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5-Ethylidene-2-norbornene (ENB) polymerization and copolymerization with ethylene (E) catalyzed by
constrained geometry catalyst 2-tetramethylcyclopentadienyl-4,6-di-tert-butylphenoxytitanium di-
chloride (1) were studied in the presence of AliBu3 and Ph3CB(C6F5)4 (TIBA/B). The catalyst system shows
moderate activity on the homopolymerization of ENB, and higher activity on the copolymerization of E/
ENB under atmospheric pressure of ethylene. 1H NMR analysis indicates that ENB was regioselectively
incorporated into the copolymer backbone through the endocyclic double bond, leaving the ethylidene
double bond unreacted. The ethylidene group contained in the poly(E-co-ENB) was quantitatively
converted to the epoxy group with m-chloroperbenzoic acid, producing functionalized poly(E-co-ENB)s.
The parent and functionalized copolymers have been characterized using IR, NMR, DSC, and GPC
techniques.

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

Copolymerization of ethylene with cyclic olefins like cyclo-
pentene [1–3], cyclohexene [4], dicyclopentadiene [5] and nor-
bornene [6–12] catalyzed with various metallocene catalysts has
been widely investigated in the past decade because of the unique
properties of the resultant copolymers such as high transparency,
high glass transition temperature (Tg), high chemical resistance and
so on. On the other hand, one of the most attractive subjects in this
field is the introduction of polar functional groups in the polyolefin
molecules [13,14]. This is primarily because polar functionality in
polyolefins substantially improves the polymer properties such as
permeability, dye ability, adhesion, and compatibility with other
materials [15–18]. However, the remarkable drawback of group 4
metallocene catalysts is their limited ability to polymerize polar
monomers [15]. Thus, much work has recently been focused on the
chemical modification of polymers containing reactive groups, like
vinyl or vinylidene group, etc. [17,19–21]. Copolymerization of
ethylene with non-conjugated dienes, such as 4-vinyl-1-cyclo-
hexene [20], 5-vinyl-2-norbornene [16,17,21], and dicyclopenta-
diene [22], has been reported to produce copolymers with
unsaturated carbon–carbon double bond that can be functionalized
via various standard chemical reactions. 5-Ethylidene-2-norbor-
nene (ENB) is a relatively cheap norbornene derivative with an
x: þ86 431 85193421.
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additional carbon–carbon double bond (ethylidene) that does not
interfere in the polymerization reaction [23–27]. It should thus be
a good comonomer for introducing functional groups into the co-
polymers. We have previously found that 2-tetramethylcyclo-
pentadienyl-4,6-di-tert-butylphenoxytitanium dichloride (1)
(Chart 1) exhibits high catalytic activity for the homo- and co-
polymerization of norbornene with ethylene upon activation and
obtained high norbornene incorporation copolymers with high
molecular weight [28]. In this paper, we wish to report the results
of the ENB homopolymerization and the E/ENB copolymerization
catalyzed by the 1/TIBA/B catalyst system, as well as the epoxida-
tion of the resulting poly(E-co-ENB) (Scheme 1).
2. Experimental

2.1. Materials

All experiments involving air-sensitive compounds were per-
formed using standard Schlenk techniques in an atmosphere of
high purity nitrogen or glove-box techniques. Toluene was distilled
from sodium/benzophenone ketyl under nitrogen prior to use. ENB
(Aldrich) was dried over calcium hydride for several days and fil-
tered under nitrogen prior to use. AliBu3 was purchased from
Aldrich. Complex 1 [29] and Ph3CB(C6F5)4 [30] were synthesized
according to literature procedures. Polymerization grade ethylene
was further purified by passage through columns of 5 Å molecular
sieves and MnO.
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Chart 1. Structure of complex 1.

Scheme 1. E/ENB copolymerization and epoxidation of poly(E-co-ENB).

