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Abstract: 

Thermosets with permanent crosslinked structures provide excellent durability but 

pose significant challenges for reprocessing and recycling, raising engineering and 

environmental concerns as their usage expands. The advent of covalent adaptable 

networks (CANs) with dynamic covalent linkages has improved thermoset recyclability 

and enabled the fusion of identical polymer networks (A-A type fusion). However, 

fusing different thermosets (A-B type fusion) remains challenging due to their distinct 

dynamic behaviors and variable activation energies for bond exchange. This study 

introduces catalyst-free solid-state C=C/C=N metathesis chemistry to achieve A-B 

type fusion between two distinct thermosets. Furthermore, by simply adjusting the 

mixing ratio of the parent thermosets, the thermal behavior, mechanical properties, 

activation energy (Ea), and topology freezing transition temperature (Tv) of the fused 

networks can be precisely tailored. This approach offers enhanced control over 

thermal and mechanical characteristics, rendering them suitable for diverse high-

performance applications. Our findings represent a significant step forward in 

developing recyclable thermosets with improved engineering performance, 

contributing to advancing a more sustainable circular economy. 
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1. Introduction 

Thermosets are three-dimensional (3D) polymer networks with covalent crosslinks 

formed during the curing process, rendering the entire structure a single molecular unit. 

1–5 Their highly crosslinked structure, impart excellent mechanical strength, as well as 

thermal and chemical stability, making them the material of choice for various modern 

plastic products. Annually, over 65 million tons of thermosets are produced, 

representing approximately 18% of all polymeric materials manufactured globally.6 

However, the permanent crosslinked structure that provides these benefits also makes 

thermosets challenging to reprocess and recycle, significantly contributing to plastic 

waste accumulation. Addressing this issue by developing thermosets with enhanced 

reprocessibility and recyclability has become a critical and urgent challenge. 

Covalent adaptable networks (CANs) represent a new class of materials that 

bridge the gap between thermosets and thermoplastics, attracting significant attention 

in recent years.4,7–10 By incorporating dynamic covalent bonds into polymer networks, 

CANs enable covalently crosslinked polymers to undergo stimuli-responsive 

reprocessing similar to thermoplastics while maintaining the high mechanical strength, 

dimensional stability, and chemical/solvent resistance characteristic of thermosets 

under service conditions. Among CANs, "vitrimers" stand out as a particularly 

remarkable subset due to their use of an associative bond exchange mechanism.11 

This mechanism preserves a consistent crosslinking density during processing, 

ensuring superior dimensional stability and extended material performance. 

Numerous associative exchange reactions, such as transesterification,12–16 

transamination,17–19 transthioetherification, 20–22 and silyl ether exchange, 23–25 have 

been explored for the development of vitrimers, demonstrating their versatility and 

potential in advanced material applications. However, the efficient occurrence of these 
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exchange reactions often requires the presence of active nucleophilic groups, such as 

hydroxyl, amino, or thiol groups, which can lead to undesired side reactions and 

deterioration in material performance.26,27 To address these challenges, dynamic 

covalent metathesis chemistry has gained traction for its ability to facilitate reversible 

functional group exchanges without the need for external nucleophilic facilitators.28,29 

Notable examples of metathesis reactions include ester metathesis,26,30,31 olefin 

metathesis,32,33 carbamoyl metathesis,34 silyl ether metathesis,35,36 acetal 

metathesis,37 dioxaborolane metathesis,38 and boroxine metathesis.39,40 Following the 

Lehn group report of a novel associative C=C/C=N metathesis reaction,41,42 both the 

Qu group and our group independently introduced this novel metathesis chemistry into 

vitrimer fabrication.43,44 This innovative approach, characterized by its high efficiency, 

catalyst-free operation, and resistance to moisture, presents a promising pathway for 

advancing CANs research. 

