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ABSTRACT: A series of iron and cobalt complexes ligated
with different bis(imino)pyridyl ligands were synthesized
and used in ethylene polymerization. The reaction tempera-
ture and Al/Fe ratio had a great influence on the activities
and properties of the polymer in the iron system when meth-
ylaluminoxane was used as the cocatalyst. Bimodal polyethyl-
ene, unimodal polyethylene, and oligomers were achieved
with ethylene polymerization according to the structures of
the ligands and polymerization conditions. The cobalt sys-

tems showed low activities when bis(imino)pyridyl was used
as the ligand in comparison with the iron system catalysts.
Ethylene oligomerization was conducted, and the main prod-
ucts were 1-butylene and 1-hexene. A fast deactivation pro-
cess was observed from the curve of the polymerization
kinetics. The polymerization mechanism was examined.
VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 113: 2378–2391, 2009
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INTRODUCTION

Dramatic advances have been made in the develop-
ment of polyolefins because of the invention of cata-
lysts. In the past decade, significant progress has
been achieved in the development of late-transition-
metal catalysts. Some of the most important catalysts
are iron complexes based on a bis(imino)pyridine
ligand for ethylene polymerization, as reported by
Brookhart et al.1 and Gibson et al.2 independently.
These kinds of iron and cobalt catalysts have
received more and more attention in both academia
and industry3,4 because of their exceptionally high
activity, remarkable selectivity for oligomerization,
and potential commercial value. Various modifica-
tions of the original bis(imino)pyridine ligand frame-
work have been made to study the influence of
ligand structures on the properties of polymers.5–11

However, the obtained polyethylenes have had low
molecular weight (Mw) values and narrow molecular
weight distributions (MWDs).

Iron(III) acetylacetonate [Fe(acac)3] is a relatively
cheap organic compound. Some researchers have
used Fe(acac)3, AlR3, and extra electron donors (e.g.,
nitrogen and phosphorous compounds) to polymer-
ize the conjugated diene.12–14 Soga and coworkers15–17

studied tris(acetylacetonato)chromium supported on
MgCl2 for ethylene and propylene polymerization.
Recently, Wang and Sun18 observed a novel iron-
based system that contained Fe(acac)3–bis(imino)pyri-
dine/methylaluminoxane (MAO). This catalyst
showed high activities for ethylene poly-merization,
and the obtained polyethylene had a high Mw value
and a broad MWD.
To determine the influence of the steric hindrance

of the ligand on the polymerization activities and
polymer properties in the Fe(acac)3–bis(imino)pyri-
dine/MAO system, seven ligands with different
structures were prepared in this study. The polymer-
ization temperature and cocatalyst dosage were
examined to study the catalyst properties. Subse-
quently, we tried to determine the relationship
between the catalyst performance and the obtained
polymers. The polymerization mechanism is dis-
cussed in this article.

EXPERIMENTAL

Materials

All manipulations involving air- or moisture-sensi-
tive compounds were carried out under a nitrogen
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atmosphere with a standard Schlenk technique.
Fe(acac)3 (99 wt %), Co(acac)3 (99 wt %), and
Co(acac)2 (99 wt %) were purchased from J&K
Chemical Corp. (Shanghai, China) and were used as
received. Fe (acac)2 (99 wt %) was purchased from
Aldrich China (Shanghai, China). Toluene was dried
over 4-Å molecular sieves for at least 10 days; it was
then refluxed over sodium with benzophenone as
the indicator and distilled under an argon atmos-
phere before use. MAO (10% solution in toluene)
was purchased from Albermarle Chemical (Baton,
Rouge, LA). MAO-2 was prepared by the removal of
Al(CH3)3 from commercial MAO with a vacuum
and then dissolved in the desired amount of toluene.
High-purity nitrogen and polymerization-grade eth-
ylene were obtained from SINOPEC Shanghai Corp.
(Shanghai, China) and purified by passage through
Mn molecular sieves and 5-Å molecular sieves in
turn. The systems of the a-diimine ligands were pre-
pared according to the literature.1,19–21 The structure
is shown in Figure 1.

Preparation of the ligands

Preparation of ligands L1–L5

For the preparation of ligands L1–L5, a 2,6-diacetyl-
pyridine absolute ethanol solution was added to 2,
6-dimethylaniline, 2-methyl-6-isopropylphenylimino,
2,6-diisopropylphenylimino, 2-(methylphenylimino)
ethyl, and phenylamine. The solution was refluxed
for 48 h after the addition of a few drops of glacial
acetic acid. Upon cooling to room temperature, the
solvent was removed by vacuum distillation. The
product was crystallized at �18�C. The solid was
dissolved in 25 mL of alcohol and crystallized at
�18�C after filtration. Then, the solid was washed

with ethanol and dried in a vacuum oven. The struc-
tures of the ligands were as follows.
L1.

1H-NMR (CDCl3, d): 8.50 (d, 2, Hpyr), 7.93 (t, 1,
Hpyr), 7.11 (d, 4, Hayrl), 6.96 (t, 2, Hayrl), 2.26 (s, 6,
N¼¼CACH3), 2.06 (s, 12, aryl-CH3).
L2.

1H-NMR (CDCl3, d): 8.52 (d, 2, Hpyr), 7.95 (t, 1,
Hpyr), 7.21 (d, 2, Hayrl), 7.11 (m, 4, Hayrl), 2.88 [sept,
2, CHA(CH3)2], 2.30 (s, 6, N¼¼CACH3), 2.08 (s, 6,
aryl-CH3), 1.23 [d, 6, CHA(CH3)(CH3)], 1.20 [d, 6,
CHA(CH3)(CH3)].
L3.

1H-NMR (CDCl3, d): 8.49 (d, 2, Hpyr), 7.94 (t, 1,
Hpyr), 7.18 (d, 4, Hayrl), 7.13 (t, 2, Hayrl), 2.78 [sept, 4,
CHA(CH3)2], 2.28 (s, 6, N¼¼CACH3), 1.17 [d, 24,
CHA(CH3)2].
L4.

