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ABSTRACT: The development of this work lies in the relevant
interest in epoxy resins, which, despite their wide use, do not meet

Y/

the requirements for sustainable materials. Therefore, the proposed {

approach considers the need to develop environmentally friendly + Q =9 D5
systems, in terms of both the starting material and the synthetic O'B:j\‘ S i @
method applied as well as in terms of end-of-life. The above issues S & a3l1l
were taken into account by (i) using a monomer from renewable 515

sources, (ii) promoting the formation of dynamic covalent bonds, J %m

allowing for material reprocessing, and (iii) evaluating the Foe
degradability of the material. Indeed, an epoxy derived from n 8095 )

cardanol was used, which, for the first time, was applied in the
development of a vitrimer system. The exploitation of a diboronic
ester dithiol ([2,2'-(1,4-phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane], DBEDT) as a cross-linker allowed the cross-linking
reaction to be carried out without the use of solvents and catalysts through a thiol-epoxy “click” mechanism. The dynamicity of the
network was demonstrated by gel fraction experiments and rheological and DMA measurements. In particular, the formation of a
vitrimer was highlighted, characterized by low relaxation times (around 4 s at 70 °C) and an activation energy of ca. 48 kJ/mol.
Moreover, the developed material, which is easily biodegradable in seawater, was found to show promising flame reaction behavior.
Preliminary experiments demonstrated that, unlike an epoxy resin prepared from the same monomer and using a classical cross-
linker, our boron-containing material exhibited no dripping under combustion conditions, a phenomenon that will allow this novel
biobased system to be widely used.

1. INTRODUCTION temperature, vitrimers behave as thermosets, while the reaction
(e.g, transesterification) activates polymer relaxations when
heated to a temperature above the topology freezing
temperature (T,).”~" Their mechanical and self-healing
properties as well as the relative T, and T, values can be
predicted by studying vitrimers through the use of computa-
tional methods such as Monte Carlo and molecular dynamics
simulations.”™"" As underlined by Perego et al., the relaxation
process in vitrimers is very complex and, besides temperature,
was shown to depend on several parameters, such as the
presence and the nature of a catalyst, bond-exchange kinetics,
the monomers’ structure, the dynamics of the network, and the
characteristics of the molecular linkers used in linker-mediated
vitrimers.'® In systems where a fast exchange reaction occurs
between different units, a “diffusion-limited” dynamic

Epoxy resins represent an important class of thermosets that
are widely used in various fields such as automotive, aerospace,
transportation, buildings, household, electronic and electrical
equipment, etc., thanks to their excellent dimensional and
thermal stability, mechanical strength, creep resistance,
electrical insulation, and chemical resistance.”” However, the
permanent cross-linked structures of the material limit its
ability to degrade and recycle, resulting in an increasing
amount of chemical waste and significant environmental
pollution.” A recent solution to this important challenge is
based on the introduction of dynamic covalent bonds into the
networks of epoxy resins, which has proven to be a valid
method for producing reprocessable and functional epoxy
thermosets.”*

Indeed, in a pioneering work, this novel concept was applied

to the development of epoxy-based materials by introducing Received:  September 27, 2023
transesterification catalysts into epoxy/acid or epoxy/anhy- Revised: ~ November 22, 2023
dride polyester networks to form the so-called vitrimers.” In Accepted:  November 23, 2023

general, vitrimers are cross-linked networks containing Published: December 21, 2023

dynamic covalent bonds, the cross-linking density of which
remains unchanged when reactions take place. At low

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c07459

v ACS Publications 1242 ACS Omega 2024, 9, 1242-1250


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+Ferretti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giacomo+Damonte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Cantamessa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rossella+Arrigo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Athanassia+Athanassiou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arkadiusz+Zych"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arkadiusz+Zych"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+Fina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Orietta+Monticelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c07459&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07459?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07459?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07459?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07459?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07459?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c07459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

