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Renewable flavonoid and phlorotannin extracts were used as building blocks to synthesize biobased tris-
epoxy monomers and further to design and develop sustainable thermosetting resins. The triglycidyl
ethers of phloroglucinol and naringenin were combined and crosslinked with a series of anhydrides, four
of them being bio-based. The thermosetting resins’ reactivity has been studied, as well as the influence of
the chemical structure of anhydride crosslinkers allowing us to obtain highly crosslinked networks with
high performance. The designed thermosets show high glass transition values (134-199 °C), high storage
moduli at 25 °C (2.7-3.5 GPa), and high crosslinking densities and gel content (>99%). These polyaromatic
thermosets are characterized by high mechanical strength and toughness (Young's moduli ~1.26-1.68
GPa), and they proved to be high heat-resistant materials (LOl ~28-33%). The sustainability aspect could
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be related to a particularly important feature of these thermosets, their ability to be chemically recycled
by bond exchange reactions. Therefore, the polyaromatic thermosets developed in this study demonstrate
important characteristics recommending them as environmentally friendly alternatives to petroleum-
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Introduction

The continuously increasing price of oil and its volatile avail-
ability, as well as the global political trends regarding manda-
tory CO, emission regulations in Europe, are putting pressure
on researchers and industries to develop a sustainable
economy.”” If we look at polymer applications, the majority of
the most used ones (polyolefins for everyday use: PE, PP) or the
most performing ones (high industry grade) were discovered
almost a hundred years ago. This is also the case for the epoxy
resins discovered by P. Castan in 1940, one of the most commer-
cially used thermosets with excellent properties and a myriad of
applications.®™® These resins have small flaws such as their brit-
tleness and recently, they have shown some negative impacts on
the environment due to the bisphenol A used in their synthesis,
which is reported to be an endocrine disruptor,® classified as
carcinogenic, mutagenic and reprotoxic (CMR), and thus pro-
hibited in many countries.” Despite the fact that there are
numerous studies reporting the use of renewable resources
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based epoxy resins used in various industries such as civil, automotive, marine, aerospace, and space.

(vegetable oils, tannins, lignin, catechins, terpenes, cardanol
and rosins) in the development of epoxy polymers, at the indus-
trial level, only epoxidized vegetable oils and modified cardanol
are commercially available.®° Bio-based epoxy polymers with
aromatic units, however, have shown high performances and
are therefore the main sustainable candidates for the disposal
of DGEBA-based polymers." " The intensive use of thermoset
resins increased environmental concerns, as the common ther-
mosets generally do not have the recycling and reforming
characteristics of thermoplastics.'*

The main goal of this work was to develop high perform-
ance materials with a high content of aromatic units and high
functionality, using natural and renewable polyphenolic syn-
thons such as naringenin and phloroglucinol. Naringenin
belongs to a subclass of natural flavonoids named flavanones,
mainly found in the peel and pulp of vegetables, citrus fruits,
cherries, tomatoes, etc.'> The pharmacological and curative
activities of naringenin on human health have been intensively
studied showing a multitude of beneficial effects, such as anti-
carcinogenic, anti-estrogenic, anti-atherosclerotic, anti-dia-
betic, anti-viral, anti-bacterial, etc."®™*® Complementary to its
applicability in the medical field, naringenin is also used in
perfumery and cosmetics. In the domain of materials, there
are only very few studies reporting the use of naringenin.'®™
Very recently, Du et al'® have developed bio-epoxy resins
based on daidzein, naringenin, and luteolin. To our knowl-
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edge, this is the single study showing the synthesis of
materials with high T, and thermal stabilities starting from
flavonoids. The mechanical properties (T, = 151 °C), thermal
stability (Tse, = 302 °C), and fire retardancy (LOI = 22.7%) of
the produced bio-based epoxy resins were characterized and
compared with those of DGEBA, demonstrating that the pro-
perties of the developed resins were significantly superior to
those of the reference. Latos-Brozio et al.>® crosslinked narin-
genin with glycerol diglycidyl ether (GDE), with the obtained
poly(naringenin) exhibiting good oxidation resistance as well
as a thermal stability of about 100 °C (Ts.,). The antimicrobial
properties of these materials were demonstrated. Due to these
characteristics, as well as the ability to reduce free radicals and
Cu*" ions, the authors showed that poly(naringenin) can be
used in the development of environmentally friendly materials
or packaging with antimicrobial properties. A naringenin-
based thermoset with modular recycling capabilities as well as
shape memory behaviour was developed by Oh et al.>* by nar-
ingenin epoxidation followed by its copolymerization with poly
(ethylene glycol)-diacid. The obtained material showed an
elastic modulus of about 40 MPa, a value close to that of articu-
lar cartilage or rubber. Also, in addition to selectively absorbing
water by swelling >400%, it rapidly restored its initial shape (in
response to heat and water) after physical deformation and was
chemically recycled by transesterification. Although naringenin
has started to gain interest in the field of polymeric materials,
to date, this natural compound has not yet been combined with
any other natural polyphenol to produce recyclable high func-
tional performance grade materials.