1H-NMR (CDCl3, d): 8.40 (d, 2, Hpyr), 7.89 (t, 1,
Hpyr), 7.22 (m, 4, Hayrl), 7.04 (t, 2, Hayrl), 6.70 (d, 2,
Hayrl), 2.34 (s, 6, N¼¼CACH3), 2.13 (s, 6, aryl-CH3).
L5.

1H-NMR (CDCl3, d): 8.42 (d, 2, Hpyr), 7.91 (t, 1,
Hpyr), 7.34 (d, 2, Hayrl), 7.22 (t, 2, Hayrl), 7.13 (t, 2,
Hayrl), 6.68 (d, 2, Hayrl), 3.04 [sept, 2, CHA(CH3)2],
2.42 (s, 6, N¼¼CACH3), 1.22 [d, 6, CHA(CH3)2].

Preparation of ligands L6 and L7

The reaction was conducted with the protection
of N2; {2-acetyl-6-[1-(2,6-diisopropylphenylimino)
ethyl]}pyridine and 2-methylaniline were added in
turn, and the reaction occurred at 110�C for 48 h.
Upon cooling to room temperature, the solvent was
removed by vacuum distillation. The product was
crystallized at �18�C. After filtration, the solid was
dissolved in 10 mL of hot alcohol and crystallized at
�18�C. Then, the solid was washed with ethanol
and dried in a vacuum oven. For the preparation of
L7, instead of 2-methylaniline (used for preparing
L6), cyclohexylamine and toluene-4-sulfonate were

Figure 1 Structure of the bis(imino)pyridyl ligands.
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used; the rest of the process was the same as that for
L3. The structures of L6 and L7 were as follows.
L6.

1H-NMR (CDCl3, d): 8.48 (d, 2, Hpyr), 7.93 (t, 1,
Hpyr), 7.00–7.28 (m, 6, Hayrl), 6.72 (d, 1, Hayrl), 2.80
[m, 2, CHA(CH3)2], 2.37 (s, 3, N¼¼CACH3), 2.30 (s, 3,
N¼¼CACH3), 2.16 (s, 3, aryl-CH3), 1.18–1.97 [m, 12,
CHA(CH3)2].
L7.

1H-NMR (CDCl3, d): 8.34 (d, 2, Hpyr), 7.82 (t, 1,
Hpyr), 7.05–7.25 (m, 3, Hayrl), 3.55–3.70 (m, 1, CH),
2.75 [sept, 2, CHA(CH3)2], 2.46 (s, 3, N¼¼CACH3),
2.27 (s, 3, N¼¼CACH3), 1.24–1.96 (m, 10, CH2), 1.15
[d, 12, CHA(CH3)2].

Ethylene polymerization

Normal ethylene pressure polymerization was car-
ried out in a dried, 250-mL, three-necked flask with
a stirring bar, which was purged with dry nitrogen
three times and then with ethylene once. Toluene
(100 mL) and a prescribed amount of MAO or
another cocatalyst were injected into it, and the mix-
ture was magnetically stirred at different tempera-
tures. Ethylene monomer was continuously fed into
it. Polymerization was started by the addition of the
desired amount of a catalyst. The reaction was ter-
minated by the addition of an ethanol–hydrochloride
aqueous solution. The obtained polymer was dried
in vacuo after it was filtered.

High-pressure polymerization was carried out in a
1-L Buchi stainless steel reactor. The reactor was
filled with a toluene and MAO solution. The system
was then saturated with a continuous flow of ethyl-
ene under atmospheric pressure. The polymerization
was initiated by the injection of the catalyst and ter-
minated with water. n-Heptane (1 mL) was added to
the reactor and was used as the internal standard
for analyzing the compositions by gas chromatogra-
phy/mass spectrometry (GC–MS) analysis. Each
sample was cooled at �18�C for 4 h and subjected to
centrifugal separation. The liquid part was protected
in a refrigerator, and the solid part was added to a
10% ethanol–hydrochloride aqueous solution and fil-
tered. Then, the samples were dried in a vacuum
oven.

Characterization

The synthesized polyethylene was characterized in
terms of its MWD and molecular weight (MW) with
gel permeation chromatography (GPC). A PL-220
GPC (Polymer Laboratories, Darmstadt, Germany)
assay was performed at 150�C with 1,2,4-C6H3Cl3 as
the eluant.

Differential scanning calorimetry (DSC) was per-
formed on a PerkinElmer (Waltham, MA) 7 series
thermal analyzer with indium as the calibration
standard. The nascent powder of the polymer was

heated to 160�C (10�C/min), held at 160�C for 1
min, cooled to 25�C (10�C/min), and held at 25�C
for 1 min. Finally, the polymer was heated to 160�C
(10�C/min). The reported melting point was the
peak value from the last heating.
Qualitative analysis of the oligomer composition

was measured by GC–MS (HPGC6890/MS5973,
Shanghai, China). Quantitative analysis was meas-
ured by GC (68090N, Agilent, Shanghai, China).
Ultraviolet–visible (UV–vis) spectra were recorded

in 10-mm quartz glass cells on a PerkinElmer
Lambda 20 spectrometer.

RESULTS AND DISCUSSION

Effect of the dosage of the ligand

Bis(imino)pyridyl ligands play an important role in
iron and cobalt catalysts. Isolated Fe(acac)3 cannot
show activity when MAO is used as the cocatalyst.
Besides, the method of adding Fe(acac)3 and ligands
one by one also leads to no activity. These catalyst
systems can show activity only when the bis(imino)-
pyridyl ligands and Fe(acac)3 are premixed. There-
fore, the molar ratio of the ligand to Fe(acac)3
definitely becomes the most important issue affect-
ing the catalyst activity. The ligand L3 was investi-
gated because of the similar structures of the
ligands. The results are shown in Figure 2. As the
molar ratio increases, the activity first increases and
then becomes stable when the ratio is greater than 1.
Thus, equal molar amounts of Fe(acac)3 and the
ligand are a suitable ratio for achieving the highest
activity. The following experiments were conducted
at this ratio.

