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

Open Access Article. Published on 06 2024. Downloaded on 04-12-2025 19:41:31.

(cc)

RSC

Applied Polymers

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: RSC Appl. Polym., 2024, 2,
395

Received 2nd December 2023,
Accepted 3rd February 2024

DOI: 10.1039/d3lp00268c

Closing the loop: polyimine thermosets from

furfural derived bioresourcesf
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Zeljko Tomovi¢ (2 *

Over the past few decades, thermosetting plastics have emerged as indispensable materials in both indus-
trial applications and our daily lives, primarily due to their exceptional thermal and mechanical properties
resulting from their covalently crosslinked structures. Nevertheless, conventional thermosets face a sig-
nificant environmental challenge due to their inability to be recycled and reliance on the petroleum
resources. Consequently, there is an urgent need to develop innovative, biobased thermosetting materials
that are smartly designed to enable efficient chemical recycling, thus contributing to the realization of a
circular plastic economy. Here, we present synthesis of a biobased di-furfural monomer and its polymer-
ization with mixtures of various biobased multi-functional amines to construct a library of polyimines.
These polyimine thermosets displayed tailor-made thermal and mechanical properties, featuring a wide
range of glass transition temperatures from 8 °C to 60 °C and tensile strength spanning from 6.5 to 77.8
MPa. They also demonstrated high char yields, reaching 57% at 800 °C. Notably, these novel polyimines
exhibit high bio-content (in the range of 78% to 90%) and closed-loop recyclability under mildly acidic
and energy-efficient conditions. This unique property enables the recovery of monomers on demand
with high yields and purity. The findings presented in this work represent a valuable contribution in the
field of biobased thermosetting polymers with circular economy potential, offering new possibilities for

rsc.li/rscapplpolym sustainable material design.

Introduction

Over the past few decades, thermosetting plastics have
assumed a pivotal role in both industrial applications and our
daily lives, thanks to their exceptional thermal and mechanical
characteristics stemming from their covalently crosslinked
structures.” These properties render them indispensable for
numerous high-performance sectors, including the automotive
and aerospace industries, adhesives, coatings, and compo-
sites.? However, traditional thermosets suffer from an inherent
inability to undergo chemical recycling or reprocessing due to
the irreversible nature of their covalent bonds. Consequently,
the generated plastic waste is either incinerated or landfilled
thereby imposing a substantial environmental burden.**
Furthermore, the prevalent utilization of petroleum-derived
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monomers in the production of commercial thermosets con-
tributes to increased resource depletion. Therefore, there is a
pressing demand to supplant conventional petroleum-based
thermosets with biobased alternatives, ideally equipped for
closed-loop recycling to recover constituent monomers for
reuse in fresh thermoset production. An innovative design of
such monomers and their corresponding thermosets holds the
promise of achieving circularity, thereby diminishing the
carbon footprint of plastics—an outcome of profound signifi-
cance from both environmental and economic perspectives.>®
Incorporation of dynamic and cleavable imine bonds into the
designed thermosets has emerged as a prospective solution for
monomer recovery and thus achieving circularity as elucidated
in prior studies.” "

Previous research endeavors have primarily focused on
employing vanillin and its derivatives for the synthesis of bio-
based polyimine thermosets, aiming to minimize environ-
mental impact.’®>* For instance, polyimine thermosets, syn-
thesized from a vanillin-based dialdehyde monomer and con-
ventional amine crosslinkers (i.e., diethylenetriamine and tris
(2-aminoethyl)amine), displayed tensile strength values
ranging from 47 to 57 MPa, accompanied by glass-transition
temperatures (T,) approximately at 60 °C. Remarkably, these
thermosets exhibited notable self-healing properties and

RSC Appl. Polym., 2024, 2, 395-402 | 395


http://rsc.li/rscapplpolym
http://orcid.org/0000-0001-5797-4269
http://orcid.org/0000-0001-9079-0656
http://orcid.org/0000-0002-7944-5728
https://doi.org/10.1039/d3lp00268c
https://doi.org/10.1039/d3lp00268c
http://crossmark.crossref.org/dialog/?doi=10.1039/d3lp00268c&domain=pdf&date_stamp=2024-05-21
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lp00268c
https://pubs.rsc.org/en/journals/journal/LP
https://pubs.rsc.org/en/journals/journal/LP?issueid=LP002003

Open Access Article. Published on 06 2024. Downloaded on 04-12-2025 19:41:31.

