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Preparation of 2-ethyl-4-methylimidazole derivatives as latent curing
agents and their application in curing epoxy resin
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ABSTRACT: Three kinds of 2-ethyl-4-methylimidazole (EMI) derivatives (N-acetyl EMI, N-benzoyl EMI, and N-benzenesulfonyl EMI)
were synthesized through the reaction of EMI with acetyl chloride, benzoyl chloride, and benzenesulfonyl chloride, respectively. And
the structure was confirmed by Fourier transform infrared spectroscopy (FTIR) and 'H-nuclear magnetic resonance spectroscopy ('H
NMR) spectra. Furthermore, the synthesized EMI derivatives were applied in diglycidyl ether of bisphenol A epoxy resin (DGEBA) as
latent curing agent. Differential scanning calorimeter (DSC) was used to analyze the curing behavior of DGEBA/EMI derivative sys-
tems, indicating DGEBA could be efficiently cured by the EMI derivatives at 110~160°C, and the corresponding curing activation
energy ranged from 71 to 86 kJ/mol. Viscosity data proves that the storage life of DGEBA with N-acetyl EMI (NAEMI), N-benzoyl
EMI (NBEMI), and N-benzenesulfonyl EMI (NBSEMI) at room temperature was 38 d, 50 d, and 80 d, and that at 10°C was 90 d,
115 d, and 170 d, respectively. Besides, thermogravimetry (TG), izod impact strength (IIS), and tensile shear strength (TSS) were
tested to characterize the thermal stability and mechanical properties of DGEBA cured by EMI derivatives. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Imidazoles, which are penta cyclic compounds containing both
secondary amine and imine, have been widely used as curing
agent in a variety of epoxy resins, due to the high curing effi-
ciency, intermediate curing temperature of imidazole/epoxy
resin system and the excellent mechanical properties of the cur-
ing product."? It is previously reported that the curing mecha-
nism of imidazoles/epoxy resins system is different from other
amine curing systems.”™ The attack of the imino nitrogen on
the terminal carbon atom of epoxy group unfolded the ring
structure and generated adduct between imidazole and epoxy
resin at the same time. Then the adduct reacted with another
epoxy group to form ionic compound, which served as the ini-
tiator of the curing reaction,® as shown in Scheme 1 (1). This
distinctive curing mechanism makes imidazoles more efficient
than other curing agents when applied to epoxy resin.”

However, the storage stability of imidazoles/epoxy system is not
satisfactory at room temperature, which restricts its application
to one-pot curing system.> Considerable researches have been
conducted on improving the storage stability of imidazoles as
curing agent. N-substituted imidazole derivatives as curing agents
were synthesized by some researchers, and the inductive effect
and steric hindrance of substituent group could prevent the imi-
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dazoles from reacting with epoxy resin at room temperature.

Other researchers restricted the activity of imidazoles by interact-
ing with metal salts to form the metal-imidazole complexes.''™"?
The metal could be Mn, Co, Ni, Cu, Zn, Ag, and lanthanide ele-
ments. When on heating, the imidazole molecule could be
released from complex and regain the curing capacity. Encapsula-
tion is another method to modify the storage stability of imida-
zoles, by which a wall was built around the imidazole molecules,
which would not react with epoxy group until be heated. The
material of wall could be polycaprolactone, urea-formaldehyde,
and ethylene glycol.'*™"” Unfortunately, the study have not
obtained a perfect latent curing agent yet, for the N-substitution
and encapsulation did not improve the latency of imidazole cur-
ing agent to a satisfactory level, and the compatibility between
metal-imidazole complexes and epoxy resins was poor.

2-ethyl-4-methylimidazole (EMI) is one of the most common
imidazole-based curing agents. Here, we report an approach to
enhance the storage stability of EMI in epoxy resin. Both
Heise and Dearlove proved that 1-substituted imidazoles initi-
ated curing reaction through the nucleophilic attack on epoxy
group, which led to the etherification reaction,* as shown in
Scheme 1, therefore nucleophilicity plays a key role in the cur-
ing process, and the storage stability of EMI may be improved
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Scheme 1. Proposed curing mechanism of epoxy cured by EMI and EMI EMI (viscosity: 4~8 Pa s), benzenesulfonyl chloride, and digly-

cidyl ether of bisphenol A epoxy resin (DGEBA) were purchased
if the nucleophilicity is weakened. In this article, 1-substituted ~ from Tianjin Chemicals, Tianjin Fuchen Chemicals, and China
Petroleum Chemicals, respectively. Both acetyl chloride and ben-
zoyl chloride were purchased from Chinasun Specialty Chemicals.

derivatives.

