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Over the last decade, there has been a lot of interest in incorporating dynamic

covalent bonds (DCBs) into epoxy resins. Because diselenide and disulfide bonds

have similar properties, they are frequently used as DCBs in self-healing epoxy

networks. In this paper, we present diselenide and disulfide dynamic linkers

containing epoxy networks by analyzing the effects of mechanical properties,

thermal stability, activation energies, and self-healing properties. The glass

transition temperature (Tg) values, mechanical properties, crosslinking density

(ve), and thermal stability of disulfide linkers networks were higher than those of

diselenide linkers networks, according to our research. The activation energies of

disulfide linkers were higher than those of diselenide linkers (up to 14 kJ/mol), but

their healing efficiency was lower than that of the diselenide network. These

findings demonstrate the advantages of diselenide and disulfide dynamic linkers

in epoxy networks systems, as well as a method for designing and preparing the

appropriate diselenide dynamic linkers or disulfide dynamic linkers incorporated

into epoxy networks for the appropriate application and processing technology.
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Introduction

Because of their excellent chemical resistance, thermal stability, and mechanical properties,

epoxy resins are widely used in coatings, adhesives, electronics industry machinery, and other

fields (Chung 2019; Luo et al., 2022). These benefits, however, limit the service life of materials

(Le Goff et al., 2020). In recent years, the introduction of dynamic covalent bonds (DCBs) into

polymers has got a lot of attention because it can extend their lifetime and improve their

reliability (Burattini et al., 2010; Billiet et al., 2013; Wang et al., 2019). Transesterification (Kar

et al., 2020), Diels–Alder reaction (Chang et al., 2021), radical reshuffling (Imato et al., 2012),

olen metathesis (He et al., 2019a), siloxane equilibration (Tretbar et al., 2019), imine (García

Jeannette et al., 2014) or hydrazine formation (Liu et al., 2012), aliphatic disulfide exchange

(Lafont et al., 2012) and thiol–nanoparticle exchange (Martín et al., 2012), and other methods

have been developed to produce DCBs. These DCBs open up possibilities for the use of self-

healing materials.

Both diselenide bonds and disulfide bonds are DCBs, and they are frequently used as

self-healing, dynamic covalent bonds (Ji et al., 2015; Kim et al., 2018; Li et al., 2018; Ling
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et al., 2018). Much research has been conducted on the use of

disulfide bonds and diselenide bonds to prepare self-healing

epoxy resins, with promising results (Azcune and Odriozola

2016). Odriozola et al. introduce 2-aminophenyl disulfide into

epoxy resin, which exhibits good mechanical properties as well as

processability, reparability, and recyclability (de Luzuriaga et al.,

2016). Zeng et al. demonstrated a novel epoxy material derived

from the reaction of 4,4′-dithiodiphenylamine with epoxidized

soybean oil, and the mechanical properties were almost

recovered completely when two broken parts of materials

were welded together (Liu et al., 2020). Liang et al. introduced

dynamic diselenide bonds into epoxy thermosets, which have

good self-healing and shape-memory (Liu et al., 2022). Although

dynamic disulfide bonds and dynamic diselenide bonds can be

used as DCBs of epoxy systems, the effects of crosslinkers on the

mechanical properties, thermal stability, and self-healing of

epoxy materials have not been studied.

The effect of dynamic disulfide bonds and dynamic

diselenide bonds containing epoxy networks is investigated in

this study. The glass transition temperature (Tg) values,

mechanical properties, crosslinking density (ve), thermal

stability, and activation energies of disulfide linkers networks

were higher than those of diselenide linkers networks, but the

healing efficiency was lower than diselenide linkers networks.

Experimental

Materials

Bisphenol A epoxy resins (128), 2-aminophenyl disulfide (2-

DS), 4-Aminophenyl disulfide (4-DS), 2-Iodoaniline and 4-

Iodoanline were purchased from Energy Chemical (Shanghai,

China). CuO nanopowders, KOH and selenium powder were

provided by Aladdin Bio-Chem Technology. Poly (ethylene

glycol) diglycidyl ether (DER736) was obtained by Macklin

Biochemical. Petroleum ether, dimethyl sulfoxide (DMSO),

ethyl acetate and dichloromethane were supplied by

Guangzhou reagent factory. All the materials were used as

received.