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

(cc)

Paper

chemical recyclability in acidic conditions.'* It was further
demonstrated that carbon fibers could be easily retrieved back
as pristine quality from the carbon fiber composites of these
polyimines through acidic hydrolysis.>* Another tri-aldehyde-
based structure, synthesized from phosphorus oxychloride and
vanillin, was employed to produce fire-retardant, recyclable
and malleable flexible-to-rigid polyimines, with T,s and tensile
strength ranging between 87 °C to 178 °C and 35.2 to 69.2
MPa, respectively. Particularly, they showed a high limiting
oxygen index (LOI) of ~30%." In a separate investigation, the
identical tri-vanillin structure was polymerized with Priamine
1071, resulting in a hydrolysable adhesive employed between
two iron plates. The adhesive demonstrated a shear strength of
6.79 MPa.?> Polyimine chemistry extends beyond vanillin
derivatives to encompass starch chemistry as well. An illustra-
tive example involves the crosslinking of dialdehyde-modified
starch with 1,8-diaminooctane, resulting in a recyclable ther-
moset characterized by a mechanical strength of 40.6 MPa and
a Young’s modulus of 1.5 GPa."> However, a little attention has
been directed toward furfural derivatives in the development
of biobased polymers with closed-loop recyclability.
5-Hydroxymethylfurfural (HMF) is a versatile platform chemi-
cal that can be converted into a wide range of value-added
chemicals.?® Moreover, HMF and furfural derivatives are typi-
cally derived from lignocellulosic biomass,***” and they hold
particular significance as the U.S. Department of Energy has
classified HMF among the “Top 10” most valuable biomass-
derived building blocks.*® However, HMF is not a stable mole-
cule upon long-term storage. Derivatization is necessary for
obtaining more stable monomers (e.g., derivatives such as di-
aldehyde).>® For instance, Avérous and colleagues pioneered
the development of the first fully biobased, reprocessable poly-
imine employing 2,5-furandicarboxaldehyde and Priamine
1071, yielding a tensile strength of 0.69 MPa and an elongation
at break of 4.4%.%° Within the same research group, a diverse
array of polyimines was designed using the same furan-based
dialdehyde in combination with various polyether amines, tai-
loring mechanical and thermal properties. Notably, the relax-
ation times and activation energy for dynamic behavior were
highly dependent on the crosslink density.>* In these insight-
ful studies, significant attention has been given to thoroughly
investigate thermo-reversibility and vitrimer-like behavior. On
the other hand, Kasuya et al. developed a library of linear poly-
imines from bifurfural and rigid to flexible diamines achieving
tensile strength ranging from 7.7 MPa to 52.8 MPa; however,
they did not focus on either thermal or chemical recycling
options.*> Conversely, imine chemistry provides more than
just physical reprocessing; it encompasses chemical recycling
as another crucial tool in this context.