Table 1
ENB polymerization results by the 1/TIBA/B catalyst systema

Run Tb (�C) Concentrationc

(mol/L)
Yield (g) Activity

(kg/mol h)
Conversion (%) hd (dL/g)

1 30 1.0 0.46 77 7.7 0.31
2 50 1.0 0.52 87 8.7 0.29
3 70 1.0 0.70 116 11.6 0.27
4 90 1.0 0.65 108 10.8 0.25
5 70 2.0 1.28 213 10.6 0.39
6 70 3.0 1.76 293 9.8 0.58
7 70 4.0 2.15 358 8.9 0.79
8 70 5.0 2.64 440 8.8 1.01

a Reaction conditions: catalyst 1 2 mmol, molar ratio of Al/Ti 120, molar ratio of B/
Ti 1.5, tolueneþ ENB total 50 mL, polymerization time 3 h.

b Polymerization temperature.
c Initial ENB concentration.
d Intrinsic viscosity measured at 135 �C in decahydronaphthalene.
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2.2. Polymerization

ENB polymerization experiments were performed as follows:
a prescribed amount of ENB and AliBu3 (2/3 of total amount) in
toluene (40 mL) were added into a 100 mL glass flask under N2 with
stirring, and the solution was heated to a desired temperature in an
oil bath. The polymerization reaction was started by injection of
a mixture of the catalyst and AliBu3 (1/3 of total amount) in toluene
(5 mL) and a solution of Ph3CB(C6F5)4 in toluene (5 mL) at the same
time. After a certain period of time, the polymerization was termi-
nated by injecting acidified methanol [HCl (3 M)/methanol¼ 1:1].
The polymer was collected by filtration, washed with water and
methanol, and dried at 60 �C in vacuo to a constant weight.

E/ENB copolymerization experiments were performed in a sim-
ilar way: a dry 100 mL glass reactor with a magnetic stirrer was
charged with a solution of appropriate amount of ENB and AliBu3

(2/3 of total amount) in toluene (40 mL), thermostated at the de-
sired temperature, and saturated with ethylene (1 atm). The poly-
merization reaction was started by injection of a mixture of the
catalyst and AliBu3 (1/3 of total amount) in toluene (5 mL) and
a solution of Ph3CB(C6F5)4 in toluene (5 mL) at the same time. After
a certain period of time, the polymerization was quenched by
injecting acidified methanol. The polymer was collected by filtra-
tion, washed with water and methanol, and dried at 60 �C in vacuo
to a constant weight.
2.3. Epoxidation

A poly(E-co-ENB) sample (0.20 g) containing 50.5 mol% of ENB
and 40 mL of dry toluene were placed in a 100 mL three-necked
round-bottom flask, and the mixture was heated at 55 �C until the
copolymer was completely dissolved. A total of 0.35 g of m-chlor-
operbenzoic acid dissolved in 10 mL of toluene was added dropwise
and stirred for 4 h. The reaction was then stopped by the addition of
methanol. The epoxidized copolymer was filtered, washed with an
excess amount of methanol and dried in vacuum at 60 �C for 24 h.

2.4. Characterization

1H NMR spectra of the copolymers were recorded on a Bruker
Avance-500 NMR spectrometer. 13C NMR spectra of the copolymers
were recorded on a Varian Unity-400 NMR spectrometer. Gel
permeation chromatographic (GPC) measurements were carried
out on a Waters instrument (515 HPLC pump) equipped with
a Wyatt interferometric refractometer, eluted with THF at 25 �C at
1 mL/min. The molecular weights were calibrated against poly-
styrene standards. Differential scanning calorimetric (DSC) mea-
surements were performed on a NETZSCH DSC 204 differential
scanning calorimeter. Each sample was heated from 0 to 300 �C at
a heating rate of 10 �C/min and reheated at the same rate. IR spectra
were recorded on a Perkin–Elmer 2000 FT-IR spectrometer.

