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ABSTRACT

To obtain and maintain rubber properties such as elasticity, strength, creep and chemical
resistance, or stiffness over time, rubbers must be chemically cross-linked, mainly, by sulfur

vulcanization. However, the materials produced in this manner result in irreversibly cross-linked



networks and are consequently difficult to recycle, which leads to large quantities of rubber waste
each year. In this paper, a new route to synthesize reversibly cross-linked 1,4-cis PI and PB based
on the Diels-Alder chemistry is investigated. Furan groups are firstly grafted along the polymeric
backbone and at chain-ends. In a second step, a bis-maleimide compound is added to the modified
liquid material, leading to the formation of a thermo-reversible cross-linked elastomers.
Mechanical properties of the resulting rubber can be easily tuned and depend on the bis-maleimide
/ furan ratio as well as on the nature of the polymeric precursor (polyisoprene vs polybutadiene).
The good reprocessability of these materials was demonstrated by remolding them 5 times without
any loss of properties between the first and the last cycle.

INTRODUCTION

Thermosets are currently used in a large range of applications going from building materials to
aerospace equipment. Due to the cross-linking method currently used, these materials cannot be
reshaped or easily recycled at the end of their use. On the contrary, thermoplastics can flow above
a certain temperature allowing an easier processability and the recyclability of the material.
Elastomers, like polyisoprene (PI) and polybutadiene (PB) used in tire industry, belong to the
thermoset materials. In order to improve the mechanical properties, solvent and gas permeability,
creep resistance and elasticity, the polymeric chains have to be cross-linked, mainly through a
vulcanization process (sulfur cross-linking method discovered by Charles Goodyear in 1839).%3
As a consequence, recyclability of such materials is complicated and a huge quantity of rubber
waste is generated each year. To overcome this constraint, scientists put many efforts to develop
reversible crosslinking of the polymeric chains. Generally, reversible crosslinking could be
classified into two categories: the noncovalent interactions (hydrogen bonding, ionic interaction

or metal coordination) and the dynamic covalent bonds.*° Elastomeric materials based on weak



noncovalent interactions generally exhibit reduced mechanical properties or a poor solvent
resistance compared to the chemically crosslinked materials. On the other hand, elastomers based
on dynamic covalent bonds like imine bonds, transesterification reactions, disulfide exchange,
alkoxyamine or Diels-Alder reactions present generally higher moduli, strength, elasticity,
chemical and stress cracking resistance.!™137.14 Properties of the PI and PB rubbers are highly
dependent on the microstructure of the repeating units (1,4-trans, 1,4-cis, 1,2 and 3,4-units for
PI).%® Indeed, the 1,4-cis microstructure is often sought due to its enhanced mechanical properties
such as lower T or crystallization phenomenon occurring under stress.!® Several reversible cross-
linked polymers networks based on the Diels-Alder reaction have already been described.!” %
Generally, furan groups are grafted through the thiol-ene reaction onto the 1,2- vinylic (15 %) units
of a high molar mass PB (Mw = 460 000 g.mol™!).> After addition of a bis-maleimide, the storage
modulus was increased by one order of magnitude due to the cross-linking. Other studies have also
described the synthesis of reversible PB networks by grafting furan groups or carboxylic acids and
amines through thiol-ene reactions, using the 1,2-vinylic units.?*#?> However, in all cases, the
starting polymer had a high molar mass (> 150 000 g.mol!) and a high content of 1,2-units (15 to
90 %). Besides, the viscosity being linked to the polymer chain length, an increase of the latter
renders handling and processability of these materials more complex. In addition, well-known
thiol-ene side reactions can occur during the synthesis processes like chains coupling or 1,2-units
cyclization (Scheme 1).2%26732 Improvement of the mechanical properties of the networks cannot
therefore be attributed only to the formation of the reversible network, but also to the side reactions.
We have already demonstrated that reprocessable PB or PI network can be obtained by
modification of the polymeric end-chain groups. Properties of the reversible cross-linked

elastomers can be easily tuned by modulation of the chain lengths or the cross-linking density.333*
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Scheme 1: Cyclisation side-reaction during thiol-ene addition on 1,2 units of polybutadiene.?

In this study, reversible and well-defined rubber networks were synthesized from liquid low molar
mass (~10 000 g.mol!) PB or PI with a high 1,4-cis-units (98 %) content, obtained from the
controlled degradation of high molar mass 1,4-cis-PI and 1,4-cis-PB.>> The use of a low molar
mass polymer allows better chemical characterization, shorter solubilization time, easier
purification, better processability and molding of the final material. After two chemical
modifications steps, furan groups were grafted both along the backbone and at the chain-ends of
the polymers. Finally, addition of a bis-maleimide (BM) to the liquid furan modified PI of PB (PI-
Fur of PB-Fur) led to the formation of a thermo-reversible network. After an accurate chemical
characterization of the polymer intermediates, the impact of the bis-maleimide / furan molar ratio
on the mechanical properties of the material was investigated. In the final step, the reprocessability

of the reversible elastomeric network was assessed.