relaxation type takes place; i.e., the rate-determining step of the
relaxation process is related to the mobility of the network,
which in turn affects the ability of the groups giving exchange
reactions to meet. Conversely, in the cases where particularly
slow bond-exchange reactions occur, a relaxation phenomenon
of the “chemically limited” type occurs, ie, where the
relaxation process is precisely limited by the kinetics of
exchange between the reactive groups. In particular, epoxy-
based vitrimers, classified according to the exchangeable bonds
and reactions in their cross-linked networks, are generally
based on disulfide bonds'>"* and the corresponding disulfide-
exchange reaction,”’ imine bonds'* and the corresponding
transamination and imine metathesis, siloxane equilibra-
tion,"”'® and on ester bonds and the corresponding trans-
esterification,”” ' with the latter approach being the most
commonly used. Indeed, in order to accelerate the exchange
reaction in epoxy/acid and epoxy/anhydride systems, zinc
acetate,””"'® zinc acetylacetonate,lg triazabicyclodecene,20’21
and other transesterification catalysts were used, which,
although added in limited amounts, can introduce a potential
toxicity risk and reduce the thermomechanical stability of the
material. On this basis, the use of the catalyst is a relevant
drawback that was attempted to be solved by introducing
hydroxyl groups and tertiary amine groups to activate the
exchange of dynamic bonds in the preparation of epoxy
vitrimers with a catalyst-free transesterification mechanism.”>**
Therefore, the use of boronic esters as cross-linkers is of great
interest since they can be used in the preparation of dynamic
networks without the use of catalysts owing to their ability to
introduce bond exchange through transesterification and
metathesis reactions characterized by very low activation
energies.””** In particular, among this class of compounds, the
exchange property of the five-membered cyclic dioxaborolane
unit, which can be easily obtained from the condensation of
differently substituted boronic acids and diols, is particularly
useful and they were used in several systems due to their good
chemical and thermal stability. Indeed, in a pioneering work,
Rottger et al. proposed an innovative approach to prepare
vitrimers from thermoplastics by copolymerization or grafting
of ad hoc prepared dynamic dioxaborolane-containing cross-
linkers to the polymer chains.”® By exploiting the same
concept, Ricarte et al. developed polyethylene-based vitrimers
in a melt extrusion process by grafting a dioxaborolane
bismaleimide derivative dynamic cross-linker in different molar
ratios onto polyethylene chains. Significant differences in both
crystallinity and rheological properties were highlighted for
these systems compared to the starting polymer.””*"

Another important challenge in the development of these
materials, related to the increasing concern about the reduction
need of nonrenewable fossil fuels and environmental issues, is
the production of biobased epoxy resins.”” Indeed, recently,
the preparation of epoxy vitrimers from renewable sources was
considered as this approach counteracts both fossil resource
and CO, emission depletion. In particular, Yang et al
described a biobased vitrimer curing epoxy soybean oil and
fumaropimaric acid preparation, which showed a T, and tensile
strength of 65 °C and 16.0 MPa, respectively.’’ Epoxidized
soybean oil in the acrylated form was also applied by Zych et
al., who produced a vitrimer system by thiol—acrylate coupling
between the oil and a diboronic ester dithiol.”" Tung oil-based
triglycidyl ester and citric acid were used by Xu et al. to
develop a biobased epoxy vitrimer, characterized by good self-
healing, recyclability, and shape memory properties.32 More
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recently, biobased and recyclable epoxy vitrimers were
prepared from ferulic acid-derived epoxy resin, ferulic acid-
based hyperbranched epoxy resin, and citric acid without using
a catalyst. For the final formulation, an activation energy and a
relaxation time at 140 °C of 58 kJ/mol and 45 s, respectively,”
was reported. Concerning composite vitrimers, Liu et al.
reported the preparation of carbon fiber-reinforced biobased
epoxy vitrimers and described that the regenerated-carbon
fiber-reinforced composites exhibited insignificant differences
with respect to the composites reinforced with virgin fibers,
even after multiple recoveries.”® In the same field, carbon
nanotubes were combined with biobased epoxy vitrimers cured
with cashew nutshell liquid and citric acid,” and the developed
nanocomposite vitrimers demonstrated good anticorrosion
performance on a steel substrate.”

In this work, considering the potential of biomaterials for the
development of novel vitrimer systems, a cardanol-based
epoxide was investigated. With the aim of preparing these
materials without the use of solvents, a cross-linker, namely,
[2,2'-(1,4-phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane]
(DBEDT), was used, which is potentially capable of forming
bonds between thiol and epoxide by a kind of “click” reaction
that can be efficiently carried out under relatively mild and
solventless conditions, proceeding with high conversion and
without the use of catalysts (Figure 1).**"** The novelty of this

~ DBEDT

o- OE_O
s

EC/DBEDT
vitrimer

Figure 1. Scheme of the cardanol-based epoxy (EC) cross-linking
reaction.

work is not only the particular type of compound used but
also, among other properties, the behavior of flame retardancy,
which is not usually studied for this recent class of materials.