3. Results and discussion

3.1. ENB homopolymerization

The homopolymerization of ENB catalyzed by the 1/TIBA/B cat-
alyst system was studied in detail and the results are summarized in
Table 1. The effects of the polymerization temperature and initial
ENB concentration on the homopolymerization reaction were ex-
amined. The catalytic activity, polymer yield, and ENB conversion
increase with the increase in polymerization temperature until
reaching the maximum value at about 70 �C. Further increase in the
polymerization temperature results in a decrease in the catalytic
activity, polymer yield, and ENB conversion. The intrinsic viscosity
of the obtained polymer decreases with the increase in polymeri-
zation temperature. The catalytic activity increases with the in-
crease in initial ENB concentration. In addition, the increase in the
initial ENB concentration results in an increase in the yield and in-
trinsic viscosity of the polymer. These results are similar to those
observed in the homopolymerization of norbornene by the 1/TIBA/B
catalyst system [28]. The catalytic activity of the 1/TIBA/B catalyst
system is obviously higher than that of a similar constrained ge-
ometry (t-BuNSiMe2Flu)TiMe2/MAO catalyst system even at lower
polymerization temperature with longer polymerization time [23].



Fig. 1. 1H NMR spectra of (a) a poly(E-co-ENB) sample (Run 12 in Table 2) and (b) ENB
in CDCl3 at room temperature.
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3.2. E/ENB copolymerization

The results of E/ENB copolymerization catalyzed by the 1/TIBA/B
catalyst system under different conditions are summarized in
Table 2. The influence of Al/Ti molar ratio on the catalytic activity
was examined in the range of 60–150. Maximum catalytic activity
was obtained at the Al/Ti molar ratio of 120. The copolymerization was
also carried out at different temperatures (30–90 �C) with fixed
initial ENB concentration and Al/Ti molar ratio. It was observed that
the catalytic activity increases first with the increase in polymeri-
zation temperature and reaches the maximum value at about 70 �C.
Similar results have been reported previously [28,31]. The content
of ENB in the poly(E-co-ENB) was found to increase with the in-
crease in polymerization temperature due to the decrease of the
ethylene concentration. This is accompanied by an increase in the
Tg of the poly(E-co-ENB). The molecular weight of the obtained
poly(E-co-ENB) decreases with the increase in polymerization
temperature. Besides the Al/Ti molar ratio and polymerization
temperature, the initial ENB concentration is another important
issue for the copolymerization reaction, and the influence of the
initial ENB concentration on the E/ENB copolymerization was also
examined. It was observed that the catalytic activity increases as
the initial ENB concentration increases from 0.4 to 1.2 mol/L (Runs
3 and 8–11 in Table 2), and decreases then with the further increase
in the initial ENB concentration (Run 12 in Table 2). A similar ‘‘co-
monomer effect’’ on the catalytic activity was also observed pre-
viously in the ethylene/5-vinyl-2-norbornene copolymerization
[15]. The content of ENB in the poly(E-co-ENB) increases as the initial
ENB concentration is raised and reaches as high as 50.5 mol% at an
initial ENB concentration of 1.4 mol/L, which, in turn, leads to an
increase in the Tg of the poly(E-co-ENB) from 92.2 to 171.9 �C (Runs 3
and 8–12 in Table 2). The molecular weight of the poly(E-co-ENB) is
also sensitive to the initial ENB concentration and decreases with the
increase in the ENB concentration (Runs 3 and 8–12 in Table 2). In
comparison to the reported results from the (t-BuNSiMe2Flu)TiMe2/
MAO catalyst system, the catalytic activity of the 1/TIBA/B catalyst
system and the molecular weight of the produced poly(E-co-ENB)
are relatively high, while the ENB content in the poly(E-co-ENB) is
relatively low under similar conditions [23].

1H NMR spectra of ENB and a poly(E-co-ENB) sample are illus-
trated in Fig. 1. The absence of the endocyclic double bond signal at
5.8–6.0 ppm and the presence of ethylidene proton between 4.8
Table 2
E/ENB copolymerization results by the 1/TIBA/B catalyst systema

Run Al/Tib Tc (�C) ENBd

(mol/L)
Activitye ENB contentf

(mol%)
Mw

g (103) PDIg Tg
h (�C)