EMI derivatives were synthesized through the reaction between
EMI and corresponding acyl chloride compounds, including N-
acetyl EMI (NAEMI), N-benzoyl EMI (NBEMI), and N-benzene- Triethylamine, tetrahydrofuran (THF), and dichloromethane were
sulfonyl EMI (NBSEMI), as shown in Scheme 2. Acetyl chloride,
benzoyl chloride, and benzenesulfonyl chloride were chose as

reactants to synthesize 1-substibuted EMI, for the electron with- et :.-
drawing property of acyl may weaken the nucleophilicity of EMI, N J{O P90 \
and then deprive the reactivity of EMI at room temperature. 5'36)§<'g s @ "
Besides, the reaction between acyl chloride and EMI is easy to @ {
perform and the by-products are easy to remove. Then the curing il — H_ -
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ure can be viewed in the online issue, which is available at wileyonlineli-
Scheme 2. Synthesis routes of EMI derivatives. brary.com.]
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Table I. Chemical Shifts (PPM) of "H NMR Spectra of EMI Derivatives
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EMI derivatives H1 H2 H3 H4 HS H6E H7 H8
NAEMI 1.30/t 2.18/s 2.52/s 3.03/q 6.91/s = = =
NBEMI 1.35/ 2.18/s - 3.07/q 6.74/s 7.52/t 7.632/t 7.75/d
NBSEMI 1.26/t 2.16/s = 2.85/q 7.12/s 7.562/t 7.662/t 7.87[d

supplied by Rich Joint Chemicals. All chemicals used in these
experiments were used as received without further purification
except THF and dichloromethane dried by molecular sieve.

Synthesis

Synthesis of NAEMI. EMI (5.02 g, 0.05 mol) and triethylamine
(6.07 g, 0.06 mol) were dissolved in THF (100 mL), and
another solution of acetyl chloride (3.93 g, 0.05 mol) in THF
(50 mL) was added dropwise under N, at 6~8°C in 1 h, then
the solution was stirred at room temperature for 8 h. The pre-
cipitated amine hydrochloride and solvent were removed by
vacuum filtration and rotary evaporation, respectively. 6.54 g of
viscous liquid product was obtained.

Synthesis of NBEMI. EMI (6.61 g, 0.06 mol) and triethylamine
(7.28 g, 0.072 mol) were dissolved in dichloromethane
(100 mL), and another solution of benzoyl chloride (8.43 g,
0.06 mol) in dichloromethane (50 mL) was added dropwise
under N, at 6~8°C in 1 h, then the solution was stirred at
room temperature for 12 h. The reaction mixture was washed
by water for several times and the organic solvent was removed
by rotary evaporation. 10.5 g of viscous liquid product was
obtained.

Synthesis of NBSEMI. The preparation of NBSEMI was in the
same way as that of NBEMI except that the benzenesulfonyl
chloride was added at room temperature. And buff crystal prod-
uct was obtained.

Preparation of DGEBA/EMI Derivative Systems
For the liquid curing agents, EMI, NAEMI, and NBEMI were
added into DGEBA at different concentration, respectively. Sub-
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Figure 3. Dynamic DSC curves of the DGEBA/EMI system with the con-

centration of EMI at 1.5%, 3.0%, and 5.5%. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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sequently, the systems were stirred by magnetic stirrer for 30
min and homogeneous systems were obtained. For the crystal
curing agent, NBSEMI was dispersed in DGEBA at different
concentration by milling, and the crystal particles dissolved in
DGEBA slowly at room temperature after 24 h.

Characterization

FTIR spectra were obtained with Analect RFX-65 Fourier Trans-
form infrared spectrometer, scanning from 4000 to 400 cm ™.
"H-NMR spectra were carried out with AVANCE Digital
400MHz spectrometer in deuterated chloroform solvent. DSC
was performed on NETZSCH DSC 204 F1 device heating from
20 to 350°C at different heating rates under N,. Viscosity was
acquired on NDJ-1 rotary viscometer to analyze the storage sta-
bility at room temperature. TG analysis was performed on
NETZSCH TG 209 F1 instrument at a heating rate of 20°C/min
from 30 to 700°C under N,. Impact tester (XJW-2.25) was used
to test the unnotched impact strength of the curing specimen.
Adhesive property of the DGEBA/EMI derivative systems to alu-
minum, steel, and copper was measured on UT-2080 electronic
universal material testing machine according to ISO 4587:2003.

