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Abstract
Herein, this investigation aims to provide insight into the copolymerization of 5-ethylidene-2-norbornene (ENB) and nor-
bornene (NB) by mononuclear and dinuclear α-diimine nickel catalysts. Modified methylaluminoxane (MMAO) was uti-
lized as a cocatalyst. To that end, various copolymers containing different fractions of ENB (3- 42%) were produced by 
two catalysts. Interestingly, it was realized that increasing the ENB molar ratio would result in a corresponding rise in the 
activities; the dinuclear precursor exhibited higher activity (113.8–250 kg polym/molcat.h) than the mononuclear precursor 
(63.8–225 kg polym/molcat.h). Of note, the highest activity was observed for the dinuclear catalyst that was 250 kg polym/
molcat.h. Subsequently, the synthesized copolymers were characterized by 1HNMR, DSC, TGA, and DMTA. DSC analysis 
indicated that catalyst structure and variation in the proportion of ENB exerted a profound effect on the glass transition of 
the resulting cyclic polyolefin. Copolymers produced via a dinuclear precursor, showed a lower Tg rang (99–190 °C) than 
those produced by a mononuclear one (86–233 °C). These findings were further supported by DMTA analysis. Apart from 
addition polymerization, a detailed inspection of the polymer structures (1HNMR) unexpectedly revealed that both cationic 
and ring-opening polymerizations can also occur during copolymerization, albeit with distinct levels of involvement.
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Introduction

Polyolefins are widely used polymers that have found exten-
sive commercial applications due to their accepted physi-
cal and mechanical properties. These groups of synthetic 
polymers are classified into linear and cyclic polyolefins  
[1]. Cyclic olefin copolymers, which contain both cyclic  
olefins and ethylene units, have attracted considerable  
attention owing to their outstanding properties, such as high 
chemical resistance, low water absorption, and good opti-
cal transparency [2]. Due to their unique structure, cyclic 
olefin monomers, including cyclobutene, and cyclopentene, 
can be polymerized via different polymerization routes. This 
impressive feature enables the production of novel copoly-
mers with outstanding properties [3]. Among the cyclic ole-
fin monomers, norbornene, a bridged cyclic hydrocarbon, 

is a polymer with properties to polyethylene [4, 5]. This 
cyclic monomer has many ester and diene derivatives. For 
example, 5-vinyl-2-norbornene, 5-ethylidene-2-norbornene 
(ENB), 5-methylidene-2-norbornene, norbornadiene and 
dicyclopentadiene are among its diene derivatives [6, 7]. 
As one of the most important categories of engineering 
polymers, cyclic olefin copolymers are conventionally pro-
duced via copolymerization of cyclic olefins together with 
ethylene or α-olefins. The norbornene-ethylene copolymer 
produced by metallocene catalysts is one of the most exten-
sively utilized cyclic copolymers, commercially available 
under the name TOPAS [8, 9]. Norbornene and its deriva-
tives can also be polymerized through ring-opening, cationic 
or anionic, and addition polymerization techniques [10]. The 
ring-opening mechanism is extensively used in norbornene 
polymerization. In this technique, the presence of double 
bonds within the polymer backbone coupled with the cyclo-
pentane ring is a unique characteristic of the PNB [4, 11]. 
For radical polymerization, azobisisobutyronitrile (AIBN) 
and tert-butyl peracetate are used as the initiator. Such a 
process delivers low molecular weight oligomeric molecules 
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[12].Whereas in addition polymerization, C = C double is 
exclusively involved in the polymerization reaction, and the 
bicyclic structure of norbornene remains unaffected thereby 
producing polymers with saturated structure [7, 13].

