Open Access Article. Published on 27 September 2024. Downloaded on 2/22/2026 9:18:41 AM.

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

(cc)

RSC

Sustainability

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Sustainability, 2024, 2,
3311

Received 16th July 2024
Accepted 26th September 2024

DOI: 10.1039/d4su00382a

rsc.li/rscsus

Sustainability spotlight

Chemically recyclable and reprogrammable epoxy
thermosets derived from renewable resourcesy

Tankut Tarel, © 1 ©zgun Daglar, © i Christos Pantazidis @ and Zeljko Tomovi¢ @ *

Epoxy thermosets constitute a significant portion of high-performance plastics due to their excellent
thermal and mechanical properties, making them suitable for a wide range of applications. However,
traditional epoxy networks are produced from a petroleum-based, reprotoxic and endocrine-disruptor
DGEBA and face significant limitations in chemical recycling. Current recycling methods for epoxy
systems rely on harsh and non-green conditions, often resulting in a mixture of small molecules and
oligomers that are tedious to isolate or repurpose. Consequently, it is crucial to develop bio-based
monomers with functional groups that enable the synthesis of fully recyclable polymers. For this
purpose, herein, we have employed a bio-based, liquid monomer C2 derived from vanillin, containing
aldehyde, acetal, and oxirane-ring functionalities, which was polymerized under solvent-free, green
conditions with bio-derived diamines, resulting in an array of doubly cleavable epoxy thermosets with
diverse thermal and mechanical properties. These networks combine the desirable properties of
traditional epoxy systems with intrinsic mildly cleavable nature. Remarkably, these thermosets can be
fully depolymerized into reusable vanillin and well-defined polyols, or they can be recycled and
reprogrammed through a transimination pathway. This innovative approach, combining controlled
depolymerization, closed-loop recycling and reprogramming, offers significant potential for sustainable
polymer management.

The development of bio-based, recyclable epoxy resins addresses the significant environmental challenges posed by traditional petroleum-derived thermo-

setting plastics. By integrating cleavable acetal and imine bonds into epoxy networks, our work enables efficient chemical recycling and repurposing under mild
conditions. This advancement aligns with the UN Sustainable Development Goals 12 (Responsible Consumption and Production), 13 (Climate Action), 14 and 15

(Life below Water and on Land), by promoting sustainable industrial practices and reducing waste. Our approach contributes to a circular economy by

transforming waste materials into high-value products, decreasing the overall carbon footprint, and advancing sustainable polymer management. This inno-

vation is crucial for creating next-generation, high-performance materials that are both sustainable and versatile.

Introduction

Traditionally, 75% of epoxy systems are derived from the
commercially available diglycidyl ether of bisphenol A (DGEBA),

In recent decades, thermosetting polymers have become
indispensable in various industrial applications and for
everyday use, owing to their remarkable thermal and mechan-
ical properties derived from their covalently crosslinked archi-
tectures." Among these, epoxy thermosets stand out as
a significant component of high-performance thermosets,
finding extensive use in a wide range of industries such as in
aerospace, automotive, adhesives, coatings, construction,
paints, floorings, and wind turbine blades.”™
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renowned for its excellent properties due to its high aromatic
content and rigidity.” Nevertheless, DGEBA, being a derivative
of bisphenol A (BPA), is a petroleum-based monomer which has
raised concerns due to its known reprotoxic and endocrine-
disrupting nature,*” prompting the research for bio-based
alternatives. Derivatives of bio-derived monomers (ie.,
vanillin, 4-hydroxybenzaldehyde, epoxidized soybean oil, furan,
etc.) have therefore emerged as promising candidates.®>*”
While traditional epoxy thermosets exhibit superior
mechanical and thermal properties, their recycling poses
significant challenges due to the existence of strong and irre-
versible covalent bonds in their structures.'®** Epoxy networks
are typically cured with amine-based hardeners, which poses
a significant challenge for their chemical recycling due to the
relatively high bond dissociation energies of C-N bonds (~90-
110 kJ mol !).2°?' A large proportion of epoxy thermosets and
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their carbon fiber-reinforced composites therefore often ends
up in landfills or incineration, leading to resource waste and
environmental pollution.” Current methods for recycling of
epoxy waste include mechanical recycling, pyrolysis, and
chemical and thermal degradation.”*?® However, these
methods are energy-intensive and often result in complex
mixtures of small molecules and oligomers that cannot be
separated, reused, or upcycled.”*** Therefore, these methods
can be rather called degradation instead of controlled
depolymerization.*

