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1. Introduction

Recently, there has been increasing interest in late transition
metal catalysts for olefin polymerization because of the potential to

yield polymers with different microstructures and the greater toler-
ance towards functional comonomers [1–4]. In 1995, Brookhart and
coworkers discovered that aryl-substituted �-diimine nickel(II)
complexes in combination with different cocatalysts could poly-
merize ethylene with rather high activity and gave new types
of polyethylene (PE) with substantial chain branching [5]. This
combination of high activities and unique polymer structures
make the nickel(II) catalysts desirable for applications in commer-
cial polymerization processes. However, the application of these
homogeneous catalysts in a continuous process has been diffi-
cult due to their extremely exothermic polymerization process
and the serious fouling of the reactor. Thus, these catalysts need
to be immobilized on suitable carriers for further applications
[6–20].

One effective approach to linkage of the olefin polymerization
catalysts onto the surface of carriers irreversibly is through a pro-
cess of chemical tethering, and the advantage of this process is that
it can prevent the catalyst from leaching out of the solid support
during polymerization catalysis. This process can be achieved by
two steps: modifying the surface of the support or the catalyst
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e used as carriers for the support of �-diimine nickel(II) precatalysts for
-diimine ligands containing allyl were modified by introducing the reactive
immobilization via a direct reaction of the Si–Cl groups with the silanols

ls on the ethanolamine-modified Merrifield resin. The resulting supported
terized by analytical and spectroscopic techniques (NMR and FT-IR). The
upported ligands with NiBr2(dimethylether) (DME) gave rise to supported
ts. These heterogeneous precatalysts exhibited high activity for ethylene

of modified methylaluminoxane (MMAO) as a cocatalyst. The molecular
btained with the supported precatalysts were much higher than those
ng homogeneous precatalysts.

© 2008 Elsevier B.V. All rights reserved.

structure first followed by the reaction of the reactive groups with
each other to form a covalent bond. To date, a mass of literature
concerning chemically tethering metallocenes have been reported
[21–39]. However, there are only a few examples of tethered late
transition metal catalysts [40–47].

Recently, we have developed two strategies to prepare the silica-
supported bis(imino)pyridyl iron(II) catalysts through the chemical

tethering [45]. When immobilized on suitable carriers, these iron
catalysts showed high loadings and exhibited high activity towards
ethylene polymerization. Herein we report the preparation of
immobilized �-diimine nickel(II) catalysts by chemical tethering,
using silica or Merrifield resin as the carriers and their polymeriza-
tion behavior towards ethylene polymerization in the presence of
MMAO.

2. Experimental

2.1. General procedures and materials

All manipulation involving air and/or moisture-sensitive com-
pounds was carried out with standard Schlenk techniques. The
NMR data of ligands were obtained on a Bruker 300 MHz spec-
trometer at ambient temperature, with CDCl3 as a solvent and
TMS as an internal standard. The NMR data of the polyethylenes
were obtained on a Varian Unity-400 MHz spectrometer at 125 ◦C
with o-C6D4Cl2 as a solvent. Infrared spectra were recorded on
a Bio-Rad FTS135 spectrometer. The elemental analysis of nickel
was conducted using a PerkinElmer AA800 atomic absorption
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spectrometer. The elemental analyses of C, H, and N were performed
on a Flash EA 1112 spectrometer. DSC measurements were per-
formed with a PerkinElmer Pyris 1 differential scanning calorimeter
at a heating or cooling rate of 10 ◦C/min. The intrinsic viscosities
of the polyethylenes were measured in decalin at 135 ◦C using
an Ubbleohed viscometer. The viscosity-average molecular weight
was calculated using the following equation [48]:

[�] = 6.2 × 10−4M̄0.7
v .