RESULTS AND DISCUSSION

Structure of the EMI Derivatives

The FTIR spectra of EMI and the corresponding derivatives are
shown in Figure 1. The absorption in 3420~2430 cm™'
1577 cm™ ! attributed to N-H linkages'®'® appears in the spec-
trum of EMI rather than that of the EMI derivatives, suggesting
N-H bond from EMI reacted with the acyl chloride from the
modifier. NAEMI and NBEMI show characteristic absorption of

and
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Figure 4. Dynamic DSC curves of the DGEBA/NAEMI system with the con-
centration of NAEMI at 2 wt %, 4 wt %, and 7 wt %. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Dynamic DSC curves of the DGEBA/NBEMI system with the
concentration of NBEMI at 3%, 5%, and 8%. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

C=0 at 1731 cm™ ' and 1707 cm™ ', respectively. The peaks at
1600~1590 cm™ ' and 3062 cm ' for NBEMI and NBSEMI are
responsible for the vibration of benzene skeleton and Ph—-H. The
NBSEMI also exhibits an absorption peak at 1180 cm™ ' corre-
sponding to the vibration of S-N. The absorption at about
1440 cm ™' and 1380 cm ™! of the four spectrograms are attributed
to C-N bond.* Peaks at 2980~2840 cm ™' are attributed to the
C-H stretching of the imidazole ring and the aliphatic chain.*'
These peaks confirm the reaction between the secondary amine of
EMI and the acyl chloride groups of N-acetyl chloride, N-benzoyl
chloride, and N-benzenesulfonyl chloride as shown in Scheme 2.

"H NMR spectra shown in Figure 2 further confirm the struc-
ture of the EMI derivatives, and the corresponding data is listed
in Table 1,>*72° in which the unit of chemical shifts () is part
per million (ppm), and the letter s, d, t, and q in Table I refer
to singlet, doublet, triplet, and quartet. NAEMI shows an extra
peak of -CO—CH compared with EMI, and N-benzoyl EMI and
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Figure 6. Dynamic DSC curves of the DGEBA/NBSEMI system with the
concentration of NBSEMI at 5%, 8%, and 15%. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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NBSEMI show extra peaks of aromatic hydrogen at 7.5~7.9.
The signal at about 13.6 corresponding to the N-H on imidaz-
o0le”® does not appear in the three spectra. The peak at 7.26 is
attributed to the absorption of deuterated chloroform solvent.

Analysis of Curing Behavior

The dynamic DSC curves of DGEBA with EMI, NAEMI,
NBEMI, and NBSEMI at various concentrations heated at 10°C/
min are given in Figures 36, respectively. And the correspond-
ing exothermic parameters are shown in Table II. Considering
the difference among the curing efficiency of each EMI deriva-
tives, the DSC of the four systems was characterized at different
concentration to present the exothermic properties more effi-
ciently. A sharp exothermic peak attributed to curing reaction
can be observed in DSC curves of each system, and there is a
small shoulder at the start of the main peak for the DGEBA
cured by NAEMI and NBEMI. Heise et al.>’° owed this small
exothermic peak to the formation of adducts between imida-
zoles and epoxy resin, which is the initial step of curing pro-
cess.”™ However, this small shoulder peak does not appear on
the curves of DGEBA/EMI system in Figure 3 and DGEBA/
NBSEMI in Figure 6.

The concentration of curing agents affected the shape of the
DSC curves obviously. As shown in Figures 3-5, a broad exo-
thermic peak appears at the temperature higher than 200°C
when the concentration is relatively low, and the extra exother-
mic peak of DGEBA/NBSEMI system in Figure 6 is sharper and
appears at higher temperature. Omrani ef al® attributed this
extra peak to the reason that epoxy groups were not exhausted
when the concentration of curing agent was small, and the
remaining epoxy groups were available for further reaction. The
relative area of the extra peak at high temperature decreases
with the increasing of the curing agent concentration, and the
extra peak does not appear when the concentration of NAEMI
reaches to a certain extent, for the more epoxy groups con-
sumed by curing agent, the less reaction occurring at high
temperature.