Figure 2 Effect of the Fe(acac)3/L3 molar ratio on the ac-
tivity in the Fe(acac)3/L3 catalyst system (Al/Fe ¼ 1000;
pressure ¼ 1 atm; temperature ¼ 30�C).
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Results for the Fe(acac)3/L1, Fe(acac)3/L2, and
Fe(acac)3/L3 systems

The polymerization results for the Fe(acac)3/L1,
Fe(acac)3/L2, and Fe(acac)3/L3 catalyst systems are
listed in Table I. The catalysts have acceptably high
activity [106 g (mol h bar)�1].

Effect of the polymerization temperature
and Al/Fe molar ratio on the activity

The catalyst activity is strongly influenced by the po-
lymerization temperature, as shown in Table I. The
activity of each catalyst first increases and then
decreases after reaching the maximum point at 30�C.

Figure 3 Effect of temperature on MWD in the Fe(acac)3/L1, Fe(acac)3/L2, and Fe(acac)3/L3 catalyst systems (Al/Fe ¼
1000; pressure ¼ 1 atm): (a) 30 and (b) 50�C.

TABLE I
Results of Ethylene Polymerization

Entry Ligand Al/Fe Temperature (�C)

Activity
(g mmol�1

h�1 bar�1) Mw (kg/mol)a Mn (kg/mol)a

Mwpk (kg/mol)a

Mw/Mn Tm (�C)bPeak 1 Peak 2

1 1 1000 0 136 — — — —
2 1 1000 30 2593 25.4 3.29 2.40 46.4 7.72 128
3 1 1000 50 1105 2.37 1.57 2.37 — 1.51 122
4 1 1000 70 398 — — — —
5 1 500 30 929 20.8 3.98 5.22 129
6 1 1500 30 4238 — — — —
7 1 2000 30 3607 59.3 1.97 30.2 128
8 2 1000 0 1570 — — — —
9 2 1000 30 2171 90.6 3.19 2.36 164 28.4 128

10 2 1000 50 926 2.35 1.63 2.35 — 1.44 122
11 2 1000 70 167 — — — —
12 2 500 30 1124 65.7 10.5 6.27 132
13 2 1500 30 2695 — — — —
14 2 2000 30 2752 81.4 1.87 43.6 126
15 3 1000 0 1325 383 9.31 41.1 136
16 3 1000 30 2337 164 2.65 3.72 762 62.0 131
17 3 1000 50 811 296 1.68 3.63 338 17.6 127
18 3 1000 70 438 — — — —
19 3 500 30 631 65.1 15.2 4.28 133
20 3 1500 30 1742 — — — —
21 3 2000 30 1520 155 2.03 76.7 130

Reaction conditions: [Fe(acac)3] ¼ [Ln] ¼ 2 lmol; volume of toluene ¼ 100 mL; ethylene pressure ¼ 1 atm; run time ¼
30 min. Mn ¼ number-average molecular weight; Mw ¼ weight-average molecular weight; Mwpk ¼ peak weight-average
molecular weight; Tm ¼ melting temperature.

a Determined by GPC.
b Determined by DSC (second heating run).
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An increase in the polymerization temperature is
expected to result in an overall enhanced propaga-
tion rate and therefore increased productivity. How-
ever, a decrease in ethylene solubility and an
increase in catalyst deactivation at higher tempera-
tures may result in a reduction of the activity.

Moreover, each catalyst system shows maximum
activity at a different Al/Fe molar ratio when the

dosage of MAO is increased. Generally, more active
species are formed when more MAO is added; how-
ever, superfluous MAO can deactivate the active
center, especially the unstable active center, through
the reaction with Al(CH3)3, which is found in com-
mercial MAO. This is proved by the GPC results,
which show that an increase in the Al/Fe molar ra-
tio results in a decrease in MWD.22,23

Figure 4 Effect of the Al/Fe molar ratio on MWD in the Fe(acac)3/L1, Fe(acac)3/L2, and Fe(acac)3/L3 catalyst systems
(pressure ¼ 1 atm; temperature ¼ 30�C): (a) Al/Fe ¼ 2000 and (b) Al/Fe ¼ 500 or 1000.

TABLE II
Ethylene Polymerization Results for the Fe(acac)3/L4 and Fe(acac)3/L5 Catalyst Systems

Entry Ligand Al/Fe Temperature(�C) Pressure (bar)
Total activity [g (mmol of

Fe h bar)�1]a Kb
Mw

(g/mol)c Mw/Mn
c Tm (�C)d

1 L4 1000 0 1 5018 0.80 — — —
2 L4 1000 30 1 3577 0.77 827 1.68 76
3 L4 1000 50 1 2164 0.72 667 1.35 83
4 L4 500 30 1 2491 0.76 — — —
5 L4 2000 30 1 3967 0.76 589 1.35 78
6 L4 5000 30 1 5106 0.72 535 1.18 80
7 L4 4000 30 10 28971 0.70 1175 2.51 120
8 L5 1000 0 1 4935 0.86 — — —
9 L5 1000 30 1 2793 0.84 6863 5.19 124

10 L5 1000 50 1 1820 0.82 — — —
11 L5 1000 70 1 540 0.76 — — —
12 L5 500 30 1 1043 0.84 41146 20.6 127
13 L5 1500 30 1 2851 0.84 2129 3.05 —
14 L5 2000 30 1 2488 0.82 — — —

Reaction conditions: [Fe(acac)3] ¼ [Ln] ¼ 2 lmol; run time ¼ 30 min. Mn ¼ number-average molecular weight; Mw ¼
weight-average molecular weight; Tm ¼ melting temperature.

