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A B S T R A C T   

An antibacterial carbon fiber-reinforced plastics (CFRP) was manufactured based on a vitrimer 
containing imine groups. A liquid curing agent was prepared to include an imine group in the 
matrix, and was synthesized without a simple mixing reaction and any purification process. The 
vitrimer used as the matrix for CFRP was prepared by reacting a commercial epoxy with a syn-
thesized curing agent. The structural and thermal properties of the vitrimer were determined by 
Fourier transform-infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA). In addition, the temperature-dependent behavior of the vit-
rimer was characterized by stress relaxation, reshaping, and shape memory experiments. The 
mechanical properties of composites fabricated using vitrimer were fully analyzed by tensile, 
flexural, short-beam strength, and Izod impact tests and had mechanical properties similar to 
reference material. Moreover, both the vitrimer and the vitrimer composites showed excellent 
antibacterial activity against Staphylococcus aureus and Escherichia coil due to the imine group 
inside the vitrimer. Therefore, vitrimer composites have potential for applications requiring 
antimicrobial properties, such as medical devices.   

1. Introduction 

Carbon fiber-reinforced plastics (CFRP) are of interest as a metal substitute to enable weight reduction because of their high 
strength and rigidity-to-weight ratio. In particular, the excellent physical properties of CFRP enable their utilization in mass trans-
portation models, such as aircraft, automobiles, high-speed trains, and boats [1–3]. Applications to medical, energy and electronic 
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materials are being studied following the introduction of antibacterial, electrical conductivity, and thermal conductivity properties to 
CFRP [4–7]. In particular, the medical application of CFRP is important for the improvement of human health and welfare. Due to the 
low X-ray transmittance of traditional metal-based medical devices for immobilization of the surgical site, X-ray scans often need to be 
repeated numerous times during a surgical procedure to provide complete information. However, due to the excellent X-ray trans-
mittance of CFRP, complete data can be obtained with only one X-ray irradiation step, thereby minimizing exposure of the human body 
to X-rays [8]. Therefore, it is expected that the traditional material used for medical devices will be rapidly replaced by CFRP. 

CFRP is generally manufactured using thermosetting resins as matrix materials because of their high mechanical and thermal 
stability, environmental resistance, and excellent interfacial properties (with carbon fibers). However, thermosetting materials have 
serious economic and physical drawbacks, such as yellowing and poor impact resistance, and their inability to reshape and recycle due 
to their crosslinked structures [9]. Therefore, research is underway to replace the thermosetting resin within a CFRP with a ther-
moplastic resin [10]. In particular, vitrimers, which have the properties of both thermosetting and thermoplastic resins, could serve as 
the ideal substitute for a thermosetting resin [11,12]. Therefore, vitrimer can be utilized to manufacture novel recyclable and 
reshapable CFRP. Some groups exploited the reprocessability of vitrimers to prepare thermoformable pultruded CFRP [13]. One group 
studied on efficient recycling of carbon fiber in CFPR through chemical degradation using covalent bond exchange reactions of the 
vitrimer [14]. 

The aforementioned vitrimer is a polymer that undergoes a crosslinking exchange reaction at a certain temperature, called the 
vitrimer transition temperature (Tv) [15,16]. Vitrimers are covalent adaptive networks (CANs) whose structures rearrange thermally 
via changes in bonding while the degree of crosslinking remains constant [17,18]. Therefore, although a CAN is a thermosetting 
material, it has the great advantage of being able to remain to reshape properties and reprocessability above Tv, similar to thermo-
plastic material, and can potentially be recycled. Additionally, vitrimers commonly exhibit shape memory properties due to their 
cross-linked structures, and there have been studies on vitrimer composites with shape memory capabilities [19,20]. Vitrimers can be 
prepared by introducing covalent bonds which undergo various exchange reactions, such as transesterification, transcarbonation, and 
transimination exchange reactions [15,17,18]. The imine bond is particularly suitable for a material requiring excellent physical 
properties, and the transimination exchange reaction proceeds at low temperatures without a catalyst. The imine bond can be readily 
synthesized via the reaction of a primary amine and an aldehyde. Furthermore, the antibacterial properties of the imine group suggest 
the potential application of vitrimers as water treatment, medical, and coating materials [21–23]. Therefore, it can be said that 
manufacturing CFRP using a material containing an imine group with antibacterial properties is important in terms of expanding the 
application potential of CFRP to various fields. In particular, the imine group, which exhibits antibacterial properties upon contact, 
which is not a leaching type, continuously maintains antibacterial properties, and can maintain antibacterial properties 
semi-permanently via continuous cleaning [24]. 