In the light of the need to reduce the carbon footprint of
plastics, there is a growing consciousness in designing innovative
monomers and polymers to enable circularity.”>** Incorporating
cleavable imine or acetal bonds into polymer and epoxy networks
offers a promising approach.**** These bonds facilitate
controlled depolymerization under mild acidic conditions,
allowing for efficient chemical recycling. In our previous study,
we demonstrated an innovative array of liquid epoxy monomers
containing both aldehyde and acetal moieties.*® When cured with
diamines, such monomers form acetal and imine-functional
doubly cleavable epoxy networks with tensile strength in the
range between 50 and 70 MPa. We also showed that such systems
could be repurposed into mixtures of well-defined polyols which
are suitable for upcycling into polyurethanes.*®

Transimination, on the other hand, involves the addition of
excess amines to the network, partially cleaving the network
resulting in soluble amine-end capped oligomers which enable
closed-loop recycling of the epoxy networks.*** However, reprog-
ramming the thermal and mechanical properties of such epoxy
systems via the transimination pathway has never been demon-
strated previously. This procedure can be integral to a circular
economy strategy, where materials are continuously repurposed
and reprogrammed to meet new demands, thereby extending their
lifecycle. Reprogramming can also enhance the value of materials
by imparting new and desirable properties, transforming lower-
value waste into higher-value products. By reducing the need for
new polymer production and utilizing existing materials, the
overall carbon footprint will undoubtedly be decreased.

Herein, we have developed an array of recyclable, high-
performance epoxy networks with high bio-based content by
exclusively utilizing the vanillin-based C2 monomer and bio-
based diamines (ie., 1,5-diaminopentane (PDA), 1,8-diamino-p-
menthane (MDA) and furan-2,5-diyldimethanamine (FDA))*
under solvent-free conditions (Scheme 1). The obtained bio-based
recyclable epoxy networks exhibited elastomeric to rigid behav-
iour with tensile strengths ranging from 24 to 58 MPa and elon-
gation at break values between 8% and 79%. More importantly,
these networks were recyclable through two different approaches:
first, by simultaneous acidic hydrolysis of imine and acetal
groups, and second, by transimination of imine groups. Acidic
hydrolysis of acetal and imine groups enabled the recovery of
vanillin in high yield and purity, providing an easy and elegant
pathway to recover this initial building block, whose production
from lignin typically requires harsh conditions and results in low
yields.”” As a byproduct of the acidic depolymerization, a mixture
of valuable bio-based well-defined polyols was obtained, which
could be used for upcycling into polyurethanes.®® In addition,
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transimination of the networks was performed to achieve closed-
loop recycling without any performance loss. Moreover, the
characteristics of the networks were altered through reprogram-
ming via transimination. Such synergistic recycling and repur-
posing strategies for epoxy systems offer significant potential for
sustainable polymer management.

Results and discussion

The synthesis of monomer C2 was conducted as described in
our previous work, in which C2 was obtained via a catalyst-free,
click-type addition reaction between vanillin and a vinyl ether
functional epoxy precursor, 2-((2-(vinyloxy)ethoxy)methyl)oxir-
ane, VE2.*® (Scheme S1, Fig. S1 and S27).

To check the stability of the acetal group in the presence of
amines, we conducted a model reaction using C2 and furfuryl
amine under bulk conditions at 100 °C (Scheme S2t). We
observed that the amine exhibited selectivity towards the alde-
hyde and epoxy ring, and the reaction was completed within
approximately 30 minutes, as evidenced by the disappearance
of the proton signals of the epoxy ring at 3.12 and 2.77 ppm and
aldehyde proton at 9.82 ppm, with the acetal groups at 5.52 ppm
remaining intact (Fig. S37).

