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ABSTRACT Permanently crosslinked polymer networks, such as fully cured thermosets derived
from fossil-based epoxies, cannot be reuse after damage and/or recycled since they cannot be
reprocessed by heating or solubilization as non-crosslinked thermoplastics. As a result, they are
not really sustainable materials, generating non-renewable resources consumption, CO,
emissions and plastic pollution. Herein we employed a strategy to tackle the lack of
sustainability in conventional thermosets by the development of a promising partially biobased
epoxy for numerous applications, integrating a covalent adaptable network using associative

dynamic chemistry and catalyst free mechanism. This strategy is based in two sustainable



approaches. First, vegetal biomass has been used as a renewable resource for the synthesis of
epoxy systems from epoxidized eugenol oil. Then, the crosslinking reaction with an diamine
integrating disulfide bonds to attain a thermally induced reorganizable eugenol-derived epoxy
network in a dynamic way by disulfide metathesis reaction. The viscoelastic behavior
characterization of eugenol-derived epoxy network displays a fast macroscopic flow with a stress
relaxation time of 37 s at 230 °C, suggesting an interesting melt-reprocessability of this network
at high temperatures in short times. Moreover, this strategy has a strong potential for the progress
of sustainable plastic applications as yield a synthetic procedure to develop stiff thermosets
(storage modulus of around 1 GPa at glassy state) with high renewable carbon contents (around
70 wt%), enhanced thermal properties (T4 of around 190°C) and additional properties such as

promising reshaping, repairing and recycling capability.

Introduction

Nowadays, the entire value chain associated to polymers, in particular thermosetting polymers,
is facing a rough scrutiny for its negative impacts in the economy and the environment. The
global commitment to tackle these negative impacts involve that all plastic must be reused and/or
recycled. Therefore, an efficient physical reprocessing strategy is necessary in order to stop the
waste disposal into the environment, the consumption of non-renewable resources and CO,
emissions. As a result, contribute achieving the EU Product Policy Framework of the Circular
Economy targets.

Compared with non-crosslinked thermoplastics, thermosetting polymers present a large range
of engineered advantages. Thermosetting polymers are nowadays widely used as adhesives,

electrical castings, flooring and paving applications as well as matrices for structural performing



composites and foams. They globally represent 15-20% of plastics manufacture [1]. Among
them, epoxy resins are of great economic importance as they represent around 70% of thermosets
global market without including polyurethanes [2]. The development of more sustainable
thermosetting epoxy materials with an improved LCA is a strong challenge nowadays. Then, to
improve the environmental impact from cradle to grave, the properties and the behavior of this
type of materials, two main ways can be underway and coupled (i) Developing more sustainable
approaches during the synthesis (i1) Developing materials with an improved ends of life, in order
that they can be reshaped, repaired or recycled after usage or damage.

For instance, dynamic covalent networks [3, 4] such as vitrimers [5-14] have been recently
established as an innovative and new class of polymer that are characterized by a crosslinked
network that when it is heated at a certain temperature it can flow without depolymerization.
This behavior is due to the occurrence of thermally activated crosslink exchange reactions of the

network in an associative manner without a decrease on the crosslink density, retaining the 3D

cross-linked structure. Vitrimers are able to undergo a rearrangement of the initial network
topology by the breaking of a covalently crosslinked bond followed by the instant creation of a
new covalent bond in other position of the polymer chain. In this context, this type of dynamic
crosslinked system allows the material to flow at high temperatures and to be reprocessed.

It has been found that one effective strategy to confer reprocessing capabilities to a fossil-
based thermosetting polymer is to introduce disulfide-containing amines within the polymer
network [15-23]. The proposed strategy allowed that the thermosetting polymer undergo a
network rearrangement while the 3D structure is maintained without a sudden drop in viscosity.
Hence, in terms of applications this strategy is more adequate than the reversible and dissociative

approach of e.g, the well-known Diels-Alder reaction. This highlighted disadvantage is because



through the Diels-Alder strategy the crosslinked network depolymerizes and as result an
undesirable loss of the polymer stability is obtained [24-26].