Fusing two different crosslinked polymer networks (A-B type fusion) remains a 

significant challenge in thermoset engineering due to the permanent network structure, 

incompatibility, limited chain mobility, and variations in thermal stabilities.8 While 

polymers containing dynamic covalent bonds can theoretically undergo 

rearrangement or reform under specific conditions (A-A type fusion, Scheme 1a), A-B 

type fusion remains challenging when the polymers exhibit differing dynamic behaviors 

or activation energies for bond exchange. The Otsuka group conducted an excellent 

study addressing this issue by using dynamic disulfide (S-S) bonds to promote bulk 

interface reactions between different thermosets (Scheme 1b-1).45 However, despite 

the strong interactions provided by topological and S-S bonds, the fusion was 

predominantly  confined to the interfaces. Similarly, Leibler et al. reported surface film 

adhesion through the transesterification of boronic esters at the interfaces of different 
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thermosets (Scheme 1b-2).38 Nevertheless, creating a cohesive bulk material remains 

challenging. Thus, developing novel and efficient strategies to achieve A-B type fusion 

of thermosets, extending beyond surface adhesion and into the bulk state, is a critical 

objective for advancing thermoset engineering and expanding their application 

potential. 

In this work, we explore A–B type fusion of distinct thermosets via a facile solid-

state C=C/C=N bond metathesis reaction (Scheme 1c). To validate the solid-state 

reactivity, we first conducted a small-molecule model study that directly demonstrated 

dynamic exchange between C=C and C=N bonds under solid-state conditions. In 

parallel, a model thermoset incorporating both linkages was synthesized to assess the 

efficiency of C=C/C=N bond metathesis within a crosslinked network. Both studies 

confirm that C=C and C=N bonds undergo efficient exchange in the solid-state. 

Building on these findings, we then investigated the fusion of individual thermosets, 

each containing either C=C or C=N bonds. Analysis of the swelling behavior, thermal 

properties, and mechanical characteristics of the fused samples reveals that the 

C=C/C=N exchange reactions extend beyond the interface, resulting in a cohesive, 

new recyclable thermoset with tunable properties throughout the bulk material. 

Moreover, adjusting the mixing ratio of the parent thermosets allows precise control 

over the thermal behavior, mechanical properties, Ea, and Tv of the fused networks. 

This study not only addresses the challenge of A-B type fusion in thermosets 

architectures but also introduces a novel approach for achieving robust, bulk-level 

integration of thermoset materials with tunable properties. It highlights the exceptional 

potential of C=C/C=N metathesis chemistry in advancing CANs and opening new 

possibilities for the development of advanced materials with enhanced performance 

and versatility.  
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Scheme 1. State-of-the-Art approaches for (a) A-A type fusion and (b) A-B type fusion 

of crosslinked polymers (interface fusion); 38,45 (c) A-B type bulk fusion of two distinct 

crosslinked polymers using C=C/C=N exchange reactions (this work). 

 

2. Results and Discussion 

2.1 Model Studies on C=C/C=N Metathesis Reactions in solid-state 

To investigate the dynamic behavior of C=C and C=N bonds under solid-state 

conditions, we synthesized model small molecules (Kn1, A2, Kn2, and A1), all in 

powder form at room temperature (Figures 1a and 1b). Notably, the exchange 

reactions between these model compounds have been confirmed in solution in our 

previous work,44 providing a solid foundation for exploring their reactivity in the solid 

state. To ensure that reactions proceeded within the solid phase, we first determined 

the melting points (Tm) of the individual components using differential scanning 

calorimetry (DSC): Kn1 (85 °C), A2 (220 °C), Kn2 (166 °C), and A1 (45 °C) (Figure S1). 
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The Kn1/A2 binary mixture, selected as the reacting pair, exhibited a melting point of 

85 °C (Figure 1c), establishing the upper temperature limit for preserving solid-state 

conditions. Solid-state reactions were subsequently conducted at 50, 55, and 60 °C, 

all below the melting point of the starting mixture. Equimolar amounts of Kn1 and A2 

were ground together for 10 minutes to ensure uniform mixing, then subjected to hot 

pressing at 60 bar for 24 hours (Figure 1b). The resulting materials were analyzed by 

solid-state UV-Vis spectroscopy (Figures 1d, and 1e). As the temperature increased 

from room temperature to 60 °C, the reflectance spectra showed progressive 

decreases in intensity within the 300–400 nm and 420–600 nm ranges (Figure 1d), 

indicating the formation of new absorbing species. Correspondingly, Kubelka–Munk 

absorbance spectra revealed growing peaks at ~290 nm and ~370 nm (Figure 1e), 

consistent with the known spectral features of the products A1 and Kn2 (Figure S2), 

confirming that the solid-state C=C and C=N bonds exchange progressed with 

temperature. Importantly, while one of the products, A1, has a relatively low melting 

point (45 °C) and may partially soften at the reaction temperatures, the system 

remained in the solid phase throughout. This conclusion is supported by the low 

conversion rate—only 7% conversion was observed even after heating at 60 °C 

(Figure S3)—indicating the absence of significant melting or phase transition. The 

detection of A1 under these conditions further validates that the bond exchange 

occurred within the solid-state. 