All networks were obtained by curing the C2 monomer under
bulk, solvent-free, single-step conditions with bio-derived
diamines PDA, MDA, and FDA (Scheme 1).°®* A homogeneous
mixture of monomers was heated to 100 °C under a N, flow for
24 h. We additionally fabricated a 3-ply carbon fiber reinforced
composite utilizing the C2FDA network to obtain C2FDA-CFC.
Fig. 1 shows the FTIR spectra of the cured networks and
monomers. Upon curing, the aldehydic carbonyl stretching
vibration at 1682 cm ' disappeared, and an imine peak
appeared at 1643 cm ™ *. Additionally, the emergence of broad -
O-H stretching peaks between 3600 and 3100 cm ™', a signifi-
cant decrease in the intensity of the C-H stretching of the
oxirane ring at 3060 cm ™" and a decrease in the intensity of the
C-O stretching of the oxirane ring at 910 cm™ ' indicated
successful network formation. The peak observed at 1265 cm ™",
indicating the presence of the acetal structure, remained
constant throughout the polymerization process, demon-
strating the stability of the acetals during polymerization, which
is in line with our model experiments.

Immersion of the synthesized networks C2PDA and C2FDA
in various organic solvents (n-hexane, diethyl ether, tetrahy-
drofuran, ethyl acetate, acetone, ethanol, and dimethylforma-
mide) and water for 3 days at room temperature demonstrated
their resistance, evidenced by relatively high gel fractions and
low swelling degrees (Tables S1, S2, Fig. S4 and S57). Impor-
tantly, these networks exhibited stability towards water, with no
observed hydrolysis. This was confirmed by the identical FTIR
spectra of the water-immersed networks compared to the pris-
tine networks (Fig. S6 and S71).

The thermal properties of the networks were analyzed using
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) under a N, atmosphere. Fig. 2A and B present
the TGA and DSC thermograms of the epoxy networks, respec-
tively. All the networks demonstrated good thermal stability

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of bio-based, doubly-cleavable epoxy networks.
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Fig. 1 FTIR spectra of the C2 monomer and the cured networks.

under N,. The onset degradation temperatures (Tg4so,) for these
networks ranged between 265 and 273 °C. Additionally, a 30%
weight loss (T4z00) Was observed between 315 and 341 °C
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(Table 1). Moreover, the char residue of C2FDA was 43.4%,
significantly higher than those of C2PDA (22.9%) and C2MDA
(15.3%) at 800 °C. This increase in char residue is attributed to
the higher aromatic content in C2FDA. The glass transition
temperatures obtained from DSC (T, psc) ranged from 30 °C to
56 °C (Fig. 2B and Table 1). For instance, C2PDA, which contains
linear, flexible pentanediamine (PDA) moieties, had a T, of 30 °C.
Substituting this diamine with more rigid cycloaliphatic (MDA)
or aromatic (FDA) diamines increased the rigidity of the back-
bone, elevating the T, to 46 °C for C2FDA and 56 °C for C2MDA.

The thermomechanical properties of the networks were deter-
mined using DMA (Fig. 2C, S8, and Table 1). The storage moduli
at 30 °C (E3(') for the C2PDA, C2MDA, and C2FDA networks were
1.7, 2.4, and 3.4 GPa, respectively. As the flexibility of the diamine
hardener decreased, by substituting the linear PDA with the more
rigid cycloaliphatic MDA or aromatic FDA, the stiffness of the
material increased significantly, resulting in a higher storage
modulus. The maxima of the tand versus temperature plots were
used to determine the T, values of the networks (Fig. 2C and Table
1). The T, values obtained from DMA ranged from 44 to 74 °C and
followed the same trend as those obtained from DSC. In addition,
carbon fiber reinforcement led to a significant enhancement in
E3y' (7.2 GPa) along with a slight rise in the T, for C2ZFDA-CFC (72 °
C) as compared with its matrix, C2FDA.

