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Abstract 
In this paper, four novel kinds of triazine-trione based tri-imidazole derivatives (IM-TT, 2MI-TT, 2EI-TT and EMI-TT) were 
synthesized through the addition reaction between triglycidyl isocyanurate (TGIC) and imidazole (IM), 2-methylimidazole 
(2MI), 2-ethylimidazole (2EI) and 2-ethyl-4-methylimidazole (EMI), respectively. The triazine-trione based tri-imidazole 
derivatives were blended with epoxy resin and the reactivity, thermal latency and thermal property were investigated. 
The results on curing behaviors indicated that the curing exothermic peaks of the blends with triazine-trione based 
tri-imidazole derivatives shifted to higher temperatures compared with those with commercial imidazoles. The curing 
exothermic peak temperatures  (Tps) of the synthesized tri-imidazole derivatives were increased by 23–32 ℃ compared 
with the unmodified imidazoles. In addition, Rheological behavior results indicated that the EP blends with tri-imidazole 
derivatives also exhibited excellent storage stability which was as long as 38 days under room temperature. Last but not 
the least, the EP blends with triazine-trione based tri-imidazole derivatives also exhibited high glass transition tempera-
tures due to introducing of triazine-trione structures with high crosslinking density. The glass transition temperatures 
 (Tgs) of the prepared thermosets ranged from 128 to 152 ℃. The triazine-trione based tri-imidazole derivatives provide 
a way to prepare latency epoxy resin with high high glass transition temperature and long storage stability.

Article Highlights 

• Four novel kinds of triazine-trione based tri-imidazole 
derivatives were synthesized.

• The EP cured with the tri-imidazole derivatives dis-
played great thermostability.

• The EP cured with the tri-imidazole derivatives exhib-
ited long storage stability.
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1 Introduction

For several decades, epoxy resin (EP) has been used as 
coating or adhesive, and developed as fiber reinforced 
composite material due to its excellent comprehensive 
performances [1–5]. The properties of EP systems espe-
cially curing behaviors depend on the curing agents. The 
commercial curing agents are amines, acid anhydrides, 
phenols, imidazoles and others [6–9]. EP with latent cur-
ing agents exhibit long shelf life at the room tempera-
ture and fast curing ability at high temperature. Those 
EP which is called one-component epoxy resin system 
is widely developed as the prepreg, due to its long shelf 
life, less volatile organic compounds and stable product 
quality. Therefore, latent curing agents have been inves-
tigated by researchers.

Compared with amine-cured EP, imidazole cured EP 
exhibits wider curing temperature, lower tensile elonga-
tion, higher modulus and higher heat resistance [10–12]. 
EP mixed with imidazole or its derivatives can form 
crosslinked networks within minutes, through anionic 
chain polymerization of epoxy groups [13–15]. The high 
curing activity of common imidazole derivatives prevent 
it from forming one-component epoxy resin system. The 
previous studies indicated that 1-position and 3-position 
nitrogen atoms of imidazole ring react with other func-
tional groups can effectively reduce the curing activity of 
imidazole derivatives. As one kind of lewis base, 3-posi-
tion nitrogen atoms of imidazole ring could react with 
some protonic acid or lewis acid, such as carboxylic acids 
and metal cations, to form imidazolium salts or imida-
zolium ionic liquids [16–19]. Besides, some researchers 
utilized the active hydrogen atom of 1-position nitrogen 
atoms on imidazole ring to prepared a series of latent 
imidazole curing agents by reacting common imidazoles 
with epoxy group, acyl chloride, lewis acid, carbon–car-
bon double bond and phosphoryl chloride [20–24].

In this paper, the novel imidazole derivatives with tri-
azine-trione structure are synthesis through the addition 
reaction between triglycidyl isocyanurate (TGIC) and imi-
dazole (IM), 2-methylimidazole (2MI), 2-ethylimidazole 
(2EI) and 2-ethyl-4-methylimidazole (EMI), respectively. 
Due to the incorporation of triazine-trione structure with 
electron withdrawing effect, the curing activity of imi-
dazole derivatives are reduced, and the one-component 
epoxy resin system with those imidazole derivatives 
exhibit better thermal latency. The curing behaviors, 
thermal property and storage stability of the EP blends 
with triazine-trione based tri-imidazole derivatives were 
investigated.

