+-mica with the Ln 
amount of 0.40 mmol·g-mica−1 because the Ni2+ content of the Ni2+-mica was 
0.54 mmol·g-mica−1. Our previous study concluded that acetonitrile was the best 
preparation solvent due to its strong polarity which is necessary to swell the 
Ni2+-mica [31]. 

L1/Ni2+-mica: An acetonitrile (10 ml) solution of acenaphthenequinone (21.9 
mg, 0.12 mmol), o-toluidine (32.2 mg, 0.30 mmol), and Ni2+-mica (300 mg, 
amount of Ni = 0.16 mmol) was stirred under reflux conditions for 24 h using a 
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Schlenk flask. After the preparation, almost all of the solvent was removed by 
decantation using a syringe, the solid product was washed with toluene three 
times, and then finally washed with hexane two or more times by the same de-
cantation manner to remove the free ligand. The residual solvent was removed 
under vacuum for 4 h. The L1/Ni2+-mica was obtained as a yellow powder. 

L2-L9/Ni2+-mica: Based on the above procedure, the procatalysts were pre-
pared with acenaphthenequinone (21.9 mg, 0.12 mmol) and various aniline de-
rivatives (0.30 mmol). 

Control: The ligand L5 (bis (4-fluorophenylimino) acenaphthene) and the 
conventional Brookhart-type nickel dibromide complex L5-NiBr2 were used as 
the controls. The ligand L5 and the complex L5-NiBr2 were prepared according 
to the procedures described in the literature with a slight modification [38] [39]. 

Characterization of procatalysts: The FT-IR spectra of the procatalysts were 
recorded by an FT-IR spectrometer in the range of 2000 - 1300 cm−1 (FT/IR 
4100; JASCO Corporation). The specimen was prepared by the following me-
thod. The procatalyst was mixed with dried SiO2 as a binder (procatalyst/SiO2 = 
2 by weight, total amount = 10 mg), and then molded into a 10 mm-φ wafer in a 
glovebox under a N2 atmosphere. The wafer was placed in a specially designed 
specimen holder and used for FT-IR measurement. The basal spacing of the 
procatalyst was determined by the X-ray diffraction (XRD) measurement (Ulti-
ma III; Rigaku Corporation) with the following operating conditions: X-ray = 
CuKα line (λ = 0.154 nm), scan rate = 1.0 degree·min−1, scan angle = 3 - 15 de-
gree, voltage = 40 kV, and current = 40 mA. To avoid exposure to air during the 
XRD measurement, the well-mixed paste of the procatalyst and a small amount 
of dry liquid-paraffin were placed on a glass specimen holder and covered with a 
polyester film under a N2 atmosphere. 

2.3. Ethylene Oligo-/Polymerization 

The ethylene oligo-/polymerization was conducted using a 120-ml autoclave 
equipped with a magnetic stirrer. n-Heptane (50 ml), n-tridecane as the internal 
standard (0.5 ml, 10 vol.% in toluene), the prepared procatalyst (4 mg, theoreti-
cal amount of Ni complex = 1.6 μmol), and an alkylaluminum compound as the 
activator (480 μmol, Al/Nicomplex = 300) were successively added to the autoc-
lave under a N2 atmosphere. The autoclave was placed in a water bath that was 
maintained at the reaction temperature (50˚C or 70˚C). Ethylene was conti-
nuously supplied with the ethylene pressure maintained at 0.7 MPa. After 1.5 h, 
1.0 ml of a gas sample was extracted from the gas-phase in the autoclave and 
analyzed by a gas chromatograph equipped with a thermal conductivity detector 
(GC-8A; SHIMADZU Corporation) to determine the amount of C4 products in 
the gas-phase. The autoclave was cooled to 0˚C in an ice bath and the produced 
oligomers (C6-C20) were quantitatively determined by a gas chromatograph 
equipped with a flame ionization detector (GC-14A; SHIMADZU Corporation). 
The reaction was terminated by the addition of ethanol, and the produced solid 
polyethylene was recovered by filtration, dried, and weighed. During the reac-
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tion, the ethylene flow into the reactor was measured by a mass flow meter con-
nected to the ethylene supply line. The activities in all the catalytic runs were de-
termined by the total amount of the ethylene consumption. 

