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a b s t r a c t

A novel titanium(IV) dimeric complex [(OC(Ph)HC(Ph)O)TiCl(m-OCH(Ph)C(Ph)(n-Bu)O)]2 (1) was
synthesized and characterized, and its catalytic behaviors toward homo- and copolymerization of
ethylene (E) and norbornene (NB) were also investigated. X-ray diffraction analysis of single crystal
structure revealed that the titanium complex features a binuclear and six-coordinate, pseudo-octahedral
geometry around titanium metal center with oxo-bridge in the solid state. Activated with methyl-
alumoxane (MAO), the titanium complex exhibited good activities for the homopolymerizations of
ethylene and norbornene with long lifetime and produced high-molecular weight linear PE and vinyl-
type PNB, respectively. E–NB copolymers with high-molecular weight and high NB incorporation content
could be also obtained by this catalyst. The incorporation of NB in the E–NB copolymers could be
controlled by varying monomer ratio and reaction temperature. 13C NMR analyses showed that the
microstructures of the E–NB copolymers are predominantly alternated and isolated NB units, but the
dyad and triad sequences of NB unit could be detected in the copolymers with high NB incorporation.
The monomer reactivity ratios of the copolymerization were measured to be rE¼ 6.0, rN¼ 0.05 at 30 �C.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Electronegative p-donor ligands such as aryloxides/alkoxides
are attractive because they offer strong metal oxygen bonds that
are expected to stabilize complexes of the electropositive metals
[1]. Aryloxides with bulky substituents in positions 2 and 6 have
been largely used in order to enforce a mononuclear character for
species based on large metals [2,3]. There were few reports on the
synthesis of titanium complexes with bulky substituent aryloxide
ligands and their catalytic behaviors for ethylene polymerization
[4–6]. The electronegative alkoxide groups make the metal atoms
highly prone to nucleophilic attack, which meet the requirements
as precursors for catalytic applications. Pellecchia and co-workers
reported that alkoxide achiral complexes of type Ti(OBu)4 in the
presence of MAO–Al(Me)3 produced a mixture of isotactic (up to
80% isotacticity) and atactic polypropylene [7]. Recently,
a [(HOEt)Ti(m-OEt)OEt(Cl)2]2 dimeric complex was found to react
with MAO to be catalyst for the polymerization of propylene and
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ethylene. The lifetime of this catalyst is sufficiently long to allow an
effective polymerization [8].

Introduction of heteroatom(s) (N, S) with additional donor
functionalities into chelating multidentate alkoxide or aryloxide
ligands can provide an increased stabilization of reactive, electron-
deficient metal centers [9–12]. Well-characterized group 4 metal
complexes with multidentate alkoxide or aryloxide ligand systems
have been studied for the olefin polymerization, where they show
relatively good activities [13–16].

E–NB copolymers (Cyclic Olefin Copolymers, COCs) have
attracted much attention with remarkable properties, such as
a relatively high glass transition temperature (Tg), excellent
optical transparency and high refractive indices [17–19]. In fact,
these properties can be controlled by varying monomer compo-
sition, sequence distribution, and the stereoregularity of norbor-
nene units in the copolymers, which depend on the different
structure of the catalyst employed. In this connection, a series of
single-site catalysts, including metallocenes [20–23], half-sand-
wiched titanocene [24,25] and constrained-geometry catalysts
[26–30] have been prepared over the decades for the production
of COCs with well-defined architecture. Recently, progresses have
been made in the field of non-metallocene titanium complexes as
catalytic precursors for E–NB copolymerization [31–36]. In
general, most of the highly active non-metallocene titanium
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catalysts for E–NB copolymerization possess nitrogen atoms as
neutral donors, while less attention has been paid to titanium
catalysts with oxygen-containing ligands. There were a few
reports on the synthesis of dichlorobis(b-diketonato)titanium
complexes and their catalytic behavior for a-olefin polymerization
[37–39].

