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Chemically crosslinked yet reprocessable
epoxidized natural rubber via thermo-activated

4271 disulfide rearrangementst
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The thermo-activated reprocessing ability of a chemically crosslinked epoxidized natural rubber (ENR) is

investigated. Disulfide groups are introduced into the rubber using dithiodibutyric acid (DTDB) as a cross-

linker. DTDB-cured ENR presents strong elastomeric properties due to the high molecular weight of the

rubber and efficient crosslinking. The material behaves like a standard natural rubber until 100 °C and
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Introduction

The rubber industry faces a major recycling problem due to
the irreversibility of the crosslinked networks. Indeed, to
exhibit good mechanical properties such as elasticity and high
toughness as well as solvent resistance, rubbers must be
chemically crosslinked. Afterwards however, the chemical
network prevents the reshaping or recycling of rubbery objects.
This irreversibility problem common to all thermoset polymers
draws a lot of attention from the chemistry community. Co-
valently adaptable networks exhibiting reversible covalent
chemistry appear to be a possible way to overcome this
issue."™ However, these networks can potentially be depoly-
merized under certain conditions (for example, heat). Vitri-
mers, recently introduced by Leibler and co-workers, are a new
class of polymers.® The novelty comes from the fact that vitri-
mers are fully processable but still insoluble materials. This
behaviour is essentially different from those of two hitherto
identified classes of polymers: thermoplastics, which are mal-
leable and soluble, and thermosets (like rubbers), which are
insoluble and cannot be reshaped once synthesized. Vitrimers
consist of a network containing exchangeable bonds.
Exchange reactions like transesterification,’® olefin meta-
thesis,” or vinylogous transamination'® are used instead of
reversible bonds. The number of crosslinking points and the
average functionality of the network remain constant, making
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becomes reprocessable above 150 °C, owing to disulfide rearrangements. After grinding to a fine powder,
the crosslinked rubber can be reprocessed and recovers most of its initial mechanical properties. The heat-
triggered disulfide rearrangements are characterized in terms of stress relaxation, creep/recovery, adhesion
tests, and swelling experiments. Comparison is made with ENR samples crosslinked by permanent links.

vitrimers fully malleable and mendable but still insoluble
materials.®® Shape is fixed by cooling, which slows down
exchange reactions and quenches the topology of the network.
The vitrimer transition is analogous to a glass transition but
the topology of the network rather than the density of the
material is quenched at the transition.

Around 1840, Goodyear and Hancock independently re-
invented rubber by introducing the vulcanization process, invol-
ving combination with sulphur and heating. Vulcanization is
thus an old industrial process, but much of its chemistry still
remains unclear. Nevertheless, there is general agreement that
the outstanding mechanical properties, in particular fatigue
resistance, of sulphur-vulcanized rubbers are associated with
polysulfide rearrangements. Very few papers, mostly directed
towards industrial applications, have reported the recycling of
sulphur-vulcanized NR by compression moulding of pulver-
ized rubber waste'’™® but no mechanistic studies were
described. Model systems containing disulfide bonds have
attracted considerable interest recently to produce self-healing
materials under various stimuli like heat, light or redox
conditions."*?* Only a limited number of studies however
have focused on chemically crosslinked solvent-free polymer
networks. Amamoto et al. showed the complete self-healing of
a crosslinked polyurethane by exposure to visible light at room
temperature.>® The network contained thiuram disulfide moi-
eties in the main chain which permitted the reshuffling of the
bonds. Recently, the Odriozola group reported a synthetic poly-
urethane that self-healed without external stimuli via
rearrangement of aromatic disulfide bonds.**** Self-healing
occurred at room temperature, partly due (50%) to the pres-
ence of hydrogen bonds. In the meantime, Lei et al. showed
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that tributylphosphine catalyzed the self-healing of a polys-
ulfide network at room temperature.” Heat was also used as a
stimulus as shown by Klumperman, Goossens and co-
workers."> Their disulfide-based epoxy resin produced a heal-
able thermoset system that regained 100% of the original
mechanical properties after healing for 1 hour at 60 °C. The
self-healing was mostly attributed to thiol-disulfide reversible
reshuffling.’® Yet, all these systems present relatively weak
elastomeric properties. At the rupture point, the strain is
usually limited to 200% and the stress inferior to 1 MPa, where
a standard industrial rubber may be expected to reach at least
500% elongation and 10 MPa stress before reinforcement by
fillers.>® Using the disulfide reversible chemistry in a natural
rubber presenting intrinsic strong elastomeric properties could
combine reprocessing ability and good mechanical behaviour.

