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The design of a green and renewable bio-based self-healing vitrimer has attracted extensive attention due
to the increasing emphasis on an environment friendly society. However, it remains a challenge to design
and fabricate a fully bio-based vitrimer with a room temperature self-healing ability without sacrificing the
aqueous stability and mechanical performance. In this work, a dialdehyde monomer was designed and
synthesized using vanillin, 2,5-furandicarboxylic acid, and succinic acid. A fully bio-based Schiff base vitri-
mer was prepared with the bio-based curing agent Priamine 1071 (FDV-1071 and SCV-1071). The syn-
thetic process was simple under mild conditions at room temperature without any catalyst. The rigid poly-
phenyl and furan structure of the dialdehyde monomer endowed the vitrimer with reinforced mechanical
performance, and the tensile strength and T4 of FDV-1071 reached 2.45 MPa and 25.14 °C, respectively.
The fully bio-based vitrimer containing both an imine bond and an active ester bond showed excellent
thermal reversibility and self-healing properties. FDV-1071 slices allowed multiple reprocessing cycles at
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120 °C and 10 MPa and still retained the self-healing ability even at room temperature. In addition, the ali-
phatic chains of Priamine 1071 increased the hydrophobicity of the vitrimer, greatly enhancing the stability
in the aqueous environment, and the degradability of the vitrimer was tunable by the introduction of an
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1. Introduction

A Schiff-base vitrimer,'™® one of the most significant vitrimers,
has drawn increasing attention due to the convenient and cata-
lyst-free reaction process and has been applied in coating,
composite materials, biomedical materials, etc.”® A Schiff-
base vitrimer is usually designed and prepared using polya-
mines and polyaldehydes.'®™* Compared with polyamines,
polyaldehydes have higher designability and selectivity.
However, most polyaldehydes come from petroleum-based
materials, which not only affect environmental protection but
also inhibit sustainable development.’*™°

Recently, the synthesis of bio-based polyaldehydes has
aroused researchers’ wide interest. Wei et al.'” used natural
polysaccharides to oxidize and prepare bio-based polyalde-
hydes and then crosslinked them with N-carboxyethyl chitosan
(CEC) to obtain a biocompatible polysaccharide-based self-
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healing hydrogel, which could achieve a repair efficiency of
95%. Dong et al.’ crosslinked amine chitosan with a long-
chain dialdehyde (PEG-DA) to prepare a bio-based Schiff alka-
line hydrogel, which has excellent electrical conductivity and
self-healing ability.

In order to improve the biomass content, vanillin,"*2° a
bio-based monomer derived from lignin, has been used to syn-
thesize bio-based polyaldehydes. Zhang et al.®" synthesized a
vanillin-based aldehyde compound with a biomass content of
58.9%. After being cured with 4-AFD and tris (2-aminoethyl)
amine, the vitrimer showed excellent self-healing properties
with the addition of a catalytic amount of amine. Geng et al.™
synthesized a dialdehyde monomer (DAV) from vanillin and
1,4-dibromo butane with a biomass content of 84.3%. After
being respectively cured with different proportions of a mixed
curing agent of diethylenetriamine and tris (2-aminoethyl)
amine, three polyschiff vitrimers were prepared and sample 1
was self-healed after 1 hour at 180 °C. Wang et al.>* syn-
thesized a trifunctional aldehyde compound (TFMP) from
vanillin and phosphorus oxychloride with a biomass content
of 90.6% and then cross-linked it with three binary amine
curing agents to obtain three Schiff base covalent adaptable
networks (CANs). The Schiff base CANs films could be recov-
ered into complete films in 10 min at 180 °C under 15 MPa
pressure. Although many biomass aldehydes have been syn-
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thesized, they all have less bio-mass content, and amines are
non-biobased, which greatly reduces the biomass content.
Therefore, the biomass content of Schiff base vitrimers needs
to be further improved.* In addition, the temperature require-
ments for self-healing and reprocessing performance in the
above research studies are high,>*>® so Schiff base vitrimers
that can self-heal at room temperature need to be further
studied because vitrimers that can self-heal at room tempera-
ture will be more widely used.

