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ABSTRACT: The effects of polymerization temperature, polymerization time, ethylene
and hydrogen concentration, and effect of comonomers (hexene-1, propylene) on the
activity of supported catalyst of composition LFeCl2/MgCl2-Al(i-Bu)3 (L ¼ 2,6-bis[1-
(2,6-dimethylphenylimino)ethyl] pyridyl) and polymer characteristics (molecular
weight (MW), molecular-weight distribution (MWD), molecular structure) have been
studied. Effective activation energy of ethylene polymerization over LFeCl2/MgCl2-
Al(i-Bu)3 has a value typical of supported Ziegler–Natta catalysts (11.9 kcal/mol). The
polymerization reaction is of the first order with respect to monomer at the ethylene
concentration >0.2 mol/L. Addition of small amounts of hydrogen (9–17%) signifi-
cantly increases the activity; however, further increase in hydrogen concentration
decreases the activity. The IRS and DSC analysis of PE indicates that catalyst
LFeCl2/MgCl2-Al(i-Bu)3 has a very low copolymerizing ability toward propylene and
hexene-1. MW and MWD of PE produced over these catalysts depend on the polymer-
ization time, ethylene and hexene-1 concentration. The activation effect of hydrogen
and other kinetic features of ethylene polymerization over supported catalysts based
on the Fe (II) complexes are discussed. VVC 2007 Wiley Periodicals, Inc. J Polym Sci Part A:

Polym Chem 45: 5057–5066, 2007

Keywords: hydrogen activation; Iron (II) complex; kinetics (polym.); MgCl2 supported
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INTRODUCTION

During the last few years, intensive research
has focused on late transition metal complexes
as catalysts for the polymerization of olefins
with the pioneering works by Brookhart, Gib-
son, and coworkers.1–8

A series of works on synthesis and testing of
supported catalysts based on bis(imino)pyridyl
complexes of iron chlorides, mainly on oxide sup-
ports, was published.9–17 These catalysts were
shown to possess high and stable activity with
AlR3 as an activator and to be free ofMAO.

Earlier we have reported the data on the
highly active and stable supported catalysts
LFeCl2/MgCl2-AlR3 (L ¼ 2,6-bis(imino)pyridine)
and the effect of catalyst composition (content of
iron, composition of AlR3 cocatalyst) on the cata-
lyst performance in ethylene polymerization.18,19
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In this article, we present the additional ki-
netic data on the effect of polymerization tem-
perature, polymerization time, ethylene and
hydrogen concentration, and effect of comono-
mer (propylene, hexene-1) on the activity and
polyethylene properties (molecular weight (MW),
molecular weight distribution (MWD), and mo-
lecular structure). These data were used to sug-
gest a mechanism explaining the activation
effect of hydrogen and other kinetic features in
ethylene polymerization over supported iron cat-
alyst.

EXPERIMENTAL

LFeCl2 (L ¼ 2,6-bis[1-(2,6-dimethylphenylimino)
ethyl]pyridyl) was prepared according to the lit-
erature procedures.3

Highly dispersed activated MgCl2 has been
prepared according to ref. 20 at interaction of
magnesium with excess of n-BuCl (n-BuCl/Mg
¼ 3) in heptane at 98 8C. Surface area of MgCl2
is 80 m2/g.

Supported catalysts have been prepared by
interaction of LFeCl2 solution in methylene chlo-
ride with the slurry of MgCl2 support in heptane
at ambient temperature for 1 h. Then hydrocar-
bons were decanted and catalysts were washed
with heptane.

The polymerization runs were carried out in
a reactor of 0.85 L capacity equipped with mag-
netic stirrer and jacket for temperature control
at a constant ethylene pressure (1.5–10 bar),
with heptane (200 mL) as a solvent, at 60–
90 8C; the catalyst concentration was 0.02–0.04
g/L, with triisobuthylaluminium (TIBA) as coca-
talysts at concentration 6 mmol/L, for 10–60
min. Hydrogen (0.5–2 bar) was added at poly-
merization as a chain-transfer agent.

MWD measurements were performed using a
WATERS-150 8C instrument in conjunction with
a Differential Viscometer (Viscotek Model 100).
Run conditions were as follows: temperature
140 8C; 1,2,4-trichlorobenzene as a solvent at a
flow rate of 1 cm3/min. Four mixed bed TSK-gel
columns (GMHXL-HT, Tosoh) were used. Con-
ventional (Log{MW}-retention volume) and uni-
versal calibrations (log{MW 3 [g]} vs. retention
volume) were made using narrow Polystyrene
standards and PE standards. We registered good
correspondence of Conventional and Universal
calculation data; here we present the results of
GPC using Conventional calibration.