2  Experimental

2.1  Materials

Diglycidyl ether of bisphenol-A (DGEBA, epoxide equiva-
lent weight: ~ 188 g/equiv) was supported by Yueyang 
Baling Huaxing Petrochemical Co., Ltd. Triglycidyl iso-
cyanurate (TGIC, purity ≥ 98%) was supported by Jinan 
Zian Chemicals Co., Ltd. Imidazole (IM, purity ≥ 98%), 
2-Methylimidazole (2MI, purity ≥ 98%), 2-Ethylimida-
zole (2EI, purity ≥ 98%), 2-Ethyl-4-methylimidazole 
(EMI, purity ≥ 98%) and dimethylformamide (DMF, 
purity ≥ 99.9%) were supported from Aladdin Rea-
gents (Shanghai) Co., Ltd. All the reagents were used as 
received.

2.2  Preparation of triazine‑trione based 
tri‑imidazole derivatives

2.2.1  Preparation of IM‑TT

20.4 g (0.3 mol) IM and 500 mL DMFwas added into a 
three-neck glass flask. The temperature was heated to 
80 °C. Then 29.7 g (0.1 mol) TGIC was introduced within 
1 h. The blend was further heated to 120 °C and stirred 
at the temperature for 3 h. Then, the solution was dis-
tilled to remove DMF, and viscous liquid product was 
obtained. Yield: 92%.

2.2.2  Preparation of 2MI‑TT

24.6 g (0.3 mol) 2MI and 500 mL DMF was added into 
flask, which was similar to the synthesis of IM-TT, dif-
ferently when the 29.7 g (0.1 mol) TGIC was introduced 
within 1 h. The blend was further heated to 120 °C and 
stirred at the temperature for 5 h. Then, the solution was 
distilled to remove DMF, and viscous liquid product was 
obtained. Yield: 94%.

2.2.3  Preparation of 2EI‑TT

28.8 g (0.3 mol) 2EI and 500 mL DMF was added into 
flask, which was similar to the synthesis of IM-TT, dif-
ferently the 29.7 g(0.1 mol) TGIC was introduced within 
1.5 h, when the temperature was heated to 90 °C. The 
blend was further heated to 130 °C and stirred at the 
temperature for 5 h. Then, the solution was distilled to 
remove DMF, and viscous liquid product was obtained. 
Yield: 96%.
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2.2.4  Preparation of EMI‑TT

33 g (0.3 mol) EMI and 500 mL DMF was added into flask, 
which was similar to the synthesis of IM-TT, differently 
the 29.7 g(0.1 mol) TGIC was introduced within 2 h, when 
the temperature was heated to 100 °C. The blend was 
further heated to 140 °C and stirred at the temperature 
for 8 h. Then, the solution was distilled to remove DMF, 
and viscous liquid product was obtained. Yield: 91%.

The reaction is summarized in Scheme 1.

2.3  Preparation of EP blends

2.3.1  Preparation of EP/EMI, EP/IM‑TT, EP/2MI‑TT, EP/2EI‑TT 
and EP/EMI‑TT blends

For the viscous liquid imidazole derivatives, EMI, IM-TT, 
2MI-TT, 2EI-TT and EMI-TT were respectively blended 
with DGEBA immediately by mechanical stirring with 
different ratios.

2.3.2  Preparation of EP/IM, EP/2MI and EP/2EI blends

For the crystal curing agent, IM, 2MI and 2EI were respec-
tively dispersed in DGEBA at different ratio by milling.

2.4  Characterization

Fourier Transform Infrared (FTIR) was tested by a Nicolet 
6700 infrared spectrometer. The sample was blended 
with KBr and pressed into pellets.

1H NMR spectra was tested by Bruker AV400 NMR with 
DMSO-d6 as the solvent.
Differential scanning calorimetry (DSC) was tested by 
Perkin-Elmer DSC 4000 with  N2 atmosphere.
Dynamic mechanical analysis (DMA) was determined 
using a PerkinElmer Diamond from 30 to 250 ◦C with a 
heating rate 10 ◦C/min with the frequency 1 Hz.
Viscosity data were tested by ARES dynamic rotational 
rheometer.