2. EXPERIMENTAL SECTION

2.1. Materials. Cardanol-based epoxy (GX-2551, Figure
1), termed EC, was provided by Cardolite Corporation (USA).
EC was characterized by a viscosity at 25 °C of 102 cP, while
the epoxy equivalent weight was 170 g/g equiv epoxy. Pripol
1006, dimer acid hydrogenated was provided by Croda
Coatings & Polymers (acid value 196 mg KOH/g). Benzene-
1,4-diboronic acid, 1-thioglycerol (97%), ethanol (EtOH,
96%), and anhydrous toluene (99.8%) were purchased from
Merck and used as received unless otherwise stated. The cross-
linker, namely, [2,2’-(1,4-phenylene)-bis[4-mercaptan-1,3,2-
dioxaborolane] (DBEDT), was prepared by following the
procedure previously reported.’

2.2. Epoxy Cross-Linking Procedure. Both reagents,
DBEDT and EC, were kept in a desiccator for 48 h prior to be
use. DBEDT, which is a fairly coarse powder, was finely ground
to improve mixing with EC. The stoichiometric ratio between
the reactants was chosen to be 1:1 based on the reactive
groups. Epoxy cross-linking was performed in two steps. In the
first step, EC was added to a 250 mL flask, equipped with a
mechanical stirrer, that had previously been heated to 50 °C in
a silicone oil bath. This procedure was used to reduce the

https://doi.org/10.1021/acsomega.3c07459
ACS Omega 2024, 9, 1242—-1250
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Figure 2. (A) FT-IR spectra of (a) neat mixture EC—DBEDT and (b) thermally treated EC—DBEDT mixture (EC—DBEDT_T). (B) Scheme of
the “click reaction” between EC and DBEDT. (C) Photos of left neat EC-DBEDT_T and right swollen EC-DBEDT_T in anhydrous toluene.

viscosity of the reagent and ensure better mixing. DBEDT was
then added to the flask, and the system was stirred for 10 min,
during which time it changed from an initially pasty system to
a whitish liquid. The actual curing reaction took place in the
second phase, in which the mixture was poured into special
silicone molds and placed in an oven at 150 °C for 24 h. The
same procedure was used to prepare a sample cross-linked with
Pripol 1006.

2.3. Characterization Measurements. Fourier transform
infrared (FT-IR) spectra of the prepared samples were
recorded in ATR from 400 to 4000 cm™' using a Bruker
“Vertex 70”.

Differential scanning calorimetry (DSC) measurements were
performed with a Mettler Toledo calorimeter (DSC1 STARe
System) calibrated with high-purity indium and operated
under a flow of nitrogen. The weight of the samples was about
S mg, and a scanning rate of 10 °C/min was employed in all
the runs. The samples were heated from 25 to 200 °C, then
cooled down to —100 °C, and finally heated up again to 200
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°C. The reported glass transition temperature (Tg) value was
defined as the midpoints of the sigmoidal curve and maxima of
the endotherms, respectively.

Thermal gravimetric analysis (TGA) was performed using a
STARe System Mettler thermobalance under a flow of
nitrogen or air of 80 mL/min. The weight loss of the samples
(having initial masses of ca. 10 mg) was measured from room
temperature to 800 °C at a heating rate of 10 °C/min.

The gel fraction (GF %) and swelling ratio (SR %) were
evaluated using anhydrous toluene, a solvent capable of
dissolving both the mixture reagents. For this purpose, about
70 mg of the samples were accurately weighed and contacted
with 3 mL of anhydrous toluene for 24 h. The samples were
then collected and first dried for 6 h at 25 °C and atmospheric
pressure and then stored in an oven at 30 °C for 24 h under
vacuum to completely remove the solvent.

The samples were weighed, and the GF % was calculated
using eq 1.

https://doi.org/10.1021/acsomega.3c07459
ACS Omega 2024, 9, 1242—-1250
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GF %=M,/M,x100 (1)
where My is the weight of the dried sample and M, is its initial
weight.

To calculate SR %, the samples were weighed after 24 h of
contact with toluene anhydrous, and eq 2 was applied.