The IR spectra of polymer films were recorded
with a BOMEM-MB-102 FTIR spectrometer.
The content of CH3 groups and double bonds in
PE was calculated from IR spectra as described
in ref. 21.

Differential scanning calorimetry (DSC)
measurements were made using Netzch DSC
204 F4 Phoenix instrument at heating rate of
10 8C/min according to ASTM D 3417-83 and
ASTM D 3418-82 methods.

The melt index (MI) measurements were
made according to ASTM D 1238 (conditions
190/5).

RESULTS

Effect of Polymerization Temperature

Data on the effect of polymerization tempera-
ture on the catalytic properties of catalyst
LFeCl2/MgCl2-AlR3 are listed in Table 1. Activ-
ity increases as the polymerization temperature
is elevated in the range of 60–90 8C. In contrast
to the homogeneous catalysts of LFeCl2-AlR3

composition, supported catalysts are highly
active and stable even at elevated temperatures
(80–90 8C). Effective activation energy (Ea) of
ethylene polymerization over catalyst LFeCl2/
MgCl2-AlR3 calculated from the data of Table 1
is 11.9 kcal/mol.

The value of MI of PE increases, accordingly,
the MW decreases at elevation of polymerization
temperature. Polyethylene produced over cata-
lyst (LFeCl2/MgCl2-AlR3) has a broad MWD
(Mw/Mn ¼ 13–16; Experiments 2–4, Table 1)
over the entire range of polymerization tempera-
tures.

Table 1. Effect of the Polymerization Temperature
(T) on the Activity, MW, and MWD of PEa

Run T (8C)

Maximal Activity
(kg of PE/g
of Fe h mol
of C2H4)

Mw 3 10�3

(g/mol) Mw/Mn

1 60 1145 – –
2 70 1500 415 14.3
3 80 3230 270 13.3
4 90 3730 160 16.1

aPolymerization condition: catalyst contains 0.6 wt % of
Iron, 5 bar of C2H4, 0.5 bar of H2, TIBA as cocatalyst, a
TIBA concentration of 6mmol/L, Al/Fe¼ 750 (Molar), and 1 h.
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Effect of Ethylene Concentration

Data on the effect of ethylene concentration
(pressure) on the activity and molecular struc-
ture of PE are presented in Table 2 and Figures
1–3. Note that activity rises sharply as ethylene
pressure increases from 1.5 to 3 bar (Table 2,
Runs 1 and 2). The catalyst activity is directly
proportional to ethylene pressure in the range of
3–10 bar (Fig. 2) (activity referred to 1 bar of
C2H4 does not change, Table 2, Runs 1–4).
According to the data obtained, in the range of
ethylene pressures 3–10 bar, the rate of poly-
merization is of the first order with respect to
monomer.

The data of Table 2 and Figure 2 show that
raising the ethylene pressure from 1.5 to 5 bar
leads to an increase in the weight-average mo-
lecular weight (Mw). Upon further rising of eth-
ylene pressure up to 10 atm, the Mw value
remains virtually unchanged. Note that an
increase in ethylene pressure from 1.5 to 10 bar
results in MWD broadening (the Mw/Mn value
increases from 8.7 to 14.9) due to increasing the
fraction of high-molecular part of PE (Fig. 3).

As noted earlier,19 PE produced with catalyst
LFeCl2/MgCl2-TIBA has an increased content
of terminal vinyl groups, which proves that b-
hydride chain transfer is the main chain-trans-
fer reaction in ethylene polymerization. Using
the GPC data for the number-average molecular
weight (Mn) MN and IRS data for the contents

of methyl and vinyl end groups (Table 2), we
estimated the amount of terminal vinyl and
methyl groups per polymer molecule for poly-
mers synthesized with catalyst LFeCl2/MgCl2-
TIBA at different ethylene pressures. The poly-
mer obtained at a low ethylene pressure (1.5
bar) has approximately 1 methyl and 1 vinyl
end group per polymer chain (Table 2, Run 1).
Raising the pressure increases the content of
terminal vinyl end groups up to 1.5–1.8 C¼¼C
per polymer chain, and decreases the content of
methyl end groups (0.4–0.6 CH3 per chain).

