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ABSTRACT: Thermosetting resins are widely used in high-tech applications for excellent 

mechanical robustness and chemical resistance. With increasing attention to the 

environmental and usage safety issues, it is necessary to develop bio-derived, recyclable, 

tough, and fire-retardant thermosetting resins. Herein, a high-performance, vanillin-based 

vitrimer (CIP1.0) was prepared. The CIP1.0 with 1.0 wt% phosphorus passes vertical burning 

(UL-94) V-0 rating with a limiting oxygen index (LOI) of 27.2%. The phosphorus-containing 

and Schiff base groups act synergistically in gas and condensed phases during combustion, 

endowing CIP1.0 with outstanding fire retardancy. The CIP1.0 shows excellent toughness with 

high elongation at break of 45.0% due to the π-π stacking of numerous rigid aromatic groups 
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and appropriate cross-linking density. The highly symmetrical structure and low 

polarizability of CIP1.0 result in a low dielectric constant. The CIP1.0 exhibits superior 

antimicrobial properties. The CIP1.0 can be reprocessed by hot-pressing at 140 °C for 10 

minutes. The non-destructive, closed-loop recycling of carbon fibers in the carbon fiber-

reinforced CIP1.0 composite can be achieved under mild conditions due to the degradable 

Schiff base groups of CIP1.0. In this work, a bio-derived, tough, fire-retardant, low dielectric, 

and antimicrobial vitrimer is prepared to provide a rational strategy for the design of 

advanced environmentally friendly thermosetting resins. 

Keywords: Bio-derived vitrimer, Flame retardancy, Recyclability 

 

1. Introduction 

Thermosetting resins, as one of the most prominent polymers, are widely adopted as resin 

matrices or adhesives for fiber-reinforced polymer composites in the automotive, aerospace, 

electrical equipment, and construction industries due to their outstanding mechanical strength, 

durability, and electrical insulation [1, 2]. Nevertheless, owing to the stable covalently cross-

linked networks, most end-of-life thermosetting resins tend to be burned or buried, which is 

not in line with the trend towards Carbon Peaking and Carbon Neutrality [3]. 

Previous works have shown that introducing dynamic covalent bonds (DCBs), e.g., esters, 

imines, siloxanes, and disulfides, into the crosslinked network can reduce the damage to 

environment [4-7]. Under external stimuli, e.g., light, heat, and chemicals, the polymers with 

DCBs undergo bond exchange reactions to achieve topological rearrangements and allow 

them to be reused. Those thermosetting resins with associative exchange mechanisms are 

known as vitrimers, and great efforts have recently been devoted to its development. Li et al. 

have prepared transesterification vitrimer using tung oil and maleic anhydride with zinc 

acetylacetonate as a catalyst [8]. The resulting vitrimer obtained high tensile strength (59.2 
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MPa) and glass transition temperature (76.7 °C) and its scratch recovery rate was 96.7% at 

180 °C for 1 hour. However, the catalysts within the vitrimer network may gradually leach 

out during long-term use, adversely impacting both vitrimer properties and the environment. 

Therefore, it is imperative to develop catalyst-free vitrimers. 

In addition, polymers have high proportions of C, H, and O elements in their structures, 

which makes them flammable [9]. Enhancing the flame retardancy of vitrimer can further 

enable its high-tech applications. Chen et al. incorporated a phosphaphenanthrene-derived 

diol (6-(2,5-bis(2-hydroxyethoxy)phenyl)dibenzo[c,e] [1,2]oxaphosphinine 6-oxide, DHH) 

into an epoxy/anhydride system, and the obtained vitrimer can be recovered without a 

catalyst [7]. Meanwhile, due to the presence of the phosphaphenanthrene moiety, the 

resulting vitrimer easily passed a UL-94 V-0 rating and had an LOI as high as 36.0%. The 

hydroxy groups served as a catalytic site towards the transesterification reaction, and thus the 

vitrimer could be remodeled after hot-pressing at 220 °C under 10 MPa for 2 hours. However, 

the reported flame-retardant vitrimers usually required strict recovery conditions, e.g., high 

temperatures and pressures [7, 8]. 