The mechanical characterization of the epoxy networks was
performed using tensile tests (Fig. 2D and S9t). The tensile
strength of the networks ranged from 24.2 + 1.3 to 58.0 +
1.5 MPa, with the elongation at break ranging from 7.8 &+ 0.9%
to 79.2 + 1.4%. Specifically, the C2PDA network exhibited
a tensile strength of 24.2 + 1.3 MPa and an elongation at break
of 79.2% =+ 1.4%. Replacing the hardener PDA with more rigid
ones, such as MDA and FDA, resulted in significant changes in
mechanical properties. The C2FDA network had the highest
tensile strength at 58.0 + 1.5 MPa, with an elongation at break
of 11.5 + 0.5%, while the C2MDA network showed a tensile
strength of 53.4 + 0.8 MPa and an elongation at break of 7.8 +
0.9%. The Young's modulus of C2FDA was 2.0 £ 0.1 GPa,
whereas that of C2MDA and C2PDAwas 1.7 £ 0.1 GPaand 1.0
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Fig. 2 Thermal, thermomechanical and mechanical characterization of the epoxy networks: TGA (A), DSC (B), DMA (C), tensile tests (D).

0.1 GPa, respectively. This clearly indicated that using an
aromatic amine hardener resulted in stiffer networks, which
supports the observed trend in storage modulus. On the other
hand, C2FDA-CFC exhibited a Young's modulus of 8.8 GPa and
a tensile strength of 240.0 MPa (Fig. S91). To gain a more
comprehensive insight into the interface between the carbon
fiber and the network, we conducted SEM analysis on the
original and fractured fibers. The SEM images illustrated that
the fibers were thoroughly coated with the epoxy network
(Fig. S107), suggesting a good interaction between the network
and carbon fibers, potentially through m-m stacking.

Table 1 Properties of the epoxy networks®

Controlled depolymerization

It is well known that imine and acetal groups are susceptible to
acidic hydrolysis.*®*** While HCI is commonly employed in the
hydrolysis of many polyimine and acetal-based systems, its high
corrosivity towards metals, skin, and the respiratory tract makes
it less suitable for many practical applications. As an alterna-
tive, we have employed orthophosphoric acid (1 M) in the
presence of a bio-based solvent, Me-THF (20 wt%).

As a proof of concept, the C2FDA and C2PDA networks were
hydrolysed under these conditions (Fig. 3). The hydrolysis was
performed at 50 °C, achieving complete solubilization of the

Bio-based content  Tai, Tasew,  Tasow Rsoo Ty Ty E;) Eio0 E Om b

(Wt%)” (°C) (°Cc)  (°C) (%) (DSC,°C) (DMA,°C) (GPa) (MPa) (GPa) (MPa) (%)
C2PDA 92.1 253 269 320 229 30 44 1.7 8.2 1.0 £ 0.1 24.2 £ 1.3 79.2 +1.4
C2MDA 93.1 224 273 315 15.3 56 74 2.4 2.5 1.7 £ 0.1 53.4 £ 0.8 7.8+ 0.9
C2FDA 92.5 245 265 341 43.4 46 66 3.4 10.8 2.0 + 0.1 58.0 £ 1.5 11.5 £ 0.5

@ Ta196y Taso and Tqso0, : temperatures of 1%, 5% and 30% weight loss, respectively. Rggo: char residue at 800 °C. T, (DSC) and T, (DMA): glass transition
temperatures obtained from DSC and DMA (maxima of the tané curve), respectively. E;,’ and E;4': storage moduli at 30 °C and 100 °C, respectively,
obtained from DMA. E: Young's modulus, o,,,: ultimate tensile strength, ¢,: elongation at break. % The bio-based weight content is calculated based
on the maximum achievable values, assuming that vanillin, ethylene glycol, epichlorohydrin, 1,5-diaminopentane, 1,8-diamino-p-menthane, and
furan-2,5-diyldimethanamine are sourced from bio-renewable resources. While these compounds can also be obtained from non-bioresources, our

calculations are based on their biobased origins.
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network within 30 minutes. After that, the Me-THF layer was
separated from the aqueous layer, and the aqueous phase was
further extracted with ethyl acetate. The organic layers were
combined, and upon solvent evaporation, vanillin was obtained
in a high yield (=95%) (Fig. S11t). The collected aqueous phase
was neutralized with 1 M NaOH, and after removal of water using
a rotary evaporator, the aqueous phase was re-dissolved in DMF.
Insoluble phosphate salts were filtered out, and after evaporating
the DMF, a well-defined polyol mixture was obtained (Fig. 3, S12,
Tables S3 and S41). "H NMR spectra also revealed that the polyol
mixtures do not have any imine, aldehyde or acetal species,
proving a complete depolymerization (Fig. S13 and S147).