Phloroglucinol (1,3,5-trihydroxybenzene) is the main com-
ponent in polyphenolic compounds such as phlorotannins
extracted from non-vascular plant tannins such as marine
brown algae (Ecklonia Cava) or the bark of fruits, but can also
be chemically synthesized from benzene.>* Over time, phloro-
glucinol has been studied in the medical field as a bioactive
compound.>***> Recently, phloroglucinol was used to generate
monomers in various applications as fire retardant additives,*®
coatings,”” thermosetting materials,”®>° absorbents®"**> and
electrode® materials.

In this study, the two natural and renewable polyphenolics,
phloroglucinol and naringenin, one monoaromatic and the
other polyaromatic, were selected and glycidylated to obtain
bio-based aromatic tris-epoxy monomers. These monomers
were then combined to design recyclable and highly functional
thermosets with a high content of aromatic moieties. These
networks were designed to exhibit high performances suitable
for industries such as construction, automotive, marine and
space. For the polyester thermosetting resin design, different
ratios of monoaromatic/polyaromatic monomers were reacted
with five anhydrides, four of them being bio-based. The formu-
lations’ reactivity was studied by differential scanning calori-
metry (DSC) and in situ Fourier-transform infrared spec-
troscopy (FT-IR). Then, the physico-chemical and thermo-
mechanical properties of the new thermosets were evaluated
by DSC, FT-IR, thermogravimetric analysis (TGA), dynamic
mechanical analysis (DMA), and tensile tests. The chemical re-
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cycling of these polyester thermosets was the purpose of this
study, through their depolymerization. These polyester ther-
mosets were subjected to dynamic bond exchange reactions
(BER) in the presence of 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD)-ethylene glycol (EG) solution.

Experimental
Materials

Phloroglucinol, naringenin, epichlorohydrin, benzyltriethyl-
ammonium bromide (TBAB, 99%), sodium hydroxide, di-
chloromethane, maleic anhydride (MA), succinic anhydride
(SA), 1,2,4-benzene tricarboxylic anhydride (TA), cis-1,2,3,6-tetra-
hydrophthalic anhydride (THPA), phthalic anhydride (PA),
N,N-dimethylbenzylamine (BDMA) and all the solvents used in
this study were purchased from Merck and were used as
received, without any prior purification or modification.

The two epoxy monomers, derived from phloroglucinol and
naringenin, were laboratory-synthesized by glycidylation of the
natural polyphenols following the patented methods.***® The
triglycidyl ether of phloroglucinol (TGPh) is a brown viscous
liquid with an average functionality of 2.8, a molar mass of
301.6 g mol ™" (theoretical mass = 294.3 ¢ mol™') and an EEW
(epoxy equivalent weight) of ~99.51 g per equiv. TGPh: 'H
NMR (400 MHz, CDCl,) 6§ 6.07 (s, 3H), 4.12 (dd, J = 11.1, 3.1
Hz, 3H), 3.82 (dd, J = 11.1, 5.8 Hz, 3H), 3.26 (ddt, J = 5.7, 4.2,
2.8 Hz, 3H), 2.82 (dd, J = 4.9, 4.1 Hz, 3H), 2.67 (dd, J = 4.9, 2.7
Hz, 3H). "*C NMR (101 MHz, CDCl;) § 160.31, 94.72, 94.71,
68.87, 68.85, 68.83, 50.01, 44.67. TGEN is a yellow viscous
liquid with an average functionality of 3.6 and a molar mass of
448.99 g mol™" (theoretical mass = 440.44 g mol™') and an
EEW of 148.54 g per equiv. TGEN: "H NMR (400 MHz, CDCl;) 6
7.45-7.38 (m, 2H), 6.90-6.84 (m, 2H), 6.19 (d, J = 1.0 Hz, 2H),
5.23 (s, 1H), 4.20 (tdd, J = 10.3, 4.9, 2.9 Hz, 3H), 3.94-3.85 (m,
6H), 3.66-3.60 (m, 1H), 3.29 (td, J = 6.2, 2.7 Hz, 5H), 3.17 (tdd,
J=5.4,3.9, 2.5 Hz, 7H), 2.73-2.65 (m, 6H). *C NMR (101 MHz,
CDCl;) & 193.35, 160.98, 160.28, 157.68, 130.44, 130.12, 114.92
(d, J = 9.8 Hz), 94.80, 93.70, 92.21, 68.81, 51.27, 46.94, 45.00.
The molecular structures of the compounds used in the ther-
mosetting resin formulations are displayed in Fig. 1.
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Fig. 1 Chemical structures of the compounds used in the design of
thermosetting resins.
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Preparation of epoxy resins

The two-laboratory synthesized triglycidyl ethers of phloro-
glucinol (TGPh) and naringenin (TGEN) were combined in
different mass ratios: 75/25, 50/50 and 25/75, thus corres-
ponding to the TGPh/TGEN molar fractions of 0.8/0.2, 0.6/0.4
and 0.25/0.75, respectively. A stoichiometric ratio between
epoxy and anhydride groups was used. Then, the BDMA
initiator was added at room temperature in different mass pro-
portions (0.5 wt%, 1 wt%, and 2 wt%) in order to determine
its optimum amount. The mixtures were poured into silicone
molds and crosslinked in an oven, following a curing protocol
at 80 °C for 1 h and another hour at 150 °C. The crosslinking
of thermosets was completed by post-curing at 180 °C for 2 h.
After the completion of the polymerization reaction, the ther-
moset materials were analysed again by dynamic DSC, con-
firming the complete crosslinking in the absence of residual
heat.

