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This paper reports the development of the first vitrimer based on polybenzoxazines containing disulfide
bonds and cardanol. The synthesis of the monomer was carried out following a sustainable process,
without any solvent and purification. The novel polybenzoxazine can be recycled, reshaped and (re)pro-
cessed, thanks to a fast relaxation process (18 seconds at 120 °C) and low activation energy (64.5 kJ
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mol™). Furthermore, the benzoxazine vitrimer shows significant and healable adhesive properties over
short times and at low temperatures. These features support it also being considered in additive manufac-
turing applications, with the possibility of applying 3D printing technology, extending its application to
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Introduction

Plastic pollution has become one of the major global environ-
mental issues. The development of more sustainable and
smart materials has become essential to overcome this rapidly
growing problem."” In particular, composites made with tra-
ditional thermosets are disposed of in landfill sites as they
cannot be re-processed or recycled. This drawback is inherent
to their 3D chemical structure.>*

In addition to environmental considerations and societal
pressure, safety legislations are also increasingly challenging
for traditional phenolic or epoxy resins.” The release of formal-
dehyde, phenol, resorcinol, or diamine compounds during the
curing and processing steps of thermosets is of serious
concern. Due to their chemical structure, polybenzoxazines
(poly(Bz)) are not subject to the release of these chemicals,
and this and their self-catalyzed polymerization are two clear
assets in the composite arena.®’” They exhibit outstanding and
competitive properties such as high thermal stability,® near-
zero shrinkage upon polymerization,” excellent thermal,
mechanical and dielectric properties,'®*> low water absorp-
tion, and low flammability,"®> making them a suitable alterna-
tive to phenolic and epoxy resins.® In addition, the versatility
of their chemical design is a great platform for the use of
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renewable feedstoc Cardano vanillin, and
many other bio-phenols**** have been used with success to
create bio-based polybenzoxazines. However, like other ther-
mosets, polybenzoxazines lack both recyclability and (re)
processability.

This issue could be tackled by introducing dynamic
covalent bonds or non-covalent interactions into their macro-
molecular structure. This new concept is known as covalent
adaptable networks (CANs).>>>® CANs are either dissociative
or associative depending on their mechanism of rearrange-
ment. Dissociative CANs proceed first by bond cleavage fol-
lowed by bond formation (Diels-Alder reaction, for instance).
Conversely, in associative CANs (or vitrimers), linkages create
permanent networks where bonds are only broken as new ones
are formed, keeping the crosslinking density of the network
constant. In both cases, the dynamic bonds enable a cross-
linked network structure while the dynamicity of the bonds
enables the network to reorganize. Irrespective of whether
crosslink exchanges are associative or dissociative, CANs have
emerged at the macroscale level as a hot topic in polymer and
materials science, unlocking the development of more environ-
mentally friendly thermosets.?*° In particular, the disulfide
exchange reaction is of growing interest as it has been proven
to show dynamicity at room temperature without the need for
a catalyst.>*~?

Combining dynamic exchanges and benzoxazine chemistry
has been barely investigated. Yagci, Kiskan et al. reported
different strategies to develop healable poly(Bz) based on
Friedel-Crafts reactions,* photo-induced coumarine dimeriza-
tion,> supramolecular hydrogen bonding,*® ketene chem-
istry,>” metal-ligand interactions,*® or dynamic sulfide lin-
kages.®® However, to the best of our knowledge, none of the

This journal is © The Royal Society of Chemistry 2020


www.rsc.li/polymers
http://orcid.org/0000-0001-9844-0394
http://crossmark.crossref.org/dialog/?doi=10.1039/d0py01239d&domain=pdf&date_stamp=2020-11-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0py01239d
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY011044

Open Access Article. Published on 14 October 2020. Downloaded on 3/2/2026 11:03:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

self-healable or reprocessable poly(Bz) reported so far demon-
strates thermally activated stress relaxation as a result of fast
topological rearrangement. Therefore, the evidence of benzoxa-
zine-based vitrimers has never been reported.