MMAO (7% Al in heptane solution) was purchased from Akzo
Nobel Chemical Inc. Silica was purchased from Aldrich Chem-
icals (200 mesh, surface area: 480 m2/g), and pretreated
by heating under vacuum at 150 ◦C for 12 h to remove the
absorbed water before use. Merrifield resin (chloromethy-
lated styrene/divinylbenzene copolymer, 3.5 mmol/g Cl, 1%
cross-linked) was obtained from Aldrich. Tetrahydrofuran,
hexane and toluene were purified by solvent purification sys-
tem (SPS, MBraun Inertgas-Systeme GmbH). Homogeneous
�-diimine Ni(II) catalysts A (ArN C(C10H6)C NAr)NiBr2 and B
(ArN C(CH3)C(CH3) NAr)NiBr2 (Ar = 2,6-iPr2C6H3) were syn-
thesized following the procedures reported in the literature
[5].

2.2. Synthesis of ArN C(C10H6)C NAr (Ar = 4-allyl-2,6-iPr2C6H3)
1a

To a 250 mL flask were added acenaphthenequinone (0.91 g,
5 mmol), 4-allyl-2,6-diisopropylaniline (2.4 g, 11 mmol), and 1 mL
of formic acid in 70 mL of dry methanol, and then the solution was
stirred at room temperature for 18 h. A yellow solid product was
isolated by filtration, washed with cold methanol, and recrystal-
lized from ethanol, giving ligand 1a as pale yellow crystal 2.11 g
(73%). 1H NMR (CDCl3): ı 7.81 (d, 2H, Nap-H), 7.30 (t, 2H, Nap-H),
6.99 (s, 4H, Ph-H), 6.57 (d, 2H, Nap-H), 6.06 (m, 2H, –CH C), 5.07 (t,
4H, C CH2), 3.42 (d, 4H, CH2–C C), 2.92 (m, 4H, CH(Me)2), 1.16 (d,
24H, CH3). 13C NMR (CDCl3): ı 161.17, 145.67, 140.74, 138.28, 135.47,
135.32, 131.09, 129.61, 128.73, 127.81, 123.68, 123.30, 115.33, 40.30,
28.62, 23.28. Anal. Calc. for C42H48N2: C, 86.85%; H, 8.33%; N, 4.82%.
Found: C, 86.72%; H, 8.35%; N, 4.86%.

2.3. Synthesis of (ArN C(CH3)–C(CH3) = NAr)
(Ar = 4-allyl-2,6-iPr2C6H3) 1b
The preparation procedure is similar to that used for ligand 1a.
Yield: 76%. 1H NMR (CDCl3): ı 7.01 (s, 4H, Ph-H), 5.94 (m, 2H,
–CH C), 5.10 (t, 4H, C CH2), 3.41 (d, 4H, CH2–C C), 2.35 (m, 4H,
CH(Me)2), 1.28 (s, –CH3, 6H), 1.16 (d, 24H, CH(CH3)2). 13C NMR
(CDCl3): ı 16.6, 22.9, 28.6, 40.3, 115.3, 123.2, 135.0, 135.1, 138.1,
144.4, 168.4. Anal. Calc. for C34H48N2: C, 84.24%; H, 9.98%; N, 5.78%.
Found: C, 84.42%; H, 9.94%; N, 4.75%.

2.4. Synthesis of Si–Cl modified bis(imino)acenaphthene ligand
2a

To a 100 mL flask were added bis(imino)acenaphthene com-
pound 1a (2.04 g, 4 mmol), chlorodimethylsilane (2.31 g, 20 mmol)
in 40 mL THF, and H2PtCl6 (1 mg) as a catalyst. The reacted mixture
was refluxed at 70 ◦C for 5 h. Excess chlorodimethylsilane and THF
were removed under reduced pressure. After dried at 60 ◦C for 24 h
in a vacuum oven, ligand 2a (1.74 g, 75%) was obtained as yellow
powder. 1H NMR (CDCl3): ı 7.78 (d, 2H, Nap-H), 7.28 (t, 2H, Nap-H),
6.97 (s, 4H, Ph-H), 6.57 (d, 2H, Nap-H), 2.87 (m, 4H, CH(Me)2), 2.57
(d, 4H, Ph–CH2–), 1.75 (m, 4H, C–CH2–C), 1.3 (m, 4H, C–C–CH2),
1.18 (d, 24H, C(CH3)2), 0.5 (s, 12H, SiCH3). 13C NMR (CDCl3): ı 1.3,
sis A: Chemical 287 (2008) 57–64