Table II. Exothermic Properties of DGEBA Cured by EMI Derivatives at
Different Concentration

Onset Peak
Curing Concentration  temperature temperature AHo
agents  (wt %) (°C) (C) (J/a)
EMI 1.5 102.5 126.7 158.5
3 84.8 120.6 297.3
5.9 74.9 116.3 325
NAEMI 2 1254 148.9 117
4 1241 146.0 256
7 121.5 142.0 385
NBEMI 3 127.5 150.9 136
5 127.2 147.8 298
8 127.8 145.8 409
NBSEMI 5 174.6 204.8 78
8 168.3 198.2 196
15 156.4 197.9 316
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Figure 7. Dynamic DSC curves of the DGEBA/EMI derivatives system at heating rates of 5, 10, 15, and 20°C/min, (A) DGEBA/NAEMI, (B) DGEBA/
NBEMI, (C) DGEBA/NBSEMI; (D) Plot for determination of the Ej and the A by Kissinger method. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

As shown in Table II, with increasing the concentration of
EMI derivatives, the curing systems release more heat and the
exothermic peaks shift to lower temperature, because higher
ratio of curing agent might leads to faster reaction.”® The cur-
ing temperature of the DGEBA with EMI derivatives is higher
than that with EMI, especially for DGEBA/NBSEMI system.
Since the electron-withdrawing ability of sulfonyl is stronger
than that of carbonyl, which was proved through comparing
the dissociation constants of acetic acids with different substit-
uent groups,” the EMI substituted by phenylsulfonyl owned
weaker nucleophilicity than that substituted by acetyl and
benzoyl, so more heat was needed to stimulate the curing
reaction.

Weaker nucleophilicity means weaker activity and lower curing
efficiency, so the total exothermic heat (AH,,) of DGEBA/

NBSEMI system is less than that of other two systems,'® and
the AH,,, of DGEBA cured by EMI derivatives is obviously less
than that cured by EMI when the concentration of curing agent
is relatively low. When it comes to the increasing trend of AH,
with the increasing of curing agent concentration, the amplifica-
tion of DGEBA/EMI is much less than that of DGEBA/EMI
derivative systems. That may be caused by the difference
between the curing mechanisms of DGEBA/EMI and DGEBA/
EMI derivatives system, as shown in Scheme 1.

The dynamic DSC heating at 5, 10, 15, and 20°C/min was also
measured to discuss the curing kinetic parameters of the
DGEBA/EMI derivative systems, as shown in Figure 7(A-C),
and the adopted concentration of NAEMI, NBEMI, and
NBSEMI were 7 wt %, 8 wt %, and 15 wt %, respectively. Kis-
singer method®® was adopted to calculate the activation energy

Table III. Curing Kinetic Parameters for the DGEBA/EMI Derivative Systems Derived from Kissinger Method

Tm (°C) of DSC curves at different g (°C/min)

Curing agent 5 10 15 20 Slope Y-intercept Ex (kJ/mol) A(s™Y
NAEMI 130.2 142 150.2 155,85 8.60 -10.95 71.53 4.89%10°
NBEMI 134.6 145.7 153.4 158.9 9.17 -12.08 76.20 1.62x10°
NBSEMI 184.2 197.9 205.5 2111 10.44 —-12.17 86.77 2.63x10°
Maleils f
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Figure 8. Viscosity evolution of DGEBA with different curing agents at
room temperature, (a) 2 wt % of EMI, (b) 3 wt % of NAEMI, (c) 3 wt %
of NBEMI, and (d) 8 wt % of NBSEMI. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

(Ex) and frequency factor (A), which was based on the follow-

ing equation:
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Figure 9. Viscosity evolution of DGEBA with different curing agents at
10°C, (a) 2 wt % of EMI, (b) 3 wt % of NAEMI, (c) 3 wt % of NBEMI,
and (d) 8 wt % of NBSEMI. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

ideal gas constant, respectively. Based on this equation, the cur-
ing activation energy (E;) could be obtained from the slope of
—In (/T2 versus 1/Ty, plot in Figure 7(D),>* and A could be
calculated from the y-intercept (I) by the following equation:*

Ek

where f is the heating rate (°C/min); Ty, is the maximum exo- A= Rexp (I) (2)
thermic peak temperature; A and R are Arrhenius constant and
28 28
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Figure 10. Izod impact strength of the epoxy resin cured by (c¢) EMI, (b) NAEMI, (c) NBEMI, and (d) NBSEMI.
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Table IV. Tensile Shear Strength of the DGEBA/EMI Derivative Systems
on Metals