This publication describes the first vitrimer polybenzoxa-
zine thermoset that can be recycled, reshaped, (re)processed,
and used as a reversible and self-healable adhesive. To bring
dynamicity to the material, a disulfide diamine was used to
synthesize the benzoxazine monomer. Cardanol was selected
as the bio-phenolic compound to synthesize the benzoxazine
with the aim to obtain an easily processable system thanks to
the presence of the long alkyl chain.'””*® In addition, it is a
non-edible waste arising from the cashew industry. The follow-
ing paragraphs describe the preparation and unique properties
of this new material that relies on cutting-edge vitrimer chem-
istry, fitting many of the green chemistry and engineering
principles.

Experimental part

Materials

Cardanol (Ultralite 2023, 96%) was supplied by Cardolite.
Paraformaldehyde (95%), 3-pentadecylphenol (90%), 4-amino-
phenyl disulfide (98%), 4,4-ethylenedianiline (95%), chloro-
form-d (CDCl;), and solvents used for the solubility test (di-
methylformamide (DMF), acetone, ethanol and ethylacetate
(EtAc)) were purchased from Sigma-Aldrich and used as
received.

Methods

Nuclear magnetic resonance (NMR). NMR spectra were
recorded using an AVANCE III HD Bruker spectrometer operat-
ing at a frequency of 600 MHz and equipped with a 5 mm BBO
probe. The samples were dissolved in deuterated chloroform
(CDCl;) and the spectra were referenced relative to tetramethyl-
silane (TMS). Assignments were performed using a combi-
nation of COSY, HSQC, and HMBC spectra. Peak multiplicity
was indicated as follows: singlet (s), doublet (d), or multiplet
(m). The integrations are usually calculated by moderation
based on the abundance of unsaturation described in the lit-
erature.”” The difference in relaxation times between the aro-
matic and aliphatic hydrogen complicates the accurate quanti-
fication of all protons. Therefore, the peaks related to the ali-
phatic chain of cardanol were integrated into the aliphatic
hydrogen in the f position of the cardanol aromatic ring,
which should integrate for 2H, whereas the peak from H-Ar
from the 4-aminophenyl disulfide compound that should inte-
grate for 1H was used as the reference for all other peaks,
including those related to the benzoxazine structure.

Fourier transform infrared spectroscopy (FTIR). FTIR was
conducted on a Bruker TENSOR 27 (Ettlingen, Germany)
system in the attenuated total reflection (ATR) mode using a
diamond crystal. The background and sample spectra were
recorded at 4 cm™' spectral resolution across the
4000-400 cm™* range.

This journal is © The Royal Society of Chemistry 2020
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Elemental analysis. The CHNS measurements were per-
formed on a Vario MACRO cube CHNS/O from Elementar
France SARL. Samples were inserted in an oxygen-enriched
furnace at 1150 °C where a combustion process converted
carbon to carbon dioxide, hydrogen to water, nitrogen to nitro-
gen gas/oxides of nitrogen and sulfur to sulfur dioxide. The
combustion products were swept out of the combustion
chamber by an inert carrier gas (helium, 600 ml per minute)
and passed over heated (850 ©°C) high-purity copper.
Separation of the measuring components took place as
follows: N, was not adsorbed in the adsorption columns and
was the first measuring component to enter directly into the
thermal conductivity detector. The other components were
adsorbed in their respective adsorption columns. Each of
these columns was then separately heated to the corres-
ponding desorption temperature (Tgesorpe.) in order to release
the components in the following order: CO, (Tgesorpt. 240 °C),
H,0 (Tdesorpt. 150 °C) and SO, (Tgesorpt. 100 °C or 230 °C). After
desorption, each component was transported by the carrier
gas flow into the measuring cell of a thermal conductivity
detector (TCD).

Raman spectroscopy. The Raman spectrum was recorded in
a back-scattering geometry with a Renishaw inVia Reflex
Raman microscope using the 442 nm line of a He-Cd laser,
and 10 accumulations of 10 s were used at a power of
24.3 mW. A x50 long working distance objective was used to
focus the laser beam on the sample surface.

Differential scanning calorimetry (DSC). DSC thermograms
were recorded using a Netzsch DSC 204 F1 Phoenix apparatus
operating under an inert atmosphere (nitrogen) with a linear
heating ramp from 20 to 250 °C at 10 °C min™" rate.

Thermo-gravimetric analysis (TGA). TGAs were performed
using a Netzsch TG 409 PC Luxx device operating under nitro-
gen with a heating ramp of 10 °C min™" up to 800 °C.