2,5-Furandicarboxylic acid and succinic acid are bio-based
platform compounds with high added value announced by the
Department of Energy in 2004.””>° These two compounds
have been used in the synthesis of epoxy resins, polyurethanes,
and benzoxazine resins.***' However, the synthesis of Schiff
base aldehydes has not been reported yet.

In this work, we designed a fully bio-based dialdehyde
monomer derived from 2,5-furandicarboxylic acid, succinic
acid and vanillin, followed by curing with the bio-based curing
agent Priamine 10712 to obtain a fully bio-based Schiff base
vitrimer without a catalyst. The hydrophobic matrix was
expected to protect the Schiff-base connection from hydrolysis,
and the mechanical performance could be tuned by adjusting
the rigid and soft segments in the vitrimer. The results were
consistent with our hypothesis, and the tensile strength
reached up to 2.5 MPa which was significantly higher than
that of the vitrimer built from Priamine 1071 and furan alde-
hyde (0.7 MPa). At the same time, vitrimers prepared in this
work showed the self-healing ability due to the abundant
imine bonds. A scratch on the surface of the vitrimer dis-
appeared after 120 min at room temperature. The reversibility
of the imine rapidly increased when the temperature was
increased, and the time taken for the disappearance of the
surface scratch reduced to 15 min when the temperature was
increased to 120 °C. A great recycling ability was also presented
by the vitrimer, and the fragments were able to reassemble
back at 120 °C under 10 MPa pressure retaining more than
90% mechanical strength. In addition, degradation of the vitri-
mer was achieved in a mixture of organic solvents and acid or
alkaline aqueous solutions.

2. Materials and methods
2.1 Materials

Vanillin was provided by San Chemical Technology Co., Ltd.
2,5-Furandicarboxylic acid and succinyl chloride were prepared
in our laboratory before.>® Sodium hydroxide (NaOH), ethyl
acetate (EAC), ethanol (EtOH) and tetrahydrofuran (THF) were
provided by Beijing Chemical Works. Priamine 1071 was pro-
vided by CRODA.

2.2 Synthesis of a fully bio-based dialdehyde monomer

In our previous work,** we have introduced the steps for the
synthesis of dialdehyde monomers. Vanillin (0.4 mol) was
added to NaOH (0.41 mol) aqueous solution (200 mL) and
stirred for 10 min to obtain vanillin sodium salt solution. 2,5-
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Furandicarbonyl dichloride (0.2 mol) was dissolved in EAC
(200 mL) and transferred to a drop funnel after full dis-
solution, and then it was added dropwise into a sodium salt
solution under the conditions of 0 °C ice bath and magnetic
agitation. Then it was reacted at 0 °C for 2 h and 50 °C for 5 h.
After the reaction, the upper solution was washed with sodium
hydroxide aqueous solution three times and then washed with
water three times. A fully bio-based dialdehyde monomer
(FDV) was prepared after vacuum drying at 60 °C for 24 h. The
preparation method for SCV was the same as that for FDV. The
reaction diagram of the fully bio-based dialdehyde monomer
is shown in Fig. 1(a).

2.3 Preparation of fully bio-based polyimine vitrimers

8.5 g of FDV (0.02 mol) was completely dissolved in 30 mL of
EAC, and 10.82 g of Priamine 1071 (0.018 mol) was added to
the monomer solution drop by drop slowly, and immediately
stirred vigorously for 10 min. The mixture was charged into a
round bowl of aluminum foil to remove the solvent at room
temperature over 5 h. The precured vitrimer was obtained by
curing at 60 °C for 3 h in a vacuum dryer. The original sample
of FDV-1071 was cured for 3 h in an oven at 120 °C. The prepa-
ration method for SCV-1071 was the same as that for
FDV-1071. The synthesis route to fully bio-based polyimine
vitrimers is displayed in Fig. 1(b).

2.4 Characterization

Fourier transform infrared (FTIR) spectroscopy. The FTIR
spectra were recorded on a Nicolet Nexus 670 spectrometer in
the wavelength range of 400-4000 cm™' at a resolution of
4 cm™'. The KBr tablet method was used to characterize the
synthesis of the fully bio-based dialdehyde monomer and trace
the curing of the fully bio-based Schiff base vitrimer.