Besides, most of the studies on polymeric vitrimers and dynamic networks have been
performed from fossil-based epoxies that have hazardous effects on human health and eco-
toxicity. Therefore, the exploitation of renewable resources, such as plant oils [27], is necessary
and timely from both academic and industrial points of view, with the sustainable development
of epoxidized precursors in line with the criteria established by the new EU chemical regulations,
RoHS and REACh [2]. These epoxidized precursors can be used in the synthesis of partially or
fully biobased thermosetting polymers with improve thermomechanical properties. For instance,
aromatic epoxidized oils such as cardanol [28, 29], soybean [30] and eugenol [31-34] have been
reported as proper renewable substitutes of DGEBA. Nevertheless, chemically cross-linked
plant-derived epoxy resins are also nonrecyclable.

On the basis of literature research, recently, an eugenol-derived epoxy (Eu-EP) has been
reported [32, 34] with reshaping, self-healing, and shape memory properties prepared by reacting
Eu-EP with succinic anhydride at various ratios in presence of zinc-based catalysts. On the other
hand, a metal-catalyzed ESO-based vitrimer was prepared using fumaropimaric acid as a curing
agent and zinc acetylacetonate as the transesterification catalyst [35]. Besides, a biobased
thermosetting vitrimer from isosorbide-derived epoxy and aromatic diamine containing disulfide
bonds has been reported [36]. Nevertheless, these two latter biobased vitrimers did not exhibit
thermomechanical properties that are comparable or superior to the well-established fossil-based
DGEBA. Hence, the investigation of environmentally friendly alternatives for the development
of biobased epoxy with dynamic networks that are in continuous advancement still remains a

challenge for a more sustainable polymer industry.



The objective of the current work is the development of a partially biobased aromatic material
from eugenol that can be reshapeable, self-healable and recyclable by means of associative
dynamic chemistry without catalysts on agreement with principles for a green chemistry.
Thermosetting polymers based on synthetized tri(epoxized-eugenyl) phosphate (TEEP) were
prepared. Epoxidized eugenol was selected as the thermosetting matrix to confer high modulus
and thermal properties compared with fossil-based DGEBA [37]. A disulfide-containing amine
was applied as a curing agent.

Experimental Section

Materials

Eugenol (99%), phosphorus oxychloride (99%), triethylamine (99%), 3-chloroperbenzoic acid
(77%), 4-aminophenyl disulfide, DSA (98%) were purchased from Sigma Aldrich France. 3,3’-
diaminodiphenyl sulfone, DDS (98%) was purchased from Alfa Aesar.

Synthesis of trieugenylphosphate (TEP)

First, a mixture of eugenol (61 mmol) and triethylamine (61 mmol) in ethyl acetate (100 mL)
was prepared and phosphorus oxychloride (20.33 mmol) was added drop by drop at temperatures
between 0 and 5°C. The mixture was maintained between 0 and 5°C during 30 min, and then it
was stirred at room temperature duringl6 hours. Afterwards, the mixture was diluted by adding
100 mL of ethyl acetate and washed several times with 100 mL of deionized (DI) water and one
time with 100 mL brine solution. The organic portion was then dried with anhydrous magnesium
sulfate and filtered. Finally, the filtrate was distilled under vacuum. The detailed synthesis of

TEP and the corresponding characterizations have been previously reported by Caillol et al. [31].



Synthesis of tri(epoxized-eugenyl)phosphate (TEEP)

First a suspension of meta-chloroperbenzoic acid (m-CPBA 77%) (62.7 mmol) in 200mL of
ethyl acetate was added drop by drop to a solution of TEP (19 mmol) in 50 mL of ethyl acetate at
temperatures between 0 and 5°C. The resulted mixture was maintained at this rage of
temperature during 30 min, and then it was stirred at room temperature during 24 hours.
Afterwards, the solvent in the mixture was evaporated and the excess of m-CPBA was
neutralized with a saturated solution of sodium bicarbonate and removed with ethyl acetate. The
organic part was washed several times with saturated sodium bicarbonate, brine and deionized
water. The organic part was dried with anhydrous magnesium sulfate and filtered. Finally, the
filtrate was distilled under vacuum. The detailed synthesis of TEEP has been previously reported
by Caillol et al. [31].