Rheo-kinetic test. Rheo-kinetic measurements were per-
formed using an Anton Paar Physica MCR 302 rheometer
equipped with a CTD 450 temperature control device with a
disposable aluminum plate-plate (diameter: 25 mm, measure
gap: 0.35 mm) geometry. The polymerization measurements
were recorded in the oscillation mode with a linear strain
amplitude from 1 to 0.1% (y) and a frequency (f) of 1 Hz. The
test was performed following a heating ramp of 20 °C min™*
from 50 °C to 170 °C followed by an isothermal measurement
at 170 °C.

Dynamic mechanical analyses (DMAs). DMAs were per-
formed on a Netzsch DMA 242C apparatus on 5 x 7.85 X
2 cm?® rectangular specimens cut from molded bars. They
were tested in the simple cantilever mode of flexural loading
(2-point bending) with a maximum displacement of 40 pm
from —50 °C to 120 °C (rate 2 °C min™") and a frequency of
1 Hz.

Swelling tests. Swelling tests were performed in dimethyl-
formamide (DMF), ethanol, acetone, ethyl acetate and neutral
H,O0. Samples were about 5 x 5 x 1 mm and 25 mg (+2 mg) for
each experiment and were immersed in 2 mL of the corres-
ponding solvent for 48 h at room temperature. The sample
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with neutral H,O was then heated up to 50 °C and kept for
48 h at this temperature.

s —

Swelling ratio(%) = % x 100 (1)

mi —

Soluble fraction (%) = 4 %100 (2)

mi
where my;, mg, and mgy are, respectively, initial, swollen, and dry
mass.

Frequency sweep tests and stress relaxation tests. Frequency
sweep and stress relaxation measurements were performed
using an Anton Paar Physica MCR 302 rheometer equipped
with a CTD 450 temperature control device with a disposable
aluminum plate-plate (diameter: 25 mm, measure gap:
0.35 mm) geometry. The samples were maintained at the
measurement temperature for 10 minutes at a constant gap.
An amplitude of deformation of 0.5% was applied with the fre-
quency ranging from 0.01 rad s~ to 500 rad s~ '. Stress relax-
ation measurements were carried out in a second step. An
amplitude deformation of 1% was applied and the relaxation
modulus followed as a function of time.

Thermo-mechanical properties. Dynamic mechanical
thermal analyses of neat poly(CAR-4apds) and recycled poly
(CAR-4apds) were performed using an Anton Paar Physica
MCR 302 rheometer equipped with a CTD 450 temperature
control device with a disposable aluminum plate-plate (dia-
meter: 25 mm, measure gap: 0.35 mm) geometry. They were
tested with an amplitude of 1% maximum displacement from
20 °C to 125 °C (rate 2 °C min~') and a frequency of 1 Hz.

Tensile test. Tensile pull-off tests were performed on an elec-
tromechanical testing machine INSTRON 5967 with a grip sep-
aration of 2 mm min~". The adhesive film with dimensions of
5cm x 5 cm x 0.5 mm was placed in between two aluminum
cubes (15 cm x 5 cm x 5 cm). After that, a thermal treatment
was carried out at 120 °C for 10 min. Then, the system was
cooled down. After the tensile test, the blocks were reas-
sembled applying a pressure of 1 or 8 bars and the same
thermal treatment (120 °C for 10 min).

Synthesis of CAR-4apds

Cardanol (11.9 g, 40 mmol, 1 eq.), 4-aminophenyl disulfide
(4.97 g, 20 mmol, 0.5 eq.), and paraformaldehyde (2.4 g,
80 mmol, 2 eq.) were reacted together in a round-bottom flask
under mechanical stirring at 85 °C for 7 h (Scheme 1a). No
purification was required. The yield was 95%.