Tensile shear
strength/Mpa

Concentration

Curing agent (wt %) Aluminum Steel Copper
EMI 1.5 6.7 123 132
3 9.9 102 91
5.8 7.6 158 108
DGEBA/NAEMI 2 6.3 101 88
4 10.3 95 12.4
7 8.6 141 164
DGEBA/NBEMI 8 7.7 119 92
5 8.2 10.7 124
8 10.3 154 121
DGEBA/NBSEMI 5 7.9 159 98
8 11.2 12.7 11.3
15 9.6 16.6 152

As shown in Figure 7(A—C), the exothermic peak temperatures
of the DSC curves for the three systems shift to higher value
with increasing heating rate (f5). The peak temperatures and the
corresponding kinetic parameters calculated with eq. (1) are
shown in Table III. The modification dramatically weakened the
reactivity of EMI and raised the energy barrier of curing reac-
tion, thus the E; for DGEBA/EMI derivative systems is at 71.5~
86.8 kJ/mol, which is higher than the 63.6 kJ/mol of DGEBA/
EMI system reported by Zhang,® and the Arrhenius constant
ranges from 4.89X10° to 2.63X10° s~ . The order of Ey for the
three systems is DGEBA/NBSEMI >DGEBA/NBEMI >DGEBA/
NAEMI, which is coincide with that of exothermic onset and
peak temperature in Table II. NBSEMI owned the highest E; of
curing reaction for its stronger electron-withdrawing capacity
than the other two EMI derivatives, and that the E; of NBEMI
is higher than that of NAEMI due to the larger steric hindrance
of benzoyl than acetyl.
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Storage Stability of Curing System

DGEBA with imidazole derivatives as curing agent was stored at
room temperature (25~35°C) and in refrigerator (10°C), respec-
tively. And the viscosity of curing system was measured regu-
larly to investigate the storage stability.

For the curing system stored at room temperature, as shown in
Figure 8, the viscosity of DGEBA/EMI system going from 4700
up to 72600 mPa s in just 3 days (d) demonstrates poor storage
stability, while the viscosity of DGEBA/NAEMI and DGEBA/
NBEMI systems changes slowly until the curves reach a turning
point, after which the viscosity increases rapidly. The turning
point of DGEBA/NAEMI and DGEBA/NBEMI systems is 38
and 50 d, respectively. The electron-withdrawing effect of the
substituent groups and the elimination of N-H bond in the
substitution reaction may contribute to the better storage stabil-
ity.!®*? That the DGEBA/NBEMI system possessed better stor-
age stability than the DGEBA/NAEMI system may be attributed
to larger steric hindrance of phenyl group. The strongest
electron-inducing ability of benzenesulfonyl may explain the
phenomenon that almost no viscosity change of DGEBA/
NBSEMI system was found after 80 d.

For the curing system stored at 10°C, as shown in Figure 9, the
trend of viscosity evolution likes that of the curing system
stored at room temperature, while the storage time is much
longer. The viscosity of DGEBA/EMI system reaches 83600 mPa
s in 8 d, and the turning point of DGEBA/NAEMI and
DGEBA/NBEMI systems is 90 and 115 d, respectively. For
DGEBA/NBSEMI system, the viscosity shows little augment
after 170 d.

Mechanical Properties

The specimens for impact test were cured by EMI (80°C, 1 h),
NBEMI (120°C, 1.5 h), NAEMI (120°C, 1.5 h), and NBSEMI
(165°C, 3 h) in rectangular mold. The dimension of the Izod
impact specimens was 80X 10X4 mm, and five samples for each
formula were tested for an average value. As shown in Figure
10, Izod impact strength (IIS) of the samples cured by EMI,
NAEMI, NBEMI, and NBSEMI is at 9.4~15.1, 12.7~25.9,

300 400 500 600

Temperature (°C)

1(‘10 2(l]0 700

T v T T . T Y T T ¥ T 1 T 3 T
360 380 400 420 440 460 480 500 520
Temperature (°C)

