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a b s t r a c t

Shape memory polymers used in 4D printing only had one permanent shape after molding, which lim-

ited their applications in requiring multiple reconstructions and multifunctional shapes. Furthermore, the

inherent stability of the triazine ring structure within cyanate ester (CE) crosslinked networks after mold-

ing posed significant challenges for both recycling, repairing, and degradation of resin. To address these

obstacles, dynamic thiocyanate ester (TCE) bonds and photocurable group were incorporated into CE, ob-

taining the recyclable and 3D printable CE covalent adaptable networks (CANs), denoted as PTCE1.5. This

material exhibits a Young’s modulus of 810MPa and a tensile strength of 50.8MPa. Notably, damaged

printed PTCE1.5 objects can be readily repaired through reprinting and interface rejoining by thermal

treatment. Leveraging the solid-state plasticity, PTCE1.5 also demonstrated attractive shape memory abil-

ity and permanent shape reconfigurability, enabling its reconfigurable 4D printing. The printed PTCE1.5

hinges and a main body were assembled into a deployable and retractable satellite model, validating its

potential application as a controllable component in the aerospace field. Moreover, printed PTCE1.5 can

be fully degraded into thiol-modified intermediate products. Overall, this material not only enriches the

application range of CE resin, but also provides a reliable approach to addressing environmental issue.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Four-dimensional (4D) printing represented an advanced ad-

ditive manufacturing technology that featured high-precision and

complex structural fabrication. Furthermore, by incorporating the

fourth dimension "time" into three-dimensional (3D) printing [1–

3], structures obtained through 4D printing technology could be

dynamically deformed or functionally transformed under specific

external stimuli, including heat [4], light [5], electricity [6], pH

[7], moisture [8], magnetic fields [9]. Owing to its stimuli-triggered

characteristic, 4D printing has demonstrated remarkable potential

in biomedical [5], architecture [10], robotics [4,11], textiles [12],

and others. Typically, materials utilized in 4D printing included

shape-memory polymers (SMPs), shape-memory alloys [13], hy-

drogels, smart ceramics [14]. Among them, SMPs showed great

potential for application in many fields due to their low cost,

lightweight, ease of processing, large deformation, and excellent

biocompatibility [15–20]. For instance, Feng et al. reported 4D

∗ Corresponding authors.

E-mail addresses: cuichenhui@xjtu.edu.cn (C. Cui), yanfengzhang@mail.

xjtu.edu.cn (Y. Zhang).

printing of SMPs and achieved reversibly photoswitchable, spatial,

and remote control [21]. However, most SMPs used in 4D print-

ing were thermosetting materials, which only have one permanent

shape after printing [22]. This significantly hindered their potential

in applications requiring multiple reconstructions and multifunc-

tional shapes. Hence, it was on demand to develop a permanent

shape reconfigurable, recyclable, and chemically degradable mate-

rial for 4D printing.

Recently, introducing dynamic covalent bonds into SMPs could

endow them with reprocessing and recycling capabilities similar to

thermoplastic materials [23]. Cyanate ester (CE) resin was a type of

thermosetting resin with shape memory, which was synthesized

through the cyclotrimerization reaction [24]. Due to its excellent

mechanical performance, low moisture absorption, thermal stabil-

ity, and low dielectric property, CE resin was well-suited for vari-

ous applications such as high-performance printed circuit boards,

and antenna radomes [25]. However, the permanent triazine ring

containing network that endowed CE with superior performance

simultaneously made it difficult to recycle or degrade after curing.

This recyclability limitation motivated recent investigations into

https://doi.org/10.1016/j.cclet.2025.111959
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Fig. 1. Schematic illustration of the printing process and ink components for the 4D printing of the PTCE materials. (a) Previously developed dynamic cyanate ester bonds

[28]. (b) Calculation of bond dissociation energies from DFT. (c) Dynamic exchange reaction of TCE bonds. (d) Composition of PTCE precursor solution for DLP printing. (e)

Schematic diagram of UV curing mechanism. (f) Polymer structure of the PTCE.

CE-based covalent adaptable networks (CANs), which exhibited the

ability to organize the networks of recycle, repair and reprocess

by introducing dynamic covalent bonds. Building on retrosynthetic

analysis [26], Zhang et al. reported a novel approach to impart re-

cyclability to CE through dynamic nucleophilic aromatic substitu-

tion [27,28]. However, the substantial incorporation of catalysts (10

mol%) aimed at enhancing the reprocessing of material led to a sig-

nificant reduction in its mechanical strength (∼2.6MPa). Therefore,

developing covalent bonds with high dynamicity was necessary for

the application of CE in 4D printing.

