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ABSTRACT: Anasymmetric 3-oxa-pentamethylene bridged
dinuclear titanocenium complex (CpTiCl2)2(h

5-h5-C9H6

(CH2CH2OCH2CH2)C5H4) (1) has been prepared by treat-
ing two equivalents of CpTiCl3 with the corresponding
dilithium salts of the ligand C9H7(CH2CH2OCH2 CH2)C5

H5. The complex 1 was characterized by 1H-, 13C-NMR,
and elemental analysis. Homogenous ethylene polymeriza-
tion catalyzed using complex 1 has been conducted in the
presence of methylaluminoxane (MAO). The influences
of reaction parameters, such as [MAO]/[Cat] molar
ratio, catalyst concentration, ethylene pressure, tempera-
ture, and time have been studied in detail. The results
show that the catalytic activity and the molecular weight
(MW) of polyethylene produced by 1/MAO decrease grad-

ually with increasing the catalyst concentration or poly-
merization temperature. The most important feature of this
catalytic system is the molecular weight distribution
(MWD) of polyethylene reaching 12.4, which is higher
than using common mononuclear metallocenes, as
well as asymmetric dinuclear titanocene complexes like
[(CpTiCl2)2(h

5-h5-C9H6(CH2)nC5H4)] (n 5 3, MWD 5 7.31;
n 5 4, MWD 5 6.91). The melting point of polyethylene is
higher than 1358C, indicating highly linear and highly
crystalline polymers. � 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 108: 504–509, 2008
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INTRODUCTION

The molecular weight (MW) and the molecular
weight distribution (MWD) of polyolefin influence
directly its mechanical and rheological properties.
High MW polyolefins have superior physical proper-
ties, but it is difficult to process. The broad MWD is
favorable to improve flowability at high shear rates.
Therefore, producing polyolefins with broad MWD
has become an attractive research project in the de-
velopment of metallocene polyolefin techniques.1-3

Up to now, several methods have been used for
producing broad MWD polyolefins. The simplest
way is blending the polyolefin with different average
MW. However, miscibility problems might occur in
the processing.4 Another way is carrying out the po-
lymerization in a series of reactors with various po-
lymerization conditions. However, this method in-
volves additional processes and increases the capital
cost.5 The third way is to mix individual mononu-
clear catalysts in a single reactor, which also causes

difficulties in obtaining the desired multi modal poly-
olefin because of the averaging effect.6

Dinuclear or multi-nuclear metallocenes have been
improved to be an effective new catalyst to produce
broad or bimodal MWD polyolefins7-10. Alt and cow-
orkers11 has studied systematically polymethylene
bridged asymmetric dinuclear metallocene complexes
of Ti, Zr, and Hf to produce polyethylene with broad
MWD. A typical bimodal polyethylene has been
obtained from the dinuclear ansa zirconocene/meth-
ylaluminoxane (MAO) system.12 Our previous re-
search proved that dinuclear metallocenes were effi-
cient catalysts to produce high MW polymers with
broad MWD, not only in methylmethacrylate poly-
merization, but also in ethylene polymerization.13-18

Here, we report a novel 3-oxa-pentamethylene
bridged asymmetric dinuclear titanocene/MAO sys-
tem, which is a useful catalyst to produce polyethyl-
ene with high MW and broad MWD.

EXPERIMENTAL

All reactions were carried out under a dry, oxygen-
free atmosphere using standard Schlenk techniques
with a double manifold vacuum line. Argon gas was
purified by passage through a column of molecular
sieve (4 Å) and Drierite (8 mesh).
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Materials

Tetrahydrofuran, diethyl ether, hexane, and toluene
were distilled from sodium-benzophenone ketyl prior
to use. Methylene chloride was distilled from calcium
hydride prior to use. 2,20-dichlorodiethyl ether pur-
chased from Aldrich was used after distilling from
calcium hydride. CpTiCl3 was synthesized according
to the literature.19 MAO (10 wt % in toluene, provided
by Witco) was used without further purification. Eth-
ylene (Polymer grade) was purified by bubbling
through a solution of triethylaluminium in toluene.