3. Results and Discussion 

3.1. Characterization of the Procatalysts 

The physicochemical properties of the prepared Ni2+-mica were determined by 
an X-ray fluorescence (XRF) measurement as summarized in Table 1. The Ni2+ 
content and BET surface area of the prepared Ni2+-mica were 0.54 
mmol·g-mica−1 and 3.11 m2·g−1, respectively. The Ln/Ni2+-micas were obtained as 
yellow-(L1-L3, L7-L9) or orange-colored (L4-L6) powders. No elution of the li-
gand and/or the metal complex was confirmed by measuring the 1H NMR spec-
trum of the supernatant solution of the Ln/Ni2+-mica slurry. This insolubility of 
the metal complex formed in the Ln/Ni2+-mica interlayers is derived from the 
strong interaction between the clay sheet having a negative charge and the nickel 
center. 

The Ln/Ni2+-mica was characterized by FT-IR and X-ray diffraction (XRD) 
measurements. Figure 2 shows the FT-IR spectra of the L5/Ni2+-mica, L5-NiBr2, 
L5, and acenaphthenequinone/Ni2+-mica. The FT-IR spectrum of L5/Ni2+-mica 
shows an absorption band at 1626 cm−1 corresponding to the C=N stretching vi-
bration. The L5-NiBr2 shows a similar absorption band at 1628 cm−1. In the 
spectrum of the ligand L5, the adsorption band derived from the C=N vibrations 
was observed at the higher frequencies around 1635 cm−1. The shift in the cha-
racteristic C=N vibrations in the L5/Ni2+-mica was caused by the effective coor-
dination of the Ni2+ ions with the imino nitrogen atoms [18] [40]. Compared 
with the FT-IR spectrum of the acenaphthenequinone/Ni2+-mica, the formation 
of the ligand and its coordination to the Ni2+ center was confirmed by the disap-
pearance of the adsorption bands at 1720 cm−1 corresponding to the C=O stret-
ching of acenaphthenequinone in the spectrum of the L5/Ni2+-mica. 

Mica-type clay minerals are constructed by stacking of 2:1 layers of which 
negative charge is compensated by interlayer cations [41]. The intercalation of 
the ligands into the interlayers causes an increase in the basal spacing (d001), re-
sulting in the shift of the diffraction peak to a lower angle. Figure 3 shows the 
XRD profiles of the Ln/Ni2+-mica, the dried Ni2+-mica, and that treated with on-
ly the acetonitrile solventin the range of 3 - 13 degrees (diffraction angle, 2θ).  
 
Table 1. Physicochemical properties of clay mineralsa. 

Clay  
mineral 

Compositionb (wt%) Amount  
of Ni2+ c 

Exchange 
rate (%) 

BET SAd 

(m2·g−1) Na2O MgO SiO2 Fe2O3 NiO 

Na+-mica 6.6 33.7 58.9 <0.1 <0.1 - - 1.45 

Ni2+-mica 1.8 34.3 59.2 <0.1 4.0 0.54 69 3.11 

aThe amount of fluorine was fixed at a constant value (2.48%). bDetermined by XRF. cAmount of exchanged 
Ni2+ ions = mmol·g-mica−1. dBET surface area determined by N2 adsorption. 
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Figure 2. FT-IR spectra of L5/Ni2+-mica, L5 NiBr2, L5, and 
acenaphthenequinone/Ni2+-mica. 

 

 
Figure 3. XRD profiles of L1-L9/Ni2+-mica, the dried Ni2+- 
mica, and that treated with only the acetonitrile solvent. 

 
The observation range of 2θ was determined with reference to the basal spacing 
of the anhydrous mica [30]-[36] [41]. The basal spacing of the dried Ni2+-mica 
was 1.01 nm corresponding to the thickness of a mica sheet. After treating it 
with acetonitrile, the distance between the adjacent layers expanded to 1.25 nm, 
indicating that acetonitrile was intercalated into the mica interlayer. The proca-
talysts L1-L9/Ni2+-mica showed the basil spacing values of 1.20 - 1.30 nm. The 
L2, L5, L7, and L9/Ni2+-micas containing one or two fluoro substituents exhi-
bited a slightly smaller basil spacing than the other procatalysts, which were 
presumably due to the decreasing steric hindrance of the aryl groups. Interes-
tingly, no clear relationship among the basal spacings was observed for the pro-
catalysts having mono- or di-substituted aryl rings. Compared with the Ni2+- 
mica without any treatments, we observed expansion of the basal spacing for all 
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the procatalysts. These results indicated that we could successfully prepare the 
Ln/Ni2+-mica by a one-pot preparation method. 