Synthesis of diselenide linkers (4-DSe and
2-DSe)

A solution of 1 equiv p-Iodoaniline and 5 equiv selenium

powder in dry DMSO (100 ml) was stired for 30 min at room

temperature. The mixture solution was then supplemented with

2 equiv KOH and 10% wt CuO nanoparticles and stirred for

another 30 min. Finally, the above reactions were transferred to

an oil bath at 100°C in a N2 atmosphere for 24 h. The reaction was

monitored by TLC. Following the completion of the reaction, the

crude products were extracted by vacuum, and the pure

diselenides linkers were purified by column chromatography

separation (petroleum ether/ethyl acetate = 1:1, v/v) with the

yield of 52% (4-DSe linker) and 47% (2-DSe linker). 4-DSe: 1H

NMR (400 MHz, CDCl3): δ(ppm) = 7.38 (d,j, 4H), 6.57 (d,j, 4H),

3.50 (s, 4H); 13C NMR (CDCl3, 100 MHz): δ(ppm) = 146.93,

136.06, 134.51, 115.45; 2-DSe: 1H NMR (400 MHz, CDCl3):

δ(ppm) = 7.35 (d,d, 2H), 7.16–7.12 (m, 2H), 6.73 (d, d, 2H),

6.58–6.54 (m, 2H), 2.95 (s, 4H); 13C NMR (CDCl3, 100 MHz):

δ(ppm) = 148.12, 137.75,130.97, 117.77, 114.10.

Synthesis of dynamic epoxy resins
networks

Scheme 1 and Table 1 depict the synthetic route and formation

of dynamic epoxy resin networks respectively. In the glass bottle,

Bisphenol A epoxy resins 128 (15 mmol) and DER736

(22.5 mmol) were mixed. The crosslinker 20.8 mmol (4-DS, 4-

DSe, 2-DS, or 2-DSe) solution in 3 ml DMF was then added. The

resulting mixture was placed on a PTFE mold (80 mm* 80 mm*

15 mm), and the curing process was monitored using FTIR

spectroscopy for 24 h at 150°C.

Characterization

NMRmeasurements were carried out at 400 MHz on a Bruker

AV-400 NMR instrument with CDCl3 as the solvent. A Bruker-

Veretex70 spectrometer was used to obtain the FTIR spectra. The

differential scanning calorimeter (DSC) measurements were

carried out on TA-Q200 (United States) from −20°C to 110°C

at a heat rate of 10°C/min. Tensile tests were carried out using a

dynamic mechanical thermal analysis (DMTA, TA-Q800,

United States) under 50 mmmin−1 of the cross-head rate with a

range of −10°C to 130°C at a heating rate of 5°C min−1.

Thermogravimetric analysis (TGA-Q50, United States) was

performed under nitrogen from 25°C to 700°C at a heat rate of

10°C/min. The dynamic mechanical analysis (DMA) machine was

also used for stress-relaxation experiments and activity energy

experiments (TA-Q800, United States). The stress-relaxation

curves of the film were tested at different temperatures (90°C,

100°C, 110°C, and 120°C) with a constant strain of 2% (at

appropriate size). The gel fraction (W) was calculated using the

following formula: W = M2/M1 × 100%. M1 represents the weight

of the original sample, while M2 represents the weight of the dried

samples (the constant weight obtained by drying the epoxy resinsat
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80°C for 24 h after immersing them in acetone for 24 h. The self-

healing photographs were recorded by using metallurgical

microscopy (CMY-310).