Despite numerous prior efforts in furan chemistry, the
closed-loop recycling to recover constituent monomers has not
yet been demonstrated.***® Moreover, the syntheses of 2,5-furan-
dicarboxaldehyde and bifurfural have proven to be labor-inten-
sive, necessitating costly or heavy metal catalysis, thereby
deviating from the principles of green chemistry. 5,5-[Oxybis
(methylene)]bis-2-furfural (OBMF), on the other hand, is a
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di-furfural containing monomer, which can be prepared in a
straightforward manner. Featuring two rigid aromatic units, it
stands out as an excellent candidate for the advancement of
polyimine thermosets. Therefore, this study aims to reveal a
library of closed-loop recyclable polyimines, synthesized from
OBMF in conjunction with a mixture of di- and tri-functional
amines to establish crosslinked networks (Scheme 1). The
resultant polyimine thermosets exhibited tailor-made thermal
properties, with T,s spanning from 8 °C to 60 °C. In addition,
these polyimines showed a remarkable char yield, reaching
57% at 800 °C. Furthermore, mechanical testing revealed that
these polyimines bestowed elastomeric to rigid thermoset attri-
butes with tensile strength ranging from 6.5 to 77.8 MPa. Of
utmost importance, the polyimine thermosets exhibited
closed-loop recycling under mildly acidic conditions yielding
their constituent monomers. Subsequently, these monomers
can be reutilized to yield new thermosets identical to the pris-
tine materials.

Results and discussion

Synthesis and characterization of OBMF monomer

The synthesis of OBMF involves self-etherification of HMF,
which requires efficient water removal and acid catalysis
(Scheme 1A).>” Previously, attempts have been made to employ
both homogeneous and heterogeneous acid catalysis for this
purpose.®® However, upscale reactions do not result in high
yields due to difficulties in removing water from the reaction
mixture.*® This complicates the reaction mixture yielding in-
soluble humins due to self-polymerization. Consequently, the
synthesis was carried out in toluene using a p-toluenesulfonic
acid catalyst (p-TsA) under reflux conditions, employing the
Dean-Stark trap.*® To reduce the formation of self-polymeriz-
ation products, we hypothesized that dilution could be an
effective strategy. Maintaining the concentration of HMF at 0.4
M resulted in an isolated yield of OBMF at 64%. However,
reducing the concentration of HMF to 0.1 M significantly
improved the isolated yield to 79% (Table S1%). The character-
ization of OBMF was performed using 'H and *C NMR in
CDCl; which was supported by FTIR and MALDI-TOF (Fig. S1
and S27). Accordingly, the aromatic signals were located as two
doublets at 7.21 and 6.56 ppm. Two singlets were obtained at
9.62 and 4.63 ppm for the aldehyde and -CH, protons, respect-
ively. The FTIR gave characteristic carbonyl (C=O0) stretching
peak for aldehyde at 1670 cm™', =C-H stretching of the furan
ring at 3111 em™, aldehydic C-H stretching at 2849 cm™.
Furan ring skeleton vibrations (C=C) were observed at 1524,
1405, 1359 cm ™. In addition, the absorption at 1198 cm™" can
be assigned to the inner C-O-C vibration in the furan ring
whereas 1040 cm™" shows ether vibration (C-O-C) outside the
furan ring.

It’s important to highlight that HMF exhibits instability
upon storage, owing to the coexistence of reactive aldehyde
and alcohol functionalities.”” During storage, undesired
chemical reactions can take place, such as etherification, ester-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic scheme for OBMF (A) and resultant furfural based polyimine networks (B). Schematic illustration of the closed-loop recycling

of P(FIm)-TREN (C).

ification, aldol condensation, and acetalization. These reac-
tions lead to the formation of OBMF and insoluble humins.*’
On the contrary, OBMF is highly stable*® under ambient con-
ditions even after 1 year, as "H and "*C NMR were identical
with the fresh OBMF (Fig. S37).

Synthesis and structural characterization of polyimine
networks

To investigate the relationship between structure and pro-
perties, we utilized four biobased diamines (i.e., 1,8-diamino-
p-menthane (pMD), 1,5-diaminopentane (PD), furan-2,5-diyldi-
methanamine (FD), and Priamine 1071 (Pri))** along with tris
(2-aminoethyl)amine (TREN) to create a crosslinked polymer
network (Scheme 1B). To expand our understanding of these
polyimines, we formulated crosslinked polymer networks
using flexible or rigid diamines alongside TREN as the cross-
linking unit (molar ratio of diamine/TREN = 3/2) as illustrated
in Scheme 1B and Table S2.} According to this formulation,
the proposed structures have a high bio-content ranging from
78% to 90% by weight (Table 1).

