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Abstract: A multifunctional amine, 1,4-bis(2,4-diaminophenoxy)benzene (14BDAPOB), was prepared

and used as a novel hardener for novolac epoxy resin (ER). The structure of 14BDAPOB was characterized

with Fourier transform infrared (FT-IR) spectroscopy and differential scanning calorimetry (DSC). The curing

kinetics of the novolac epoxy resin/1,4-bis(2,4-diaminophenoxy)benzene (ER/14BDAPOB) system was studied

by means of non-isothermal DSC experiments at five heating rates and determined by the Kissinger, Ozawa and
Crane methods. The results showed that the activation energy E, of the ER/14BDAPOB (74.56 kJ/mol) system
was higher than that of the epoxy resin/LCA-30 (ER/LCA-30, 68.85 kJ/mol), where LCA-30 is a commercial
modified diamine. The reaction order, frequency factor and the reaction rate constant at peak temperature of the

two systems were calculated. The initial decomposition temperatures (7,,..,) were 398.8 “C (ER/14BDAPOB)
and 334.3 °C (ER/LCA-30). The tensile shear strengths were 21.63 MPa (ER/14BDAPOB) and 21.28 MPa (ER/
LCA-30). The results showed that the two cured systems exhibited good thermal and mechanical properties.
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1 Introduction

Epoxy resins are widely used to formulate
moulding compounds for microelectronics packaging.
-2 This is because of their superior performance
at elevated temperatures, excellent mouldability,
superior mechanical and electrical properties, and heat

and humidity resistance. Aliphatic”"'"
[12-18]

and aromatic
amines , as curing agents, can improve the thermal,
chemical, and mechanical properties of the cured epoxy
resin which have attracted extensive research interests
during the past few years. Wan et al''”, for instance,
reported that the N,N,N,N-tetra(3-aminopropyl)-1,6-
diaminohexane (TADH) they prepared was an effective
curing reagent for diglycidyl ether of bisphenol-A
(DGEBA). However, we know of no reports of
aromatic tetraamine being used as a curing agent of
epoxy resin, with four reactive amino groups that can
react with the epoxy groups to get a high cross-linking

density network™"*".
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In the present study a new aromatic functional
amine (14BDAPOB) was first synthesized and then
used as the curing agent of an epoxy resin. 14BDAPOB
has four amine groups in its structure and thus it was
used in order to achieve the high cross-link density
expected to result in excellent thermal properties, high
cohesional strength, and chemical solvent resistance.
A non-isothermal method™** was used to evaluate the
kinetic parameters of the curing reaction by introducing
the Kissinger™, Ozawa"" and Crane®"! methods in
this study. When analyzing the non-isothermal DSC
data, an assumption can be made that E, (apparent
activation energy) is constant or it could be considered
to be variable during the process. In this work it was
supposed that £, was constant. In addition, the thermal
stability and dynamic mechanical properties of the
cured systems were evaluated.