The main advantage of 4D printing lied in its ability to fabricate

complex and precise components. Currently, the molding and pro-

cessing of CE resin primarily relied on traditional methods such as

compression molding, injection molding, and lamination. However,

these techniques were constrained by low precision and limited

design, making it challenging to meet the demands for fabricat-

ing complex and precise components in fields such as aerospace

and microelectronics. Nevertheless, the development of CE resin

for printing remained at the exploratory stage. Current research

efforts primarily focused on two approaches. One was adjusting

its rheological property to make the prepolymer of CE resin suit-

able for direct ink writing (DIW) printing. Zhao et al. studied the

use of polytetrafluoroethylene micropowder to regulate the rheo-

logical properties of ink for printing of CE [29]. Similarly, Lewicki

et al. formulated CE ink by adding silica nanoparticles and fabri-

cated complex components through DIW [30]. However, this ad-

ditive manufacturing approach exhibited constrained dimensional

precision due to the inherent material characteristics and the ex-

trusion mechanism employed. The other method was to mix the

CE monomers with photocurable resin, which played a setting role

during the DLP printing process. Some researchers dissolved acry-

late in CE monomers, in which the carbon–carbon double bonds

from acrylate were cured by radical polymerization, followed by

postprinting thermal treatment to convert three cyanate groups

into a triazine ring structure [31]. The drawback of this method

was that the high temperature treatment process after printing re-

quired the photosensitive resin to have a high glass transition tem-

perature to maintain its original shape. Therefore, to accelerate and

simplify the molding process of CE resin, it was valuable to develop

a forming technology of high-precision printable CE resin.

Recently, our research group developed thiocarbamate bonds,

which significantly enhanced dynamic behavior compared to car-

bamate bonds [32–34]. According to valence bond theory [35],

the 2p orbitals of an oxygen atom exhibited energy level match-

ing with the 2p orbitals of a carbon atom, enabling stable orbital

overlap. In contrast, the 3p orbitals of a sulfur atom displayed

energy level discrepancies with 2p orbitals, resulting in poor or-

bital overlap. This made the C-S bond more prone to distortion,

ultimately leading to a lower bond energy. Therefore, compared

to the C–O bond, C-S bond featured a better dynamic exchange

performance. In this study, we adopted this strategy to synthe-

size the dynamic thiocyanate ester (TCE) bond. Compared with the

cyanate ester bond (426.3 kJ/mol) (Fig. 1a), the lower bond energy

of TCE (355.4 kJ/mol) endowed it with superior dynamic proper-

ties (Figs. 1b and c). Specifically, polythiocyanate ester (PTCE) was

prepared using a DLP printer (405nm UV mode), and the printing

ink contained of TCE bond-containing two-step synthetic dynamic

crosslinker (TAZ-IEM), reactive diluent (TEM-IEM), and initiator 819

(Figs. 1d-f). The methacrylate groups were converted layer by layer

into crosslinked polymers of predetermined structure by free radi-

cal polymerization. PTCE1.5 material exhibited high mechanical per-

formance and chemical stability, while the dynamic exchange re-

action of TCE bonds gave it excellent remodelability and recon-

figurable 4D printing. By printing the deployable and contractile

satellite model, the potential application of PTCE1.5 as a control-

lable component in the aerospace field was validated. Furthermore,

the printed PTCE1.5 can be degraded into thiol-modified intermedi-

ate products.

First, we investigated the dynamic properties of covalent bonds

using density functional theory (DFT). When the oxygen atom in

cyanate ester was replaced by a sulfur atom with a larger atomic

radius, the C–S bond (355.4 kJ/mol) exhibited significantly lower

bond energy and higher propensity for bond dissociation compared

to the C–O bond (426.3 kJ/mol). Based on this, the dynamic prop-

erties of the TCE bond were further systematically explored.

