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Abstract Non-isothermal curing kinetics of a tetra func-

tional epoxy resin with imidazole-based curing agents was

investigated by differential scanning calorimetry (DSC),

and decomposition of the cured compounds was studied by

thermogravimetric analysis. N,N,N0,N0-tetraglycidyl-4,

40diaminodiphenylmethane (TGDDM) was cured with

three types of tertiary amine curing agents including

1-methyl imidazole (MI), 2-methyl imidazole (2MI) and

2-ethyl 4-methyl imidazole (EMI). These systems exhib-

ited cure initiation at around 70–90 �C by DSC. 2-methyl

imidazole and 2-ethyl 4-methyl imidazole showed two cure

initiation profiles, while the 1-substituted counterpart, MI,

showed a single cure initiation profile by DSC. The Kis-

singer equation was applied to calculate the apparent

activation energy for epoxy–imidazole cure reactions. The

rate constants and the pre-exponential factor were also

determined. The activation energy varied from 59 to

65 kJ mol-1 for the systems. The Flynn–Wall–Ozawa iso-

conversional approach was used to elucidate the activation

energies at different extents of conversion during the cure

reactions. The cured systems are found thermally stable up

to 250 �C. Decomposition kinetics of cured networks was

studied using Kissinger equation and Flynn–Wall–Ozawa

iso-conversional approach. The cured resins were analyzed

for the glass transition temperature and compared with that

of a conventional amine-cured system.
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Introduction

Epoxy resins constitute the largest segments of addition

curable thermosetting polymers that find wide applications

in adhesive, coating, laminating, electronic and composite

processing industries due to their good mechanical prop-

erties and excellent adhesive characteristics [1–4]. The

most commercially exploited epoxy resins are bi-functional

ones such as diglycidyl ether of bisphenol A type epoxy

resins (DGEBA); however, they possess poor high tem-

perature performance for use in advanced materials sector.

Different approaches such as incorporation of aromatic

moieties and introduction of epoxy multifunctionality to

the backbones are reported to enhance the high temperature

resistance of epoxies. The multifunctional epoxy resins

cured with suitable hardeners produce matrices with high

tensile strength and modulus and high glass transition

temperature combined with good thermal and chemical

stability [5–9]. They are mainly employed as matrix for

high performance fiber-reinforced composites in the aero-

space industry and as encapsulant for electronic
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components. Novolac epoxy resin, cyclo-alphatic epoxy

resin, N,N,N0,N0-tetraglycidyl-4, 40diaminodiphenyl-

methane, (TGDDM) and resorcinol–formaldehyde are

some of the multifunctional epoxy resins reported for

industrial applications [10].

The crosslinking of epoxy resins can be effected by step

growth and chain growth polymerization techniques. The

former make uses of hardeners such as amines, anhydrides,

phenols and isocyanates, and the latter is effected using

tertiary amine initiators or catalysts [11]. The type of

curing agents, composition and the curing conditions

employed control the properties of the cured networks like

toughness, chemical resistance, mechanical properties,

adhesive strength, heat resistance, electrical resistance,

etc., of epoxy resins [12]. Among the tertiary amine-based

catalytic curing agents, imidazoles are known to be very

effective owing to the better heat resistance, higher mod-

ulus and tunable cure temperatures compared to a mine-

cured systems. Kinetics of the cure reactions of TGDDM

with various curing agents such as diaminodiphenylsul-

fone, diaminodiphenylmethane, dicyandiamide, maleic

anhydride and methyl nadic anhydride are widely reported

[8, 9], whereas homopolymerization of TGDDM in pres-

ence of imidazole curing agents is seldom reported. Hence,

the objective of the present study is to investigate the

mechanisms of cure reaction, cure kinetics and decompo-

sition kinetics of TGDDM with three different imidazole-

based curing agents, viz. 1-methyl imidazole, 2-methyl

imidazole and 2-ethyl 4-methyl-imidazole. The cure

mechanism and the kinetic parameters for the cure reac-

tions were derived from the DSC analysis and that of

decomposition was computed from thermogravimetric

analysis.

Experimental

Materials

The epoxy resin, N,N,N0,N0-tetraglycidyl-4, 40diamin-

odiphenylmethane and the amine hardener, Jeffamine T403

supplied by Huntsman India Pvt. Ltd. were used as

received. 1-methyl imidazole, 2-methyl imidazole and

2-ethyl 4-methyl-imidazole from M/s. Sigma-Aldrich India

Pvt. Ltd. was used as the homopolymerization initiators.