Measurements

1H-NMR spectra were recorded on a Bruker Avance
DMX500 spectrometer at ambient temperature; chemi-
cal shifts were referenced with respect to tetramethyl-
silane. Elemental analysis was conducted on a Perkin-
Elmer 240 elemental analyzer. The MW of polyethyl-
ene was measured in decahydronaphthalene at 1358C
by a modified Ubbelohde-type viscometer according
to [h] 5 6.67 3 1024 Mh

0.67(mL/g). The MW distribu-
tion of some polymers with orthodichlorobenzene as
solvent were determined by gel-permeation chroma-
tography (GPC, Waters 150, 1358C) using polystyrene
as a standard. The melting temperatures (Tm) of the
polymers were measured by a differential scanning
calorimeter (Perkin Elmer DSC-7).

Synthesis

Preparation of C9H7(CH2CH2OCH2CH2)C5H5 (L2)

A solution of C5H5Na (10.0 mL, 1.00 mol/L) in THF
(50.0 mL) was cooled to 08C and treated dropwise

for 30 min with a solution of C9H7(CH2CH2OCH2

CH2)Cl (L1) (2.22 g, 10.0 mmol) prepared form
C9H7Li and Cl(CH2CH2OCH2CH2)Cl in THF accord-
ing to Alt and coworkers.11 The resulting solution
was warmed to room temperature and stirred for 6
h. Volatiles were removed in vacuo and the yellowish
paste was extracted with pentane. The filtrate was
concentrated in vacuo to get the products as light yel-
low oil (5.20 g, 40% in yield). GC-MS m/z (%): 252
(M1, 35 %), 128 (M1��HC9H7, 98%), 77 (M1��O
(CH2)2C9H7).

1H-NMR (CDCl3, 208C, d ppm): 7.58–
7.31 (m, 4H, C9H7), 6.60(t, 1H, allylic indene-H)[1.6],
6.59–6.22(m, 3H, C5H5), 3.91–3.89(m, 2H, OCH2),
3.87–3.86(m, 2H, OCH2),3.44(d, 2H, alkyl indene-
H)[1.6], 3.08–3.04(m, 2H, C5H5), 3.04–2.99(m, 2H,
C9H7CH2), 2.85–2.82(m, 2H, C5H5CH2).

Preparation of (CpTiCl2)2(h
5-h5-C9H6

(CH2CH2OCH2CH2)C5H4) (1)

A solution of C5H5TiCl3 (2.2 g, 10.0 mmol) in toluene
(30.0 mL) was cooled to 08C and treated dropwise
over 30 min with a solution of Li2[C9H6(CH2-

CH2OCH2CH2)C5H4] (1.3 g, 5.0 mmol) prepared
from n-BuLi and C9H7(CH2CH2OCH2CH2)C5H5 (L2)
in toluene (20.0 mL). The resulting solution was
warmed up to room temperature and stirred for 24 h.
Volatiles were removed in vacuo and the resulting
residue was extracted with CH2Cl2. Recrystallization in
toluene resulted in a reddish brown solid of 1 (1.8 g,
60.0 % yield). C28H28OCl4Ti2 elemental analysis (%),
Calcd: C 54.41%; H 4.57%. Found: C 54.26%; H
4.63%. 1H-NMR (CDCl3, 208C, d ppm): 7.71–7.35 (m,
4H, C9H6), 6.68–6.60(m, 2H, C9H6), 6.53(s, 5H, C5H5),

Scheme 1
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6.41–6.36(m, 2H, C5H4), 6.34(m, 1H, C5H4), 6.28(m,
1H, C5H4), 6.22(s, 5H, C5H5), 3.76–3.63(m, 4H,
OCH232), 3.37(m, 1H, C9H6CH2), 3.25(m, 1H,
C9H6CH2), 2.96(m, 2H, C5H4CH2).