14.9, 22.2, 25.6, 27.6, 39.3, 122.3, 122.7, 126.1, 126.8, 127.8, 130.1,
134.4, 137.2, 139.7, 144.6, 160.2. FT-IR (cm−1): 2963, 2928, 2887,
1644, 1593, 1461, 1418, 1383, 1362, 1260, 861, 474. Anal. Calc. for
C46H62Cl2N2Si2: C, 71.75%; H, 8.12%; N, 3.64%. Found: C, 71.64%; H,
8.16%; N, 3.66%.

2.5. Synthesis of Si–Cl modified bis(imino)butanedione ligand 2b

The preparation procedure is similar to that used for ligand 2a.
Yield: 82%. 1H NMR (CDCl3): ı 6.99 (s, 4H, Ph-H), 2.95 (m, 4H,
CH(Me)2), 2.42 (d, 4H, Ph–CH2–), 1.78 (m, 8H, C–CH2–C), 1.34 (m,
4H, C–C–CH2), 1.21 (m, 24H, C(CH3)2), 0.98 (s, CH3, 6H), 0.45 (s,
12H, SiCH3). 13C NMR (CDCl3): ı 1.4, 15.3, 17.1, 21.1, 23.4, 26.8, 37.4,
119.0, 133.6, 136.0, 141.4, 167.3. FT-IR (cm−1): 2960, 2932, 2886,
1643, 1573, 1460, 1435, 1383, 1364, 1254, 856, 454. Anal. Calc. for
C38H62Cl2N2Si2: C, 67.72%; H, 9.27%; N, 4.16%. Found: C, 68.04%; H,
9.23%; N, 4.14%.

2.6. Synthesis of silica-supported ˛-bis(imine)acenaphthene 3a

To a 100 mL flask were added Si–Cl modified ligand 2a (0.77 g,
1 mmol), silica (heat-treated at 500 ◦C for 8 h) 2 g, triethylamine
5 mL, and toluene 50 mL. The mixture was refluxed for 48 h, and
then cooled to room temperature. The solid was isolated by fil-
tration, washed copiously with diethyl ether, hexane and THF,
and then heated at reduced pressure to afford silica-supported
�-bis(imine)acenaphthene ligand 3a 2.29 g as red powder, FT-IR
(cm−1): 2968, 2937, 1633, 1469, 1435, 1385, 1103, 800. Anal. Found:
C, 8.03%; N, 0.73%.

2.7. Synthesis of silica-supported ˛-bis(imine)butanedione 3b

The preparation procedure is similar to that used for ligand 3a.
FT-IR (cm−1): 2965, 2872, 1638, 1472, 1435, 1385, 1101, 802. Anal.
Found: C, 17.21%; N, 1.42%.

2.8. Synthesis of Merrifield resin supported
˛-bis(imine)acenaphthene 4a

The preparation procedure is similar to that used for ligand 3a.
FT-IR (cm−1): 3400, 3025, 2981, 2950, 2880, 2676, 2626, 1640, 1601,
1480, 1445, 1398, 1385, 1329, 1250, 1072, 1034. Anal. Found: N,
1.53%.
2.9. Synthesis of Merrifield resin supported ˛-bis(imine)
butanedione 4b

The preparation procedure is similar to that used for ligand 3a.
FT-IR (cm−1): 3400, 3026, 2980, 2939, 1642, 1603, 1492, 1444, 1397,
1382, 1360, 1034. Anal. Found: N 1.84%.