One of the most promising DCBs is the Schiff base, which can be formed by condensation 

of amines and aldehydes or ketones and hydrolyzed (in acidic conditions) to aldehydes (or 

ketones) and amines. No catalyst is required for these processes [10-12]. In addition, the 

activation energy required for Schiff base exchange is much lower than that of 

transesterification, and it is expected to realize energy-efficient recycling [13]. The Schiff 

base is considered to have a flame-retardant function, which can undergo carbonization and 

release non-flammable gases during combustion. Moreover, it has an antibacterial effect. All 

these effects distinguish Schiff base vitrimers from other kinds of vitrimers [14]. 

Nevertheless, the previous works on Schiff base vitrimers had been mainly focused on 

degradation, mechanical properties, and flame retardancy, while the dielectric properties are 
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less studied. The dielectric properties of polymeric materials are also very important in the 

fields of electronic devices and high-voltage transformers. Triazine rings have been 

demonstrated to be favorable for achieving low dielectric constants due to their low 

polarizability and highly symmetric structure [15, 16]. In this work, we developed a 

transparent Schiff-based vitrimer with excellent mechanical, flame retardant, dielectric, and 

antibacterial properties from triazine-containing cyanuric chloride (CC), phenylphosphonic 

dichloride (PPDC), isophorone diamine (IPDA) and bio-based vanillin. The π-π stacking of 

numerous aromatic groups within the cross-linked network results in high toughness of the 

resulting vitrimer, and the highly symmetrical structure also brings about a low dielectric 

constant. Meanwhile, the presence of phosphate ester and C=N enhances the flame retardancy 

of the vitrimer. Most importantly, the non-destructive recovery of carbon fibers (CFs) from 

the carbon fiber reinforced CIP1.0 (CF/CIP1.0) composites is essentially achieved. Therefore, 

this work provides a promising approach for the preparation of high-performance, fire-safe 

Schiff base vitrimers, which are expected to be thermoset alternatives for various 

applications. 

2. Materials and methods 

2.1. Materials 

Vanillin, CC, PPDC, triethylamine (TEA), IPDA, dichloromethane (DCM), 

tetrahydrofuran (THF, water ≤ 30 ppm), and N, N-dimethylformamide (DMF) were 

purchased from Energy Chemical Co., Ltd. (Shanghai, China). Unidirectional carbon fiber 

fabric (areal density: 200 g/m2) was purchased from Zhongfu Shenying Carbon Fiber Co., 

Ltd. (Jiangsu, China). Escherichia coli (E. coli,) and Staphylococcus aureus (S. aureus) were 

provided by People's Hospital of Jiangxi province (Jiangxi, China). 

2.2. Synthesis of vanillin-containing CC derivative (CV) 

The synthetic route of CV is shown in Fig. 1a. Specifically, vanillin (25.0 g) was added to 
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a three-necked flask with a condensing unit and nitrogen gas flow. THF (250 mL) was 

introduced to solubilize vanillin. In addition, TEA (16.7 g) was incorporated into the flask to 

act as an acid-binding agent. Then, CC (10.0 g) was dissolved in THF (100 mL) and the 

solution was added dropwise to the flask. The reaction was carried out under magnetic 

stirring at 0, 30, and 60 °C for 2 hours, respectively. The crude product was obtained by 

filtration. The final product was collected by washing the crude product sequentially with 25 

and 80 °C water. CV (white powder) was obtained by drying in a vacuum oven at 80 °C for 

12 hours (Yield: 92.6%). 
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Fig. 1. (a) The synthetic route of CV, PV, and the scheme for the preparation of CIPx 

vitrimer; (b) 1H NMR spectra of CV and PV; (c) 31P NMR spectra of PV; (d) FTIR spectra of 

CV, PV, CI, and CIP1.0. 

2.3. Synthesis of vanillin-containing PPDC derivative (PV) 

The synthesis of PV is similar to that of CV and its synthesis route is shown in Fig. 1a. 

Vanillin (15.6 g), THF (156 mL), and TEA (10.4 g) were introduced to a three-necked flask 

with the condensing unit and nitrogen gas flow. Then, PPDC (10.0 g) was dissolved in THF 
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(100 mL) and the solution was added dropwise to the flask. The reaction was carried out 

under magnetic stirring at 0, 30, and 60 °C for 2 hours, respectively. The final PV (yellow 

solid) was generated by the above purification method (Yield: 86.5%). 