"H NMR (CDCl;, 600 MHz, 298 K), § (ppm) = (assignment,
multiplicity, [attribution], experimental integration, theoretical
integration); 5 = 0.87-0.97 (-CH3, m, [a,] from cardanol alkyl
chain, exp. 4.06H, th. 3.54H), 1.18-1.46 (-CH,, s, [by, ¢, di, e;,
fi, g1, hy, i, j, k, 1, m] from cardanol alkyl chain, exp. 26.36H,
th. 27.12H), 1.52-1.66 (-CH,, § from Ar, s, [n], aliphatic proton
ref. 4.00H), 1.96-2.12 (CH,*=CH, m, [c,, f5, i,], exp. 7.02H, th.
6.20H), 2.46-2.61 (CH,-Ar, m, [o], exp. 3.97H, th. 4.00H),
2.70-2.90 (CH,*(=CH),, d, [c3, f3], exp. 3.80H, th. 4.20H), 4.62
(Ar-CH,-N, s, [4], exp. 3.76H, th. 4.00H), 5.34 (O-CH,-N, s, [5],
exp. 3.95H, th. 4.00H), 4.96-5.88 (CH=, m, m, m, [a,, (d,, €5,
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Scheme 1 Chemical structure of the disulfide-benzoxazine vitrimer. (a)
Synthetic route of CAR-4apds (n can be 0, 1, 2 or 3). (b) Schematic rep-
resentation of the CAR-4apds monomer and polymerization conditions.
(c) Simplified cross-linked network and mechanism of chemical bond

re-arrangement upon heating showing the dynamic properties of poly
(CAR-4apds).

L

2, hy), b,], exp. 1.51, 5.80, 0.70H, th. 1.64, 6.48, 0.82H),
6.60-6.90 (H-Ar from cardanol, s, d, [1, 2, 3], exp. 2.22, 2.05,
2.02H, th. 2.00, 2.00, 2.00H), 7.04 (H-Ar from 4-aminophenyl
disulfide, d, [6,7], benzoxazine structure reference th. 4.00H),
7.39 (H-Ar from 4-aminophenyl disulfide, d, [8,9], exp. 4.00H,
th. 4.00H).

FTIR (cm™): 2920 and 2850 (C-H stretching), 1505
(vibration trisubstituted benzene ring), 1236 (C-O-C oxazine
asymmetric stretching), 960 (out-of-plane bending vibration of
the benzene ring).

Elemental analysis: element (exp., th.); N (3.02, 3.10);
C (77.06, 76.99); H (9.18, 9.29); S (7.21, 7.08); O (3.53, 3.54).

Additional molecules synthesized for the sake of compari-
son and investigation of the mechanism of curing of CAR-4apds
are reported in the ESI (Schemes S1, S2 and Fig. S1, S27).

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Synthesis, characterization, and polymerization of CAR-4apds

Thermoset polybenzoxazines are commonly obtained by cross-
linking di-functional benzoxazine monomers. Di-functional
benzoxazines (or dibenzoxazines) can be obtained from the
reaction of a diamine with mono-phenolic compounds.
Towards the objective of synthesizing a dibenzoxazine contain-
ing a disulfide bond, 4-aminophenyl disulfide, which is com-
posed of two aniline rings bridged by a disulfide bond,
appeared to be an excellent candidate. Additionally, cardanol,
a bio-based phenolic compound, was reacted with the aim of
designing a low cross-linking density polymer to promote its
macroscopic flow during the reprocessing steps.’”*® The novel
benzoxazine monomer (CAR-4apds) containing disulfide is
shown in Scheme 1b and was easily synthesized by a solvent-
less approach from cardanol (CAR), 4-aminophenyl disulfide
(4apds) and paraformaldehyde in 7 hours at 85 °C. The
success of the reaction was assessed by NMR confirming the
formation of the oxazine ring by the appearance of two new
peaks at § = 5.34 and 4.62 ppm corresponding to the protons
from O-CH,-N and Ar-CH,-N respectively (see Fig. 1).
Assignment of all the peaks and integration values are
described in the Experimental section. In addition, in the
FTIR spectrum, bands at 960 and 1236 cm™" corresponding to
ring vibration and C-O-C stretching, respectively, were
observed confirming the synthesis of the benzoxazine
monomer (see Fig. S3 in the ESI{). The presence of disulfide
bonds was confirmed by Raman analysis (see Fig. S4 in the
ESIY).

