
An investigation was conducted based on: (1) The study of cure mechanisms and
kinetics of diglycidyl ether of bisphenol A (DGEBA) using imidazole (H-MI) and
1-methyl imidazol (1-MI) as the curing agents and, (2) the study of some of the

properties of the cured epoxy resins. The cure kinetics of DGEBA was studied using
dynamic differential scanning calorimetry (DSC) in various low concentrations (>0.5 mol%)
of the curing agents. Kinetic analysis using integral procedure on dynamic DSC data indi-
cates that both H-MI and 1-MI are effective curing agents. The curing reaction of DGEBA
with H-MI took place almost 10oC lower than the temperature of its curing reaction with
1-MI. Small low temperature shoulder peaks were observed for both curing systems and
for all studied concentrations which are related to the formation of adduct. The formed
adduct will initiate the etherification reaction which appears as a large high temperature
exothermic peak in dynamic DSC thermogram. Water absorption, chemical resistance to
acetone and sodium hydroxide solution, and thermal oxidation of the cured systems are
also studied. The DGEBA/H-MI and DGEBA/1-MI cured systems indicated similar properties.
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Epoxy resins are widely used in a
number of industrial applications.
Some of their uses are in adhesives,
coatings, electronics, and aerospace
industries due to excellent mechani-
cal and chemical properties, such as
high tensile and compressive

strength, good chemical (and sol-
vent) resistance, and high heat dis-
tortion temperature. The superior
mechanical and chemical properties
possess by epoxypolymers are the
result of curing process, in which a
low molecular weight resin is trans-
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formed into an infinite molecular weight polymer with
a three-dimensional network structure. The curing
process can be initiated by using a wide range of curing
agents such as amines, anhydrides, and isocyanates.
Although the cure of epoxy resins, with primary and
secondary amines, occurs by step growth process, terti-
ary amines such as imidazole initiate chain-growth
polymerization.

Most of the previous works [1-8] on epoxy/imida-
zole systems have been focused on the reaction of the
mono-functional epoxy resin (phenyl glycidyl ether,
PGE) with 2-ethyl-4-methylimidazole (2,4-EMI) to
form adduct. Farkas and Strohm[1] proposed a two-
step initiation mechanism between phenyl glycidyl
ether (PGE) and 1-unsubstituted imidazole where the
pyrrole-type nitrogen (-NH-) attacks the terminal car-
bon of the epoxy functional group of PGE to generate
1:1 adduct. It was proposed that these adducts act as the
initiators for the polymerization of PGE by an etherifi-
cation reaction in which the reactive alkoxide anion is
the propagating species. 

In another study, the researcher [2] concluded that
1:1 adduct is formed through the attack on the epoxy
functional group of PGE by the more basic �pyridine-
type� nitrogen of 2,4-EMI. In the second step, the
newly generated pyridine-type nitrogen attacks another
epoxy group to produce the 1:2 adduct. Although the
mechanism of the curing of the epoxy resins with 1,3-
unsubstituted imidazoles (i.e., no substitution on the
nitrogen atoms) has been generally accepted now, there
has been much debate and uncertainity about the curing
mechanism of 1-substituted imidazoles.

Early studies by Dearlove [2] using 1-substituted
imidazoles, proposed a similar mechanistic pathway. In
contrast, Berger and Lohse [3] suggested that a different
mechanism may be involved due to a small difference
in the activation energy of the cure of the epoxy resins
using 2,4-EMI and 1-methyl imidazole (1-MI).

Further support for an alternate reaction mecha-
nism was provided by Bressers and Goumans [4] who
used 1-benzyl-2-methylimidazole (1,2-BMI) as 1-sub-
stituted imidazole. These workers suggested that the
lone pair electrons positioned at the 1-substituted nitro-
gen can also attack the epoxy functional group. In an
even more extensive study, Ricciardi et al. [5] showed
that several reaction products could be obtained from
the reaction between PGE and 1-MI. These reaction

products thus may lead to several different reaction
mechanisms for the cure of epoxy resins using
1-substituted imidazole as the curing agent.

The cure of epoxy resins with imidazoles also
exhibits a unique curing behaviour in which the starting
imidazole (or the 1:1 adduct) can be regenerated, which
is well documented in the literature [3,8]. The major
pathway of imidazole regeneration was suggested [5]
to be by N-dealkylation of the nitrogen substitutions at
the 3- position, thus regenerating the 1:1 adduct (or the
original imidazole if the curing agent was a 1-substituted
imidazole). 

The objectives of this study were first, the mecha-
nisms and kinetics�determination of curing reaction of
diglycidylether bisphenol A (DGEBA) with low con-
centrations of imidazole and 1-substituted imidazole by
dynamic DSC and second, the studing of chemical
resistance and thermal stability of the cured samples.