Table 2. Effect of Ethylene Concentration, Hydrogen Content, and Polymerization Duration on the Activity and
Molecular Structure of PE

Runa

C2H4

Pressure
(bar)

H2

Pressure
(bar)

Time
(min)

Activityb

(Kg of PE/g
of Fe h Bar

of C2H4
)

MN 3 10�3

(g/mol)
Mw 3 10�3

(g/mol) Mw/Mn

CH3/Polymer
Chain

C¼¼Cc/Polymer
Chain

1 1.5 0 60 70 22 190 8.7 0.8 0.9
2 3 0 60 180 27 269 9.9 0.6 1.7
3 5 0 60 164 27 311 11.4 0.4 1.8
4 10 0 60 194 22 321 14.9 0.5 1.5
5 5 0 10 70 19 202 11.0 1.2 1.2
6 5 0 60 120 23 344 15.0 0.5 0.8
7 5 0.5 60 200 20 270 13.0 – –
8 5 1.0 10 160 14 116 8.2 1.1 0.9
9 5 1.0 60 200 20 317 16.0 0.6 0.9

10 5 2.0 60 115 10 158 15.0 – –

aCatalysts contain 0.33 wt % of Iron (Runs 1–4) and 0.85 wt % of Iron (Runs 5–10), polymerization at 808C, a TIBA concen-
tration of 6 mmol/L, Al/Fe ¼ 1200 (molar).

b Average activity.
c Terminal vinyl group RC¼¼CH2 (909 cm�1 bound in IR-spectra).

Figure 1. Kinetic profile of ethylene polymerization
over LFeCl2/MgCl2-TIBA catalyst at different ethyl-
ene pressure: 3 bar (1), 5 bar (2), 10 bar (3) (for the
polymerization conditions, see Table 2).
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Effect of Hydrogen

It is known that hydrogen is used to control the
MW of PE over supported catalysts of various
compositions. Note that catalytic activity gener-
ally decreases when hydrogen is introduced
even in small amounts (5–10% vol.) at ethylene
polymerization with supported Ziegler–Natta
catalysts containing titanium and vanadium
compounds as active components.22–24 The data
presented earlier19 shows that the presence of
hydrogen increases the activity for ethylene po-
lymerization over catalyst LFeCl2/MgCl2-AlR3.
In this work, we used a wider range of hydrogen
concentration to study ethylene polymerization
with this catalyst. As seen from Table 2, the
addition of 9–17% vol. of hydrogen to the
feed mixture increases the activity of catalyst
LFeCl2/MgCl2 (cf. Experiments 6 and 7 with 9
in Table 2). Note that in the indicated range of

hydrogen concentration (9–17% vol.), there is a
week effect of hydrogen concentrations on val-
ues of number-average MW of PE (Mn). Thus,
when hydrogen serves as an activator for cata-
lyst LFeCl2/MgCl2, it is not an efficient transfer
agent of polymer chain. An increase in hydrogen
concentration to 30% vol. deteriorates the cata-
lyst activity to the level observed without hydro-
gen and decreases the MW of PE (Table 2, Run
10). Similar effect concerning the hydrogen acti-
vation of catalysts based on bis(imino)pyridyl
complexes of iron chlorides supported on oxides
was reported in ref. 25. Addition of small
amounts of hydrogen significantly increases the
activity; however, further increase in hydrogen
concentration decreased the activity.

Figure 2. Effect of ethylene concentration on the
polymerization rate and molecular weight (Mw) of
polyethylene (for the polymerization condition, see
Table 2, Runs 1–4).

Figure 3. Effect of ethylene pressure on the MWD
of PE (for the polymerization conditions, see Table 2,
Runs 1 and 4).

Figure 4. Effect of polymerization duration on the
MWD of PE (for the polymerization conditions, see
Table 2, Runs 5 and 6).