Experimental techniques

Nuclear magnetic resonance (NMR). Proton (‘H NMR) and
carbon (**C NMR) nuclear magnetic resonance spectra were
recorded on a 400 MHz and 101 MHz Bruker Avance spectro-
meter, respectively, at 25 °C. Samples were prepared by dissol-
ving approximately 10 mg compound in 1 mL of deuterated
solvent CDCl; or DMSO. The chemical shifts were reported on
the § scale in ppm using the residual solvent as the internal
standard.

Liquid chromatography-mass spectrometry (LCMS).
Analyses were performed with a 1260 Infinity II high perform-
ance liquid chromatograph equipped with a DAD, InfinityLab
Poroshell 120 EC-C18 superficially porous columns for reverse-
phase HPLC separations (2.1 x 50 mm, 2.7 pm) and a gradient
of eluent H,O/ACN.

Differential scanning calorimetry (DSC). Mettler Toledo DSC
3 controlled using STAR® software was used to analyze the
crosslinking behaviour of thermosetting resins and the glass
transition values (Ty) of the epoxy/anhydride thermosets.
About 10-15 mg of sample was placed into 40 pL Al DSC pans.
The evolution of heat flow as a function of temperature for
freshly prepared thermosetting resins was recorded between
25 and 250 °C at a heating rate of 10 °C min™". To determine
the presence or absence of residual heat of reaction and the T,
values, crosslinked materials were scanned in a 2 heating/
cooling cycle in the range 0-250 °C at a heating rate of 20 °C
min~'. Each experiment was repeated three times and the
results were averaged.

Attenuated total reflection Fourier-transform infrared spec-
troscopy (ATR-FTIR). The chemical structures of the raw com-
ponents (Fig. S5, ESIt) and cured resins (Fig. S6, ESIT) and the
structural evolution during crosslinking (Fig. S7, ESI}) were
monitored by FTIR spectroscopy. These analyses were per-
formed using a Nicolet iS50 FT-IR spectrometer in attenuated
total reflectance (ATR) mode with a PIKE GladiATR single
diamond system. The FTIR spectra were collected over the
4000-500 cm ™" wavelength using 32 scans and a resolution of
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4 cm™', with the air spectrum being recorded as the back-
ground before each sample analysis. To study the structural
evolution of the reactive systems during crosslinking, fresh
mixtures were tested under dynamic heating from 30 to 260 °C
at a heating rate of 10 °C min™", with the spectra being col-
lected every 20 °C.

Dynamic mechanical analysis (DMA). The dynamic mechan-
ical properties were determined on a Mettler Toledo DMA
1 machine, using a three-point bending clamp. The testing
interval temperature range of the samples was —70 °C-300 °C
applied at a heating rate of 3 °C min~". The test frequency was
1.0 Hz and the amplitude was 20 pm. The crosslinking density
(v) of the thermoset networks was calculated using the
equation:®’

El
V=
3RT

where E' is the storage modulus in the rubbery plateau, R is
the gas constant, and 7 is the absolute temperature. Then, the
mass of the segments between the crosslinking bridges (M.)
was determined using the equation:*®

3pRT
[ £

where p is the sample density, E' is the storage modulus in the
rubbery region, R is the gas constant, and T is the absolute
temperature.

Density. The material density was calculated based on the
mass/volume ratio using five rectangular 50 x 5 x 2 mm? speci-
mens for each sample. First, their volume was calculated and
then their mass was measured on a precision balance Mettler
Toledo ML3002T, with the obtained values being averaged to
avoid errors.

Shore hardness tests. Shore hardness testing was performed
using a Zwick Roell 3116 (based on ISO 7619-1, ASTM D2240,
and ISO 868) by recording the penetration of a Shore D device
when applying a load force of 50 N. Five measurements for
each specimen were registered and averaged for a better accu-
racy of results.

Tensile testing. Tensile testing of the designed thermoset
systems was performed using an Instron 34SC-5 device
equipped with a 5 kN load cell. Tensile strength measurements
were performed on five dogbone V-type specimens for each
system, applying a crosshead speed of 5 mm min™" (based on
the ASTM D638-08 standard). The stiffness of polymeric
materials was also determined based on the brittleness value
calculated using the equation:****

B=1/e,E'

where ¢, is the elongation at break and E’ is the storage
modulus obtained by DMA at a frequency of 1.0 Hz.
Thermogravimetric analysis (TGA). The thermal stability of
the cured thermoset systems was investigated using Mettler
Toledo TGA 2 apparatus equipped with a microbalance with a
precision of +0.1 pg. Samples of 10 mg were placed in 70 pl
alumina crucibles and scanned in the temperature range
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between 25 and 1000 °C under both oxidative and inert atmos-
pheres (50 mL min™" flow rate), at a heating rate of 10 °C
min~'. Relevant parameters such as temperatures at which
materials lose 1%, 5% and 30% of their mass (Tyo, Ts0, and
T30%), the maximum decomposition temperature (Tgmax), and
the char yield at 850 °C (Cygs0) were evaluated using STAR®
software. The statistical heat resistance index, T, was deter-
mined using the equation:*>

TS = 0.49[T5% + 0.6(T300/0 - Tso/(,)]

Using the carbon content resulting from the TGA analyses
under nitrogen at 850 °C (Cysso), the flame retardant properties
were investigated by calculating the limiting oxygen index

(LOp):*>**

LOI =17.5 4+ 0.4 X Cygso.