RESULTS AND DISCUSSIONS

Polymer synthesis and characterization

Low molar mass polyisoprene (PI) and polybutadiene (PB) with a high 1,4-cis-units content (over
98 %) containing furan group along the backbone and at both chain-ends (PI-Fur and PB-Fur) were

synthetized starting from a high molar mass 1,4-cis PI and PB (Scheme 2).
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Scheme 2: General synthetic route for the synthesis of 1,4-cis low molar mass PI-Fur and PB-Fur.

A carbonyl telechelic polyisoprene (CT-PI) and an aldehyde telechelic polybutadiene (AT-PB)
with a molar mass of 10 000 g.mol™! were first prepared by a controlled degradation of the PI and
PB (epoxidation with mCPBA followed by the oxirane rings cleavage with periodic acid).3>37
Then, around 10 % of the repeating units of CT-PI and AT-PB were epoxidized with mCPBA to
yield to a carbonyl telechelic epoxidized polyisoprene (CT-EPI) and a aldehyde telechelic
epoxidized polybutadiene (AT-EPB). The epoxy units and terminal carbonyl groups were finally
simultaneously reduced by sodium bis-(2-methoxyethoxy) aluminate hydride (Red-Al) to obtain
the polyisoprene and polybutadiene containing hydroxyl groups at both chain-ends and along the
backbone (PI-OH and PB-OH, Scheme 2).3® Finally, furfuryl-isocyanate was reacted with the
hydroxyl group to lead to the formation of a PI and a PB containing furan group along the backbone
and at both chain-ends (PI-Fur and PB-Fur). During the synthesis process, all intermediates have
been characterized by Size Exclusion Chromatography (SEC) and 'H Nuclear Magnetic

Resonance ('"H NMR) analyses to confirm the absence of side reactions. For instance, SEC



chromatograms of the different intermediates are perfectly superimposed (Figure S1) showing the
absence of uncontrolled cross-linking that could have occurred during the modification steps. 'H
NMR spectra of the PB intermediates are represented on Figure 1. The signal at 9.77 ppm (peak
1, Figure 1a) corresponding to the aldehyde protons of the AT-PB chain-ends allows to evaluate
the degree of polymerization of the polymer chain after degradation (DP = 187). Epoxidation of
AT-PB lead to the formation of the AT-EPB, a new signal corresponding to the epoxy units
appeared at 2.92 ppm, allowing to calculate the amount of epoxy units (peak 6, Figure 1b). Here,
11 % of the butadiene units were epoxydized, meaning that each polymeric chain contains a mean

of 20-21 epoxy units (calculations detailed in ESI).
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Figure 1:'H NMR characterization of the PB intermediates during the synthesis (x: signal present

in the initial polymer, *: CDCI3)



After reduction of the oxirane rings by the Red-Al, PB-OH is obtained. The signals at 2.92 ppm
and at 9.77 ppm completely disappeared and two new signals appeared around 3.55-3.70 ppm
(peak 1+6, Figure 1c). The multiplet at 3.60 ppm corresponds to the protons linked to carbons
bearing hydroxyl groups (-CH(OH)-) along the PB chain, and the second one (triplet at 3.65 ppm)
is associated to protons linked to the carbons of the hydroxyl chain-end (-CH>-OH). The complete
disappearance of the epoxy units confirmed the completion of the reaction. Finally, after reaction
with furfuryl isocyanate, it was possible to assume a full conversion of all the hydroxyl groups
thanks to the presence of new peaks (peaks 9, 10 and 11 at 6.20, 6.30 and 7.34 ppm respectively,
Figure 1d) corresponding to the furanic protons. Moreover, shift of the peak 1 from 3.65 ppm to
4.10 ppm also confirmed the reaction of the hydroxyl groups presents at the chain ends. 'H NMR
characterization of the PI series intermediates are presented in supporting information section
(Figure S2). Similar observations concerning the appearance, disappearance and shift of peaks can
be done confirming the obtention of a furan modified polyisoprene (PI-Fur).

The backbone modification was also confirmed by Differential Scanning Calorimetry (DSC)
analyses. A gradual 7y shift is observed after each step of the backbone modification. For PI, the
T, shifted from -64 °C for CT-PI to -48 °C for PI-Fur. Similarly, 7, went from -104 °C for AT-PB
to -84 °C for PB-Fur (Figure S3 and Table S1). Besides, whereas AT-PB was able to crystallize at
-40 °C (a well-known phenomenon already observed®®), after modification of the backbone,

crystallization was no more observed.