Figure 5. Effect of polymerization duration on the
MWD of PE (for the polymerization conditions, see
Table 2, Runs 8 and 9).
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Effect of Polymerization Time

As seen from Table 2, the catalyst activity
increases as the polymerization time increases
from 10 to 60 min (cf. Experiments 5 and 6 and
Experiments 8 and 9 in Table 2). This is caused
by the occurrence of the initial accelerating
stage in the kinetic curves of polymerization
(Fig. 1), with the polymerization rate attaining
its maximum at coming to a plateau only 15–30
min after the reaction onset. MW of PE also
increases with the time of ethylene polymeriza-
tion, both in the absence and in the presence of
hydrogen. Broadening of PE MWD (Mw/Mn)
occurs at increasing the polymerization time due
to shifting the peak maximum to the high MW
region (Figs. 4 and 5). Similar data on the effect
of polymerization time on MW and MWD were
obtained with homogeneous bis(imino)pyridyl
complexes of Fe(II)3 and with Fe(II) complexes
supported on silica gel, which was modified with
partially hydrolyzed MAO.25

Polymers produced in a short polymerization
time have a close number of terminal methyl
and vinyl groups (approximately one group per
polymer chain, Table 2). Similar data were

obtained for PE synthesized at a low pressure
(1.5 bar) (Table 2). As the reaction time
increases, MW of PE increases and the content
of methyl groups in polymer decreases (approxi-
mately to 0.5 CH3 per polymer chain), with
retained content of vinyl end groups (approxi-
mately one C¼¼C per chain) (Table 2). The effect
of decreasing the content of methyl end groups
at increased polymerization time was observed
also with a homogeneous system based on bis
(imino)pyridyl complexes of Fe(II).3

Copolymerization of Ethylene with a-Olefins Over
Catalyst LFeCl2/MgCl2 1 Al(i-Bu)3

Data on the activity of catalyst LFeCl2/MgCl2 þ
AlR3 in homo- and copolymerization of ethylene
with hexene-1 and propylene as well as data on
the molecular structure of the polymers pro-
duced are presented in Tables 3 and 4. Previ-
ously,26–31 the comonomer effect was shown to
occur with supported titanium- and vanadium-
magnesium catalysts; it consists in increased
activity at copolymerization of ethylene with
a-olefins. In contrast to supported Ziegler type

Table 3. Data on the Copolymerization of Ethylene with Hexene-1 Over LFeCl2/MgCl2 Catalysta

Run PH2 (bar) [C6H12] (mol/L) Time (min) Vb MI(5) (g/10min) CH3/10008C (C¼¼C)c/10008C

1 0 0 60 73 0.08 0.6 0.40
2 0 0.4 60 28 0.33 0.7 0.7
3 0.5 0 60 107 0.15 0.8 0.44
4 0.5 0.4 30 107 1.2 1.1 0.70
5 0.5 0.8 28 103 2.5 1.4 0.70
6 0.5 1.4 30 73 1.25 0.8 0.39

aPolymerization conditions: 5 bar of ethylene, 708C, a TIBA concentration of 6 mmol/L, catalyst contains 0.6% wt % of Iron.
bAverage activity: kg of PE/g of Fe h bar of C2H4.
c Terminal vinyl group RC¼¼CH2 (909 cm�1 bound in IR-spectra).

Table 4. Effect of a-Olefin on Polymers Characteristics

Runa
T

(8C) a-Olefin
[C6H12]
(mol/L) Vb Mn 3 10�3 Mw 3 10�3 Mw/Mn CH3/chain C¼¼Cc/chain

Tm
d

(8C)
Xd

(%)

1 80 – 0 120 18 235 13.2 1.4 0.9 137.3 75.9
2 80 C6H12 0.6 126 11 94 8.7 1.2 0.8 136.3 77.9
3e 70 C3H6 (35%)f 23 7.0 40 5.7 5.5 0.33 – –

aPolymerization conditions: 5 bar of ethylene, 0.5 bar of hydrogen, a TIBA concentration of 6 mmol/L, and 1 h.
bAverage activity: kg of PE/g of Fe h bar of C2H4.
c Terminal vinyl group RC¼¼CH2 (909 cm�1 bound in IR-spectra).
dMelting points (Tm) and crystallinity values (X) are from the second heating scans.
e Polymerization without hydrogen.
f [C3H6] in feed mixture.
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catalysts, the introduction of hexene-1 decreases
the activity of catalyst LFeCl2/MgCl2-AlR3 for
ethylene polymerization without hydrogen (Ta-
ble 3, Experiments 1 and 2). In ref. 25, bis(imino)-
pyridyl complexes of Fe(II) supported on oxides
completely deactivated in ethylene polymeriza-
tion without hydrogen at the addition of hexene-1.
At ethylene copolymerization with hexene-1 in the
presence of hydrogen, activity of catalyst LFeCl2/
MgCl2-AlR3 remains unchanged as compared
with homopolymerization of ethylene at a concen-
tration of hexene-1 in the polymerization medium
equal to 0.4–0.8M (Experiments 3–5 in Table 3).

