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ABSTRACT

Allyl-based epoxy resin/Sulfur (S) system is a facile and novel dual-curing system

which conducts a unique curing mechanism. In this paper, Bisphenol-A diglycidyl

ether (BADGE) and 2-Allylphenol (OAP) cured by S were comparatively inves-

tigated to clarify the dual-curing mechanism of Epoxy (EP)/Allyl Compound

(AC)/S system. When the temperature was above 170 �C, DSC and FTIR data

showed that S could cleave to form thiyl radicals, and FTIR, NIR, and 1H NMR

measurements proved the disappearance of allyl groups and the generation of

thiol groups by the thiyl radicals abstracting a-H atoms of allyl groups in the

OAP/S reaction system. Real-time infrared spectroscopy (RT-FTIR) results

showed that the reaction of the generation of thiol groups is the dominant reaction

in the two possible pathways of the OAP/S system; allyl groups and epoxy groups

disappeared sequentially in the OAP/S/BADGE system. DSC curve also revealed

the one-stage reaction for OAP/S system and two-stage reaction for OAP/S/

BADGE system. These data were used to develop a detailed, experimentally

validated pathway for the dual-curing of EP/AC/S system, in which thiol groups

are important intermediate, and the dual-curing process included the crosslinking

of double bonds that initiated by thiyl radicals and the ring-opening reaction of

epoxy groups with thiol groups. Besides, the dual-curing mechanism of EP/AC/S

system shares a close resemblance to the classical rubber vulcanization mecha-

nism and the recent thiol-ene radical addition mechanism.

Introduction

Epoxy-based thermosets exhibit excellent mechanical

properties, good dimensional stability, and wonder-

ful heat resistance due to their irreversible three-

dimensional (3-D) cross-linked networks after curing.

Consequently, the curing mechanism of epoxy resins

has been a research focus since its advent in the late

19th century. There are many factors determining the

curing behavior including the structure of epoxy
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resin, the curing agents, and the curing methods

[1–7]. In general, the curing reaction of epoxy resin is

proceeding according to a single mechanism, which

in many cases, however, cannot satisfy the demand

with the development of the science and technology

[8, 9]. Thus, dual-cured epoxy systems have pro-

voked a great deal of interest.

Dual-curing is a technic that monomers are cross-

linked in two types of sequential reactions [10, 11].

The interest in such complex curing processes is

mainly due to its processing advantages, such as

(a) dealing with the difference between the applica-

tion date and bonding date; (b) application at one

location and assembly at the other location; and

(c) automated in line processes assembly [12].

Traditionally, a dual-cured epoxy system was

constructed by mixing an epoxy resin with some

other monomers with various groups together [13],

such as acrylate [14], silicon [15], and aliphatic acid

[16]. And in this way, the two different curing

methodologies can be combined in one hybrid sys-

tem, mostly being photo curing followed by thermal

curing [17, 18]. In this case, the property of the curing

products might be affected by the phase separation

due to the poor compatibility. To solve this problem,

a new thought is based on the synthesis of dual-

functional epoxy resins, which contain two types of

functional groups in one backbone. In this way, cur-

ing agents can react with the dual-functional epoxy

resins in two different curing mechanisms [19].

However, to the best of our knowledge, reports about

this kind of dual-curing are few because of the rare

species of dual-functional epoxy resins. Furthermore,

the two curing reactions carried out by different

functional groups might inhibit with each other so

that the degree of conversion could not reach a high

level, which would influence the properties of the

final curing products.