Recovering carbon fibers from composites is crucial due to the
high cost and energy-intensive nature of carbon fiber produc-
tion.*® Recycling allows for the repurposing of these premium-
quality fibers for various applications. Traditionally, carbon
fiber recovery from thermosets is a tedious process that signifi-
cantly degrades fiber quality.** In this context, the carbon fiber
reinforced C2FDA-CFC composite was exposed to 1 M H;PO,/Me-
THF at 50 °C for 1 hour. This mild recovery method is essential
for preserving the original structure of the virgin carbon fibers
(Fig. S157). As shown in the SEM images (Fig. S167), the fibers
maintained pristine quality after acid treatment. This proof-of-
concept study demonstrates the potential for chemical recy-
cling of polymer composites using this approach.

Closed-loop recycling through transimination

Another interesting opportunity in the case of imine groups is
their ability to react with other amines, thereby replacing the

View Article Online
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connected amine group through transimination. Utilizing this
property, the introduction of excess amines can help solubilize
imine-containing networks. As a proof of concept, the networks
C2FDA and C2PDA were dissolved by the addition of excess of
their constituent amines FDA and PDA. In both cases, solubili-
zation was complete within 30 minutes at 50 °C. The additional
feed of the other constituent monomer C2 by protecting the initial
stoichiometry between the monomers resulted in the formation
of a recycled network with identical thermal and mechanical
properties, achieving zero waste (Fig. 4A, S17, and S187).

Reprogramming through transimination

Transimination, as mentioned above, can be an interesting
strategic tool for recycling materials in a closed-loop manner by
utilizing identical monomers with pristine polymers. Addi-
tionally, this strategy can be employed for reprogramming and
repurposing networks through the incorporation of strategically
chosen diamines, thereby contributing to sustainable develop-
ment. For this purpose, we selected C2PDA for our reprogram-
ming studies. Initially, C2PDA was solubilized with the addition
of excess FDA monomer in THF to obtain soluble oligomers.
Subsequently, an additional feed of C2 was introduced to yield
a reprogrammed C2PDAFDA network (Fig. 4B). The thermal and
mechanical properties of this network were intermediate
between those of the C2PDA and C2FDA polymers, thus
achieving a reprogrammed network. For example, the T390,
Rgo0, and T, (measured by DSC) were 331 °C, 34.1%, and 34 °C,
respectively, which were higher than those of C2PDA but lower
than those of C2FDA. Similarly, the mechanical properties
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showed enhancement, with a tensile strength of 52.9 MPa and
a Young's modulus of 1.8 GPa, compared to the mechanical
properties of C2PDA, which had a tensile strength of 24.2 MPa
and a Young's modulus of 1.0 GPa (Fig. 4B, S197).

Conclusions

In this study, we have successfully developed a series of recy-
clable, high-performance epoxy networks with high bio-content,
utilizing the vanillin-based C2 monomer and bio-based
diamines (PDA, MDA and FDA) under solvent-free, green
conditions. These epoxy networks exhibited a range of
mechanical properties from elastomeric to rigid behavior, with
tensile strengths spanning from 24 to 58 MPa and elongation at
break values from 8% to 79%. Importantly, these networks are
recyclable through two distinct pathways: simultaneous acidic
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the reprogramming approach, with comparative results from TGA, DSC,

hydrolysis of imine and acetal groups and transimination of
imine groups. The acidic hydrolysis approach allowed for the
efficient recovery of vanillin in high yield and purity, along with
a mixture of bio-based polyols suitable for upcycling into poly-
urethanes. The transimination pathway enabled closed-loop
recycling without any purification steps and without any
performance loss, as well as facilitated the reprogramming of
the networks' thermal and mechanical properties by incorpo-
rating different diamines.

Our findings underscore the potential of integrating cleav-
able bonds into epoxy networks to achieve efficient chemical
recycling and extend the lifecycle of materials. This approach
not only addresses the environmental challenges associated
with traditional thermosetting plastics but also aligns with the
principles of a circular economy by enabling the continuous
repurposing and reprogramming of materials. By reducing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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need for new polymer production and utilizing existing mate-
rials, our work contributes to decreasing the overall carbon
footprint and advancing sustainable polymer management. The
synergistic strategies demonstrated here pave the way for the
development of next-generation, sustainable, high-performance
polymers with potential for various industrial applications.