a The liquid fraction of the product was determined with GC and GC–MS.
b Schulz–Flory parameter for the liquid fraction of the product: K ¼ Rate of propagation/(Rate of propagation þ Rate

of chain transfer) ¼ Moles of Cnþ2/Moles of Cn. The K values were determined with the molar ratio of the C12 and C14

fractions.
c Solid fraction (determined by GPC).
d Solid fraction (determined by DSC; second heating run).
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Effect of the polymerization temperature and
Al/Fe ratio on the polymer properties

The GPC results show that Mw decreases as the poly-
merization temperature increases. Bimodal polyethyl-
ene can be obtained at different polymerization
temperatures with an Al/Fe molar ratio of 1000, and
MWD increases with the temperature increasing in the
Fe(acac)3/L3 catalyst. However, when the polymeriza-
tion is conducted at 30�C, bimodal polyethylene can
still be obtained with the Fe(acac)3/L1 and Fe(acac)3/
L2 systems, but the high-molar-mass part disappears
when the temperature increases to 50�C (Fig. 3). This
was studied by Barabanoc et al.,22 who found that the
active center in a homogeneous bis(imino)pyridine
iron catalyst could be divided into two kinds of active
centers: a less active one for preparing high-molar-
mass polyethylene and a highly active one for prepar-
ing low-molar-mass polyethylene. However, two kinds
of active centers can still be observed in our systems.
The former active center has obviously been deacti-
vated, and this leads to Mw decreasing with the poly-
merization temperature increasing. In addition,
increasing the steric bulk of the ligand can stabilize the
active center and reduce the chain termination. As a
result, a high-molar-mass part in Fe(acac)3/L3 can still
be obtained, but the fraction of high-molar-mass poly-
ethylene decreases in the obtained polyethylene.

Figure 4 reveals the dependence of Mw and MWD
on the Al/Fe molar ratio. Increasing the Al/Fe molar
ratio increases the fraction of the low-molar-mass
part. The low-molecular-weight chains become the
main part in the product when the Al/Fe molar ratio
is 2000. This can be attributed to the fact that active
centers are deactivated gradually and the chain termi-
nation rate increases with the dosage of MAO increas-

ing through the reaction with Al(CH3)3. However, a
more highly steric ligand can stabilize the high-molar-
weight active centers and decrease the chain-termina-
tion rate. Thus, higher Mw polymers can be obtained
in more highly steric ligand systems.23

Polymers have relatively high melting tempera-
tures. Lower melting points for the obtained poly-
mers can be achieved when the MW is low.

Results for the Fe(acac)3/L4 and Fe(acac)3/
L5 systems

The results for ethylene polymerization with the
Fe(acac)3/L4 and Fe(acac)3/L5 catalyst systems are
listed in Table II. The catalyst systems show rela-
tively high activities. The main products are com-
posed of the oligomer and polymer.

Effect of the polymerization temperature and
Al/Fe molar ratio on the activities

The dependence of the catalyst activity on the tem-
perature is the same with the last system, and this
can be attributed to the same reason. However, the
catalytic activity has a different dependence on the
Al/Fe molar ratio. The catalyst activity increases
when the Al/Fe molar ratio increases in the
Fe(acac)3/L4 catalyst system, whereas the curve of
the activity variance with the Al/Fe molar ratio
shows a maximum point in the Fe(acac)3/L5 catalyst
system. The reaction occurs more readily with a
complex containing two CH3 groups, which cannot
provide sufficient protection to the central metal in
comparison with the L4 complex because of the
enhanced ability of the electron donor.

Figure 5 Effect of the reaction temperature (T) on K val-
ues in the Fe(acac)3/L4 and Fe(acac)3/L5 catalyst systems
(Al/Fe ¼ 1000; pressure ¼ 1 atm).

Figure 6 13C-NMR spectrum of the solid fraction
obtained in the Fe(acac)3/L4 catalyst system (temperature
¼ 30�C; Al/Fe ¼ 1000; pressure ¼ 1 atm).
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Effect of the polymerization temperature and Al/Fe
ratio on the polymer properties

Effect on the properties of the liquid part. The distribu-
tion of the obtained oligomer follows the Schulz–
Flory rule, which can be characterized by the con-
stant K, which represents the probability of chain
propagation [K ¼ Rate of propagation/(Rate of
propagation þ Rate of chain transfer) ¼ Moles of
C14/Moles of C12]. Figure 5 shows that as the reac-
tion temperature increases, the value of K decreases,
and this indicates that the content of the low-molar-
mass part decreases. Increasing the reaction temper-
ature will result in high overall transfer and propa-
gation rates. The variance of K with temperature
indicates that the rate of chain transfer increases
more than the rate of chain propagation, which is
expected to increase the mass fraction of lower MW

products. In addition, the product distribution is
almost unchanged when the Al/Fe ratio is altered,
as shown in Table II. This result is in good agree-
ment with the results obtained by Zhang et al.23

Effect on the properties of the solid part. The 13C-NMR
spectrum of the solid polymers obtained with Fe
(acac)3/L4 is shown in Figure 6. The assignments
were determined according to the literature.24,25 The
13C-NMR spectrum demonstrates that linear a-ole-
fins absolutely predominate in the waxes. The single
peaks at d ¼ 139.14 ppm and d ¼ 114.17 ppm show
the property of a vinyl-unsaturated chain end. This
indicates that b-H transfer is the main method of ter-
mination in this catalyst system.

When the ligand steric bulk is increased, chain
transfer will be depressed, and this will lead to
higher Mw values. The polymer obtained with the
Fe(acac)3/L4 catalyst shows a lower MW, and Mw is

lower than 1000 g/mol. As the Al/Fe ratio and tem-
perature increase, Mw decreases, as shown in Figure
7. The Mw values of the polymers obtained with
Fe(acac)3/L5 are higher, and bimodal curves of Mw

can be obviously found with a low Al/Fe ratio (Fig.
8). Increasing the Al/Fe ratio increases the fraction
of the low-molar-mass part and reduces the molar
mass of the high-molecular-weight part. This can be
attributed to the two kinds of active centers. One is
sensitive to MAO, which is used to produce the
low-molecular-weight part. The chain transfer to Al
increases in this kind of active center when the dos-
age of MAO is increased. Thus, more and more low-
molar-mass polyethylene is obtained. However, the
active center for preparing the high-molar-mass part

Figure 7 Effect of the Al/Fe molar ratio and temperature (T) on MWD in the Fe(acac)3/L4 catalyst system: (a) Al/Fe ¼
1000 and (b) T ¼ 30�C.