SR %=(M, ., — M,)/M,;x100 @)
where M, is the weight of the swollen polymer and My is the
weight of the dried sample.

Recycling tests were performed on specimens 1 cm in
diameter and 1 mm in thickness. The specimens were divided
into fragments and placed in a brass mold of 3.0 X 3.5 cm?® and
a depth of 250 pm and then pressed for 15 min at 3 MPa and
120 °C.

Dynamic mechanical thermal analysis (DMTA) was carried
out on bars (cross-section 6 X 1 mm? 30 mm length) obtained
from compression-molded plates in tensile mode on a TA
Instruments Q800. 2 °C/min heating rate was applied from
room temperature up to 180 °C at 1 Hz frequency in strain-
controlled mode, deformation amplitude at 0.05% and 0.01 N
preload. Samples were conditioned at 23 °C and 50% of
relative humidity for at least 48 h before analyses.

Rheological analysis was carried out on a TA Instruments
ARES rheometer operated with a 25 mm parallel plate
geometry and 1 mm thickness samples. Dynamic frequency
sweep tests were carried out to determine G’, G”, and complex
viscosity (17*) between 0.1 and 100 rad/s at 1% strain (linear
viscoelasticity) under isothermal condition, in the range
between 120 and 210 °C. Isothermal relaxation tests were
also carried out at 1% strain. Stress G(t) is reported normalized
on GO, ie, the stress recorded at t = 0.1 s to get rid of
instrumental transient at the start for the relaxation test.
Rheological tests were performed with a nitrogen flux to avoid
hydrolytic degradation.

Flammability test was performed in a horizontal config-
uration by the application of a 20 mm blue methane flame for
10 s on 3 X 1 X 30 mm?® specimens. During combustion, the
formation of molten incandescent polymer drops was
evaluated.

The biodegradability of the samples was evaluated by
biochemical oxygen demand (BOD), which can be easily
determined by monitoring the oxygen consumption in a closed
respirometer. Specifically, approximately 200 mg of the sample
was added to 432 mL of seawater as the sole carbon source.
The seawater was chosen to mimic real environmental
conditions. Indeed, it already contains microbial consortia
and saline nutrients required for their growth. The experiment
was conducted at RT in dark glass bottles with a volume of 510
mL, hermetically closed with an OxiTop measuring head. A
CO, scavenger was added to trap carbon dioxide produced
during biodegradation, and biotic consumption of oxygen
present in the free volume of the system was measured as a
function of pressure drop. Samples were tested in duplicate.
Raw data of oxygen consumption (mg O,/L) were corrected
by subtracting the mean of blank values, obtained by
measuring seawater oxygen consumption in the absence of
test material. After this subtraction, the values were normalized
to the mass of each sample and referred to 100 mg of material
(mg 0,/100 mg).
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3. RESULTS AND DISCUSSION

The comparison of the FT-IR spectra of the mixture of the
neat cardanol-based epoxy resin (EC) and DBEDT and the
same mixture subjected to a heat treatment at 150 °C for 24 h
(EC—DBEDT_T), shown in Figure 24, served to confirm the
occurrence of the cross-linking reaction. The above curing
temperature was chosen to promote the cross-linking but limit
the thermal decomposition of the material. In both spectra, the
presence of the boronic acid ester is evidenced by the
stretching of the B—O and the B—O—B bonds at 1211 and 655
cm™!, respectively, belonging to DBEDT.* In addition, the
signals at 2925 and 2853 cm™' can be attributed to the
asymmetric and symmetric stretching of the C(sp®>)—H bonds,
respectively. Apart from the bands mentioned above, which are
present in both the neat and the treated mixture, some
differences are visible. A first observation refers to the
broadened band in the thermally treated mixture, in the
range between about 3100 and 3700 cm™!. This signal,
associated with the stretching of hydroxyl groups, can be
attributed to the formation of hydroxyl functionalities
originating from the reaction between thiol groups and
epoxides (Figures 2B and S1).*°73%%

Moreover, it was found that the signal visible in the neat
mixture at 910 cm™', which can be attributed to the epoxide
groups,*' disappears in the treated EC-DBEDT (see the inset
of Figure 2A). The above finding is also indicative of the
occurrence of the reaction between EC and DBEDT under the
applied conditions, which is shown in Figure 2B.