2.4. Preparation of vanillin-containing vitrimers and CF/CIP1.0 

The detailed formulations of vitrimers are shown in Table S1. PV (1.3 g), IPDA (3.1 g), 

and DCM (10.0 mL) were positioned in a flask with a condensing unit, and they were mixed 

at 50 °C for 30 minutes. Subsequently, CV (5.3 g) was introduced for cross-linking. After the 

mixture became gelled, it was placed in a drying oven at 50 °C for 2 hours to remove solvent 

and then transferred to a vacuum oven at 100 °C for 8 hours to remove water. The resultant 

CIPx solids were further cured by hot-pressing at 150 °C for 30 minutes under 10 MPa, and 

the x was representative of phosphorus content. CI was made with the same method, but no 

PV was introduced. The CF/CIP1.0 composite (the mass ratio of CF : CIP1.0 = 6 : 4) was 

prepared by the combination of hand lay-up and hot-pressing. Before gelling the CIP1.0 

mixture, it was placed on a glass plate, and then CFs were attached to it. Subsequently, they 

were placed in a fume hood for 10 minutes, and then the prepreg was obtained. The above 

steps were repeated six times, and six prepregs were obtained. The prepregs were stacked 

together and dried in a drying oven at 50 °C for 2 hours and a vacuum oven at 100 °C for 8 

hours. Finally, the CF/CIP1.0 composite was obtained by hot-pressing at 150 °C for 30 

minutes under 10 MPa. 

2.5. Characterizations 

This section is presented in the Supporting Information. 

3. Results and discussion 

3.1. Characterization of CV, PV and vitrimer 

The chemical structures of CV and PV were characterized via nuclear magnetic resonance 

(NMR) and Fourier transform infrared (FTIR), with the results presented in Fig. 1b-d and S1. 
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The 1H NMR spectra of CV and PV are shown in Fig. 1b. CV and PV are characterized by 

similar proton chemical shifts. There are no shifts of phenolic groups in both CV and PV, 

suggesting that the phenolic group in vanillin is completely reacted by -C-Cl/-P-Cl. The 

chemical shift at 9.9 ppm is attributed to the aldehyde group in CV and PV, and the chemical 

shift at 3.8 ppm is attributed to the proton in methyl. The protons of phenyl in both CV and 

PV appear at 7.2-8.0 ppm. Notably, the integrals of aldehyde : methyl : phenyl in both CV 

and PV are 1 : 3 : 3. This indicates that CC/PPDC has successfully reacted with vanillin to 

generate CV and PV. In addition, the 13C NMR spectra of CV and PV are presented in Fig. 

S1. The chemical shifts of aldehyde and methyl in CV/PV are around 192.0 and 56.5 ppm, 

respectively. The chemical shift of triazine group in CV can be found at 173.2 ppm. The 

chemical shifts of phenyl in CV/PV are between 110~152 ppm. There are no additional 

chemical shifts found in both 13C NMR spectra. Furthermore, PV shows only one peak 

around 12.5 ppm (see Fig. 1c) in its 31P NMR, which also indicates that it is successfully 

synthesized and has a high purity. 

The FTIR spectra of CV, PV, CI, and CIP1.0 are shown in Fig. 1d. Regarding CV and PV, 

the characteristic absorption peak of -CHO can be detected at 1690 cm-1 [17]. The absorption 

peak of the P-O group in PV appears at 950 cm-1 [18]. For CI and CIP1.0, there is no 

absorption peak at 1690 cm-1, confirming the reaction of the aldehyde group in PV and CV 

with the amino group in IPDA. Correspondingly, the Schiff base peak appears at 1650 cm-1 in 

the FTIR spectra of both CI and CIP1.0 [19]. In addition, CIP1.0 also shows a distinct 

absorption peak at 950 cm-1. There are no obvious amino absorption peaks in the FTIR 

spectra of CI and CIP1.0. All these indicate that CI and CIP1.0 are successfully prepared by the 

reaction between -NH2 and -CHO groups. 

3.2. Optical and mechanical properties 
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Fig. 2. (a) UV-visible transmission spectra and (c) XRD patterns of vitrimers; (b) the 

transmittance of vitrimers at 700 nm; (d) illustration of a possible mechanism for UV-

resistance and π-π stacking; (e) digital images of vitrimer films; (f) tensile strength and (g) 

elongation at break of vitrimers; (h) comparison of elongation at break and tensile strength 

for CIP1.0 and previously-reported vitrimers. 