3.2. Optimization of Oligo-/Polymerization Conditions 

The procatalyst L5/Ni2+-mica was used for the ethylene oligo-/polymerization, 
and the parameters, such as an effective activator (co-catalyst) and Al/Ni molar 
ratio, were optimized due to the high catalytic activity. The ethylene oligo-/po- 
lymerization trials were conducted using four types of alkylaluminum com-
pounds, such as poly(methylalumoxane) (PMAO), modified methylalumoxane 
(MMAO), triethylaluminum (TEA), and triisobutylaluminum (TIBA), with var-
iations in the molar ratio of the Al and Ni complex (Al/Ni) from 300 to 900 at 
50˚C under 0.7 MPa ethylene pressure.  
The results are summarized in Table 2. The product shares (wt%) in the tables 
were calculated from the amounts of the C4-C20 oligomers, the solid product 
(polyethylene), and the total ethylene consumption. The commonly used activa-
tor in this field, PMAO, efficiently activated the procatalyst with high activities. 
On the other hand, when MMAO was used as the activator, we could not obtain 
any products. The L5/Ni2+-mica combined with TEA or TIBA exhibited a mod-
erate activity toward the ethylene oligo-/polymerization at 50˚C. In view of the 
safety and industrial applications, readily available TEA and TIBA with a mild 
reactivity are better activators than MAO. Therefore, we used TEA and TIBA for 
further investigation. Variation in the Al/Ni ratio from 300 to 900 was con-
ducted. When the Al/Ni ratio was 600, the highest catalytic activity of 656 
g-ethylene·g-cat−1·h−1 was observed. The activity then slightly decreased with the 
higher Al/Ni ratio of 900. There were no obvious differences in the selectivity to 
the α-olefin. Due to the handling ability in the laboratory, we fixed the Al/Ni ra-
tio at 300 for further investigation. 

In this study, the catalyst activities were determined by the total amount of the  
 
Table 2. Selection of a suitable reaction condition based on L5/Ni2+-mica procatalystsa. 

Entry L Activator Al/Ni Activityb 
Productsc (wt%) 

Sα
f (%) 

C4-C20
d Solide 

1 5 PMAO 300 725 32.2 45.8 87.9 

2 5 MMAO 300 trace - - - 

3 5 TEA 300 326 19.9 61.3 77.0 

4 5 TIBA 300 549 20.5 65.7 82.5 

5 5 TIBA 600 656 20.5 57.1 91.7 

6 5 TIBA 900 579 21.1 72.0 91.0 

aReaction conditions; temperature = 50˚C, time = 1.5 h, ethylene pressure = 0.7 MPa (gauge), solvent = 
n-heptane 50 ml. procatalyst = 4 mg (Entry 1-4), 2 mg (Entry 5 and 6). bActivity determined by total 
amount of ethylene consumption = g-ethylene·g-cat−1·h−1. c“Products” represents the product shares. 
d“C4-C20” represents the amount of hydrocarbons having carbon numbers 4 - 22. e“Solid” indicates the 
amount of solid part recovered by filtration of reaction mixture. fSelectivity to linear α-olefin determined by 
amounts of C4-C20 products). 
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ethylene consumption. About 70 - 100 wt% of the consumed ethylene was con-
verted into the C4-C20 (oligomers) and the solid (polyethylene) products. The re-
sidual ethylene (~30 wt%) was consumed during the formation of the soluble 
product such as polyethylene wax having a moderate chain length. 

3.3. Ethylene Oligomerization 

The objective in this study is to clarify the influence of the substituted ligand 
structure on the catalyst performance with regard to the activity, the selectivity 
to the α-olefins, and the branching densities of the products. The Ln/Ni2+-mica 
procatalysts were used for the ethylene oligomerization at the Al/Ni ratio of 300 
and 0.7 MPa ethylene pressure along with varying the activator and reaction 
temperature. The results are summarized in Table 3 (data obtained at 50˚C) and 
Table 4 (data obtained at 70˚C).  
 
Table 3. Oligo-/polymerization of ethylene using Ln/Ni2+-mica catalysts at 50˚Ca. 

Entry L Subs. Activator Activity 
Products (wt%) 

α12 
Sα 

(%) 
Bb 

(mol%) C4-C20 Solid 

7 1 2-CH3 TEA 366 1.8 92.3 0.83 76.4 n.d. 

8 1 2-CH3 TIBA 482 3.8 93.3 0.82 64.0 n.d. 