Preparation of partially biobased epoxy networks:

a-Partially biobased epoxy network from tri(epoxized-eugenyl)phosphate cured with the
dynamic crosslinker (TEEP:DSA)

A eugenol based epoxy system containing exchangeable crosslinks in a dynamic way was
prepared by vigorously mixing the TEEP and DSA in a stoichiometric weight ratio
(epoxy:N—H=1:1) at 120 °C during 3 min to form a viscous homogeneous mixture. Immediately,
the reaction mixture was casted into a preheated Teflon mold of 24x5x1 mm® at 120 °C, and then
hot pressed for 3000 sec at 20 bar. Afterwards the parallelepiped samples were transferred into
an oven to continue curing at 120 °C for 1 h and at 150 °C for 2 h and post-cure at 180 for 2 h.

Solvent casted films were also prepared.



b- Partially biobased epoxy network from tri(epoxized-eugenyl)phosphate cured with the non-
reversible crosslinker (TEEP:DDS)

A eugenol based epoxy system containing non-reversible chemical bonds was prepared by
vigorously mixing TEEP and DDS in a stoichiometric weight ratio (epoxy:N—H= 1:1) at 150 °C
during 1 min to form a viscous homogeneous mixture. Immediately, the reaction mixture was
casted into a preheated Teflon mold of 24x5x1 mm?® at 150 °C and hot pressed for 3000 sec at 20
bar. Afterwards the parallelepiped samples were transferred to an oven to continue curing at 150
°C for 2 h and post-cure at 180 for 2 h. Solvent casted films were also prepared.

Fourier transformed infrared (FTIR)

A blank background was carried out before examining the samples (32 scans were
accumulated at a resolution of 4 cm™') on a Nicolet 380 spectrometer equipped with an ATR
diamond module in reflection mode.

Differential scanning calorimetry (DSC)

The glass transition temperature (T,) of the bio-based epoxy networks before and after curing
reaction was determined using a DSC Q 200 (TA Instruments) by scanning the sample (around 3
mg) from 25 to 230 °C at a heating rate of 10°C/min under nitrogen flow (50 mL/min).

Gel content

The gel content of all partially biobased epoxy networks was determined by the solvent
extraction method using THF. The sample was weighted and immersed in THF at room
temperature during 72h. Afterwards the sample was dry at 70°C in an oven and under vacuum
until there was no appreciable weight change. The gel content was calculated using the following

equation:



where m; is the mass of the sample after drying and m; is the initial mass of the sample.

Thermogravimetric analysis (TGA)

TGA experiments of the biobased epoxy networks were carried out on a TGA Q 5000
apparatus (TA Instruments), from room temperature to 700 °C at a heating rate of 20 °C/min
under inert atmosphere to avoid oxidative thermal degradation.

Dynamic mechanical analysis (DMA) and Isothermal stress relaxation

The dynamic mechanical properties of the biobased epoxy networks were characterized using a
Discovery HR hybrid rheometer (TA instruments) in torsion mode to determine the storage
modulus (G’), loss factor (tand), and the mechanical transition temperatures (T,). The dimension
of the sample was 24x5x1 mm’. The frequency was set at 1 Hz, and the torsional dynamic strain
was set at 0.05 %. The value of torsional dynamic strain used was determined by a previous
strain sweep experiment to determine the region of linear response where G’ was constant. The
samples were scanned from 30 to 230 °C at 5°C/min. For the isothermal stress relaxation
experiments, a torsional strain of 0.1% was applied and the stress relaxation modulus was
monitored as a function of time at temperatures of 130, 200, 210 and 230 °C. When the
equipment reached the testing temperature, the sample was allowed to achieve thermal
equilibrium during 10 min before measuring.

Crosslinking density

The crosslinking density of TEEP:DSA and TEEP:DDS after post-curing was calculated from

DMA results using the following equation [REFERENCE.]:

!

Crosslinking density = ITR



where G’ is the storage modulus (MPa), on the rubbery plateau (230°C), T is the temperature
in kelvin, R is the universal gas constant (8.314 MPa.cm®/mol K).