The high transparency of thermosetting resin makes it ubiquitous in optical devices, 

transportation, and other fields [20, 21]. Therefore, developing transparent vitrimers will 

greatly contribute to their industrialization. The UV-visible spectra of the vitrimer are shown 

in Fig. 2a. It is obvious that the transmittance of vitrimers in the range of 200-400 nm is 

approximately 0. It shows that all the resulting vitrimers have excellent UV-shielding 

functions. Immediately, the transmittance of all samples increases gradually with increasing 
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wavelength (400-900 nm). In addition, at the same wavelength, the transmittance of the 

vitrimer increases with increasing phosphorus content. Specifically, CIP1.0 has the highest 

transmittance of 68.4% at 700 nm among all samples (see Fig. 2b). Thus, the transparency of 

CIP1.0 is higher than that of CI (see Fig. 2e). The transparency of vitrimer is related to its 

crystalline properties [22, 23]. Therefore, the X-ray diffraction (XRD) technique is applied to 

investigate the crystalline properties of vitrimer, with the patterns shown in Fig. 2c. All 

vitrimers show a broad diffraction peak cantered around at 2θ = 20° of all vitrimers. Thus, a 

well-cross-linked reaction occurs between CV, PV, and IPDA without significantly affecting 

the amorphous properties of the vitrimer, maintaining high transparency. Notably, all 

vitrimers have a sharp diffraction peak at 2θ = 25.7° (d = 3.5 Å), which confirms that they are 

all partially crystallized with an ordered structure [24, 25]. The conjugated polymers with 

rigid structures exhibit strong π-π interchain interactions in the aggregated state [26, 27]. The 

d-spacing laminar is in the range of π-π stacking distance, which can be assigned to the π-π 

stacking of phenyl groups in the vitrimer network. The strong π-π stacking is also positively 

correlated with great UV shielding and toughness (see Fig. 2d). 

The tensile properties of vitrimers were investigated in detail (see Fig. 2f-h). As shown in 

Fig. 2f-h, the tensile strength of the vitrimers gradually decreases with increasing PV content, 

while the elongation at break gradually increases, which may be related to the increase in the 

average molecular weight (Mc) of the chain between the two neighboring crosslinking points. 

Specifically, the tensile strength of all vitrimers is higher than 45 MPa and the elongation at 

break of all vitrimers is greater than 30.0%. In particular, the tensile strength and elongation 

at break of CIP1.0 reach 45.6 MPa and 45.0%, respectively. The higher elongation at break 

and tensile strength of CIP1.0 than previous vitrimers demonstrate its excellent mechanical 

strength and toughness (see Fig. 2h) [13, 28-37]. The high strength and toughness of CIP1.0 

are related to the π-π stacking effect between molecular chains and the appropriate 
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crosslinking density. 

3.3. Thermal performances 

 

Fig. 3. (a) TG and (d) DTG curves of vitrimers in N2 condition; (b) TG and (e) DTG curves 

of vitrimers under air flow; (c) THRI values and (f) DSC curves of vitrimers. 

Thermogravimetric analysis (TGA) of vitrimers was conducted under nitrogen and air 

atmosphere, and the TG and derivative TG (DTG) curves are displayed in Fig. 3a-b and d-e. 

The characteristic thermal data, including temperature at 5% weight loss (T5%), temperature at 

maximum weight loss rate (Tmax), maximum weight loss rate (Rmax), and char yield at 700 °C 

(CY), are summarized in Table S2. The T5% values of all vitrimers are basically the same in 

nitrogen and air atmosphere. For instance, the T5% values of CI are 250 and 239 °C under 

nitrogen and air, and those of CIP1.0 are 246 and 241 °C, respectively. Furthermore, the heat-

resistance index (THRI) values of all vitrimers are determined based on previous works to 

further characterize their thermal stability [38, 39], with the results shown in Fig. 3c. Clearly, 

the THRI values of the CIPx samples are improved compared to that of CI. The results indicate 

that the addition of PV enhances the thermal stability of the vitrimer, making it superior to 

many typical phosphorus-based flame retardants because most of them deteriorate the 
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thermal stability by catalyzing degradation [40]. As illustrated in Table S2, the Tmax value for 

CIPx samples are basically higher than that of CI and increase with increasing phosphorus 

content in both nitrogen and air conditions, further confirming the improved thermal stability. 