9 2 2-F TEA 294 37.5 49.4 0.64 88.4 1 

10 2 2-F TIBA 433 41.6 42.9 0.61 88.8 1 

11 3 2-Br TEA 363 1.4 97.2 0.76 64.1 n.d. 

12 3 2-Br TIBA 376 2.4 99.5 0.76 80.6 n.d. 

13 4 4-CH3 TEA 212 25.6 53.1 0.75 86.2 4 

14 4 4-CH3 TIBA 334 27.6 54.0 0.71 87.8 4 

4 5 4-F TEA 326 19.9 61.3 0.73 81.3 4 

5 5 4-F TIBA 549 20.5 65.7 0.66 82.5 3 

15 6 4-Br TEA 260 25.8 52.6 0.70 84.9 2 

16 6 4-Br TIBA 424 24.1 63.7 0.73 92.3 6 

17 7 2,4-F2 TEA trace - - - - - 

18 7 2,4-F2 TIBA trace - - - - - 

19 8 2,4-Br2 TEA trace - - - - - 

20 8 2,4-Br2 TIBA trace - - - - - 

21 9 2,6-F2 TEA trace - - - - - 

22 9 2,6-F2 TIBA trace - - - - - 

Ref. [35]c 2,6-(CH3)2 TEA 170 0 100 - n.d. - 

Ref. [32]d None TEA 96 12.6 71.7 n.d. 92.5 n.d. 

aReaction conditions; temperature = 50˚C, time = 1.5 h, ethylene pressure = 0.7 MPa (gauge), solvent = 
n-heptane 50 ml, Al/Ni = 300, procatalyst = 4 mg. Abbreviations in the table are the same as those in Table 
2. bThe share of the branched α-olefins in the oligomer products determined by GC. cReaction conditions; 
temperature = 50˚C, time = 1 h, ethylene pressure = 0.7 MPa (gauge), solvent = hexane 50 ml, procatalyst = 
4 mg. dReaction conditions; temperature = 50˚C, time = 1 h, ethylene pressure = 0.7 MPa (gauge), solvent = 
n-heptane 50 ml, procatalyst = 4 mg. 
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Table 4. Oligo-/polymerization of ethylene using Ln/Ni2+-mica catalysts at 70˚Ca. 

Entry L Subs. Activator Activity 
Products (wt%) 

α12 
Sα 

(%) 
B 

(mol%) C4-C20 Solid 

23 1 2-CH3 TEA 258 2.4 81.2 0.98 54.6 n.d. 

24 1 2-CH3 TIBA 240 5.5 92.8 0.82 58.2 n.d. 

25 2 2-F TEA 130 43.7 35.3 0.69 80.9 4 

26 2 2-F TIBA 136 52.0 16.2 0.57 86.1 3 

27 3 2-Br TEA 134 3.9 88.4 0.65 66.0 n.d. 

28 3 2-Br TIBA 187 4.1 89.6 0.82 72.2 n.d. 

29 4 4-CH3 TEA 60 24.7 18.6 0.67 73.0 6 

30 4 4-CH3 TIBA 79 41.7 27.1 0.66 75.9 4 

31 5 4-F TEA 85 32.2 48.1 0.73 70.7 9 

32 5 4-F TIBA 104 26.9 53.7 0.78 70.8 5 

33 6 4-Br TEA 99 41.7 32.7 0.61 69.4 5 

34 6 4-Br TIBA 156 39.7 31.1 0.65 73.6 6 

aReaction conditions; temperature = 70˚C, time = 1.5 h, ethylene pressure = 0.7 MPa (gauge), solvent = 
n-heptane 50 ml, Al/Ni = 300, procatalyst = 4 mg. Abbreviations in the table are the same as those in Table 3. 

3.3.1. Effects of ortho-Substituent on Catalyst Properties 
We first studied the effects of the ortho-substituents of the aryl rings on the per-
formance of the catalyst (Table 3, Entries 7 - 12 and Table 4, Entries 23 - 28). At 
50˚C, the L1-L3/Ni2+-mica with TIBA had catalysts activities in the range of 376 
- 482 g-ethylene·g-cat−1·h−1. The activities of the L1/Ni2+-mica (2-CH3 as the 
substituent) were slightly higher than those of the L2 (2-F as the substituent) and 
L3/Ni2+-mica (2-Br as the substituent). Interestingly, though there were no sig-
nificant differences between the activities of the L1-L3/Ni2+-mica, only the 
L2/Ni2+-mica exhibited a high selectivity to the α-olefin oligomers. The shares of 
the C4-C20 oligomers obtained by the L2/Ni2+-mica were 37.5 - 41.6 wt% at 50˚C. 