Among the dual-functional epoxy resins, digly-

cidyl ether of 4,40-diallyl bisphenol-A (DADGEBA,

see Fig. 1) is attractive due to its facile synthesis [20]

and high reactivity [21]. Having both two allyl

groups and two epoxy groups within one molecule,

DADGEBA and its analogs such as 4,40-(1-

methylethylidene) bis(2-allylphenol) (DABPA) can be

used to modify unsaturated resins [22] and bis-

maleimide (BMI) [23] to improve their mechanical

properties. However, reports on the dual-curing of

DADGEBA are rare. Our team found that DADGEBA

could be cured by sulfur (S) [24], which is a novel

curing agent that had never been reported for the

curing of common epoxy thermosets in the previous

research. And a more notable fact was that the degree

of conversion of both the double bonds and epoxy

groups could reach 100 % after the reaction of

DADGEBA and S, which showed an incredible dual-

curing behavior that the two functional groups link-

ing in one backbone did not inhibit each other. This

finding aroused our great interest because it pre-

sented a brand new dual-curing system of epoxy

thermosets. Besides, S was the first time reported for

the curing agent of epoxy resin [24]. Based on this

finding, we speculated that the dual-curing process

of DADGEBA/S included two reactions: the

crosslinking of double bonds initiated by thiyl radi-

cals and the ring-opening reaction of epoxy groups

with thiol groups, which are active functional groups

that can react with epoxy groups.

To confirm this speculation, our team had done a

great quantity of work. Zhang et al. focused on the

curing kinetics of DADGEBA/S by DSC analysis, and

the results showed that the curing was a two-stage

process, which satisfied two different types of curing

kinetic model, respectively [25]. Jia et al. studied on a

S/liquid nitrile butadiene rubber (LNBR)/epoxy

resin (EP) curing system and found that the

S/LNBR/EP system was a two-stage process;

besides, NBR and EP formed chemical crosslinking

networks [26].

However, previous researchers in our team just

confirmed the two-stage curing behavior of the

DADGEBA/S system and did not present any direct

experimental results to verify the generation of thiol

groups in the reaction process. Therefore, the pro-

posed dual-curing mechanism still lacked direct evi-

dence as well as in-depth theoretical discussion.

Indeed, it is of great difficulty to detect the interme-

diate-thiol groups in the DADGEBA/S system even if

the thiol groups were produced in the reaction,

because they would follow by participating in the

ring-opening reaction of epoxy groups. In this paper,

Figure 1 The structure of DADGEBA.
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we selected two model compounds: Bisphenol-A

diglycidyl ether (BADGE) and 2-Allylphenol (OAP).

And we comparatively investigated the reaction of

OAP/S, OAP/S/BADGE, and OAP/BADGE systems

monitored by FTIR, NMR, NIR, and DSC to provide

direct evidence for the dual-curing mechanism of

EP/AC/S system through the characterization of

thiol groups, conversion rate curve of characteristic

groups, and DSC heat analysis. Ultimately, we illus-

trated and discussed the dual-curing mechanism of

EP/AC/S system theoretically.

This work presented a brand new dual-curing

mechanism of epoxy thermosets, which not only will

enrich the dual-curing system of epoxy resin, but also

has theoretical significance for exploiting sulfur and

its related sulfur donors as the novel epoxy curing

agents.

Experimental

Materials

Sulfur (S, purity 99.99 %) was purchased from

Aladdin Reagent Co. (Shanghai, China). 2-Allylphe-

nol (OAP, purity 98 %) was obtained from J&K sci-

entific (Beijing, China). Bisphenol-A diglycidyl ether

(BADGE, epoxy value 0.51) was purchased from

Sinopec Group (Beijing, China).

Characterization

1H NMR measurement was carried on a Bruker

Advance 400 spectrometer (400 MHz) at ambient

temperature using Deuterated acetone (contain

0.05 % v/v TMS) as the solvent. The FTIR spectra

were recorded on a Bruker Alpha FTIR at a resolution

of 4 cm-1 in the standard wavenumber range of

4000–400 cm-1 using KBr pellets, and the Real-Time

Infrared Spectroscopy (RT-FTIR) was conducted to

monitor the conversion rate of characteristic groups

using the same instrument, each sample was scanned

for 32 times. Near-Infrared Reflection (NIR) spectra of

the samples were recorded on a Nicolet Antaris II

FT-NIR by accumulating 32 scans at a resolution

of 2 cm-1 in the wavenumber range of 10000–

4000 cm-1. Thermal analyses were carried out on a

TA Instruments Q20 differential scanning calorimeter

(DSC) equipped with an RCS 90 cooling system with

the following thermal program (dry N2 was used as

the protective atmosphere): OAP/S system was

heated from 40 to 275 �C, OAP/S/BADGE system

was heated from 40 to 350 �C, and OAP/BADGE

system was heated from 40 to 300 �C. Furthermore,

individual S was also tested from 40 to 300 �C. All of

the above DSC programs were tested at a heating rate

of 10 �C/min.

