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Abstract

Norbornene can be polymerized by a variety of mechanisms, including insertion polymerization whereby the double bond is polymerized and
the bicyclic nature of the monomer is conserved. The resulting polymer, polynorbornene, has a very high glass transition temperature, Tg, and
interesting optical and electrical properties. However, the polymerization of functional norbornenes by this mechanism is complicated by the
fact that the endo substituted norbornene monomer has, in general, a very low reactivity. Furthermore, the separation of the endo substituted
monomer from the exo monomer is a tedious task. Here, we present a simple protocol for the polymerization of substituted norbornenes
(endo:exo ca. 80:20) bearing either a carboxylic acid or a pendant double bond. The process does not require that both isomers be separated,
and proceeds with low catalyst loadings (0.01 to 0.02 mol%). The polymer bearing pendant double bonds can be further transformed in high
yield, to afford a polymer bearing pendant epoxy groups. These simple procedures can be applied to prepare polynorbornenes with a variety of
functional groups, such as esters, alcohols, imides, double bonds, carboxylic acids, bromo-alkyls, aldehydes and anhydrides.

Video Link

The video component of this article can be found at https://www.jove.com/video/54552/

Introduction

Norbornene, NBE, the Diels-Alder adduct of ethylene and cyclopentadiene (obtained by "cracking" of dicyclopentadiene (DCPD)), is readily
polymerized using either free-radical polymerization,1 cationic polymerization,2 ring-opening metathesis polymerization3 and catalytic insertion
polymerization.4,5,6,7 Unlike the other mechanisms, the catalytic insertion polymerization leads to the formation of a very high glass-transition
temperature (Tg) polymer whereby the bicyclic backbone of NBE is conserved. A variety of catalysts such as metallocene catalysts and late
transition metal catalysts can be used to promote the polymerization of NBE.4,5,6,7 However, due to its low solubility and due to difficulties
associated with the processing of a very high Tg polymer, the PNBE homopolymer has, to our knowledge, never found any use.

Functional polynorbornenes (PNBEs) have been the object of considerable scrutiny for the last 20 years, because they combine the high Tg
imparted by the bicyclic rigid repeat unit as well as desirable properties endowed by their functionalities.8,9,10 NBE monomers are obtained from
rather simple and inexpensive feedstocks, using a one-step Diels-Alder reaction between cyclopentadiene and a functionalized dienophile.
However, the Diels-Alder reaction leads to two stereoisomers, endo and exo, which have very different reactivities.11,12 In fact, the endo
stereoisomer is less reactive than exo form and deactivates the catalyst.11,12 Thus, in the past, the preparation of functional polynorbornenes
usually required the separation of the endo and exo stereoisomers, and only the exo stereoisomer was used. Such a separation procedure was
time-consuming, and led to the accumulation of unreacted endo stereoisomers as undesirable waste.

Recently we have shown that the polymerization of functionalized NBEs containing both stereoisomers is in fact feasible.13 We have thus been
able to prepare a variety of substituted PNBEs, containing functional groups such as esters, anhydrides, aldehydes, imides, alcohols and double
bonds. Due to their high Tg and functionality, these polymers show desirable properties. We describe here two methods to prepare functional
polymers. The first one leads to the synthesis of the water soluble polymer poly(5-norbornene-2-carboxylic acid), PNBE(CO2H), using a cationic
Pd catalyst (Figure 1).13,14 The same polymerization method can be used to prepare functional PNBEs with various pendant functionalities, such
as esters, alcohols, imides, bromo-alkyls, aldehydes and anhydrides. In our hands, this cationic Pd catalyst cannot be used for NBEs containing
pendant double bonds such as 5-vinyl-2-norbornene. In this case, a partial insertion of the pendant double bond during the polymerization
leads to the formation of a cross-linked material. Therefore, we present here a second method dedicated to the formation of poly(5-vinyl-2-
norbornene), PNBE(vinyl), using Pd2(dba)3:AgSbF6:PPh3 as an in situ catalyst.14 The pendant vinyl groups of the polymer are then further
epoxidized, to lead to the formation of PNBE(epoxy) (Figure 1). Both PNBE(CO2H) and PNBE(epoxy) have been found to lead to the formation
of thermoset resins with a Tg as high as 350 °C.14 Thus, the simple method described here allows one to efficiently prepare polymers with a very
high Tg and having a variety of functional groups, which can be used for numerous applications.