Nuclear magnetic resonance (NMR). A Bruker Avance III HD
(400 MHz) was used to determine the 'H NMR spectra to
characterize the synthesis of the fully bio-based monomer.
CDCl; was used as the solvent for "H NMR detection. TMS was
used as the internal standard.

Differential scanning calorimetry (DSC). The vitrification
transition temperature of the fully bio-based Schiff base vitri-
mer was analyzed by DSC in a nitrogen atmosphere using a TA
Instruments Q20. Temperature program: heat from 25 °C to
120 °C. The temperature then immediately drops to —60 °C
and gradually rises to 60 °C at 10 °C min~". The glass tran-
sition temperature measured by DSC was recorded as Ty,.

Thermogravimetric analysis (TGA). TGA was performed
using the TA Instruments Q500 to evaluate the thermal stabi-
lity of a fully bio-based Schiff base vitrimer over a temperature
range of 25-800 °C at a heating rate of 10 °C min~" in a nitro-
gen atmosphere.

Dynamic mechanical analyses (DMA). Dynamic mechanical
analysis was performed using TA Instruments Q800. The
energy storage modulus and tan é curves of the vitrimer were
measured in the range of —80 to -100 °C (3 °C min™"). The
peak of the tané§ curve revealed the vitrification transition
temperature of the fully bio-based Schiff base vitrimer. The
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Fig. 1 Synthetic route to (a) fully bio-based dialdehyde monomer FDV and SCV and (b) fully bio-based Schiff base vitrimer.

vitrification transition temperature measured by DMA was
recorded as Tp. The spline size is 25 mm x 4 mm X 0.25 mm.

Reprocessing experiment. The original vitrimer was cut into
pieces and placed in a metal mold. The sample was pressed by a
hot press (760p-24b) at 120 °C and 10 MPa. After natural cooling,
the sample was taken out to obtain the 1% recycled sample.
Similarly, the 2™ recycled sample was obtained by shearing and
pressing the 1% recycled sample. The 3™ recycled sample was
obtained by shearing and pressing the 2" recycled sample.

Tensile testing. The tensile strength of the material was
tested on a universal testing machine (SANS UTM5205XHD).
Dumbbell shaped splines were made by pressing for testing.
In order to obtain stable repeatability of data, this paper tested
5 splines for each group of samples and the mean value was
calculated.

Stress relaxation. A dynamic mechanical analyzer (TA
Instruments Q800) was used to test the stress relaxation of the
vitrimer material with 5% constant strain and 1 x 10> N force.
The spline size is 25 mm x 4 mm x 0.25 mm. The decrease in
the stress relaxation modulus and the corresponding time
were recorded.

Self-healing experiment. The polyimine vitrimer of
FDV-1071 was placed at room temperature of 120 °C, 60 °C
and 25 °C, respectively, for the self-healing test. The healing of
the scratch was observed under an optical microscope.

Water contact angle test. The water contact angle (CA) of the
vitrimer material was measured using the water contact angle
tester DSA10-MK2.

Degradation test. FDV-1071 was placed in hydrochloric acid
aqueous solution (1 M HCI, 0.1 M HCl) and NaOH aqueous
solution (1 M NaOH, 0.1 M NaOH) with different concen-
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trations at 25 °C for 96 h to observe the degradation. Then, the
whole bio-based Schiff base vitrimer material was placed in
the acid-base mixed solution (I M HCI + EA, | M HCl + THF, 1
M NaOH + EA and 1 M NaOH + THF with v:v, 8:2, respect-
ively) at 25 °C for 8 hours to record the degradation process.