Reshaping test

To assess the potential reshaping properties of fully cured partially biobased epoxy network
containing dynamically reversible crosslinks, a flat film of TEEP:DSA was covered in Teflon
tape and bent over a glass cylinder to take a new shape. Afterwards, this bent-shaped film was
heated in an oven at 230 °C for 1 h, the film was finally cooled down to room temperature. In
order to confirm the stability of the new shape, a shape memory test was carried out. For shape
memory testing, the following deformation-fixation-relaxation cycle was performed: 1) the U-
shaped film was heated at 180 °C for about 60 s, 2) the film was then manually deformed to be
flat again and cooled at ambient condition until the temporary shape was fixed. 3) The specimen
with temporary flat shape was then reheated at 180 °C to examine the shape recovery. The inner
diameter as well as the curvature of the deformed specimens were quantified. The recovered
angle (Or, recorded by drawing the tangents at the two edges of recovered samples) was recorded,
and the recovery ratio (Rr) was calculated by 0r/180° x100%.

Self-healing test

In order to demonstrate the potential healing properties with temperature of the partially
biobased epoxy network containing dynamically reversible crosslinks, a TEEP:DSA film was
scratched with a razor blade to create a visible crack on the surface by Optical Microscopy
(OM). The healing process was performed at 230 °C in a hot plate and the aspect of the film
surface was recorded before and after treatment by OM.

Solid-state recycling test



The potential recycling capability of the fully cured biobased epoxy network containing
dynamically reversible crosslinks, TEEP:DSA, was demonstrated by welding two small pieces.
A small area of the two pieces were superimposed and join together in a hot press at 200 °C for
3000 sec at 20 bar. After the sample was press released and cooled down to room temperature.

Results and Discussion

TEEP:DSA and TEEP:DDS partially biobased epoxy systems were prepared through a two-
step synthesis pathway. First, a trieugenylphosphate (TEP) was synthesized by treating eugenol
with phosphorus oxychloride. Afterwards, the allylic groups of TEP were epoxidized with m-
CPBA to obtain tri(epoxized-eugenyl)phosphate (TEEP). The physicochemical characterization
of TEP and TEEP has been previously reported by Caillol et al. [31], corroborating the
disappearance of OH groups of eugenol by the reaction with phosphorus oxychoride to develop
the TEP building block as well as the conversion of the double bonds in the TEP for epoxy
groups to develop the TEEP bio-based resin. The second step consisted in the generation of the
different partially biobased epoxy networks by the thermal curing of the epoxidized precursor

with the dynamic (DSA) and non-dynamic crosslinker (DDS) (Scheme 1).
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Scheme 1. General overview of the synthesis of the different partially biobased epoxy networks.
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The crosslinking reaction of TEEP:DSA system was studied by DSC in order to stablish the

proper curing protocol. As can be seen from table 1 and figure 1, the epoxy system began to cure

at around 100 °C with a maximum curing temperature at around 185 °C. In this sense, the post-

curing protocol was set at 180 for 2 h. An increment of T, was observed, from 7 °C for the

uncured system to 193 °C for the post-cured system, corroborating the epoxy network formation.

In addition, full crosslinking of TEEP:DSA after post-curing at 180 °C for 2 h was confirmed by

the disappearance of the exothermic peak at high temperatures and also because the T, of the

system remained invariable in the second heating scan.

T =185°C
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Figure 1. DSC heating scans at 10 °C/min of of uncured, cured and post-cured TEEP :DSA

partially biobased epoxy systems.

Table 1. Thermal properties of uncured, cured and post cured TEEP:DSA partially biobased

epoxy systems.