Reaction procedure

OAP and S (mass ratio 3/1) mixture was charged into

a 15 ml vial (using magnetic stirring). Then the

reaction mixture was stirred at different temperatures

(120/150/160/170/180/190/200 �C) for 30 min. All

the as-prepared products were tested by FTIR

experiment and compared the degree of reaction.

Besides, the 190 �C product was tested by NIR and
1H NMR. In addition, neat OAP was stirred at 190 �C
for 30 min and tested by 1H NMR. The formula of

OAP/S system reacted at different temperatures is

listed in Table 1.

Furthermore, the OAP/S (mass ratio 3/1) as well

as OAP/S/BADGE (mass ratio 3/1/10) system was

well mixed for RT-FTIR and DSC tests, while the

OAP/BADGE (mass ratio 3/10) system was well

mixed only for DSC test. And the RT-FTIR was tested

in a special mold, which could hold two KBr window

pieces vertically, and the mixture was placed in the

middle of the two KBr window pieces. During the

experiment, the mold was put in an air-circulating

Table 1 The formula of OAP/

S system reacted at different

temperatures and the reaction

phenomenon observed by

DSC and FTIR

Temperature (�C) OAP (g) S (g) Phenomenon

120 3.0016 1.0021 No reaction

150 3.0025 1.0016 No reaction

160 3.0032 1.0009 No reaction

170 2.9988 1.0012 React but thiol group cannot be observed

180 3.0028 1.0007 React and thiol group can be observed

190 2.9976 0.9991 React and thiol group can be observed

200 3.0008 1.0014 React and thiol group can be observed
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oven at 175 �C, and the FTIR spectra were recorded

periodically.

It should be noted that the S decomposition is a

complicated process, during which the amount of

generated thiyl radicals are hard to calculate because

of the octatomic ring structure of S as shown in Fig. 2.

In this paper, the dosage of S in the OAP/S and

OAP/S/BADGE systems is enough to consume the

double bonds and epoxy groups completely.

Results and discussion

The influence of temperature on the OAP/S
reaction

Figure 3 is the DSC curve of S, which has two allo-

tropes: monoclinic S (Sb) and orthorhombic S (Sa).

And it was reported that S expressed different allo-

tropes depending on the temperature [27, 28]. In

Fig. 3, the peak at 105 �C is attributed to the phase

transformation of S from Sa to Sb, while the peak at

121 �C corresponds to the melting point of S [29].

When the temperature reached about 167 �C, S began

to go through a cleavage heat absorption process and

the peak temperature was 181 �C. Therefore, it is

concluded that the decomposition temperature of S

was started at 167 �C, above which thiyl radicals can

be produced.

By comparing the FTIR spectra of OAP/S system at

different temperatures according to Fig. 4a, it is

concluded that the reaction did not happen because

the 1640 cm-1 peak, which corresponds to the C=C

stretching vibration, had little change when the

temperature was below 170 �C. However, the

1640 cm-1 peak would have greater decrease with

the increase of the reaction temperature when the

temperature was above 170 �C (including 170 �C).

And, when the temperature was higher than 190 �C
(including 190 �C), the absorption peak at 1640 cm-1

disappeared within 30 min, which means the allyl

double bonds had reacted completely. Moreover,

when the temperature was above 180 �C (including

180 �C), a new peak can be observed appearing at

2563 cm-1, which is assigned to the S–H stretching

vibration of thiol group, as shown in Fig. 4b. And the

peak at 2563 cm-1 reached the maximum value when

the reaction temperature was up to 190 �C. After-

ward, we chose the products of OAP/S reacted at

190 �C for further characterization of thiol groups.