To corroborate this conclusion, we performed solid-state ¹H NMR spectroscopy 

on the four individual compounds and the post-reaction mixtures (Figures 1f, 1g, and 

S4). The OH proton of A2 (A2-OH) was observed at ~11.78 ppm, while the OH signal 

of Kn2 (Kn2-OH) appeared at ~10.3 ppm. In the Kn1/A2 mixtures treated at elevated 

temperatures, the temperature-dependent increase in Kn2–OH signal intensity 
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(highlighted in red, Figure 1g) directly confirms product formation. This spectral 

evolution provides additional evidence for the temperature-driven solid-state C=C/ 

C=N bond exchange. Together, the solid-state UV-Vis and solid-state NMR results 

provide consistent and complementary evidence that C=C/C=N bond exchange 

reactions between Kn1 and A2 proceed under thermally activated solid-state 

conditions. 

 

Figure 1. (a) Reaction scheme between Kn1 and A1 forming exchanged products A2 

and Kn2 in the solid-state. (b) Photographs of Kn1, A2, Kn2, A1, and Kn1/A1 mixtures 

before reaction (rt) and after solid-state reactions at 50 °C, 55 °C, and 60 °C for 24 h. 

(c) DSC curve of the pre-reaction Kn1/A1 mixture. (d) Solid-state UV–Vis reflectance 

and (e) Kubelka–Munk absorbance spectra of the Kn1/A1 mixture before and after 
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reaction. (f) Solid-state ¹H NMR spectra and (g) zoomed-in view (13–9 ppm) 

highlighting OH proton regions before and after reaction at different temperatures. 

 

To further investigate C=C/C=N bond exchange within the crosslinked polymer 

network, a model vitrimer (CCCN-1, scheme S1 and Figure S5) was synthesized via 

a one-pot, catalyst-free reaction using a four-arm crosslinker (4AC; Figure S6). FTIR 

analysis confirmed successful crosslinking, as indicated by the characteristic C=C and 

C=N absorption bands at ~1602 and ~1641 cm⁻¹, respectively. The disappearance of 

the aldehyde peak from terephthalaldehyde (TPA) at ~1688 cm⁻¹ further supports a 

high degree of monomer conversion and completion of the network formation (Figure 

S7). CCCN-1 exhibited high solvent resistance (Figure S8, Table S1) and excellent 

thermal stability (T5% ~ 274 °C, Figure S9), confirming the formation of a densely 

crosslinked and thermally robust network. As shown in the storage modulus curve 

(Figure S10a), CCCN-1 exhibits a high modulus of 2000 MPa below glass transition 

temperature (Tg) and a rubbery plateau of 83 MPa above Tg, indicating a well-defined 

crosslinked structure. The corresponding crosslink density, calculated from the 

rubbery modulus, is 7549 mol m⁻³. Given that creep resistance is closely tied to 

crosslink density, we evaluated CCCN-1’s performance under thermal stress. As 

shown in Figures S10b and S10c, the thermoset fully recovered its strain after a creep 

test at temperatures up to 165 °C within 60 min, demonstrating excellent dimensional 

stability. Compared to other CANs,35,37,46–53 CCCN-1 exhibited superior creep recovery 

at 165 °C (Figure S10d, Table S2), confirming that C=C/C=N bond exchange 

operates effectively in the solid-state and contributes to its vitrimer-like behavior. To 

further probe this dynamic response, stress relaxation tests were conducted at 200–

230 °C using dynamic mechanical analysis (DMA). As shown in Figure S10e, the 
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modulus decayed exponentially with time, confirming vitrimer behavior driven by solid-

state C=C/C=N exchange. Based on Arrhenius analysis, the Ea for the bond exchange 

was determined to be 66 kJ mol⁻¹ (Figure S10f), consistent with reported values for 

similar dynamic systems.44 Additionally, the CCCN-1 thermoset retained its structural 

integrity after recycling, as shown in Figures S10g and S10h.These results give us 

confidence that the C=C and C=N metathesis reactions can operate effectively in the 

solid-state within the thermoset network, providing a solid foundation for the 

subsequent A-B type fusion of individual thermosets, each containing either C=C or 

C=N bonds. 