Sample T, T, T, T,
uncured cured post-cured post-cured
system® system® system® system®
(W) (W) cC) cC)
TEEP:DSA 7 184 193 194

® T, value (endset point) obtained from the first heating scan at 10°C/min (-50-200°C)
® T value (endset point) obtained from the first heating scan at 10°C/min ( 25-230°C)
© T value (endset point) obtained from the first heating scan at 10°C/min ( 25-230°C)
@ T value (endset point) obtained from the second heating scan at 10°C/min ( 25-230°C)
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The crosslinking reaction was also corroborated by FTIR. Figure S2 shows the FTIR spectra
for TEEP:DSA before and after curing at 120 °C for 1 h and at 150 °C for 2 h and post-cure at
180 for 2 h. As can be seen, the signals of stretching C-O-C at 850 cm ™' and stretching of C-H of
the oxirane ring at 3057 cm™ ' disappeared, demonstrating the formation of the epoxy network of

TEEP:DSA.

curccl/:ﬂ.“t‘ .“/\ ¢ 'C-(_)-C

C-H of the oxirane ring

Transmittance

2000 1800 1600 1400 1200 1000 800 3400 3200 3000 2800
Wavenumber (cm!) Wavenumber (cm!)

Figure 2. FTIR spectra of uncured and cured TEEP :DSA partially biobased epoxy systems.

Thermal characterization and gel content evaluation of cured partially biobased epoxy
systems after curing.

First, the efficiency of the curing reaction of all the biobased epoxy systems was evaluated by
gel content estimation using the solvent extraction method. Table 1 shows that high gel content
values in THF were obtained for all the partially biobased epoxy networks indicating that the
synthetized thermosets were effectively crosslinked. No appreciable weight loss was detected

after the solvent extraction.
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Table 2. Thermal stability and gel content of TEEP:DSA and TEEP:DDS partially biobased

€poxy systems.

Sample Gel content Tas% Tapeax  Residual
yield @
(%) O O (°C)
TEEP:DSA 99 295 327 55
TEEP:DDS 99 323 345 58

(a) Residual yield after TGA at 700°C in nitrogen atmosphere

Figure S1 shows the thermograms for both partially biobased epoxies after post-curing. All
degradation temperatures are presented Table 2. The degradation temperatures selected for the
evaluation are at 5 wt.% of weight loss and at the maximum degradation temperature. The
maximum degradation temperature is related with the maximum peak of the derivative of the
weight loss. As can be seen, the thermal decomposition of TEEP:DSA and TEEP:DDS did not
show weight loss higher than 5 wt% at temperatures up to 290 °C. The onset thermal
decomposition of both partially biobased epoxy networks has been ascribed to the chemical
breakage of the methoxy groups from eugenol chains [34]. As can be seen, TEEP:DSA showed a
slightly lower degradation temperature than TEEP:DDS. This behavior can be ascribed to the
presence of less stable disulfide bonds in contrast with C-C bonds [36]. Interestingly, all the
partially biobased epoxy networks begin to degrade above around 100 °C from their
corresponding T,, a good indicative that TEEP:DSA epoxy networks can be reprocessed at high
temperatures. It is a key point for vitrimer applications as covalent adaptable networks triggered
by temperature. On the other hand, all the systems showed high residual yield values after
summit the samples at 700°C. From table 1, it can be pointed out that the thermal stability and

residual yield of the biobased epoxies depend mainly on the phosphorus content [37]. On the
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basis of literature research [34], residual yield of 13.8 wt% has been found for DGEBA:DDS by
means of thermogravimetric analytical curves up to 800 °C under N,, meaning a four times
increment for TEEP:DDS (58 wt%) respect to fossil-based DGEBA:DDS. Hence, these
developed partially biobased epoxy networks are suitable materials for applications where fire
retardant property is required, such as structural materials for acrospace and transportation.
Dynamic mechanical properties of partially biobased epoxy systems.

The stiffness and damping properties of the fully cured partially biobased epoxy networks
were evaluated by torsional dynamic strain experiments in order to follow the temperature
dependence of the storage modulus (G’) and loss tangent (tan 8) of TEEP:DSA and TEEP:DDS.
DMA spectra are shown in Figure 3 (a) and (b). The values of the thermomechanical properties
for each partially biobased epoxy network are summarized in Table 3. The reported mechanical
relaxation temperatures (T,) were taken at the maximum of the tan 6 peak and then associated to
the glass transition temperature (T).

Table 3. Thermomechanical properties of TEEP:DSA and TEEP:DDS partially biobased epoxy

systems.