To further study the OAP/S reaction, the FTIR

spectrum obtained at 190 �C was separately picked

out for analyzing, as shown in Fig. 4c. In general, the

asymmetrical stretching vibration and the symmet-

rical stretching vibration of saturated methylene

group (CH2) are at 2920 and 2850 cm-1, respectively.

However, the two bands will move to 2980 and

2900 cm-1 when the methylene groups are directly

bonded with the double bonds, so it can be seen that

the CH2 stretching vibration of OAP moves to 2923

and 2864 cm-1 from 2978 and 2907 cm-1, respec-

tively, after the reaction of OAP/S. We proposed

there are two reasons to explain this phenomenon:

one is that the a-H atoms of the allyl group was

extracted by the thiyl radicals and formed thiol

groups; the other is that the double bonds turned to

saturated state owing to the addition reaction with

thiyl radicals, as shown in Scheme 3. Therefore, we

chose 2980 cm-1 as the characteristic peak of

Figure 2 The structure of S, BADGE, and OAP.

Figure 3 DSC curve of sulfur (S).
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methylene groups in the Real-Time Infrared Spec-

troscopy (RT-FTIR) of OAP/S system in the latter

part of this article. It should be noted that the phe-

nolic hydroxyl may also be attacked by the thiyl

radicals, which will be discussed in the latter part of

this article.

The characterization of thiol groups in OAP/
S system

NIR spectra

Near-infrared light is a kind of electromagnetic wave

whose wave number is between visible light and

mid-infrared (MIR) light ranging from 4000 to

12800 nm [30]. Recent years, NIR analysis has played

an increasingly role and was widely used in the

characterization of hydric groups [31, 32]. This

implies that it is very feasible to use NIR technic to

detect the thiol groups produced in the OAP/S

reaction.

Figure 5 is the NIR spectra of OAP/S system

before and after the reaction at 190 �C. Before the

reaction of OAP/S, the absorption bands around

8754, 8240, 6939, 6115, 5957, and 5670 cm-1 are

attributed to C–H (in the aromatic structure) second

overtone, C–H (in the methylene structure) second

overtone, O–H first overtone, C–H (in the vinyl

structure) first overtone, C–H (in the aromatic struc-

ture) first overtone, and C–H (in the methylene

structure) first overtone [33]. Besides, there were two

peaks about the C–H combination overtone of vinyl

structure at 4720 and 4476 cm-1, respectively [33].

After the reaction of OAP/S, the peaks at 4720, 4476,

and 6115 cm-1 disappeared, by which it can be con-

cluded that allyl double bonds had consumed com-

pletely. Moreover, there was a new peak at

5733 cm-1, which is attributed to the S–H first over-

tone [33, 34]. In addition, we had pointed that the a-H

atoms of the allyl groups were extracted by the thiyl

radicals and formed thiol groups; however, it was

observed that the height of 6939 cm-1 peak, which is

assigned to the phenolic hydroxyl, reduced a little

after the reaction. This might be the fact that the

bFigure 4 FTIR spectra of OAP/S system reacted at different

temperatures for 30 min: a all the spectra ranging from 2000 to

1000 cm-1; b all the spectra ranging from 2700 to 2400 cm-1;

c before and after the reaction at 190 �C.
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phenolic hydroxyl was also attacked by the thiyl

radicals; nevertheless, the limit change of peak at

6939 cm-1 revealed that this is just a side reaction,

and would have little influence on the discussion of

OAP/S reaction. In conclusion, the double bonds had

reacted completely and the thiol groups were gen-

erated during the reaction process of OAP/S.

NMR spectra

All the chemical shift of basic peaks of OAP had been

marked in Fig. 6a, which coincides with the OAP

structure well, and i and j are attributed to the peaks

of deuterated acetone solvent. It is obvious that the
1H NMR spectrum of pure OAP heated at 190 �C for

30 min had little change comparing to that of pure

OAP except for some peaks ranging from 2.4 to

1.0 ppm. However, after the reaction of OAP and S,

the 1H NMR spectrum became much more compli-

cated owing to the multitudinous final products

through the coupling reactions among the various

radicals generated in this system shown in Scheme 3.