2 Experimental

2.1 Materials

Hydroquinone, 2,4-dinitrochlorobenzene,
potassium carbonate (K,CO;), toluene, N,N-
dimethylformamide (DMF), hydrazine hydrate (HHA),
anhydrous ethyl alcohol, novolac epoxy resin (epoxy
value: 0.526-0.588, Scheme 1(a)), epoxy E-51 (epoxy
value: 0.51, Scheme 1(b)), LCA-30 (a modified
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diamine, structure unknown), palladium on activated
carbon (Pd/C) (10%) and 4,4’-Diaminodiphenyl ether
(DDE) were all obtained from Shanghai Electronic
Material Co., Ltd. (China).
2.2 Measurements
The thermal analysis was done by using DSC-
204F1 and TG-209F1 instruments in N,, both from the
German Netzsch Instrument Co., Ltd. The heating rate
was 10 ‘C/min, and the weight range was 3-5 mg. The
cohesional strength was measured on a tensile shear
strength tester HSK-S (Hounsfield, England). The FTIR
spectra were recorded on a Varian 640-FT-IR infrared
spectrometer (USA). 'HNMR spectrum was recorded
on a Avance 400 (Bruker, Switzerland) instrument.
2.3 Synthesis and characterization of 1,
4-bis (2, 4-dinitrophenoxyl) benzene
(14BDNPOB)
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Fig.1 DSC scan of 14BDNPOB
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Hydroquinone (HQ) 5.5 g (0.05 mol),
potassium carbonate (K,CO;) 13.8 g (0.105 mol),
2,4-dinitrochlorobenzene (24DNCB) 21.3 g(0.105
mol) and N,N-dimethylformamide (DMF) 80 mL
were added into a 250 mL three-necked flask, and the
mixture was heated to reflux until no further water was
separated. After the reaction was finished, the reaction
mixture was poured into 400 mL of distilled-water and
the crude product (yellow solid) crystallized to obtain
the product 20.8 g (yield: 93.3%). The melting point of
14BDNPOB was 247.4 'C(DSC, Fig.1).
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The structure of I4BDNPOB was characterized by
FT-IR spectroscopy (Fig.2). FT-IR results (KBr, cm™'):
1 531 and 1 350 (N-O), 3 105 (C-H of benzene), 1 610
and 1 499 (benzene), 1 269 (C-0).

2.4 Synthesis and characterization of 1,
4-bis (2, 4-diaminophenoxyl)benzene
(14BDAPOB)
14BDNPOB 8.8 g (0.02 mol, pure product), Pd/

C (10%) 0.5 g and ethanol 80 mL were added into a

250 mL three-necked flask, and the mixture was heated

to 70 'C followed by hydrazine hydrate 25 mL being

added dropwise. When the reaction was finished the
mixture was filtered and the white solid 5.1 g (yield:

80.0%) crystallized from the filtrate. The reaction

route is also shown in Scheme 1. The melting point of

14BDAPOB was tested by DSC (222.4 C, Fig.3).

The structure was characterized by FT-IR
spectroscopy (Fig.4). FT-IR (KBr, cm™'): 3 449 (N-
H), 1 618, 1 510 and 1 495 (benzene), 1 190 (C-0).
'"HNMR (DMSO-d,, ppm) (Fig.5): 4.8(br, 8H), 5.8
(d,2H), 6.0 (s,2H), 6.4 (d, 2H), 6.7 (s, 4H).

2.5 Sample preparation
Novolac epoxy resin, epoxy E-51 and hardener

were mixed at a 60: 40: 20 weight ratio. The mixture
was stirred until dissolved completely at room
temperature. 3-10 mg of the uniform viscous liquid
was put into a DSC sample pan for curing. The heating
rates were 2.5, 5, 10, 15 and 20 K/min in nitrogen
atmosphere.

3 Results and discussion

3.1 Synthesis and characterization of
14BDNPOB
14BDNPOB was synthesized from hydroquinone
(HQ) and 2,4-dinitrochlorobenzene (24DNCB) by
nucleophilic substitution reaction as shown in Scheme
1. Fig.2 clearly shows the asymmetric and symmetric

NO, ON
—<: E)— o—<: :>_O_<E :>—NO

14BDNPOB (a)

e G

14BDAPOB (b)

Scheme 1 Synthesis route for 14BDNPOB and 14BDAPOB
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characteristic absorption peaks of nitro groups at
around 1 531 cm™' and 1 350 cm ™', the C-H of benzene
group peak at 3 105 cm™', while the characteristic
absorption peaks of benzene (C=C) were at 1 610
and 1 499 cm™'. The absorption peak of C-O was at
1 269 cm™'. The melting point and FT-IR spectrum
confirmed the expected chemical structures of
14BDNPOB.
3.2 Synthesis and characterization of

14BDAPOB

The new tetraamine 14BDAPOB was synthesized
from 14BDNPOB by reduction. The measured melting
point of 14BDAPOB was 222.4 °C in Fig.3. In Fig.4
for 14BDAPOB, peaks at 3 449 cm™' and 3 406
cm™' were attributed to the aromatic primary amino
functional groups. Peaks at 1 618 cm™', 1 510 cm™' and
1 495 cm™' showed obvious benzene functional groups
and 1 190cm™' was the characteristic absorption peak
of C-O.
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Fig.4 FT-IR spectrum of 14BDAPOB
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3.3 Curing kinetics of ER/I4BDAPOB and