To support the formation of a three-dimensional network, a
GF test was performed in anhydrous toluene after checking the
solubility of the starting reagents in this solvent. Figure 2C
shows the photographs of the starting sample and the material
after 24 h in contact with the solvent. It is worth mentioning
that this test allowed the evaluation of gel content (GF %) and
SR %, which were 99% and 188%, respectively. These findings,
together with the results of FT-IR characterization, prove a
complete yield and effective cross-linking of the material owing
to the reaction between EC and DBEDT (Figure 2B). It is
worth underlining that variable GF % was previously reported
for epoxy-based vitrimers. For example, vitrimers prepared
from sebacic acid and diglycidyl ether of bisphenol A, with zinc
acetylacetonate as the catalyst for the exchange reaction,
reached a GF % of about 80% at a temperature and time
comparable with those used for the preparation of our material,
ie, 160 °C and 24 h.*” In the case of epoxidized soybean oil-
derived vitrimers, prepared using 4,4’-dithiodiphenylamine as a
curing agent and a curing time of 20 h and 160 °C of curing
temperature, a GF % of only 54% was obtained.” In this case,
the GF could be increased only by increasing the temperature
and curing time. Nevertheless, at 180 °C and with a curing
time of about 28 h, a maximum value of about 80% was
achieved. Comparing these results with the GF % value
obtained in our work, it can be concluded that the cross-linking
system used is extremely effective and allows complete cross-
linking without the need to further increase the temperature.
This limits problems related to the stability of the material and
to secondary reactions and makes the preparation procedure
more easily scalable. Moreover, it can be deduced from the
photo of the swollen sample that the high degree of swelling is
associated with the retention of the shape of the sample, which
is a typical feature of vitrimer systems."

https://doi.org/10.1021/acsomega.3c07459
ACS Omega 2024, 9, 1242—-1250
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The glass transition temperature of the cured mixture was
studied by comparing the DSC traces of neat EC and EC—
DBEDT_T (Figure 3a and Table 1). In contrast to the starting

= 100

s |[o1ug @ | = (b)
2 = 80

o o

X 7]

= E

= 8

3 x 20

I

25 0 25 50 75 100 150 300 450 600 750

Temperature [°C] Temperature [°C]

Figure 3. (a) DSC traces of blue EC and orange EC-DBEDT _T. (b)
TGA curve of blue EC and orange EC-DBEDT_T.

Table 1. Thermal Properties of the EC and EC_DBEDT T*“

Ty [ Tonset [° Tamaxt [© Tmag [° residual weight
sample code &] C] C] CJ [ %]
EC 277 350 439 0
EC-DBEDT_T 45 304 364 438 15

“Tonset and Ty, indicate the onset of the degradation temperature at a
weight loss of 5% and the maximum rate of degradation temperature,
respectively.

cardanol-based epoxy sample, which showed no signal in the
range from —25 to 100 °C, the cured mixture exhibited a glass
transition temperature (Tg) of 45 °C, reflecting the relatively
high mobility of alkylic chains in cardanol. This finding
confirms the formation of macromolecular chains during the
cross-linking reaction.

The thermal stability of EC-DBEDT T and neat EC was
studied by TGA analysis at a heating rate of 10 °C/min under
a nitrogen atmosphere. The TGA curves of the analyzed
samples are shown in Figure 3b, while the results are
summarized in Table 1, where the onset decomposition
temperature (T,,.) and the temperature of the maximum rate
of decomposition (T,,,) as well as the residual weight are also
given. Both EC and EC—DBEDT _T showed two degradation
steps characterized by different T,,,. As previously reported in
the literature, the first weight loss step can be attributed to the
breakdown and volatilization of the EC chains, while a higher
stability fraction is decom4posed at a higher temperature in the
second weight loss step.””* It was found that the material
cross-linking slightly affects the T and Ty, correspond-
ing to the first degradation step, T, going from 277 to 304
°C and T,,,,; from 350 to 364 °C for EC and EC-DEBDT T,
respectively. While the starting epoxy did not show any residue
at high temperatures, it is relevant to underline that the
degradation of the cross-linked material leads to the formation
of a significant residual weight (about 15%). This suggests a
partial charring of the cross-linked polymer, in competition
with its volatilization, possibly related to the action of the
boronic compound, as boron is a well-known charring
promoter, which is expected to positively affect the perform-
ance in the reaction to a flame exposure.””*” TGA analysis was
also performed under an oxidizing atmosphere, in air, and the
results are shown in the Supporting Information (Figure S2).
The TGA profile of EC shows three weight loss steps. Indeed,
in addition to the two steps previously observed in an inert
atmosphere, it appears that the presence of oxygen promotes
the formation of a limited amount of a carbonaceous phase
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upon the main decomposition steps, yielding approximately
10% residue at 400 °C, which is subsequently oxidized leading
to a negligible residue above 600 °C. On the other hand, EC—
DBEDT_T decomposes, yielding 40% of charred residue at
400 °C, which is then progressively decomposed by oxidation
at higher temperature, still retaining approximately 15% of the
initial weight at 750 °C. The porous char residue recovered
after TGA in air was analyzed by means of FT-IR (Figure S3).
The presence of several bands at 3190, 1406, 1192, 705, and
638 cm™' in the spectrum, which can be attributed to the
stretching of B—OH bonds and tri- and tetracoordinated B—O
units, is consistent with the presence of boron oxide,** ™" thus
supporting the role of boron compounds in the organization of
a stable charred residue.