Gel content (GC%). The gel content parameter was
measured on conditioned samples at 50 °C for 24 h.
Rectangular specimens of 10 x 10 x 3 mm?® were immersed in
20 ml of tetrahydrofuran (THF) and maintained for 72 h. After
the completion of the testing time, the samples were removed
from the solvent, dried (70 °C, 24 h) and weighed, with the
GC% being calculated using the equation:*

Wr
GC% = — x100
Wo
where W, is the initial mass of the specimen and Wr is its
dried mass after THF immersion.

Chemical recycling. For the depolymerization tests, rec-
tangular thermoset samples (7 x 5 x 3 mm?®) were immersed in
a mixture of ethylene glycol (EG) and 1,5,7-triazabicyclo[4.4.0]
dec-5-ene (TBD). The immersed sample was around 5 wt% of
the total mass of the solution, while the amount of TBD in the
mixture with EG was ~0.30 mol L™'. The glass vials were
sealed with aluminium foil and placed in an oven at 170 °C
and under atmospheric pressure. At different time intervals,
the samples were removed from the EG/TBD mixture, wiped,
and then weighed to determine the residual mass as a func-
tion of time. The dissolution of the samples was also evaluated
only in EG for comparison.

Results and discussion
Polyaromatic network design

In a preliminary test, the polymerization behaviour of formu-
lations containing a variation of monoaromatic/polyaromatic
TGPh/TGEN epoxy monomers 25/75, 50/50, and 75/25 was
studied. The dynamic DSC thermograms obtained during the
crosslinking of formulations with the selected anhydrides in
the presence of 1 wt% BDMA are presented in Fig. S1, ESL,}
and the main results are reported in Table S2, ESI.{ As can be
seen, for all TGPh/TGEN ratios, the crosslinking reactions with
epoxy/anhydride, initiated by 1 wt% BDMA, exhibited a single
well-defined exothermal peak. The highest values of reaction
enthalpies (AH ~221-364 J g~') were measured for the formu-
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lations with the greatest content of monoaromatic epoxy,
TGPh75/TGEN25//anhydride, followed closely by the formu-
lation TGPh50/TGEN50/anhydride (AH 215-360 J g7 %).
Although the formulation TGPh75/TGEN25//anhydride showed
the highest reactivity, if we look at the final material pro-
perties, the TGPh50/TGEN50/anhydride thermosets are
characterized by the greatest values of glass transition (T,.psc,
Table S3, ESIT). Therefore, the combination TGPh50/TGEN50
was selected for further use in this study, for crosslinking with
the selected anhydrides.

The initiator percentage was varied to determine the
optimal amount it requires to reach the ultimate conversion,
using 0.5 wt%, 1 wt% and 2 wt% BDMA. The evolution of heat
flows with temperature is given in Fig. 2(a) and Fig. S2, ESL, T
while AH, Tpay, and the reaction interval are listed in Table 1.
In accordance with Fig. 2(a) and Fig. S2, ESLT the reaction
between the mixture of monoaromatic and polyaromatic tris-
epoxies and anhydride appears as a narrow and well-defined
exothermic event for all the systems, but the presence of a
small secondary exotherm can also be observed at high temp-
erature (>150 °C) for the systems with 2 wt% BDMA. In terms
of both formulations’ reactivities (Table 1) and thermosets’
glass transition values, (Table S4, ESIf) the optimal results
were obtained using 0.5 wt% initiator. These results can be
explained by an accelerated crosslinking that occurred when
using a higher initiator concentration, leading to a network
structure disruption and a reduction in the crosslink density,
thus affecting the final thermo-mechanical properties.*®*”

As a comparison, formulations developed with individual
monomers TGPh or TGEN have also been prepared with the
corresponding anhydrides and 0.5 wt% BDMA (Fig. S3, Tables
S5 and S6, ESIT). Therefore, we can observe that the TGPh50/
TGEN50 combination of the two monomers gives systems with
superior reactivity, and then materials with higher glass tran-
sitions, compared with the case of the curing of individual
monomers and their associated thermosets.

From Table 1 and Fig. 2(a) we can highlight that TGPh50/
TGENS50//anhydride formulations initiated with 0.5 wt% BDMA
have similar reactivities, except for the mixture crosslinked
with TA anhydride. Due to its distinct structure, in the pres-
ence of a carboxylic function, TA has a superior melting temp-
erature (T, = 163-166 °C) compared to the other anhydrides
(Table S1, ESIt), and it may also be used in epoxy-carboxylic
acid addition reactions. The maximum crosslinking reaction
temperature varies between 140 and 153 °C, except for the
TGPh50/TGEN50//TA system with a curing Tp,x of ~126 °C.
The onset curing temperatures are quite low, varying between
46 and 81 °C, depending on the hardener. We can notice that
the enthalpy of polymerization for the TGPh50/TGEN50//TA
formulation is almost half the value measured for the other
systems, i.e., 238 J g vs. 487 J g~' (TGPh50/TGEN50//SA). This
result can be explained by (i) TA can liberate a proton to the
anionic chains in growth therefore it will combine with the
polymerization active species, with the formation of -OH or
—-COOH functions (ii) H bonding implying the -COOH func-
tions from TA, hindering the epoxy-anhydride polymerization,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2

(a) Dynamic DSC thermograms obtained during the crosslinking of TGPh50/TGEN50//anhydride formulations initiated by 0.5 wt% BDMA,

and the temperature-dependent FT-IR spectra of the TGPh50/TGEN50//MA system during curing in the regions (b) 3800-2800 cm™, (c)

1950-1550 cm™, (d) 1350-1000 cm™, and (e) 1000-650 cm™.