https://www.jove.com
https://www.jove.com
https://www.jove.com
mailto:jerome.claverie@usherbrooke.ca
https://www.jove.com/video/54552
http://dx.doi.org/10.3791/54552
https://www.jove.com/video/54552/


Journal of Visualized Experiments www.jove.com

Copyright © 2017  Journal of Visualized Experiments February 2017 |  120  | e54552 | Page 2 of 6

 

Figure 1: Functional PNBEs prepared by Pd catalyzed polymerization. (A) preparation of PNBE(CO2H), (B) preparation of PNBE(vinyl) and
PNBE(epoxy). The dashed bond indicates a mixture of endo and exo isomers. Please click here to view a larger version of this figure.

Protocol

1. Preparation of Poly(5-norbornene-2-carboxylic acid), PNBE(CO2H)

1. Preparation of the monomer NBE(CO2H)
1. Weigh out acrylic acid (AA) (327 g, 4.5 mol, 2 eq.) and hydroquinone (4.9 g, 4.5 x 10-2 mol, 0.02 eq.) and add them to a 2 L round-

bottom flask equipped with a condenser and a magnetic stir bar. Heat the flask at 150 °C using a silicone oil bath.
2. Once reflux is settled, add DCPD (300 g, 2.3 mol, 1 eq.) in a single portion, and then increase the temperature to 170 °C.
3. Leave the reaction at this temperature for 16 h. Observe the color change from clear to yellow-brown.
4. Take a sample by extraction with a Pasteur pipet, and analyze it by 1H NMR (using CDCl3 as the solvent)15. Observe the apparition of

NBE (double bond signals between 6.0 and 6.5 ppm, Figure 2 top).16

2. Purification of NBE(CO2H)
1. Replace the condenser with a simple distillation setup (one plateau) connected to a condenser in which cold water is circulated.
2. Put the reaction setup under a vacuum set to approx. 1 mmHg. Heat the mixture at 100 °C, and collect a clear liquid (ca. 40 mL) that

can be discarded.
3. Replace the collection flask with a 500 mL round bottom flask. Heat the oil bath to 155 °C, and observe the dropwise distillation of

NBE(CO2H) (317 g, 2.3 mol. Yield = 98%). The distillation takes over 7 h.
4. Analyze the colorless liquid by 1H NMR to assess purity as well as endo:exo proportions (Figure 2, bottom).15 The endo:exo ratio

changes with the time used for distillation as well as with the heating time used for the preparation of the crude NBE(CO2H). Typically,
endo:exo ratios between 50:50 and 80:20 are obtained (60:40 in this case).

3. Polymerization of NBE(CO2H)
1. Place 300 g (2.3 mol, 5,000 eq.) of NBE(CO2H) in a 500 mL round bottom flask equipped with a magnetic stir bar. Degas the liquid by

bubbling nitrogen for 30 min.
2. Weigh allylpalladium(II) chloride dimer, [PdCl(C3H5)]2 (76 mg, 4.2 x 10-1 mmol, 1 eq. of Pd) and add it to the solution. Add silver

antimonate AgSbF6 (180 mg, 5.2 x 10-1 mmol, 1.2 eq.).
3. Under stirring, dissolve the Pd salt by heating at 70 °C, and maintain the temperature at 70 °C under a slight nitrogen flux. After 7 to 8

h, the stirring stops due to a viscosity increase.
4. Stop the reaction after 36 h.
5. Cool the round bottom flask with liquid nitrogen. With a spatula, break the polymer into small pieces.
6. In a 2 L beaker equipped with a magnetic stir bar, add 750 mL of ethyl acetate. Add the polymer chunks to the ethyl acetate under

vigorous stirring. Continue stirring for 2 h.
7. Filter the solution over a 15 cm diameter Buchner funnel equipped with a paper filter (grade 413, 15 cm diameter).
8. Wash the polymer with ethyl acetate three times (500 mL each washing). Dry the polymer (123 g, 9.4 x 10-1 mol, yield = 41%) in a

vacuum oven set at 50 °C for 12 h.