Herein, we report the preparation of antibacterial CFRP using imine-based epoxy vitrimer. First, to prepare a vitrimer having 
antibacterial properties, an Imine-Amine (IA) curing agent containing imine groups was synthesized according to a simple mix-
ing–heating reaction without any purification process. An epoxy vitrimer having a crosslinked structure was synthesized through the 
reaction of the IA with a commercial epoxy without any solvent, and imine exchange proceeded successfully above Tv. CFRP was 
manufactured by impregnating carbon fibers with an imine curing agent (IA) and commercial epoxy. All processes were carried out 
under environmentally friendly conditions in the absence of solvent. The thermal, mechanical, and malleability of vitrimers were 
determined by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and 
universal testing machine (UTM). In addition, chemical and physical stability, reshaping, and antibacterial properties were measured 
under various conditions. 

2. Experimental 

2.1. Materials 

Terephthalaldehyde and tetrabutylammonium tribromide were purchased from Sigma–Aldrich (USA). Jeffamine D-230 (n ~2.5) 
amine curing agent was purchased from New Seoul Chemical (Korea). Epoxy resin (YD115) was purchased from Kukdo Chemical 
(China). Epichlorohydrin was purchased from Tokyo Chemical Industry (Japan). Sodium hydroxide (50% solution) was purchased 
from Samchun Chemicals (Korea). Carbon fiber (T300) was purchased from Toray. Unless otherwise stated, all reagents were pur-
chased from commercial suppliers and used as-received. 

2.1.1. Synthesis of jeffamine D-230 (n ~2.5)/epoxy resin (YD115) 
Curing agent (Jeffamine D-230; n ~2.5; 1.0 equiv., 40 mmol, 5 g) and epoxy resin (YD115; 1.0 equiv., 16 g) were mixed in a 100 mL 

vial at an equivalent ratio of 1:1, and the solution was degassed under vacuum for 1 h. The degassed liquid was then poured into dog- 
bone- and square-shaped molds and cured in an oven at 130 ◦C for 6 h. 

2.1.2. Synthesis of imine-amine hardener 
Terephthalaldehyde (60 g, 447 mmol) and Jeffamine D-230 (206 g, 895 mmol) were added to a two-necked round-bottomed flask 

equipped with a reflux condenser at a 1:2 M ratio. No solvent was added. The mixture was stirred at 65 ◦C for 24 h under an N2 at-
mosphere to obtain the IA product (250 g, 558 g/mol), which was used without further purification. 
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2.1.3. Synthesis of vitrimer 
This reaction was carried out under the same conditions as the reaction of Jeffamine D-230 (n ~2.5) with epoxy resin (YD115). IA 

hardener (1.0 equiv., 36 mmol, 5 g) and epoxy resin (YD115; 1.0 equiv., 72 mmol, 7 g) were thoroughly mixed in a 100 mL vial at an 
equivalent ratio of 1:1. After degassing under vacuum, the liquid was poured into dog-bone- and square-shaped molds and allowed to 
react in a vacuum oven at 130 ◦C for 6 h. 

2.1.4. Fabrication of carbon fiber-reinforced plastics (CFRP) 
The CFRPs were fabricated using IA, YD115, and T300 as the hardener, epoxy, and carbon fiber, respectively. Jeffamine D-230 