Table 1 DSC data of the TGPh50/TGEN50//anhydride curing systems initiated by various wt% BDMA

Reaction Ty (interval) [°C]

Enthalpy of reaction [J g™

Formulations 0.5 wt% BDMA 1 wt% BDMA 2 Wt% BDMA 0.5 wt% BDMA 1 wt% BDMA 2 wt% BDMA
TGPh50/TGEN50/MA 147 (60-228) 139 (69-235) 130 (70-248) 392 341 382
TGPh50/TGEN50//SA 153 (80-233) 142 (78-163) 129 (71-250) 487 333 398
TGPh50/TGEN50//TA 126 (46-158) 122 (52-155) 114 (54-145) 238 221 109
TGPh50/TGEN50//THPA 142 (66-162) 132 (65-151) 124 (62-238) 428 364 345
TGPh50/TGEN50//PA 140 (81-236) 132 (83-217) 124 (70-247) 352 318 271

and (iii) epoxide functions consumed by addition to carboxylic
groups. Interestingly, maleic anhydride has a smaller enthalpy
of reaction towards TGPh50/TGEN50 compared with succinic
anhydride: 392 g” " vs. 487 ] ¢!

Phthalic vs. tetrahydrophthalic anhydride has the same
configuration with enthalpies of polymerization with TGPh50/
TGENS50 of 352 J ¢ " vs. 428 J g~ ". These results suggest that
the anhydride’s unsaturation plays a role in the epoxy-anhy-
dride polymerization mechanism. To investigate the structural
changes, FTIR analyses in a dynamic heating program similar
to that applied in DSC were realized on freshly prepared
TGPh50/TGEN50//anhydride formulations (Fig. S7, ESIf). As
illustrated for TGPh50/TGEN50/MA (Fig. S7at and Fig. 2c,
ESI), in the region 1950-1550 cm™' (characteristic area for

This journal is © The Royal Society of Chemistry 2023

unreacted anhydride), the thermal program provoked modifi-
cations in the characteristic peaks of the symmetric and anti-
symmetric C=0O stretching vibrations of the anhydride at
1848 cm™' and 1773 cm™'. These peaks completely dis-
appeared at the end of thermal crosslinking, with the area
being dominated by a sharp peak centred at 1724 cm™", linked
to the formation of ester bonds during polymerization*® (Fig. 2
(¢)), indicating the full participation and consumption of anhy-
drides in the curing process.*>”° Likewise, esterification reac-
tions are very well highlighted by the increase in the intensity
of the peak at 1146 cm™" characteristic of the C-O stretching
vibration of the ester group formed as a result of copolymeriza-
tion of epoxy-anhydride, and by the almost total decrease of
ether peaks present in epoxy monomers at 1284-1237 cm™

Green Chem., 2023, 25, 2327-2337 | 2331
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vibration) and
asymmetrical st.

(C-O-benzene ring symmetrical st
1127-1055 cm™' (C-O-benzene ring
vibration) (Fig. 2(d)).>*

The epoxy groups’ breathing vibration at 1237 cm™" dis-
appeared together with the peaks at 886 cm™", 864 cm™" and
762 cm™', showing their involvement in polymerization
(Fig. 2(d) and (e)). At the same time, we can notice some
changes affecting the MA’s unsaturation: the diminution until
disappearance of the =—C-H vibration at 3110 cm™" and that of
C=C at 694 cm ™" together with a decrease in C=C vibration at
1593 ecm™'. With increasing temperature a new band surpris-
ingly appeared at 3560 cm™" (Fig. S7, ESL,{ Fig. 2(b)), which
can be due to a non-catalyzed anhydride-epoxy reaction with
the formation of monoacid dangling chains, or due to the con-
version of alkoxide ions into -OH groups due to the presence
of some protons from residual unreacted ~-OH from phloro-
glucinol or naringenin or from traces of moisture (Scheme S1,
ESIf).%852

The tertiary amine catalysed crosslinking mechanisms are
complex, as many factors play a significant role in their evol-
ution, besides the main epoxy-anhydride chemical reactions.
The corroboration of reactivity aspects (DSC) with the evol-
ution of the functional groups (FTIR) allowed us to observe
that the unsaturation of anhydrides affects the reactivity and
we could also observe that MA unsaturation disappeared from
the FTIR spectrum of its TGPh50/TGEN50/MA thermoset. This
is not the case in THPA unsaturation that remains constant in
the thermoset FTIR spectrum at 664 cm ™" (Fig. S7c, ESIT). We
can suppose that under the action of BDMA, the initiation step
is described by the nucleophilic attack of the tertiary amine
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either on the anhydride group, generating a zwitterionic car-
boxylate anion, or on the oxirane ring, forming a zwitterionic
alkoxide anion. Then, an anionic copolymerization reaction
takes place as an alternative addition reaction of anhydride
and/or epoxy groups, resulting in a polyester network. In paral-
lel, as we observed the formation of -OH functions in the FTIR
spectrum, we can suppose that a step growth polymerization
can occur probably (Scheme S1, ESIY).