Figure 8 MWD of the solid fraction obtained in the
Fe(acac)3/L5 catalyst system (pressure ¼ 1 atm; tempera-
ture ¼ 30�C).
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is deactivated, and the rate of chain termination is
increased by the superfluous MAO. As a result, the
molar mass of the high-molar-mass part decreases
with the MAO dosage increasing.

Results for the Fe(acac)3/L6 and Fe(acac)3/
L7 catalyst systems

The Fe(acac)3/L6 and Fe(acac)3/L7 catalyst systems
have asymmetric phenyl on the ligands. The
obtained samples contained the oligomer and poly-
mer. The polymerization results are shown in Table
III.
Effect of the polymerization temperature and Al/Fe molar
ratio on the catalyst activity. As the reaction tempera-
ture increases, the activity decreases much more.
However, the Al/Fe ratio does not have a greater
influence on the activity than the polymerization
temperature in the Fe(acac)3/L6 system. Because of
the cyclohexyl in L7, the activity of the Fe(acac)3/L7

catalyst is low [105 g (mmol of Fe h bar)�1] in com-
parison with the other system. The same tendency of
influencing the catalyst activity caused by the poly-
merization temperature and Al/Fe ratio can be
observed.
Effect of the polymerization temperature and Al/Fe ratio
on the polymer properties. Bimodal polyethylene is
obtained when polymerization is conducted at 30�C,
whereas only the low-molecular-weight part with a
relatively narrow distribution occurs when polymer-
ization occurs at 50�C in the Fe(acac)3/L6 catalyst
system [Fig. 9(a)]. This change can be attributed to
the same reason given for the Fe(acac)3/L1 case.

With the Al/Fe ratio increasing, the fraction of the
low-molar-mass part increases, and the high-molecu-
lar-weight end is observed with the higher Al/Fe
molar ratio. The bimodal shape of the curve is nota-
ble at higher Al/Fe ratios [1000 and 2000; Fig. 9(b)].
In our opinion, the reason is that when the Al/Fe
molar ratio is increasing, the active center for pre-
paring the high-molar-mass part is further activated,
so the high-molecular-weight end can be obtained.
Moreover, a further increase in the MAO dosage can
promote chain transfer to Al(CH3)3 in the active cen-
ter for preparing a low molar mass, which leads to a
higher content of the low-molar-mass polyethylene
in the obtained polymer. When the Al/Fe ratio is
400, the obtained polymer has a relatively high
MW, but the Mw value cannot be detected at a higher
Al/Fe ratio because of the superhigh Mw in the Fe(a-
cac)3/L7 catalyst. Fortunately, the melting tempera-
ture is really high. It decreases with the Al/Fe molar
ratio increasing. This can be attributed to the fact
that the chain termination can be definitely hindered
by the highest steric bulk of the ligand in the Fe(a-
cac)3/L7 system. Thus, a high-Mw polymer can be
obtained.

Results for the Co(acac)n (n ¼ 2 or 3)/L4 and
Co(acac)n (n ¼ 2 or 3)/L5 catalyst systems

The cobalt systems show low activity in comparison
with the iron system catalysts. Ethylene polymeriza-
tion can be conducted with Co(acac)n (n ¼ 2 or 3)/
L4 or Co(acac)n (n ¼ 2 or 3)/L5 when MAO is
used as the cocatalyst. The products are 1-butylene

TABLE III
Ethylene Polymerization Results for the Fe(acac)3/L6 and Fe(acac)3/L7 Catalyst Systems

Entry Ligand Al/Fe
Temperature

(�C)
Activity [g (mmol
of Fe h bar)�1]b Mw (kg/mol)c Mn (kg/mol)c Mw/Mn Tm (�C)d

1 L6
a 1000 0 2746 — — — —

2 L6
a 1000 30 1182 45.9 2.06 22.3 127

3 L6
a 1000 50 568 1.47 0.97 1.51 115

4 L6
a 1000 70 383 — — — —

5 L6
a 500 30 832 5.81 2.46 2.36 126

6 L6
a 1500 30 951 — — — —

7 L6
a 2000 30 1032 16.9 0.98 17.3 122

8 L7
e 400 0 136 — — — 128

9 L7
e 400 30 360 133 39.3 3.39 134

10 L7
e 400 50 102 — — — 127

11 L7
e 200 30 49 — — — 136

12 L7
e 800 30 177 — — — 129

Mn ¼ number-average molecular weight; Mw ¼ weight-average molecular weight; Tm ¼ melting temperature.
a Reaction conditions: [Fe(acac)3] ¼ [Ln] ¼ 2 lmol; cocatalyst ¼ MAO; volume of toluene ¼ 100 mL; ethylene pressure

¼ 1 atm; run time ¼ 30 min.
b A few oligomers were produced.
c Determined by GPC.
d Determined by DSC (second heating run).
e Reaction conditions: [Fe(acac)3] ¼ [Ln] ¼ 5 lmol; cocatalyst ¼ MAO; volume of toluene ¼ 100 mL; ethylene pressure

¼ 1 atm; run time ¼ 30 min.
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and 1-hexene. A high-molecular-weight polymer
cannot be obtained with a cobalt system (Table IV).