Results and discussion

Characterization of dynamic epoxy resin
networks

FTIR spectra confirmed the chemical structure of dynamic epoxy

resin networks (BED4DS, BED4DSe, BED2DS, and BED2DSe). As

shown in Figure 1, the epoxy group stretching peaks at 847 cm−1 and

909 cm−1 (128 andDER736) vanished, while benzene ring absorption

peaks at 1,584, 1,506 and 1,460 cm−1 and the hydroxyl groups at

3,390 cm−1 appeared in dynamic epoxy resin networks. These

findings were consistent with previous findings (Rosu et al., 2015;

Le Goff et al., 2020; Ruiz de Luzuriaga et al., 2022). Furthermore,

because gel content is an important network index (Luo et al., 2020),

the gel contents of dynamic epoxy resin networks are high (higher

than 96%). These findings demonstrated the formation of dynamic

epoxy resin networks.

The glass transition temperature (Tg) was determined using DSC.

Tg values for BED4DS, BED4DSe, BED2DS, and BED2DSe, as shown

in Figure 2A and Table 2, were 33, 28, 17, and 16°C respectively. DSC

confirmed that all of the epoxy groups had been completely cured

because there was no more curing exothermic peak observed (Zhou

et al., 2018). When these four dynamic epoxy resin networks were

compared, the Tg values of p-phenylamino networks (BED4DS and

BED4DSe) were higher than o-phenylamino networks (BED2DS and

BED2DSe), which may be attributed to the steric hindrance of

o-phenylamino linkers. And the Tg values of disulfide linkers

networks (BED4DS and BED2DS) were slightly higher than those

of diselenide linkers networks (BED4DSe and BED2DSe), which

could be attributed to the lower bond energies of diselenide linkers

networks (Fan et al., 2018).

Dynamicmechanical thermal analysis (DMTA) was performed

on the samples (BED4DS, BED4DSe, BED2DS, and BED2DSe) and

the results are shown in Figure 2 and Table 2. Figure 2B shows that

as the temperature increased, all of the sample’s storage modulus

decreased rapidly and eventually stabilized. Furthermore, we can

see that only one peak was observed in each case of the loss factors,

indicating that the samples have homogeneous properties, and the

peak maximum value can be used as the Tg(Zuo et al. 2019; Chen

SCHEME 1
The synthetic route of the dynamic epoxy resin networks.

TABLE 1 The formulation of the dynamic epoxy resin networks.

Resin 128 (mmol) DER736 (mmol) crosslinker (mmol) Amine/Epoxy

BED4DS 15 22.5 20.8 (4-DS) 1/0.9

BED4DSe 15 22.5 20.8 (4-DSe)

BED2DS 15 22.5 20.8 (2-DS)

BED2DSe 15 22.5 20.8 (2-DSe)
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et al. 2020; Guo et al. 2021). In previous reports, the crosslinking

density (ve) was calculated using the equation (Li et al., 2019; Zhu

et al., 2020a; Zhu et al., 2020b).

]e � E′/3RT (1)
E′ denotes the storage modulus at Tg+50°C, R the gas universal

constant, and T theTg temperature. Table 2 contained a list of all the

dates. When these samples are compared, BED4DS has the highest

Tg and ve, while BED2DSe has the lowest Tg and ve. These results

could be attributed to the low steric hindrance and the fact that the

selenium atom has a larger radius than the sulfur atom (He et al.,

2019b; Qian et al., 2019).

Dynamic mechanical analysis (DMA) was used to characterize

the mechanical properties of these samples, as shown in Figure 2C

andTable 2. The p-phenylamino networks (BED4DS and BED4DSe)

clearly have a higher Young’s modulus and tensile strength, while the

o-phenylamino networks (BED2DS and BED2DSe) have a lower

Young’s modulus and tensile strength. The disulfide linkers

(BED4DS and BED2DS) of samples were slightly higher than the

diselenide linkers (BED4DSe and BED2DSe), which could be

attributed to the crosslinking density (ve). (Zhang et al., 2019).

Figure 2D and Table 2 show that the thermal stability of

the samples. As we can see, all of the samples have reached

the thermal degradation stage and are stable up to 250°C.

The degradation temperature of BED4DSe and BED2DSe

exhibited lower than BED4DS and BED2DS. The results

can be attributed to the diselenide bond’s low bond energy

(Liu et al., 2022).