The thermal behavior of CAR-4apds was characterized by
DSC and TGA (Fig. 2a). An endothermic peak corresponding to
the melting (Ty,) of the monomer is observed on the DSC ther-

|
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Fig. 2 (a) DSC thermogram (N, 10 °C min~Y) of CAR-4apds overlapped
with TGA (N5, 10 °C min™). (b) DMTA thermogram of poly(CAR-4apds).
Storage modulus (E"): solid line, loss modulus (E”): dashed line and tan
(5): dotted line.

mogram at around 83 °C. The onset of an exothermic peak
(Tonser) is observed at 130 °C with a maximum at 195 °C, attrib-
uted to the thermally activated ring-opening polymerization
(Tpory) of the benzoxazine monomer. In addition, in accord-
ance with TGA, CAR-4apds can be heated up to 252 °C without
early degradation. The viscoelastic behavior of CAR-4apds was

by, ¢y, dy, €4, 3,
8y hyipj kI, m

a

cy, fa iy

e f3

7.5 7.0 6.5 6.0 5.5 5.0 4.5

Fig. 1 *H NMR spectrum in CDCls of CAR-4apds.

This journal is © The Royal Society of Chemistry 2020

T T T T T T T T 1

4.0 3.5 3.0 25 2.0 15 1.0 0.5 ppm

Polym. Chem., 2020, 1, 7026-7034 | 7029


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0py01239d

Open Access Article. Published on 14 October 2020. Downloaded on 3/2/2026 11:03:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

followed by temperature-sweeping rheological measurements
(see Fig. S5 in the ESI}). In its molten state, the monomer has
a very low complex viscosity (n*) of 200 mPa s, in the range
needed for thermoset processes, such as infusion or resin
transfer molding. After 15 minutes at 170 °C, n* increases to 3
x 10* mPa s. Interestingly, a second rise is observed after
50 minutes, with 7* reaching 4 x 10° mPa s. After a detailed
investigation, which can be found in the ESI (Fig. S6, S7, and
S81), it was concluded that the thermal curing of CAR-4apds
follows a two-step process, combining both the benzoxazine
ring cross-linking and the cardanol side-chain unsaturation
homo-reaction.*! It is noteworthy that the catalytic opening of
the lateral benzoxazine rings by thiols (COLBERT) could also
happen.*>** However, the absence of both thiols in the
monomer, as revealed by Raman analysis (see Fig. S4 in the
ESIT), and benzoxazine/thiol adducts in the polymer, accord-
ing to the NMR analysis of the soluble part (see Fig. S9 in the
ESIt), would indicate that such a reaction does not take place
in the case of the polymerization of CAR-4apds.

CAR-4apds was degassed under vacuum and poured into a
Teflon mold to be cured at 170 °C for 1 h and post-cured at
190 °C for 30 minutes, to form poly(CAR-4apds) (Scheme 1c).
The polymer was analyzed by FTIR and DSC to confirm the
completion of the reaction, as evidenced by the disappearance
of the peaks at 1236 and 960 cm™" (C-O-C asymmetric stretch-
ing and benzoxazine related modes, respectively) and the
absence of any residual exothermic peak in DSC (see Fig. S7
and S10 in the ESI}). The glass transition temperature (T) of
the material was 40 °C, determined by the maximum loss
factor by DMA (Fig. 2b). A low cross-link density value of
208.4 mol m™> was calculated from the rubbery plateau
modulus (see the ESIf for calculation details), as expected for
a cardanol-made thermoset due to the dilution effect arising
from its C15 alkyl side chain. Additionally, TGA of the polymer
was performed which showed that the thermostability of poly
(CAR-4apds) was not altered by the crosslinking process
(Fig. S11 in the ESIY). Finally, a summary of the thermal and
mechanical properties of CAR-4apds and poly(CAR-4apds) is
presented in Table 1.

Table 1 Thermal and mechanical properties of the CAR-4apds
monomer (above) and poly(CAR-4apds) (below)

CAR-4apds
Tm” (°C) Tyo” (°C) Tpmax (°C) n” (mPa s) toel” (Min)
83 130 195 200 50
Pol fy CAR 4apds) ) ]
Tsof (°C)  Y" (%) G" (MPa) v (mol m™)
252 15 79.7 208.4

“Temperature of the endotherm peak by DSC. ? Onset temperature of
the exotherm by DSC. Temperature of the exotherm peak by DSC.

4Viscosity at 50 °C by rheological measurements. ° Gelation time at
170 °C by rheological measurements. / Glass transition temperature by
DMA, maximum loss factor tan(&) $ Temperature of 5% of weight loss
by TGA (Fig. S6 in the ESIt). ” Char yield at 800 °C by TGA (Fig. S6 in
the ESIt). 'Storage moduli at 20 °C by DMA. / Crosslinking density
from DMA.