3  Results and discussion

3.1  Characterization of triazine‑trione based 
tri‑imidazole derivatives

To confirm the structure of the triazine-trione based tri-
imidazole derivatives, FTIR and NMR were tested. The FTIR 
characteristic absorption peaks were shown in Fig. 1. The 
peaks at 1740 and 1670  cm−1 were assigned to the stretch-
ing vibration for C=O [23]; the peak appeared at 1435  cm−1 
was assigned to the stretching vibration for C–N [22]; those 
characteristic absorption peaks indicated that the pres-
ence of triazine-trione structures in tri-imidazole deriva-
tives. The peaks at 3000–3500  cm−1 were attributed to the 
presence of hydroxyl [24]; the peaks at 2900–3000  cm−1 
were attributed to the stretching of the imidazole ring 
and the aliphatic chain for C–H [17]; those characteristic 
absorption peaks indicated that IM, 2MI, 2EI and EMI were 
reacted with epoxy group of TGIC through nucleophilic 
addition reaction.

1H NMR spectra of IM-TT, 2MI-TT, 2EI-TT and EMI-TT were 
shown in Figs. 2 and 3 to further confirm the structure of 
tri-imidazole derivatives. The chemical shifts at about 
11–12 ppm disappeared, which were attributed to the 

Scheme 1  The reaction of triazine-trione based tri-imidazole deriv-
atives

Fig. 1  FTIR spectra of IM-TT (a), 2MI-TT (b), 2EI-TT (c) and EMI-TT (d)
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Fig. 2  1H NMR spectra of IM, 
2MI, IM-TT and 2MI-TT

Fig. 3  1H NMR spectra of 2EI, 
EMI, 2EI-TT and EMI-TT



Vol.:(0123456789)

SN Applied Sciences            (2022) 4:24  | https://doi.org/10.1007/s42452-021-04905-w Research Article

shifts of the N–H for IM, 2MI, 2EI and EMI, that was due to 
the addition reaction of N–H with epoxy group. Owing to 
the effect of triazine-trione structure, the chemical shifts 
of aromatic hydrogen of imidazole ring moved to lower 
chemical shift.

For IM-TT, 7.64, 7.57 and 7.18  ppm are attributed 
to the imidazole ring; 6.92  ppm is attributed to the 
hydroxyl group; 4.72–5.43 ppm is attributed to the CH 
linked with hydroxyl group; 4.14–4.38 ppm is attributed 
to the  CH2 linked with imidazole moiety; 3.13–3.20 and 
3.43–3.59  ppm are attributed to the  CH2 linked with 
triazine-trione ring.

For 2MI-TT, 7.61 and 7.06 ppm are attributed to the 
imidazole ring; 6.75 ppm is attributed to the hydroxyl 
group; 4.45–5.27  ppm is attributed to the chemical 
shift of CH linked with hydroxyl group; 4.02–4.29 ppm 
is attributed to the  CH2 linked with imidazole moiety; 
3.11–3.23 and 3.42–3.63 ppm are attributed to the  CH2 
linked with triazine-trione ring. 2.29 ppm is attributed 
to the chemical shift of  CH3 linked with imidazole ring.

For 2EI-TT, 7.60 and 7.07 ppm are attributed to the 
imidazole ring; 6.78 ppm is attributed to the c hydroxyl 
group; 4.45–5.25  ppm is attributed to the CH linked 
with hydroxyl group; 4.02–4.34  ppm is attributed to 
the  CH2 linked with imidazole moiety; 3.07–3.27 and 
3.41–3.62  ppm are attributed to the  CH2 linked with 
triazine-trione ring; 2.63 ppm is attributed to the  CH2 in 
ethyl linked with imidazole ring; 1.20 ppm is attributed 
to the  CH3 in ethyl linked with imidazole ring.

For EMI-TT, 7.60 ppm is attributed to the imidazole 
ring; 6.74  ppm is attributed to the chemical shift of 
hydroxyl group; 4.48–5.23 ppm is attributed to the CH 
linked with hydroxyl group; 4.02–4.28 ppm is attributed 
to the  CH2 linked with imidazole moiety; 3.05–3.29 and 
3.42–3.58 ppm are attributed to the  CH2 linked with tria-
zine-trione ring; 2.59 ppm is attributed to the  CH2 in ethyl 
linked with imidazole ring; 2.03 ppm is attributed to the 
methyl linked with imidazole ring; 1.18 ppm is assigned to 
the  CH3 in ethyl linked with imidazole ring.