(D230, Huntsman Chemicals Co., USA) was used as the commercial hardener for the reference material. The mixture of bisphenol-A 
epoxy resin (YD-115; Kukdo Chemical Co., Korea) and hardener was degassed for more than 1 h under vacuum. The degassed resin was 
impregnated into plain-woven carbon fiber fabric (C-120 fabric from Minhu Composites, Korea, made from Toray T-300 fiber of tow 
size 3 K) by hand lay-up. The impregnated fabric was placed in an aluminum mold and compressed at 5 MPa (120 ◦C) for 1 h to produce 
a composites plate (Fig. S6). The thickness of test specimens was varied according to the requirement of each test method by con-
trolling the number of plies. Specifically, the tensile test specimens were 2-mm thick (12 plies), and the three-point bending test, short- 
beam strength test (for interlaminar shear strength [ILSS] measurement), and Izod impact test specimens were 3.5-mm thick (20 plies). 
For the antibacterial test, 1.5-mm-thick specimens were fabricated from eight plies. The fiber volume fraction in the composite was 
calculated through density measurements. All CFRPs exhibited a fiber fraction between 45.0 and 46.0 vol%. 

2.2. Characterization 

2.2.1. Vitrimers 
Proton nuclear magnetic resonance (1H NMR) spectra of IA were measured using a 600 MHz Premium COMPACT NMR instrument 

(Agilent, USA) with chloroform-d as the solvent. Fourier transform-infrared (FT-IR) spectra of vitrimer samples were acquired using a 
Nicolet iS10 instrument operating in attenuated total reflectance (ATR) mode (Thermo Fisher Scientific, USA); 64 scans were per-
formed from 4000 to 500 cm− 1. The DSC thermograms were obtained using a DSC25 instrument (TA Instruments, USA). Samples 
(~5–10 mg) were loaded in standard aluminum DSC pans and heated from 40 ◦C to 250 ◦C at a rate of 10 ◦C/min under an N2 at-
mosphere. TGA plots were obtained using a TGA55 instrument (TA Instruments). The samples (~5–10 mg) were loaded in alumina 
TGA pans, and heated from 40 ◦C to 900 ◦C under an N2 atmosphere at the rate of 10 ◦C/min. The mechanical properties were 
measured using a UTM (model 5567 A; Instron, USA) equipped with a 2-kN load cell according to the ASTM D638 standard. Dog-bone- 
shaped test specimens had dimensions (in mm) of 25 (length) × 10 (width) × 10 (neck length) × 3 (neck width) × 0.10 (thickness). 
Dynamic mechanical thermal analysis was conducted using a TA Instruments Q800 instrument to characterize the relaxation behavior 
of the vitrimer. Samples were strained at 2% at selected temperatures (120, 140, 160, 180, and 200 ◦C) and the stress relaxation 
behavior of the samples was then recorded. DMA was also conducted in the film tension mode with a 1 Hz frequency, 0.1% strain, and 
0.1 N axial force for calculation of cross-linking density (νe) using rubber elasticity theory of Flory as below. 

νe =E’ / 3RT (1)  

where E′, R, and T are the storage modulus, universal gas constant, and absolute temperature in the rubbery region, respectively. Shape 
memory cycle test of vitrimer was conducted by DMA Q800 with attached cryo accessory under controlled force mode. The anti-
bacterial activity of the samples was measured according to the JIS Z 2801:2010 method. 

2.2.2. Carbon fiber-reinforced plastics 
Specimens for mechanical testing were prepared according to the relevant ASTM standards (Fig. S7). The tensile strength, bending 

strength, ILSS, and impact resistance of composites materials were measured. For the tensile test, the composites plate was cut into a 
piece of dimensions 180 × 18 mm2 (ASTM D3039) and 40 × 18 mm2 GFRP tabs were attached to both ends to form a specimen having a 
gauge length of 100 mm (Fig. S7a). These specimens were tested using an Instron 5985 UTM operating at a crosshead speed of 1 mm/ 
min. A strain gauge was attached to the center of a specimen to measure strain. Three-point bending test specimens were cut into 
rectangular pieces of dimensions 140 × 14 mm2 according to the ASTM D790 standard, and tested at 1.5 mm/min using an Instron 
4464 UTM (Fig. S7b). The ILSS test specimens of dimensions 21 × 7 mm2 were prepared according to the ASTM D2344 standard and 
tested at a crosshead speed of 1 mm/min (Fig. S7c). Izod impact test specimens having dimensions 63.5 × 12.7 mm2 were prepared 
according to the ASTM D256 standard and a 2.54-mm deep, 45◦ notch was introduced using a notcher (model 898; Tinius Olsen, USA). 
Izod impact resistance was measured using a pendulum impact tester (IT 504; Tinius Olsen) (Fig. S7d). 