Stress-relaxation behaviors of dynamic
epoxy resin networks

The disulfide and diselenide bonds were dynamic covalent

bonds that could undergo bond exchange reactions within the

network at a certain temperature. As a result, the resin with a

dynamic covalent bond was recyclable and repairable. DMA

evaluated the samples stress-relaxation test. All of the samples, as

shown in Figure 3, were able to relax stress and flow at

temperatures above 90°C, and the normalized stress-relaxation

curves at different temperatures (90°C, 100°C, 110°C, and 120 °C).

The relaxation time was defined by the Maxwells model as the

time it took for the modulus to relax to 1/e of its initial value, or

G(t)/G0 = 0.37 (Tangthana-umrung et al., 2021; Lin et al., 2022;

Sun et al., 2022). The relaxation times of BED4DSe and

BED2DSe were 22 s and 34 s at 120°C, respectively, which

were much shorter than the disulfide epoxy resin networks

(BED4DS and BED2DS). The lower bond energies of the

diselenide bond were attributed to the faster relaxation time

(Kildahl 1995). At the same temperature, lower bond energies

resulted in faster chain mobility of the network and faster

exchange reaction speed. As shown in Figure 3E;

Supplementary Figures S1–S4, the variation curve of

relaxation time with temperature according to the Arrhenius

equation, which is given by Eq. 2 (Chen et al., 2021; Spiesschaert

et al., 2021; Zhao et al., 2021).

τ(T) � τ0exp(Ea

RT
) (2)

where τ0 is the relaxation time at infinite temperature, R is the

universal gas constant, and Ea express the activation energy. The

activation energy of four samples (BED4DS, BED4DSe, BED2DS,

and BED2DSe) was calculated to be 71, 57, 84, and 62 kJ/mol,

respectively, using the equation. When comparing the activation

energies of disulfide and diselenide linkers in the epoxy network, it

is clear that the activation energies of disulfide linkers were higher

(up to 14 kJ/mol) implying that diselenide bonds are more

dynamic. The activation energy of p-phenylamino networks

(BED4DS and BED4DSe) was lower than that of o-phenylamino

networks (BED2DS and BED2DSe), which could be attributed to

the steric hindrance of o-phenylamino linkers. (Qian et al., 2019)

Self-healing of dynamic epoxy resin
networks

To verify the self-healing ability of the samples, two dumbbell

samples (with different colors) were cut into two pieces using

BED4DSe as an example. One of the dumbbell samples was

FIGURE 1
FTIR spectra of the dynamic epoxy resin networks.
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stained with black dye, which is clearer to observe. The two halves

were rejoined together using external forces (which ensured two

halves of samples can be connected temporarily) and the sample was

kept at 90°C for 24 h. As shown in Figure 4A, the healed sample was

strong enough to withstand 200 g of weight without tearing.

Supplementary Figures S6–S8 show that other samples also exhibit

the same self-healing capability. The optical images of BED4DS were

recorded during the process to allow for a more intuitive observation

of the recovery result. A knife was used to cut the sample in half. The

healed sample was then healed at 90°C. Figure 4B depicts the optical

TABLE 2 The gel contents, and thermal and mechanical properties dates of the dynamic epoxy resin networks.

Sample Gel
content
(%)

Tg

(DMA)
(°C)

Tg

(DSC)
(°C)

E9
at Tg

+50
°C
(MPa)

Crosslinking
(ve) (mol/m3)

Young’s
modulus
(MPa)

Stress
at
break
(MPa)

Elongation
at break
(%)

BED4DS 97 49 33 9.53 1,186 206.26 ± 873 9.59 157

BED4DSe 95 43 28 8.67 1,100 133.01 ± 5.38 5.25 144

BED2DS 96 32 17 6.52 854 54.47 ± 1.50 2.92 128

BED2DSe 96 29 16 5.25 706 27.62 ± 3.84 1.85 126

FIGURE 2
The thermal and mechanical properties of dynamic epoxy resin networks (A) DSC curves; (B) stress-strain curves; (C) DMA curves; (D) TGA
curves of dynamic epoxy resin networks.
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microscopic images after healing 0 h, 6 h, and 24 h of healing. At first,

the significant scratch on the sample surface can be seen, whereas the

cut healed clearly after healing at 90°C for 6 h. The trace completely

disappearedwithin 24 h. This demonstrated that the epoxy resinswith

the dynamic covalent bond had self-healing properties when

stimulated externally.