Generally, the catalyst activity decreases when
the steric bulk of the aniline group increases in the
bis(imino)pyridyl cobalt complexes, but an increase
in the steric bulk reduces the catalyst activity in our
system; this is caused by the unstable active center
of the L4 system. The results of normal pressure
polymerization show that the activities of the
Co(acac)3/L4 and Co(acac)2/L4 systems can be kept
for 5 min; however, the activity of the Co(acac)3/L5

and Co(acac)2/L5 systems can be maintained for
10 min at least. It is proved by high-pressure poly-

merization kinetics that the Co(acac)2/L4 system
shows higher activity in the initial stage, and faster
deactivation occurs in the following stage (Fig. 10).
When polymerization is conducted at 0 or 30�C,

the Co(acac)3 system has lower activity, but when
the reaction temperature is 50 or 70�C, the two sys-
tems show similar activities in comparison with the
Co(acac)2 system. This may be because different
active intermediates are generated at different tem-
peratures in the Co(acac)3 catalyst system. At a low
temperature, the formation of an active center from
an active intermediate needs more activation energy
in the Co(acac)3 system, and this results in lower

TABLE IV
Ethylene Oligomerization Results for the Cobalt Catalyst Systems

Entry Ligand Co(acac)n

Amount
(lmol)

MAO
(equiv)

Temperature
(�C)

Activity
[g (mmol Co h bar)�1]a

Hexane
selectivity (%)a

1 — Co(acac)3 10 300 30 28 0
2 L4 Co(acac)3 10 300 0 34 4.70
3 L4 Co(acac)3 10 300 30 24 5.85
4 L4 Co(acac)3 10 300 50 80 5.90
5 L4 Co(acac)3 10 300 70 30 5.59
6 L4 Co(acac)2 10 300 0 192 4.53
7 L4 Co(acac)2 10 300 30 126 5.43
8 L4 Co(acac)2 10 300 50 94 5.66
9 L4 Co(acac)2 10 300 70 35 5.95

10 L5 Co(acac)3 10 300 0 164 16.4
11 L5 Co(acac)3 10 300 30 169 20.4
12 L5 Co(acac)3 10 300 50 374 21.4
13 L5 Co(acac)3 10 300 70 168 22.1
14 L5 Co(acac)2 10 300 0 652 15.1
15 L5 Co(acac)2 10 300 30 417 19.0
16 L5 Co(acac)2 10 300 50 391 20.7
17 L5 Co(acac)2 10 300 70 191 22.4

Reaction condition: run time ¼ 15 min.
a Determined by GC and GC–MS.

Figure 9 Effect of the Al/Fe molar ratio and temperature (T) on MWD in the Fe(acac)3/L6 catalyst system: (a) Al/Fe ¼
1000 (pressure ¼ 1 atm) and (b) T ¼ 30�C (pressure ¼ 1 atm).
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oligomerization activity. However, the activation
energy can be relatively overcome at a high temper-
ature. As a result, the activity is similar for each
system.

The steric bulk has a great influence on the distri-
bution of products. A higher steric bulk has higher
hexane selectivity because of the higher chain propa-
gation rate in the Co(acac)3/L5 and Co(acac)2/L5 cat-
alyst systems.

Active centers

The bis(imino)pyridyl iron complexes can be
detected when they are used as catalyst precursors
because of the easy separation and purification;
however, the structures of the samples cannot be

measured clearly when the catalyst precursor reacts
with MAO. UV–vis studies of MAO-activated olefin
polymerization systems were carried out previously
for bis(imino)pyridyl iron catalysts.26,27 UV–vis was
used to study the possible existence of active centers
when MAO was added in our work. The results
agree with the literature27,28 (Fig. 11). Fe(acac)3/L3

and Fe(acac)3 have the same characteristic adsorp-
tion peak at 445 nm before MAO is added; however,
when MAO is added, the peak of Fe(acac)3/L3 at
445 nm disappears, and a new peak is generated
between 500 and 600 nm because of the interaction
between the catalyst systems and MAO.

Multiactive centers and chain transfer

From the polymerization results, it can be found that
the bis(imino)pyridyl iron complexes can produce
bimodal distribution polyethylene when the dosage
of MAO is high. Gibson et al.28 observed that the
end groups of the low-molar-mass part of polyethyl-
ene obtained by bis(imino)pyridyl iron complexes
were almost saturated. Britovsek and coworkers29,30

added an effective chain-transfer agent to the
bis(imino)pyridyl iron complexes. When ZnEt2 was
added, the low-molar-mass part of polyethylene was
mainly prepared by chain transfer to ZnEt2. Thus,
the low-molecular-weight part of polyethylene was
formed by chain transfer to Al(CH3)3. These stand-
points can explain the formation of bimodal polyeth-
ylene, but chain transfer to Al cannot clearly explain
the variation of the GPC curve in our catalyst sys-
tem; the main problems are as follows.
First, when the Al/Fe ratio is 1000, Mw of the low-

molecular-weight part of polyethylene obtained with
Fe(acac)3/Ln (n ¼ 1, 2, or 3) systems is lower than
what is obtained at a lower Al/Fe ratio, but as
shown in Figure 4, all the polyethylene contains a

Figure 11 UV–vis spectra of (a) the iron catalyst reported in the literature and (b) Fe(acac)3, Fe(acac)3/L3, and Fe(acac)3/
L3/MAO.

Figure 10 Catalytic oligomerization rate of the Co cata-
lyst system: (1) Co(acac)2/L4, (2) Co(acac)2/L5, and (3)
Co(acac)3/L5 (pressure ¼ 3 atm; temperature ¼ 30�C;
volume of toluene ¼ 100 mL; amount of the catalyst ¼
10 lmol; Al/Co ¼ 300).
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higher MW end part in comparison with the lower
Al/Fe ratio case.