The condensation reactions were conducted in DMF at
80 °C under N, environment, and the resulting polymer
samples were obtained through solvent casting, polymer
drying, and hot-pressing at 120 °C. Structural characterization

© 2024 The Author(s). Published by the Royal Society of Chemistry

of the polyimine networks was performed using FT-IR
(Fig. S41). In the FT-IR spectra, a new peak emerged around
1645 cm ™", corresponding to the C=N stretch vibration, while
the signal at 1670 cm™", indicative of the C=0 stretch absorp-
tion band of aromatic aldehydes, disappeared. Moreover, the
networks demonstrated high stability in water and various
organic solvents with differing polarities at room temperature
for 24 h (Tables S3, 4, Fig. S5 and 67).

Thermal and mechanical characterization of polyimine
networks

The thermal characteristics of the networks were investigated
using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) under a N, atmosphere. In Fig. 1A, the
TGA thermograms of the polyimine networks are depicted. All
networks exhibited robust thermal stability under N,, display-
ing multistep degradation, with their onset degradation temp-
eratures (Tys0,) falling between 212 and 306 °C (as shown in
Fig. 1A, Table 1 and Fig. S71). The char residues were signifi-
cantly high reaching 57%. The substantial residual weights
observed in these polyimines indicate the unique character-
istics of the furan ring, suggesting a potential formation of gra-
phitic structures upon thermal degradation.**** Moreover, the
char residues of P(FIm)-TREN, P(FIm)-PD, P(FIm)-pMD and

RSC Appl. Polym., 2024, 2, 395-402 | 397


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lp00268c

Open Access Article. Published on 06 2024. Downloaded on 04-12-2025 19:41:31.

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

(cc)

Paper

Table 1 Characteristics of the polyimine networks
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Biobased
weight content (%)  Tyseo (°C)  Rgoo (%) Ty (DSC) (°C) Ty (DMA) (°C) E'so (MPa) E (MPa) om (MPa) &, (%)
P(FIm) -TREN 78 239 53 54 60 3100 2537 £ 58 70.9 £ 0.9 4.3 +0.2
(Flm) -PD 81 274 57 28 40 1800 896 + 163 38.7+1.5 9.7+1.6
P(FIm) -pMD 83 212 47 51 54 2500 2518 £ 64 69.8 £1.1 4.2 +0.2
P(Flm) -FD 81 212 57 61 60 3200 2781 +73 77.8+1.4 4.5+0.5
P(FIm) -Pri 90 306 26 —15 8 25 16+4 6.5 £ 0.5 37.3+1.9

Taso: temperature of 5% weight 10ss. Rggo: char residue at 800 °C. T, (DSC) and T, (DMA): glass transition temperatures obtained from DSC and
DMA, respectively. E';o: storage modulus at 30 °C obtained from DMA. E: Young’s modulus, o,,,: ultimate tensile strength, e;,: elongation at break.
A trace amount of DMF was found in the final thermosetting polyimines through FTIR analysis (C=O stretching at ~1660 cm™"), potentially con-

tributing to the early weight loss (Tgs¢,) in the materials.
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Fig. 1 Characterization of the polyimine networks: TGA (A), DMA (B) and tensile stress—strain tests (C).

P(FIm)-FD were notably higher at 53%, 57%, 47% and 57%,
respectively, compared to that of P(FIm)-Pri (26%) at 800 °C.
This significant difference is sourced from the higher aromatic
segment contents in the former networks.**** The DSC results
suggested that the highest T, was obtained with the most rigid
network, P(FIm)-FD, with 61 °C, whereas the fatty diamine
containing P(FIm)-Pri gave the lowest T, of —15 °C (vide infia,
Table 1 and Fig. S87).