The peaks of f and g disappeared, which revealed the

complete consumption of double bonds. Besides, it

can be concluded that a-H atoms of allyl groups

consumed completely because the peak e disap-

peared after the reaction. Although the final products

of this system cannot be figured out, the multiple

peaks between 3.0 and 3.5 ppm could be attributed to

the as-produced saturated methine protons like –C–

CH–Ar– and –S–CH–Ar–. While the multiple peaks

between 3.0 and 2.5 ppm could be assigned to the

methylene protons like –C–CH2–Ar–, an apparent

peak appearing at 2.45 ppm is most probably the

methylene protons of the –C–CH2–S– structure.

Moreover, evidence is provided here that thiol

groups generated in this reaction because there was a

new peak appearing at 1.62 ppm. It is well-known

that thiol group is a functional group that contains

active hydrogen atom, so the chemical shift of thiol

group in the 1H NMR has a relatively wide region

from 0.9 to 2.5 ppm [35], but the most possible area is

around 1.5 ppm [36]. Although there were many

Figure 5 NIR spectra of OAP/S system before and after the

reaction at 190 �C for 30 min.

Figure 6 1H NMR spectra of OAP/S system at 190 �C for

30 min: a 9–0 ppm region; b 2.4–1.0 ppm region.
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peaks in this area like the peaks around 1.90 ppm and

the multiple peaks in the range of 1.4–1.1 ppm, these

peaks cannot be regarded as thiol groups because the

peaks around 1.90 ppm could be attributed to the

methine protons of the –C–CH–C–S– structure, while

the peaks in the range of 1.4–1.1 ppm could be the

amounts of methine protons of the –C–CH–C–

structure and methylene protons of the –C–CH2–C–

structure. Moreover, it can also be observed that the

content of phenolic hydroxyl decreased but did not

disappear, which is consistent with the results of NIR

spectra. In conclusion, both the double bonds and the

a-H atoms of allyl groups consumed completely, and

thiol groups were generated during the process of

OAP/S reaction.

The comparison of OAP/S and OAP/S/
BADGE

RT-FTIR analysis

Real-Time Infrared Spectroscopy (RT-FTIR) was col-

lected to record the change of methylene groups,

double bonds, and epoxy groups by monitoring

peaks at 2978, 1640, and 915 cm-1, respectively. And

the degree of conversion was calculated as

a tð Þ ¼ 1 � AðtÞi=AðtÞ1500

Að0Þi=Að0Þ1500

; ð1Þ

where a(t) is the degree of conversion of characteristic

group at t time, A(t)i is the area of i group at t time,

A(0)i is the area of i group at the beginning, A(t)1500 is

the area of benzene at t time, and A(0)1500 is the area

of benzene at the beginning. It has been known that

the reaction temperature of OAP/S should be above

170 �C in the former part, while the reaction rate will

be too fast to monitor the degree of conversion of

characteristic groups if the temperature is too high.

For instance, it was seen that both the 2978 and

1640 cm-1 had disappeared in 30 min when the

reaction temperature is 190 �C, as shown in Fig. 5.

Besides, phenolic hydroxyl of OAP can react with the

epoxy group without base catalyst around 200 �C [2].

Therefore, the RT-FTIR experiments of the OAP/S

and OAP/S/BADGE systems were carried out at

175 �C, which is an appropriate temperature to avoid

side reactions and collect the data accurately.

Figure 7 is the conversion rate curve of OAP/S

reacted at 175 �C. We had mentioned that the OAP/S

system exhibited two reactions: one is that the a-H

atoms of the allyl group was extracted by the thiyl

radicals and formed thiol groups; the other is that the

double bonds turned to saturated state owing to the

addition reaction with thiyl radicals. Therefore, the

conversion rate of methylene group was used to

estimate the former process, while the conversion

rate of double bond was used to measure the latter

reaction. The results showed that the reaction rate of

the former process was faster than that of the latter

one, that is, the reaction of generation of thiol groups

played the dominant role in the OAP/S reaction.