Second, in general, increasing the steric bulk of a
ligand decreases the rate of b-H chain transfer; thus,
the influence of chain transfer to Al turns out to be
more obvious in ligands with a higher steric bulk.
The previous results agree with this tendency. How-
ever, when polymerization is conducted with
Fe(acac)3/Ln (n ¼ 1, 2, or 6), as the reaction tempera-
ture increases from 30 to 50�C, the high molar mass
disappears, but the bimodal polyethylene is still
obtained with the Fe(acac)3/L3 catalyst systems. If
the low-Mw part is made by chain transfer to Al, the
whole Mw will decrease as the temperature increases
according to this hypothesis. L3 has the largest steric
bulk of the four ligands, so it should have the big-
gest variance depending on the reaction tempera-
ture. However, the polymerization temperature
shows a great influence on the polyethylene Mw val-
ues; when Fe(acac)3/L1 and Fe(acac)3/L2 are used,
the smallest variance is shown by the Fe(acac)3/L3

catalyst system.
Another view of the active centers of bis(imino)-

pyridyl iron complexes considers bimodal polyethyl-
ene to be made of two kinds of catalyst active
centers.21,30 Kissin et al.31 fitted the GPC curves of
bimodal polyethylene obtained with bis(imino)pyr-
idyl iron catalysts; the fitting results showed that
multi-active centers existed in that catalyst system.
The combined influence on the polymerization
results, contributed by multi-active centers and chain
transfer to Al, can clearly explain the tendency in
our catalyst systems. The multi-active centers are
made of two parts: one is used to prepare high-Mw

chains that will appear under certain reaction condi-
tions, and the other is used to produce a low-Mw

part that shows a strong correlation with chain
transfer to MAO. As the temperature increases, the
part of the active center that is used to make high-
Mw chains cannot steadily exist, and this results in

the disappearance of the high-molar-mass part in
Fe(acac)3/Ln (n ¼ 1, 2, or 6) systems; however, this
kind of active center is stable in the Fe(acac)3/L3 cat-
alyst system. Thus, the bimodal polyethylene can
still be obtained.
As the steric bulk increases, b-H transfer decreases

in Fe(acac)3/L1, Fe(acac)3/L2, and Fe(acac)3/L3 cata-
lyst systems. Thus, the chain transfer to Al is rela-
tively enhanced, and this indicates that the influence
of the Al/Fe ratio on the MWD will be magnified.
However, as the Al/Fe ratio increases from 500 to
1000, the active center used to prepare the high-Mw

part is generated in these catalyst systems; thus,
the high-Mw chain end is prepared. The results for
Fe(acac)3/Ln (n ¼ 4–7) can be explained with the
same reasoning.

Effects of the different cocatalysts and catalyst
active center precursors

To obtain further knowledge on producing bimodal
polyethylene, different cocatalysts were used for
ethylene polymerization; moreover, Fe(acac)2 and
Fe(acac)3 were used as the catalyst active center
precursors.

Different cocatalysts

Al(CH3)3 in the commercial MAO was removed
with a vacuum and was named MAO-2; it was used
for studying the influence of chain transfer to Al.
The results for Fe(acac)3/L1 catalyst polymeriza-

tion conducted with MAO and MAO-2 are listed in
Table V. When the Al/Fe ratio is 500 or 1000, the ac-
tivity of the MAO-2 system is higher. However, it is
lower than that of the MAO system when the Al/Fe
ratio is 2000. The influence of cocatalysts MAO and
MAO-2 on the activities of the Fe(acac)3/L3 system
is shown in Table VI. When MAO is used as the
cocatalyst, the activity reaches the maximum when

TABLE V
Ethylene Polymerization Results for the Fe(acac)3/L1 Catalyst System

Entry Cocatalyst Al/Fe
Activity [g

(mmol of Fe h bar)�1] Mw (kg/mol)a Mn (kg/mol)a Mw/Mn Tm (�C)b

1 MAO 500 929 20.8 3.98 5.22 129
2 MAO 1000 2593 25.4 3.29 7.72 128
3 MAO 1500 4238 — — — —
4 MAO 2000 3607 59.3 1.97 30.2 128
5 MAO-2 500 2256 23.8 4.44 5.35 129
6 MAO-2 1000 3773 39.7 4.35 9.13 129
7 MAO-2 2000 2791 — — — 124

Reaction conditions: [Fe(acac)3] ¼ [L1] ¼ 2 lmol; temperature ¼ 30�C; volume of toluene ¼ 100 mL; ethylene pressure
¼ 1 atm; run time ¼ 30 min. Mn ¼ number-average molecular weight; Mw ¼ weight-average molecular weight; Tm ¼
melting temperature.

a Determined by GPC.
b Determined by DSC (second heating run).
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the ratio is 1000. However, when MAO-2 is used as
the cocatalyst, increased activity is observed with
the Al/Fe molar ratio increasing.

Mw decreases as the Al/Fe ratio increases, and a
high-molecular-weight chain end is obtained in the
MAO case (Fig. 4). Because of the low steric bulk in
L1, b-H transfer is the main method in comparison
with chain transfer to Al. As the content of Al(CH3)3
in MAO-2 is lower, chain transfer to Al is further
lowered in the MAO-2 system, and the result is that
increasing the Al/Fe ratio increases Mw. In addition,
both high-molecular-weight ends are observed at the
higher Al/Fe ratio in these two systems [Fig. 12(a)].
This indicates that the active center for preparing
the high-molar-mass part has less dependence on
the amount of Al(CH3)3 in the cocatalyst.

The steric bulk is high in the L3 system. Thus, the
effect of b-H transfer is lower. As a result, the cocata-
lyst has a great influence on the properties of the
obtained polymer. As the Al/Fe ratio increases, Mw

decreases when MAO is used as the cocatalyst. The bi-
modal polyethylene and high-molecular-weight chain
end are not obtained with the Al/Fe molar ratio of 500
[Fig. 4(b)]. As the Al/Fe ratio increases, Mw of the
polymer and Mw of the low-Mw part increase with
MAO-2. Bimodal polyethylene is obtained with each
Al/Fe ratio [Fig. 12(b)]. All these results prove the ex-
istence of multi-active centers in the catalyst active cen-
ters; the active center for preparing the low-molar-
mass part is sensitive to Al(CH3)3, and the active cen-
ter for preparing the high-molar-mass part has less de-
pendence on the dosage of Al(CH3)3.

Figure 12 GPC results for (a) the Fe(acac)3/L1 catalyst system and (b) the Fe(acac)3/L3 catalyst system when MAO-2 was
used as the cocatalyst.