EXPERIMENTAL

Materials 
The studied system is based on commercial DGEBA,
(Shell Co., Epon 828) with weight per epoxy of
180 geq-1. Imidazole (H-MI) and 1-methyl imidazole
(1-MI) both with purity of 99% (Fluka) were used as
hardeners. All other compounds were provided from
Fluka and used as received without further purification.
The chemical structures of  imidazole, 1- methyl imida-
zole  and DGEBA are shown in Scheme I.  

Techniques
A Perkin-Elmer differential scanning calorimeter (DSC-4)
was used to measure the peak area. The dynamic DSC
was calibrated with high-purity indium. Epoxy resin
was completely mixed by stirring with required
amounts of H-MI or 1-MI. 10 mg of this uniform yel-
lowish mixture of DGEBA/imidazole or brownish mix-
ture of DGEBA/1-MI was put into an aluminum DSC
sample pan, separatly and covered with aluminum lid,
closed tightly under pressure.

Dynamic DSC studies of curing reaction of the
mixtures were performed from 50-250oC at different
concentrations of curing agents of 5, 10, 15, and 20 wt%.
All scanning runs obtained at three heating rates (5, 10,
and 15oC/min). Water absorption testes were conducted



in distilled water and surface of the samples dried by a
tissue before weighing.

The chemical resistance tests were carried out in
acetone and in 50% sodium hydroxide solution. Sam-
ples of the same thickness were used for the tests and
the average of readings for three samples were record-
ed as the final results. All the measurements were made
at room temperature and before weighing, the surface
of the samples were dried by clean tissue. 

Samples for the oxidation tests were prepared from
mixtures of DGEBA with 10 wt% of  H-MI or 1-MI in
small test tubes. The test tubes were put in the oven and
cured using two procedures:  (1) 1 h at 50oC and 30 min
at 100oC, labeled as sample (A),  and (2) 15 min at
150oC, 30 min at 100oC, and 1 h at 150oC, labeled as
sample (B). The thermal stability was determined by
weighing the samples at 200oC for different periods of
time. The reported results are the average of three
measurements made for each test.

RESULTS AND DISCUSSION

The curing reactions of DGEBA/H-MI and DGEBA/1-
MI systems are shown by dynamic DSC thermograms
in Figures 1 and 2, respectively. The concentrations of
curing agents H-MI and 1-MI were less than 0.5 mol%.
At low concentrations of imidazoles, there are unreact-
ed epoxy groups reacting faster after the formation of
initiator.

There are almost two distinctive exothermic peaks,
one as a small low temperature shoulder on the other
large exothermic peak. These peaks are not well-sepa-
rated and the large one appears immediately after the
first small peak. The large area under the second peak
allows the first peak appear clearly. Therefore, the first
peak is related to the reactions of adduct formation and
the second peak to the etherification reaction which
cross-links the resin. The etherification reaction occurs
as the largest exothermic peak which is characterized
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Scheme I. Chemical structures of the compounds (DGEBA composed principally of two homologs n=0 and n=1).

Figure 1. Typical dynamic scanning thermograms of DGEBA

with (a)5, (b)10, (c)15, and (d)20 wt% of H-MI,  at 10oC/min

heating rate.

Figure 2. Typical dynamic scanning thermograms of DGEBA

with (a)5,  (b)10, (c)15, and (d)20 wt% of 1-MI, at 10oC/min

heating rate.



by a high heat flow corresponding to a rapid reaction
rate. The assignment of these peaks for 2-ethyl-4methyl
imidazole (2,4-EMI) as curing agent was confirmed by
measuring Tg [9].

The reaction kinetics for the total adduct and ether-
ification reactions were determined by dynamic DSC
method. The total area under the dynamic DSC thermo-
grams was used to calculate the total heat of reaction
(∆Ht). Table 1 shows the dynamic DSC data obtained
from dynamic thermograms of the curing reaction of
DGEBA with different concentrations of curing agents.  

The area under the peaks increases and shifts also
to lower temperatures as the concentration of the curing
agents increases. The maximum of the exotherm peak,
for a specific concentration, shifts to a higher tempera-
ture as the heating rate increases. That is, as the heating
rate increases the time for the cure at a particular tem-
perature decreases. The maximum of the exotherm
peak, for a specific heating rate, shifts to a lower tem-
perature as the concentration of the curing agent
increases. 