Properties of the elastomers
As shown on Figure 2, the liquid PI-Fur or PB-Fur are mixed with the bis-maleimide to obtain a

thermo-reversible network based on the Diels-Alder reaction. To tune the properties of these



elastomeric materials, the amount of bis-maleimide was varied with a maleimide/furan molar ratio

(Rm/F) going from 1.00 to 0.30 eq. The resulting properties were compared.
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Figure 2: Schematic representation of the formation and reprocessability of the reversible cross-

linked PI and PB network based on the Diels-Alder chemistry.

To evaluate the efficiency of the cross-linking, swelling tests were first performed to evaluate the
soluble fraction of the obtained elastomer. In each case and whatever the Ryvyr used, the soluble
fraction was always low (less than 6 %) even for the lowest cross-linked material (Rw/r = 0.30,
Figure 3 and Table S2). For the PI based networks, the soluble fraction is equal to 5.6 % for the
lowest crosslinked material (Rmr = 0.30) and decrease to 0.3 % when Rmr = 1.00. A similar
tendency is observed for the PB based elastomers. The swelling degree confirms the efficiency of
the cross-linking reaction. For example, swelling rate of the PI based networks decreased from 850
% to 400 % when the Rwr increases from 0.30 to 1.00. This behavior was expected, as a lower
Rm/r would lead to a lower cross-linking density, allowing a higher swelling of the network.
Similar trend is observed for the PB based elastomers; the swelling rate of the material decreased

from 570 % to 280 % for Rm/r going from 0.30 to 1.00.
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Figure 3: Swelling test of the PI (A) and PB (B) networks as a function of Ruyr.

Mechanical properties of the prepared networks were characterized by tensile test and DMA
(Figure 4 and Table S3). Tensile test analyses revealed that the Young’s modulus (E) of the
elastomers is highly impacted by Rmr. E is equal to 1 MPa for Ryyr= 0.30 and rises to 60 MPa for
the highest Rm/r for the PI elastomers. For the PB based networks E reaches a value of 240 MPa
when Rmr = 1.00. A similar behavior was observed for the stress at break, which increased with
Rm/r, from 1 MPa for Rmr = 0.30 up to 10 and 16 MPa for Rmr = 1.00 for PI and PB networks
respectively. This could be easily explained as an increase of Rm/r would increase the cross-linking
density and thus the strength of the network. Therefore, whatever the Rm/r, PB networks exhibited
higher values of Young’s modulus and stress at break than PI networks. This difference can be
attributed to the cross-linking density differences obtained in the two types of networks. Indeed,
even if the molar mass of the precursors is roughly the same, the DP is different as the molar mass
of the repeating units is different (68 g/mol for isoprene and 54 g/mol for butadiene).
Consequently, for a same percentage of modification, the number of functional groups per chains

is higher for PB than for PI, increasing then the cross-linking density and thus the modulus.
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Figure 4: Tensile test analyses of the Pl and PB networks a) Young modulus vs Ry b) Stress at
break vs Rwr c) Strain at break vs Ryyr. DMA analyses of the network of PI as a function of Rwyr.
d) storage modulus E’ e) Tan 6 and of the network of PB as a function of Rur. f) storage modulus
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On the contrary, the strain at break was less affected by Rm/r. Elongation at break for the PI based
materials went from 170 % for Rmr= 0.30 to 110 % for Rmr = 1.00. For the PB based networks,
the strain at break oscillated between 90 % and 110 % whatever the quantity of bis-maleimide
(Figure 4c).

Compared to a previous study where only the polymer chain-ends were functionalized to cross-
link the polymers, the Young’s modulus, the stress at break and strain at break for 10 000 g.mol!
PB based networks was equal to 3.5 MPa, 2.9 MPa and 160% respectivly.** Increasing the amount
of cross-linking points by adding furfuryl groups along the backbone lead to a material with
improved mechanical properties.

Reprocessability ability of the networks were then investigated. To this end, used strips coming
from previous mechanical analyses were remolded after being heated in chloroform at 120 °C in
a closed vessel to induce the retro Diels-Alder reaction. Reprocessed strips were then analyzed,
and results are shown on Figure 4a-c (dotted lines) and in Table S3. In all of cases, the reprocessed
material exhibited the same properties as the first ones obtained from the first molding. Values of
the Young’s modulus, strain or elongation at break are the same, showing the excellent
reprocessability properties of these elastomers.