The thermomechanical characteristics of the networks were
assessed using dynamic mechanical analysis (DMA), (Fig. 1B,
Table 1 and Fig. S97). At 30 °C, the storage moduli (E'3,) for
the P(FIm)-FD, P(FIm)-TREN and P(FIm)-pMD networks were
3200, 3100 and 2500 MPa, respectively. In contrast, signifi-
cantly lower values were observed for the P(FIm)-PD and
P(FIm)-Pri networks (1800 MPa for P(FIm)-PD and 25 MPa for
P(FIm)-Pri). This discrepancy could be attributed to variations
in flexibility, rigidity, and the proportion of aromatic units.*’
As the ratio of aromatic units increased and chain length of
the diamines decreased, the material’s stiffness escalated,
resulting in a larger storage modulus. Moreover, the maxima
of the tan § versus temperature plots were identified as the T,
of the networks (Fig. 1B and Table 1). The T, values obtained
from DMA aligned with the trends observed in the results
from DSC. Accordingly, the highest T, of 60 °C was obtained
with the most rigid networks P(FIm)-FD and P(FIm)-TREN,
which was followed by P(FIm)-pMD with T, of 54 °C. More
flexible network P(FIm)-PD gave slightly lower T, of 40 °C,
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whereas that of the fatty alkyl chain containing P(FIm)-Pri
network was significantly lower at 8 °C due to its highest
flexibility.

The mechanical assessment of the networks was performed
through tensile tests (Table 1 and Fig. 1C). Across the new net-
works, the tensile strength ranged from 6.5 to 77.8 MPa,
accompanied by 4-37% elongation. Notably, the P(FIm)-FD
network exhibited the superior Young’s modulus of 2781 MPa,
attributed to its highest content of rigid aromatic units.
Following closely were P(FIm)-TREN and the cycloaliphatic
diamine-containing P(FIm)-pMD networks, both showcasing
nearly identical Young’s moduli of 2537 and 2518 MPa,
respectively, owing to their structurally rigid architectures.
Given that these three networks displayed nearly identical
elongation-at-break values at 4.2-4.5%, the tensile strength of
P(FIm)-FD stood out as the highest at 77.8 MPa. In compari-
son, P(FIm)-TREN and P(FIm)-pMD demonstrated slightly
lower tensile strengths of 70.9 and 69.8 MPa, respectively.
When the rigid cycloaliphatic diamine was replaced with flex-
ible linear aliphatic diamine (i.e., P(FIm)-PD), the mechanical
properties were influenced drastically with tensile strength of
38.7 MPa and elongation at break of 9.7%. Conversely, the
fatty alkyl chain containing P(FIm)-Pri displayed a tensile
strength of 6.5 MPa and an elongation at break of 37.3%.
Furthermore, the Young moduli of the flexible networks
P(FIm)-PD and P(FIm)-Pri were 896 and 16 MPa, respectively.
These observations distinctly indicated that employing an aro-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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matic or cycloaliphatic amine resulted in stiffer networks,
aligning well with the trend observed in storage modulus. In
addition, evidently, employing shorter chains or increasing the
content of the rigid segments positively influenced the Young
modulus and tensile strength values with decreased elongation
at break due to reduced flexibility.*®

We additionally fabricated a 2-ply carbon fiber reinforced
composite utilizing the P(FIm)-TREN network to obtain CFRP
(FIm)-TREN (Table S2%). This resulting composite exhibited a
Young’s modulus of 10.7 GPa and a tensile strength of 295.1
MPa (refer to Fig. S10t). To gain a more comprehensive insight
into the interface between the carbon fiber and the network,
we conducted SEM analysis to the fractured fibers. The SEM
image illustrated that the fibers were thoroughly coated with
the polyimine network (Fig. S11t), suggesting a good inter-
action between the network and carbon fibers which could be
through n-= stacking.