Viscoelastic properties for EC-DEBDT T were studied as a
function of the temperature by dynamic mechanical analysis
and oscillatory rheology to investigate the relaxation dynamics.
DMTA (Figure 4) exhibits the peak of main chain relaxation
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Figure 4. DMTA results (storage modulus, tan &, and length as a
function of temperature) for EC—-DBEDT _T.

(T,) at approximately S6 °C, taken as the maximum of tan §,
in fair agreement with the glass transition temperature
measured in DSC. Above the main relaxation, a rubbery
state is observed, with storage modulus in the range of a few
megapascals. Indeed, the rubbery state does not produce a
stable plateau but rather a slowly decreasing curve, ranging
between approximately 4 MPa at 80 °C and 2.5 MPa at 180
°C. This decreasing trend appears to be related to the
elongation of the sample, which is higher than that for
expected linear thermal expansion. This suggests that the
sample is actually starting to flow under its own weight under
the testing condition, which represents a first evidence of its
fast relaxation above T,.*'

To further investigate the viscoelastic properties at higher
temperatures, plate—plate oscillatory rheology was carried out.
In Figure Sa, storage modulus (G’) and loss modulus (G”) are
reported as a function of frequency at different temperatures.
The shape of G’ reflects the relaxation of the system at low
frequencies, which becomes faster at higher temperatures, as
shown by the increasing slope of the G’ plot in the low-end
frequency range. Furthermore, the crossover between G’ and
G” shifts toward higher-frequency values with increasing
temperature, namely, at 0.6, 1.2, 2.6, and 6.6 rad/s for 120,
150, 180, and 210 °C, respectively. This confirms that the
material shifts toward a dominant viscous behavior with
increasing temperature.
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reaction.

These observations were further confirmed by the viscosity
plots (Figure Sb), which show a progressively more defined
Newtonian plateau with increasing temperature. As the
relaxation of a covalent associative network depends on the
dynamics of bond exchanges, stress relaxation tests were also
carried out, and relaxation times (Figure 6a) were used to
calculate the apparent activation energy for the relaxation,
according to Arrhenius plots (Figure 6b). The results reported
in Figure 6a showed very short relaxation times in the range of
a few seconds in the temperature range between 70 and 130
°C, suggesting bond exchange to be effective for the network
relaxation as soon as cooperative movement of the macro-
molecules is possible, ie., just above the T, The calculated
activation energy is approximately 48 kJ/mol, which is in the
same range as the previously reported systems based on the
boronic ester metathesis exchange reaction (Figure 6¢).”*'

1247

The observed extremely rapid stress relaxation behavior can be
explained by considering the high segmental mobility of the
macromolecular chains above T, and the very fast kinetics of
the exchange reactions.

Since recyclability is one of the main advantages of vitrimers
over conventional epoxy resins, this property was tested for the
system developed in this work. Indeed, the above feature meets
the recent demand for circular economy since recycled
materials can be reintroduced in the market and reduce both
waste and the need for raw materials. To demonstrate
recyclability, the developed films were first fractured into
small pieces, which were subsequently collected in a
rectangular-shaped mold, where hot pressing was applied.
The test was performed under a pressure of 3 MPa, which is
rather low compared to the pressure normally used for tests
with similar systems.40 After hot pressing at 150 °C for 15 min,
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i.e, the same temperature as that for curing, the fractured
pieces were reassembled again into a film (Figure 7a).
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Figure 7. (a) Photo of the broken sample and recycled film. (b) TGA
curves of the black neat EC—DBEDT_T sample and orange EC—
DBEDT_T after the recycle step. (c) FT-IR curves of the black neat
EC—-DBEDT_T sample and orange EC-DBEDT_T after the recycle
step. (d) BOD of EC (blue)) EC-DBEDT_T (orange), and
microcrystalline cellulose (biodegradable reference) (gray).