1 60 70 1.0 160 n.d.i n.d. n.d. n.d.
2 90 70 1.0 400 n.d. 113 2.06 n.d.
3 120 70 1.0 1380 45.8 117 1.92 152.5
4 150 70 1.0 860 n.d. 110 1.95 n.d.
5 120 30 1.0 840 25.4 256 2.20 69.2
6 120 50 1.0 1040 38.2 195 2.04 115.3
7 120 90 1.0 1260 48.6 48 2.13 167.5
8 120 70 0.4 680 31.0 197 2.12 92.2
9 120 70 0.6 820 36.3 161 2.05 111.4
10 120 70 0.8 1060 41.3 135 1.96 134.6
11 120 70 1.2 1580 48.7 109 2.01 168.2
12 120 70 1.4 1320 50.5 105 2.05 171.9

a Reaction conditions: ethylene pressure 1 atm, catalyst 1 1 mmol, tolueneþ ENB
total 50 mL, molar ratio of B/Ti 1.5, polymerization time 0.5 h.

b Molar ratio of Al/Ti.
c Polymerization temperature.
d Initial ENB concentration.
e Activity in kg polymer/mol Ti$h.
f Determined by 1H NMR spectroscopy.
g Determined by GPC.
h Determined by DSC.
i n.d. not determined.
and 5.3 ppm in the spectrum of the poly(E-co-ENB) indicate that
the ENB comonomer is copolymerized regioselectively through the
endocyclic double bond with the ethylidene group unreacted
(Scheme 1) because of the ring strain of the endocyclic double bond
[16,32]. The content of ENB in the poly(E-co-ENB) was calculated
based on the 1H NMR spectra according to the following equation
[23]:

ENB ðmol%Þ ¼ A
ð1=4ÞðB� 11AÞ þ A

� 100 (1)

where A is the integral of ethylidene hydrogen signals in the range
from 4.8 to 5.3 ppm and B is the integral over all other hydrogen
signals from 0.5 to 3.0 ppm.

A normal 13C NMR spectrum and a corresponding DEPT 135
spectrum (where the signal intensity of methylene (–CH2–) carbons
appears in negative intensity and the signal intensity of quaternary
carbons disappears) of a poly(E-co-ENB) sample are shown in Fig. 2.
The 13C NMR spectrum presents the region of resonances from 13.5
to 148 ppm, and the assignments on these resonances can be made
by comparing to a similar spectrum of the ethylene/5-vinyl-2-
norbornene copolymer reported in literature [15] with the help of
the DEPT spectrum. The resonances in the regions of 145–148 and
110–113 ppm can be assigned to the double bond C5 and C8, re-
spectively. The resonances in the region of 49.5–52.0 ppm should
be from C4, while the signals of C1 overlap with the resonances of
C3 in the region between 44.0 and 49.5 ppm with the signals of C3
located at the higher field. The secondary carbon resonances of C6
and C7 can be easily recognized in the DEPT spectrum in the regions
of 35.0–38.0 and 33.0–35.0 ppm, respectively. The resonances in
the region of 28.2–33.0 ppm are for the ethylene units, and the
resonances in the region of 13.5–15.5 ppm can be assigned to C9.



Fig. 2. 13C and DEPT NMR spectra of a poly(E-co-ENB) sample with 25.4 mol% ENB
content (Run 5 in Table 2) in 1,2,4-trichlorobenzene/benzene-d6 (90/10 wt%) at
110 �C. (a) the normal 13C NMR spectrum and (b) the corresponding DEPT
spectrum.

Fig. 4. Fineman–Ross plot for E/ENB copolymerization with the 1/TIBA/B catalyst
system.
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13C NMR spectra of poly(E-co-ENB) samples with different ENB
incorporation are shown in Fig. 3. It can be seen that the signal
groups in these spectra are becoming broader with the increase in
the ENB content in the poly(E-co-ENB), due probably to the increase
Fig. 3. 13C NMR spectra of poly(E-co-ENB) samples with different ENB contents in
o-C6D4Cl2 at 125 �C. (a) 31.0 mol% (Run 8 in Table 2), (b) 41.3 mol% (Run 10 in Table 2),
and (c) 50.5 mol% (Run 12 in Table 2).
of different ENB repeat units of varying lengths linked in both meso
and racemic positions. Similar results have been reported in liter-
ature for ethylene–norbornene copolymers [11,33].

The ethylene and ENB reactivity ratios (rE and rENB) were cal-
culated according to the Fineman–Ross method [34]. Co-
polymerization was performed with different initial ENB
concentrations. In all cases, the conversion of ENB was restricted to
less than 10%. The Fineman–Ross plot for the 1/TIBA/B catalyst
system is shown in Fig. 4. The obtained monomer reactivity ratios
of rE and rENB are 8.29 and 0.0253, respectively, with the product of
reactivity ratio, rErENB¼ 0.21.