To go further, DMA analyses were performed, and traces obtained for the PI networks are
represented on Figure 4d and e. As expected, the Ryyr has no impact on the T, of the material, it
is equal to ~-40/-30 °C (peak of the Tan o) for each elastomer. On the contrary, the storage modulus
(E’) was dramatically affected by the quantity of bis-maleimide. For the Rm/r of 0.30, two rubbery
plateaus can be observed: a first one between -10 °C and 75 °C with a value of E’ close to 1 MPa
and a second one between 80 and 105 °C with an storage modulus of 0.6 MPa (Figure 4d, blue

line). Over 110-120 °C and due to the rDA reaction, the material lost its properties and started to

12



flow. The first drop of modulus observed at 80 °C could be explained by the occurrence of the
rDA reaction of the endo-adducts. Indeed, two adducts (endo and exo) are formed after the DA
reaction between a furan and maleimide group. The endo adduct (kinetic adduct) is less stable than
the exo one and exhibits a lower DA temperature.3® When Rwvr was increased to 0.50 (Figure 4d
, ted line), the two rubbery plateaus at 3.4 and 2.0 MPa for the first and second plateau respectively
can still be observed. Again, the drop at 80°C is attributed to the rDA of the endo-adduct. In
addition, the observed modulus increase can be explained by the higher cross-linking density as
observed for the tensile tests analyses. For the elastomer with Ry of 0.75 and 1.00, a general
increase of the modulus plateau values was observed. More surprisingly, a third modulus drop was
observed at 50°C (Figure 4d, orange and green traces). This transition is confirmed by the peak
observed at 50 °C on the loss modulus (Tan o, Figure 4e orange and green traces) for both
elastomers. The first peak at -40 °C, corresponding to the 7, decreased with Rm/r whereas the
second transition observed at 50 °C increased with Rwv/r. This second transition could be associated
to the n-stacking induced by the BM compound contained in the formulation and/or the hydrogen
bonds formed via the urethane functions created during the grafting of the furfuryl units. For low
Rmsr, the quantity of BM in the network was probably too low to allow these non-covalent
interactions, whereas for higher Rm/r, the relative quantity of BM compared to the PI increase and
enables the n-stacking.

Concerning the PB based networks, DMA characterization results are shown on Figure 4f and g
and all the modulus values are reported in Table S3. Linked to the structural differences between
PB and PI, PB based elastomers exposed a lower 7, (-80°C), whatever the Rm/r used. Again, when
the Ryyr is equal to 0.30 or 0.50, two rubbery plateaus are observed: a first between Tg and 80°C

and a second one between 80°C to 130°C. The transition at 80°C is associated to the ¥DA of the
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endo-adduct whereas the transition at 130°C corresponds to the flowing of the material, linked to
the DA of the exo-adduct. For the Rv/r or 0.75 and 1.00 a third plateau appears once again between
Ty and 50 °C. Here, the impact of the n-stacking and/or the H-bonding through urethane functions
is more pronounced than for PI based elastomers and values of the modulus in the rubbery plateau
reach 320 MPa between T, and 50°C for PB based elastomers with the higher Rm/r. The transitions
at 50°C can clearly be observed on the loss modulus of PB based elastomers with the higher Rm/r
(Figure 4g). Besides, the values of the storage modulus plateau were always superior for the PB
networks than the PI ones. Finally, DMA analyses of the reprocessed networks was performed like
for tensile test analyses. Traces obtained are represented in dotted lines on Figure 4d and f. Again,
an excellent superimposition of the DMA traces for both PI and PB based elastomers was observed,
confirming the good reprocessability ability of these materials.

Finally, the elastomers were analyzed by DSC, thermograms are represented on Figure 5 and
values are given in Table S4. As observed in DMA, T of the elastomer is independent of the Rw/r
used and is respectively equal to - 46 °C and - 83 °C for PI and PB based networks respectively.
At higher temperature, two endothermic peaks are observed between 75 °C and 160 °C, the one at
the lowest temperature corresponds to the endo-adducts of the ¥DA reaction whereas the other
corresponds to the exo-adducts.?>*¢ The temperature values of the 7DA reactions measured by DSC
are in good agreement with the results observed in DMA where the material flowing was observed
around 120-130 °C. Besides, enthalpy value of the DA peaks increased with Rm/r: from 9.1 J/g
for Rmr = 0.30 to 23.8 J/g for Rmr=1.00 for PI networks. Concerning PB based network, the
increase of enthalpy is higher: from 13.3 J/g for Rmr = 0.30 to 42.2 J/g for Rmp=1.00. This
behavior is in accordance with the increase of the number of DA adducts with the Rv/r. Besides,

an endothermic transition appears between 10 and 70 °C, where the values of the enthalpy peak
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increase with the Ryvyr (Figure 5c, d and Table S4). This could be linked to the one previously

observed in DMA, confirming the n-stacking and/or H-bonding or urethane functions impact on

the properties of the material. These aggregation phenomena were further confirmed by the shape

of the tensile test curves, where for the higher Rwm/r, a strong increase of the stress is observed for

strains below 20 % followed by a linear increase of the stress vs the strain (Figure S4). This

hypothesis agrees with the second transition observed in DMA at 50°C (Tan 6 - Figure 4e and g):

as the tensile tests were performed at 22°C.
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Reprocessability of the elastomers