Polyaromatic network performance characterisation

The viscoelastic response of the designed thermosets, specifi-
cally their molecular relaxations during a dynamic temperature
ramp was first investigated by DMA. The storage modulus (E')
and the internal friction factor (tan §) of thermosets as a func-
tion of temperature are plotted in Fig. 3, while significant para-
meters such as storage moduli in the glassy state (at 25 °C)
and the rubbery plateau (at 250 °C), and the maximum values
of the damping factor of each sample are depicted in Table 2.
In the glassy region, the materials show storage moduli that
vary between 2.7 GPa for the TGPh50/TGENS50//SA resin and
3.5 GPa for the TGPh50/TGEN50//THPA thermoset, values that
prove the stiffness of the designed thermosets. During
heating, the storage moduli decrease until reaching the
rubbery plateau where they are constant, indicating a complete
and stable high cross-linking (GC > 99.8%, Table 2). In the
elastic region, the E' values are substantially affected by the
nature of the anhydride, fluctuating from 62 MPa for the
TGPh50/TGEN50/THPA resin to about 550 MPa for the
TGPh50/TGEN50/MA material. This very high value of the
storage modulus in the rubbery state for the TGPh50/TGEN50//

= 04
- _nsn: F--ma
- TA - -?:
= (= =THPA F,
. PA i \ - —;':PA
T TGPhSO/TGENSO// anhydride 03 ; v
5 '\‘.\ . 05wt%BOMA - \ . TGPhSO/TGENSO// anhydride]
a 3 . ! N 0.5 wt.% BDMA
= 4004 . .
<10 s N 1 ]
o W\ - . .
2 IR\ AN 1 i
E] V. ~ o ! .
3 VO T £ 02 .
= [ [ [AAN]
& 3 P
s Y : F
] LN [ LY
@ S i vl
\ | TP V| 0.1 ! Y \ |‘
\ 1 h\]
102 4 \ 77 Ny
- / ! .
. P S N ~d
S s g A SRR 2 —
S
T T T T 0.0 T T T at i
0 50 100 150 200 250 0 50 100 150 200 250
a) Temperature (°C) b) Temperature (°C)

Fig. 3 Storage moduli (a) and tan é (b) curves of the TGPh50/TGEN50//anhydride thermosets.

Table 2 Physico-chemical and thermo-mechanical properties of the epoxy/anhydride systems

Density Shore D E' at 25 °C E' at 250 °C tan & Ty-psc v M, GC
Thermosets [gem™] [SD] [GPa] [MPa] [°C] [°C] [mmol ecm™] [g mol™"] [%]
TGPh50/TGEN50/MA 1.20 90.5 3.2 546 197 180 40.5 28 99.87
TGPh50/TGEN50//SA 1.25 88.2 2.7 151 138 138 12.5 100 99.88
TGPh50/TGEN50//TA 1.31 92.3 2.9 90 220 199 6.4 204 99.24
TGPh50/TGEN50/THPA 1.25 95.5 3.5 62 133 134 5.2 240 99.93
TGPh50/TGEN50//PA 1.26 93 3.3 66 144 149 5.4 232 99.96
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MA thermoset, around 8.9 times higher than that of TGPh50/
TGENS50//THPA, indicates the higher stiffness of this material,
a sign of a tighter network structure by a high density of the
crosslinks.

To confirm this presumption we calculated the crosslink
density (v) of the thermoset materials based on rubber elas-
ticity theory.’”®® To estimate a realistic value of the crosslink
density using this theory, we applied the equation considering
the temperature ~tan§ + 70 °C (ref. 54 and 55) due to the
quite high values of tand for some systems. In general, the
crosslink density value is consistent with the glass transition
values, which is not the case for all materials designed in this
study. For example, the TGPh50/TGEN50//TA resin, which has
the highest tan § (220 °C), has a crosslinking density value of
6.4 mmol cm ™, which is 6 times lower than that of TGPh50/
TGEN50/MA (tan & = 180 °C, v = 40.5 mmol cm >, Table 2). If
we compare again the thermosets designed with similar MA vs.
SA anhydrides, we should again highlight the unusual results
obtained with MA: a 1.5 times higher tan § (180 °C vs. 138 °C)
and 3.24 times higher crosslink density (v = 40.5 mmol cm™®
vs. v = 12.5 mmol cm™>). In the same trend follows the ampli-
tude of tan § peaks ~0.05 for TGPh50/TGEN50/MA < 0.1 for
TGPh50/TGEN50//TA < 0.18 for TGPh50/TGEN50//SA < 0.33 for
TGPh50/TGEN50/THPA < 0.37 for TGPh50/TGEN50//PA. Thus,
the denser networks are those based on MA and TA. These
results are in agreement with the previous studies concerning
the differences in reactivity by DSC and the unexpected struc-
tural observation by FTIR showing the disappearance of unsa-
turation in the MA fragment structure, sign that extra-linkages
were formed by the participation of this unsaturation to new
covalent bonds with the network structure.