The classic Barret’s method [7] was used in this
study to calculate the activation energy of the curing
reaction of DGEBA with different concentrations of
H-MI and 1-MI. The extent of reaction, α, is given by
the heat evolved up to a certain temperature, ∆Ht,
divided by the total heat of reaction, H (total area under
dynamic DSC thermogram):

α = ∆Ht /H (1)

Since the cure reaction is the only thermal event, the

reaction rate dα/dt is directly proportional to the rate of
heat generation dH/dt (which is the ordinate of a
dynamic DSC trace):

dα/dt = 1/ ∆Ht × dH / dt         (2)

The phenomenological reaction rate can also be
expressed in different form [2]:

dα/dt = k f(α)            (3)

Where, k and f(α) are the Arrehnius rate constant and
the functional form of α, that depends on the reaction
mechanism, respectively. By incorporation the Arrehnius
form of the rate constant k, i.e., k = A × exp (_Ea/RT),
equation (3) can be rearranged in the following form:

dα/dt = A × exp (_Ea /KT) × f(α)            (4)

Where, A, Ea, R, and T are the frequency factor, the
activation energy, the gas constant, and the temperature
in K, respectively. Integration of equation (4) yields
equation (5), which forms the starting equation for
derivation analysis of dynamic data:

ln[(dα/dt)/f(α)] = lnk = lnA _Ea /RT (5)

A plot of the left-hand side of the above equation, lnk,
versus 1/T should give a straight line with a slope of
_Ea/R for the constant function form of f(α). The inter-
cept is lnA from which the frequency factor can be
evaluated. We have chosen the nth order homogenous
reaction model for dynamic experiment of DGEBA/H-MI
and DGEBA/1-MI systems. For homogenous models
the function for f(α) in equation (3) can be replaced
by (1-α)n. Thus, equation (3) can be rewritten as:

ln[(dα/dt)/(1-α)n] = lnA _Ea/RT (6)

According to equation (6), a plot of the left-hand side,
term ln[(dα/dt)/(1-α)n] versus 1/T should give a
straight line with a slope of -Ea/R and intercept of lnA
for a suitable and correct value of n. Figure 3 shows
such typical plot, by which the fractional conversion,
α, was determined from dynamic DSC thermograms of
DGEBA/H-MI system. 

The straight lines obtained with the best correlation
coefficients when the chosen values of n were in the
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Table 1. Kinetic parameters of the cure reaction of DGEBA

with H-MI and 1-MI.

Composition
Max. peak

(oC)

∆Ht

(kJ/mol)

lnA

(1/s)

Ea

(kJ/mol)

DGEBA/5 wt% H-MI

DGEBA/10 wt% H-MI

DGEBA/15 wt% H-MI 

DGEBA/20 wt% H-MI

DGEBA/5 wt% 1-MI

DGEBA/10 wt% 1-MI

DGEBA/15 wt% 1-MI

DGEBA/20 wt% 1-MI

110

108

103

99

115

112

110

107

98.4

100

101.5

104.3

101.8

102.8

104

105.2

16.5

17.3

17.8

18

17.6

18

18.3

18.7

73.8

75

76.3

77.2

76.7

78.5

79.2

81.3
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range of 0.95 to 0.98 for both systems. Therefore, the
results indicate that the best suitable value of n is one
(n = 1). Table 1 shows the activation energyies meas-
ured by this method for the curing reactions of the
DGEBA/H-MI system varies from 74 to 77 kJ/mol and
for the DGEBA/1-MI system the activation energy
varies from 77 to 81 kJ/mol. The values of activation
energies measured by the above method using dynamic
DSC studies match well with the values reported for
the same systems by other workers [3,12,13]. Using
Ozawa and Kissinger methods, the authors of the refer-
ence No.3 obtained the values from isothermal meas-
urements.

One disadvantage of determining Ea by the scan-
ning method is that in such measurements, it can not be
resolved clearly the stages of adduct formation and
etherification. Thus, for the two processes the Ea
obtained represents only an average value. Heise and
Martin [9] have shown for DGEBA/2,4-EMI system
that calculated Ea for the adduct formation is lower
than that the calculated one for the etherification reac-
tion. The cure of epoxy resin with primary and second-
ary amines occurs by a step-growth process while terti-
ary amines such as imidazoles initiate a chain-growth
polymerization.

It was proposed [2] that the 1:1 adduct formation is
generated through the attack on the epoxy functional
group of PGE by the more basic pyridine-type nitrogen,
Scheme II (a). There is a small difference between the
activation energies (Ea) of the cure of the epoxy resins
using H-MI and 1-MI, respectively. This significant
difference in Ea is seen for every studied concentration.
This result has also been reported by Berger et al. [3]
for the cure of epoxy resin using 2,4-EMI and 1-MI.

Therefore, it can be suggested that in addition to the
reaction mechanism shown in Scheme II (b,1) for
1-unsubstituted and 1-substituted imidazoles, the lone
pair electrons positioned at the 1-substituted nitrogen
can also attack the epoxy functional group, Scheme II
(b, 2).   