The GPC analysis reveals that the obtained poly(E-co-ENB)
samples possess moderate molecular weights with narrow mo-
lecular weight distributions (Mw/Mn¼ 1.92–2.20). The poly-
dispersity is close to 2, which suggests that the polymerization
takes place at a single active site [35]. The Tg values of the poly(E-co-
ENB) samples determined by DSC increase with the increase in
the comonomer content, which is similar to the reported results
observed for poly(ethylene-co-norbornene)s [11,28] and poly-
(ethylene-co-ENB)s [23,25,27,36]. It should be noted that the Tg

values of the poly(E-co-ENB) samples with high ENB contents
obtained by 1/TIBA/B catalyst system are higher (Tg¼ 115.3 and
171.9 �C for the samples with 38.2 and 50.5 mol% ENB contents,
respectively) than those of similar samples produced by the (t-
BuNSiMe2Flu)TiMe2/MAO catalyst system (Tg¼ 130 �C for a sample
with 49 mol% ENB content) [23] and the Me2Si[Ind]2ZrCl2/MAO
catalyst system (Tg¼ 72.6 �C for a sample with 37.0 mol% ENB
content) [25]. The Tg of the poly(E-co-ENB) depends on the several
factors, such as the molecular weight, the ENB content, and the
comonomer distribution in the polymer chain. The poly(E-co-ENB)s
obtained with 1/TIBA/B catalyst system may contain more ENB
repeat units, which leads to their higher Tg values [37].

3.3. Epoxidation of poly(E-co-ENB)

The poly(E-co-ENB)s prepared above possess C]C double
bonds, and therefore can be functionalized by epoxidation. As an
example, a poly(E-co-ENB) sample containing 50.5 mol% of ENB
(Run 12 in Table 2) was epoxidized with m-chloroperbenzoic acid
in toluene at 55 �C for 4 h as shown in Scheme 1. The 1H NMR
spectrum of the epoxidized poly(E-co-ENB) is shown in Fig. 5. In
comparison with Fig. 1a, complete epoxidation is confirmed by the
disappearance of the peaks of ]CH in ethylidene group at 4.8–
5.3 ppm and the appearance of the peaks of –CH in epoxy group at



Fig. 5. 1H NMR spectrum of an epoxidized poly(E-co-ENB) sample (Run 12 in Table 2)
in CDCl3 at room temperature.

Fig. 6. 13C NMR spectrum of an epoxidized poly(E-co-ENB) sample (Run 12 in Table 2)
in o-C6D4Cl2 at 125 �C.

Fig. 7. IR spectra of (a) a poly(E-co-ENB) sample (Run 12 in Table 2) and (b) its ep-
oxidation product.
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3.0 ppm. The 13C NMR spectrum of the epoxidized poly(E-co-ENB)
is shown in Fig. 6. The peaks appearing in the regions of 53.1–62.2
and 65.1–74.3 ppm in Fig. 6 can be assigned to the two C atoms in
the epoxy group. The peaks for the C]C double bonds in the re-
gions of 108.1–114.9 and 144.8–149.7 ppm in Fig. 3c have com-
pletely disappeared in Fig. 6, which further confirms the complete
epoxidation of the C]C double bonds. The IR spectra of the
poly(E-co-ENB) sample and its epoxidation product are shown in
Fig. 7, in which the disappearance of the absorption for the C]C
stretching vibration (1688 cm�1) and the appearance of the ab-
sorption for the epoxy ring stretching vibration (1335 cm�1,
symmetric, and 870 cm�1, asymmetric) are also indicative of
complete epoxidation. Because of the ring strain, the absorption of
the C–O symmetric stretching vibration shifts to 1335 cm�1 from
about 1260 cm�1 [17]. The epoxidized poly(E-co-ENB) sample
possesses a molecular weight of Mw¼ 112�103 with a narrow
molecular weight distribution (Mw/Mn¼ 2.08) and a melting
temperature of 111.3 �C.
4. Conclusion