2.10. Synthesis of silica-supported ˛-bis(imine)acenaphthene
Ni(II) precatalysts Sa

To a 100 ml flask were added silica-supported �-
bis(imine)acenaphthene ligand 3a (2.0 g, 0.38 mmol) in 20 mL
dichloromethane, and dimethyl ether (DME) (0.045 g, 0.5 mmol).
After stirring at room temperature for 1 h, NiBr2 (0.08 g, 0.38 mmol)
was added. The mixture continued to be stirred for 8 h. Then the
solvent was removed in a vacuum and the crude product was
washed twice with diethyl ether, filtered, and dried in a vacuum to
afford Sa (1.98 g, 95%) as dark red powder. Anal. Found: C, 10.7%;
H, 1.31%; N, 0.6%; Ni, 1.14%. Catalysts Sb, Pa and Pb were prepared
through a procedure similar to that used for Sa.
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2.11. Procedure for ethylene polymerization

High-pressure polymerization was carried out in a 200 mL stain-
less steel reactor equipped with a mechanical stirrer and internal

cooling water coils. The reactor was baked under nitrogen flow for
24 h at 150 ◦C, subsequently cooled to the desired reaction tempera-
ture, and then purged by ethylene three times. Reagents and toluene
were transferred into the reactor via a gastight syringe. Ethylene
was introduced into the reactor, and pressure was maintained at
10 atm throughout the polymerization run by continuously feed-
ing ethylene gas. After proceeding for 30 mins, the polymerization
was stopped by turning the ethylene off and relieving the pressure.
The reaction mixture was poured into a solution of HCl/ethanol
(10 vol%). The polymer was isolated by filtration, washed with
ethanol, and dried under vacuum at 60 ◦C for 24 h.

3. Results and discussion

3.1. Preparation of silica and Merrifield resin supported nickel
catalysts

As shown in Scheme 1, the �-diimine ligands containing allyl
were prepared in good yields using the formic acid-catalyzed
condensation reaction of more than two equiv. of 4-allyl-2,6-
biisopropylaniline with one equiv. of acenaphthenequinone or
2,3-butanedione in methanol (yields: 1a, 73%; 1b, 76%). Ligands

Scheme 1. Preparation of the silica-suppor
sis A: Chemical 287 (2008) 57–64 59

1a and 1b reacted with chlorodimethylsilane in the presence of
H2PtCl6 to afford the products containing the Si–Cl functional
group, 2a and 2b, respectively (yields: 2a, 75%; 2b, 82%), and
then ligands 2a and 2b reacted with silanols on the silica surface
to produce the silica-supported �-diimine ligands 3a and 3b,

respectively. Silica-supported nickel(II) catalysts Sa and Sb were
obtained as yellow powders via the complexation reaction of
NiBr2(DME) with the corresponding silica-supported �-diimine
ligands 3a and 3b, respectively.

The silica-supported �-diimine ligands were characterized via
FT-IR and 29Si MAS NMR spectrum. From the FT-IR spectrum pre-
sented in Fig. 1, some characteristic features can be distinguished:
for instance, the band at 1103 cm−1 indicates the presence of Si–C
bonds, the occurrence of sharp peak at 1469 cm−1 shows the pres-
ence of –CH2–, the peak at 1385 cm−1 shows the presence of
–CH3 group, the sharp band at 1645 cm−1 indicates the presence
of C N, and the bands at 2937 and 2968 cm−1 are attributed to
�C–H (–CH3 and –CH2–). The 29Si MAS NMR spectrum of a repre-
sentative sample is shown in Fig. 2 [49]. The large 29Si peaks at
−103 and −111 ppm are from the silica framework (d), and the
peaks at −58 and −68 ppm correspond to the Si of silica linking
the –CH2CH2CH2SiO– group bearing OH (b) or not (c), while the
peaks at −11 and −23 derive from the CH2CH2CH2Si group (a). The
immobilization of the �-diimine ligands could be confirmed by the
above analysis.

ted �-bis(imine) nickel(II) catalysts.
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Fig. 1. FT-IR spectrum of silica-supported bis(imine) ligand 3a.