7030 | Polym. Chem., 2020, 11, 7026-7034
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Swelling properties

Vitrimers may be considered a third class of polymers, com-
bining the advantages from two other classes, i.e. thermoplas-
tics and thermosets. Thermoplastics should flow when heated
and be soluble in a suitable solvent. Thermosets are insoluble
in solvents and cannot flow. Vitrimers will flow when heated
and will also resist solvent dissolution.”®
worthy that they may be partially soluble or damaged
especially when exposed to a large amount of the solvent for
long times. The swelling ability of poly(CAR-4apds) in di-
methylformamide (DMF), ethylacetate (EtAc), ethanol, and
acetone was investigated to confirm the formation of a 3D
network and to assess the resistance to chemical solvents,
which can be seen in the images of the samples displayed in
the ESI (Fig. S127). The solubility fractions and swelling ratios
were determined after immersion of the samples for 48 h at
25 °C and they are reported in Table 2. The uptake of acetone
and ethanol was found to be 18% and 9%, respectively. The
solvent uptake in DMF, a good solvent for the monomer, was
found to be 79% with a 23% soluble fraction, in the range of
previously reported vitrimers.*> Furthermore, the physical
integrity of the network was kept intact in spite of this signifi-
cant swelling. A yellowing of the solvent solution was observed
a couple of hours after the immersion of the samples, essen-
tially composed of non-attached monomers of ring-opened
CAR-4apds ("H NMR of the solution is available in the ESI in
Fig. S9%). After changing the immersion solvent, coloration
was no longer observed and the sample remained undissolved.
The soluble fraction is explained by the low cross-linking
density of the system.

The same experiment was carried out in neutral water (see
Fig. S13 in the ESIT). After 48 h of immersion in water at room
temperature, it was not possible to detect any change in the
weight of poly(CAR-4apds). The same results were obtained
even after 48 h at 50 °C. Water uptake is a major concern in
the adhesive industry, as it contributes to the weakening of the
structural adhesives commonly used.’® In consequence, the
near-zero water uptake of poly(CAR-4apds) is a major asset.

However, it is note-

Stress relaxation

One of the major characteristics of vitrimers is their gradual
viscosity profile, showing a temperature dependence aligned
with the chemical exchange reaction, following the Arrhenius
law. Stress relaxation experiments were performed by rheologi-
cal tests applying 1% strain following the relaxation modulus
as a function of time. Fig. 3a shows the stress relaxation curves

Table 2 Swelling ratio and soluble fraction of poly(CAR-4apds) after
48 hat 25 °C

Solvent Swelling ratio Soluble fraction
DMF 79 23
EtAc 72 19
Acetone 18 14
Ethanol 9 ~0
Neutral water ~0 ~0

This journal is © The Royal Society of Chemistry 2020
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(a) Stress relaxation curves for poly(CAR-4apds) between 110 °C and 140 °C. (b) Arrhenius plots obtained from stress relaxation values where

G/Gg = 1/e and from G’ and G" crossover from frequency sweep tests, with fitting curves. (c) Frequency sweep curves for poly(CAR-4apds) at 140 °C .

at different temperatures (from 110 to 140 °C) exhibiting a
complete and fast stress relaxation of poly(CAR-4apds). The
relaxation times (z*) were found to follow the Maxwell law G(t)/
G, = exp(—t/r*), taken when the normalized stress decreased to
a value of 0.37 (1/e).”” Details of the calculation are reported in
the ESIf as well as with the normalized stress relaxation curve
(Fig. S14 in the ESIf). The relaxation time at 120 °C was 18
seconds. When 7* at different temperatures was examined in
an Arrhenius plot, a linear relationship was found, which is
characteristic of vitrimer materials (Fig. 3b).>® From the slope
of the linear trend line (y = 7.75x — 16.68; R* = 0.993), a
mechanical activation energy of 64.5 k] mol™" was calculated
(see the ESIt for calculation details). This value is in agree-
ment with other systems reported in the literature.*
Additional frequency sweep measurements were performed at
different temperatures. At 140 °C (Fig. 3c), the crossover of G'
and G" occurred around 0.19 rad s™*, which corresponds to a
time of 33 s. By monitoring the storage and loss moduli of
these materials over different temperatures in the range of
110 °C to 140 °C, we observed that the crossover shifted to
lower frequency while maintaining the storage modulus con-
stant at higher frequencies, confirming the associative nature
of the chemical exchange. The full range frequency sweep tests
are reported in the ESI (Fig. S157).