The structures of epoxy resin and the three imidazole ini-

tiators used are shown in Table 1.

Instrumental

The dynamic curing of TGDDM with the three imidazoles

was recorded using a differential scanning calorimetric

analyzer, TA instruments model 2920. The reaction

enthalpy was measured in scanning mode from 30 to

200 �C under nitrogen atmosphere at four different heating

rates of 5, 10, 15 and 20 �C min-1 using 10 mg of the

sample. The TG curves were recorded using simultaneous

thermogravimetric—differential scanning calorimeter, TA

Instruments SDT Q-600 equipment in a scanning mode

from 30 to 900 �C under nitrogen atmosphere at four dif-

ferent heating rates of 5, 10, 15 and 20 �C min-1.

Approximately 6 mg of the sample was used for analysis.

Table 1 Structure of the epoxy molecule-TGDDM and imidazole curing agents used in the study

N, N, N’, N’-tetraglyci dyl-4, 
4’diaminodiphenylmethane/TGDDM

1-methyl imidazole /MI

2-methyl imidazole /2MI

2-ethyl 4 -methyl imidazole /EMI N

N

C2H5

CH3

N

N

CH3

NN

O

OO

O

N

N
CH3
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The glass transition temperature of the three epoxy–imi-

dazole systems and the epoxy–amine system was evaluated

using thermomechanical analyzer using 5 mg of the cured

samples.

Computation of kinetic parameters of cure reaction

and decomposition

The kinetic model generally employed for the analysis of

DSC and TG data is based on equation

da
dt

¼ A exp � � Ea

RT

� �
f ðaÞ ð1Þ

where a is the fraction of the reaction completed at time t,

A is the pre-exponential factor, Ea is the energy of acti-

vation, R is the universal gas constant, T is the absolute

temperature, and f(a) is the kinetic model function. The

Kissinger Eq. 2 was applied to calculate the apparent

activation energy Ea [13].

ln
b
T2

p

 !
¼ ln

AR

Ea

� �
� Ea

RTp

ð2Þ

where b is the linear heating rate in K min-1, Tp is the peak

temperature in K. Therefore, a plot of ln (b/Tp
2) versus 1/Tp

gives the value of Ea and A. The Kissinger equation based

on peak temperature of the reaction gives only one set of

kinetic parameters for the whole reaction. However, the

representation of a highly complex reaction by a single Ea

value does not reveal complete information on the whole

reaction. Hence, for a more accurate determination of Ea at

any given conversion, Flynn–Wall–Ozawa iso-conversion

method [14] based on Doyle’s approximation was resorted

to. Here energy of activation at a particular conversion is

calculated using Eq. 3.

log b ¼ � 0:4567Ea

RTa
þ C ð3Þ

where Ta is the iso-conversion temperature, C is a constant,

and other parameters are same as described earlier. A plot

of log b versus 1/Ta gives the value of activation energy at

each conversion.

Results and discussion

Cure studies

DSC scanning studies of the cure reaction of TGDDM with

stoichiometric quantities of MI, 2-MI and EMI are shown

in Fig. 1a–c, respectively, and the associated data are

presented in Table 1. TGDDM-MI system showed a single-

stage cure profile, whereas the TGDDM-2-MI and

TGDDM-EMI showed additional lower temperature peaks

along with the main exothermic peak. This observation is

in good agreement with the most accepted mechanism

proposed by Barton and Shepherd [15] for the polymer-

ization epoxy resin with an 1,3-unsubstituted imidazole
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Fig. 1 DSC curves at different heating rates for TGDDM-MI (a),

TGDDM-2MI (b) and TGDDM-EMI (c)
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viz, 2-ethyl 4-methylimidazole. The schematic for the cure

initiation of TGDDM by 2-ethyl 4-methyl imidazole based

on the accepted mechanism is shown in Fig. 2, scheme 1.

According to this, initially the more basic pyridine-type

nitrogen attacks the epoxy group to generate a 1:1 adduct

followed by attack of this newly generated adduct on

another epoxy group to produce the 1:2 adduct. Vogt [16]

in his studies also observed a similar low-temperature peak

attributed to the adduct formation steps. The curing of

epoxy resins with 1-substituted imidazole embraces much

debate and uncertainty about the curing mechanism. The

schematic for the cure initiation of TGDDM by 1-methyl

imidazole based on the accepted mechanism by Dearlove

[17] is shown in Fig. 2, scheme 2. Here, unlike the case of

1, 3-unsubstituted imidazoles, the initiating species is a 1:1

adduct which proceeds further with the homo polymer-

ization of epoxy molecules.