TABLE VI
Ethylene Polymerization Results for the Fe(acac)3/L3 Catalyst System

Entry Cocatalyst Al/Fe
Activity [g (mmol
of Fe h bar)�1] Mw (kg/mol)a Mn (kg/mol)a Mw/Mn Tm (�C)b

1 MAO 500 631 65.1 15.2 4.28 133
2 MAO 1000 2337 164 2.65 62.0 131
3 MAO 1500 1742 — — — —
4 MAO 2000 1520 155 2.03 76.7 130
5 MAO-2 500 1946 79.9 2.36 33.9 130
6 MAO-2 1000 2020 35.6 2.79 12.7 129
7 MAO-2 1500 2181 74.8 3.60 20.8 —
8 MAO-2 2000 2486 105 7.20 14.6 126

Reaction conditions: [Fe(acac)3] ¼ [L3] ¼ 2 lmol; temperature ¼ 30�C; volume of toluene ¼ 100 mL; ethylene pressure
¼ 1 atm; run time ¼ 30 min. Mn ¼ number-average molecular weight; Mw ¼ weight-average molecular weight; Tm ¼
melting temperature.

a Determined by GPC.
b Determined by DSC (second heating run).
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In addition, normal pressure polymerization can
be conducted with Fe(acac)3/L3 with Al(i-Bu)3 as the
cocatalyst. When the reaction temperature is 30�C
and the Al/Fe ratio is 1000, the catalyst activity is
extremely low [124 g (mmol of Fe h bar)�1]; Mw is
16.8 kg/mol, and MWD is 4.2. In addition, the
Fe(acac)3/L1 and Fe(acac)3/L3 systems do not show
activity when Al(Et)3 is used as the cocatalyst during
the polymerization.

Catalyst active center precursors

The activity of the Fe(acac)3/L3 catalyst system can
reach 103 g (mmol of Fe h bar)�1; however, the
activity is only 102 g (mmol of Fe h bar)�1 in the
Fe(acac)2/L3 catalyst system. Furthermore, with an
increase in the Al/Fe ratio, the activity is still low
(Table VII). In addition, no activity of the catalyst is
achieved when polymerization is conducted at 0�C.

The polymer obtained with Fe(acac)3/L3 has a
higher content of high-molecular-weight chains in
comparison with the polyethylene obtained with
Fe(acac)2/L3 (Fig. 13). This is because the active cen-
ter of the Fe(acac)2/L3 system is formed by the inter-
action with MAO, but the active center used to
prepare the high-Mw part is difficult to form.
Accordingly, the number of active centers for a high
Mw value is less. This results in a lower content of
the high-Mw part, and the high-molecular-weight
end can be observed only when the dosage of MAO
reaches a certain amount.

CONCLUSIONS

A series of iron and cobalt acetylacetonate com-
plexes bearing bis(imino)pyridyl ligands of different
structures were synthesized and used for ethylene
polymerization. The active center was formed by
coordination between equal amounts of the iron ace-
tylacetonate complexes and ligands. Broad bimodal
polyethylenes and oligomers could be obtained with

these catalyst systems. Bis(imino)pyridyl ligands
showed a great influence on the catalyst systems.
High-Mw polyethylene was obtained with the
Fe(acac)3/L1, Fe(acac)3/L2, and Fe(acac)3/L3 systems.
The main products were made of the oligomer and
polymer in the Fe(acac)3/L4 and Fe(acac)3/L5 sys-
tems. However, the polymer was the predominant
product with the Fe(acac)3/L6 and Fe(acac)3/L7 cata-
lyst systems, and there was a comparatively small
amount of the oligomer. The main products were 1-
butylene and 1-hexene, and no polymer was
obtained with the Co(acac)3/L4 and Co(acac)3/L5

systems. The polymerization results showed that
increasing the reaction temperature could make the
MW lower. With decreased steric bulk, the number
of active centers for preparing high-Mw polyethylene
decreased, and the effect of temperature on the
MWD of the products became much more notable.
The effect of the Al/Fe ratio on the polymer proper-
ties was sensitive to the steric bulk. When Al(CH3)3
in the commercial MAO was removed and the Al/
Fe ratio was increased, higher Mw polyethylene was

Figure 13 Effect of the precatalyst on MWD when poly-
merization was conducted at 30�C.

TABLE VII
Ethylene Polymerization Results for the Fe(acac)n/L3 Catalyst Systems

Entry Fe(acac)n Al/Fe

Activity
[g (mmol of
Fe h bar)�1] Mw (kg/mol)a Mn (kg/mol)a Mw/Mn Tm (�C)b

1 Fe(acac)3 500 631 65.1 15.2 4.28 133
2 Fe(acac)3 1000 2337 164 2.65 62.0 131
3 Fe(acac)2 500 150 10.3 1.35 7.59 56
4 Fe(acac)2 1000 279 5.75 1.04 5.52 57

Reaction conditions: [Fe(acac)n] ¼ [L3] ¼ 2 lmol; temperature ¼ 30�C; cocatalyst ¼ MAO; volume of toluene ¼ 100 mL;
ethylene pressure ¼ 1 atm; run time ¼ 30 min. Mn ¼ number-average molecular weight; Mw ¼ weight-average molecular
weight; Tm ¼ melting temperature.

a Determined by GPC.
b Determined by DSC (second heating run).
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obtained, and the Mw value of the low-Mw part was
increased. We suppose that two kinds of active cen-
ters were shown in the catalyst. One used for pre-
paring the low-molar-mass part was sensitive to
Al(CH3)3, and the other used for preparing the high-
molar-mass part was less dependent on Al(CH3)3.
The latter one needed more activation energy to
form in comparison with the former active center.
As a result, the combination interaction between the
multi-active centers and chain transfer could clearly
explain the results of the polymerizations conducted
with our novel Fe(acac)3/Ln (n ¼ 1–7) catalyst
systems.
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