In addition to the common glass transition temperature of
polymers, the topology freezing transition temperature (7,) is
also a key characteristic of vitrimers. This concept was intro-
duced in 2011 by Leibler et al. and corresponds to the tempera-
ture above which the network can be rearranged by dynamic
exchange.”® This temperature is conventionally chosen at the
point where the transition from solid to liquid occurs with a
viscosity of 10'> Pa s. For the present system, a theoretical T,
was calculated from the extrapolation of the Arrhenius plot
leading to a T, of —8.5 °C (see the ESIT for calculation details).
In this case, an intrinsically fast exchange reaction is
embedded in a polymer network with a T, higher than the T,
as already reported.”” This network is not frozen by the kine-
tics of the exchange reactions but by the lack of polymer chain
mobility governed by the T,. At temperatures higher than the
T, the mobility of the network starts to allow rearrangements
of the dynamic bonds, making the material both (re)processa-

This journal is © The Royal Society of Chemistry 2020

ble and reshapable. The relaxation properties of poly
(CAR-4apds) were compared to those of a similar molecular
system that did not contain disulfide bonds (poly(CAR-edan),
Fig. S167). Their comparison highlights the importance of the
-S-S- bond in promoting dynamicity in the systems, as poly
(CAR-edan) barely shows any relaxation after 1 hour at 100 °C
(Fig. S16 in the ESIY).

Reprocessing, reshaping, and recycling

Poly(CAR-4apds) was confirmed to be a vitrimer with fast
stress relaxation, and we decided to investigate its reshaping
and reprocessing ability at 120 °C. First, a rectangular sample
of poly(CAR-4apds) was reshaped by applying local heating
and twisting it into a fusilli shape (Fig. 4). Once the sample
cooled down to room temperature, the fusilli shape remained.
The gradual variation of viscosity allows objects with complex
shapes to be produced and/or existing parts to be reshaped
without losing integrity. This is in contrast to what happens
with thermoplastics where the viscosity drops dramatically
with the temperature. Additionally, the cross-linked rectangu-
lar bar was ground into a powder with around 500 pum dia-
meter grains, and then placed inside a mold for a reshaping
step at 120 °C for 1 min at a pressure of 5 bars. Fig. 4 shows
the powder obtained from the ground material reshaped into a
disc, confirming the possibility of re-processing and recycling
the polybenzoxazine-based vitrimer.

Furthermore, similar thermo-mechanical properties were
observed in the several-times-recycled material (from 1 to 5 re-
cycling) and the pristine sample was assessed by rheological

Pristine

‘E. Recycling /

Reshaping Grinding V reprocessing
90 °C 120 °C
1 min 5 bars
1 min

¢
f

Fig. 4 Reshaping, (re)processing and recycling of the disulfide-benzox-
azine vitrimer, poly(CAR-4apds).
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Fig. 5 (a) Dynamic mechanical thermal analyses of the pristine poly

(CAR-4apds) and after the first and fifth reprocessing. (b) Reprocessing
procedure to obtain discs.

tests as shown in Fig. 5a. The discs were prepared following
the procedure described in Fig. 5b.

Application as a self-healable adhesive

The adhesive properties of poly(CAR-4apds) were assessed,
inspired from previous reports on reversible adhesive
vitrimers.*®*° Interestingly, poly(CAR-4apds) is malleable
enough to be used as an adhesive. Contrary to conventional
fluid-type adhesives (glue, cement, paste, etc.), poly
(CAR-4apds) is solid at ambient temperature and easy to
prepare as a film of controlled size and thickness. Thanks to
its solid state, it is much more convenient to position than
any other type of fluid-like adhesive, avoiding flooding
outside of the surface to be glued. As shown in Fig. 6a, a 5 x
5 cm® poly(CAR-4apds) membrane was directly positioned
and sandwiched between two aluminum cubes (see Fig. S17a
and S17b in the ESIf). After heat treatment at 120 °C at a
pressure of 1 bar for 10 minutes, the whole adhesion process
was complete. After cooling down the system to room temp-
erature, a tensile test was performed to measure the adhesive
strength, leading to the breakage of the assembly (see
Fig. S18 in the ESI{).