Closed-loop recycling through chemical depolymerization

As imine bonds can be conveniently cleaved under acidic
conditions,*”*® we subjected P(FIm)-TREN to a solution of
MeTHF and 1 M HCI (v:v = 2:8) at 50 °C for 24 hours with
continuous stirring (Scheme 1C). Within several hours, the
bulk material started to break. The formed OBMF crashed out
as a fine powder while TREN-HCI remained dissolved in the
aqueous mixture. Upon completion of the depolymerization,

A
Recycled OBMF

Original OBMF

10 9 8 7 6 5 4 3 2
Chemical Shift (ppm)

CFRP(FIm)-TREN Recovered CF

SEM image of

View Article Online
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OBMF was filtered out and aqueous phase was further
extracted with ethyl acetate to get rid of the remaining small
amount of OBMF. Collected OBMF fractions were combined,
washed with isopropanol and dried in a vacuum oven at 60 °C,
achieving a recovery yield of 97%. Furthermore, TREN was
recovered in 55% yield from the acidic supernate by neutraliz-
ing the HCI salt using a basic anion-exchange resin (Amberlyst
A26) and subsequent solvent removal. The high purity and
chemical integrity of the recovered monomers were confirmed
by '"H NMR spectroscopy (Fig. 2A and B), establishing their
suitability for generating fresh thermosets and thereby closing
the recycling loop. The recovered monomers were then reused
to fabricate recycled rP(FIm)-TREN. Fig. 3 shows that the pris-
tine P(FIm)-TREN and recycled rP(FIm)-TREN have almost the
identical properties (Fig. S127).

Recovering carbon fiber from composites holds significant
importance due to the high cost and energy-intensive nature
of carbon fiber production.*® Recycling offers the opportunity
to repurpose these premium-quality fibers, allowing for their
reuse in various applications. The carbon fiber recovery from
the traditional thermosets is a tedious process in which the
quality of fibers are lost significantly.’® In this context, the
carbon fiber reinforced polyimine composite was exposed to 1
M HCI at 50 °C for 24 h. Such a mild recovery method plays a
crucial role in maintaining the original structure of the virgin
carbon fibers as well as the constituent monomers. As evident

B
Recycled TREN
Original TREN
|
€ )

7 6 5 4 3 2 1 0
Chemical Shift (ppm)

SEM image of

virgin CF recovered CF

Fig. 2 Chemical recycling of P(FIm)-TREN: physical appearance and *H NMR spectra of OBMF in DMSO-dg (A) and TREN in D,O (B) after depoly-
merization and subsequent purification, visual appearance of CFRP(FIm-TREN) and recovered carbon fiber cloth upon depolymerization of the com-
posite (C), SEM images of virgin and recovered carbon fibers (D). Scale bar is 30 um.
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Fig. 3 Stress—strain curves of pristine polyimine P(FIm)-TREN and
chemically recycled polyimine rP(FIm)-TREN.

from the SEM images (Fig. 2D), the fibers exhibited pristine
quality after undergoing acidic treatment. This proof-of-
concept study shows that these chemistry can be applied for
chemical recycling of polymer composites.

Conclusions

In this study, we successfully developed a range of biobased,
closed-loop recyclable, high-performance polyimines derived
from biobased OBMF monomer. These polyimines exhibited a
spectrum of properties spanning from elastomeric to rigid be-
havior, with their glass transition temperature window falling
between 8 to 60 °C and tensile strength ranging from 6.5 to
77.8 MPa. Notably, a carbon fiber reinforced composite crafted
from these polyimines demonstrated a high tensile strength of
295.1 MPa. Moreover, despite their exceptional resistance to
organic solvents and water, these polyimines can undergo in a
closed-loop recycling scheme under mildly acidic conditions.
This process facilitates the retrieval of constituent monomers
in high yield and purity, along with the recovery of carbon
fibers having pristine quality. We believe this research is a step
forward in developing eco-friendly thermosetting polymers
sourced from bio-derived monomers. It opens up exciting
opportunities for creating sustainable materials in a way that
promotes a circular economy.