A dynamic exchange study of the model compounds was per-

formed to verify their active dynamic behavior. We first used 2,4,6-

tris(p-toluenethio)-1,3,5-triazine (A) and 2,4,6-tris(benzylthio)-

1,3,5-triazine (B) as model compounds to study the reversibility

of the nucleophilic aromatic substitution between thiocyanates. In
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Fig. 2. Verification of the dynamic behavior of TCE bonds. (a) Exchange reaction between A and B. (b) Reaction process of 1H NMR spectra at 60 °C for 55h. (c) Extent of

the reaction changes over time.

the absence of any catalyst, no exchange reaction occurred in the

system at 60 °C (Fig. S8 in Supporting information). Conversely,

when 6 mol% triazabicyclodecene (TBD) of compound A was

added, the model compounds system resulted in the formation of

two distinct compounds, 2,4-bis(p-toluenethio)-6-benzylthio-1,3,5-

triazine (D) and 2-p-toluenethio-4,6-bis(benzylthio)-1,3,5-triazine

(E) (Fig. 2a). The new two peaks at 4.24 and 4.11ppm were

attributed to the methylene protons of the benzylthio groups,

while the peaks at 2.34 and 2.30ppm were assigned to the methyl

protons of the p-toluenethiol groups (Fig. 2b and Fig. S9 in Sup-

porting information). This demonstrated that the organic base TBD

can promote the dynamic exchange of TCE bonds. We monitored

the reaction progress at 60 °C over various time intervals, and the

results indicated that equilibrium was reached after 45h (Fig. 2c).

Collectively, these results revealed reversibility of the TCE bonds,

which allowed us to further prepare and investigate dynamic

behaviors of CANs containing TCE bonds.

Next, we investigated the dynamic exchange behavior between

different steric thiocyanates and thiols by conducting exchange

reactions of butanethiol with compounds A and B, respectively

(Fig. S10 in Supporting information). In the mixture A system

(Scheme S7 in Supporting information), the emergence of char-

acteristic signals at 2.88–2.96ppm during the exchange reaction

confirmed the formation of new compound F, while the peak ob-

served at 2.80–2.67ppm indicated the generation of compound

E. The distinct peak at 2.26ppm was attributed to the liberated

p-toluenethiol through substitution. Concurrently, in the mixture

B system (Scheme S7), the appearance of a triplet at 3.13ppm

demonstrated the formation of new compound G, with the reso-

nance at 3.76ppm corresponding to the benzyl mercaptan. How-

ever, under the same conditions, compound C did not undergo an

exchange reaction with n-butanol, indicating that C-S bonds ex-

hibit higher exchange reactivity than C–O bonds (Fig. S11 in Sup-

porting information). The reaction progress was quantitatively an-

alyzed by integrating the methyl protons of the released small

molecule p-toluenethiol and the methylene protons of benzyl mer-

captan. Notably, compared to compound A featuring p-toluenethio,

compound B with benzyl mercaptan exhibited a faster exchange

rate, achieving a 3.4-fold reaction rate of compound A after 64min.

This phenomenon could be attributed to the heightened electron

density of the sulfur atom in compound A, which was induced

by the conjugation effect of the phenyl ring. This increased elec-

tron density stabilized the bond between the sulfur atom and the

electron-deficient carbon atom of the triazine ring, thereby sig-

nificantly enhancing the bond energy. In contrast, the methylene

group in compound B exhibited an isolating effect, which dimin-

ished its stability, resulting in superior dynamic properties. These

results revealed the dynamic behavior of TCE bonds and provided

a rationale for selecting alkylthio cyanate monomers for the subse-

quent investigation of CANs based on dynamic.

Following the validation of the dynamic bond behavior, we next

investigated the part of the photocurable crosslinker TAZ-IEM con-

taining dynamic TCE bonds. This crosslinking agent was synthe-

sized in two steps (Fig. 3a). Cyanuric chloride was first reacted

with 2-mercaptoethanol, introducing dynamic TCE bonds while re-

taining terminal hydroxyl groups, which can further serve as reac-

tive sites. In the second step, 2-isocyanatoethyl methacrylate (IEM)