3. Results and discussion
3.1 Synthesis and characterization of FDV and SCV

Vanillin was linked by 2,5-furandiformyl chloride and succinyl
chloride through a one-step reaction with ethyl acetate as the
solvent constructing the dialdehyde monomers for the vitrimer
which was abbreviated as FDV and SCV, respectively. The struc-
ture of FDV and SCV was examined by FTIR and "H NMR, and
the corresponding spectrum is given in Fig. 2. The character-
istic peak of C=0 located at 1745 cm ™' shown in Fig. 2(a) indi-
cates the formation of the ester groups between the phenolic
hydroxyl groups and the acyl chloride. At the same time, the
peak located at 1700 cm™" indicated that the aldehyde groups
on the vanillin were preserved during the reaction. The chemi-
cal structures of FDV and SCV were further confirmed by 'H
NMR spectra which are demonstrated in Fig. 2(b) and (c). A
chemical shift of the proton from ~CHO groups on the vanillin
was around 10.08 ppm, and that of -CH; was around
3.92 ppm. The chemical shift in the range of 7.21-7.65 ppm
was the characteristic spectrum of the aromatic ring in vanil-
lin. The peaks at around 7.86 in Fig. 2(b) indicated the exist-
ence of the furan structure in FDV. The peak at around
3.12 ppm in Fig. 2(c) was assigned to the hydrogen of the
methylene from succinyl chloride. Thus, both the FTIR and "H

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 FTIR spectra (a) and *H NMR spectra of FDV (b) and SCV (c).

NMR characterization methods indicated the successful syn-
thesis of FDV and SCV. The structures of FDV, SCV and the raw
materials used in this work were also examined by 'H NMR,
3C NMR and HRMS spectra, which are presented in the ESI
section.}

3.2 Preparation and structural characterization of the fully
bio-based Schiff base vitrimer

The change in the network structure after vitrimer curing at
different curing temperatures was examined by FTIR which is
shown in Fig. 3. The FTIR spectra of FDV-1071 and SCV-1071
are shown in Fig. 3(a) and (b), respectively. As demonstrated in
Fig. 3(a), the peaks located at around 1700 cm™' and
1652 cm™ " belonged to the vibration of ~-CHO and -C=N,
respectively. Almost no -CHO was detected in the FDV-1071
system with the curing temperature ranging from 25 to 120 °C.
However, the curing velocity was significantly lower for the
SCV-1071 system. The characteristic peak for -CHO totally dis-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The tracing of the Schiff-base reaction by FTIR; (a) the spectra of
FDV-1071 and (b) SCV-1071. (c) FTIR spectra of FDV-1071 before and
after curing.

appeared when the curing temperature reached 120 °C. The
difference in the curing speed between these 2 systems was
attributed to the higher reactivity of 2,5-furandiformyl chloride
than that of succinyl chloride which is due to the conjugation
effect of furan. Fig. 3(c) shows the FTIR spectra of FDV after
curing with Priamine 1071 as the crosslinker. The peak of
-CHO at 1700 cm™" completely disappeared with the appear-
ance of the peak located at 1652 cm™" indicating the formation
of C=N connections in the matrix. The peak of the ester group
C=O0 at 1745 cm™" always exists. The results presented in
Fig. 3 showed the complete reaction between the dialdehyde
monomer and Priamine 1071 in ethyl acetate consisting with
the "H NMR characterization. Moreover, the reaction of the
SCV-1071 system was able to take place even at room
temperature.

3.3 The reprocessability of the vitrimer

The polyimine vitrimer has reprocessability due to the pres-
ence of reversible dynamic bonds which is intuitively demon-
strated in Fig. 4. As shown in Fig. 4(a), after shearing, a
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Fig. 4 Schematic representation of reprocessing of vitrimer (a); tensile
test of FDV-1071 (b) and SCV-1071 (c).

polymer can be hot-pressed at 120 °C and 10 MPa for 5 min to
successfully obtain a polymer film. The principle of this repro-
cessing is the exchange reaction of dynamic imine bonds
within the polymer crosslinking network. We reprocessed the
fully bio-based polyimine vitrimer 3 times according to the
reprocessing experiment and conducted tensile tests on the
polymer films obtained after each cycle. As shown in Fig. 4(b)
and (c), the tensile strength of FDV-1071 was 2.45 + 0.08 MPa
and changed to 2.21 + 0. 08, 2.16 + 0.09 and 2.32 + 0.11 MPa
after the 1%, 2"¢ and 3™ reprocessing cycles, respectively. A
similar trend was also reflected by the sample sets of
SCV-1071. As demonstrated in Fig. 1, a 3D network structure
was generated by the vitrimer designed in this work which
should hardly show the reprocessing ability. However, more