As shown in Scheme 2, reaction of commercially available
chloromethylated polystyrene-co-divinyl benzene beads (Merri-
field resin) with an excess of ethanolamine yielded the resin
containing hydroxyl [50]. The Merrifield resin supported ligands
4a and 4b were prepared via a procedure similar to that used
for the silica-supported ligands. Through complexing with NiBr2,
the Merrifield resin supported nickel(II) catalysts Pa and Pb were
obtained. The Merrifield resin supported ligands were also charac-
terized by FT-IR. As shown in Fig. 3, the sharp peak at 1034 cm−1

is due to the C–O bonds, the peaks at 1444, 1492 and 1603 cm−1

Scheme 2. Preparation of the Merrifield resin s
Fig. 2. 29Si MAS NMR spectrum of silica-supported bis(imine) ligand 3a.

Table 1
Results of supporting diimine nickel(II) catalysts

Precatalyst C (%) H (%) N (%) Ni (%) Loading (mgNi/g cat)

Sa 10.7 1.31 0.60 1.14 11.4
Sb 17.2 1.19 1.12 2.23 22.3
Pa – – 1.34 2.82 28.2
Pb – – 1.74 3.93 39.3

are assigned to the benzene framework, and the peaks at 1383,
2870 and 2960 cm−1 are from –CH3, while the moderate peak at
1642 cm−1 reveals the presence of C N bonds.

upported�-bis(imine) nickel(II) catalysts.
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Fig. 3. FT-IR spectrum of the Merrifield resin supported bis(imine) ligand 4a.
The loadings of nickel(II) are listed in Table 1. It is very inter-
esting that the nickel loadings of the modified Merrifield resin are
much higher than those of silica. For example, the loadings of cata-
lysts Pa and Pb are 28.2 and 39.3 mgNi/g cat., respectively, which are
almost two times those of Sa and Sb, respectively. In addition, much
higher nickel loadings could be easily obtained when Si–Cl mod-
ified bis(imino)butanedione ligand 2b with less steric effect than
the corresponding Si–Cl modified bis(imino)acenaphthene ligand
2a bearing greater steric effect was used.

3.2. Ethylene polymerization using the heteroginized Ni(II)
precatalysts

The polymerizations of ethylene were conducted at 10 atm pres-
sure of ethylene in toluene using immobilized precatalysts Sa, Sb,
Pa and Pb, as well as the homogeneous precatalyst A and B activated
with MMAO. All the immobilized catalysts showed moderate activ-
ity towards ethylene polymerization. The relationship between the
Al/Ni molar ratio and the activity of the precatalysts Sa and Sb were
investigated. As shown in Fig. 4, the catalyst activities increased
with the increase in the Al/Ni molar ratio in the range of 100–400;

Table 2
The results of ethylene polymerizations with the supported Ni(II) precatalystsa

Entry Catalyst Al/Ni (molar ratio) Temperature (◦C) Activity

1 Sa 240 30 546
2 Sa 240 50 477
3 Sa 240 70 342
4 Sa 100 30 214
5 Sa 400 30 772
6 A 240 30 6350
7 Sb 240 30 347
8 Sb 240 50 311
9 Sb 240 70 230