3. Results and discussion 

3.1. Synthesis of imine-containing vitrimer 

The IA hardener was first synthesized from terephthalaldehyde and Jeffamine D230 (Jeffamine D230 [n = ~2.5]) in a mole ratio of 
1:2 via a simple mixing and heating process in the absence of solvent and catalyst. Successful synthesis of the IA hardener was 
confirmed by 1H- NMR (Fig. S1). The terephthalaldehyde peak at 10.13 ppm was upshifted to 8.30 ppm at reaction completion, 
indicating that all of the aldehyde groups in the terephthalaldehyde had reacted with the amine groups of Jeffamine D230. Since, 
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water, a by-product of the reaction of an aldehyde with an amine, was easily removed by evaporation in a vacuum, it is expected that IA 
can be easily applied industrially by scale-up. In addition, the imine groups formed via the chemical reaction of terephthalaldehyde 
with Jeffamine D230, were expected to impart both antibacterial and reshaping properties to the epoxy resin. 

The vitrimer was prepared by traditional epoxy manufacturing methods, using YD115 as the epoxy and IA as the curing agent, in 
the absence of solvent (Fig. 1). The YD115 and IA were mixed at a 1:1 ratio (epoxy equivalents:active amine hydrogen equivalents) for 
complete crosslinking reaction. The mixture was cured in an oven at 130 ◦C for 6 h to form the vitrimer. A reference sample was also 
prepared under the same conditions, but YD115 was used as the epoxy and Jeffamine D230 as the curing agent. There was no 
exothermic peak at temperatures above 100 ◦C in the DSC thermogram of the samples, indicating that no residual epoxy was present, i. 
e., the reaction was complete (Fig. 2b). FT-IR analysis in ATR mode confirmed that a fully crosslinked vitrimer was prepared (Fig. S2). 
A peak corresponding to the N–C group resulting from the amine–epoxy reaction appeared at 1370 cm− 1. The imine peak (N––C 
stretching vibration) of the vitrimer observed at 1607 cm− 1 was due to the reaction of the epoxy group with the amine group [25]. In 
addition, peaks corresponding to the primary amine groups of Jeffamine D230 and the epoxy group of YD115 were not observed, 
consistent with the amine-epoxy crosslinking reaction. 

3.2. Characterization of vitrimer 

3.2.1. Thermal and mechanical properties, and chemical stability 
The thermal and mechanical properties of the vitrimer were analyzed in various ways. The vitrimer was decomposed around 300 ◦C 

(temperature at 5% weight loss, Td 5%) which is thermally stable according to TGA. Its thermal decomposition temperature was 
somewhat lower than that of the reference, which is related to crosslink density (Fig. 2a). The IA had a longer backbone than Jeffamine 
D230, In other words, although it contains a benzene ring with high thermal stability [26], which led to increases the distance between 
cross-linking points and affects the thermal properties of the vitrimer [27]. The vitrimer decomposed to form more char than the 
reference; this was due to the nitrogen group having flame-retardant properties, as reported previously [28–30]. The DSC data showed 
that the vitrimer had a relatively lower glass transition temperature (Tg; 55 ◦C compared with 68 ◦C for the reference) (Fig. 2b). The 
low cross-linking density (νe = 406 mol m− 3, calculated with equation (1)) caused by IA, which has a relatively high molecular weight 
compared to D230, increases chain mobility and lowers the Tg (Fig. 3a) [31]. The average tensile strength of the vitrimer was 60.60 
MPa, which is similar to that of the reference material (61.21 MPa) (Fig. 2c and Table S1). On the other hand, the tensile strain at break 
was 0.063 mm/mm, which is higher than that of reference (0.039 mm/mm) (Fig. 2c). Chemical stability was established by observing 
physical changes over time while the sample was immersed in various solvents, including organic solvents (Tetrahydrofuran (THF), 
Acetone, Ethanol, N,N-dimethylformamide (DMF)) and aqueous acid (1 M H2SO4). The vitrimer was stable to at least 96 h in each 
liquid; no deformation or weight loss was observed (Fig. S4). The chemical stability of the vitrimer toward organic solvents depended 