Transition metal catalysts based on nickel, palladium, 
chromium, vanadium, titanium, zirconium, cobalt, iron, 
and copper are common catalysts in olefin polymeriza-
tion and copolymerization [14, 15]. Wang and his cow-
orkers investigated norbornene copolymerization with 
styrene by 1,2-bis(imidazolidin-2-imine)benzene nickel 
complexes [16]. Zeng et al. studied the homopolymeriza-
tion of norbornene and its copolymerization with ethylene 
by a palladium-based catalyst [17]. He et al. also explored 
the copolymerization of norbornene and 1-hexene by bis-
(salicylaldehyde-benzhydrylimino) nickel-based complexes 
in the presence of B(C6F5)3; through this procedure, amor-
phous copolymers with extraordinary thermal stability, 
great solubility and optical transparency were achieved [18]. 
Alan et al. conducted the vinyl-addition polymerizations of 
cycloalkanes by the catalyst, [(π-allyl)NiOCOCF3]2; this 
polymerization system strikingly revealed features asso-
ciated with living character [19]. High molecular weight 
and comonomer insertion were observed for the copoly-
merization of ethylene and 5-ethylidene-2-norbornene by 
a vanadium-based catalyst [20]. Bermesheva's group also 
reported the production of soluble high molecular weight 
poly 5-ethylidene-2-norbornene (PENB) using the Pd–N-
heterocyclic carbene complexes [21].

Hong et al. described the synthesis of cyclic olefin copoly-
mer, comprising ethylene and bulky cyclic olefin, with high 
glass transition temperature and good mechanical perfor-
mance [22]. Since the ethylidene double bond of 5-ethylidene-
2-norbornene stays unchanged during addition polymeriza-
tion, it provides opportunities for further modification and 
improved properties [21]. Given the promising results from 
emerging research, the possibility of ENB/NB copolymeriza-
tion and post-functionalization requires a deeper investigation. 
In this way, the main goal of the present study is to investi-
gate the copolymerization of this monomer and norbornene 
by mononuclear, and binuclear catalysts. This polymeriza-
tion system can be used to produce copolymers with distinc-
tive properties, not only enabling further modification but 
also opening a promising way for designing products with 
enhanced performance such as membranes for gas separa-
tions applications, and adhesives in the foreseeable future. 
In our previous studies, higher activity was demonstrated by 
the dinuclear catalyst compared to the mononuclear one for 
the polymerization of long-chain monomers such as 1-hexene  
and 1-decene and the polymerization of 5-ethylidene-2- 
norbornene (PENB) [23–25]. To the best of our knowledge, 
little attention has been drawn to the copolymerization of  
5-ethylidene-2-norbornene and cyclic monomers like nor-
bornene by dinuclear catalysts.

Experimental

Material

Norbornene, 5-ethylidene-2-norbornene (ENB), and modi-
fied methylaluminoxane solution (MMAO) 7% were pur-
chased from Aldrich Chemical Company. Solvents were 
purified using standard procedures. Toluene was dried over 
sodium/benzophenone and distilled before use. All manipu-
lations of air-sensitive and water-sensitive compounds were 
performed under N2 gas atmosphere. N2 gas with a purity of 
99.999% was purchased from Roham Company and passed 
through silica gel and 4A molecular sieve before use.

Characterization

Nuclear magnetic resonance (NMR) spectra of copolymer 
samples were recorded on a Bruker 400 MHz NMR spec-
trometer at ambient temperature with CDCl3 and CCl4 as 
solvents. Thermal gravimetric analysis measurements were 
performed on a Mettler-Toledo TGA instrument from ambi-
ent temperature to 600 °C at a heating rate of 10 °C / min 
under nitrogen atmosphere. Differential scanning calorime-
try (DSC) measurements were done on a Perkin Elmer Q100 
DSC apparatus from room temperature to 350 °C at a heat-
ing rate of 10 °C / min under nitrogen atmosphere. Dynamic 
mechanical thermal analysis (DMTA) measurements were 
performed on a Tritec 2000 DMA from room temperature 
to 350 °C at a rate of 5 °C / min and a frequency of 1 Hz 
with an amplitude of 0.025 mm. Rectangular samples with 
dimensions of 8 mm × 5 mm × 0.67 mm were clamped in the 
measuring head of DMTA.

Catalyst synthesis

Nickel α-diimine catalysts were synthesized and fully char-
acterized in accordance with previous publications [23–27], 
and their structures are shown in Scheme 1.