In addition, all vitrimers have high CY values under nitrogen and air atmosphere, suggesting 

that they have superior char-forming abilities at high temperatures, which may be related to 

the presence of Schiff base and phosphorus-containing groups. To summarize, the addition of 

PV maintains the thermal stability of CIPx effectively and enhances the char-forming ability 

dramatically. 

The glass transition temperature (Tg) of the vitrimers was tested by differential scanning 

calorimetry (DSC), with the data shown in Fig. 3f. There is a decrease in the Tg from 182 °C 

for CI to 171 °C for CIP1.0 with the introduction of PV, which may be related to the decrease 

in cross-linking density. However, the Tg of all vitrimers is higher than 170 °C, which is still 

adapted to most of the high-temperature application scenarios. 

3.4. Flame-retardant performances and mechanisms 

 

Fig. 4. (a) LOI and UL-94 results, (b) heat release rate curves, (c) total heat release plots, (d) 

total smoke production plots, (e) mass loss curves, and (f) AEHC values of vitrimers. 
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LOI and UL-94 tests were conducted on CI and CIPx, with data presented in Fig. 4a. 

Despite exhibiting an LOI of 22.1%, the CI vitrimer cannot pass the UL-94 test, indicative of 

poor flame retardancy. Subsequently, PV is introduced into the cross-linked network to 

improve the flame retardancy of the vitrimer. Both LOI and UL-94 ratings are dramatically 

improved with the incorporation of PV. Specifically, the CIP0.9 achieves an LOI of 25.8% 

and passes a UL-94 V-1 rating. The CIP1.0 passes a UL-94 V-0 with a high LOI of 27.2% 

when the phosphorus content further increases to 1.0 wt%. The results indicate that the P 

element plays an important role in enhancing the fire retardancy of CIPx vitrimers [41-43]. 

To investigate the combustion behaviors of CI and CIPx, a cone calorimetry test (CCT) 

was performed, and the results are shown in Fig. 4b-f and S2. Significantly, CI and CIPx 

exhibit a lower peak heat release rate (PHRR, ~ 450 kW/m2). It is shown that the Schiff base 

provides an appropriate flame-retardant effect. Importantly, the total heat release (THR) and 

total smoke production (TSP) of CIPx show a similar downtrend, demonstrating significantly 

improved flame retardancy and smoke suppression. For instance, compared with CI, the THR 

and TSP of CIP1.0 are reduced by 20.6% and 19.4%, respectively (see Fig. 4b-d). At the same 

time, the char mass of CIP1.0 reaches up to 39.5 wt%, which is about 20.8% higher than that 

of CI (see Fig. 4e). The PV facilitates the vitrimer matrix to form a protection residual layer 

during burning. Such a layer prevents the diffusion of heat and combustible gas and thus 

improves the flame retardancy of vitrimer. Smoke accounts for the dominant factor of 

casualties in fires, and the reduced TSP of CIPx also shows that PV can inhibit the production 

of smoke, which can further improve the survival rate of personnel in fires. In addition, the 

average effective heat of combustion (AEHC) decreases with the introduction of PV (see Fig. 

4f). It shows that the intensity of the combustion for gas-phase volatiles is decreased with the 

addition of PV [44, 45]. The radical-quenching effect of the P-containing decomposition 

fragments from PV is responsible for the reduced gas-phase combustion of the matrix. 
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Moreover, based on the photographs of residual chars after CCT (see Fig. S2), the residual 

char thickness of CI increases to 31 mm and the char layer is broken. In particular, the 

residual char of CIP1.0 is continuous and dense with a thickness of 60 mm, which is 93.5% 

higher than that of CI. In conclusion, although the P-containing decomposition products of 

PV suppress the burning in the gas phase, they mainly function in the condensed phase to 

facilitate the char formation during burning, thus simultaneously enhancing flame retardancy 

and smoke suppression of vitrimers. 