Widely used in the rubber industry, Epoxidized Natural
Rubber (ENR) is a unique elastomer obtained by epoxidation
of natural rubber harvested from Hevea trees. ENR mechanical
properties are very similar to those of NR up to 50 mol% epoxi-
dation.”® Owing to the polar nature of the oxirane groups, ENR
demonstrates interesting additional properties, such as low gas
permeability*® or oil resistance,”” as well as enhanced compat-
ibility with polymers bearing polar groups.”**° Self-healing pro-
perties after ballistic damage were reported in a low molecular
weight ENR slightly crosslinked by dicumylperoxide.*® The self-
healing was attributed to the small chain inter-diffusion
process. Self-healing properties decreased and rapidly dis-
appeared as the crosslinking density increased, since the cross-
linking hindered the diffusion process. Here we investigate
reprocessing properties in a highly crosslinked high molecular
weight ENR exhibiting strong elastomeric properties.

Our group recently showed that ENR can be efficiently
crosslinked by dicarboxylic acids in the presence of 1,2-di-
methylimidazole acting as an accelerator.* ** The crosslinking
reaction of this bio-based polymer relies on the opening of the
epoxy rings by the acid functions, resulting in the formation of
B-hydroxy esters along the main chains.>® This new type of
crosslinking competes efficiently with conventional vulcaniza-
tions using sulphur or peroxides.®® It also offers the opportu-
nity to introduce different chemical functions in the rubber by
way of the carboxylic diacid crosslinker. In this work, a di-
sulfide function was incorporated into ENR using dithiodi-
butyric acid (DTDB) as the crosslinker (Fig. 1). Thermo-
activated disulfide rearrangements in the crosslinked rubber
are studied by stress-relaxation and creep/recovery experi-
ments. Comparison with ENR crosslinked by an aliphatic
diacid shows the importance of disulfide bonds in the relax-
ation process, which allows partial recycling of the rubber.

Experimental section
Materials

ENR25, containing 25 mol% epoxy groups, and kaolin were
kindly provided by Hutchinson SA Research Center, France.
Dithiodibutyric acid (DTDB, 95%) and 1,2-dimethylimidazole
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Fig. 1 Crosslinking of ENR25 (25 mol% epoxidized): schematic rep-
resentation of the disulfide containing network. The ratio of the epoxy
function per diacid molecule is fixed at 25 to provide the network with
optimal mechanical properties.®*

(DM, 98%) were obtained from Sigma-Aldrich and dodecane-
dioic acid (DA, 99%) was purchased from Acros.

Blend preparation

Mixtures of ENR25, diacids, and DMI were prepared in a
Haake Polydrive mixer at 40 °C for about 12 min, following a
protocol already described.*’ The amount of diacid was fixed
to one molecule of diacid per 100 monomers, that is to say,
one per 25 epoxy groups for ENR25. DMI, a liquid under the
mixing conditions (mp ~ 38 °C), was premixed with kaolin
(1:2, w/w), an inert filler, to facilitate its incorporation into
the rubber. After blending, samples were cured in a CARVER
press under 8 tons pressure at 180 °C for an appropriate time
(time determined by rheology experiment, about 40 min in
both cases).

Crosslinking process

The cross-linking process was followed using an Anton Paar
MCR 501 rheometer, in plate-plate geometry (25 mm
diameter, 1 Hz frequency, 0.1% strain). Samples of 26 mm dia-
meter were cut into 1.5 mm thick uncured sheets pressed at
80 °C. To ensure good contact between the rubber disc and the
plates, an axial force of 10 N was first applied to the sample
for 5 min before the experiment. The axial force was then
maintained at 2 N by adjusting the gap during the experiment.
Under these conditions, results of the measurements
were comparable with those obtained in a Moving Die Rhe-
ometer.’’ The temperature was quickly raised from 30 to
180 °C, and then the sample was left under oscillatory shear at
180 °C for curing.