Figure 4 shows the water absorption curves of the
cured DGEBA /1-MI and DGEBA / H-MI systems. The
goal of this study was to describe the interactions
between the absorbed moisture and epoxy network.
The transport of moisture through the epoxy network
involves cooperative motion of water molecules and
3-dimensional resin network. The equilibrium water
absorption of both systems was almost 1% by weight.
One of the major factors affecting water absorption is
the presence or absence of hydrophilic groups in the
cross-linked network. There are the same types of
hydrophilic groups in the present studied systems.

There are also other relevant factors to consider,
notably free volumes, which generally increases with
cross-link density because of the development of a
rigid macromolecular framework. It can be seen in
Figure 4 that there is a sharp increase in water absorp-
tion, initially which can be due to water penetration
into structural defects and cavities on the surface of
samples, and a slow process of water absorption which
reaches to its equilibrium values of 1% after 60 h
immersion in the distilled water at room temperature.

Figure 5 shows chemical resistance of the studied
cured systems to acetone. As it is seen in this figure,
both systems show two steps and similar trend in the
weight reduction. The first fast step can be due to wash-

Figure 3. Plot of ln[(dα/dt)/(1-α)n] vs.1/T for DGEBA /H-MI

system.

Figure 4. Water absorption of cured DGEBA samples.    
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ing some of the unreacted epoxy from surface of the
samples. The second step is a slow weight reduction
which can be due to washing some of the unreacted
epoxy out of the bulk of the samples. The more com-
plex the network is, the longer it takes for acetone to
diffuse in and the system to reach to equilibrium. The
weight reduction in acetone reached to its equilibrium
value of about 4% after 60 h immersion.                       

Figure 6 shows chemical resistance of the cured

systems to the solution of 50% sodium hydroxide.  In
these cases, both systems show similar trend and the
same weight reduction magnitude. As it is seen in
Figures 5 and 6, there is almost a total of 4% weight
loss which can probably be related to epoxy resins that
are not contributed in the network formation. This can
be due to the fact that in the present study we used low
concentrations (<0.5 mol%) of imidazoles as curing
agent.  

Scheme II. Proposed mechanisms of adducts formation in the cure reaction of DGEBA with 1-unsubstituted (a) and 1-substituted

imidazoles (b).
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The results of thermal oxidation tests of the cured
DGEBA/H-MI and DGEBA/1-MI samples are shown
in Figure 7.  As indicated in this figure, the results for
both systems and for both procedures of samples prepa-
ration (A and B) are similar during the first two days
where there are gradual increases in weight reduction.
However, the weight reduction for the samples
prepared by the procedure B, for both systems, shows
a very sharp increase after two days induction period.
The components of the mixture that cure at a lower rate
(procedure A) can probably form a network with high-
er degree of cross-linking. Therefore, the rate of subse-
quent thermal oxidation of these samples is slow and
they show higher resistance against thermal oxidation.

Samples prepared by procedure B may have some
unreacted epoxy groups trapped within the network and
start to vaporize out of samples during thermal oxida-
tion tests. In addition to that, the rate of thermal oxida-
tion and subsequent chain scission and formation of
volatilize products in samples B must be higher.

CONCLUSION

The kinetic of cure reaction and property-structure rela-
tionships of the cured samples of DGEBA/ imidazole
and DGEBA/1-methyl imidazole systems have been
studied. The basic assumption used is that the heat evo-
lution recorded by dynamic DSC is proportional to the
extent of consumption of the epoxide group in the
epoxy resin. The kinetic parameters of the curing reac-
tion were obtained from dynamic DSC experiments
using the classic Barrett�s method. 

The results show that there are slight increases in
frequency factor and also in Ea as the initial concentra-
tion of the curing agents increase. The increase in the
frequency factor is indicative of the formation of the
greater number of active sites as the concentration of
hardener increases. The results showed that there is a

Figure 5. Chemical resistance of  cured DGEBA samples to

acetone.

Figure 6. Chemical resistance of cured DGEBA samples to 50%

NaOH solution. 

(a)

Figure 7. Weight losses of cured DGEBA samples during

heating at 200oC.

(b)
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small difference between Ea of DGEBA/1-unsubstitut-
ed and DGEBA/1-substituted imidazoles systems. This
difference in Ea can be related to the difference in the
mechanism of adduct formation. Both systems,
DGEBA/H-MI and DGEBA/1-MI, show similar trends
and magnitudes in water absorption and chemical
resistance to acetone and sodium hydroxide solution. 

Weight reduction of the cured samples during ther-
mal heating was also studied for both systems using two
different curing procedures. It can be concluded that the
curing procedure can have a great effect on thermal oxi-
dation properties. Samples that were cured fast at high
temperature showed lower thermal resistance.
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