Fig. 1. Schematic illustration of synthesis of imine-containing vitrimer using Imine-Amine (IA) as the curing agent and YD115 as the epoxy in the 
absence of solvent. 
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on the crosslinked structure formed by the amine-epoxy reaction, as expected. The vitrimer also showed good resistance to 1 M H2SO4, 
although it is well-known that an imine group is readily hydrolyzed under acidic conditions. Hydrolysis of the imine group inside the 
vitrimer was additionally confirmed in a mixed solvent of 1 M H2SO4 and THF (2:8 v/v) at 50 ◦C. A weight loss of 23.7 wt% occurred, 
complete decomposition did not proceed when vitrimer was immersed in a mixed solvent for 24 h (Fig. S9). This resistance may be due 
to polymeric fragments. The good stability of the vitrimer in aqueous acid was attributed to the location of the imine groups in the IA 
curing agent, as reported by Otsuka et al. [32]. According to Otsuka research, the moiety with dynamic covalent bonds is an important 
factor in the degradation efficiency of polymers. Vitrimer synthesized from epoxy with dynamic covalent bond form and drive more 
bond exchange reaction than its of diamine moieties with dynamic covalent bond. In other words, fewer dynamic covalent bonds in 
vitrimer lead to the formation of larger fragments during degradation. That is, the difference in fragments affects the resistance. The 
excellent chemical and acid stabilities of imine vitrimers suggest applications in extreme environments and medical materials. 

3.2.2. Shape memory and reshaping properties 
Viscoelastic behavior of the polymers is characterized by stress relaxation, shape memory, and reshaping test. The vitrimer 

Fig. 2. The thermal and mechanical properties of the imine-containing vitrimer (IA + YD115) and reference (Jeffamine D230 +YD115) sample. (a) 
TGA curves; (b) DSC curves; and (c) The tensile stress-strain curves. 

Fig. 3. (A) Plots of storage modulus and tanδ curves, (b) The stress relaxation curves over the range of 120 C–200 C and (c) Linear fitted curve based 
on the Arrhenius equation and calculated activation energy. (d) Temperature dependence of thermal expansion of vitrimer. 
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behavior was characterized by stress relaxation experiments carried out over the range of 120C–200C (Fig. 3b). The characteristic 
relaxation time is defined as that when the normalized relaxation modulus, G(t)/G0, is 1/e (37%) of the initial value. The relaxation 
time depend on temperature; it decreased with increasing temperature and was 7384 s at 120C and 135 s at 200C (Fig. 3b). The 
characteristic relaxation time (τ) and temperature (T) data were fitted to the Arrhenius equation (Fig. 3c), where the activation energy 
(Ea) is the slope of the relaxation time plotted as a function of temperature and R is the universal gas constant [33]. The obtained 
activation energy of imine bond exchange was calculated as 69.3 kJ/mol. The activation energy values of imine bond exchange were 
approximately range from 48 to 157 kJ/mol in previously studies, and our study has appropriate activation energy value [34]. Vitrimer 
behavior was activated by a dynamic exchange reaction of imine bonds with increasing temperature; the relaxation time steadily 
decreased due to the molecular rearrangement process. That is, the constant change in viscosity with temperature, which is a dis-
tinguishing characteristic of vitrimer behavior. The existence of Tv in the vitrimer was confirmed by dialotometry experiments. As 
shown in the strain-temperature curve (Fig. 3d), the slope of the sample remains constant from − 20 C 200 C, as expected for a typical 
cross-linked network. With a further increase in temperature, an obvious increase in the thermal expansion coefficient is observed at 
about 93.4 C, which is due to thermally activated imine bond exchange reactions [35]. Shape memory vitrimer behavior was also 
confirmed. This is a property whereby a shape deformed by an external stimulus returns to its original shape [36]. The polymer chains 
move, and the soft segments become more flexible, at a temperature above Tg. Fig. 4a–c shows that the dog-bone-shaped vitrimer 
sample was bent and deformed into a U-shape by an external force applied at 60 C for 30 min, and that the shape was maintained as the 
temperature was decreased to room temperature and maintained for 1 h. With shape memory behavior, the polymer chain 
arrangement does not change and the specimen shape is temporarily maintained; it returns to its original shape, even in the absence of 
an external force, at temperatures above its Tg due to its elastic properties by covalently crosslinked network. 