Fig. 4  DSC curves of the EP blends with different ratio of IM, 2MI, IM-TT and 2MI-TT
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3.2  Curing behavior

The EP blends with different ratio of imidazole or tri-imida-
zole derivatives as curing agents are heat from 60 to 200 °C 
with the heating rate of 10 °C/min. The DSC curves of the 
EP blends are shown in Figs. 4 and 5, and the exothermic 
parameters are shown in Table 1.

The EP blended with commercial imidazoles exhib-
ited two exothermic peaks. The first exothermic peak was 
attributed to the addition reaction between the N–H of 
imidazole ring and epoxy group. The second exothermic 
peak was attributed to the anionic polymerizations of 
epoxy groups initiated by the imidazole structures [25, 26].

Differently, the EP blends with triazine-trione based 
tri-imidazole derivatives exhibited only one exothermic 
peak, which was attributed to the anionic polymeriza-
tions of epoxy groups. In addition, the curing exothermic 
peaks shifted to lower temperature ranges and became 
narrower and sharper with the promotion of imidazole 
curing agents. The total exothermic heat was increased 

with the promotion of imidazole curing agents, which indi-
cated that the epoxy groups were not consumed end at 
low concentration of imidazole curing agents. Compared 
with the EP blends with commercial imidazoles, it was 
found that the curing exothermic peaks moved to higher 
temperature ranges for the EP blends with triazine-trione 
based tri-imidazole derivatives. The electron withdrawing 
effect of introduced triazine-trione structure reduced the 
nucleophilicity of imidazole moiety, and thus restrained 
the curing activity. Hence, higher temperature and more 
activation energy were needed to initiate the curing 
reaction.

The DSC curves of the EP blends were tested with the 
heating rate of 5, 10, 15, and 20 °C/min, respectively, to 
investigate the curing kinetic parameters of the EP blends 
with the highest content of imidazole curing agents. The 
curing kinetic parameters were calculated through Kiss-
inger method. The curing kinetic parameters of the pre-
pared EP blends are shown in Table 2. As shown in Figs. 6 
and 7, the exothermic peaks of all the EP blends moved 

Fig. 5  DSC curves of the EP blends with different ratio of 2EI, EMI, 2EI-TT and EMI-TT
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to higher temperatures with the promoting of heating 
rate. The activation energy values of the EP blends with 
triazine-trione based tri-imidazole derivatives were much 
higher than the EP blends with commercial imidazoles, 
which was indicated that the triazine-trione based tri-imi-
dazole derivatives exhibited lower curing activity which 

was due to the curing reaction energy barrier of triazine-
trione structure.

The reactivity of triazine-trione based tri-imidazole 
derivatives were further investigated by isothermal DSC 
method with different curing temperatures. The Isother-
mal DSC curves of the EP blends were summarized in 
Fig. 8. First of all, when the curing temperature was 70 °C, 
no exothermic peak was observed within 60 min for the 
tests, which indicated that triazine-trione based tri-imi-
dazole derivatives exhibited good thermal latency within 
70 °C. While the curing temperature raised form 120 to 
140 °C, the exothermic peaks were observed and became 
flat within 10–15 min, which indicated that triazine-trione 
based tri-imidazole derivatives exhibited fast curing ability 
at high temperature.

To further investigate the curing speed of the EP blends 
with triazine-trione based tri-imidazole derivatives, the 
curses of conversion rate of the EP blends were summa-
rized in Fig. 9, which were tested through integral of total 
curing exothermic energy for DSC test. The EP blends with 
IM-TT cured within 1.5 min at 140 °C, and the EP blends 

Table 1  The exothermic 
parameters of the EP blends

Curing agents Concentration 
(wt%)

Peak tempera-
ture (°C)

ΔT (°C) Viscosity at 25℃ 
(mPa*s)

Total exother-
mic heat  (J/g)

IM 2.0 127 45 – 175
3.8 120 29 – 207
5.7 116 25 – 288

2MI 2.0 123 80 – 162
3.8 118 60 – 214
5.7 115 54 – 259

2EI 2.0 126 75 – 186
3.8 122 55 – 228
5.7 118 40 – 255

EMI 2.0 131 75 – 190
3.8 125 68 – 242
5.7 121 33 – 305

IM-TT 3.8 153 30 5375 148
6.5 151 27 192
9.1 148 30 245

2MI-TT 3.8 151 30 6897 138
6.5 148 32 177
9.1 145 30 235

2EI-TT 3.8 157 40 7040 139
6.5 153 38 166
9.1 150 39 214

EMI-TT 3.8 152 55 12,250 176
6.5 148 51 223
9.1 144 40 264

Table 2  The curing kinetic parameters of the EP blends

Curing agents Tp (°C) of DSC curves at different β 
(°C/min)