Sample G’ G’ T, Crosslink density
at 35°C (Pa) at 230°C (Pa) (°O) (mol/cm®)
TEEP:DSA 9.28E8 5.73 E7 192 0.00457
TEEP:DDS 1.24E9 5.75 E7 197 0.00459
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Figure 3. DMA spectra for the storage modulus (G’) (a) and loss factor (tan ) (b) versus

temperature of TEEP:DSA and TEEP:DDS partially biobased epoxy systems.

From DMA spectra, it can be concluded that the stoichiometric formulation used to prepare all
the systems, with a high renewable carbon content of around 70 wt.%, permits the development
of partially biobased epoxy networks with higher T, and comparable stiffness than that of
conventional fossil-based systems. For instance, Odriozola et al. [21] have obtained T, at around
130°C for the fossil-based DGEBA cured with DSA in a stoichiometric weight ratio. The high T,
values in the partially biobased epoxy systems from this work compared with fossil-based
DGEBA cured with DSA are due to a higher oxirane functionality in the TEEP monomer
compared to DGEBA monomer. On the other hand, the value of storage modulus at glassy state
of TEEP:DSA and TEEP:DDS were comparable with the value of DGEBA:DDS found in the
literature [38]. As expected, identical crosslinking density was obtained for TEEP:DDS and
TEEP:DSA due to the similarity in the molar mass, length and chemical architecture of the
dynamic and non-dynamic cross-linkers, this result is in agreement with the gel content reported

for TEEP:DDS and TEEP:DSA in table 2.
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Thermal stress relaxation of disulfide exchange reactions of partially biobased epoxy
systems.

The time-dependent shear stress at various temperatures was monitored for TEEP:DSA and
TEEP:DDS by steady strain experiment using a rheometer in torsion mode. This test was carried
out in order to study the capability of the partially biobased epoxy system cured with the
dynamic crosslinker to be malleable and thermally reprocessed. The evaluated temperatures were
selected in order to be above and below the corresponding T,. This procedure allowed
establishing the appropriate activation temperature and rate of cross-link reorganization in the
dynamic covalent network [39]. It is expected that the disulfide chemical bonds present in the
epoxy network can exchanged efficiently between different positions of the polymer chains at a
specific temperature. For this purpose, the strain was maintained at a fixed value to monitor the
viscoelastic behavior of the material by measuring the thermal stress relaxation with the time.
The Maxwell model for viscoelastic fluids was applied in order to define the stress relaxation
time (t*) for each temperature. The model outlines that the time for stress relaxation is the time
needed for the modulus to fall to 1/e of its initial value, in other words G;/G¢=0.37, where Gy, is
the value of relaxed modulus at a fixed time and Gy 1s the unrelaxed modulus. The Arrhenius
equation was employed to evaluate the minimum energy to start disulfide bond exchange

reactions (Ea), as follow:

E
T *= T, exp (R—i) [3]
where t* is the relaxation time, 19 is the characteristic relaxation time, Ea is the activation

Energy, R is the gas constant and T is the temperature.
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Table 4. Relaxation times (t°), activation energy (Ea), and topology freezing temperature (Tv)

of TEEP:DDA.
Sample T at200°C 1at210°C 1 at230°C  Ea (kj/mol) Tv (°C)
(s) (s) (s)
TEEP:DSA 330 178 37 17.59 158
6.0
1.0 /’/i
Wi o S 55 P

o8l ° i - = o s
~ : T‘E'EFZZ?C | sol R?=0.9949 ) -
™ 06} 210°C — y
3: 200°C E //
o TEéP?;g;C £45F 7

04 —m—230°C /"/ Ea=17.59 kj/mol

_______________________________________________________ P
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Figure 4. Evolution of normalized relaxation modulus, G(/Go, for TEEP:DSA and TEEP:DDS
at different temperatures. The dotted line shows the characteristic relaxation time (a) and

Arrhenius analysis of the characteristic relaxation time t* versus 1000/T (b).