2. Preparation of PNBE(vinyl)

1. Polymerization of NBE(vinyl)
1. Degas toluene (ca. 200 mL) and NBE(vinyl) (ca. 200 mL) by bubbling with N2 for 30 min and place them in a glove box.
2. Within the glove box, load toluene (100 g) in a 250 mL round bottom flask.
3. Add Pd2(dba)3 (76 mg, 1.6 x 10-1 mmol, 1 eq. of Pd), AgSbF6 (68 mg, 2.0 x 10-1 mmol, 1.2 eq.) and triphenylphosphine, PPh3 (43 mg,

1.6 x 10-1 mmol, 1 eq.) successively to the toluene solution.
4. Heat the mixture to 70 °C until complete dissolution occurs. It occurs within 10 min.
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5. Add 100 g (8.0 x 10-1 mol, 5,000 eq.) of NBE(vinyl) to this purple solution.
6. Stir at 70 °C for 72 h.
7. Remove the solution from the glovebox, and transfer the viscous black solution to a 1 L glass bottle containing a magnetic stir bar.
8. Add toluene (200 mL) and stir.
9. Add silica powder (silica gel 40-63 µm, 10 g). Stir at room temperature for 16 h.
10. Stop stirring and let the powder settle for at least 2 h in order for the silica particles to sedimentate.
11. Filter the solution over a 15 cm diameter Buchner funnel equipped with a paper filter (grade 413, 15 cm diameter). Avoid pouring

sedimented silica particles in the Buchner funnel.
12. Rinse the silica particles with toluene (50 mL) and filter it through the Buchner funnel.
13. Add methanol (1.2 L) to a 4 L beaker equipped with a magnetic stir bar.
14. Add all of the toluene solution containing the polymer to the methanol gradually under vigorous stirring, and continue stirring for 30 min.
15. Filter the polymer over a 15 cm diameter Buchner funnel equipped with a paper filter (grade 413, 15 cm diameter). Wash the polymer

with three aliquots of methanol (400 mL each). Change the filter paper between each washing.
16. Assess the polymer purity by 1H NMR in CDCl3, in order to see if the residual monomer is present (double bond signals between 6.0

and 6.3 ppm).15,16 If this is the case, continue washing with methanol.
17. Dry the polymer (75 g, 6.3 x 10-1 mol, yield = 78%) under vacuum at room temperature overnight.

3. Preparation of PNBE(epoxy)

1. Epoxidation of PNBE(vinyl)
1. Add 150 g of dichloromethane to a 500 mL round bottom flask equipped with a magnetic stirrer and a condenser.
2. Add PNBE(vinyl) (15 g, 1.3 x 10-1 mol, 1 eq.) with stirring until complete dissolution.
3. Place the flask in an ice-bath and let it cool for 15 min.
4. In a separate container, mix together formic acid (30 g, 6.5 x 10-1 mol, 5 eq.) and acetic acid (5 g, 8.3 x 10-2 mol, 0.6 eq.). Add the

combined acids to the polymer solution.
5. Let it cool for 15 min.
6. Add hydrogen peroxide aqueous solution (30%) (75 g, 6.5 x 10-1 mol, 5 eq.) to the polymer solution.
7. Stir for 18 h. The ice bath does not need to be removed, as the temperature will gradually increase to ambient temperature.
8. Take a small sample, precipitate the polymer with acetone, and analyze it by 1H NMR in CDCl3.

15 If the signal for the double bond (δ
= 4.5-6.0 ppm) is sufficiently decreased (Figure 3), pass to the next step. Typically, the ratio of the integral of the double bonds to the
other protons is less than 1:20 (1:83 in Figure 3). Otherwise, continue the reaction.