was added, and the nucleophilic addition reaction occurred be-

tween the hydroxyl groups and the isocyanate groups, yielding the

trifunctional crosslinking agent. The structure was confirmed by

proton nuclear magnetic resonance (1H NMR) and Fourier-transfer

infrared (FTIR) spectroscopic analyses (Figs. S5 and S12 in Support-

ing information). Rheological behavior, especially viscosity, plays a

crucial role in determining whether precursor inks are suitable for

DLP printing. Along with separating the cured structure from the

curing interface, the ink must refill the gap between the curing

structure and the curing interface to create a new liquid layer for

the next curing layer to accumulate [36]. As a result, inks with high

viscosity and poor fluidity can slow down the printing process and

lead to defects and failures. TEM-IEM monomer was added to TAZ-

IEM as a reaction diluent to regulate the viscosity of the precur-

sor ink. It was found that as the mass ratio of TEM-IEM increased

from 0 wt% to 60 wt%, the viscosity of TAZ-TEM ink decreased from

2173.7 Pa s to 0.2 Pa s (Fig. 3b). Based on previous reports, the ink

with a viscosity lower than 3.0 Pa s is more suitable for DLP print-

ing [37]. Therefore, we chose the precursor ink with >50 wt% TEM-

IEM content for printing. The addition of the reactive diluent TEM-

IEM reduced the viscosity of the printing ink, but also simultane-

ously decreased the content of the crosslinker TAZ-IEM, which pro-

vided dynamic exchange performance and increased the crosslink

density of the network. The cured ink containing 50 wt% TEM-

IEM exhibited higher Young’s modulus and tensile strength com-

pared to the component with 60 wt% TEM-IEM (Fig. 3c and Table

S1 in Supporting information). The results showed that the exis-
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Fig. 3. Design of printing ink and mechanical properties of PTCE. (a) Synthesis of crosslinker agent and active diluent. (b) Viscosity of different TEM-IEM content systems. (c)

Mechanical properties of different TEM-IEM content systems. (d, e) Apparent activation energy and mechanical properties of different TBD content systems. (f) Stress-strain

curves of PTCE1.5 treated at different annealing temperatures. (g) Stress-strain curves of PTCE1.5 treated at different annealing times.

tence of chemical structure with high crosslinking degree could en-

hance the mechanical properties of the materials. Therefore, we se-

lected the composition with 50 wt% TEM-IEM content (designated

as PTCE) for investigation.

Organic base TBD was added to the PTCEX (X denoted the per-

centage value of TBD relative to monomer mass) samples as cat-

alyst, which could trigger the dynamic exchange of TCE bonds in

the polymer networks under heat treatment. We performed stress

relaxation tests at different temperatures to explore the effect of

TBD catalyst content (0.5 wt%, 1 wt%, 1.5 wt%, 2 wt%) on the ki-

netics of TCE bonds’ exchange (Fig. S13 in Supporting information).

As the catalyst content increased from 0.5 wt% to 2 wt%, the relax-

ation time of PTCEX at 190 °C showed a significant decrease from

725 s to 275 s, corresponding to 38% of the initial value. The ap-

parent activation energy of PTCEX was calculated using the Arrhe-

nius equation of 88.5 kJ/mol, which decreased to 44.1 kJ/mol as the

catalyst content increased to 2 wt% (Fig. 3d). The results showed

that TBD could greatly accelerate the exchange rate of TCE bonds,

and further increase the network topology rearrangement rate.

Moreover, we verified the effect of TBD content on the mechani-

cal and thermal properties of PTCEX samples. The uniaxial tension

tests of the PTCEX samples with different TBD content showed the

alike stress-strain curves with failure strain of >5% and fracture

strength of >29MPa, revealing that the TBD content had no signif-

icant effect on the mechanical behavior of the PTCEX samples (Fig.

3e and Table S2 in Supporting information). Besides, the PTCEX
samples with different TBD content exhibited similar glass tran-

sition temperatures (Tg) of ∼82 °C by dynamic mechanical analysis

(DMA), which was consistent with the mechanical results (Fig. S14

in Supporting information). Thermogravimetry analysis (TGA) re-

sults showed that the thermal decomposition temperature (Td,5%)

decreased from 230 °C to 201 °C as the TBD content was increased

from 0.5 wt% to 2 wt% (Fig. S15 in Supporting information). The

accelerated thermal decomposition could be attributed to the fact

that the increased TBD provided more active sites, facilitating the

cleavage and recombination of bonds, and weakening the network

structure of the material. Based on the above comprehensive con-

siderations of dynamic behaviors, mechanical properties and ther-

mal stabilities, we set TBD content as 1.5 wt% to further study.