The mass between crosslinks (M.) was also calculated, based
on the Tobolsky theory.*® In the case of the material with the
highest crosslink density, i.e. TGPh50/TGEN50/MA, the M. has
the smallest value, around 28 g mol~*. Meanwhile the TGPh50/
TGENS50//SA thermoset that should have a similar value of M,
since the distance between the crosslinks should be the same,
has a 3.6 times higher M, of ~100 g mol™" (Table 2).
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A denser and packed network was therefore obtained with
the MA crosslinker, a sign of participation of its unsaturation to
extra-linkages inside the polyaromatic network. If we compare
TGPh50/TGEN50/TA and TGPh50/TGEN50/PA materials, we
can also observe that the first thermoset has a crosslink density
~1.18 times higher (6.4 mmol cm™ vs. 5.4 mmol cm™?) while
its average mass of the segments between crosslinks is shorter
(240 g mol™ vs. 232 g mol™"). These results show that the
—-COOH group from TA contributes through carboxylic acid-
epoxy reactions to the network connectivity.

In strong correlation with these network parameters, v and
M., the internal friction factor (the so-called damping factor,
tan §) values show that the stiffest thermosets are those pro-
vided by the anhydrides that give the extra-crosslinking, i.e. TA
(tan 6 = 220 °C) and MA (tan § = 197 °C) anhydrides, followed
by PA, SA and THPA with tand ranging between 144 and
133 °C. The glass transition values determined by DSC are in
good agreement with the tané values (Fig. S4, ESIf and
Table 2). These variations in mechanical properties can be
attributed to the differences in the chemical structure of the
five thermoset resins, whereby, with increasing crosslink
density, the motion of the polymer chains became more pro-
blematic causing an increase in both E’ in the rubbery plateau
and the damping factor.

According to DMA, the achieved thermo-mechanical charac-
teristics confirmed that the designed thermosets have ther-
momechanical  characteristics  suitable for  high-end
industries.’®®” In accordance with the MatWeb database,
these materials exhibit glass transition values comparable
to commercial resins: Park Aerospace Nelco® N4000-29:
Ty, = 175-185 °C, Solvay MTM® 71: Ty = 128-155 °C,
Dow VORAFORCE™ TW 103/TW 165/TC 3000: T, =
140-150 °C, etc.

The hardness of the designed thermosets was validated by
the Shore D tests, with the achieved values (Table 2) being
specific for extra-hard materials and similar to those currently
used in industry (Epoxy Technology EPO-TEK® H77 = 90 SD,
Resinlab® EP1330 = 90 SD).
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Fig. 4 (a) Representative stress—strain curves and (b) Young's modulus, tan § and storage modulus (E’) at 25 °C for the designed thermosets.
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Table 3 Tensile properties of the designed polyaromatic thermosets
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Young’s Tensile Specific Specific Specific B Energy

modulus stress Elongation at modulus strength length -6/ [% Pa/ at break
Thermosets [GPa] [MPa] break [%)] -Elp{10°m>s™®] -olp-[kNm'kg™'] pg-[km] 10 [j]
TGPh50/TGEN50/MA 1.66 £ 0.25 43+6.3 4.57 £ 1.05 1.38 36 3.66 0.068 0.5+0.22
TGPh50/TGEN50//SA 1.29+0.24 62+13.5 7.25+1.82 1.04 50 5.07 0.051 1.4 £ 0.57
TGPh50/TGEN50//TA 1.68 +0.13 18 +2.5 2.13 £0.47 1.29 14 1.41 0.162 0.1 +£0.04
TGPh50/TGEN50/THPA 1.26+0.24 80+11.4 8.20 +1.20 1.01 64 6.52 0.035 1.8 £0.53
TGPh50/TGEN50//PA 1.46+0.14 65+19 6.42 +1.76 1.16 52 5.27 0.047 1.2 +0.63

The tensile properties of the five bio-based thermosets were
investigated by tensile tests (Fig. 4 and Table 3). Based on the
Young’s modulus values (Table 3) we can evaluate that the
designed polyaromatic thermosets show significant stiffness.
In addition, varying the nature of the crosslinking agent led to
the development of materials with different networks exhibit-
ing variable mechanical properties. The highest value of the
Young’s modulus was obtained for the TGPh50/TGEN50//TA
material (1.68 GPa), closely followed by TGPh50/TGEN50/MA
(1.66 GPa). These results are in good agreement with the pre-
vious discussions about the effect of the extra-linkages devel-
oped when using TA or MA crosslinkers on network para-
meters (v and M) and thermomechanical properties (tan 6, E').
Moreover, the higher toughness thermosets are TGPh50/
TGEN50//SA (1.29 GPa) and TGPh50/TGEN50//THPA (1.26 GPa),
with the difference between the five thermosets being very
small (~0.2-0.4 GPa). As far as elongation at break is con-
cerned, it varies oppositely according to the nature of the anhy-
drides, with the highest being shown by materials with THPA
(8.2%) and the lowest by those with TA (2.13%).