Whereas, there was nearly no report on E–NB copolymerization
using titanium alkoxide precatalyst except amino diolate-based
titanium complexes reported by Sudhakar [16]. In comparison to
aryloxides, the synthetic chemistry of alkoxide-based complexes
proved to be much more complicated. This is inherent to the high
tendency of the relatively more basic alkoxide ligands to act as
bridging ligands, eventually resulting in highly agglomerized
structures. This difficulty can be partly overcome by increasing the
steric bulk of the –OR moieties [10]. In this contribution, the
synthesis of a new alkoxyl titanium complex with a pair of
chelating benzoin ligands and investigations of its catalytic prop-
erties on homo- and copolymerization of ethylene and norbornene
are reported. In fact, this inexpensive, air-stable, and very easy to
synthesize titanium precursor appears as a good candidate for
E–NB copolymerization.

2. Experimental

2.1. General

All manipulations involving air and moisture-sensitive
compounds were carried out under an atmosphere of dried and
purified nitrogen using standard vacuum-line, Schlenk or glove box
techniques. Solvents were purified using standard procedures.
Benzoin was recrystallized from ethanol before use. The n-butyl-
lithium (n-BuLi) solution in hexane (2.57 M) was purchased from
Aldrich. Norbornene (bicyclo[2.2.1] hept-2-ene; Acros) was purified
by distillation over potassium and used as a solution in toluene.
MAO was prepared by partial hydrolysis of trimethylaluminum
(TMA) in toluene at 0–60 �C with Al2(SO4)3$18H2O as the water
source. Methylene chloride was distilled from calcium hydride, and
hexane was distilled from P2O5 under nitrogen. Titanium tetra-
chloride was distilled prior to use. Other commercially available
reagents were purchased and used without purification.

2.2. Measurement

Elemental analyses were performed on a Vario EL microanalyzer.
Mass spectrum for the complex was measured on a Thremo LCQ
DECA XP liquid chromatography–mass spectrometry using elec-
trospray ionization (EI) with CH3CN as fluent phase. 1H NMR spectra
were carried out on Mercury-plus 300 MHz NMR spectrometers at
room temperature in CDCl3 solution for the ligand and the complex.
1H NMR spectrum of the PNB was recorded on Mercury-plus
300 MHz NMR spectrometers at 80 �C with o-dichlorobenzene-d4 as
the solvent. 13C NMR spectra of the polymer samples were recorded
on a Varian INOVA 500 MHz spectrometer in a 4:1 mixture of
o-dichlorobenzene and o-dichlorobenzene-d4 (2.5 mL) at 120 �C.
Chemical shifts were referenced to o-dichlorobenzene-d4

(130.52 ppm). The NB contents in the copolymer were calculated
from the 13C NMR spectra by the following equation [27]:

XN ¼ 1=3
�

IC1=C4
þ IC2=C3

þ 2IC7

�.
ICH2

(1)

where IC1=C4
is integral of signals between 37.0 and 44.0 ppm, IC2=C3

is integral of signals between 44.5 and 56.0 ppm, IC7
is integral of

signals between 33.0 and 36.5 ppm, and ICH2
is integral of signals

between 28.0 and 32.5 ppm.
The molecular weight and molecular weight distribution of the

polymer samples were determined at 135 �C bya Waters Alliance GPC
2000 type high-temperature chromatograph.1,2,4-Trichlorobenzene
(TCB) was employed as the solvent at a flow rate of 1.0 mL min�1. The
calibration curve was established with polystyrene standards.