Experimental section

Materials

Vanillin (99%), (£)-epichlorohydrin, (=99%), ethylene glycol
vinyl ether (97%), tetrabutylammonium bromide (TBAB,
=98%), furfurylamine (=99%), 1,8-diamino-p-menthane (85%,
MDA), ortho-phosphoric acid (H;PO4;, 99%) and sodium
hydroxide (NaOH, =97%) were procured from Merck and
utilized without further purification. 1,5-Diaminopentane
(98%, PDA) was sourced from ABCr GmbH, while furan-2,5-
diyldimethanamine (95%, FDA) was purchased from BLD
Pharmaceuticals. Ethyl acetate (EA), dimethylformamide (DMF)
and toluene were purchased from Biosolve B.V. 2-Methylte-
trahydrofuran (Me-THF) was purchased from TCI. Carbon fibers
(S-CF-22-210Pro) with a Young's modulus of 240 GPa, tensile
strength of 4.1 GPa, and elongation at break of 1.8% were ob-
tained from EasyComposites. Deuterated CDCl; was obtained
from Cambridge Isotope Laboratories for "H NMR and **C NMR
analyses. 2-((2-(Vinyloxy)ethoxy)methyl)oxirane (VE2) and 3-
methoxy-4-(1-(2-(oxiran-2-ylmethoxy)ethoxy)ethoxy)

benzaldehyde (C2) were synthesized using reported procedures.

Methods

"H NMR and *C NMR spectra were recorded on a Bruker Ultra-
Shield (400 MHz) using CDCl; or DMSO-d¢ as the solvent. Mass
spectrometry of the compounds was performed with an LCQ Fleet
ESI-MS (Thermo Fisher Scientific). FTIR spectra were recorded on
a Thermo Scientific NICOLET iS20 FTIR spectrometer as an
average of 8 scans over the wavenumber range of 450-4000 cm ™.
Swelling measurements and gel fraction tests were per-
formed in several organic solvents (e.g., n-hexane, diethyl ether,
dichloromethane, and tetrahydrofuran) and water for 3 days at
room temperature utilizing a static method. Swelling ratios
were calculated using eqn (1), where g represents the swelling
ratio, W, the initial weight of the network, and Wy the weight of

the swollen network.*
Wo
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(1)

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

4
=1 — 2
¢ =100 x (2)

0

Thermogravimetric analyses were conducted utilizing a TA
Instruments TGA550, by heating samples (~10 mg) from 100 to
800 °C under an N, atmosphere.
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DSC measurements were carried out with a TA Instruments
Q2000, where samples (~10 mg) were placed in an aluminum-
hermetic pan. The experiments were carried out from —50 to
150 °C. The heating rate was maintained at 10 °C min~", while
the cooling rate was set to 5 °C min '. Glass transition
temperatures were determined by taking the midpoint of the
reversible endotherm of the second heating.

Dynamic Mechanical Analysis (DMA) measurements were
conducted using a 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 (T,) was identified as the peak value of tand.

Tensile tests were conducted using a Zwick/Roell Intelligent
testing machine equipped with a 1 kN load cell, dumbbell-shaped
specimens (effective length: 12 mm, width: 2 mm, and measured
thickness around 1.0 mm) at a strain rate of 10 mm min ' and
a pre-load of 0.05 N. The Young's modulus was determined by
calculating the slope of the derivative of the stress-strain curves
from 0.1 to 1% strain. To ensure accuracy and determine the
experimental error, three replicates were tested.

The surface morphology of the carbon fibers and the interface
between the carbon fibers and the epoxy matrix were examined
using Scanning Electron Microscopy (SEM, FEI Quanta 200 3D)
at an acceleration voltage of 10 kV. Prior to imaging, the samples
underwent gold sputtering (40 mA, 40 seconds).

Preparation of epoxy networks and the composite

Epoxy networks were prepared under solvent-free conditions by
heating a homogeneous mixture of monomers in a PTFE mold
to 100 °C in an inert environment for 24 h.