The stiffness of polymeric materials can also be character-
ized by a significant mechanical parameter called brittleness
which was described by Brostow et al>°™*' As presented in
Table 3, very low brittleness values were obtained:
0.035-0.068% Pa/10"° (except for the TGPh50/TGENS50//TA
thermoset with B = 0.162% Pa/10'%), which confirmed once
again the strength of the developed thermosets. Additional
important mechanical parameters such as specific modulus,
specific strength, and specific length were calculated and are
reported in Table 3. The values of these parameters define the
maximum strength of a material at a minimum weight, thus
aiming to reduce the weight of the final element without
affecting its mechanical properties. In the case of the materials
developed in this study the specific modulus varies between
1.01 and 1.36 10° m” s72, and the specific strength is between
14 and 64 kN m™" kg™, values comparable to those of com-
mercial resins (Hexcel HexPly 108 - Sp. strength = 46.8 kN m™"
kg™, Sp. modulus = 2.81 x 10° m* s>, and Sp. length = 4.78
km; Hexcel HexPly EH25 - Sp. strength = 56.4 kN m™" kg™,
Sp. modulus = 2.78 x 10°® m* s72, and Sp. length = 5.75 km)
used in high level fields such as automotive, naval, aerospace
and space.

The thermal stability of the designed polyaromatic thermo-
sets was analyzed under both air and nitrogen atmospheres
(Fig. S8, ESIf) and the related parameters Tso,, Tqmax and

2334 | Green Chem., 2023, 25, 2327-2337

Cygoo are summarized in Table S7 ESLT The thermal behav-
iour of the designed resins under an oxidative atmosphere is
divided into two main stages (except for the TA-based resin
which shows a small degradation step before 300 °C). The
first thermal decomposition stage occurs between 300 and
450 °C, with a maximum degradation around 360-380 °C
and a mass loss of about 52-65%, associated with the ther-
molysis of the polymeric network in which the breaking and
degradation of OC-O and C-O-C groups take place.”*>*’ In
the second thermal degradation step, between 530 and
930 °C, the mass loss is slightly lower, ~35-48%, and is gen-
erally characteristic of the thermo-oxidative degradation of
the polymer structures in which the carbonization and oxi-
dation of the aromatic rings take place.***® As can be seen
in Table S7, ESI,f the polyaromatic thermosets have Tso,
values around 335-355 °C, similar t0®***%°° or even higher’®
than those reported in the literature.

The statistical heat resistance index, T;, a parameter
describing the physical heat tolerance limit temperature*>®°
shows similar values under both air and nitrogen atmos-
pheres of ~170-183 °C (Table S7, ESI}), therefore the ther-
mosets can be framed in the high heat-resistant material cat-
egory. The char yield at 850 °C is significantly high, varying
between 26 and 38% depending on the thermoset (Table S7,
ESIt). This char can function as a flame retardant by
forming a barrier at the polymer-air interface that will
reduce the heat conduction and slow down the combustion
process. Therefore, higher the amount of carbon residue,
more thermally stable is the material. Table S7, ESI{ gives
the values obtained for LOI parameters in the range between
28 and 32%. The materials with LOI > 26% are classified as
self-extinguishing materials.®"

Thermoset recycling through a chemical decomposition
procedure

Fig. 5 displays the evolution of the five TGPh50/TGEN50//anhy-
dride thermosets from the initial immersion until their total
transesterification in the TBD-EG solution.

As can be seen, the sample decomposition is quite rapid
and occurs through erosion of the sample surface.
Immediately after the samples were immersed in the liquid
medium, they initially swelled and then began to decrease in
weight, maintaining their initial geometry. Under the influ-
ence of temperature, the reactive hydroxyl groups present in
the EG-catalyzed molecules diffuse into the network and swell

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Physical appearance of the thermosets during immersion in
TBD-EG solution at 170 °C: (a) t = 0 min; (b) t = 60 min; (c) end of dis-
solution at t = 70 min for MA & SA systems, at t = 150 min for THPA & PA
systems and t = 12 h 30 min for the TA system.

the thermoset structure. Then, once in the polymer network,
the hydroxyls attack the ester linkages breaking the network
into polymeric fragments.®”® The TGPh50/TGEN50//MA and
TGPh50/TGEN50//SA thermosets were completely decomposed
after 70 min at 170 °C (and normal pressure), while TGPh50/
TGEN50/THPA and TGPh50/TGEN50//PA were completely dis-
solved in 150 min. For the formulation developed with TA, the
erosion process was much slower, taking around 12 hours and
30 minutes of holding in the BER solution at 170 °C. The
transesterification of the polymeric networks was also investi-
gated using EG without a catalyst (Fig. S9, ESI{), but since EG
is a weak reactant, it cannot cleave the ester bonds without the
action of a catalyst.

Conclusions

Starting from two natural and bio-renewable molecules were
designed new sustainable and eco-friendly bio-based thermo-
sets with excellent physico-chemical and thermo-mechanical
performances, as well as with chemical recycling abilities. The
highly crosslinked polyaromatic thermosets (GC > 99%) exhibi-
ted high T, values from 134 to over 199 °C, high storage
moduli of 2.7 and 3.5 GPa (room temperature) while Young’s
moduli ranged from 1.26 to 1.68 GPa and their elongation at
break ranged from ~2 to 8%. The excellent stiffness of the
thermosets is also accompanied by a high thermal stability
(Tsoo, = 335-355 °C) and good flame-retardancy properties
without the addition of any supplementary additive (LOI ~
28-33%). The five polyester based thermosets were completely
depolymerized in a TBD-EG/mixture, in a quite short time
(60-150 min), at a reasonable temperature (170 °C). This capa-
bility of the designed materials facilitates their use as polymer

This journal is © The Royal Society of Chemistry 2023
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matrices in the development of composites, where the fibers
can be recovered and reused in a new generation of materials.
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