 

2.2 Fusion of Crosslinked Polymers  

Fusion of different thermosets (A-B type fusion) has long posed a challenge in 

thermoset engineering, primarily due to their distinct dynamic behaviors and varying 

activation energies for bond exchange. Inspired by the high efficiency of the C=C/C=N 

metathesis reaction in the solid-state, we hypothesized that physically blending two 

thermosets, each containing either C=C or C=N bonds, could result in a uniform 

crosslinked polymer. This would occur through molecular-level reactions that fuse the 

two thermosets into a cohesive network (Figure 2). 
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Figure 2. Schematic illustration for bulk fusion of two distinct thermosets (CC-1 and 

CN-1), to form fused thermosets (FBs). 

 

To investigate this fusion capability, two thermosets containing either C=C or 

C=N bonds (termed as CC-1 and CN-1, respectively) were prepared and pulverized 

to increase their contact area for the subsequent A-B type fusion investigation 

(Figures S11 and S12). Before investigating A-B fusion, we assessed the 

reprocessability of CC-1 and CN-1 thermosets. It was found that only CC-1 powder 

could be converted into a transparent film (Figure S11g), while CN-1 powder could 

not be well reprocessed due to the low efficiency of imine bond metathesis in the 

absence of catalysts and active nucleophilic groups under the same hot-pressing 

condition (Figure S12c). To study the A-B fusion, powdered CC-1 and CN-1 were 

mixed in different weight ratios (e.g., 2:1, 3:1, and 5:1), and the mixtures were hot-

pressed at 160°C and 60 bar for 40 min to form fused thermosets, termed as FB2-1, 

FB3-1, and FB5-1, respectively (Figure 3, and Figure S13). This solid-state fusion yields 
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a covalently continuous monolith, though subtle compositional gradients may persist, 

especially in slower-exchanging, CN-1–rich regions, an expected consequence of 

solvent-free, unstirred processing. Importantly, independent characterization confirms 

that the films are well fused rather than poorly integrated.  

 

 

Figure 3. Photographic illustration of the fusion method used to obtain fused film (FB5-

1) from CC-1 and CN-1 thermosets with weight ratio of 5 to 1, along with the 

recyclability of the resulting films.  

 

A colour changes from light yellow to deep red/black accompanies hot pressing. 

This chromatic evolution likely arises from enhanced electronic coupling with local 

extension of conjugation, rather than formation of a fully through-bond-conjugated 

backbone. The substantial increase in crosslink density from the parent thermoset to 

the fused networks compacts the matrix and brings π-domains into closer proximity, 

thereby facilitating through-space π–π stacking and donor–acceptor charge-transfer 

(CT), potentially broadening the visible/NIR absorption (Scheme S2). In addition, 

minor thermal reactions (e.g., limited elimination/oxidation) may generate local sp² 

segments/chromophores that further deepen the colour. To substantiate that the colour 

change reflects network formation via C=C/C=N solid-state exchange between the 

thermosets, FTIR and solvent-resistance assays were employed to probe the fused 

samples’ composition and robustness. As shown in Figure S14, the FTIR spectra 
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reveal distinct peaks for both C=C (1597 cm−1) and C=N (1645 cm−1) bonds in all fused 

samples, with no new bands observed. This confirms the formation of a crosslinked 

network containing both C=C and C=N bonds and the absence of significant side 

reactions under the tested conditions (Figure S14). The crosslinked structure of the 

fused films was analyzed using swelling tests and gel fraction measurements. The 

samples were immersed in various solvents (DMF, DCM, THF, ACN, EtOH, and H2O) 

for 48 h to reach swelling equilibrium. The results demonstrated the high stability of 

the fused networks in these solvents, with swelling ratios of 8% (FB2-1), 5% (FB3-1), 

and 7% (FB5-1) in ACN, indicating the highly crosslinked nature of the fused thermosets 

(Figure S15a and Table S3). Additionally, the gel fraction of the fused samples was 

measured in these solvents. As shown in Figures S15b, 15c, and 15d, the gel content 

of all the fused samples remained higher than 92%. These findings confirm that the 

fused thermosets are robust crosslinked networks, formed through both the topological 

entanglement of the parent polymer chains and, more importantly, the chemical bonds 

generated via the C=C/C=N exchange reaction.  