Generally, the catalysts activities and the product distribution are dependent 
on both the steric bulk and the electronic effect. The sterically bulky ortho-subs- 
tituents of the aryl rings were considered to block the axial sites of the metal 
center. The mechanism of ethylene oligo/polymerization by the α-diimine nickel 
complex possessing ortho-substituents is represented in Scheme 1. During the 
chain propagation process, both the growing polymer chain and the coordinated 
ethylene monomer occupy the equatorial sites of the active nickel center. 
Meanwhile, the chain transfer process proceeds through the 5-coordinate transi-
tion state which undergoes the chain transfer with the incoming ethylene mo-
nomer from the axial sites of the nickel center [9]. The steric crowding at the 
axial sites is critical for suppressing the associative chain transfer process with 
the ethylene monomer at the axial site and results in the formation of a high 
molecular-weight polymer [12] [13] [14]. Thus, the products prepared by the L1 
and L3/Ni2+-mica possessing relatively bulky ortho-substituents were composed  
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Scheme 1. Mechanism for ethylene oligo-/polymerization with α-diimine nickel complex. 

 
of a large quantity of the solid product with a small amount of oligomers. In ad-
dition, the sterically bulky substituent was considered to increase the ground- 
state energy of the resting-state species [11] [13]. Thus, the larger methyl substi-
tuent of the L1/Ni2+-mica was assumed to cause destabilization of the ground 
state species, resulting in a higher catalyst activity than those of the L2 and 
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L3/Ni2+-mica. 
Compared with the hydrogen, the halogen substituents afforded both the 

steric effects and the electron-withdrawing effects on the active metal center. 
The introduction of the electron-withdrawing substituents increased the elec-
trophilicity of the metal center. Recently, Zhang et al. calculated the net charge 
on the metal center in the bis(imino)pyridine iron complexes by the charge 
equilibration method [17]. The net charge value on the iron in the complexes 
with di-fluorine substituents was in the range of 0.7549 - 0.8310, which is lower 
than that of the alkyl-substituted complexes. The L2/Ni2+-mica with the ortho- 
fluorine substituent was active for both the ethylene polymerization and oligo-
merization. Meanwhile, the L3/Ni2+-mica with the ortho-bromine substituent 
showed a significantly lower oligomer selectivity and catalytic activity compared 
to the L2/Ni2+-mica. The electronegativities of the fluorine and bromine atoms 
are 4.0 and 2.8, while the covalent radii are 0.72 and 1.14 Å, respectively [16]. 
The strong electron-withdrawing effect of the fluorine substituent was consi-
dered to stabilize the active species and promote the coordination of the ethylene 
monomer to the nickel center, resulting in the high catalyst activity [42] [43]. 
Furthermore, the low steric bulk of the fluorine group in the L2/Ni2+-mica was 
insufficient for the accelerating ethylene insertion during the chain transfer 
process. This strong electron-withdrawing effect and the small size of the ortho- 
fluorine substituent produced both the high catalyst activity and the oligomer 
selectivity. A similar behavior was reported by Alt et al. [44]. 

3.3.2. Effects of para-Substituent on Catalyst Properties 
We next examined the influence of the para-substituents of the aryl rings on the 
catalyst properties (Table 3 and Table 4). At 50˚C, the L4-L6/Ni2+-micacombined 
with TIBA had catalytic activities in the range of 334 - 549 g-ethylene·g-cat−1·h−1. 
The L5/Ni2+-mica (4-F as the substituent) showed the highest activity and the 
L4/Ni2+-mica (4-CH3 as the substituent) showed the lowest activity among the 
catalysts with para-substituents. The L4/Ni2+-mica showed about a 30% lower 
activity than the L1/Ni2+-mica having ortho-methyl substituents. Meanwhile, the 
L5/Ni2+-mica showed about a 30% higher activity than the L2/Ni2+-mica, and the 
L6/Ni2+-mica (4-Br as the substituent) showed an activity similar to the L3/Ni2+- 
mica (2-Br as the substituent). The catalysts with para-halogen substituents ex-
hibited higher activities than those of the ortho-halogen substituted catalysts. 