The IRS analysis of polymers shows that the
introduction of hexene-1 to ethylene polymeriza-
tion, both with and without hydrogen, does not
lead to a noticeable increase in the content of
methyl groups in the polymer (Tables 3 and
4). Homo- and copolymers have nearly equal
amounts of methyl groups calculated per poly-
mer chain (Table 4, Experiments 1 and 2); that
is, hexene-1 is not incorporated into the polymer
chain. This conclusion is confirmed also by the
DSC data (Table 4). The polymer obtained in the
presence of hexene-1 has the same melting point
(136–137 8C) and high crystallinity (77.9%) as
homopolymer (cf. Experiments 1 and 2 in Table 4).
Besides, similar to ethylene homopolymers, the
polymers produced with hexene-1 have a high con-
tent of terminal vinyl groups (0.5–1.0 C¼¼C per
1000 8C). All polymers obtained over catalyst
LFeCl2/MgCl2-Al(i-Bu)3 have a very low content of
vinylidene groups (<0.03 C¼¼C per 1000 8C).

However, hexene-1 and propylene are efficient
transfer agents of polymer chain: its addition upon
ethylene polymerization significantly decreases
the PEMW (Table 4). The introduction of hexene-1
results in shifting the MWD curve to the region of
lowMWsand narrowing ofMWD (Fig. 6).

Ethylene copolymerization performed with
propylene in the absence of hydrogen over cata-
lyst LFeCl2/MgCl2-A(i-Bu)3 showed the same
peculiarities as the copolymerization with
hexene-1: a sharp drop in activity for homopoly-
merization, a sharp decrease in the MW, and
narrowing of PE MWD (Table 4, Experiment 3).
Note that copolymerization conditions were cho-
sen so as to provide the formation of a copoly-
mer over titanium–magnesium catalysts that
contains 35% mol of propylene (the propylene
content in a feeding mixture was 35% mol).
However, catalyst LFeCl2/MgCl2 produced a
powder polymer with the propylene content of
only �0.3% mol.

DISCUSSION

The data presented above and the earlier pub-
lished data19 show that the catalysts for ethyl-
ene polymerization, bis(imino)pyridyl complexes
of iron dichloride supported on magnesium chlo-
ride, are similar to the Ziegler–Natta catalysts
supported on MgCl2 in the pattern of active site
formation: active sites form upon interaction of
LFeCl2 with Lewis acid sites of magnesium chlo-
ride adsorption and are activated during ethyl-
ene polymerization by aluminum–organic coca-
talysts (AlR3), which are typical of the Ziegler
catalysts. These catalysts are highly active and
stable at elevated temperatures of polymeriza-
tion. Effective activation energy of ethylene po-
lymerization over LFeCl2/MgCl2-Al(i-Bu)3 has a
value typical of supported Ziegler–Natta cata-
lysts (11.9 kcal/mol). The polymerization reac-
tion is of the first order with respect to monomer
at the ethylene concentration >0.2 mol/L.

On the other hand, ethylene polymerization
with catalyst LFeCl2/MgCl2-Al(i-Bu)3 has some
kinetic features and peculiarities of molecular
structure of the polymers to be obtained:

� Catalysts containing LFeCl2 show an
increased activity upon introduction of
hydrogen in the ratio H2/C2H4 ¼ 0.1–0.2
(mol), in contrast to conventional supported
catalysts based on titanium and vanadium
compounds, which are deactivated by addi-
tion of hydrogen.

� Unlike Ti- and V/Mg-catalysts, which are
activated by the introduction of comono-

Figure 6. Effect of hexane-1 adding into ethylene
polymerization on the MWD of PE (for the polymer-
ization conditions, see Table 4, Runs 1 and 2).
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mers (propylene, hexene-1, etc.) to ethylene
polymerization, the addition of hexene-1
results in a sharp decrease in the activity of
catalyst LFeCl2/MgCl2-Al(i-Bu)3 at polymer-
ization without hydrogen. The catalyst activ-
ity does not change with respect to ethylene
homopolymerization, when copolymerization
of ethylene and hexene-1 is carried out in the
presence of hydrogen at concentrations of
hexene-1 up to 0.8 M, further increase in the
concentration of hexene-1 decreasing the ac-
tivity. A sharp drop in the activity of catalyst
LFeCl2/MgCl2-Al(i-Bu)3 is observed also with
propylene used as a comonomer (polymeriza-
tion without hydrogen).