TGA analysis revealed that all fused samples exhibit excellent thermal stability, 

with T5% values of 270°C, 264°C, and 281°C for FB2-1, FB3-1, and FB5-1, respectively 

(Figure 4a, and Table 1). Subsequently, DSC measurements were performed to 

investigate compatibility of the fused thermosets (Figure 4b). The DSC profiles of the 

fused films (FB2-1, FB3-1, and FB5-1) showed only a single Tg (80°C, 77°C, and 55°C 

for FB2-1, FB3-1, and FB5-1, respectively) was observed for all fused samples, 

regardless of the mixing ratio of the parent thermosets. This value fall between the Tg 

of the individual homopolymers building the thermosets (43°C for CC-1 and 134°C for 

CN-1). These results were further corroborated by Tg measurements using DMA, 

which revealed a single Tg value of around 107 °C, 100°C, and 73°C for FB2-1, FB3-1, 
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and FB5-1, respectively (Figure 4c). The presence of a single Tg , rather than multiple 

Tg values from the parent homopolymers, suggests the high miscibility of the polymer 

blend without phase separation.45 Furthermore, SEM analysis confirmed the absence 

of any noticeable phase separation across all fused samples (Figure S16). These 

findings indicate that a homogeneous fused layer was successfully formed due to the 

efficient reaction between C=C bonds in CC-1 thermoset and C=N bonds in CN-1 

thermoset.  

The mechanical properties of the fused samples were evaluated using DMA. 

As shown in Figure 4c, the storage moduli of FB2-1, FB3-1, and FB5-1 reached 

maximum values of approximately 1900 MPa near 0 °C and gradually decreased with 

increasing temperature, reflecting the rigid and well-organized network structure of the 

samples in the glassy state. Above Tg, the samples displayed distinct rubbery plateaux 

with storage moduli of 15.84 MPa, 15.69 MPa, and 24.67 MPa, indicating a well-

defined crosslinked network. The corresponding crosslink densities were calculated 

as 1513 mol m−3, 1524 mol m−3, and 2564 mol m−3, respectively. The increase in 

crosslink density from FB2-1 to FB5-1 correlates with the rising C=C:C=N molar ratio 

(from 0.5:1 to 1:1), suggesting that a balanced ratio promotes more efficient C=C/C=N 

metathesis, leading to enhanced crosslinking. To investigate the intrinsic reactivity 

between C=C and C=N bonds, small-molecule model reactions between Kn1 and A2 

were conducted at molar ratios of 1:1, 3:1, and 1:3. As shown in Figure S17, the 1:1 

ratio exhibited the highest initial reaction rate, confirming that stoichiometric balance 

optimizes reaction kinetics. In contrast, off-stoichiometric conditions led to reduced 

reactivity, likely due to incomplete functional group conversion. In the FB networks, 

the estimated C=C:C=N molar ratios are 0.5:1, 0.7:1, and 1:1 for FB2-1, FB3-1, and FB5-

1, respectively (Table 1). Among them, FB5-1 achieves the most efficient crosslinking 
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and exhibits the narrowest tan δ peak, as its near-ideal stoichiometry enables a 

cohesive, densely interconnected network.  

Tensile stress testing further corroborates these findings: as the ratio of C=C to 

C=N bonds increased in the fused samples, the Young’s modulus rose significantly 

from 332.8 ± 81.9 MPa (FB2-1) to 527.9 ± 29.2 MPa (FB5-1) (Figure 4d). Similarly, the 

tensile strength improved from 16.11 ± 0.28 MPa (FB2-1) to 24.13 ± 1.18 MPa (FB5-1), 

while the elongation at break increased from 9.95 ± 2.71% (FB2-1) to 15.51 ± 3.84% 

(FB5-1) (Figure 4d and Table 2).  Thus, by adjusting the ratio of C=C to C=N bonds, 

achieved by simply varying the mixing ratio of the parent thermosets, it is possible to 

precisely control both the efficiency of the metathesis exchange and the resulting 

mechanical properties. This tunability highlights the versatility of the fused films, 

enabling the design of materials with tailored mechanical properties to meet specific 

application requirements. 