In summary, the 1/TIBA/B catalyst system can effectively cata-
lyze the ENB homopolymerization and E/ENB copolymerization
with good catalytic activities and produce poly(E-co-ENB)s with
moderate molecular weights. 1H NMR analysis of the poly(E-co-
ENB)s indicates that the ENB comonomer is copolymerized regio-
selectively through the endocyclic double bond with the ethylidene
group unreacted. For the copolymerization, obvious effects of
temperature and comonomer can be observed. The ENB content in
the poly(E-co-ENB) increases with the increase in polymerization
temperature and the initial ENB concentration. The ethylidene
group remained in the poly(E-co-ENB) can be converted into the
epoxy group quantitatively with m-chloroperbenzoic acid.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Nos. 20772044 and 20674024).

References

[1] Fujita M, Coates GW. Macromolecules 2002;35:9640–7.
[2] Lavoie AR, Waymouth RM. Tetrahedron 2004;60:7147–55.
[3] Wang W, Tanaka T, Tsubota M, Fujiki M, Yamanaka S, Nomura K. Adv Synth

Catal 2005;347:433–46.
[4] Wang W, Fujiki M, Nomura K. J Am Chem Soc 2005;127:4582–3.
[5] Suzuki J, Kino Y, Uozumi T, Sano T, Teranishi T, Jin J, et al. J Appl Polym Sci 1999;

72:103–8.
[6] Vijayakrishna K, Sundararajan G. Polymer 2006;47:8289–96.
[7] Tritto I, Marestin C, Boggioni L, Sacchi MC, Brintzinger HH, Ferro DR. Macro-

molecules 2001;34:5770–7.
[8] Thorshaug K, Mendichi R, Boggioni L, Tritto I, Trinkle S, Friedrich C, et al.

Macromolecules 2002;35:2903–11.
[9] Ruchatz D, Fink G. Macromolecules 1998;31:4669–74.

[10] Tritto I, Boggioni L, Jansen JC, Thorshaug K, Sacchi MC, Ferro DR. Macromol-
ecules 2002;35:616–23.

[11] Nomura K, Tsubota M, Fujiki M. Macromolecules 2003;36:3797–9.
[12] Kaminsky W, Beulich I, Arndt-Rosenau M. Macromol Symp 2001;173:211–25.
[13] Zohuri GH, Mortazavi MM, Jamjah R, Ahmadjo S. J Appl Polym Sci 2004;93:

2597–605.
[14] Kissin YV, Mirabella FM, Meverden CC. J Polym Sci Part A Polym Chem 2005;

43:4351–62.
[15] Lasarov H, Pakkanen TT. Macromol Chem Phys 2000;201:1780–6.
[16] Marathe S, Sivaram S. Macromolecules 1994;27:1083–6.
[17] Kim I. React Funct Polym 2001;49:197–204.
[18] Mülhaupt R, Duschek T, Rieger B. Macromol Chem Macromol Symp 1991;48/

49:317–32.



H. Li et al. / Polymer 49 (2008) 2839–28442844
[19] Chung H, Lu HL, Li CL. Macromolecules 1994;27:7533–7.
[20] Kaminsky W, Arrowsmith D, Winkelbach HR. Polym Bull 1996;36:577–84.
[21] Lee D, Jung H, Choi Y, Kim H, Kim W, Min K, et al. Polymer (Korea) 2000;24:

751–8.
[22] Li XF, Hou ZM. Macromolecules 2005;38:6767–9.
[23] Hasan T, Ikeda T, Shiono T. J Polym Sci Part A Polym Chem 2007;45:4581–7.
[24] Wang TY, Lin CH, Jiang GJ. Polym Prepr (Am Chem Soc Div Polym Chem) 1996;

37:641–2.
[25] Meshkova IN, Grinev VG, Kiseleva EV, Paspopov LN, Kuznetsov SP,

Udovenko AI, et al. Polym Sci Ser A 2007;49:1165–72.
[26] Jiang GJ, wang TY. J Chin Chem Soc 1998;45:341–7.
[27] Naga N, Tsuchiya G, Toyota A. Polymer 2006;47:520–6.
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