10 Sb 100 30 180
11 Sb 400 30 508
12 B 240 30 4270
13 Pa 240 30 532
14 Pa 400 30 677
15 Pa 240 70 342
16 Pb 240 30 341
17 Pb 400 30 437
18 Pb 240 70 226

a Polymerization condition: 10 �mol Ni, Vtotal = 50 mL, polymerzation under 10 atm pre
b Melting temperature determined by DSC with a heating rate of 10 ◦C/min in nitrogen.
c Viscosity-average molecular weights calculated from the equation [�] = 6.2 × 10−4MV
Fig. 4. Plots of catalytic activity of supported nickel(II) catalysts versus Al/Ni
molar ratio. 10 �mol Ni, Vtotal = 50 mL, Ethylene pressure = 10 atm, polymerization
for 30 min.
nevertheless, further increase in the Al/Ni molar ratio led to only a
slight improvement of catalyst activities. The data listed in Table 2
indicated that the catalyst activities increased drastically with the
increase in the Al/Ni molar ratio (e.g., Entry 4, Al/Ni = 100, the activ-
ity was 214 kg PE/mol Ni h bar; Entry 5, Al/Ni = 400, the activity was
up to 772 kg PE/mol Ni h bar). In addition, the relationships among
the reaction temperature and the activities of precatalysts Sa and
Sb as well as the properties of the polyethylenes obtained were
also investigated. As shown in Fig. 5, the rate decreased with the
increase in polymerization temperature. It is possibly attributed
to the poor solubility of ethylene and the deactivation of the active
center at higher temperature. Like the corresponding homogeneous
system, the molecular weight of the polyethylene produced by each
immobilized catalyst was found to decrease as the temperature was
increased (Table 2), which indicated that higher temperature led to
an increase in the rate of chain transfer. The branching numbers
were observed to increase with increasing reaction temperature
and with a corresponding decrease in Tm values. For example,
the branching numbers of the polymers obtained by catalyst Sa

(kg PE/mol Ni h) Branches per 1000 C Tm
b (◦C) M̄v

c (kg/mol)

27.3 99.3 497
32.4 97.6 349
44.2 86.8 249
23.8 101.3 552
29.7 98.4 368
30.3 96.8 242
26.3 100.7 377
33.1 98.3 221
41.9 86.4 167
19.2 112.3 312
21.1 116.7 357
31.4 98.2 179
28.3 98.5 367

– 97.4 349
34.2 95.4 249
18.4 115.2 450
28.3 97.4 388
31.9 96.5 169

ssure of ethylene for 30 min.

0.7 [48].
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Fig. 5. Plots of catalytic activity of supported nickel(II) catalysts versus reaction
temperature. 10 �mol Ni, Vtotal = 50 mL, Ethylene pressure = 10 atm, polymerization

for 30 min.

increased from 27 per thousand at 30 ◦C to 44 per thousand at
70 ◦C.

In general, the activities of silica-supported catalyst are about
ten times as low as the activities of corresponding homogeneous
catalysts (Table 2). In order to further expound this respect, we
prolonged the polymerization time to 1 h; the kinetic profiles of
ethylene polymerization using homogeneous catalyst A and sup-
ported precatalysts Sa/Pa are shown in Fig. 6. We found the rate
profile of precatalyst A exhibits typical decay kinetics with a very
high initial rate followed by a rapid decay, as shown in Fig. 6a.
Although precatalyst A displays higher activity than supported
systems Sa/Pa at the initial stage, the attenuation rate of the
catalytic activity (or deactivation rate) of precatalyst A is much
faster than that of precatalyst Sa/Pa (Fig. 6b). We thus believe
that the introduction of steric bulk on the para substituents of
the ligand not only block the approach of olefins, retarding the
rate of associative displacement, but also decrease the rate of
catalyst deactivation. The polymer produced from the supported
catalyst displays much higher molecular weight than that of the

Fig. 6. Plots of catalytic activity of nickel(II) catalysts versus polymerization time.
Polymerization reaction conditions: 10 �mol Ni, Al/Ni = 300, Vtotal = 50 mL, 10 atm
ethylene, 50 ◦C. (a) homogeneous catalyst A; (b) supported nickel(II) catalysts Sa
and Pa.