Stress relaxation

After in situ curing, the samples were analyzed by stress relax-
ation experiments in an Anton Paar rheometer. The tempera-
ture was fixed at 180 °C and a 1% strain step was applied. The
resulting relaxation modulus was monitored over time.

This journal is © The Royal Society of Chemistry 2015
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Reprocessing procedure

A piece of crosslinked rubber was reduced to a fine powder
using a Fritsch Pulverisette 14. Liquid nitrogen was used to
process below the T, of the sample and facilitate grinding. The
obtained powder was then heated at 180 °C for 40 min in a
Carver press under 8 tons pressure. Dumbbells for tensile tests
were punched out from the cured material. The same experi-
ment was conducted on DTDB- and DA-cured ENR (Fig. Sla in
ESIT).

Strain recovery profile

Strain-recovery profiles were recorded using a DMA Q800
series TA Instrument in tension-film mode. Rectangular
samples (5 x 20 x 1.6 mm) were cut in a film of cured ENR. At
a fixed temperature, the force applied to the sample was alter-
natively fixed to 0.5 and 0 N. In a typical simple test a 0.5 N
force was applied for 300 min before a 300 min recovery period
(0 N). For cyclic creep/recovery, periods of 15 min were chosen.
In each case, the corresponding strain profile was recorded
over time.

Adhesion measurements

Lap-shear geometry was adopted for adhesion measurements.
Rectangular samples (5 x 100 x 1.5 mm) were cut in a cured
film and superimposed on 20 mm length. This lap joint was
then put under pressure with a controlled 30% deformation in
a home-made setup and left in a vacuum oven at 180 °C for
different adhesion times. The resulting lap shear specimen
was tested on an Instron machine with a crosshead speed of
100 mm min~', at room temperature, with no humidity
control, until complete peeling or break. Rectangular samples
of the same geometry but without an overlapping region were
tested under the same conditions to determine the Young’s
modulus E of the material. E was taken as the slope of the
stress/strain curve at low strains and was used in the calcu-
lation of adhesion energies.

Tensile tests

The stress—strain behaviour was studied using an Instron
machine with a crosshead speed of 500 mm min™", at room
temperature, with no humidity control, until break. Dumbbells
of 10 mm effective length and 2 mm width were cut into a
1.5 mm-thick cured rubber sheet (about 2 mm for reprocessed
samples) (Fig. S1b and ct). The strain was followed using a
video extensometer. At least five samples (see Fig. S2) were
tested for each material. To calculate the ultimate tensile pro-
perties, the average of the stress and strain at break on all
tested specimens was taken.

Swelling experiments

Toluene was used as a good solvent of ENR for the simple swel-
ling experiments.
The swelling ratio Q is defined as
s mu

m
Q="

my
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mg and m, being the swollen and unswollen mass of the
sample, respectively. The swelling behaviour of DTDB-cured
material was studied before and after reprocessing. A piece of
each material (virgin 1.6 x 5.23 x 5.34 mm and reprocessed
2.16 x 5.04 x 5.15 mm) was left in toluene for a few days and
the weight was followed over time (Fig. S37).

For the reductive swelling experiments, tetrahydrofuran
(THF) was preferred to toluene because of its miscibility with
water. The samples (1.5 mm thickness discs of 5 mm dia-
meter) were immersed in THF and their weight evolution was
followed over time. When the equilibrium swelling was
reached, a small excess of tri-n-butylphosphine (TBP) and a
few drops of water were added under magnetic stirring.

Gel permeation chromatography

Molecular weights and dispersities were determined using
SEC, with a Malvern GPC1000 pump and a Viscotek TDA 305
triple detection array with three thermostatically controlled
columns (LT5000L). Tetrahydrofuran (THF) was used as the
eluent at 35 °C and at a flow rate of 1 mL min~". The apparatus
was used in a single detection mode and the apparent mole-
cular weights (M, and M,,) and dispersities (M,/M,) were
obtained with polystyrene conventional calibration.