866 | Polym. Chem., 2023, 14, 862-871
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than 90% of the tensile strength was recovered by FDV-1071
and SCV-1071, presenting the integrity and the homogeneity of
the matrix after reprocessing. The tensile strength values of
the three reprocessing cycles showed no significant difference,
indicating that the dynamic bond exchange by the imine con-
nection did not change the crosslinking density of the vitri-
mer. The elongation at break of the vitrimer showed a similar
trend. The value for FDV-1071 was 340 + 14.2% initially which
turned to be 365 + 21.5%, 359 + 12.7% and 348 + 14.6% after
the 1°¢, 2"¢ and 3" reprocessing cycle correspondingly showing
no significant difference. The elongation at break of SCV-1071
was consistent with that of FDV-1071 which was due to the
dynamic exchange mechanism of the imine bonds in the vitri-
mer. The maximum tensile strength of FDV-1071 was around
2.45 + 0.08 MPa significantly higher than that of SCV-1071
which was 1.04 + 0.02 MPa. This difference was mainly attribu-
ted to the high rigidity of the furan structure in FDV-1071. The
tensile test results of the membranes before and after reproces-
sing are recorded in Table 1. The low aromatic content and the
long aliphatic chain length in the crosslinking network wea-
kened the tensile strength.?® However, the elongation at break
was greatly enhanced, and the high toughness and the elastic
nature broadened the application area of the vitrimer syn-
thesized in the present work.

3.4 The thermal properties of the vitrimer

The glass transition, thermal stability and thermal-mechanical
properties of the vitrimer membranes were characterized by
DSC, TGA, and DMA, respectively, and the corresponding
results are presented in Table 2 and Fig. 5. The curves plotted
in Fig. 5(a) represent the glass transition temperature charac-
terized by DSC (Tg,), and the value for FDV-1071 and SCV-1071
was 7.25 and —4.96 °C, respectively. The TGA curves reflected
the thermal stability of the vitrimers. As shown in Fig. 5(b),
FDV-1071 and SCV-1071 have similar carbon residues which
were only around 10%. This reflects the fact that abundant
flexible long aliphatic chains are present in the network of the
vitrimer. Fig. 5(c) presents the DMA analysis results, indicating
that the storage modulus (E') of FDV-1071 was higher than
that of SCV-1071. The glass transition temperature character-
ized by DMA was abbreviated as T, which was reflected by
the position of the tand peaks in Fig. 5(d). The T, of
FDV-1071 and SCV-1071 was 25.14 and 8.32 °C, respectively,

Table 1 Mechanical properties of FDV-1071 and SCV-1071

Tensile strength Elongation

Samples Status at break (MPa) at break (%)
FDV-1071 Original 2.45 + 0.08s 340 +14.2
1% recycle 2.21 +0.08 365 +21.5
2“°‘ recycle 2.16 + 0.09 359 +12.7
™ recycle 2.32£0.11 348 + 14.6
SCV-1071 Original 1.04 £ 0.02 17.9 + 0.81
1% recycle 1.02 + 0.02 16.1 + 1.42
2™ recycle 1.03 + 0.02 16.9 + 1.08
3" recycle 0.95 + 0.01 19.2 + 1.08

This journal is © The Royal Society of Chemistry 2023
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Table 2 The thermal properties, thermal stability and v, of FDV-1071
and SCV-1071

Char
Material Ty, (°C) Ty, (°C) yield (%) v.“(mol m™?)
FDV-1071 7.3+0.18°C 25.1+0.36°C 10.12 218 £13
SCV-1071 —-5.0+0.11 °C 8.3+0.22 °C 9.98 120+ 9

Tgq Was obtained from the DSC measurement; Ty, was obtained from
the DMA test “ The crosslinking density was calculated based on the
formula: v. = E,/6RT with the plateau model and the temperature was
set as Ty + 40 °C.