Considering the combined effects of ink viscosity, TBD content

on material properties, and the mechanical performance of cured

components, the printing ink with TEM-IEM content of 50 wt% and

TBD concentration of 1.5 wt% was selected for study. To confirm

the formation of the crosslinked network, swelling experiments

were conducted by immersing samples in seven solvents at room

temperature. PTCE1.5 exhibited swelling ratios ranging from 1% to

40%, and the gel fractions were above 87%, confirming the forma-

tion of a highly crosslinked network (Fig. S16 in Supporting infor-

mation).

For photocurable 3D printing materials, unreacted C=C bonds

and internal stress generated during printing contribute to the

degradation of their mechanical properties. Annealing treatment

can promote further crosslinking of the C=C bonds while simul-

taneously relieving internal stress, enhancing overall mechanical

properties. To explore an appropriate annealing treatment condi-

tion, samples were isothermally treated at 60, 100, and 120 °C for a

fixed annealing time of 5h, with subsequent evaluation of mechan-

ical properties (Fig. 3f). It was observed that the tensile strength

increased to 50.8MPa and breaking elongation reached 10.0% with

the increase in thermal treatment temperature except 120 °C (Ta-

ble S3 in Supporting information), which may be attributed to the

further reaction of C=C bonds (Fig. S17 in Supporting information)
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Fig. 4. Shape memory and repairing of PTCE1.5. (a) Shape memory photographs of a stereoscopic projection sample. (b) Shape memory curves for 5 cycles of PTCE1.5

obtained by DMA. (c) Photographs of repairing a damaged printed rabbit. (d) Interfacial force of PTCE1.5 via section printing.

and the relief of internal stress by reorganization of dynamic net-

works. However, annealing at high temperatures (120 °C) caused a

small amount of thermal decomposition of the materials, resulting

in a deterioration of the tensile strength to 37.9MPa. Subsequently,

the mechanical properties were characterized at a fixed temper-

ature of 100 °C for different annealing times (3, 5, and 7h) (Fig.

3g). The results showed that with the increase in annealing treat-

ment time, the mechanical properties of the samples improved

(Table S4 in Supporting information) due to additional crosslink-

ing and rearrangement of the polymer network (Fig. S18 in Sup-

porting information). However, an excessively long annealing treat-

ment time (7h) also decreased tensile strength to 44.9MPa. Based

on the above results, the optimal annealing treatment conditions

were determined to be 100 °C for 5h.

Compared with traditional casting, the primary advantage of

3D printing lies in its ability to create more complex and precise

structures. The Oriental Pearl Tower printed by PTCE1.5 perfectly

restored the appearance of the printed model, showing the high

printing fidelity at a macro level (Fig. S19 in Supporting informa-

tion). The SEM image of the printed Oriental Pearl Tower clearly

indicated that during the photo-curing process, the sample was

composed of layered stacking structures. Furthermore, PTCE1.5 was

found to attain a printing resolution of up to ∼136μm using a DLP

printer (Fig. S20 in Supporting information). The realization of high

fidelity 3D printing benefited from the appropriate viscosity of the

resin.

In the field of 4D printing, SMPs with crosslinked networks play

a crucial role. To illustrate the shape memory performance, we

printed a stereoscopic projection sample with PTCE1.5. The struc-

ture of the sample gradually spontaneously recovered from the

twisted state to the initial state within 15 s at a temperature of

100 °C, showing rapid recovery ability (Fig. 4a and Movie S1 in

Supporting information). The 5 cycles memory process of DMA

showed that the shape recovery (Rr) of PTCE1.5 was 88.3%, and no

significant strain displacement was detected due to the stability of

the crosslinked network (Fig. 4b). The shape fixity ratio of PTCE1.5
measured 54%. The relatively low fixity rate may be attributed

to insufficient network density from high monofunctional diluent

content and lack of phase-transition-driven fixation mechanisms.

The PTCE1.5 printed objects obtained by DLP technology exhibited

high printing resolution and excellent shape memory properties.

3D printed objects may be damaged or broken during opera-

tion, making it difficult to repair for thermosetting resins contain-

ing covalent crosslinked networks. PTCE1.5 featured great repairing

ability due to the presence of dynamic TCE bonds, making it easy

to self-repair damaged parts and be further reused. As shown in

Fig. 4c, to repair the damaged head of the printed rabbit, we pol-

ished the damaged area and reprinted a new head on the polished

interface. After heating at 140 °C for 3h, the TCE bonds exchange

reaction between the interfaces was promoted by thermal acti-

vation, resulting in the robust bonding of the newly printed sec-

tion. Furthermore, tensile testing showed that the maximum load-

bearing capacity of the interfacial region reached 104N, achieving

effective repair of the damaged model (Fig. 4d).