 

Table 1. Thermal and Mechanical Properties of fused networks and parent thermosets. 

entry 
CC-1: CN-1  
thermosets 
weight ratio 

C=C: C=N 
bonds 

T5%  

(oC) 
Tg (oC) E‘g 

(MPa) 
E‘r  

(MPa) 

ρ 
(mol 
m−3) molar ratioa DSC DMA 

CN-1 0: 1 0: 1 305 134 / / / / 
FB2-1 2: 1      0.5: 1 270 80 107 1933 15.84 1513 
FB3-1 3: 1      0.7: 1 264 77 100 1918 15.69 1524 
FB5-1 5: 1        1: 1 281 55 73 1870  24.67 2564 
CC-1 1: 0         1: 0 300 43 49 990 4.6 573 

a The weight percentage of C=C bonds in the CC-1 thermoset is 8.2 wt%, while the 
weight percentage of C=N bonds in the CN-1 thermoset is 39.4 wt%. 
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Figure 4. (a) TGA curves of the fused samples and parent thermosets (CC-1 and CN-

1). (b) DSC curves of the fused samples and parent thermosets (CC-1 and CN-1). (c) 

Temperature-dependent variations in storage modulus and tan delta for fused samples. 

(d) Stress-strain curves illustrating the mechanical behavior of the fused samples. 

 

Table 2. Mechanical Properties of fused networks (FB) and parent thermoset (CC-1). 

Thermoset 
Young’s 

modulus (MPa) 
Tensile 

strength (MPa) 
Elongation at break (%) 

FB2-1 332.8 ± 81.90 16.11 ± 0.28  9.95  ± 2.71 
FB3-1 357.1 ± 67.27 18.31 ± 2.86 14.76 ± 4.44 
FB5-1 527.9 ± 29.20 24.13 ± 1.18 15.51 ± 3.84 
CC-1 32.21 ± 7.777 13.90 ± 1.17 177.8 ± 20.6 

 



17 
 

2.3 Dynamic nature of Fused Thermosets 

The dynamic characteristics of the fused thermosets (FB2-1, FB3-1, and FB5-1) 

were investigated through stress relaxation analyses at elevated temperatures using 

DMA. As shown in Figures 5a to 5c, the stress relaxation moduli decrease 

exponentially over time, indicating that the crosslinked polymers functions as vitrimers, 

capable of gradually relaxing stress through the dynamic C=C/C=N exchange reaction. 

With increasing temperature, the exchange rate accelerated, allowing the material to 

adapt its network (Table S4). Using Arrhenius' law, the Ea for the C=C/C=N exchange 

in the different fused thermosets was calculated to be 78 kJ mol⁻¹ for FB2-1, 75 kJ mol⁻¹ 

for FB3-1, and 61 kJ mol⁻¹ for FB5-1 (Figure 5d and table 3). The decrease in Ea 

observed across the FB samples reflects the dynamic responsiveness of the network 

architecture. As crosslink density increases, the resulting network becomes more 

structurally cohesive, promoting cooperative segmental motion and more efficient 

stress transfer. These features facilitate bond exchange dynamics, leading to lower Ea 

and enhanced reprocessability and thermal adaptability.54 Notably, FB5-1 demonstrates 

the most favorable dynamic behavior, consistent with its tightly interconnected 

structure and optimal composition. Ea is a crucial parameter, as it reflects the bond 

exchange reactivity and the rate at which the network viscosity changes with 

temperature. The ability to tune Ea by simply adjusting the parent thermosets (CC-1 to 

CN-1) ratio provides a significant advantage: it allows for precise control over the 

material's stress relaxation behavior and reprocessing temperature. A lower Ea 

facilitates a faster exchange reaction, enabling more efficient stress relaxation and 

recycling at lower temperatures. This tunability enhances the versatility of the fused 

thermosets, making them suitable for a wide range of applications that demand varying 

levels of rigidity, reactivity, and recyclability. 
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To further evaluate the dynamic behavior of the fused networks, scratch 

recovery test was performed on the FB samples. In this experiment, the FB samples 

were scratched to introduce surface damage then subjected to thermal treatment at 

180 °C. As shown in Figures S18a to S18c, the surface scratches nearly healed within 

1 min, demonstrating rapid self-healing. Furthermore, FB5-1 showed near-complete 

stiffness restoration, with Young’s modulus recovering to ~100%, while tensile strength 

and elongation at break rebounded to ~89% and ~79%, respectively, after 5 min of 

recovery at 180 °C (Figure S18d, and 18e). This rapid surface recovery provides 

additional evidence of the thermally activated bond exchange behavior, reinforcing the 

conclusion made on the excellent reprocessability and dynamic adaptability of the 

fused networks at elevated temperatures.  