which was consistent with the DSC results. These results indi-
cated that FDV-1071 presented higher thermal stability and
better thermo-mechanical properties than SCV-1071, and the
speculation was made that the crosslinking density of
FDV-1071 was higher than that of SCV-1071. The crosslinking
density (v.) was estimated quantitatively based on the formula:
Ve = E;/6RT with the plateau model and the temperature was
set as Ty + 30 °C, T + 40 °C and T, + 60 °C, respectively. The v,
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values for FDV-1071 and SCV-1071 were 218 + 13 and 120 +
9 mol m™>, respectively, when the testing temperature was set
as Ty + 30 °C. The calculated results when the temperature was
set as Ty + 40 °C and T + 60 °C followed the same trend which
are presented in the ESI section.f As expected, the high cross-
linking density of FDV-1071 lead to high mechanical and
thermal properties. In addition, the rigid furan structures of
FDV-1071 also reinforced the network structure, enhancing the
thermal stability and the mechanical performances. The
corresponding data of thermal properties, thermal stability
and v, of FDV-1071 and SCV-1071 are shown in Table 2.

3.5 Thermal stress relaxation

The stress relaxation experiments were carried out to study the
flow behavior of polymer networks at different temperatures
and can be used to evaluate the dynamic exchange ability of
the vitrimer. The characteristic relaxation time (¢*) is defined
as the time required for the relaxation modulus G, to decrease
to 1/e of its initial value. The relationship between 7* and the
temperature for FDV-1071 and SCV-1071 is demonstrated in

(b)

100 1555,
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Fig. 5 DSC measurement (a), TGA (b), and DMA (c) and (d) of the 1* recycled vitrimers.
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Fig. 6 Stress relaxation plots of (a) FDV-1071 and (c) SCV-1071 at different temperatures and fitting of the relaxation times to the Arrhenius equation

for (b) FDV-1071 and (d) SCV-1071.

Fig. 6(a) and (c), respectively. The activation energy (E,) of the
chain exchange was calculated by the linear fitting between In
(z*) and 1000 K™* according to the Arrhenius law: o*(T") = zoexp
(Eo/RT), which is presented in Fig. 6(b) and (d). According to
the slope of the fitting curves, E, of FDV-1071 and SCV-1071
was 66.88 and 57.12 kJ mol™", respectively. The calculated E,
falls into the reasonable E, range (33.5-129 kJ mol ™) for polyi-
mines which is indicated by the previous publication.
FDV-1071 showed higher E, than that of SCV-1071, presenting
a lower thermal stress relaxation ability. The proposed reason
was that the dense crosslinking network and the rigid furan
structure of FDV-1071 limited the chain diffusion and
restrained the bond exchange process. This result was also
consistent with the thermal stress relaxation. Both FDV-1071
and SCV-1071 demonstrated a stress relaxation ability in the
temperature ranging from 20 to 55 °C, indicating that these
sample sets should have the self-healing ability under these
conditions.

3.6 Evaluation of the self-healing ability

The reprocessability and stress relaxation of FDV-1071 and
SCV-1071 were characterized in the previous section, which
indicated that the sample sets should have the self-healing
ability. Herein, the surface scratch recovery ability of these two
sample sets at different temperatures was evaluated and com-
pared, which is demonstrated in Fig. 7. The optical microscopy
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image presented in Fig. 7(a) shows that the scratch on the
surface of FDV-1071 disappeared after 15 min at 120 °C
without pressure, indicating the rapid self-healing strength at
the reprocessing temperature. The time required to eliminate
the scratch on FDV-1071 increased to 20 min when the temp-
erature was raised to 60 °C as demonstrated in Fig. 7(b).
However, it still showed excellent self-healing ability under
this condition. As shown in Fig. 7(c), the FDV-1071 vitrimer
still showed the self-healing ability even at room temperature,
and the time required to eliminate the surface scratch at 25 °C
was around 2 hours. The surface scratch recovery tests indi-
cated that the dynamic imine bonds endowed the fully bio-
based Schiff base vitrimer FDV-1071 with the self-healing
ability even at room temperature which has the bright future
in the industry.