Figure 8 is the relationship of conversion rate of

OAP/S/BADGE reacted at 175 �C, and reaction time

and degree of conversion were also calculated by the

Eq. (1). The data showed that both the double bond

and epoxy group consumed at a very fast speed at

the initial stage. However, it should be noted that

915 cm-1 was selected as the monitored area of epoxy

group, and the CH2 out-of-plane bending vibration of

double bond also appeared at the same area. There-

fore, the red curve is the combined conversion rate of

epoxy group and double bond. Nevertheless, in the

OAP/S/BADGE system, the content of double bond

was much less than that of epoxy group, which

would have no reactions until the allyl double bonds

began to react and produce thiol groups. Besides, we

can see that double bonds consumed completely in

50 min, while the conversion rate of epoxy group

reached 100 % in 400 min. Consequently, the red

curve was the summation of the consumptions of

Figure 7 The reaction time dependence of conversion rate of

double bond and methylene group in OAP/S system reacted at

175 �C.
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epoxy groups as well as double bonds at the initial

50 min but mainly was double bonds, while it only

represented the conversion rate of epoxy group after

50 min because the double bonds had consumed

completely at this time. And thus, we can observe

that the conversion rate of epoxy group exhibited a

quick consumption in the first 50 min, after which

epoxy group remained a slow but average con-

sumption rate in a very long time. The fact that

double bond and epoxy group disappeared sequen-

tially was consistent with the proposed dual-curing

mechanism, as shown in Scheme 3.

DSC analysis

DSC scans were collected on four different systems:

S, OAP/S, OAP/S/BADGE, and OAP/BADGE.

According to Fig. 9, two endothermic peaks around

105 and 121 �C can be seen in all of the curves except

for OAP/BADGE, which are due to the phase tran-

sition of S from Sa to Sb and the melting of S,

respectively. Then, it can be concluded that S had

completely split into thiyl radicals because of the

third endothermic peak at 181 �C, which is also the

starting temperature of the exothermic process in

both the OAP/S and OAP/S/BADGE systems.

Therefore, the exothermic process from 181 to 211 �C
is due to the reaction of thiyl radicals with allyl

double bonds. The second exothermic process

around 243 �C can be seen in the OAP/S/BADGE

system, which could only be attributed to the ring-

opening reaction of epoxy groups and thiol groups,

and these thiol groups are produced by the reaction

of thiyl radicals and allyl double bonds at the tem-

perature from 181 to 211 �C. Moreover, the DSC

curve of OAP/BADGE experienced a weak exother-

mic reaction around 212 �C, which suggested that

phenolic hydroxyl could react with epoxy groups at

high temperature, but the ring-opening reaction of

epoxy groups of OAP/S/BADGE mainly depends on

the thiol groups. In conclusion, the one-stage reaction

of OAP/S and the two-stage reaction of OAP/S/

BADGE perfectly followed the proposed dual-curing

mechanism, as shown in Scheme 3.

Proposed dual-curing mechanism

To obtain an accurate path way for the dual-curing

process of EP/AC/S system, we referenced the

mechanism of S vulcanization as well as the mecha-

nism of thiol-ene click chemistry.

Actually, the reactions of S with compounds con-

taining double bond are certainly not a recent dis-

covery. Dating back to the middle of the 1900s,

Charles Goodyear, an American chemist, had dis-

covered that natural rubber (poly(cis-isoprene))

could be vulcanized by S [37]. Since then, S has been

widely used to crosslink polymers. Meanwhile, the

mechanism of S vulcanization [38] was highly dis-

cussed; however, until now, the mechanism is still

Figure 8 The reaction time dependence of conversion rate of

double bond and epoxy group in OAP/S/BADGE system reacted

at 175 �C.
Figure 9 DSC curves of S, OAP/S, OAP/S/BADGE, and OAP/

BADGE systems.
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not completely understood in the academic world. At

present, there are mainly two standpoints on the

vulcanization mechanism, one is free radical mecha-

nism, and the other is ionic mechanism. There is also

a saying that the vulcanization is proceeding in

mixed mechanisms simultaneously or successively

[39, 40]. According to the explanation of free radical

mechanism, the S vulcanization is a process that

crosslinking networks are formed among rubber

molecules by the reaction between double bonds in

rubber and thiyl radicals, which are generated by

homolytic cleavage of S. During this process, the thiyl

radicals will extract the a-H atoms of allyl groups to

generate thiol groups and produce crosslinking

active position. The radical mechanism of vulcan-

ization is shown in Scheme 1 [41].