An adhesive fracture was observed (see Fig. S17c in the
ESIT). A schematic representation of the experiment is shown
in Fig. 6a. After the tensile test, the two blocks were re-
assembled together by heating them at 120 °C for 10 minutes
at a pressure of 1 bar. After the breaking, the process was
repeated one more time. The initial adhesion force was found
to be 1 kN without showing a significant decrease after three
breaking and two repairing steps (Fig. 6b). After the third
breaking, the assembly was repaired with a new thermal treat-
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Fig. 6 Reversible and self-healing adhesive with the poly(CAR-4apds)
membrane. (a) lllustration of the fabrication film from poly(CAR-4apds)
and schematic representation of the adhesion test procedure. (b)
Adhesive strength of the pristine sample and after 5 repair cycles.

ment at 120 °C for 10 min, but this time applying a higher
pressure of 8 bars. This led to an increase of the adhesive force
to 5 kN (2 MPa). This is quite close to the performance of
structural adhesives,®® in particular, considering that poly
(CAR-4apds) is not an optimal formulation. This process was
repeated twice, even reaching an adhesive strength of 7 kN (2.8
MPa) (Fig. 6b). This may be due to interactions promoted at
the vitrimer/aluminum interface due to the repeated tests,
with a thin layer of poly(CAR-4apds) presumably being more
and more tightly attached to the metal surface, making the
healing process more efficient. At the end of the test, the vitri-
mer was disassembled and removed from the aluminum cubes
by heating it at 120 °C for 10 minutes. After cooling, it was
possible to reuse the membrane to re-bond the metal cubes. It
is noteworthy that during the recycling process, a thiol-ene
reaction could take place between the remaining double bonds
of cardanol and sulfur radicals, as reported in the past.**>""?
Under these conditions, sulfur radicals would be irreversibly
consumed, thus decreasing the content of the dynamic
exchangeable disulfide bonds. It would result in a decrease of
the recyclability of poly(CAR-4apds). Even if FTIR measure-
ments performed before and after the recycling steps did not
reveal any molecular changes (Fig. S19 in the ESIY), it does not
mean such a reaction was not happening. However, to say the
least, the material can be reused 5 times without showing any
sign of deterioration.

This journal is © The Royal Society of Chemistry 2020
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This experiment proves the possibility of using a disulfide-
based benzoxazine vitrimer as a self-healing and reusable
adhesive with a significant adhesive strength (up to 2.8 MPa
under the conditions of experiments). The repairing process is
performed at low temperatures, and short times are required
making it feasible to use it in the industry without drastically
increasing the cost.

Conclusions

Polybenzoxazines have been known for several years to be suit-
able alternatives to phenolic and epoxy resins. However they
suffer from a similar drawback to traditional resins: once cured,
their shape is permanent and they cannot be reused. Their
after-life is limited to landfill burial or burning. This work
reports the development of the first polybenzoxazine vitrimer,
which can be reprocessed, reshaped, or recycled, based on
dynamic disulfide exchanges. The synthesis of the monomer
was carried in a solvent-less approach without the need for puri-
fication, limiting the generation of wastes even at the synthetic
step. Additionally, the material was prepared from a cheap and
renewable reagent, cardanol, fitting many of the green chem-
istry and engineering principles improving the sustainability of
the full process from synthesis to final use. After polymerization
by simple heating, the resulting polybenzoxazine can be reused
thanks to a fast relaxation process (18 seconds at 120 °C) which
requires a low activation energy (64.5 k] mol™"). Furthermore,
the benzoxazine vitrimer shows adhesive properties (ca. up to
2.8 MPa on aluminum) with short self-healing times at low
temperatures making its use in industry and for the general
public feasible. Moreover, the adhesion is reversible, a particu-
larly useful asset for reducing material waste and time con-
sumption in equipment, composite and material applications.
Finally, this material could be considered in additive manufac-
turing, with the possibility of applying 3D printing technology
for the design of materials of complex geometry, further extend-
ing its application to many fields of materials.
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