Experimental
Materials

Tris(2-aminoethyl)amine (96%, TREN), para-toluenesulfonic
acid monohydrate (p-TsA, 98.5%), 1,8-diamino-p-menthane
(85%, pMD) and Amberlyst A26 hydroxide form were procured
from Merck. 5-Hydroxymethylfurfural (98%, HMF) was
obtained from Manchester Organics. 1,5-Diaminopentane
(98%, PD) was sourced from ABCr GmbH, while furan-2,5-diyl-
dimethanamine (95%, FD) was purchased from BLD
Pharmaceuticals. Priamine 1071 was obtained from Croda.
Toluene, chloroform, isopropanol, ethyl acetate, and dimethyl-
formamide (DMF) were obtained from Biosolve B.V.
2-Methyltetrahydrofuran (MeTHF) was purchased from TCL
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CDCl; (99.9% D) and DMSO-ds (99.9% D) were purchased
from Cambridge Isotope Laboratories whereas D,0 (99.9% D)
was ordered from Merck. Carbon fibers (S-CF-22-21-Pro) were
sourced from EasyComposites.

Methods

The '"H NMR and *C NMR spectra were acquired using a
Bruker UltraShield (400 MHz) with CDCl;, DMSO-d; or D,O as
the solvent. Mass spectrometry analysis employed a Bruker
Autoflex III TOF/TOF MALDI analyzer. FTIR spectra were
recorded using a Thermo Scientific Nicolet iS20 FTIR spectro-
meter averaging eight scans across the wavenumber range of
450-4000 cm ™.

Swelling measurements and gel fraction tests were per-
formed in several organic solvents (i.e., methanol, ethanol,
acetone, IPA, THF, hexane) and water. Swelling ratios were cal-
culated using the eqn (1), where g represents the swelling
ratio, W, the initial weight of the network, W, the weight of
swollen network.>">?

W, — W

=100 Xx ———
q Wo

(1)

Gel fractions were calculated using eqn (2), where ¢ stands
for gel fraction, W, is the initial weight of the polymer, and W;
the weight after drying.”"*>

Wi
¢ =100 x W (2)

Thermogravimetric analyses (TGAs) were conducted utilizing
a TA Instruments TGA550, heating 5-10 mg samples from 100 to
800 °C under an N, atmosphere. DSC measurements were
carried out with a TA Instruments Q2000, where samples
(5-15 mg) were placed in an Aluminum-Hermetic pan. The
experiments ran from —50 to 180 °C at a rate of either 10 °C
min~" or 20 °C min~" under an N, atmosphere. Glass transition
temperatures (T,) were determined by identifying the midpoint
of the reversible endotherm during the second heating.

Dynamic Mechanical Analysis (DMA) measurements were
conducted using TA Instruments DMA850. The experiments
were carried out from —80 °C to 150 °C at a heating rate of
3 °C min~" under an oscillatory strain of 0.1% and a frequency
of 1 Hz with a preload force of 0.05 N. The glass transition
temperature (7,) was identified as the peak value of tan 4.

The tensile tests were performed with a Zwick/Roell
Intelligent testing with 1 kN load cell using dumbbell-shaped
specimens (effective length: 12 mm, width: 2 mm, and
measured thickness around 0.6 mm) at a strain rate of 50 mm
min~" and a pre-load of 0.1 N (exceptionally, the strain rate for
the composite was 10 mm min~"). The Young modulus of the
materials was determined by calculating the slope of the
derivative of the stress-strain curves from 0.1 to 1% strain. To
determine the experimental error, a set of five samples was
employed.