Ek (kJ/mol)

5 10 15 20

IM 106 116 126 132 60.7
2MI 104 115 124 129 64.8
2EI 106 118 126 132 60.6
EMI 109 121 129 135 61.8
IM-TT 135 148 157 164 69.9
2MI-TT 133 145 153 159 70.8
2EI-TT 139 150 160 167 84.4
EMI-TT 134 144 155 160 81.5
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with 2EI-TT cured within 3 min. As the curing temperature 
lower to 135 °C, the curing time get longer. For all of the EP 
blends with triazine-trione based tri-imidazole derivatives 
cured with complete conversion of EP group among 135 °C 
and 140 °C, which indicated that triazine-trione based tri-
imidazole derivatives exhibited higher fast curing ability 
at higher temperatures.

3.3  Storage stability of EP blends

To evaluate the storage stability of the EP blends, the 
promotion of the viscosity for the EP blends at room tem-
perature were tested. When the viscosity for the EP blends 

doubled as the initial viscosity, the shelf life was identified 
as end. As shown in Fig. 10a, b, the viscosity values of the 
EP blends with triazine-trione based tri-imidazole deriva-
tives were almost unchanged over one week and the 
shelf life were reached as 22 days for EP/IM-TT, 25 days for 
EP/2MI-TT, 38 days for EP/2EI-TT, 32 days for EP/EMI-TT. The 
results indicated that the EP blends with triazine-trione 
based tri-imidazole derivatives exhibited long shelf life 
at room temperature, which was an ideal way to prepare 
epoxy resin based prepregs.

Fig. 6  DSC curves of the EP blends tested with the heating rate of 5, 10, 15, and 20 °C/min for IM, 2MI, IM-TT and 2MI-TT
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3.4  Thermal property

The glass transition temperatures  (Tgs) of the EP blends with 
triazine-trione based tri-imidazole derivatives were meas-
ured by DMA and the curves of storage modulus and tan D 
were summarized in Figs. 11 and 12. The  Tg was character-
ized by the peak temperature of tan D . The EP/IM-TT reached 
the highest  Tg as 152 °C, while EP/2MI-TT get the  Tg as 128 °C. 
The  Tgs of triazine-trione based tri-imidazole derivatives 
cured EP blends were higher than those EP blends cured by 

methyhetrahydrophthalic anhydride or m-xylylenediamine 
[27, 28]. The results indicated that triazine-trione based tri-
imidazole derivatives led to forming of EP crosslink network 
during the curing processing. The crosslink density of the 
EP blends reduced, which was due to the ester exchanging 
reaction between triazine-trione structure and epoxy group, 
and resulted in  Tgs reduced to lower temperature.

Fig. 7  DSC curves of the EP blends tested with the heating rate of 5, 10, 15, and 20 °C/min for 2EI, EMI, 2EI-TT and EMI-TT



Vol:.(1234567890)

Research Article SN Applied Sciences            (2022) 4:24  | https://doi.org/10.1007/s42452-021-04905-w

4  Conclusions

The synthesis of novel triazine-trione based tri-imidazole 

derivatives were successful. The curing activity of tria-
zine-trione based tri-imidazole derivatives reduced for 
the incorporation of the electrophilic triazine-trione 
structure. The triazine-trione based tri-imidazole deriva-
tives in the EP blends exhibited good thermal latency 
within 70 °C, and the EP blends exhibited long shelf life 
at room temperature. In addition, the EP blends also 
exhibited fast curing ability under heating condition, 
due to the triazine-trione based tri-imidazole deriva-
tives overcame curing reaction energy barrier at high 
temperature. What’s more, the  Tgs of cured EP blends 
with triazine-trione based tri-imidazole derivatives 
were among 128–152  °C. Those properties indicated 
that the EP blends with triazine-trione based tri-imida-
zole provided an ideal way to prepare epoxy resin based 
prepregs with high glass transition temperature.

Fig. 8  Isothermal DSC curves of the EP blends

Fig. 9  Conversion of EP blends tested in isothermal DSC
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