The cure initiation temperature, Ti, increases with

increase in heating rate for each epoxy–imidazole system

and follows the order of TGDDM-EMI[TGDDM-2-
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Fig. 2 Proposed mechanism of adduct formation of 1,3-unsubstituted and 1-substituted imidazoles
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MI[TGDDM-MI at each of the heating rate as shown in

Fig. 3.

The DSC curves of TGDDM-2MI showed a meager

transition for the adduct formation reaction and the inten-

sity of which vanishes at higher heating rate. However, in

the case of TGDDM-EMI system, a prominent transition

was observed for the adduct formation (AF) and the

polyetherification (PE) steps, and hence both curves were

considered separately for calculating the kinetics. This

difference may be attributed to the difference in the sub-

stituent attached to 2nd and 4th position on the imidazole

ring. Based on the inductive effect, the ethyl group and

methyl groups push the electron cloud density toward the

active nitrogen, thereby enhancing the formation of 1:1

adduct.

The structure and the reactivity of the curing agent,

steric restriction to the epoxy–amine reaction and physical

interactions among the different functional groups of con-

stituent components influence the cure kinetics. Even

though the nucleophilicity of the nitrogen atom is high for

EMI, its highest cure initiation temperature is attributed to
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Fig. 3 Dependence of cure initiation temperature, Ti, on heating rate

for TGDDM-imidazole systems

Table 2 Cure parameters of TGDDM-imidazole systems at different heating rates and reaction enthalpy

System b/�C min-1 Ti/�C Tp/�C Tf/�C DH/kJ mol-1

TGDDM-MI 5 70 119 152 193

10 77 137 188 203

15 80 145 203 212

20 82 152 218 218

TGDDM-2MI 5 75 121 170 183

10 84 135 185 149

15 89 142 207 180

20 100 147 210 161

TGDDM-EMI Adduct formation/AF Polyetherification/PE AF PE

5 87 107 128 170 18 172

10 98 118 142 238 18 218

15 102 127 150 250 17 208

20 113 134 157 260 15 189
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Fig. 4 Kissinger plots of TGDDM cured with three imidazole

systems

Table 3 Arrhenius parameters of TGDDM-imidazole curing from

Kissinger plots

System Ea/kJ mol-1 A/s-1 k/s-1

TGDDM-MI 59 8.3 9 108 25.3

TGDDM-2MI 65 5.9 9 109 28.1

TGDDM-EMI/AF 60 2.9 9 109 28.3

TGDDM-EMI/PE 61 1.2 9 109 25.5
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the steric hindrance imparted by the ethyl and methyl

substitution of the imidazole. The Phenomenological data

of curing reactions from DSC experiments at different

heating rates are given in Table 2.

Cure kinetics

The kinetic plots for the three epoxy–imidazole systems

based on Kissinger method are given in Fig. 4. The kinetic

parameters viz, activation energy Ea, pre-exponential factor

A and rate constant k were calculated from the kinetic plots

and are given in Table 3.

The activation energies of all these systems are com-

parable as evident from Table 2. The Flynn–Wall–Ozawa

(FWO) iso-conversional approach has been used for elu-

cidating the dependence of activation energy of TGDDM-

imidazole reaction on the relative conversion. Figure 5a–c

depicts the percentage conversion versus temperature at

four different heating rates of TGDDM with MI, 2-MI and

EMI systems. In all cases, the percentage conversion

increases with temperature and reaches a plateau at about

96–98% conversion.

Determination of activation energy by the FWO iso-

conversional method is illustrated in Fig. 6. A linear rela-

tionship between Ln b and 1/T can also be observed for the

three epoxy–imidazole systems.

Figure 7 exhibits variation of activation energy with

increasing percentage conversion for the epoxy imidazole

systems studied. For the adduct formation step of

TGDDM-EMI reaction, the activation energy remains

constant for the entire range of conversion, whereas it

decreases with conversion during further polyetherification

reaction. The TGDDM-IMI and TGDDM-2MI systems

also show a similar trend of reduction in activation energy

with conversion. This is attributed to the autocatalysis of

the polyetherification reaction by the alkoxide ion
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TGDDM-EMI(PE) (d) systems based on FWO method
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generated during the initial adduct formation reaction. A

similar observation has been made by Yang et al. [18]

during the curing of epoxy-CNT nanocomposite using

2-ethyl 4-methyl imidazole as the catalyst. Thus, the

autocatalytic effect rendered by the alkoxide ion interme-

diate decreases the overall activation energy during the

polyetherification.