ER/LCA-30

Non-isothermal kinetics, which is an important
method for the characterization of the curing kinetics
of epoxy resin, has been studied for more than half a
century. With this method, the basic assumption is that
the curing process (do/df) is proportional to the heat
flow. All kinetic models start with the following basic

Eq.(1):

k(1) f (@)= Aexpl-E. I RT) f(@) (D)
where do/dt is the instant curing rate, o is the fractional
conversion at time ¢, k is the Arrhenius rate constant,
and f{a) is a functional form of a that depends on the
reaction mechanism. R is the gas constant, £, is the
activation energy and 4 is the frequency factor.

Kissinger took the derivative of Eq.(1) and
assumed that the reaction rate (da/d¢) reaches a
maximum at a temperature (7,), where the DSC curve

displays a peak, to obtain Eq.(2):

~dIn(8/T*) _Ea
d(1/T,) R

where £ is the heating rate and 7, is the temperature at
which da/df is the maximum. By use of the given DSC
curves with different heating rates (f), the Kissinger
plot of In(p/T, pz) against 1/T, was obtained. From the
slope of the Kissinger plot, the activation energy (£,)
can be calculated.

The Ozawa-Flynn-Wall method, based on
Doyle’s approximation, is an alternative method for the
calculation of E, and is expressed as Eq.(3):

)
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E
Inf=4-1.052—2
p R

3)

P

A plot of In(f) versus (1/T,) should give a straight
line with a slope of —1.052E,/R. This can give the
activation energy for different levels of conversion.
Furthermore, the curing reaction order (n) can be
obtained when the Crane method, as depicted in Eq.(4),
is applied.

dinp___E,
d1/T,)  nR

+27)) 4)

When E, is the activation energy calculated by
the Kissinger or Ozawa method, n can be derived from
the slope of In(f) versus 1/T, plot when E,/nR is much
higher than 27, through Eq.(5):

dln g E,

=T (%)
d1/7,)  nR _
E
The frequency factor (4) in Eq.(1) was calculated g
by use of Eq.(6): §
a

Ea X Ea / RT,
= PEexp(Eu RTy) ©
RTy

Furthermore the reaction rate constant at peak
temperature (K,) was calculated by use of the Arrhenius
equation (7):

Ky=Aexp(—Ea/ RT) 7

The DSC curves of ER/14BDAPOB and ER/
LCA-30, for five different heating rates, are shown in
Figs.6 and 7.

All curves showed only one exothermic peak,
regardless of the heating rate. The exothermic peaks
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increased. The temperature at which the instant
conversion rate was the maximum (7)) and the heating
rate () (Table 1) were used for the calculation of the
kinetic parameters by using the Kissinger, Ozawa, and
Crane methods.
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Fig.6 Non-isothermal DSC curves of ER/14BDAPOB
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Fig.7 Non-isothermal DSC curves of ER/LCA-30

The data in Table 1 were introduced into the
Kissinger equation, and —In(f/7, ) versus 1/T,
was plotted (Fig.8), from which an excellent linear
correlation was found (Rgg)i4ppapop=0.994 1, Rrrica.
3=0.997 0). The linear plots were expressed by the
following equations for ER/14BDAPOB and ER/LCA-
30:

became larger and sharper and the peaks also shifted Y=8.790 6x—11.248 (ER/14BDAPOB)
towards higher temperatures as the heating rate was Y=8.0552X—7.953 4 (ER/LCA-30)
Table 1 DSC data of ER/14BDAPOB and ER/LCA-30
System B /(K/min) T/K Ing /T, (x10°)/K! —In(B/T,%) —AH/(J/g)
2.5 395.5 0.916 2.528 11.044 72.74
5 404.7 1.609 2471 10.397 75.73
ER/14BDAPOB 10 417.6 2.302 2.394 9.766 80.70
15 425.6 2.708 2.350 9.399 91.26
20 432.2 2.996 2314 9.142 100.62
2.5 422.1 0.916 2.369 11.174 255.0
5 4343 1.609 2.302 10.538 266.2
ER/LCA-30 10 450.4 2.302 2.220 9.918 270.3
15 459.6 2.708 2.176 9.553 265.0
20 467.9 2.996 2.137 9.301 287.4
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The activation energies of ER/14BDAPOB and
ER/LCA-30 were calculated from the slopes of the

linear plots and are listed in Table 2.