Copolymerization

In a typical procedure, a two-necked round-bottom Schleck 
flask was deoxygenated by several vacuum-nitrogen purging  
cycles. Under the nitrogen atmosphere, a proper amount of 
freshly distilled 5-ethylidene-2-norbornene, norbornene and  
toluene was introduced into the flask, which already con-
tained the required amount of MMAO activator. The reac-
tion was started by injecting the catalyst solution mixture 
into the flask, which was stirred with a magnetic stirrer. 
After the desired time, the polymerization was terminated  
by adding 500 mL of acidified methanol to the reaction 
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mixture. The precipitated polymer was filtered and washed 
with a large volume of methanol and then dried in a vacuum 
oven for 24 h.

Results and discussion

Copolymerization of 5‑ethylidene‑2‑norbornene 
and norbornene

Following the interesting findings of our previous study, the 
polymerization of 5-ethylidene-2-norbornene by mononuclear 
and dinuclear α-diimine nickel catalysts [25], the copolym-
erization of ENB and norbornene were studied to comple-
ment our developing knowledge of binuclear catalyst behav-
ior. Regarding the catalyst activity, as the data in Tables 1 
and 2 suggest, the copolymerization of ENB and norbornene 

also exhibited trends comparable to those observed for the 
polymerization of 5-ethylidene-2-norbornene [25]. The high-
est activity was shown by dinuclear precursors. It is tempting 
to suggest that the proximity of two active centers acts as a 
contributing factor, thereby elevating the catalyst tendency to 
interact more with the unsaturated monomers [14, 15]. Com-
paratively speaking, a close examination of the statistics dem-
onstrated for the NB-ENB copolymerization proposes that the 
use of dinuclear catalysts brings about considerable changes 
in the registered numbers for the glass transition temperature. 
For polynorbornene (PNB II) produced via a dinuclear precur-
sor, Tg = 270 °C was observed [15]. It is obvious that this con-
tent greatly surpasses the corresponding numbers for (PNB I) 
made by the mononuclear precursor (Tg = 210 °C). To explain 
this dissimilarity in the content, one can refer to the ultimate 
confluence of addition, ring-opening polymerizations cou-
pled with cationic polymerization, which provides polymers 

Scheme 1   Synthesis of catalysts method, (mononuclear a) 1,4-bis (6,2-diisopropyl phenyl) acenaphthene nickel dibromide, (dinuclear b) (1,4-
bis (6,2-diisopropyl phenyl)

Table 1   Copolymerization of NB-ENB with mononuclear nickel cat-
alyst

Polymerization conditions: 3 mmol MMAO, Al/Ni = 1000, polymeri-
zation time = 12 h, polymerization temperature = 25 °C
*Norbornene and ethylidene norbornene homopoymer made by catalyst
The glass transition temperatures obtained by DSC

Run ENB (mol %) Activity
(kg polym/
mol cat.hr)

ENB  
content  
(mol %)

Tg (°C)

CO-I 1 5 63.8 3.2 233
CO-I 2 15 69.4 14.6 148
CO-I 3 40 188.8 37.3 86
CO-I 4 70 225.0 41.7 107
(PENB-I)* 100 561.1 100.0 140
(PNB-I)* 0 69.4 0.0 210

Table 2   Copolymerization of NB-ENB with dinuclear nickel catalyst

Polymerization conditions: 3 mmol MMAO, Al/Ni = 1000, polymeri-
zation time = 12 h, polymerization temperature = 25 °C
*Norbornene and ethylidene norbornene homopoymer made by catalyst
The glass transition temperatures obtained by DSC

Run ENB
(mol %)

Activity
(kg polym/mol 
cat.hr)

ENB content 
(mol %)

Tg
(°C)