The vitrimer exhibits typical unidirectional double-shape memory behavior, even when evaluated by DMA (Fig. 4g). After 
stretching with a tensile stress of 0.20 MPa at 60C, lower the temperature to 20C and remove the stress to fix it. The temporarily fixed 
shape of the vitrimer returns to its original shape when heated to 60C. The vitrimer showed good fixation (Rf), although the shape 
recovery (Rr) decreased with repeated testing. The decrease in Rr can be attributed to the imine exchange reaction observed during the 
test. This reaction is initiated by an increase in temperature, leading to the weakening of the network structure within the elastomer. 
The decrease in Rr is a consequence of the reconfiguration of the samples caused by the imine exchange reaction, which in turn results 
in a reduction of the storage modulus necessary for shape recovery. In a related study, Huang et al. systematically analyzed the shape 
memory effect of TPU incorporating dissociative CAN, specifically by increasing the temperature [19]. The rise in temperature induces 
a weakening of the cross-linked network, which corresponds to the hard segment in the elastomer, leading to a decrease in Rr that 
aligns with our own findings. However, under conditions above the Tv, a vitrimer can fully deformed by chain exchange; this is called 
reshaping. Fig. 4d–e shows that the U-shape of the deformed vitrimer did not return to its original shape, and kept its form when an 
external force was applied at 140C for 24 h. This is attributed to dynamic covalent bonding of the vitrimer. The vitrimer underwent 
imine-imine (imine metathesis) bond exchange and constantly rearranged its molecular topology above the Tv, thereby maintaining its 
shape. The rearranged molecular structure enabled the deformed morphology to be maintained under continuous application of an 
external force and temperature. Reshaping via a simple process is a unique characteristic of vitrimer due to the exchange reaction 
between imine bonds. 

3.3. Mechanical properties of CFRPs 

Fig. 5 presents the tensile test results. Similar to ordinary CFRPs, the composites displayed a linear stress− strain response and 
brittle failure behavior. The stress− strain curves of the reference and vitrimer composites were similar (Fig. 5a). The slightly lower 
(4%) tensile strength of the vitrimer composites may be due to experimental variation, although the low standard deviation of the 
measurements (15 MPa) suggests mechanical property degradation (Fig. 5b). The effect of hardener structure on interfacial properties 

Fig. 4. Shape memory and reshaping photograph of the imine-containing vitrimer. (a–c) Shape memory of the vitrimer at temperatures above its Tg 
and (a-d, d-f) Reshaping of the vitrimer at temperatures above the Tv. (g) Consecutive shape memory cycles curves for vitrimer. 
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may contribute to degradation. Na et al. attributed 5–10% of the variation in tensile strength of a composites to interfacial properties 
[37,38]. When a fiber is broken under low stress, stress redistribution near the broken fiber can be affected by poor interfacial 
properties, thereby decreasing the total load-carrying capacity. However, since tensile properties are primarily determined by the fiber 
properties, the change in hardener did not cause a significant change in tensile properties within the epoxy resin system. 

The effect of interfacial properties is more apparent in the flexural test results (Fig. 6). Unlike tensile strength, the flexural strength 
of the vitrimer composites decreased (by 21.55%) compared with the reference (Fig. 6b). They had the same initial modulus according 
to their stress− strain curves (Fig. 6a). However, the tangent modulus of the vitrimer composites decreased with increasing strain, 
showing slightly nonlinear behavior after 0.5% strain. In addition, at the ultimate flexural strength, the reference composites displayed 
brittle failure, i.e., a sudden decline in stress, while the vitrimer composites displayed ductile failure. Fiber-bundle fracture was evident 
at the lower surface of the reference composites specimen, while the vitrimer composites flexural specimen displayed interlaminar 
cracking near the upper surface (Fig. 6c). Wang et al. reported that the failure morphology of a composites is determined by the change 
of interlaminar shear stress with temperature [39]. Therefore, the yielding zone of the vitrimer composites is interpreted as a region of 

Fig. 5. (A) The stress-strain curves and (b) tensile properties of composites.  