Reprocessability ability of the materials synthesized in this study was investigated over 5 cycles
of reprocessing on PI network with Rym/r = 0.50. Tensile test analyses revealed an excellent stability
of the reprocessed elastomer properties even after 5 cycles of reprocessing (Figure 6 and Table
S5). For instance, the Young’s modulus was measured between 4 and 5 MPa and the stress at break
around 3.5 MPa, whatever the reprocessing cycle. The measured strain at break was also constant
over reprocessing cycle and was around 160 % even after 5 cycles. DMA analyses confirmed the
previous observations: traces of the storage modulus (E’) is nearly overlapped for all reprocessing

cycle (Figure 6).

10 200 1E+10

1 — Net-PI-0.50eq (1)
Net-PI-0.50eq (2)
Net-PI-0.50eq (3)
Net-PI-0.50eq (4)
— Net-PI-0.50eq (5)

1E+09 +

1E+08 +

, Stressat break (MPa)
~ [e-] ©
A M
+
-
a
o

u1
A
o
o

E' (MPa)

1E+07 +

Strainat break (%)

1 150
2 1E+06 +

0 ; ; ; ; + 0 1E+05 + + + + + +
0 1 2 3 4 5 6 b) -70 -40 -10 20 50 80 110 140
a) Number of cycles Temperature (°C)

Figure 6. Tensile tests and DMA analyses of Net-PI-0.50 eq over 5 reprocessing cycles (a)
Young’s modulus, stress at break and strain at break obtained by tensile analyses. (b) Storage

modulus (E’) traces obtained by DMA.

Values of 7,, modulus and flowing temperature were also very close for all cycles (Table SS5). All
these results clearly show the excellent reprocessing ability of these polymers. Indeed, even after
mechanical tests where the material is heated and stressed (tensile tests and DMA), the reprocessed

material has identical properties even after 5 cycles of reprocessing.

16



Conclusions

In this study, reversible covalent polymer networks with high reprocessing ability were prepared
through a well-defined and controlled chemistry (no side reaction or uncontrolled cross-linking
occurred during the synthesis or the reprocessing). To this end, 1,4-cis (98 %) liquid PI and PB
were modified in 3 steps to graft furanic groups that could react with a bis-maleimide compound
to yield thermo-reversible elastomeric networks based on the Diels-Alder reaction. The use of
liquid polymers as starting materials allowed an easier control of the chemical modifications, the
washing steps and the processing compared to highly viscous high molar mass polymer generally
used in such studies. The mechanical properties of the networks can be easily tuned by modifying
the ratio between the furan and the maleimide moieties. A family of elastomer exposing a wide
range of mechanical properties has been obtained. The storage modulus could vary for instance
between 1 and 300 MPa in the rubbery plateau whereas the strain at break can be comprised
between 1 and 20 MPa. In addition, these elastomers showed a thermal stability up to 110-120 °C.
No properties loss has been observed after 5 cycles of reprocessing, showing the good thermal and

mechanical resistance of these elastomers.

Experimental

Materials

Cis-1,4-polybutadiene (98 % cis-1,4, M,= 150 kg.mol! B = 2.8) and cis-1,4-polyisoprene (98 %
cis-1,4, M, = 635 kg.mol! D = 2.1) were purchased from Scientific Polymer Products, Inc. 3-
Chloroperoxybenzoic acid (mCPBA, 70-75 %, Acros), periodic acid (HsIOs, > 99 %, Aldrich),

acetic acid (99 %, Aldrich), sodium bis(2-methoxyethoxy)aluminohydride (Red-Al®) (60 wt. % in
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toluene, Aldrich), sodium triacetoxyborohydride (NaBH(OAc)3, 97 %, Aldrich), diethanolamine
(DEA, 99 %, Alfa Aesar), furfuryl isocyanate (Furfuryl-NCO, 97 %, Aldrich), 1,1’-(methylenedi-
4,1-phenylene)bismaleimide (Bis-maleimide, 95 %, Alfa Aesar), celite 545 (VWR), dibutyltin
dilaurate (DBTDL, 95 %, TCI) were used without further purification. Tetrahydrofuran (THF) and
dichloromethane (DCM) were dried on alumina column. Chloroform (CHCI3), methanol and

diethyl ether (reagent grade, Aldrich) were used as received.