CO-II 1 5 113.8 3.9 190
CO-II 2 15 144.4 14.5 138
CO-II 3 40 236.1 30.3 99
CO-II 4 70 250.0 40.4 105
(PENB-II)* 100 925.0 100.0 176
(PNB-II)* 0 105.5 0.0 270
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with strikingly different structures and elevated glass transi-
tion temperatures [25]. Furthermore, evaluation of data fur-
ther shows that the addition and change in mole percent of 
ENB as comonomer significantly changes the glass transi-
tion temperature of the final copolymer. It is also evident that 
both categories approximately follow almost the same trend, 
although there are several deviations, both minor and major. 
Remarkably, the collected data propose that the introduction 
of ENB (5% mole) as acomonomer led to a dramatic decline 
in the observed Tg for NB-ENB II copolymer (the first row in 
Table 2), but the NB-ENB I copolymer indicate an ascend-
ing trend (the first row in Table 1). For higher proportions of 
ENB (15 and 40%), the glass transition temperatures steadily 
declined, before we see an increase to a higher temperature for 
samples with 70% ENB. As shown in Tables 1 and 2, copoly-
mers with the lowest percentage of ENB exhibited higher Tg 
values than that of other PENBs, nevertheless, as the ENB 
ratio rises, the observed glass transition temperature moves in 
the opposite direction, bringing about an incremental reduc-
tion in Tg value.

Characterization of ENB/NB copolymer

NMR analysis

To determine the chemical microstructure of synthesized 
copolymers, the 1HNMR spectra of the synthesized NB-ENB 
copolymers were studied. Figures 1 and 2 demonstrate the 
1HNMR spectra for the obtained samples. In accord with the 
previous investigation, the microstructural analysis of PNB 
by 1HNMR, 1HNMR peak assignment for PNB samples 
exhibits several peaks, covering an area of chemical shifts, 
ranging from 0.8–3 ppm to 5.8–6 which can be assigned to 
aliphatic bond and olefinic bond respectively. Interestingly, 
what stands out from the presented spectra is the presence of 
the resonance signal in the vicinity of 2.4 ppm which seems 
to be an inseparable part of all 1HNMR spectra, even at low 
ENB feeding (5% mol). As you may remember from the 
assumption stated in our previous paper [25], the basis for 
the appearance of this signal can supposedly be attributed to 

Fig. 1   H NMR spectra of the copolymers synthesized with a mononuclear catalyst; (Table 1) a) Co-I 1, b) Co-I 2, c) Co-I 3, and d) Co-I 4
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the fact that in tandem with other mechanisms, namely addi-
tion and probably cationic polymerization [25], the simul-
taneous occurrence of ring-opening polymerization can be 
regarded as another governing mechanism partly dominating 
the monomer insertion into the growing chains [6, 25]. One 
further hypothesis is closely correlated to the probability of 
1,3 cationic polymerization. Having considered the probable 
participation of three suggested mechanisms, one can point 
to the appearance of weak signals sweeping the region of 
5–6 ppm, although hardly distinguishable for the NB-ENB 
copolymer sample synthesized with the lowest elected ENB 
feeding (5% mol). Supposedly, these peak assignments can 
be attributed to the existence of double bonds with differ-
ent natures resulting from the interaction of the mentioned 
mechanisms. As shown, the sample possesses an ethylidene 
proton between 4.8–5.3 ppm, usually seen as a double bond 
peak due to two stereoisomers of this monomer [22, 28, 29]. 
More significantly, the represented spectra indicate that the 
intensity of the observed peak, which is associated with 
the presence of the double bonds, is closely linked to the 
amount of ENB in the feed, the higher the percentage of 
ENB, the higher the intensity of the peak. Collectively, tak-
ing into account the recorded 1HNMR spectra for NB-ENB 

copolymers, it can be assumed that the transition from mon-
onuclear catalyst to the bimetallic catalyst favors conditions 
that are more appropriate for higher participation of ring-
open polymerization.

Comonomer incorporation

Comonomer incorporation into NB and ENB copolymers 
(Tables 1 and 2) is determined using the related 1HNMR 
spectra. As could be seen in these spectra, the peaks of the 
ENB ring completely overlap with the NB ring at 1–3 ppm, 
therefore, to determine the comonomer incorporation, 
the characteristic peak of the ethylidene bond, located at 
5.2–5.8 ppm, was used. Since ENB is a combination of 
two stereoisomers that have the same reactivity [20], peaks 
of C5 and C8 were considered ENB characteristic peaks 
(Scheme 2) and named B in Eq. 1. If A is taken as the inten-
sity of all protons of the copolymer, the comonomer incor-
poration could be calculated from the following equation. 
The results are summarized in Tables 1 and 2.