Nuclear magnetic resonance spectroscopy

"H NMR spectra were recorded in CDCI; using a Bruker Avance
400 spectrometer (400 MHz).

Results and discussion
DTDB is an efficient crosslinker of ENR, comparable with DA

Crosslinking of ENR by DTDB is followed in a rheometer
(Fig. 2). Comparison is made with dodecanedioic acid (DA), an
aliphatic crosslinker which contains no disulfide bond.*"*?
After a fast heating ramp from 25 to 180 °C, the temperature is
maintained at 180 °C for crosslinking. During the temperature
ramp, the elastic modulus G’ first decreases due to softening

1.01 ~ Temperature 180
DA

{160
{140
{120
{100
{80
160
{40

G' [MPa]
Temperature [°C]

0.0 T T
0.0 0.5 1.0 1.5

Time [h]

Fig. 2 Kinetic study of the curing at 180 °C in the rheometer. ENR25 +
DTDB is compared with the reference material (ENR25 + DA).
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of the rubber. At 180 °C, the sharp increase of G’ shows that
the crosslinking reaction takes place. Kinetics of crosslinking
are very similar for both materials, as indicated by the identi-
cal G' initial slopes. A swelling experiment in toluene indicated
that after curing for 40 min at 180 °C, both networks have
similar crosslinking densities (the swelling ratio Q is 3.0 + 0.1
for DA-cured and 3.3 + 0.2 for DTDB-cured samples). The
crosslinking process in the case of DTDB is thus believed to be
similar to that observed with aliphatic diacid containing no di-
sulfide bonds: diacids open the epoxy groups to create
B-hydroxyesters along the main chains.** If this was strictly the
case, the network should be the one drawn in Fig. 1 and it
should be possible to fully solubilize the rubber by selectively
breaking disulfide bonds.

Two important features arise from this rheological experi-
ment (Fig. 2): the crosslinking reaction is complete in about
half an hour at 180 °C, and the resulting material exhibits a
shear modulus in the range of 1 MPa, which ranks our system
among standard unfilled rubbers used in industry. To test the
presence of disulfide bonds after the curing process at 180 °C,
reductive swelling experiments were conducted in THF. A piece
of rubber was swollen in the good solvent until equilibrium
and then a reductive agent was added. Trialkylphosphines,
R;P, are known to quantitatively reduce organic disulfides into
thiols in the presence of water (eqn (1)).

R;P + R'SSR’ + H,0 — R3;P =0 + 2R'SH (1)

After equilibrium swelling in pure THF, an excess of tri-n-
butylphosphine (TBP) and water (to the theoretical number of
disulfide bonds) was added and the additional swelling (if
any) measured (Fig. 3). After the addition of the reductive
agent, rubber behaves very differently as it contains disulfides
or not. The swelling ratio of a DA-cured network remains
stable whereas the DTDB-cured network swells a lot, due to the
reduction of disulfide crosslinks into separate thiols. We
checked that when no TBP was added, the DTDB-cured

50+
THF THF + tri-n-butylphosphine
40 5
30 A
g
204
10
|
am-u r:- ] ]
0 r T T T 1
0 10 20 30 40
Time [h]

Fig. 3 Reductive swelling experiment (red: DTDB-cured sample, blue:
DA-cured sample). The reductive agent was introduced after 6 hour
equilibration in pure THF.
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network behaved exactly like the reference material. This con-
firms that disulfide bonds are still present after crosslinking at
180 °C. The very large swelling of the disulfide-containing
network weakens the material a lot. Under magnetic stirring,
the piece of rubber finally dissolves. Gel permeation chromato-
graphy and '"H-NMR indicated that the material obtained after
swelling was degraded (chains much shorter than in the initial
ENR, see Fig. S4f), preventing quantitative weight measure-
ments and estimation of the permanent/reversible bonds ratio
in the system. However, it is very likely that a few permanent
bonds are created during the curing process. When increasing
the temperature, disulfide bonds can break either into radicals
or into thiols that can react with another disulfide bond
(reversible covalent chemistry). But thiyl radicals can also react
with the double bonds of ENR (as for classical sulphur vulcani-
zation of NR). This kind of side reaction creates permanent
crosslinks (monosulfide bonds). The high temperature
(180 °C) necessary for crosslinking ENR by dicarboxylic acids
favours these side reactions. Thus, after curing, we likely
obtain a dual network mainly composed of disulfide cross-
links, but which most probably also contains a few permanent
crosslinks.