CT-PI synthesis

High molar mass cis-1,4-polyisoprene (4.28 g), solubilized in 150 mL of THF, was first epoxidized
by a dropwise addition at 0 °C of a mCPBA solution (0.805 mmol in 10 mL of THF). After 2h of
reaction at room temperature, periodic acid (1.05 eq. compared to mCPBA, 0.846 mmol),
dissolved in 10 mL of THF, was added dropwise and stirred during 2h at room temperature. The
solvent was then removed under reduced pressure and the crude product was dissolved in diethyl
ether before filtration on celite to remove insoluble iodic acid. The filtrate was then concentrated
before washing 2 times with saturated solution (30 mL of each) of Na»S>03, NaHCO; and distilled
water. Finally, the organic layer was dried with MgSOs, filtered on celite and the solvent was
evaporated under vacuum to obtain CT-PI M, svmr)= 9 000 g.mol™!, M, sec)= 11 400 g.mol!, D
= 1.4. Yield = 94 %. '"H NMR (400 MHz,CDCI3): (8, ppm) 9.77 (t, 1H, -CH>-CHO), 5.12 (s, nH,
-CH2-C(CH;3)=CH-CH2-), 2.49 (t, 2H, -CH>-CHO), 2.44 (t, 2H, -CH2-CH>-C=0(CH3)), 2.34 (t,
2H, - CH,-CH2-CHO), 2.27 (t, 2H, -CH>-CH>-C=0(CH3)), 2.12 (s, 3H, -CH2-CH,-C=0(CH3)),
2.04 (s, 4nH, -CH>-C(CH3)=CH-CH>-), 1.68 (s, 3nH, -CH>-C(CH3)=CH-CH>-) with n = 130.

CT-EPI synthesis

CT-PI (4.2 g, 61.76 mmol isoprene units) solubilized in 150 mL of THF was partially epoxidized

by a dropwise addition at 0 °C of a mCPBA solution (6.17 mmol in 10 mL of THF, 10 mol%
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compared to isoprene units). After 2h of reaction at room temperature, the solution was
concentrated before being washed 3 times by precipitation/dissolution in methanol/DCM and the
solvent was evaporated under vacuum to obtain CT-EPI. The epoxy percentage was determined
by '"H NMR with the formula Epoxy (%) = [/ (2.69) / I (2.69 + 5.12)] x 100, Epoxy content =
10.0 %, Yield: 95 %. '"H NMR (400 MHz, CDCl): (8, ppm) 9.77 (t, 1H, -CH>-CHO), 5.12 (s, n-
mH, -CH»-C(CH3)=CH-CH>-), 2.68 (t, mH,-CH-epoxy-CH3- ), 2.49 (t, 2H, -CH>-CHO), 2.44 (t,
2H, -CH:-CH,-C=0(CHa3)), 2.34 (t, 2H, -CH>-CH>-CHO), 2.27 (t, 2H, -CH>-CH-C=0O(CHs)),
2.04 (s, 4(n-m)H, -CH>-C(CH3)=CH-CH>-), 1.68 (s, 3(n-m)H, -CH,-C(CH3)=CH-CH>-), 1.28(s,
3mH,-CH-epoxy-CH3- ) with n = 130 and m = 13.

PI-OH synthesis

CT-EPI (4.20 g, 6.18 mmol oxirane units) solubilized in 84 mL of dry toluene was reduced by
addition at room temperature of a Red-Al solution (6 eq compared to oxirane units, 12.5 mL).
After stirring at 110 °C during 16h, 30 mL of toluene were added, and the residual Red-Al was
deactivated at 0 °C by a dropwise addition of ethanol and water. The solution was then dried with
MgSO4 before filtration onto Celite. The organic solvent was evaporated under vacuum to obtain
PI-OH. Yield = 92 %. '"H NMR (400 MHz, CDCI3): (5, ppm) 5.13 (s, n-mH, -CH»-C(CH3)=CH-
CHy-), 3.80 (t, 4H, -CH>-OH), 3.74 , 3.62 (m, mH,-CH(OH)), 2.04 (s, 4(n-m)H, -CH-
C(CH3)=CH-CH>-), 1.68 (s, 3(n-m)H, -CH»-C(CH3)=CH-CH-) with n = 130 and m = 13