The molecular weight of the PE samples was estimated by
viscosimetric analysis, and the intrinsic viscosity of the polymer
samples was measured in decalin at 135 �C using an Ubbelohde
viscosimeter. The Mark–Houwink constants were taken from the
literature, and the viscosity-average molecular weights (Mv) were
calculated using Eq. (2) for PE [40]

½h� ¼ 6:2� 10�4M0:7
V (2)

The monomer reactivity ratios of the E–NB copolymerization were
measured according to the Fineman–Ross method [41]. Ethylene
concentrations ([E]) in toluene can be calculated according to the
Henry–Gesetz expression (3) [42]:

½E� ¼ PEH0 expðDHL=RTÞ (3)

where PE is the ethylene pressure (atm), H0 is the Henry coefficient
(0.00175 mol L�1 atm�1), DHL is the enthalpy of solvation of
ethylene in toluene (10742 cal mol�1), R is the universal gas
constant, and T is the solution temperature (K).

Crystal data obtained with the u–2q scan mode were collected
on a Bruker SMART 1000 CCD diffractometer with graphite-mon-
ochromated Mo Ka radiation (l¼ 0.71073 Å) at 173 K. The structure
was solved using direct methods, while further refinements with
full-matrix least squares on F2 were obtained with the SHELXTL
program package. All non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were introduced in calculated positions
with the displacement factors of the host carbon atoms.

2.3. Synthesis of complex 1

To a stirred solution of benzoin (1.12 g, 5.26 mmol) in toluene
(60 mL) at �78 �C was added a 2.57 M n-BuLi hexane solution
(3.07 mL, 7.89 mmol) dropwise over a 5 min period. The mixture
was allowed to warm to room temperature slowly and stirred for
2.5 h. TiCl4 (0.289 mL, 2.63 mmol) in toluene (30.0 mL) was drop-
ped into the resulting mixture at �78 �C with stirring over 30 min.
The mixture was allowed to warm to room temperature slowly and
stirred for 16 h. The evaporation of the solvent in vacuo yielded
a crude product. Dried CH2Cl2 (40.0 mL) was added to the crude
product, and the mixture was stirred for 10 min and then filtered.
Solvent was removed from the precipitate via cannula filtration,
and the residual purple solid was washed with n-hexane. Drying in
vacuo produced the desired titanium complex. Yield: 78.4%. 1H
NMR (300 MHz, CDCl3): 7.82 (d, 2H), 7.55 (t, 1H), 7.46 (t, 2H), 7.31–
7.37 (m, 5H), 7.14–7.20 (m, 5H), 6.79–6.87 (m, 5H), 6.53 (s, 1H, CH),
4.81 (s, 1H, CH), 2.35 (t, 2H), 1.25 (m, 2H), 0.88 (m, 2H), 0.42 (t, 3H).
Anal. Calcd. for C64H62Cl2O8Ti2: C, 68.28; H, 5.55. Found: C, 68.01; H,
5.43. EI-MS: [Mþ CH3CNþ PhCH3þH]þ (m/z 1256.0), [MþH]þ (m/
z 1124.8), [M� Cl]þ (m/z 1088.9).

2.4. Norbornene polymerization

In a typical procedure, the appropriate MAO solid was intro-
duced into a 50 mL round-bottom glass flask placed in an oil bath at
a prescribed temperature, and then the desired amount of NB and
toluene was added via syringe. The polymerization was started by
adding a catalyst precursor solution with a syringe and the reaction
mixture was continuously stirred for an appropriate period at the
polymerization temperature. Polymerizations were terminated by
the addition of acidic ethanol (ethanol–HCl, 95:5). The resulting
precipitated polymers were collected and treated by filtering,
washing with ethanol several times, and drying under vacuum at
60 �C to a constant weight.