Thermal decomposition kinetics

Figure 8 represents the decomposition curves of TGDDM-

MI, TGDDM-2MI and TGDDM–EMI systems for a par-

ticular heating rate of 10 �C min-1. All the three systems

showed similar decomposition curve and are found ther-

mally stable up to 300 �C. The phenomenological data of

the three systems subjected to TG analysis at heating rates

of 5, 10, 20 and 40 �C min-1 are summarized in Table 4.

Thermal decomposition of cured epoxy–imidazole sys-

tems appears to conform to a one-step reaction mechanism

for all the epoxy–imidazole systems. The char residue

obtained at 900 �C in nitrogen atmosphere for all the sys-

tems is comparable.

The kinetic plots for the thermal decomposition of three

epoxy–imidazole systems based on Kissinger method are

given in Fig. 9. The activation energy, pre-exponential

factor and rate constant calculated by Kissinger methods

using DTG peak temperatures are tabulated in Table 5. The

activation energy derived for the systems is comparable

signifying more or less similar thermal stabilities.

TGDDM epoxy resin was cured with the three imidazole

initiators and the Jeffamine T403 hardener as per the

respective cure profile obtained from DSC analysis and

analyzed for its glass transition temperature (Tg). The

epoxy imidazole systems failed to show a clear transition in

the DSC analysis which may be due to its high crosslink
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density rendered by the tetra functional epoxy resin. Hence,

the cured resins were subjected to thermomechanical

analysis and the Tg obtained is shown in Table 6. It is

observed that the imidazole-cured systems showed an

enhanced glass transition temperature in the range of

141–154 �C than the conventional amine-cured system

which showed a Tg of only 125 �C. The glass transition

temperature gives an indirect indication on the polymer

chain stiffness and shows the service temperature capa-

bility of the cured resin. The present study shows that that

the imidazole curing agents can render enhanced chain

stiffness and service temperature capability than the con-

ventional amine-cured systems.
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Table 4 Thermal decomposition parameters of TGDDM imidazole

systems at different heating rates

System b/

K min-1
Ti/

�C
Ts/

�C
Tf/

�C
Residue at 900 �C/

%

TGDDM-MI 5 250 391 540 22

10 266 404 554 20

20 290 411 560 20

40 310 424 569 25

TGDDM-

2MI

5 280 361 557 22

10 294 400 567 19

20 300 415 557 21

40 315 420 595 22

TGDDM-

EMI

5 275 386 558 22

10 295 400 568 20

20 301 408 579 23

40 310 414 595 19

0.00141 0.00144 0.00147 0.00150 0.00153
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Fig. 9 Kissinger TG plots of TGDDM imidazole systems

Table 5 Arrhenius parameters of thermal decomposition of TGDDM

imidazole systems derived from Kissinger plots

System Ea/kJ mol-1 A k/min-1

TGDDM-MI 199 9.4 9 1027 1.76 9 102

TGDDM-2MI 190 1.1 9 1027 1.71 9 102

TGDDM-EMI 201 3.1 9 1028 1.81 9 102

Table 6 Glass transition temperature (Tg) of TGDDM-imidazole and

TGDDM-Jeffamine T403 cured systems

System Tg/�C

TGDDM-MI 141

TGDDM-2MI 154

TGDDM-EMI 148

TGDDM-Jeffamine T403 125
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Conclusions

The cure reactions and the associated kinetic parameters of

curing of a tetrafunctional epoxy resin, N,N,N0,N0-te-

traglycidyl-4, 40diaminodiphenylmethane, (TGDDM) with

three different types of imidazole tertiary amine catalysts,

viz. 1-methyl imidazole (MI), 2-methyl imidazole (2MI)

and 2-ethyl 4-methyl imidazoles (EMI) were investigated

using differential scanning calorimetry, and decomposition

kinetics of the cured systems were studied using thermo-

gravimetric analysis (Tg). Single-stage curing was observed

in the case of TGDDM-MI, whereas TGDDM-2MI and

TGDDM-EMI exhibited multimodel curing curves owing

to the difference in the cure pathways. The epoxy–imida-

zole systems showed comparable activation energy values

and varied from 59 to 65 kJ mol-1. The Flynn–Wall–

Ozawa iso-conversional approach was used to elucidate the

activation energies at different extents of conversion during

the cure reactions. In all the cases, activation energy

showed a reducing trend with respect to conversion. The

cured systems are found thermally stable up to 250 �C.

Decomposition kinetics of cured networks was studied

using Kissinger equation and Flynn–Wall Ozawa (FWO)

iso-conversional approach.
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