PI-Fur synthesis

PI-OH (3.88 g, 5.71 mmol -OH groups) was solubilized in 25 mL of dry THF. 1.2 eq of furfuryl-
NCO (732 uL, 6.85 mmol) and 5 mol% of DBTDL (168 pL, 0.28 mmol) were added to the solution
and stirred at 40 °C during 6h under inert atmosphere. After partial evaporation of the solvent, the

product was purified by precipitation/dissolution in methanol/DCM several times and dried in
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vacuum to obtain a brown liquid PI-Fur. Yield =92 %. 'H NMR (400 MHz, CDCl5): (8, ppm) 7.32
(m, mH, -CH=CH-O- furan), 6.29 (m, mH, -CH=CH-O- furan), 6.18 (m, mH, C=CH-CH=CH-O-
furan), 5.12 (m, 2(n-m)H, -CH,-C(CH3)=CH-CH2>-), 4.34 (s, mH, -CH(urethane) along the chain),
4.27 (s, 2m+4)H, -NH-CH>-furan), 4.06 (t, 2H, urethane-CH>-CH2- chain-ends), 2.04 (s, 4(n-
m)H, -CH>-C(CH3)=CH-CH>-), 1.68 (s, 3(n-m)H, -CH»-C(CH3)=CH-CH-) with n = 130 and
m = 13.

AT-PB synthesis

High molar mass cis-1,4-polybutadiene (3.09 g) solubilized in 110 mL of THF was first epoxidized
by a dropwise addition at 0 °C of a mCPBA solution (0.59 mmol in 10 mL of THF). After 2h of
reaction at room temperature, periodic acid (1.05 eq. compared to mCPBA, 0.62 mmol) dissolved
in 10 mL of THF was added dropwise and stirred during 2h at room temperature. The solvent was
then removed under reduced pressure and the crude product was dissolved in diethyl ether before
filtration on celite to remove insoluble iodic acid. The filtrate was then concentrated before
washing 2 times with saturated solution (30 mL of each) of Na>S>03, NaHCOs3 and distilled water.
Finally, the organic layer was dried with MgSQOu, filtered on celite and the solvent was evaporated
under vacuum to obtain AT-PB. M, nvr = 10 250 g.mol™!, M, sec= 12 400 g.mol™!, D = 1.7, yield:
94 %. 'H NMR (400 MHz, CDCl3): (3, ppm) 9.77 (t, 2H, -CH,-CHO), 5.38 (m, 2nH, -CH>-
CH=CH-CH>-), 2.49 (t, 4H, -CH»-CH>-CHO), 2.38 (t, 4H, - CH,-CH»-CHO), 2.09 (s, 4nH, -CH>-
CH=CH-CH>-) with n = 187

AT-EPB synthesis

AT-PB (2.83 g, 52.41 mmol butadiene units) solubilized in 100 mL of THF was epoxidized by a
dropwise addition at 0 °C of a mCPBA solution (5.76 mmol in 10 mL of THF). After 2h of reaction

at room temperature, the solution was concentrated before being washed 3 times by
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precipitation/dissolution in methanol/DCM and the solvent was evaporated under vacuum to
obtain AT-EPB. The epoxy percentage was determined by 'H NMR with the formula Epoxy (%)
=[1(2.79)/1(2.79 + 5.24)] x 100, Epoxy content = 11.2 %, Yield: 93 %. 'H NMR (400 MHz,
CDCl3) ): (8, ppm) 9.77 (t, 2H, -CH2-CHO), 5.38 (m, 2(n-m)H, -CH>-CH=CH-CH>-), 2.92 (t,
2mH,-CH-epoxy-CH- ), 2.49 (t, 4H, -CH2-CH>-CHO), 2.38 (t, 4H, - CH>-CH2-CHO), 2.22 (m,
2mH,-CH>-CH-epoxy-CH-CH>-), 2.08 (s, 4(n-m)H, -CH>-CH=CH-CH>-) withn= 187 and m = 21

PB-OH synthesis

AT-EPB (2.70 g, 5.00 mmol of oxirane units) solubilized in 30 mL of dry toluene was oxidized
by addition at room temperature of a Red-Al solution (6 eq compared to oxirane units, 10.1 mL).
After stirring at 110 °C during 16h, 30 mL of toluene were added, and the residual Red-Al was
deactivated at 0 °C by a dropwise addition of ethanol and water. The solution was then dried with
MgSO4 before filtration onto Celite. The organic solvent then evaporated under vacuum to obtain
PB-OH. Yield = 83 %. 'H NMR (400 MHz, CDCls): (8, ppm) 5.38 (m, 2(n-m)H, -CH,-CH=CH-
CH»-), 3.64 (t, 4H, -CH>-OH), 3.60 (m, mH, -CH(OH), 2.08(s, 4(n-m)H, -CH>-CH=CH-CH>-)
withn =187 and m = 21.