The vulcanization process of rubber is also the

birth of one of the most significant click chemistry

[42] type: thiol-ene reaction, which was highlighted

and studied by countless researchers and several

reviews had been published in the past few years

[43–45]. The addition of thiols across unsaturated

carbon–carbon double bonds can take place by the

Michael-type nucleophilic addition [46] mechanism

or classical radical addition [47] mechanism. In gen-

eral, the Michael-type nucleophilic addition should

satisfy two conditions: first of all, the carbon–carbon

double bonds should be electron-deficient type; sec-

ondly, the chemical reaction needs to be initiated by

base or nucleophile catalysts [46]. However, neither

of the above conditions can be met in the OAP/S/

BADGE system. Therefore, it is impossible for the

Michael-type nucleophilic addition to occur. In con-

trast, the dual-curing mechanism of Epoxy (EP)/Allyl

Compound (AC)/S system can reference the free

radical chain mechanism of thiol-ene system, which

is shown in Scheme 2: a radical produced by initiator

under heating or lighting conditions abstracts a

hydrogen atom from a thiol monomer and produced

a thiyl radical, which can follow to participate in the

addition reaction with double bonds and generate

new radical active center, and then the radical active

center can abstract a hydrogen atom from a thiol

monomer, during which the new thiyl radicals are

generated and can further take part in the addition

reaction with the double bonds according to Step 2. In

this case, the reaction can proceed continuously [47].

Based on the traditional free radical mechanism of

S vulcanization and the radical addition mechanism

of thiol-ene reaction, we proposed the whole process

of the dual-curing mechanism of EP/AC/S system

shown in Scheme 3. Firstly, thiyl radicals are gener-

ated through sulfur cleavage at high temperature.

Secondly, there exists two reaction routes: one is thiyl

Scheme 1 Radical mechanism of sulfur (S) vulcanization.

Scheme 2 Free radical chain mechanism of thiol-ene system.
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radicals capture a-H atoms from allyl groups to form

thiol groups and the radicals transfer to the allyl

structure; the other is thiyl radicals participate in an

addition reaction with double bonds. Thirdly, the

epoxy ring-opening reaction occurs via the reaction

with thiol groups; meanwhile, all of the radicals

generated in the previous steps take part in the ter-

minal reactions by radical–radical coupling.

Conclusion

EP/AC/S system, which possesses a unique curing

mechanism, is a facile and novel dual-curing system

that consists of the crosslinking of double bonds ini-

tiated by thiyl radicals and the ring-opening reactions

of epoxy groups with thiol groups. S cleaves to form

thiyl radicals above 170 �C and thiol groups can be

generated in the reaction of OAP/S system, which

provides direct evidence for the dual-curing mecha-

nism of EP/AC/S system. Furthermore, DSC and RT-

FTIR data are consistent with the dual-curing mech-

anism of EP/AC/S system, which shares a close

resemblance to the classical rubber vulcanization

mechanism and the recent thiol-ene radical addition

mechanism. However, the reaction of EP/AC/S sys-

tem is of great complicacy owing to the complex

reaction of double bonds with thiyl radicals, and the

accurate structure of the final products of this system

is quite difficult to figure out. Further studies can

focus on this issue and make the dual-curing mech-

anism of EP/AC/S system more clearly and easily

understood. And more S donor systems can be

studied to enrich this dual-curing system. In conclu-

sion, the clarification of the dual-curing mechanism

of EP/AC/S system greatly enriches the dual-curing

system of epoxy thermosets, and thus provides a

significant thought to prepare unique adhesives for a

wide range of applications, for example, improving

the adhesion between rubber and metal.
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