Furthermore, the topology freezing transition temperature (Tv) of the fused 

thermosets can be finely tuned. Tv is a critical factor influencing the viscoelastic 

properties of crosslinked polymers containing dynamic covalent bonds. At Tv, the bond 

exchange rate becomes sufficiently rapid to transform the material from a viscoelastic 

solid to a viscoelastic liquid. Below Tv, crosslinked polymers maintain their structural 

integrity and stress relaxation capabilities due to slower bond exchange dynamics. 

Typically, this transition occurs when the material reaches a viscosity of 1012 Pa·s. The 

Tv of the parent thermoset CC-1 is calculated to be 337 K, which is higher than that of 

all the fused samples (Table 3). This difference is attributed to the change in the bond 

exchange mechanism. In the CC-1 thermoset, bond exchange is driven by the 

Knoevenagel adduct exchange, which requires a higher activation energy (Ea = 114 

kJ mol⁻¹), slowing down bond dynamics and resulting in a higher Tv.55 In contrast, the 

fused samples utilize C=C/C=N metathesis, facilitating bond exchange more efficiently, 

resulting in a lower Ea (ranging from 78 to 61 kJ mol⁻¹) and a corresponding decrease 
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in Tv. Furthermore, as the proportion of CC-1 in the fused samples increases, Tv 

systematically decreases, from 291 K in FB2-1 to 274 K in FB5-1 (Table 3). This variation 

is due to the increased efficiency of the C=C/C=N metathesis reaction.  Notably, the 

FB5-1 with the highest metathesis efficiency, demonstrating the lowest Ea and Tv. The 

tunability of both Ea and Tv enables precise control over the thermal and mechanical 

behavior of the fused thermosets, making them ideal for high-performance 

applications, including high-temperature energy storage and semiconductor 

packaging.  

By leveraging the dynamic C=C/C=N linkages, the fused thermosets exhibit 

outstanding reprocessing capabilities. Following mechanical failure, the fused 

samples were cut into small pieces and reprocessed through hot pressing at 180°C 

and 50 bar for 30 min, effectively restoring the polymer network (Figure 3a). Tensile 

testing of the recycled fused thermosets revealed substantial recovery of mechanical 

properties. As shown in Figure 5e, the recycled samples exhibited high recovery rates 

for Young’s modulus (over 100%) and tensile strength (around 80%). The reduction in 

elongation at break observed in the recycled samples is likely due to an increase in 

internal crosslinking after prolonged hot-pressing during recycling. This enhanced 

network structure boosts stiffness but restricts chain mobility, while potential chain 

scission or microstructural changes further reduce ductility. Despite this, the overall 

mechanical integrity of the material remains strong. Furthermore, FTIR analysis 

confirmed the stability of the polymer network, with no significant structural changes 

detected during the reprocessing process (Figure 5f). 
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Figure 5. Stress relaxation curves of fused thermosets measured at various 

temperatures for (a) FB2-1, (b) FB3-1, and (c) FB5-1. (d) Fitting of the relaxation times to 

the Arrhenius equation. (e) Recovery rates of mechanical properties after recycling for 

different fused thermosets. (f) Comparison of IR spectra between the original and 

recycled fused thermosets. 
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Table 3. Comparison of Ea and Tv for Different Thermosets. 

Thermoset Ea (kJ mol⁻¹) Tv (K) 

FB2-1 78 291 

FB3-1 75 288 

FB5-1 61 274 

CC-1 114 337 

 

3.Conclusion 

In conclusion, we have successfully employed solid-state C=C/C=N metathesis 

chemistry to achieve the fusion of distinct thermosets via dynamic covalent bond 

exchange. Specifically, thermosets containing either C=C or C=N bonds were 

effectively merged into a uniform crosslinked network featuring both functionalities. 

This efficient bond exchange not only enabled thermoset fusion but also resulted in 

advanced recyclable materials with tunable physicochemical properties. The thermal 

behavior, mechanical performance, Ea and Tv of the fused networks can be precisely 

modulated by simply varying the mixing ratio of the parent thermosets. This work 

represents a significant advancement in thermoset engineering, offering a versatile 

platform for designing high-performance materials tailored to specific application 

needs. 
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