(1)
B

B +
A−12∗B

10

Fig. 2   H NMR spectra of the copolymers synthesized with a dinuclear catalyst; (Table 2) a) Co-II 1, b) Co-II 2, c) Co-II 3, and d) Co-II 4
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As the summarized data show, at low concentrations 
of ENB, its incorporation into the copolymer backbone is 
nearly the same as the feeding ratio. Nonetheless, at high 
concentrations, the difference between the feed ratio and 
ENB incorporation in the copolymer gradually becomes 
more obvious.

Thermal properties and stability of copolymers

Having viewed the experimental data (1HNMR) regarding 
the likely presence of double bonds of diverse natures, and 
their effects on the thermal stability of macromolecules, 
this section is particularly allocated to evaluate the thermal 
stability of the synthesized NB-ENB copolymers. The pre-
sented graph (Fig. 3) comparatively indicates the relative 
thermal stability of selected samples prepared by both mono 
and dinuclear catalysts. In support of the above mentioned 
hypothesis (the function of the double bond), the NB-ENB 
copolymer produced in the presence of 5% ENB revealed 
the highest figures in terms of stability and approximately 
outperformed the remaining samples, (CO-I 1 and CO-II 1). 
As evidenced by the 1HNMR analysis, the reduced double 
bond intensity for NB-ENB copolymer (5% ENB) appears 
to lessen the possibility of thermal degradation compared 
to other candidates containing a higher content of ENB 
incorporation. Besides, the weakest performance in terms 
of delaying the unwanted degradation of the polymer was 
observed for the copolymer with 40% ENB. This means that 
by inserting ENB comonomer into the polymer backbone 
and creating the resulting stereoregularity, this type of unfa-
miliar thermal stability is observed in the resulting polymer. 
It is worth mentioning that the resulting stereoregularity can 
be introduced into the polymer chains through the participa-
tion of three previously described polymerization mecha-
nisms, alongside the heterogeneous distribution of double 
bonds and the possible involvement of crosslinking points 
[30, 31].

In comparison with the mononuclear catalyst, it is notice-
able that copolymer obtained by using the dinuclear cata-
lyst depicts a lower decomposition temperature, illustrating 
weaker thermal stability. Samples mostly undergo thermal 
degradation at temperature above 300 °C. The primary deg-
radation temperatures are as follows: for copolymers obtained 

by a binuclear catalyst (CO-II 1 (405 °C), CO-II 2 (340 °C), 
CO-II 3 (330 °C), CO-II 4 (350 °C), and for copolymers pro-
duced using a mononuclear catalyst (CO-I 1(410 °C), CO-I 
2 (370 °C), CO-I 3 (360 °C), CO-I 4 (390 °C).

As you may recall, it was suggested that ROMP possi-
bly occurs using this catalytic system (the appearance of an 
olefinic bond in the polymer backbone), producing poly-
mer chains that are more vulnerable to chain scission and 
degradation at a lower temperature [30, 31]. Of note, both 
macromolecules followed an approximately identical pat-
tern during the given thermal examination. Lastly, a careful 
examination of ash contents regarding both obtained poly-
mers suggests that the figures are lower than 10%, indicative 
of low mineral content and the indubitable appearance of the 
absence of network structure polymers [30].