As can be seen from Figure 4 and table 4, the relaxation time of TEEP:DSA decreased with
temperature according to the Arrhenius law (equation 3), confirming the vitrimeric behaviour of
this system with a disulfide bonds exchange activation energy-dependence (Ea) of around 17
kJ/mol (calculated from the slope of the Arrhenius plot obtained from the relaxation times t*at
diff erent temperatures). As a result, the time-dependent shear stress shows a macroscopic flow
without permanent loss of material properties. The observed stress relaxation time was around 37
s at 230°C, corresponding to a fast disulfide bond exchange rate due to an increase in the
segmental mobility at a temperature around 40 °C higher than the T,. The fast stress relaxation

obtained for TEEP:DSA is in the range of the fastest stress relaxation time reported for rigid and
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highly cross-linked materials [REFERENCES]. At 130 °C, temperature bellow the T, of the
system, it was not observed a considerable drop in the modulus even after 3600 s of testing,
because this temperature was not higher enough to induce segmental motions in the epoxy
network and as consequence the disulfide bonds are frozen. This behavior at 130 °C can be
explained with the estimation of the hypothetical topology freezing temperature (Ty) that is the
temperature in which the material experience a transition from solid to liquid due to a bond
exchange reaction in a dynamic network, and this transition is assumed to occur when the
viscosity becomes higher than 10'* Pa.s [REFERENCES]. In this sense, a T, value of around 151
°C (bellow the T,) was theoretically determined by the estimation of t* with the Maxwel
equation (equation 4) and the extrapolation of the Arrhenius’ fitted line at the estimated t*.
n=G.1tx* [4]
where, 1 is the viscosity (10'* Pa.s ), G is the shear viscosity modulus (G=G’/(2(1+ v)), with v

~ 0.5, the Poisson’s ratio and t* is the relaxation time.

The macroscopic flow observed for TEEP:DSA at 230 °C on very short time is a prove that
this partially biobased epoxy can be heat-processable like thermoplastics in order to be reshaped,
healed and even recycled by the welding of fragmented pieces. In addition, an isotherm weight
loss experiment carried out by TGA at 230°C under oxidative air atmosphere during 1h showed a
weight loss of only around 2%. Indicating a good thermal stability during a reshaping, healing
and recycling processes.

On the other hand, it was observed that TEEP:DDS did not show stress relaxation at 230°C,
corroborating that the macroscopic flow was only possible in the epoxy network able to carried

out disulphide exchange reactions.
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Reshaping tests of partially biobased epoxy systems.

To study the reshaping ability of the partially biobased epoxy system containing the dynamic
crosslinker, a flat film of TEEP:DSA was reshaped in order to it takes a new permanent bent-
shape configuration. As can be seen in Figure 5, the TEEP:DSA film successfully changed its
shape after the thermal treatment at 230°C, a temperature above its T, or activation temperature.
This ability can be explained by the thermally induced dynamic exchange reaction of disulfide
bonds that cause the rearrangement of the covalent crosslinked network topographies. For the
shape memory studies to verify the stability of the shape changeability, first, the sample with
“U” bent-shape was flattened at temperature above Ty, and then it was cooled below T, to fix the
temporary flat shape of the film. Afterward, the film was transferred to a heating plate with a
temperature of around 180 °C (T,) to promote the recovery of the “U” bent-shape (permanent
shape after reshaping), the recovery ratio was around 99% (Figure S2). The stability of the

reshaped film was confirmed in a range of temperature between 25 to 180°C.

Bent-shaped sample reprocessing at 230 °C, 1h. . 7

Fastening < L P
» .

w¥ Py
-

Glass cylinder

————

Oven heating to attain thermally U
induced reorganizable networks /’

New configuration at room
temperature after demolding

Teflon surface

——
RT

Hot plate at 180 °C

Flat-shape sample after first curing Bent-shaped sample after New stable configuration
second curing stage

Figure 5. Thermal bent-shaped processing and photograph of the initial and final sample.
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For comparison purposes, a flat film of TEEP:DDS without dynamic properties was reshaped
with the same procedure. In this case, the film totally recovered the original flat shape at
temperatures around the T, of the system (Figure S3), corroborating that the covalent crosslinked
network topographies did not changed and the new “U” bent-shape can only be temporarily fixed
at temperatures below the T,. Another shaping test was carried out by hot pressing fully cured
specimens of TEEP:DSA and TEEP:DDS in order to form a thinner film. It was observed that
just the partially biobased epoxy containing the dynamic crosslinker was able to be reshaped
(Figure S4) while the partially biobased epoxy containing the non-reversible crosslinker was
reduced to dust after the shaping test (Figure S5). In this sense, the occurrence of macroscopic
flow at high temperature, observed in the thermal stress relaxation test, due to the novel dynamic
properties arising from the disulphide exchange reactions is a potential strategy to confer
reprocessable characteristics to biobased thermosetting polymers.