The presence of disulfide bonds enables network
rearrangements

Stress relaxation experiments were conducted at high tempera-
ture after in situ curing inside the rheometer. Relaxation
modulus versus time is plotted in Fig. 4. The relaxation of ENR
crosslinked with dodecanedioic acid (DA) is presented for com-
parison. In the latter system, the network has no possibility of
rearrangement as it does not contain disulfide bonds. In

1.0
08— ENR2S+DA
0.6
0.4
02{ TT————————
0.0

G(t) [MPa]

00 05 1.0 1.5 20
A Time [h]

0.8
|
06

0.4\

G, [MPa]

0.0+ . - , .

00 02 04 06 08 10
Time [h]

b.

Fig. 4 Stress relaxation experiment at 180 °C after curing in the rheo-

meter. (a) Comparison between DA- and DTDB-cured materials, and (b)

the first stress relaxation (filled symbols) and the second stress relaxation

(void symbols) of DTDB-cured ENR.
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Fig. 4a, the sample containing disulfide bonds exhibits a sub-
stantial relaxation of stress whereas the control material shows
a mostly flat curve. The in situ curing of the sample prevents
any slipping effect during stress relaxation experiments. The
slight relaxation observed in the control material is likely due
to the diffusion of dangling chains.*® Another possibility could
be ester linkages undergoing transesterification. However,
transesterification is not favoured in our system because of the
scarcity and little availability of free hydroxyl groups,” as well
as the absence of a transesterification catalyst.® The difference
in behaviour between the DTDB- and DA-cured networks indi-
cates a major contribution of disulfide bonds to the relaxation
process. Nevertheless, the relaxation of the DTDB-cured
sample is not complete within the two hour experiment, likely
because side reactions at high temperature generate non-
reversible bonds. In Fig. 4b, we compare two successive stress
relaxations on the same DTDB-cured sample. The second relax-
ation is very similar to the first one. The initial modulus is the
same and then a substantial relaxation is observed, indicating
that the material still contained a lot of disulfide bonds after
the first relaxation experiment. However, the second relaxation
seems slower, the corresponding relaxation modulus remain-
ing higher than during the first relaxation experiment. The
slowdown of the relaxation dynamics may be associated with
the consumption of some reversible bonds by side reactions
happening at high temperatures. The shear modulus G’ is still
very similar before and after the relaxation experiment, indicat-
ing that the number of crosslinks did not increase much. This
tends to prove that the effect of side reactions stays limited at
this time scale.

To complete stress relaxation data, creep experiments were
performed in the DMA. Chemically crosslinked rubbers
usually recover their original shape after stretching. Force-con-
trolled creep/recovery tests at different temperatures were per-
formed on the DTDB-cured rubber (Fig. 5a). The results of the
same tests for DA-cured samples are plotted for comparison
(Fig. 5b). Both rubbers can withstand temperatures as high as
100 °C without residual deformation, but their behaviour at
higher temperature greatly differs. The slight increase of the
strain observed for the control material at 150 °C and 180 °C
can probably be related to some degradation of the material.
On the other hand the disulfide-containing material deforms
much more and faster. This pronounced elongation may be
associated with rearrangements of disulfide bonds activated at
high temperature. Yet, the slope of deformation decreases with
time when the experiment is conducted at 180 °C. This
phenomenon is the mark of the side reactions that impede di-
sulfide rearrangements. It is much more present and rapid at
180 °C, indicating the effect of temperature on the probability
and rate of side reactions.