C2PDA. The C2PDA network was prepared by homogenizing
a bulk mixture of C2 (3.50 g, 11.8 mmol) and PDA (0.91 g, 8.9
mmol) at room temperature. The resulting liquid was cured in
a nitrogen oven at 100 °C for 24 h.

C2MDA. The C2MDA network was prepared by homoge-
nizing a bulk mixture of C2 (3.50 g, 11.8 mmol) and MDA
(1.51 g, 8.9 mmol) at room temperature. The resulting liquid
was cured in a nitrogen oven at 100 °C for 24 h.

C2FDA. The C2FDA network was prepared by homogenizing
a bulk mixture of C2 (3.50 g, 11.8 mmol) and FDA (1.12 g, 8.9
mmol) at room temperature. The resulting liquid was cured in
a nitrogen oven at 100 °C for 24 h.

C2FDA-CFC. The C2FDA-CFC composite was prepared by
homogenizing a bulk mixture of C2 (4 g) and FDA (1.28 g) at
room temperature in the presence of 3-ply carbon-fiber cloth.
The resulting mixture was cured in a nitrogen oven at 100 °C for
24 h. Subsequently, the obtained composite was further pressed
at 100 °C under a pressure of 10 kN for 1 hour and then placed
in a 80 °C vacuum oven for 12 h.

Controlled acidic depolymerization of epoxy networks

The network film (4.38 g for C2FDA, 4.43 g for C2PDA) of either
C2FDA or C2PDA was cut into small pieces and dispersed in
50 mL of a solvent mixture containing Me-THF/1 M H3PO, (2/8
by volume). This mixture was heated to 50 °C until a clear
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solution was obtained, which took roughly 30 minutes. Subse-
quently, the Me-THF layer was separated, and the acidic
aqueous phase was further extracted with EA (2 x 30 mL). The
EA layer was separated and combined with the Me-THF layer
and dried over MgSO,. After filtration and evaporation of the
organic solvent, vanillin was obtained as a pure solid (1.75 g,
97.4% yield for C2FDA; 1.79 g, 95% yield for C2PDA).

The remaining acidic aqueous solution, free of vanillin, was
neutralized with 1 M NaOH, and water was evaporated under
reduced pressure. The solid residue was sonicated in DMF and
then filtered to remove DMF insoluble phosphate salts. Evapo-
ration of the organic solvent yielded a viscous liquid containing
a mixture of the constituent diamine and well-defined polyols.

The same procedure was applied for depolymerization of the
C2FDA-CFC composite.

Closed-loop recycling and reprogramming through
transimination

rC2PDA. 1.5 g of the original C2PDA network was dispersed
in 10 mL of THF in the presence of 0.5 g of PDA (4.9 mmol) at
50 °C. After 15 minutes, the entire material dissolved. C2
(1.93 g, 6.5 mmol) was then added to this solution, and the
mixture was transferred to a PTFE mold. The amount of THF
was first minimized by applying a N, flow to the solution. The
mold was then transferred to a N, oven at 100 °C. Further drying
of the film was performed at 80 °C in a vacuum oven.

rC2FDA. 1.5 g of the original C2FDA network was dispersed
in 10 mL of THF in the presence of 0.5 g of FDA (4.0 mmol) at
50 °C. After 15 minutes, the entire material dissolved. C2
(1.57 g, 5.3 mmol) was then added to this solution, and the
mixture was transferred to a PTFE mold. The amount of THF
was first minimized by applying a N, flow to the solution. The
mold was then transferred to a N, oven at 100 °C. Further drying
of the film was performed at 80 °C in a vacuum oven.

C2PDAFDA. 1.5 g of the original C2PDA network was
dispersed in 10 mL of THF in the presence of 0.5 g of FDA (4.0
mmol) at 50 °C. After 6 h, the entire material dissolved. C2
(1.57 g, 5.3 mmol) was then added to this solution, and the
mixture was transferred to a PTFE mold. The amount of THF
was first minimized by applying a N, flow to the solution. The
mold was then transferred to a N, oven at 100 °C. Further drying
of the film was performed at 80 °C in a vacuum oven.
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