Table 1
Crystallographic data for complex 1

Empirical formula C64H62Cl2O8Ti2
FW 1124.28
T (K) 173(2)
Crystal system Monoclinic
Space group c2/c
a (Å) 26.093(6)
b (Å) 14.638(4)
c (Å) 16.792(4)
a (�) 90
b (�) 118.072(4)
g (�) 90
V (Å3) 5659(2)
Z 4
Dcalc (mg/m3) 1.405
Absorption coefficient (mm�1) 0.528
F(000) 2488
q range (�) 1.65–26.03
Reflections collected 15,190
Unique reflections 5541
Completeness to q (%) 99.2 (q¼ 26.03)
Data/restraints/parameters 5541/0/343
Goodness-of-fit on F2 0.967
Final R indices [I> 2s(I)] R1¼0.0778, wR2¼ 0.1997
Largest difference in peak and hole (e Å�3) 0.841 and �0.404
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2.5. Ethylene polymerization and ethylene–norbornene
copolymerization

A 50 mL round-bottom glass flask (for 0.05 MPa ethylene pres-
sure) or 100 mL stainless steel autoclave (for 1.0 MPa ethylene
pressure) was charged with toluene, prescribed amount of MAO
and NB (for E–NB copolymerization) at initialization temperature.
The system was maintained by continuously stirring for 5 min, and
then the titanium complex solution was charged into the flask or
the autoclave. The pressure was maintained by continuously
feeding ethylene gas and the reaction was carried out for a certain
time. Polymerizations were terminated by the addition of acidic
ethanol (ethanol–HCl, 95:5). The resulting precipitated polymers
were collected and treated by filtering, washing with ethanol
several times, and drying under vacuum at 60 �C to a constant
weight.

3. Results and discussion

3.1. Synthesis and molecular structure of titanium complex 1

The synthetic route of the titanium complex is shown in Scheme
1. Benzoin was treated with 1.5 equivalents n-BuLi, and a mixture of
two kinds of lithium salts of the corresponding benzoin was
obtained. Reaction of the lithium salts with TiCl4 in toluene gave
titanium(IV) complex 1 in high yield (78.4%) as purple solids. The
structure of complex 1 was fully characterized by 1H NMR, EI-MS
and elemental analysis (see Section 2). Crystal of complex 1 suitable
for X-ray crystallography was grown from hexane/CH2Cl2 mixture
solution. The crystallographic data, collection parameters, and
refinement data are summarized in Table 1. ORTEP diagram is given
in Fig. 1 [43].

Complex 1 in the solid state is dimeric with oxo-bridge; both
metals are pseudo-octahedral geometry and related by an inversion
center. Each titanium atom with a valency of four is surrounded by
five O atoms and a terminal Cl ligand. The [O1, C1, C8, O2, Ti1]
chelate ring is a good plane, while [O3, C15, C22, O4, Ti1] chelate
ring is slightly twisted plane and features a boat conformation due
to butyl substituent. The complex exhibits five different Ti–O bond
lengths corresponding to the different charges of the ligands,
anionic alkoxides Ti(1)–O(1)¼ 1.832 and Ti(1)–O(4)¼ 1.822 Å,
bridging anionic alkoxides Ti(1)–O(3)¼ 2.002 Å and Ti(1)–
O(3)#¼ 2.011 Å, and coordinative carbonyl Ti(1)–O(2)¼ 2.200 Å.
Besides, the bite angles (O–Ti–O) are also different. The bite angle of
O1–Ti1–O2 is 74.18�, while the bite angle of O3–Ti1–O4 is 78.36�.
The Ti–Ti distance of complex is over 3 Å, suggesting that there is
no direct metal–metal interaction.