Cyclic strain/recovery experiments were performed before,
during, and after heating to test the reversibility of the
dynamic behaviour with temperature (Fig. 6). As expected from
the previous experiment, at 30 °C our material behaves like a
standard rubber and recovers its original shape after removing
the force. The material response is reproducible whatever the

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper
25
—. 20
= 1
€
8 10
»n
5
0 T T T . )
0 100 200 300 400
a. Time [min]
25, —_80°C
_20 — e
S ‘
= - ——180°C
£
(0]
S 10
n
0 . - . .
0 100 200 300 400
b Time [min]

Fig. 5 Creep/recovery tests at different temperatures. (a) DTDB-cured
ENR and (b) DA-cured ENR. A force of 0.5 N is applied for 180 min and
then released.
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Fig. 6 Cyclic strain/recovery profiles on ENR25 crosslinked with DTDB
at different temperatures (black: applied force; red: strain response of
the material).

number of solicitations (three cycles presented here). After
equilibrating the temperature at 150 °C for 5 min, the response
of the material to the same experiment is completely different.
First, an increase in strain during heating and equilibration
should be noticed, likely due to thermal expansion of the
material. Upon the application of a 0.5 N force, the rubber
deforms about 10% and does not recover its initial length after
removing the applied force. After three cycles, the strain of the
unstretched material has increased from 3 to 8% thanks to the
rearrangements of the network. However, the deformation
seems to decrease at each cycle. This is probably caused by
side reactions that impede the material from reshaping.
Repeating the experiment after decreasing the temperature
back to 30 °C, the response of the material is the same as

Polym. Chem., 2015, 6, 4271-4278 | 4275
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during the first three cycles (with the remaining strain of 5%
due to the rearrangements that occurred at 150 °C). The
network has stopped rearranging, the material behaves like a
classical chemically crosslinked rubber again. Therefore, it is
possible to activate the rearrangement of the network by
heating and stop it completely by cooling.

The rearrangements of the network can promote good
adhesion behaviour

We showed that the temperature activates chemical rearrange-
ments in a disulfide-containing ENR network. The rearrange-
ments are a combination of disulfide rearrangements and side
reactions that both result in the creation of new crosslinks.
Adhesion experiments were conducted to quantify a possible
mendability of the crosslinked rubber. Lap shear geometry was
selected as it is well documented®” and easy to implement.
Lap shear measurements are independent of the length of the
joint as long as it is more than about four times the joint
thickness,?” so a length of 20 mm was selected for our 3 mm
thickness samples. After an adhesion time of 30 min at 180 °C
(Fig. 7a), DA-cured samples rapidly peel and the maximum
force is less than 5 N, whereas for DTDB-cured samples, the
force goes up to 20 N, where the sample breaks instead of
peeling. The adhesion between DTDB-cured samples is thus
much higher compared to the reference material. The adhered
joints were swollen into a good solvent to characterize the
physical or chemical nature of the adhesion. The DA-cured
joint rapidly lifts off upon swelling whereas the DTDB-cured
joint swells a lot without breaking, showing the presence of
chemical bonds between the two pieces of rubber. Chemical
rearrangements create new bonds between the samples and
are responsible for the good adhesion properties.

The effect of contact time and temperature was investigated
on DTDB-cured rubber. Joints adhered for different times at
180 °C were tested; the corresponding force/strain profiles are
plotted in Fig. 7b. The temperature was also varied keeping the
contact time constant at 30 min (Fig. 7c). At short adhesion
times or low temperatures, as for DA-cured rubber, the
samples completely peel, enabling to calculate an adhesion
energy using Kendall’s formula (eqn (2)):*>”

FZ
= aw’Eh

(2)

where F is the measured force, E the Young’s modulus, w the
width and % the thickness of the sample (the joint is thus 24
thick). Calculated adhesion energies are summarized in
Table 1. For the highest adhesion times, the joint becomes

Table 1 Results of adhesion measurements
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Fig. 7 Lap shear tests on cured rubbers: (a) comparison between DA-
(blue) and DTDB- (red) cured rubbers, adhesion for 30 min at 180 °C, (b)
DTDB-cured rubber adhered at 180 °C for varying times (pink: 5 min,
green: 10 min, blue: 20 min and red: 30 min), (c) DTDB-cured rubber
adhered for 30 min at different temperatures (black: 100 °C, blue:
150 °C and red: 180 °C).

stronger than the material itself and the sample breaks as
already observed in Fig. 7a. In this case, it is impossible to
calculate adhesion energy but the adhesion is obviously higher
than for shorter adhesion times. For a 30 min adhesion of the
reference material at 180 °C, the calculated energy is only 90 J
m~2 which is comparable to the 80 ] m~> measured for the di-
sulfide-containing sample at 100 °C, the temperature at which
no rearrangement reactions are observed. It confirms that this
low adhesion of the test material is probably only due to chain
inter-diffusion between the two pieces of material.