Macroscopic thermal self-healing test of partially biobased epoxy system

To show the ability of developed partially biobased epoxies containing dynamic crosslinker to
be repaired by thermal treatment and as result to increase their efficient lifetime, a scratched
specimen was heated at 230 °C, a temperature above its T, or activation temperature, under

pressure-free condition (Figure 6).
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Figure 6. Thermal self-healing of TEEP:DSA under stress-free condition. The appearance of the
crack depending of repairing time was analyzed at the same site in the sample surface: (a) before

and (b) after treatment. Scale bar of OM images = 500 um.

This treatment stimulates the softening of the polymer by means of the exchange reaction of
disulfide bonds to re-joint the cracked surfaces through the development of new covalent bonds
at the interface of the damage surface. As can be seen from OM evaluation (Figure 6), a
scratched TEEP:DSA surface shows that the crack gradually disappear when it was heated at
230°C during 60 min, indicating the excellent repairing potentials of these novel biobased
epoxies. On the contrary, a scratched TEEP:DDS surface did not show self-healing behavior
(Figure S6). Corroborating that the softening and welding observed for TEEP:DSA was possible

because the disulfide bonds exchange reaction at high temperatures.
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Recycling test of partially biobased epoxy systems

Here, we demonstrated that fragmented pieces of TEEP:DSA can be potentially welded by a
simple hot pressing process at 230 °C to form a new manufactured material. In addition, the two
re-connected pieces presented a good adhesion after manual bending (Figure 7). For comparison
purpose, fragmented pieces of TEEP:DDS were submitted to the same recycling process as
TEEP:DSA. Nevertheless, it was observed that after treatment the biobased epoxy cured with the
non-reversible crosslinker was completely cracked in small pieces (Figure S7). This result
confirms that the introduction of dynamic properties in the partially biobased epoxy permit the
welding of the two surfaces because novel crosslinked bonds can be created across the interface
(bridges) of the pieces when they are brought into contact by hot pressing. This welding
capability of TEEP:DSA by hot pressing without the need of an external adhesive can allow
promising recycling applications by transforming its plastic waste to potential raw materials.

Interfacial welding induced by disulfide exchange reaction during hot pressing

contact

Hot pressed

\ J i

Y 7 =
Good cohesion between welded surfaces

welding

Figure 7. Cutting (a) and welding by hot pressing of TEEP:DSA at 230°C (b). The sample was

manually bent to show the good cohesion between the welded pieces (c).

Conclusions
In this work we successfully synthesized a sustainable dynamic thermoset with high renewable

carbon content based on epoxidized eugenol oil crosslinked with an aromatic diamine containing
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disulfide functional groups. The dynamic eugenol-derived epoxy, TEEP:DSA, revealed
comparable stiffness and higher T, values than that fossil-based DGEBA. Thermal stress
relaxation of TEEP:DSA confirmed the associative crosslink exchange reactions by means of
disulfide bonds rearrangement at high temperatures.

It was demonstrated that the proposed strategy of integrating dynamic covalent crosslink in the
eugenol-derived epoxy provides highly promising reshaping, self-healing and recycling
capabilities. Such a sum of properties is not obtained with conventional thermosets, suggesting a
way to increase eugenol-based epoxies lifetime and prevent their waste disposal into the
environment. As result, contribute achieving the EU Product Policy Framework of the Circular
Economy targets.

Dynamic networks based on eugenol-derived epoxies are very interesting for sustainable fields
in e.g., coating and structural systems, for a large range of applications such as transportation,
aerospace and building. However, the applicability of TEEP:DSA needs to be now fully
demonstrated in real situations by the quantitative evaluation of the recycling and self-healing

efficiency in terms of its mechanical properties after several processing cycles.
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