The results indicated that the catalyst activities of the catalysts with para- 
substituents mainly depended on the electronic effects relative to those of the 
steric bulk. Alt et al. reported that the bis(arylimino)pyridine iron complexes 
with 4-halogen-2-methyl substituents showed much higher activities than the 
complexes with 2,4-dimethyl substituents [45]. The activities of their catalysts 
increased in the order from bromine-, chlorine-, iodine-, to fluorine-substituted 
complexes, which were in good agreement with the order of the electronegativi-
ties except for iodine. Thus, it is suggested that the electro-withdrawing para- 
halogen substituents in the L5 and L6/Ni2+-mica reduced the electron density of 
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the cationic nickel center and enhance the coordination of the ethylene mono-
mer to the nickel center, resulting in the increasing catalytic activity. 

In terms of the oligomer selectivity, the L4-L6/Ni2+-mica showed a moderate 
selectivity to the α-olefins. The shares for the C4-C20 oligomers obtained by the 
L4-L6/Ni2+-mica were 19.9 - 27.6 wt% at 50˚C. Compared to the ligand having a 
sterically hindered ortho-substituent in the L1 and L3/Ni2+-mica, the less steric 
ligands in the L4-L6/Ni2+-mica was considered to affect the low suppression ef-
fect on the chain transfer process, resulting in the moderate oligomer selectivity. 
On the other hand, the L5/Ni2+-mica showed an oligomer selectivity lower than 
the L2/Ni2+-mica. This is presumably due to the prevention of the chain transfer 
process caused by the electron-withdrawing effect ofthe para-fluorine substitu-
ent. The L4/Ni2+-mica with the electro-donating methyl substituent showed 
slightly higher oligomer selectivity than the L5 and L6/Ni2+-mica. These results 
indicated that the para-halogen substituents led to an increase in the catalyst ac-
tivity and slightly decreased the oligomer selectivity. 

When the reaction temperature increased to 70˚C, the catalytic activity de-
creased and the oligomer selectivity increased in all the catalytic runs. For exam-
ple, the oligomer share obtained by the L4/Ni2+-mica with TIBA increased from 
27.6 to 41.7 wt% as the reaction temperature increased from 50˚C to 70˚C. The 
higher reaction temperature was considered to enhance the rotation of the aryl 
group in the complex, and thus, the chain transfer rate increased [21] [43]. Also, 
the branch rates (represents by the share of the branched α-olefins in the oligo-
mer products determined by GC) tended to slightly increase with the increasing 
reaction temperature. For example, the branch rates of the L5/Ni2+-mica with 
TEA increased from 4 to 9 mol% as the reaction temperature increased from 
50˚C to 70˚C. The branch rates of the oligomer products depended on the rate of 
the “chain growth” and “chain walking” which competitively proceeded [3] [11].  

In all the runs, our procatalysts tended to exhibit a lower oligomer selectivity 
in comparison to the previous reports based on the homogeneous catalysts. For 
example, Alt et al. reported that the homogeneous α-diimine nickel catalysts 
with halogen substituents afforded a suitable selectivity to ethylene oligomers 
with a high activity [44]. The shares for the oligomers obtained by their catalysts 
with para-halogen substituents were almost 100 wt%, and even the ortho-  
bromine-substituted catalyst showed a 76 wt% oligomer selectivity. Compared to 
these homogeneous catalyst systems, the nickel complexes in our procatalyst 
were immobilized into the mica interlayer. Thus, it was suggested that Ln/Ni2+- 
mica had less free space at the axial position of the nickel complex than the ho-
mogeneous catalyst due to the existence of the mica sheets near the nickel com-
plexes. The narrow space around the nickel center was assumed to prevent the 
ethylene insertion from the axial site and suppress the chain transfer process, 
resulting in the lower oligomer selectivity. In addition, the bulky acenaphthene 
backbone of our procatalysts was considered to afford the lower oligomer selec-
tivity. In a previous study using the Ni2+-mica procatalysts having α-diimine- 
type ligands, the catalyst with fluorine groups at the ortho-position of the aryl 
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rings showed a higher selectivity to α-olefins with the value of 96.5 wt% at 60˚C 
in comparison to those of the L2/Ni2+-mica [33]. These results indicated that the 
Ln/Ni2+-mica having an acenaphthene backbone were preferable to forming po-
lyethylene rather than the oligomers. 