Fig. 7. 13C NMR spectrum of polyethylene prepared with catalyst Sa/MMAO at 10 atm of ethylene.
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polymer made by the homogeneous catalyst (e.g., Entry 1, Sa,
M̄v = 497 kg/mol; Entry 6, A, M̄v = 242 kg/mol; Entry 7, Sb, M̄v =
377 kg/mol; Entry 12, B, M̄v = 179 kg/mol). This may be ascribed to
the steric surrounding from the carrier, which hinders �-H transfer
reaction.

The branching numbers of the polymers obtained by silica-
supported catalysts are slightly lower than those obtained by
the corresponding homogenous catalysts. This may be ascribed
to the steric surrounding from the support which hinders the
chain walking rate to some extent. Thus, the polymers obtained
by silica-supported catalysts display higher melting temperatures.
Zhu and his colleagues found the bimodal DSC thermograms of
polyethylenes when they polymerized ethylene using the silica-
supported nickel-diimine catalysts. They ascribed this finding to
the presence of two types of active sites: those extracted from
the support during polymerization and those unleached or kept
fixed on the surface of the support [13]. It is noteworthy that
our results are different from theirs, by the fact that the poly-
mers show single melting peak in the DSC thermograms. This
unique character is mainly due to the covalent bond between the
catalysts to the carriers, no leaching occurring during the polymer-
ization.

The Merrifield resin supported nickel catalysts were also
employed in ethylene polymerization in the presence of MMAO at
10 atm pressure of ethylene. The results summarized in Table 2 indi-
cate that the catalysis behavior of the Merrifield resin supported
catalyst is similar to that of the silica-supported catalyst.

A typical 13C NMR spectrum of the polymers produced from
the supported catalyst is shown in Fig. 7. The nomenclatures used
for paired branches prefixes refer to the report by Galland et al.
[51]. The 13C NMR spectrum indicates that the branches of the
polyethylenes are mainly methyl branches. The presence of methyl
branches was confirmed by the peaks at 37.77, 33.48, 30.59, 27.65,
and 20.18 ppm, corresponding to the carbons aB1, brB1, rB1, bB1,
and 1B1. The signals at 34.31, 30.69, 27.55, and 23.04 ppm were
corresponding to the signals of carbons 4B4, rB4, bB4, and 2B4
from butyl branches. Paired 1,4 methyl branches were identified
by the presence of the resonances at 20.22 ppm of 1,4-1B1 carbon,
and the resonance at 34.81 ppm corresponding to the 1,4-aB1 car-
bon. No signals of ethyl and propyl branches were found. There
appears no clear reason at this moment why only the methyl and
butyl branches were observed in the 13C NMR spctrum. One pos-
sible explanation is that the reinsertion of the coordinated inner
olefin of the (olefin)Ni–H species is difficult in the supported cat-

alyst systems, and the observed butyl branches may be due to the
incorporation of the simultaneously produced short chain �-olefins
rather than chain walking process as reported by Wu et al. [52]. We
are now exploring this in more detail, and results will be available
in the near future.

4. Conclusions

We have synthesized a series of silica and Merrifield resin sup-
ported �-diimine nickel(II) catalysts for olefin polymerization via
introducing the reactive Si–Cl end-group into �-diimine ligands
bearing allyl groups, immobilizing them by the reaction of the Si–Cl
groups with silanols on the surface of silica or the hydroxyls on the
surface of modified Merrifield resin, and the complexation reaction
of the supported ligands with NiBr2. Although the initial activities
of the supported catalysts are much lower than those of the corre-
sponding homogeneous ones, the heterogeneous catalysts possess
longer lifetime and still display relatively high catalytic activi-
ties towards ethylene polymerization an hour later. Furthermore,
the heterogeneous catalysts also produced much higher molecu-
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[

[
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[
[

[

[
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[

[
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lar weight polymers which efficiently avoid fouling of the reactor
during polymerization.
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