 

Fig. 5. (a) Raman spectra of residual chars for vitrimers; (b) XPS spectra of residual chars for 

CI and CIP1.0; the high-resolution XPS (c) P2p, (d) C1s, (e) N1s, and (f) O1s spectra of 

residual char for CIP1.0; and the high-resolution XPS (g) C1s, (h) N1s, and (i) O1s spectra of 

the residual char for CI. 
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To characterize the condensed-phase mode-of-action, Raman and X-ray photoelectron 

spectroscopy (XPS) tests were carried out to investigate the degree of graphitization, 

chemical composition, and bonding state of the vitrimer char from CCT. The residual chars 

display the D and G bands at 1360 and 1605 cm-1, belonging to the amorphous carbon and 

graphite structures, respectively (see Fig. 5a). The integral area ratio of the D-band to the G-

band (ID/IG) is directly related to the graphitization degree of char [46-48]. With increasing 

phosphorus content, the ID/IG value of residual char monotonically decreases, indicative of an 

increased degree of graphitization. Hence, the decomposition products of PV facilitate the 

charring of vitrimer and increase the degree of graphitization of the residual char during 

combustion, which inhibits heat release and oxygen transfer. In the C1s spectrum of CIP1.0 

char, three deconvolution peaks belonging to C=O, C-O/C-N, and C-C/C-H are detected. In 

the N1s spectrum, two peaks attributed to N-C and N-H appear, and in the O1s spectrum, two 

deconvolution peaks assigned to O-C/P and O=C/P are observed in CIP1.0 char (see Fig. 5d-f) 

[49]. In addition to the above elements, the P (2.97 wt%) element can be detected in the char 

of CIP1.0 (see Fig. 5b). In addition, P=O groups are identified in the P2p spectrum of CIP1.0 

char (see Fig. 5c), indicating that the condensed-phase decomposition products of PV are the 

phosphate derivatives. Meanwhile, the N content of CIP1.0 char increases from 7.64 wt% of 

CI char to 11.47 wt% (see Table S3), which implies that the decomposition products of P-

containing groups for PV have reacted with the N-containing groups in vitrimer during 

burning, leading to increased nitrogen content. In summary, the P-containing decomposition 

products of PV and Schiff base in vitrimer catalyze the matrix to form a compact and 

expanded char with a high graphitization degree on its surface during burning, which impedes 

the transfer of heat and protects the underlying substrate. 

3.5. Physical and chemical recovery 
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Stress relaxation measurement is a commonly used method to study dynamic exchange 

reactions in vitrimer systems [3, 50, 51]. The stress relaxation curves of CIP1.0 at different 

temperatures are shown in Fig. 6a. The relaxation time (τ*) is the time required for the stress 

to decrease to 1/e of its initial value. As can be seen in Fig. 6a, the reaction rate of the imine 

exchange reaction within the CIP1.0 network is relatively slow at 100 °C. The relaxation time 

decreases with increasing temperature, indicating that high temperature promotes the 

dynamic exchange reaction of the Schiff base. However, the overall relaxation time is short, 

which is related to the low cross-linking density of CIP1.0. The activation energy (Ea) of the 

imine exchange reaction is calculated by fitting the τ* value of CIP1.0 to the Arrhenius 

equation: ln τ* = Ea/RT – ln A, where T is the absolute temperature, A is the pre-factor, and R 

is the gas constant [52]. The resulting linear fit curve shows an activation energy of 21.1 

kJ/mol (see Fig. 6b). It indicates that the activation energy required for the dynamic exchange 

reaction within the CIP1.0 network is relatively low and thus CIP1.0 is easy to physically 

recover. We recovered the sheared CIP1.0 film by hot pressing at 140 °C for 10 min, and the 

resulting film is noted as CIP1.0-R. The tensile properties of CIP1.0 and CIP1.0-R are compared 

in Fig. 6c, and the tensile strength and elongation at break of CIP1.0-R are 98.7% and 96.9% 

of those of CIP1.0, respectively. Thus, it can be concluded that the Schiff base CIP1.0 vitrimer 

can be applied sustainably. 
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Fig. 6. (a) Normalized stress relaxation curves of CIP1.0 at different temperatures; (b) linear 

fitting to the Arrhenius equation; (c) elongation at break and tensile strength of CIP1.0 and 

CIP1.0-Recycled (CIP1.0-R); SEM of (d) original and (e) recycled CFs; (h) tensile stress-strain 

curves of original and recycled CFs. 