3.3.3. Effects of di-Substituent on Catalyst Properties 
A striking feature observed in the data is that the procatalysts with di-halogen 
substituents on the aryl rings did not show any significant activity (Table 3). In a 
previous study with the Ni2+-mica-based procatalyst having the acenaphthene 
backbone, the high molecular weight polyethylenes (Mn = 3.90 - 4.76 × 104) were 
obtained with a sufficient catalytic activity (170 g-ethylene·g-cat−1·h−1 at 50˚C) 
when two methyl substituents were introduced at both ortho-positions on the 
aryl rings [35]. Thus, the significant decrease in the catalytic activities was due to 
the introduction of the two electron-withdrawing groups on the aryl rings. The 
introduction of an excess amount of the electron-withdrawing groups enhanced 
the interaction between the nickel center and the coordinated ethylene, and the 
strong interaction prevented the ethylene insertion into the metal-alkyl bond, 
resulting in the active species being more easily decomposed [46].  

3.3.4. Properties of Oligomer Products 
To investigate the distribution of the oligomer, the molar fraction of each prod-
uct was measured by a gas chromatograph, as shown in Table 5. The oligomers 
obtained using the L2, L4, L5, and L6/Ni2+-micas, which produced a sufficient 
yield of the oligomers, exhibited a Schulz-Flory distribution. The natural loga-
rithm (ln) of the mole fraction of the oligomer in the product exhibited a linear 
decrease with the increasing carbon number of the oligomers, as shown in Fig-
ure 4. The mole fraction of the oligomers was at a maximum for C4 in all the 
runs, and the mole fraction of C20 was in the range of 0.6% - 2.2%. The content 
of C4 obtained by the L5/Ni2+-mica increased from 35% to 43% as the reaction  
 

 
Figure 4. Schulz-Flory distributions of oligo-/polymerization using 
L2, L4, L5, and L6/Ni2+-micas in the presence of TIBA at 50˚C. 
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Table 5. Oligomer distribution of ethylene oligo-/polymerization in the presence of TIBA. 

Entry L T (˚C) Activator 
Oligomer distribution (%) αa 

ΣC4 ΣC6 ΣC8 ΣC20 α12 α18 

10 2 50 TIBA 37.1 23.0 16.0 0.6 0.61 0.43 

14 4 50 TIBA 38.1 18.2 13.7 1.9 0.71 0.75 

5 5 50 TIBA 35.2 18.7 15.2 1.1 0.66 0.46 

4 5 50 TEA 25.1 21.2 17.5 1.0 0.73 0.37 

32 5 70 TIBA 42.5 15.3 12.4 1.1 0.78 0.46 

31 5 70 TEA 28.5 19.3 16.3 1.2 0.73 0.46 

16 6 50 TIBA 35.6 15.9 13.8 2.2 0.73 0.68 

aSchulz-Flory constant α, αn = Cn+2 (mol)/Cn (mol). 

 
temperature was elevated from 50˚C to 70˚C, indicating that the β-hydrogen 
elimination reaction, which is the major chain-transfer reaction and gives an 
unsaturated chain end, favorably occurredat the higher reaction temperature in 
comparison to the chain propagation reaction. 

The probability of the chain propagation can be described by the Schulz-Flory 
constant α [12]. A higher α value directly corresponds to an increase in the chain 
propagation probability, resulting in the formation of higher molecular-weight 
products. The α12 values calculated from the mole fractions of C12 and C14 were 
within 0.61 - 0.78 in all the runs. At 70˚C, the L5/Ni2+-mica had a higher α12 val-
ue than that obtained at 50˚C due to the dominant chain transfer as already 
mentioned. 

In terms of the ligand structure, the α12 values increased from the L2, L5, L4 to 
L6/Ni2+-micas, which was in the reverse order for both the electron-withdrawing 
ability and the steric bulk of the substituents on the aryl rings. For example, the 
L2/Ni2+-mica containing the strong electron-withdrawing fluorine groups at the 
ortho-positions showed the lowest α12 values of 0.61. The highest α12 values were 
observed for the L6/Ni2+-mica which contains the weaker electron-withdrawing 
bromine groups at the para-positions. Moreover, the lower α12 values tended to 
afford higher yields of the oligomers. These results indicated that the introduc-
tion of fluorine groups, especially at the ortho-positions of the aryl rings, led to 
the increasing rate of the chain transfer reaction. 

Noteworthy, in the oligomers formed by the L2 and L5/Ni2+-micas, two dif-
ferent values of the chain propagation probability α were observed. The L2 and 
L5/Ni2+-micas afforded significantly lower α18 values than the α18 values, while 
the α18 values obtained by the L4 and L6/Ni2+-micas showed similar α values. For 
example, the α18 value obtained by the L5/Ni2+-mica with TEA at 50˚C was 0.37, 
which was about half the value of α12. These phenomena could be interpreted by 
the existence of active centers having different structures [43]. 