Titanium complex 1 has one chiral center at a-ketoalkoxy ligand
and two chiral centers at dialkoxy ligand per one titanium center.
The X-ray structure analysis suggests that complex 1 adopts the
dialkoxy ligand configuration of cis H–n-Bu as a single isomer and
an enantiomer of a-ketoalkoxy ligand coordinate to Ti with di-
alkoxy ligand in stereoselective manner. In solid state, two single
enantiomers of the titanium complex aggregate in stereoselective
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Scheme 1. Synthesis of titanium complex 1.
manner as shown in Fig. 1. The 1H NMR spectrum of complex 1 (see
Fig. 2) displays two single sharp resonances for the methine
protons of the a-ketoalkoxy and dialkoxy ligands at 6.53 and
4.81 ppm, indicating no isomer existing in CHCl3 solution. A
quantitative analysis of complex 1 in toluene solution with CH3CN
as fluent phase was carried out by EI-MS with each protonated
molecular ion in the positive ion mode. The monitoring ions were
as follows: [Mþ CH3CNþ PhCH3þH]þ (m/z 1256.0), [MþH]þ (m/z
1124.8), [M� Cl]þ (m/z 1088.9). Based on the 1H NMR spectrum and
EI-MS spectrum of the complex, it can be concluded that no
exchange of ligands or recombination of titanium complexes takes
place and the complex retains its dimeric form in solution at room
temperature.
Fig. 1. Molecular structure of complex 1. Hydrogen atoms were omitted for clarity.
Selected bond lengths (Å) and angles (�): Ti(1)–Cl(1), 2.282(2); Ti(1)–O(1), 1.832(4);
Ti(1)–O(2), 2.200(4); Ti(1)–O(3), 2.002(4); Ti(1)–O(4), 1.822(4); Ti(1)–O(3)#, 2.011(4);
C(1)–O(1), 1.407(6); C(8)–O(2), 1.227(6); C(15)–O(3), 1.430(7); C(22)–O(4), 1.430(8);
C(1)–C(8), 1.512(9); C(15)–C(22), 1.574(9); O(1)–Ti(1)–O(2), 74.81(17); O(4)–Ti(1)–O(3),
78.36(17); C(1)–O(1)–Ti(1), 127.6(4); C(8)–O(2)–Ti(1), 114.8(4); C(22)–O(4)–Ti(1),
125.5(4); C(15)–O(3)–Ti(1), 129.6(4); O(2)–Ti(1)–Cl(1), 168.33(13); O(1)–Ti(1)–Cl(1),
94.66(14); Ti(1)–O(3)–Ti(1)#, 108.33(17); O(3)–Ti(1)–O(3)#, 71.67(17); O(4)–Ti(1)–
O(3)#, 148.72(18).
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Fig. 2. 1H NMR spectrum of complex 1 in CDCl3 solution at room temperature using
TMS as internal standard.
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Fig. 3. 13C NMR spectrum of PE obtained with complex 1/MAO (Table 2, entry 2).
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3.2. Ethylene polymerization

In the presence of MAO, titanium complex 1 was investigated as
catalyst precursor for ethylene polymerization and the results are
summarized in Table 2. It can be seen that at a constant Al/Ti ratio
the catalytic activity increased with an increase of reaction
temperature and reached a maximal value of 1.64�105 g mol�1 h�1

at 30 �C. This indicates that polymerization rate increased with an
increase in temperature below 30 �C. An obvious decrease in
catalytic activity was observed at higher temperatures, and
this might be related to the thermal instability of the active species
[44] and ethylene solubility in toluene [45] at higher temperatures
The optimal temperature for each system depends on the
balance between the propagation rate and the thermal instability.

Besides, it is also found that no induction period was observed
for any of the ethylene polymerization reaction, and the polymer-
ization activity decreased slowly with an increased time, the
catalyst still showed good catalytic activity for 3 h. This result
indicates that the bis(benzoin) titanium catalyst had long lifetime.
Similar results have been reported by Tang using supported met-
allocene catalysts [46].

13C NMR analysis of the obtained PEs shows only one peak at
30.0 ppm, and no signals due to branching carbons can be observed
(see Fig. 3). The melting points of the polymers measured by DSC
are in the 130.7–136.3 �C region, indicating that the produced
polymers possess linear structures with virtually no branching.