The sample was subjected to a stress-strain test to further

study the self-healing performance. We cut the sample in half

and rejoined it with our hands. The cracked sample was then

placed in a 90°C oven for varying times (namely, 0 h, 2 h, 6 h,

12 h, and 24 h). The healing efficiency (η) was able to calculated

by the following equation (Qi et al., 2021; Wei et al., 2021):

FIGURE 3
Normalized stress-relaxation curves at different temperatures for (A) BED4DS, (B) BED4DSe, (C) BED2DS, (D) BED2DSe; (E) linear fitting of the
relaxation times by Arrhenius equation. (F) the activation energies of different samples.
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η � ε healed

ε origianl
(3)

Where the tensile strength of the healed and the original sample

samples was represented by εhealed and εorigianl, respectively. The
healing efficiency (η) is also shown in Figure 4E and the mechanical

properties were listed in Supplementary Tables S1,S2. It could be

summarized that by increasing the healing time, the mechanical

properties of healed samples improved clearly. The healing efficiency

of samples based on tensile strength was over 84% after healing at

90°C for 24 h. It is worth noting that the healing efficiency (η) of
p-phenylamino networks (BED4DS and BED4DSe) has a higher

efficiency than the o-phenylamino networks (BED2DS and

BED2DSe), and the healing efficiency (η) of the diselenide linkers
(BED4DSe and BED2DSe) higher efficiency than the disulfide

linkers (BED4DS and BED2DS). The above phenomena occurred

as a result of the atom’s structure and low activation energy (Lei

et al., 2014). In the same condition, the lower activation energy, the

faster relaxation speed, and the higher healing efficiency. In the

periodic table, sulfur and selenium are in the same family and the

FIGURE 4
Self-healing of dynamic epoxy resin networks, (A) images of BED4DSe sample (B) optical microscopic images of the BED4DSe, (C) self-healing
of the strain-stress curves for the BED4DS, (D) self-healing of the strain-stress curves for the BED4DSe; (E) self-healing of the strain-stress curves
BED2DS, (F) self-healing of the strain-stress curves for the BED2DSe; (G) the self-healing properties of the four resins.
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atomic radius gradually increased. The structure of selenium atoms is

less unstable and more prone to bond breakage under external

stimulation for rapidly exchanging recombination reactions. Then,

the η for 6 h, 12 h, and 24 h displayed the same law. The epoxy

network clearly contained the diselenide bondbetter (Qian et al., 2019).

Conclusion

In conclusion, four self-healing epoxy networks were created

through the reaction of diselenide and disulfide dynamic linkers

reaction with bisphenol A epoxy resins (128) and poly (ethylene

glycol) diglycidyl ether (DER736). FTIR confirmed the chemical

structure, and DSC, DMA, and TGA were used to characterize the

thermal and mechanical properties. The results show that the glass

transition temperature (Tg) values, mechanical properties, crosslinking

density (ve), and thermal stability of disulfide linkers networks were

higher than those of diselenide linkers networks, and the

p-phenylamino networks were higher than the o-phenylamino

networks. The activation energies of disulfide linkers were higher

than those of diselenide linkers (up to 14 kJ/mol) indicating that

diselenide bonds may be more dynamic. Finally, the self-healing

properties of these networks were investigated and the healing

efficiency of diselenide linkers was found to be significantly higher

than that of disulfide linkers networks. These advantageous properties

of diselenide and disulfide dynamic linkers in epoxy networks system

will provide amethod for designing andpreparing the right self-healing

epoxy networks for the right application and processing technology.
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