9. Add acetone (750 mL) to a 4 L beaker equipped with a magnetic stir bar.
10. Add the polymer solution to the acetone gradually under vigorous stirring for 15 min.
11. Filter the polymer over a 15 cm diameter Buchner funnel equipped with a paper filter (grade 413, 15 cm diameter).
12. Wash the polymer four times with acetone (200 mL each time).
13. Change the filter paper between each washing.
14. Dry the polymer (7.5 g) under vacuum at room temperature overnight.

 

Figure 2: 1H NMR spectra of crude (top) and purified (bottom) NBE(CO2H). The purified product is obtained by simple distillation. Note the
peaks which are used to assess the endo:exo ratio. Please click here to view a larger version of this figure.
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Figure 3: 1H NMR spectra of PNBE(vinyl) (blue) and PNBE(epoxy) (red). Note the ratio 1:3 between the integrals of the vinyl group (δ =
4.5-6.0 ppm) and the other protons in the PNBE(vinyl) spectrum. After reaction with H2O2, the ratio decreases to 1:83, thus confirming that
epoxidation of vinyl group has occurred. Please click here to view a larger version of this figure.

 

Figure 4: FTIR spectra of PNBE(vinyl) (black) and PNBE(epoxy) acquired in attenuated total reflectance mode. Insert shows a zoom of
the characteristic bands of PNBE(vinyl) and PNBE(epoxy). The 902 cm-1 and 992 cm-1 bands correspond to the C=C-H out-of-plane bending,
whereas the 875 cm-1 band corresponds to the epoxide ring deformation. Please click here to view a larger version of this figure.

Representative Results

The NBE monomers are prepared by simple Diels-Alder reaction of DCPD and a suitable dienophile, for example acrylic acid (AA). Normally,
DCPD is cracked to yield cyclopentadiene (CPD) before reaction.17 Freshly cracked CPD is then engaged in the Diels-Alder reaction. However,
in this protocol, both cracking and Diels-Alder steps are performed concomitantly, in a one-pot reaction. Thus, as soon as CPD is formed, it
reacts with AA to yield 5-norbornene-2-carboxylic acid, NBE(CO2H) (Figure 1A). After reaction, the crude NBE(CO2H) is purified by simple
distillation (Figure 2). This procedure has been repeated with a variety of dienophiles (maleic anhydride13, allyl bromide18, allyl alcohol18, 1-
octene18) in a consistent manner (high yields, purification by distillation (Figure 2). The reaction with butadiene as dienophile was not attempted,
due to the inherent difficulties associated with the manipulation of butadiene. Interestingly, this reaction is solvent-less.
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The polymers are obtained by catalyzed polymerization (Figure 1A and 1B) and collected under the form of dry powders. They are analyzed by
1H NMR, FTIR spectroscopy, and gel permeation chromatography (GPC). The 1H NMR analysis of the polymer (Figure 3) is used to diagnose
the presence of leftover solvent and monomer (which appear as sharp peaks, in contrast to the broad resonance of the polymer). The 1H NMR
analysis of PNBE(vinyl) (Figure 3 blue) and PNBE(epoxy) (Figure 3 red) permit the confirmation of the epoxidation of PNBE(vinyl). Indeed, the
decreasing ratio between the integrals of the vinyl group and the other protons in the PNBE(epoxy) spectrum (1:3 to 1:83) proves the excellent
conversion of the reaction (97% in this case). The FTIR spectroscopy can also be used to confirm the outcome of the epoxidation reaction, as
shown by the apparition of a characteristic peak at 875 cm-1 (Figure 4) and the disappearance of the 904 and 992 cm-1 which are observed
in the PNBE(vinyl) polymer. The GPC is used to confirm the molecular weight distribution of the polymers. Typical Mn for PNBE(CO2H) and
PNBE(epoxy) are 100,000 g/mol and 20,000 g/mol, with a PDI comprised between 1.5 and 2.0.