The poor solubility of the high-molecular weight linear PEs in
trichlorobenzene made it difficult to analyze by GPC, thus the
molecular weight was calculated from the viscosity determined by
an Ubbelohde viscosimeter in decalin at 135 �C. The listed data
indicate that the molecular weights of the obtained PEs are very
high up to 106 g mol�1, and decrease with the increase of poly-
merization temperature uniformly due to an increasing chain
termination reaction rate [47]. The molecular weight of the PE is
unchanged with polymerization time.
Table 2
Ethylene polymerization with complex 1/MAO

Entry Temp (�C) Time (h) Yield (g) Activity
(105 g mol�1 h�1)

Mv
a

(106 g mol�1)
Tm (�C)

1 10 1 0.90 1.01 1.42 136.3
2 30 1 1.46 1.64 1.00 135.0
3 50 1 1.02 1.14 0.55 130.7
4 30 2 2.42 1.36 1.02 134.6
5 30 3 2.96 1.11 1.04 134.4

Polymerization conditions: solvent, toluene; total volume, 34 mL; complex,
8.9 mmol; Al/Ti¼ 320; 1.0 MPa ethylene pressure.

a The intrinsic viscosity was measured in decalin at 135 �C.
3.3. Norbornene polymerization

The NB polymerizationwas also carried out using 1/MAO catalytic
system, and the results are listed in Table 3. As reported in the liter-
ature, most of non-metallocene titanium complexes had no activity
or showed low activities for NB polymerization [31,36], while
complex 1 exhibited good activity for NB polymerization at 50 �C.
With the increase of reaction temperature, the activity of complex 1
increased obviously and then decreased. At 50 �C, complex 1/MAO
showed the highest activity (3.58� 105 g mol�1 h�1). A higher
temperature caused a decrease in the catalytic activity for NB poly-
merization because of the instability or decomposition of the active
species [48]. Increasing the monomer concentration at fixed other
reaction conditions resulted in dramatic increase in polymerization
yield and activity. The obtained PNB is a white solid with poor
solubility in common organic solvents [33]. The IR spectra of the
obtained polymers reveal no traces of double bond which often
appear at 1620–1680, 966, and 735 cm�1, ensuring that the obtained
products are vinylic addition polynorbornenes. The 1H NMR spec-
trum of the obtained PNB further indicates that only vinyl addition
polymerization occurs without any ROMP side reactions (see Fig. 4).

3.4. Ethylene–norbornene copolymerization

The performance of this catalyst system for E–NB copolymeri-
zation is shown in Table 4. It is found that bis(benzoin) titanium
complex activated with MAO is an efficient catalyst for E–NB
copolymerization, and the resultant copolymers prepared by
complex 1/MAO have high-molecular weights (Mw, 5.7–
8.6�105 g mol�1).

The copolymerization activity is affected by the quantities of
charged NB at a constant E pressure. As the NB concentration
increases (and thereby NB/E molar ratio increases), the catalytic
activity decreases although the NB content in the copolymer
Table 3
Norbornene polymerization with complex 1/MAO

Entry Temp (�C) NB (g) Yield (g) Activity
(105 g mol�1 h�1)

6 10 4 0.02 0.02
7 30 4 0.13 0.15
8 50 4 1.55 1.74
9 70 4 0.27 0.30
10 30 2 Trace –
11 30 8 0.97 1.09
12 50 8 3.19 3.58

Polymerization conditions: solvent, toluene; total volume, 34 mL; complex,
8.9 mmol; Al/Ti¼ 320; time, 1 h.
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Fig. 4. 1H NMR spectrum of PNB prepared by complex 1/MAO (Table 3, entry 11).
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increases and reaches a maximal value of about 50 mol%. Similar
results were also reported for bis(pyrrolide-imine) titanium cata-
lysts [31] and bis(b-diketiminato) titanium catalysts [36]. At high E
pressure, complex 1/MAO exhibits much higher activities and the
copolymers with high-molecular weight and relatively low NB
incorporation are obtained. The molecular weight distributions of
the copolymers, which were determined by GPC measurement, are
close to 2 and appear as a single modal in the GPC chromatograms,
indicating that the copolymerizations occur on single active site.
The active species as a heterobimetallic intermediate with oxo-
bridge between titanium and aluminum atoms can be formed by
reaction of complex 1 with MAO. Similar result has been confirmed
by Eisen using a dichlorotitanium ethoxide complex as catalyst
precursor [8]. For E–NB copolymerization, complex 1/MAO also
exhibits long lifetime and keeps high activity after 4 h.