3.7 Degradation of the vitrimer

Vitrimers based on the imine exchange reaction fabricated
from vanillin showed the ability to decompose to amines and
aldehydes in acidic organic solvents.*® The degradation vel-
ocity of the fully bio-based vitrimer prepared in this work in
different environments is measured and demonstrated in
Fig. 8. No significant difference was observed when the sample
slices were immersed in 1 M HCI, 0.1 M HCI, 1 M NaOH and
0.1 M NaOH solutions for 72 hours at room temperature,
respectively. The mass change of the samples was recorded

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Optical microscopy images of scratched FDV-1071 (a) at 120 °C, (b) at 60 °C, and (c) at 25 °C.

(b)

B o.M |
NaOH 3 _ ; NaOH

hydrophobic

NaOH
+ THE

Priamine 1071

Fig. 8 (a) Digital photo of FDV-1071 in the aqueous solution of HCl and NaOH, (b) water contact angle of FDV-1071 and (c) digital photo of
FDV-1071in 1 M HCl + EtOH (THF) (v:v, 8:2) and in 1 M NaOH + EtOH (THF) (v:v, 8:2).

showing no significant change during this process which is
presented in the ESI section.t The thermosets containing
imine bonds should hydrolyze rapidly under the acidic con-
ditions, and those containing ester connections should

This journal is © The Royal Society of Chemistry 2023

degrade in the alkaline environment. However, the fully bio-
based vitrimer showed outstanding stability in the acidic/alka-
line aqueous environment. The reason behind was that the ali-
phatic chains contained by Priamine 1071 increased the hydro-
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phobicity of the vitrimer protecting the imine and ester bonds
from water. The hydrophilicity was evaluated using the contact
angles presented in Fig. 8(b). The water contact angle of
FDV-1071 was around 95°, showing the hydrophobic nature.
The influence of the organic solvent on the degradation vel-
ocity of the fully bio-based vitrimer is also explored and pre-
sented in Fig. §(c). FDV-1071 slices were placed in 1 M HCI +
EtOH, IM HCl + THF, | M NaOH + EtOH, and 1 M NaOH + THF
mixed solutions (v:v, 8:2). After 8 hours, we found that
FDV-1071 completely degraded and dissolved in 1 M HCI +
THF, 1 M NaOH + EtOH, and 1 M NaOH + THF mixed solu-
tions, and partially degraded in 1 M HCI + EtOH solution. This
indicated that the introduction of organic solvents was able to
enhance the wettability of the fully bio-based vitrimer acceler-
ating the hydrolysis of the imine and ester bonds in the cross-
linking network. The hydrophobic vitrimer FDV-1071
showed outstanding stability in the presence of water, making
it promising to be used as the structural thermoset in the
application. The degradation velocity was tunable by introdu-
cing the organic solvent, which makes it easy to remove on
demand.

4. Conclusion

From the perspective of resources and environment, this work
proposed a simple and efficient method to prepare two types
of fully bio-based Schiff base vitrimers (FDV-1071 and
SCV-1071). All the feedstocks (vanillin, 2,5-furandicarbonyl
dichloride, succinyl chloride, and Priamine 1071) were bio-
based and from the sustainable resources. The rigid polyphe-
nyl and furan structures of the FDV-1071 reinforced the
network structure of FDV-1071, and the tensile strength of the
vitrimer was enhanced to 2.5 MPa even with the use of
Priamine 1071 containing abundant flexible aliphatic chains.
The FDV-1071 vitrimer contained abundant imine bonds and
showed excellent reprocessability allowing multiple reproces-
sing cycles at 120 °C and 10 MPa retaining more than 90%
mechanical strength. The vitrimer retained the rapid self-
healing ability even at room temperature and showed the
ability to heal the scratch on the surface within 120 min. The
aliphatic chains of Priamine 1071 greatly improved the stabi-
lity of the vitrimer in acidic and basic aqueous environments,
and the degradation of the vitrimer was tunable by the intro-
duction of the organic solvent. The design of the fully bio-
based Schiff base vitrimer from the sustainable raw materials
in this work contributes to the solution of the problems of
resource shortage and environmental pollution by providing
guidance for developing a novel and sustainable strategy for
the design of fully bio-based materials.
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