Discussion

The method proposed here is simple, and readily amenable to scale-up. All chemicals could be used as received without any purification. Note
that performing the reaction at a lower scale (e.g. scales ≤1 g) usually yields lower yields due to an unavoidable loss of material during the
handling and the collection.

The catalysts are formed in situ upon the reaction of commercial Pd compounds with cationizing agents. In our hands, the yield of the reaction
as well as the characteristics of the polymer (e.g. molecular weight distribution) are not changed whether one starts with a well-defined catalyst
such as (ɳ3-allyl)PdS2

+ SbF6
- (S = nitromethane) or with the in situ catalytic system. For the polymerization of NBE(vinyl), only an in situ form

of the catalyst is currently known. We did not observe any reactivity difference between Pd2(dba)3 and Pd(dba)2, but the use of the chloroform
adduct, Pd2(dba)3. CHCl3 is not recommended (lower yields are obtained). The polymerization reaction is also slightly air sensitive. Compared to
a reaction entirely performed in the glove-box (O2 <5 ppm), we obtained similar results in terms of yield and molecular weights when the reaction
is performed with roughly degassed reagents (degassed by bubbling with N2, the catalyst still being weighed in the glove-box). The monomers
do not need to be dried before use, but the presence of intentionally added water is not recommended, as water coordinates the catalyst and
poisons the reaction. In fact, the catalyst (ɳ3-allyl)Pd(OH2)2

+ SbF6
- was found to be inactive.

The polymerization of NBE(CO2H) stops at 45% yield due to the formation of a solid (vitrification). The residual monomer is extracted with ethyl
acetate. Ethyl acetate can be separated from monomer by rotary evaporation and the collected monomer can be engaged in a subsequent
polymerization. The endo:exo ratio in the collected monomer is slightly different from the endo:exo ratio of the initial monomer. As we
demonstrated in a previous work,13 the catalyst isomerizes the endo isomer to the exo isomer during polymerization but polymerization of the
collected monomer proceeds in a similar fashion as the initial monomer.

With the exception of ethyl acetate, no other organic solvent is used for the preparation of PNBE(CO2H), starting from DCPD and acrylic acid.
It is possible to replace the ethyl acetate extraction step by a Soxhlet extraction with water. This procedure also allows the separation of the
unreacted monomer, leading to a reaction totally free of solvent, but it is tedious (the Soxhlet extraction lasted for two days in our hands).

The polymerization of NBE(vinyl) proceeds with 80% yield with a catalyst loading of 0.02 mol%. With a catalyst loading of 0.01 mol%, the yield
decreases to 45%. The reaction stops due to the decomposition of the catalyst, and therefore, the yield is not improved by using longer reaction
times. During the purification of the polymer, silica is added in order to remove residual metals. With this procedure, the polymer is virtually free
of Ag, Sb and contains less than 15 ppm Pd, as measured by ICP.

The epoxidation of the polymer is performed by peracetic and performic acids formed in situ with H2O2 and the corresponding carboxylic acids.
The filtration steps (3.1.11 and 3.1.12) should be performed without any interruption, and as rapidly as possible. Indeed, at this stage, the solid
PNE(epoxy) is in contact with a large amount of acid and water, which leads to the ring opening of the epoxy functionality. To assess for the
presence of ring-opened functionalities in the polymer, one can simply assess the solubility of the polymer in dimethylformamide (DMF). The
ring-opened polymer is not soluble in DMF whereas PNBE(epoxy) is soluble in DMF.

We believe this method is significant because of the important role played by functional PNBEs in the fabrication of photoresists which are, for
example, suitable for use in 157 nm photolithography.19 Functional PNBEs can also be employed for the construction of diblock copolymers.20

Due to their saturated hydrocarbon backbone, such polymers are interesting as low dielectric materials for microelectronics.21Recently, we also
demonstrated that these materials lead to very high Tg thermosets14 as well as ionomers with possible applications for fuel-cell membranes.18 In
view of the wealth of possible applications, the method presented here is of interest for a broad community.
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