13C-NMR (CDCl3,
208C, d ppm): (Cq): 140.2, 135.9, 135.8, 127.7; (CH):
128.0, 127.3, 126.9, 124.8, 123.6, 123.2 120.5, 119.8,
119.2, 118.8, 116.0, 115.6, 104.7; (CH2): 70.2, 70.1, 31.2,
29.3. IR (KBr, cm21): 3100, 2928, 2859, 1647, 1437,
1111, 823, 752, 669, 418.

Polymerization

Ethylene polymerization under atmospheric pressure

Homogeneous ethylene polymerizations were carried
out in a 100-mL glass reactor. The reactor was filled
with a proper amount of toluene and MAO solution.

The system was then saturated with a continuous
flow of ethylene under atmospheric pressure. The
polymerization was initiated by injection of the cata-
lyst. After the reaction, the resulting polyethylene
crops were precipitated in acidified ethanol, filtered,
and dried under vacuum at 758C until constant
weight.

Ethylene polymerization under high-pressure

A 100-mL autoclave was filled with toluene and
MAO solution. After heating the reactor to the poly-
merization temperature the catalyst solution was
injected into the reactor followed by pressurizing the
reactor immediately with ethylene. At the end of the
reaction, the resulting polyethylene was treated and
separated using the same procedures as aforemen-
tioned.

Figure 2 Influence of the polymerization temperature on
catalytic activity and molecular weight of polyethylene. [*]:
Activity of 1/MAO, &: Mh of 1/MAO]. Polymerization
conditions: [Cat] 5 2.5 3 1025 mol/L, [MAO]/[Cat] 5 2400,
tp 5 30 min, Pe 5 1 bar, Vtoluene 5 25 mL.

Figure 3 Influence of the polymerization time on catalytic
activity and molecular weight of polyethylene. [*]: Activ-
ity of 1/MAO, &: Mh of 1/MAO]. Polymerization condi-
tions: [Cat] 5 2.5 3 1025 mol/L, [MAO]/[Cat] 5 2400,
Tp 5 408C, Pe 5 1bar, Vtoluene 5 25 mL.

Figure 4 Influence of the [MAO]/[Cat] molar ratio on cat-
alytic activity and molecular weight of polyethylene. [*]:
Activity of 1/MAO, &: Mh of 1/MAO]. Polymerization
conditions: [Cat] 5 1.0 3 1024 mol/L, Tp 5 408C, tp 5 30 min,
Pe5 1 bar,Vtoluene5 25mL.

Figure 1 Influence of the catalyst concentration on cata-
lytic activity and molecular weight of polyethylene. [*]:
Activity of 1/MAO, &: Mh of 1/MAO]. Polymerization
conditions: [MAO]/[Cat]51000, Tp 5 408C, tp 5 30 min,
Pe 5 1 bar, Vtoluene 5 25 mL.
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RESULTS AND DISCUSSION

Synthesis and characterization

The 3-oxa-pentamethylene bridged asymmetric dinu-
clear metallocene complex (CpTiCl2)2(h

5-h5-C9H6

(CH2CH2OCH2CH2)C5H4) (1) was prepared by re-
action of the dilithium salts of the corresponding
ligand C9H7(CH2CH2OCH2CH2)C5H5 (L2) with two
equivalents of CpTiCl3 in toluene at 08C (Scheme 1).
The ligand L2 was prepared in 40% yield by treat-
ment of cyclopentadienyl sodium with one equiva-
lent of C9H7(CH2CH2OCH2CH2)Cl (L1) in THF. The
dinuclear complex was separated as reddish brown
solid, which is soluble in common organic solvents.