3.3.5. Effects of Activator and Temperature on Catalyst Lifetimes 
One of the interesting characteristics of our heterogeneous procatalyst systems 
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was the long lifetime of the active species during the reaction in the presence of 
TIBA. The catalyst lifetimes of the L1-L6/Ni2+-mica with activators were investi-
gated by measuring the ethylene consumption profiles by a mass flowmeter. 
Figure 5(a) shows the consumption profiles of ethylene during the oligo-/poly- 
merization using the L1-L6/Ni2+-mica in the presence of TIBA at 50˚C. The 
ethylene consumption during the initial 5 - 10 minutes was attributed to the 
process of ethylene saturation of the n-heptane solvent. Under this reaction con-
dition, all the catalysts showed similar behaviors of the ethylene consumption, 
i.e., a long induction period was observed in the first 20 minutes, and then the 
ethylene consumption rate gradually increased with the reaction time. After 
reaching the maximum point of the ethylene consumption rate, it slowly decreased 
due to deactivation of the active species. The maximum ethylene-consumption 
rates obtained by the L1-L6/Ni2+-mica were in the range of 41.2 - 76.7 ml·min−1  
 

 
Figure 5. Profiles of ethylene consumption during oligo-/polymerization using (a) L1-L6/ 
Ni2+-mica in the presence of TIBA activator at 50˚C and (b) L2/Ni2+-mica in the presence 
of TEA or TIBA at 50˚C or 70˚C. 
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(as standard temperature and pressure), and the periods for the full activation of 
the procatalysts required 52 - 72 minutes after supplying the ethylene. 

The effects of the activator and the temperature on the profile were investi-
gated. Figure 5(b) shows the ethylene flow profiles during the oligomerization 
using the L2/Ni2+-mica at the various reaction conditions. When we used TEA at 
50˚C, the activation period shortened and the maximum ethylene consumption 
rate decreased in comparison to those using TIBA, resulting in the decreasing 
catalytic activity as shown in Table 2. The slow activation of the procatalysts by 
TIBA was presumably due to the lower Lewis acidity of TIBA which indicates a 
weaker reactivity than TEA. At 70˚C, the lifetimes of the L2/Ni2+-mica in the 
presence of both TEA and TIBA became shorter than those observed at 50˚C. 
The maximum consumption rates observed by the L2/Ni2+-mica were similar at 
both 50˚C and 70˚C. These results indicated that about 30% - 80% lower yields 
of the product at 70˚C were mainly due to the shorter lifetimes of the active spe-
cies in comparison to those obtained at 50˚C. 

4. Conclusion 

We synthesized nine types of novel heterogeneous procatalyst Ln/Ni2+-micas 
with a series of substituted ligand structures via a one-pot preparation method. 
The basal spacings of the obtained L1-L9/Ni2+-mica were in the range of 1.20 - 
1.30 nm, indicating the immobilization of the Ni complex into the mica inter-
layers. In the presence of the TEA or TIBA, the L1-L6/Ni2+-mica, which has one 
ortho- or para-substituent on the aryl ring, was active for the ethylene oligo-/ 
polymerization reaction, while the L7-L9/Ni2+-mica having two halogen substi-
tuents were inactive. The catalyst activity and oligomer selectivity of the proca-
talysts depended on the position, steric bulk, and electronegativity of the substi-
tuents on the aryl rings. The strong electron-withdrawing groups, the ortho- 
fluorine and para-fluorine substituents, increased the catalyst activity due to in-
creased electrophilicity of the nickel center. The decreasing steric bulk of the or-
tho-substituent increased the selectivity to the oligomer fraction. Also, the pro-
catalysts having one para-substituent afforded moderate yields of the oligomers.  

In conclusion, our heterogeneous procatalyst system exhibited a moderate 
catalyst activity with a long lifetime as well as that of the conventional homoge-
neous system. In this system, the substituent and the backbone in the ligand 
structures are easily controlled by changing the structures of the aniline deriva-
tives and the ketone derivatives, which are the reactants of the one-pot prepara-
tion method. Therefore, we can control the activity and the product selectivity 
by tuning the ligand structure. Our findings suggest that a complex with more 
free space at the axial position of the nickel center is necessary for increasing the 
oligomer selectivity. The less bulky structure of the ligand backbone is also con-
sidered to enhance the oligomer production. 
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