Solar wings are an important application of shape-adaptable

structures in the aerospace field. Herein, we printed PTCE1.5 hinges

and a main body were assembled into a deployable and retractable

satellite model, which changed its permanent shape through solid-

state plasticity to achieve both deployment and contraction func-

tions. Once the bent hinges were reheated to 100 °C, they could

return to their original open state (Fig. S21a in Supporting infor-

mation). Most importantly, the hinges were bent into a temporary

shape at 140 °C and maintained for 10h, during which the net-

work topology undergoes adaptable rearrangement, resulting in a

changed permanent shape. Subsequently, the hinges were capa-

ble of achieving a retraction function (Fig. S21b and Movie S2 in

Supporting information). In space, all forms of resources were par-

ticularly precious. If combined with solar panels, thermal energy
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Fig. 5. Reprocessing recycling and chemical degradation of PTCE1.5. (a) Reprocessing regeneration process of PTCE1.5 from powder to bulk. (b) Reprocessing regeneration

process of PTT1.5. (c) Stress-strain curves of the pristine samples and the two generations of reprocessing of PTCE1.5 samples. (d) FTIR spectra of the two generations of

reprocessing of PTCE1.5 samples.

can be effectively converted into kinetic energy, thereby reducing

power transmission and conserving valuable electrical resources.

Besides, the dynamic behavior of TCE bonds endowed the

PTCE1.5 with reprocessability. The printed samples were ground

into powder and hot pressed at 140 °C under 3MPa pressure for

4h, enabling two cycles of sample recycling (Fig. 5a). Compared to

PTT1.5 without dynamic TCE bonds, recycling could not be achieved

under the same hot-pressing conditions (Fig. 5b). Tensile testing

was employed to characterize the mechanical properties of the re-

cycled materials. As shown in Fig. 5c, after two recycling cycles,

the Young’s modulus increased from 683MPa to 956MPa due to

the high pressure and crosslinking of residual double bonds (Fig.

S22 in Supporting information), making the network denser. (Table

S5 in Supporting information). The tensile strength and breaking

elongation decreased to 20MPa and 2.6% respectively, which were

attributed to a small amount of thermal decomposition caused by

high temperature treatment. The FTIR spectra of the original and

recycled PTCE1.5 were identical, indicating that its chemical com-

position was the same as that of the original sample and exhib-

ited good reproducibility, even after two cycles of hot pressing

(Fig. 5d). Due to a highly covalent crosslinked network, PTCE1.5
only swelled rather than dissolved in various solvents. To achieve

degradation of the thermosetting resin, we mixed PTCE with TBD

in 1,8-dimercapto-3,6-dioxaoctane (DODT) to evaluate the chemi-

cal degradability. The newly added DODT underwent an exchange

reaction with the CANs under the catalysis of TBD, converting

PTCE1.5 into thiol-modified intermedia products that dissolved in

the solvent after 48h (Fig. S23a in Supporting information). In con-

trast, PTT1.5 without dynamic TCE bonds could not undergo chem-

ical degradation under the same conditions (Fig. S23b in Support-

ing information). The above results proved PTCE1.5 containing dy-

namic TCE bonds have excellent reprocessing recycling and chemi-

cal degradation ability.

In summary, we reported a kind of photocuring printable

CE designated as PTCE1.5 through strategic incorporation of dy-

namic thiocyanate bonds. The rapid exchange ability of TCE bonds

was effectively confirmed through model compounds, and the

benzylthio-triazine derivative exhibited superior dynamic behavior

compared to the p-toluenethio-triazine derivative due to its low

conjugation. By optimizing the monomer ratio, catalyst concentra-

tion, and annealing process, the resin with excellent mechanical

properties, reprocessing, and chemical degradation was prepared.

The solid-state plasticity imparted by TCE bonds enabled the resin

to exhibit reconfigurable shape memory, positioning the CANs for

aerospace adaptable components. Overall, this material not only

greatly enriches the application range of CE resin, but also provides

a reliable approach to addressing environmental pollution and en-

ergy crises.
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