Scanning electron microscopy (SEM, Phenom ProX) was
used to investigate the surface of the carbon fibers at an accel-
eration voltage of 15 kV.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of OBMF

HMF (12.6 g, 99.9 mmol) was dissolved in 750 ml of toluene in
a three-necked round bottom flask equipped with a Dean-
Stark trap. After purging for 10 minutes with Ar, p-TsA
(250 mg, 1.3 mmol) was added. The temperature of the reac-
tion mixture was then raised to 120 °C and the mixture was
kept stirring at this temperature under Ar flow for 12 hours.
Upon completion of the reaction, toluene was evaporated,
leaving black solids. These solids were sonicated in chloroform
(200 ml) and the mixture was filtered through a silica plug.
Silica plug was further washed with ethyl acetate (100 ml) to
ensure there is no OBMF stuck. The collected filtrate was evap-
orated, and the obtained solids washed with isopropanol
(100 ml) and filtered to obtain a light brown powder. Finally,
the product was dried in a vacuum oven at 60 °C to yield light
brown powder (9.1 g, 79%).

"H NMR (400 MHz, CDCIl;) § 9.62 (s, 2H), 7.21 (d, J = 3.5 Hz,
2H), 6.56 (d, J = 3.5, 2H), 4.63 (s, 4H). C NMR (101 MHz,
CDCl;) 6 177.86, 157.34, 152.92, 121.99, 111.99, 64.75. MS
(MALDI-TOF) m/z: [M + Na']" calculated for C;,H;,NaOs"
257.04, found 257.04.

Preparation of the polyimine networks

OBMF, TREN, and various diamines were individually dis-
solved in DMF (refer to Table S2t) at a monomer concentration
of 0.1 ¢ ml™". These mixtures were poured into a PTFE tray,
dried in a nitrogen oven at 80 °C for 24 hours, followed by
additional drying in a vacuum oven at the same temperature
for another 24 hours. The precured P(FIm)s were then sub-
jected to hot pressing at 120 °C for 30 minutes (at 0 kN for
10 minutes, followed by 50 kN for the subsequent 20 minutes)
to produce polyimine films.

Preparation of the carbon-fiber reinforced polyimine network:
CFRP(FIm)-TREN

OBMF and TREN were individually dissolved in DMF (refer to
Table S21) at a monomer concentration of 0.1 g ml™". These
mixtures were poured into a PTFE tray, containing 2-ply
carbon fiber cloth, dried in a nitrogen oven at 80 °C for
24 hours, followed by additional drying in a vacuum oven at
the same temperature for another 24 hours. The precured
P(FIm)-TREN was then subjected to hot pressing at 120 °C for
30 minutes (at 0 kN for 10 minutes, followed by 50 kN for the
subsequent 20 minutes) to produce carbon-fiber reinforced
polyimine film.

Chemical recycling of P(FIm)-TREN and carbon fibers
repolymerization

5 grams of P(FIm)-TREN was dispersed in a solution of
MeTHF : HCI (2 : 8 by volume, 100 ml). The mixture was stirred
at 50 °C for 24 hours. Once depolymerization was completed,
OBMF was filtered, and the aqueous phase was extracted
further with EA to eliminate any remaining traces of OBMF.
The collected OBMF fractions were combined, rinsed with iso-
propanol, and dried in a vacuum oven at 60 °C, achieving a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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recovery yield of 97%. Additionally, TREN was obtained with a
yield of 55% from the acidic supernatant by neutralizing the
HCI salt using an alkaline anion-exchange resin, Amberlyst
A26, and subsequent solvent evaporation. The same reaction
condition was applied to CFRP(FIm)-TREN. At the final stage,
the carbon fibers were further washed with ethyl acetate and
water to remove any soluble traces of monomers.

Upon separation of the monomers, recycled polyimine
network rP(FIm)-TREN was prepared in the same way as the
pristine one.
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