Sample DTDB-cured DA-cured
Temperature 180 °C 150 °C 100 °C 180 °C
Adhesion time (min) 5 10 20 30 30 30 30
Adhesion energy (J m™?) 70 230 Sample breaks Sample breaks Sample breaks 80 90
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Thermo-activated adhesion enables recycling of the rubber

For recycling experiments, the DTDB-cured sample was
reduced to a fine powder using a variable speed rotor mill and
then heated at 180 °C for 40 min in a heating press (Fig. 8).
The same reprocessing experiment was conducted on a DA-
cured sample for comparison. After the heat treatment, the
integrity of the DA-crosslinked sample is not recovered (see
Fig. S17). Specimens could still be cut and tested showing that
the “reformed” material has completely lost its properties after
grinding and heating. The behaviour of the disulfide-contain-
ing network is completely different. The integrity of the
sample is fully restored after heating as shown in Fig. 8a. Most
of the mechanical properties are recovered: the reprocessed
sample shows about 50% of the initial stress and 80% of the
initial strain at break (Fig. 8b). After fine grinding of the
rubber, when grains of powder are pressed together at high
temperature, rearrangements occur. Under these conditions,
chains start to interpenetrate and chemical reactions will then
“mend” the grains together. Side reactions generating perma-
nent bonds limit the rearrangements inside each grain of
powder, but they take part in the mending process creating
bonds between and inside particles, even if the created bonds
are not dynamic anymore. All this process can be seen as relax-
ation allowing intimate adhesion of the powder grains. The
properties of both samples are listed in Table 2. It is worth
noting that for DTDB-cured material, the Young’s modulus
remains identical after reforming the sample (Fig. S57). Swel-
ling experiments in toluene (Table 2 and Fig. S3) confirmed

-
oo o

Stress [MPa]
J‘; ()]

Strain

Fig. 8 Recycling experiment. (a) The cured rubber is finely ground and
then reshaped by compression moulding. (b) Tensile test before and
after the recycling experiment (black: DTDB-cured; grey: DA-cured;
dashed: before; line: after).
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that the crosslinking densities before and after reforming are
comparable.

Conclusions

A dynamic covalent network was obtained by crosslinking ENR
with a disulfide-containing carboxylic diacid. The resulting
rubber was shown to be a dual network containing mostly di-
sulfide crosslinks (considered as dynamic) and a few perma-
nent crosslinks resulting from unavoidable side reactions. The
dynamic nature of the disulfide bonds was highlighted
through stress relaxation, creep and adhesion experiments.
The network presents strong elastomeric properties at temp-
eratures as high as 100 °C and is able to rearrange at higher
temperatures (above 150 °C). The processing of the rubber at
high temperature is limited because of the dual nature of the
network, but even after several cycles at high temperature
rearrangements still occur. The material can be recycled and
recovers most of its mechanical properties after grinding to a
fine powder and remoulding. A compromise is obtained:
despite the formation of some permanent bonds, the object,
even used at high temperatures, may be reshaped at the end of
its life cycle. This could be optimized by the use of a catalyst
for example. Furthermore, the good adhesion properties of
this rubber should permit the repairing of cracks by heating
and thus lead to fatigue improvement. Our comparison of DA-
and DTDB-cured systems shows the importance of the di-
sulfide rearrangements in the stress relaxation process, the
adhesion properties and recycling capability of DTDB-cured
ENR rubber.

Other kinds of chemical functions could be introduced into
ENR via the internal chain of a carboxylic diacid. We thus can
envision developing rubbers sensitive to other stimuli than
temperature or even materials having a fully reversible behav-
iour if side reactions can be avoided.
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