� Catalyst LFeCl2/MgCl2-Al(i-Bu)3 has a very
low copolymerizing ability toward propylene
and hexene-1; the number of methyl
branches in polymer, the melting point and
crystallinity of polymers do not show essen-
tial changes upon introduction of comono-
mer.

� Polyethylene produced with LFeCl2/MgCl2-
Al(i-Bu)3 has the following features:
� A high content of terminal vinyl groups

(0.7–1.8 C¼¼C per polymer chain).
� A broad MWD; the value of Mw/Mn

varies with polymerization conditions
from 6 to 23.

� MW and Mw/Mn values of PE produced over
LFeCl2/MgCl2-Al(i-Bu)3 depend on the poly-
merization time and ethylene concentration
and increase with these parameters.

� As the MW of PE increases (at increasing
reaction time or ethylene pressure), the
content of methyl groups in polymer
decreases, while the content of vinyl end-
groups does not change or increases.

� MW and Mw/Mn values of PE decrease
when propylene or hexene-1 is introduced
to polymerization.

As noted earlier, polymers produced with cat-
alysts containing homogeneous complexes of
Fe(II) (LFeCl2-MAO-Al(i-Bu)3)

3 and supported
complexes of Fe(II) (LFeCl2/MgCl2-Al(i-Bu)3)

19

have a high content of terminal vinyl groups. At
ethylene polymerization with these systems, b-
hydride chain transfer to a metal or a monomer
contributes significantly to the reactions of poly-
mer chain restriction. In this case, the ratio of
saturated and unsaturated terminal groups in
polymers varies with polymerization conditions
(time and ethylene pressure). The authors of

ref. 3 explained this fact by variation in the rate
ratio of transfer reactions with aluminum–
organic compound (yielding CH3 end groups)
and b-hydride transfer reactions (vinyl end
groups). The second explanation of this fact pro-
posed by the authors of ref. 32 is that two types
of active centers of a different chemical nature
are formed in the interaction between 2,6-bis
(imino)pyridyl complexes of iron and aluminum-
organic compound. Different centers in the
latter catalyst systems respond differently to
reaction conditions, such as the reaction dura-
tion, the ethylene concentration, and so forth,
produce the low-MW fraction and the high-MW
fraction of polyethylene.

A typical feature of catalysts containing
LFeCl2 as the active component is that they
increase their activity upon hydrogen introduc-
tion to polymerization (at a ratio of H2/C2H4

¼ 0.1–0.2 (mol)).19,25,33,34

Activation by hydrogen is known to occur not
only with LFeCl2/MgCl2-AlR3 catalysts, but also
with titanium–magnesium catalysts used for po-
lymerization of propylene and other higher ole-
fins. To interpret this effect, two schemes are
discussed in the literature.35–40

1. In the absence of hydrogen, a part of active
sites (Cp

d) turns into a ‘‘sleeping’’ state after
2,1-addition of a-olefin (Cp

d) to the polymer
chain, because steric constrains prevent
incorporation of the next molecules of a-
olefins. Addition of hydrogen and/or ethyl-
ene increases the catalyst activity for pro-
pylene polymerization. Molecules of hydro-
gen or ethylene can enter such ‘‘sleeping’’
sites, turning them into the active state;
the introduction of hydrogen leads to chain
transfer accompanied by the formation of
Mt–H bond, and the introduction of ethyl-
ene causes a growth of polymer chain
(reaction 2) (Scheme 1).

2. According to the second scheme, the
‘‘sleeping’’ sites arise from the formation of
p-allyl complexes of propylene or other a-
olefins with active polymerization sites
(Scheme 2).

In this case, p-allyl complex (b) forms by reac-
tion 3 with polymer chain transfer, while regen-
eration of the active polymerization site occurs
upon interaction of complex (b) with hydrogen to
give hydride iron complex (c) on which a-olefin
is coordinated (reaction 4). Further insertion of
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a-olefin (or ethylene) along Fe��H bond (reaction
5) results in the formation of active site (d).