This phenomenon indicates that sufficient bond exchange
and chain interpenetration had occurred among the broken
pieces. In addition, the TGA curves (Figure 7b) and the FT-IR
spectra (Figure 7c) for the recycled films coincide well with
those of the neat films, indicating that the chemical structures
were maintained after the recycling processes.

The biodegradability of cardanol-based vitrimer was tested
in the marine environment by BOD analysis (Figure 7d),
comparing the behavior of EC-DBEDT_T with that of EC
and microcrystalline cellulose, a well-known biodegradable
material. The biodegradation of EC—DBEDT_T was first
detected after 22 days of immersion with seawater, and within
1 month, BOD reached a value of 1.3 mg O,/100 mg.
Conversely, the biodegradation of the starting cardanol-based
epoxy, EC, was detected much earlier (12 days) and showed a
higher value of 5.4 mg O,/100 mg at the end of the test (30

days). The initial delay in the biodegradation of the vitrimer
described above can be ascribed to its cross-linked structure
and the fact that boronic ester bonds must be hydrolyzed
before biodegradation can occur. Nevertheless, it is relevant to
underline that after 30 days, the vitrimer sample reached a
BOD value of 1.6 mg O,/100 mg, which is similar to that of
the reference material, namely, the microcrystalline cellulose.
The comparison of the behavior of our material with that of
other systems based on cardanol derivatives is not straightfor-
ward since degradation depends specifically on the type of
compound used as well as on the degradation procedure
applied. For example, the biodegradability of cardanol-based
compounds used as plasticizers of poly(vinyl chloride) was
found to be higher than that of cardanol when actlvated sludge
was used as microbial biomass for the test,”' proving the
tendency of the above-mentioned materials to be easily
biodegraded. Moreover, the results obtained with our materials
are very interesting as they show that the incorporation of a
cardanol-based compound into a dynamic network based on
hydrolyzable boronic esters does not limit its ability to
decompose under environmental conditions.

Another interesting property of the developed materials that
was evaluated was their flammability behavior. In particular,
the behavior of the vitrimer was compared with a permanently
cross-linked system prepared with a conventional cross-linker,
i.e, Pripol 1006. Figure 8 shows snapshots of the test
specimens during combustion. These preliminary results
indicated a significant difference between the two materials.
While the vitrimer film burned without dripping, leaving a
significant charred residue on the tongs, the combustion of
Pripol-based epoxy led to significant dripping with no residue.
As dripping is correlated with flame propagation in a real fire
scenario, stopping the detachment of inflamed parts of the
specimen is indeed interesting and may be attributed to the
charring induced by the boron-based compounds, as suggested
by TGA and FT-IR analysis, which are known to be potentially
active flame retardants for polymers and for epoxy resins in

: 52-55
particular.

4. CONCLUSIONS

In this work, a vitrimer system was developed by using a
reagent from renewable sources as well as an environmentally
friendly manufacturing process that does not require catalysts
or solvents, is easily scalable, and could be applied to other

o

"
N

Figure 8. Photos of the combustion of (a) vitrimer EC-DBEDT T and (b) Pripol-based resin.
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types of epoxy-based compounds. The network prepared,
starting from a cardanol-derivative epoxy, is characterized by
very short relaxation times due to the rapid boronic ester
metathesis exchange reaction. The above feature allowed the
vitrimer to be easily thermomechanically recyclable, with its
thermal and chemical properties remaining unchanged after
the recycling process. Moreover, the developed vitrimer shows
an interesting combustion behavior, burning without dripping,
a phenomenon that can be attributed to the presence of boron-
based compounds in the network.

The biobased nature of the starting epoxy, the environ-
mentally friendly and easily scalable production method, the
recyclability and seawater biodegradability, as well as the
flammability behavior make the materials developed in this
paper extremely promising for practical applications where
fully circular end-of-life products are required.
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