Compared to copolymerization at 30 �C, the copolymerization at
50 �C has a higher activity and produces a copolymer with higher
NB incorporation (comparing entry 16 with 15, and 21 with 17 in
Table 4). As mentioned above, maximal activity of the NB poly-
merization appears at 50 �C, while that of the ethylene polymeri-
zation occurs at lower temperature. Therefore, high polymerization
temperature can benefit NB monomer to compete in the copoly-
merization with ethylene monomer.

Microstructures of the E–NB copolymers obtained with complex
1/MAO at different conditions were investigated by 13C NMR
spectra. The signals are assigned according to the previous litera-
ture [21,27,49]. As shown in Fig. 5A, the spectrum of the copolymer
containing NB unit 31% displays only eight major peaks respectively
Table 4
Ethylene–norbornene copolymerization with complex 1/MAO

Entry NB
(g)

PE

(MPa)
Temp
(�C)

Time
(h)

Activity a XN
b

(%)
Tg/Tm (�C) Mw

c

(105 g mol�1)
Mw/
Mn

c

13 2 0.05 30 1 0.27 29.2 61.5/ n.d. n.d.
14 4 0.05 30 1 0.17 44.3 102.4/ n.d. n.d.
15 8 0.05 30 1 0.13 48.4 113.3/ n.d. n.d.
16 8 0.05 50 1 0.52 51.7 120.9/ n.d. n.d.
17 8 1.0 30 1 2.56 24.8 44.9/ 5.7 2.23
18 8 1.0 30 2 4.30 19.2 30.6/ 6.6 1.87
19 8 1.0 30 3 3.18 18.9 /121.2 7.6 1.90
20 8 1.0 30 4 2.48 17.3 /120.3 8.6 1.99
21 8 1.0 50 1 7.80 38.2 n.d. n.d. n.d.
22 16 1.0 30 1 2.04 31.0 68.7/123.3 n.d. n.d.
23 16 1.0 30 3 2.38 27.3 55.9/123.7 n.d. n.d.
24 16 1.0 50 1 8.02 n.d. n.d. n.d. n.d.

Polymerization conditions: solvent, toluene; total volume, 34 mL; complex,
8.9 mmol; Al/Ti¼ 320.

a Activity in 105 g mol�1 h�1.
b Incorporated NB content in copolymer, calculated by 13C NMR.
c Determined by GPC.
at 29.9 ppm (successive E sequences), 30.4 ppm (isolated Eþ C5/
C6), 30.9 ppm (C5/C6þ E sequence), 33.1 ppm (C7), 41.7 and
42.2 ppm (C1/C4), 47.4 and 48.0 ppm (C2/C3), which are character-
istics of the NB units existing as alternating (ENEN) and isolated
(ENEE) sequences. The absence of resonances ranging from 35.0 to
41.0 ppm and below 29.9 ppm can exclude the possibility of NN
dyad and NNN triad sequences [49].

Unlike E–NB copolymers obtained by bis(pyrrolide-imine) tita-
nium [31] and bis(b-enaminoketonato) titanium catalysts [32] in
which only alternating and isolated NB units were found, the E–NB
copolymers with high NB contents obtained by 1/MAO contain NN
dyad and NNN triad sequences besides the alternating and isolated
NB units. In the 13C NMR spectrum of the E–NB copolymer with
higher level of NB incorporation (NB%¼ 51.7 mol%), several addi-
tional signals assigned to the NN dyad and NNN triad sequences can
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Fig. 6. Fineman–Ross plot for E–NB copolymerization with complex 1/MAO at 30 �C
(F¼ [E]/[NB] in feed, f¼ [E]/[NB] in copolymer).