As noted earlier, catalysts LFeCl2/MgCl2-Al
(i-Bu)3 produce polyethylene with a broad MWD,
b-hydride chain transfer to a metal (Fe) or a
monomer being the main polymer chain transfer
reactions. This yields PE molecules of different
MWs (oligomers among them) containing vinyl
end groups. Such unsaturated compounds that
are formed during polymerization or introduced
additionally (propylene, hexene-1) may block a
part of active sites. This leads, for instance, to a
sharp drop in activity that occurs upon addition
of propylene or hexene-1 (Tables 3 and 4).

Earlier, using the radiochemical data to esti-
mate the number of growth sites and the growth
rate constant for supported catalysts containing
bis(imino)pyridyl complexes of iron dichloride,
we assumed33,34 that a part of active sites in
these catalysts may be blocked as a result of
2,1-insertion of ethylene oligomers that form in
polymerization, turning into a ‘‘sleeping’’ state
(reaction 1). Hydrogen molecules can be incorpo-
rated into such ‘‘sleeping’’ sites, making them
active (reaction 2).

The probability that a part of active sites may
deactivate by the earlier mechanism (2,1-inser-
tion of oligomers along the Fe–polymer bond)
can be supported by the data reported in ref. 40.
A study by Fink and Babik.41 on the structure
and distribution of propylene dimers obtained
with various bis(imino)pyridyl iron complexes
showed a high (>90%) probability of 2,1-inser-
tion of propylene into Fe – iso- propyl bond at
oligomerization of propylene, using iron com-
plexes of LFeCl2 composition (L ¼ 2,6-bis[1-(2,6-

dimethylphenylimino)ethyl]pyridyl) in combina-
tion with a boric activator and Al(i-Bu)3.

New data obtained in our study on the effect
of hydrogen and hexene-1 concentrations and
polymerization time on the MW, MWD and the
structure of polymers suggest that the second
scheme of catalyst LFeCl2/MgCl2-Al(i-Bu)3 deac-
tivation in ethylene polymerization and its acti-
vation upon hydrogen introduction is also quite
probable. The second scheme assumes the p-allyl
mechanism of the ‘‘sleeping’’ sites formation due
to blocking of active polymerization sites by
high-molecular olefins, which may add to the
active site as a result of 1,2 or 2,1-addition. In
this case, the formation of p-allyl complex is
accompanied with termination of polymer chain
(reaction 3). This reaction can be confirmed by
the data of Table 3 (cf. Experiments 1 and 2):
the introduction of hexene-1 in the absence of
hydrogen increases MI (decreases the MW) even
to a greater extent than in the presence of
hydrogen but without hexene-1 (Experiment 3).
According to reaction 4, addition of hydrogen
leads to hydrogenolysis of p-allyl complex and
reactivation of the active site, however, this is
not accompanied by polymer chain transfer. Pre-
sumably, this is why the MW of PE changes
only slightly upon variation in hydrogen concen-
tration in the case of catalyst activation by
hydrogen (Experiments 6, 7, and 9 in Table 2).

An increase in hexene-1 concentration in the
presence of hydrogen increases the number of
blocking events (reaction 3) (with polymer chain
transfer) and the number of activation events (reac-
tion 4); thus, theMWofPEdecreases upon simulta-
neous introduction of hexene-1 andhydrogen.

Scheme 1. Deactivation of active sites via 2,1-insertion of a-olefins and reactivation
of a ‘‘sleeping’’ sites by hydrogen.
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As mentioned earlier, MW depends on the po-
lymerization time. It can be assumed that early
in the polymerization the concentration of low-
molecular oligomers is rather high, and these
oligomers, similar to hexene-1, are blocking and
transferring the polymer chain by reactions 3
and 4, thus decreasing the molecular weigh of
PE. Note that the addition of hexene-1 leads to
narrowing of PE MWD; at a short polymeriza-
tion time this also gives PE with a narrow
MWD (cf. Experiments 1 and 2 in Table 4 and
Experiments 5 and 8 in Table 2).

Therefore, analysis of the data obtained gives
ground to conclude that b-hydride chain transfer
at polymerization over iron–magnesium catalysts
produces unsaturated oligomers, which may

block a part of active sites via the formation of p-
allyl complexes with polymer chain transfer
(Scheme 2, reaction 3). Hydrogen addition leads
to reactivation of the active sites by reaction 4
accompanied with the formation of active poly-
merization site.
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