The 1H-NMR spectrum of complex 1 proves the
assigned dinuclear metallocene structure. The four
resonances between 7.35 and 7.71 ppm which are
well separated in the aromatic region are assigned to
the four protons of the six-membered ring in the
indenyl group. The resonances appearing at 6.68–
6.60 ppm as multiplets are due to two protons of the
five-membered ring side at the indenyl fragment.
The most obvious feature in the spectra are the
sharp singlets at 6.53 and 6.22 ppm which result
from the 10 protons of two kinds of cyclopentadienyl

moieties, the former one is related to the CpTi
bonded to the indenyl group, the latter one is related
to the other CpTi bonded to the C5H4(CH2)2O resi-
due. Additionally, there are two sets of multiplets in
the high field region which are assigned to the two
protons of the methylene in the C9H6CH2 residue.
The 13C-NMR spectrum of the complex is in agree-
ment with the mentioned structure.

Homogeneous ethylene polymerization

Influence of the conditions on ethylene
polymerization

As shown in Figure 1, the catalytic activity of com-
plex 1 and the MW of polyethylene decrease gradu-
ally with increasing of the catalyst concentration.
Increasing the catalyst concentration increases the
chance of bimolecular deactivation of the catalyst.7,8

Figure 2 demonstrates the influence of the poly-
merization temperature on the catalytic activity and
the MW of polyethylene. The activity of the catalyst
decreases with increasing temperature above 08C.
This may contribute to the deactivation process
because of the poor thermal stability of the cationic
methyl complex formed in the presence of MAO.
The MW of polyethylene also depends on the poly-
merization temperature. A competition between the
termination and propagation steps determines the
MW of polyethylene. A higher temperature is favor-
able to increase the rate of b-hydride chain transfer
over the propagation rate, which causes the forma-
tion of a polymer with lower MW.20

The influence of the polymerization time on ethyl-
ene polymerization is shown in Figure 3. It demon-
strates a decrease of the catalytic activity of 1 with
prolonging reaction time, because of the deactivation
of the catalyst. The MW of polyethylene produced
increases from 13.27 to 22.43 3104 g/mol.

As shown in Figure 4, the catalytic activity of 1/
MAO increases constantly from 0.62 to 6.74 3 105 g
PE mol Cat21 h21. with increasing molar ratio
[MAO]/[Cat] from 1200 to 7200. A high amount of
MAO favorizes the stabilization of the active metal
centers.

Figure 5 Influence of the ethylene pressure on catalytic
activity and molecular weight of polyethylene. [*]: Activ-
ity of 1/MAO, &: Mh of 1/MAO]. Polymerization condi-
tions: [Cat]51.0 3 1024 mol/L, [MAO]/[Cat] 5 4800, tp 5
10 min, Tp 5 258C, Vtoluene 5 25 mL.

TABLE I
Comparison of the Three Different Bridged Asymmetric Dinuclear Metallocenes on Ethylene Polymerization

Cat
[Cat] 3 104

mol/L
[MAO]/
[Cat] Tp (8C) tp (min)

Pe

(bar)
Activity 3 1025 g
PE mol Cat21 h21 Mh 3 1024 Mw/Mn Tm (8C)

1 1.0 4800 25 5 4 16.38 22.3 12.40 135.80
1 0.5 2400 0 30 1 1.81 75.5 12.25 137.80
2a 1.0 1000 40 30 1 1.75 14.2 7.31 132.50
3b 1.0 1000 40 30 1 1.99 11.4 6.91 132.32

a 2: (CpTiCl2)2(h
5-h5-C9H6(CH2)3C5H4).

b 3: (CpTiCl2)2(h
5-h5-C9H6(CH2)4C5H4).

ETHYLENE POLYMERIZATION BY 3-OXA-PENTAMETHYLENE 507

Journal of Applied Polymer Science DOI 10.1002/app



As shown in Figure 5, the activity of the dinuclear
titanocene 1 for ethylene polymerization under high-
pressure, is more than three times higher than that
in ethylene polymerization under standard atmos-
phere. For example, when the ethylene pressure
raises from 1 to 2 bar, the activity of 1/MAO
increases from 3.42 to 10.52 3 105g PE mol Cat21

h21. The MW of the polymer produced increases
directly with increasing ethylene pressure. This can
be explained by a higher solubility of ethylene in tol-
uene at higher ethylene pressure.