Fig. 7. DSC curves of E–NB copolymers prepared by complex 1/MAO.
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Fig. 9. WAXD diffractograms for E–NB copolymers obtained with complex 1/MAO.
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be observed in low intensity. According to the previous literature
[50,51], the signals at 29.7, 31.4, 28.3, 31.7 ppm (C5/C6), 33.7 ppm
(C7), 41.2 and 42.7 ppm (C1/C4), 50.3 and 49.3 ppm (C2/C3) can be
assigned to racemic- and meso-ENNE sequences. Otherwise, the
signals assigned to NNN triad sequences appear at 29.0–29.6 ppm,
34.8–40.3 ppm and 43.3–44.3 ppm [23,24,52]. The existence of NN
dyad and NNN triad sequences in the copolymers can be attributed
to a high activity of NB homopolymerization by the catalyst.

The Fineman–Ross plot for the E–NB copolymerization performed
at 30 �C is shown in Fig. 6. The monomer reactivity ratios are calcu-
lated to be rE¼ 6.0 and rN¼ 0.05. The larger value of rN compared to
the results from non-metallocene titanium catalyst system reported
in the literature [33] indicates that the coordination and insertion
velocity of NB are relatively high for 1/MAO catalyst system.

As shown in Fig. 7, the DSC heating profiles of the copolymers
exhibit different glass transition temperature (Tg) depending upon
NB incorporation. The copolymers containing high NB incorpora-
tion show only a single Tg, while those containing low NB incor-
poration show simultaneously Tg and melting temperature (Tm). As
shown in Fig. 8, there is a linear relationship between NB content in
the copolymer and Tg. The copolymers containing low NB incor-
poration show the obvious melt peaks (ca. 120 �C), which can be
a result of relative long ethylene sequences confirmed by 13C NMR
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Fig. 8. Dependence of glass transition temperature (Tg) upon NB content.
and WAXD analyses. Similar results have been reported in cyclo-
olefin-based copolymers (COC) catalyzed by group IV metal
catalysts [53–55]. For example, Kaminsky early reported ethylene–
norbornene copolymer with 29% norbornene incorporated content
at high monomer concentration ratio (CNB/CE¼ 1608) using
[Me2Si(Ind)2]ZrCl2/MAO catalytic system showed two signals in the
DSC curve (Tg¼ 38 �C and Tm¼ 123 �C) [53]. At high NB contents,
the copolymers should be amorphous and usually not show any
evidence of melting endotherms [27,33]. The melting peak could be
from some PE chains containing very lower NB contents because
the copolymer structure was not uniform.

Fig. 9 shows WAXD diffractograms of the copolymers with
different NB contents. For low NB content copolymers (NB� 24.8%),
two sharp peaks appear at 2q of 21� and 24� characterized as PE
crystal, indicating the existence of long E sequences. With the
increase of NB content in the copolymers, the two peaks decreased
that indicated the copolymers become completely amorphous
state. This result is also consistent with 13C NMR and DSC
observations.
4. Conclusions

In summary, a new titanium complex with two benzoin ligands
has been synthesized and characterized fully. In the presence of
MAO, the titanium complex showed good activities for ethylene
and norbornene polymerizations. The catalyst is also effective for
E–NB copolymerization and produced random copolymer with
high-molecular weight and NB content of 17–52%. 13C NMR anal-
yses showed the E–NB copolymers contained predominantly
alternated and isolated NB units. Dyad and triad sequences of NB
unit could be detected in the E–NB copolymer with high incorpo-
rated NB content. The Tg value of the copolymer increased with
increasing the incorporated NB content.
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