Figure 11. TG and DTG curves of the DGEBA cured by (a) 7 wt % of EMI, (b) 8 wt % of NBEMI, (c) 7 wt % of NAEMI, and (d) 15 wt % of NBSEMI,
respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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11.5~17.1, and 8.1~15.5 kJ/mol, respectively. It is obvious that
the IIS of the systems cured by EMI and NAEMI increases with
the content of curing agent, for higher concentration of curing
agent led to denser cross-linked structure and enhanced the
strength of the curing product. While the IIS of the samples
cured by NBEMI and NBSEMI reaches the maximum value
when the content of curing agent is 5.6 wt % and 12 wt %,
respectively, and further increase of EMI derivatives weaken
the IIS. That may be contributed to the rigid benzene ring on
molecule of NBEMI and NBSEMI, which might block the
movement of the molecular chain, the toughness of the mate-
rial was weakened when the content of NBEMI and NBSEMI
exceed a certain threshold. The IIS of DGEBA cured by
NBEMI and NBSEMI is similar to that of DGEBA/EMI, and
that of DGEBA cured by NAEMI is superior to other three
systems, for the flexibility of ethyl is much better than that of
benzene ring, which may help to toughen the material. Ten-
sile shear strength (TSS) was measured to evaluate the adhe-
sive property of the DGEBA/EMI derivative systems on
aluminum, steel, and copper. Three specimens for each for-
mula were tested for an average value, as shown in Table IV.
It can be seen that the modification of EMI does not affect
the adhesive property obviously, the TSS of specimens based
on aluminum, steel, and copper is 6~11, 9~17, and 9~16
MPa/m?, respectively. The TSS of steel and copper are higher
than that of aluminum, since the low surface energy of epoxy
resin makes it more likely to infiltrate into the material that
with high surface energy, and the surface energy of steel and
copper is much higher than that of aluminum,”” so more
epoxy resin permeated into the micropore or gap on steel
and copper and more excellent adhesive strength was
obtained. The adhesive strength is controlled by the concen-
tration of curing agent to some extent, even though the influ-
ence of the concentration in different systems does not follow
any certain rule.

Thermal Stability of Curing Systems

The curing products of DGEBA used for TG analysis were cured
by EMI (80°C, 1 h), NBEMI (120°C, 1.5 h), NAEMI (120°C,
1.5 h), and NBSEMI (165°C, 3 h), respectively. The TG and
DTG curves are shown in Figure 11. All samples are degraded
at 370~500°C, and the resin cured by NBEMI and NAEMI
present better thermal stability than that cured by EMI. The
products of DGEBA/NAEMI and DGEBA/NBEMI lose 5% of
weight at 422°C and 425°C, which is 11°C and 14°C higher
than that of the DGEBA/EMI product, respectively, and these
two products maintain thermal stable superiority in the whole
degradation process. The DGEBA/NBSEMI product begins to
degrade at a lower temperature than that of the DGEBA/EMI
product and lose 5% of weight at 397°C, while the degradation
rate is smaller than that of other systems. The curing behavior
analysis indicates that the curing efficiency of NBSEMI is rela-
tively low and a higher concentration of NBSEMI is needed to
cure DGEBA, and higher concentration of curing agent means
more crosslink center, which may led to the smaller degradation
rate. Compared with the DGEBA cured by Cu(PGE-EMI),Cl in
previous work,”® which reached 5% of weight loss below 390°C,
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the products of DGEBA/EMI derivatives in this study show
great advantage in thermal stability.

The products of DGEBA/EMI, DGEBA/NAEMI, DGEBA/NBEM]I,
and DGEBA/NBSEMI reach the highest degradation rate at
452.2, 457.3, 461.8, and 460.2°C, respectively, as indicated in the
DTG curves [Figure 11(B)]. The maximum value of the weight
loss per centigrade of DGEBA/NBSEMI system is 31.7%/°C,
which is much less than that of other three systems, and the cor-
responding degradation peak is relatively wide, which means a
smaller rate and a larger temperature range for degradation.

CONCLUSIONS

FTIR and 'H NMR spectra prove that the three kinds of curing
agents (NAEMI, NBEMI, and NBSEMI) are successfully synthe-
sized. The DGEBA can be efficiently cured by the EMI deriva-
tives at 110~160°C, and the corresponding curing activation
energy range from 71 to 86 kJ/mol. The modification of EMI
enhanced the storage ability of curing system based on DGEBA.
Besides, TG and DTG curves indicate that the thermal stability
of DGEBA cured by NAEMI or NBEMI is better than that cured
by EMI. The curing products of DGEBA/EMI derivatives do not
show obvious compromise in impact strength and adhesive
property compared with that of DGEBA/EMI. Our research is
useful for the preparation of latent epoxy resin system.
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