Fig. 6. (A) The flexural stress-strain curves; (b) flexural properties of composites; and (c) Failure morphology of reference and vitrimer composites.  
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relatively poorer interlaminar properties compared with the reference composites. The trends in short-beam strength and bending test 
results were in agreement, i.e., the ILSS of the vitrimer composites was lower by 10.47% (Fig. 7a). Partial interfacial separation 
occurred as bending proceeded, thereby reducing the tangent modulus, and delamination occurred above a particular stress value, 
resulting in yield behavior (Fig. 7b). 

The chemical structures of the epoxy resins and hardeners affected the interfacial shear strength (IFSS) and ILSS of the products [40, 
41]. Bonding to carbon fiber involves hydrogen bonds between the –COOH and –OH groups on the carbon fiber surface, and the oxygen 
atoms of the epoxy group. Hydrogen bonding between nitrogen and oxygen was less extensive in the vitrimer composites than 
reference epoxy [42], and the interfacial bond strength was accordingly lower. The tensile properties of the composites material were 
more influenced by the properties of the carbon fiber than those of the matrix, but the bending strength and ILSS decreased due to 
reduced interfacial bonding. In Fig. 7b, the failure strain of the vitrimer composites is larger than that of the reference material. But the 
strain at which the modulus decrease (yielding point in homogeneous material) is less than that of reference material, indicating the 
effect of weak interfacial bonding. 

The Izod impact test was used to assess interfacial bond strength. There was little difference (2.58%) in impact strength between the 
reference and vitrimer composites samples (Fig. S8). However, in-plane failure testing according to the Izod pendulum test revealed a 
significant difference in absorption energy due to the brittleness of the epoxy resin. Even in a woven composites having a low IFSS, 
cracks tend to propagate in the weaker weft direction and debonding is less likely [43,44]. Our results imply that the lower interfacial 
bond strength, but not the tensile properties and impact resistance, of the vitrimer composites was due to the curing agent. 

3.4. Antibacterial properties 

The antibacterial properties of resins and composites against both Staphylococcus aureus (S. aureus, Gram-positive) and Escherichia 
coli (E. coli, Gram-negative) were measured according to the JIS.Z.2801 method. The epoxy vitrimer showed good antibacterial ac-
tivities against S. aureus and E. coli (84.9% and 67.9%, respectively) (Fig. 8). The antibacterial properties of vitrimers are likely 
attributable to the imine bond, as reported previously [45,46]. Although the antibacterial performance was slightly lower compared 
with that of the bare resin, the CFRP prepared using the epoxy vitrimer also showed good antibacterial effects against S. aureus and 
E. coli (71.5% and 38.9%, respectively). 

The different antibacterial behaviors of CFRP and resin may be due to the extent of contact between the resin and bacteria [47,48]. 
Non-release-type contact antibacterial materials show a positive correlation between surface area and antibacterial properties. Since 
CFRP, which is composed of resin and carbon fiber, has a smaller exposed resin surface than bare resin, contact between bacteria and 
resin is relatively less extensive, and CFRP thus exhibits less antibacterial activity than bare resin. The antibacterial properties derived 
from the vitrimer matrix suggest that it could be used in various fields where antibacterial properties are required, such as medical, 
water treatment, and coating applications. 

4. Conclusion 

A carbon fiber-reinforced plastics prepared with vitrimers containing imine groups were characterized. The malleability displayed 
by the vitrimer with increasing temperature was attributed to the reversible exchange of imine bonds along the polymer chain, as 
confirmed by stress relaxation experiments. Temperature-dependent behavior of the resins was also observed in reshaping and shape 
memory experiments. Although the vitrimer composites had weak interfacial bond strength between the vitrimer and carbon fiber, and 
displayed low interlaminar shear stress, they had tensile strength similar to the reference material. Thus, vitrimer properties had little 
effect on mechanical performance. Finally, the imine groups along the vitrimer backbone affected the antibacterial properties of its 
composites with carbon fiber. The antibacterial activity of the vitrimer composites against S. aureus was 84.9%, compared with 71.5% 
for the composites, and both the vitrimer and composites displayed significantly improved antibacterial activity compared with the 
reference materials lacking imine groups. We concluded that the imine group had a significant positive effect on antibacterial per-
formance in resin and CFRP as well. 
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