DMTA of copolymers

Figure 4 provides a comparative analysis of selected candi-
dates containing different ENB contents, namely CO (I) and 
CO (II), the former is indicative of a copolymer obtained via 
a mononuclear catalyst, and the latter is representative of a 
sample produced via the utilization of dinuclear catalyst. It 
is immediately apparent that the change in the content of 
ENB feed caused a noticeable shift from a broader curve to 
a narrower one. In addition, Fig. 4 also reveals that CO-I 1 
and CO-II 1 samples display a broad tanδ peak in the glass 
transition region. The tanδ of CO-I 1 and CO-I 4 copoly-
mers (Fig. 4 (a)), as well as CO-II 1 and CO-II 4 copoly-
mers (Fig. 4 (b)), confirms the glass transition temperatures 
reported in Tables 1 and 2 obtained via DSC analysis. In the 
copolymers containing the highest insertion of ENB, CO-I 
4, and CO-II 4, the appearance of a narrow peak instead of a  
broad one in the glass transition region is obvious, undoubt-
edly, indicating drastic changes in the copolymer micro-
structures, which can also be confirmed by DSC analysis. 
The results clearly show that changing the structure of the 
catalyst and the molar ratio of the comonomer will certainly 
produce copolymers whose behavior is different from what 
DMTA analysis shows. A literature survey of previous stud-
ies on the concerning coordinative polymerization of the 
linear monomer of high olefin ranging from 1-hexene to 
1-decene, reveals that the behavior shown is most likely due 
to the participation of various polymerization mechanisms 
[23, 24]. In other words, it can be supposed that a set of 
microstructural variations is the basis for different degrees of 
polymer chain mobility. Due to the possible polymerization 
mechanisms, it can be concluded that a significant change in 
the structure of the polymer chains has probably occurred. 
This hypothesis can be related to the presence of side 
branching, the length of side chains, crosslinking, diverse 
distributions of double bonds, and the resulting change in 
polydispersity, which give different rigidity to copolymers 

Scheme 2   5-ethylidene-2-norbornene structure
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Fig. 3   TGA curves of NB-ENB copolymers synthesized with a) mononuclear and b) dinuclear nickel catalyst (copolymerization  conditions 
according to Tables 1 and 2)
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chains. This means that the transformation of 5-ethylidene-
2-norbornene into nortricyclene repeating skeleton as well 
as the presumed presence of cyclopentane units resulting 
from ring-opening polymerization and cyclopentene as a 
consequence of cationic polymerization [25], certainly fur-
ther confirms the explanation of the behavior provided by 
the DMTA analysis.

Conclusion

In the present study, copolymerization of 5-ethylidene-
2-norbornene and norbornene by mono and dinuclear nickel 
α-diimine catalysts was investigated in detail. Irrespective 
of the addition polymerization, the results provided com-
pelling evidence in favor of both cationic and ring-opening 

Fig. 4   DMTA diagrams of 
NB-ENB copolymers synthe-
sized with mononuclear nickel 
catalyst (a) and dinuclear 
catalyst (b) (copolymerization 
conditions according to Tables 1 
and 2)
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polymerizations. As far as the catalyst activity is concerned, 
the dinuclear catalyst revealed a superior catalytic perfor-
mance as compared to the mononuclear one. For both cata-
lysts, the highest activity was realized at 25 °C. The glass 
transition temperatures of homopolymers namely, PENB 
and PNB obtained by dinuclear catalyst were noticeably 
higher than those of mononuclear catalyst. Meanwhile, the 
Tg value for copolymers (ENB-NB) produced using a mono-
nuclear catalyst (with ENB incorporation less than 5%), was 
relatively higher than that produced using a binuclear one. 
While the Tg of polynorbornene is higher than that of poly 
5-ethylidene-2-norbornene, it was conclusively confirmed 
that the incorporation of more 5-ethylidene-2-norbornene 
would certainly cause significant changes in the observed Tg, 
ultimately lowering the glass transition of the copolymers. 
Higher thermal stability was observed for the copolymers 
obtained by the mononuclear catalyst than the copolymer 
produced by the dinuclear catalyst. DMTA analysis sheds 
light on the fact that increasing the ENB ratio, as a deter-
mining factor, significantly affects the final structure of the 
copolymers. Taken together, as the findings suggest, the 
incorporation of ENB into PNB chains during polymeriza-
tion via utilization of both catalysts, especially the dinu-
clear one, delivered copolymers with appreciably dissimilar 
microstructures, this phenomenon can be exploited to intro-
duce further manipulations in the polymer microstructure 
through the post functionalizations procedure, thereby ena-
bling the preparation of polymers with enhanced properties 
and expanded scope of applications.
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