Comparison of the catalytic properties of the
3-oxa-pentamethylene bridged asymmetric dinuclear
metallocene with those of alkylidene bridged
asymmetric dinuclear complexes on ethylene
polymerization

A longer alkylidene or polysiloxane bridge improves
the catalytic activity of dinuclear metallocenes which
was discovered by Noh eta l.21-25 and Alt et al.11,12

However, we found that the composition of the
bridge is more important than their length. Although
the length of the bridge in complex 1 is longer than
in complex 2 and 3 (Scheme 1), the catalytic activity
of 1 is between those of complex 2 and 3.26 The most
obvious difference of the three catalytic systems is
the melting temperature and the MW distribution of
polyethylene produced. As shown in Table I, the
melting temperature of polyethylene produced by 1/
MAO is 2–58C higher than those of polyethylene
produced by 2/MAO and 3/MAO. That may
explain that the polyethylene obtained by 1/MAO is
highly linear and highly crystalline.27 As shown in
Figure 7, the 13C-NMR spectrum (methylene and
methane region) of polyethylene obtained by the 1/
MAO system also shows only one strong signal at
30ppm for the methylene units.

The MW distribution of polyethylene produced by
1/MAO is 12.40, much wider than those of com-
plexes 2 and 3. From Noh’s study, a Lewis acid and
base interaction might exist between the aluminum
atoms in MAO and the oxygen atoms in the polysi-
loxane bridge of the dinuclear metallocene during
ethylene polymerization.21 This effect would change

Scheme 2

Figure 6 HT-GPC diagrams of polyethylene provided by
1/MAO. Polymerization conditions: sample 1 ([Cat]51.0 3
1024 mol/L, [MAO]/[Cat] 5 4800, tp 5 5 min, Tp 5 258C,
Pe 5 4 bar, Vtoluene 5 25 mL); sample 2 ([Cat] 5 0.5 3
1024 mol/L, [MAO]/[Cat] 5 2400, tp 5 30 min, Tp 5 08C,
Pe 5 1 bar, Vtoluene 5 25 mL).
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the electron density of the active species which
might create different active species. Additionally, a
coordination effect determined by X-ray photoelec-
tron spectra between the oxygen atom of the 3-oxa-
pentamethylene bridge and the metal atoms has
been reported.28,29 We suppose that pseudo five or
six membered rings exist in the dinuclear metallo-
cenes (Scheme 2) causing difficulties during ethylene
polymerization using MAO as a cocatalyst, because
of a hindered Lewis acid and base interaction. A
coordinative bond between the metal atom and the
oxygen atom already exists, therefore a big steric
hindrance avoids that the oxygen atom attacks the
Lewis acidic aluminum cocatalyst MAO. As shown
in Figure 6, the HT-GPC plot of polyethylene pro-
duced by complex 1 did not exhibited a bimodal dis-
tribution; however, the MW distribution of PE
obtained by 1/MAO is much wider than that of PE
produced using mononuclear metallocenes. These
results indicate that an interaction between two met-
als creates more than one kind of active species dur-
ing the polymerization process, but the difference
between two active species is not enough to produce
polyethylene with a bimodal distribution.

CONCLUSIONS

A new 3-oxa-pentamethylene bridged asymmetric
dinuclear titanocene complex has been synthesized
and successfully used as catalyst for ethylene poly-
merization. The catalytic activity of 1/MAO is simi-
lar with that of known alkylidene-bridged asymmet-
ric dinuclear titanocene complexes. The melting
points and the MW distribution of the resulting pol-
yethylene products are much higher than those of
the alkylidene-bridged asymmetric dinuclear titano-
cene complexes. The new 1/MAO system is an effi-
cient catalyst for ethylene polymerization producing
polyethylene with high MW distribution.

The Authors thank Prof. H. Schumann, TU Berlin, Ger-
many for helpful discussion.
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