The manufacture of carbon fiber-reinforced polymer composites is one major application 

for thermosetting resins. However, recycling CF is difficult with the composites based on 

thermoset resins. The dilemma can be solved with vitrimer. As the condensation and 

hydrolysis of imines are reversible reactions, the Schiff base vitrimer is usually considered to 

be a water- or acid-sensitive material [53]. Therefore, CFs can be recovered from CF/CIP1.0 

composites by chemical recycling. We immersed the fabricated CF/CIP1.0 composites in 

THF/HCl (8 : 2) solution at 50 °C for 24 hours, and the CIP1.0 was dissolved in the solution. 

The recovered CFs were washed with DMF and dried in an oven. The surface morphology 

and single fiber tensile properties of the recovered CFs were investigated, with the results 

shown in Fig. 6d-f. The recovered CFs exhibit a clean surface morphology, which is close to 

the original CFs, indicating that the CIP1.0 is completely separated from the CFs. In addition, 

the tensile strength and elongation at break of the recycled CFs are 3.0 GPa and 2.6%, which 

are close to 3.2 GPa and 2.8% of the original CFs. Therefore, the well-designed CIP1.0 
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vitrimer shows great promise for application in the preparation of advanced recyclable carbon 

fiber-reinforced polymer composites. 

3.6. Dielectric and antimicrobial properties 

 
Fig. 7. (a) Dielectric constant and (b) dielectric loss of CI and CIP1.0. 

The low dielectric constant and loss are key to thermosetting resins for high-tech electrical 

and electronic applications [54]. Accordingly, the dielectric properties of CI and CIP1.0 were 

investigated, and their dielectric constant and loss curves are shown in Fig. 7. There is a 

relatively stable dielectric constant and loss in the frequency range of 103 ~ 107 Hz for CI and 

CIP1.0. The dielectric constant and loss of CI and CIP1.0 are very close. For instance, the 

dielectric constant of CI and CIP1.0 is in the range of 4.1 to 4.5 and the dielectric loss of CI 

and CIP1.0 is less than 0.015. Significantly, the dielectric properties of CI and CIP1.0 are 

superior to those of thermosetting counterparts (dielectric constant = 4.7, dielectric loss = 

0.018, at 103 Hz) [54]. It is associated with an abundance of highly symmetric, low-polar 

triazine groups in the CI and CIP1.0 networks. Therefore, the CI and CIP1.0 samples with low 

dielectric constant and loss are promising for a wide range of applications in 

electrical/electronic fields. 
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Fig. 8. Antibacterial photos of the blank group for (a) E. coil and (c) S. aureus; antibacterial 

photos of CIP1.0 for (b) E. coil and (d) S. aureus; and (e) the antimicrobial rate of CIP1.0 

against E. coli and S. aureus. 

Based on the presence of hydroxyl groups, lots of thermosets are usually hydrophilic and 

prone to harbor bacteria. In contrast, the Schiff base has potential antimicrobial activity, 

which is promising for its application in the antimicrobial industry. The standing E. coli and S. 

aureus are selected for antimicrobial evaluation. As shown in Fig. 8a-e, after 24 hours of 

incubation, the number of colonies in CIP1.0 is significantly reduced, and its bactericidal rate 

against E. coli and S. aureus is 82.5% and 72.0%, respectively, with high antimicrobial 

performances (see Fig. 8e). The superior antimicrobial capacity of CIP1.0 is attributed to its 

abundant Schiff base groups. 

4. Conclusions 

A biomass Schiff base vitrimer (CIP1.0) was successfully synthesized using vanillin, 

cyanuric chloride and phenylphosphonic dichloride. As a result of the efficient structural 

design, the Schiff base groups are distributed uniformly within the vitrimer network, 

endowing the vitrimer with excellent comprehensive properties. The appropriate crosslinking 

density and intermolecular π-π stacking imbue the vitrimer with high toughness and dielectric 

properties. Meanwhile, CIP1.0 also exhibits excellent condensed phase flame retardancy due 

to the high C=N and phosphate ester contents. CIP1.0 can be applied to the carbon fiber-

reinforced polymer composites as a polymer matrix, and the carbon fibers can be fully 
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recycled due to the degradability of CIP1.0. The study has resulted in high-performance, 

multifunctional vitrimers derived from availably economical ingredients that have the 

potential to replace traditional thermosets in industrial sections, such as electronics, 

packaging, medical devices, and transportation. 
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