PB-Fur synthesis

PB-OH (2.14 g, 4.36 mmol -OH groups) was solubilized in 14 mL of dry THF. 1.2 eq of furfuryl-
NCO (560 pL, 5.23 mmol) and 5 mol% of DBTDL (128 pl, 0.22 mmol) were added to the solution
and stirred at 40 °C during 6h under inert atmosphere. After concentration, the product was purified
by precipitation/dissolution in methanol/DCM several times and dried under vacuum to obtain a
brown liquid PB-Fur. Yield =92 %. 'H NMR (400 MHz, CDCl5): (8, ppm) 7.34 (m, mH, -CH=CH-
O- furan), 6.30 (m, mH, -CH=CH-O- furan), 6.20 (m, mH, -C=CH-CH=CH-O- furan), 5.38 (m,

2(n-m)H, -CH>-CH=CH-CH>-), 4,78 (s, mH, -CH(urethane) along the chain, 4,33 (s, (2m+4)H, -
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NH-CH>-furan), 4,08 (t, 4H, -CH:-urethane chain-ends) , 2.08 (s, 4(n-m)H, -CH>-CH=CH-CH>-)
with n= 187 and m = 21.

Preparation of network films

Networks of PI and PB were obtained by mixing the dissolved PI/PB-Fur in chloroform with the
adequate quantity of bis-maleimide dissolved in chloroform. The mixture was heated at 60 °C for
10 min in a closed glassware and deposited in a Teflon mold. Solvent was then let evaporated for
24h and complete drying was obtained under vacuum for an extra 24h to obtain a transparent film
without air bubble. For example, the Net-PI-1.00 eq was obtained by mixing 818 mg of PI-Fur in
1 mL of chloroform with 219 mg of bismaleimide in 1 mL of chloroform. (219 =32 mg + 187 mg
corresponding to chain-ends furans, calculated via the DP and to the furan along the chain
calculated with the percentage of epoxy content, detailed in ESI).
Swelling tests
Dried samples (initial mass, m;, approximately 40 mg) were placed into chloroform at room
temperature for 24h. Chloroform was changed, and samples were placed again for 48h at room
temperature. Swollen samples were weighted (swollen mass, ms) and dried under vacuum until
constant mass (dry mass, mq). Each sample was analyzed in triplicates. Swelling degree and the
soluble fraction were determined by Eqs. 1 and 2 respectively.

Swelling degree =(m; — my)/mg X 100 (%) (equation. 1)

Soluble fraction = (m; — mgy)/m; X 100 (%) (equation. 2)

Films remolding

All the strips used for DMA and tensile tests analyses were put into a hermetic closed glassware
(1 g in 1.5 mL of CHCI3, the best solvent to solubilize the prepolymers) and heated at 120 °C for

10 minutes. After 5 minutes at room temperature, the liquid solution is deposited in a Teflon mold
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before waiting 24h for solvent evaporation and an extra 24 h under vacuum to obtain a transparent
film without air bubble.

Characterization

Liquid-state '"H and 'C NMR spectra were recorded at 298 K on a Bruker Avance 400
spectrometer operating at 400 MHz and 100 MHz respectively in CDCls. Polymer molar masses
were determined by size exclusion chromatography (SEC) using tetrahydrofuran (THF) as the
eluent (THF with 250 ppm of Butylated hydroxytoluene as inhibitor, Aldrich) at 40 °C. The SEC
line was equipped with a Waters pump, a Waters RI detector and a Wyatt Light Scattering detector.
The separation was achieved on three Tosoh TSK gel columns (300 x 7.8 mm) G5000 HXL,
G6000 HXL and a Multipore HXL with exclusion limits from 500 to 40 000 000 g/mol, at flow
rate of | mL/min. The injected volume is 100 pL. Molar masses were evaluated with polyisoprene
standards calibration. Data were processed with Astra software from Wyatt. Differential scanning
calorimetry (DSC) measurements of rubber samples (=10 mg) were performed using a DSC Q100
LN, apparatus from TA Instruments with a heating and cooling ramp of 10 °C.min"'. The samples
were first heated from 25 °C to 80 °C and held at 80 °C for 10 min in order to eliminate the residual
solvent, then cooled to -150 °C and finally heated to 200 °C. The analyses were carried out in a
helium atmosphere with aluminum pans. Thermo-gravimetric measurements (TGA) of
polybutadiene samples (=12 mg) were performed on a TA Instruments Q500 from room
temperature to 600 °C with a heating rate of 10 °C.min"!. The analyses were investigated under
nitrogen atmosphere with platinum pans. A TA Instrument RSA3 was used to study dynamic
mechanical properties of rubber samples. They were analyzed under air atmosphere from - 105 °C
to 200 °C at a heating rate of 4 °C.min". The measurements were performed in tensile mode at a

frequency of 1 Hz and an initial static force of 0.1 N. Tensile tests were performed on a MTS Qtest
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25 Elite controller (France) at 22 °C. The initial grip separation was set at 20 mm and the crosshead

speed at 50 mm/min. The results were obtained from at least 4 replicates for each sample.
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