Table 2 Activation energies of ER/14BDAPOB and ER/LCA-
30 with different kinetics model and reaction orders

E, /(kJ/mol)
System — -
Kissinger Ozawa Average Reaction order n
ER/14BDAPOB 73.1 76.0  74.6 0.93

ER/LCA-30 67.0 70.7  68.9 0.93

3.5F
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Fig.9 Slopes of Ing vs (1/T,)

The other method to calculate the activation
energy of the curing reaction is the Ozawa equation.
The data in Table 1 were also introduced into the
Ozawa equation (3), and plots of In (f) versus (1/
T,) gave straight lines with slopes of —1.052E,/R, as
shown in Fig.9.

The activation energies calculated from the slopes
are also listed in Table 2. Although the activation
energies obtained by using the Ozawa method were
higher than those by the Kissinger method, the
agreements between the values were reasonably good.
The reaction orders of ER/14BDAPOB and ER/LCA-
30 were calculated by introducing the activation energy
into Eq.(5), and the values are also listed in Table 2.
The results suggested that the curing reactions of epoxy
resin with 14BDAPOB and LCA-30 were complicated
reactions. For the curing reaction of the epoxy resin,
the reaction process is complicated such as the reaction
of amino- with epoxide group, hydroxyl- with epoxide

Vol.33 No.5 YU Xinhai et al: Curing Kinetics and Properties of Epoxy Resin with ...

groups and so on, the reaction order is not an integer.
The reaction mechanisms are similar so the reaction
orders of the two systems are the same.

From Table 2, it can be seen that the activation
energy of ER/14BDAPOB was higher than that of
ER/LCA-30, which can be attributed to the fact that
14BDAPOB has four active amines while LCA-30 has
just two active amines. This increased the crosslink
density which hindered diffusion in the curing system.

The frequency factors were calculated by
introducing the activation energy into Eq.(6), and the
values are listed in Table 3.

Table 3 Curing Kinetics parameters of ER/14BDAPOB

System B/(K/min) Frequency factor 4/(x10%) K,
2.5 6.31 0.140
5 7.27 0.268
ER/14BDAPOB 10 6.98 0.504
15 6.79 0.728
20 6.40 0.941
2.5 21.9 0.113
5 24.2 0.214
ER/LCA-30 10 23.2 0.397
15 234 0.572
20 22.0 0.736

The frequency factors of ER/LCA-30 were higher
than those of ER/14BDAPOB. From the results in
Table 3 it can be seen that the frequency factors of
ER/14BDAPOB were lower than those of ER/LCA-
30 which means that the reaction of the former is more
difficult than the latter which can be proved by the
reactive energy of the two systems, the reactive energy
of the former is higher than the latter.

3.4 Properties of ER/14BDAPOB and ER/

LCA-30
3.4.1 Thermal properties of curing epoxy adhesives

The degradation of the two epoxy adhesives was
evaluated with TGA. Figs.10 and 11 illustrate the mass
change at a heating rate of 10 C/min in N,.

Table 4 Thermal properties of epoxy resin

Mass change Mass change

System T C

/%(180 'C)  /%(300 C)
ER/14BDAPOB —1.17 ~7.59 398.3
ER/LCA-30 ~1.30 —4.49 3343

The data of the TGA results are listed in Table 4.
There was no significant mass loss up to 180 °C, then
the mass loss changed slowly between 180 and 300
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‘C, after which a quick mass loss appeared within the
temperature range of 300-500 “C. The initial decompo-
sition temperature of the ER/14BDAPOB resin (398.8
‘C) was higher than that of ER/LCA-30 resin(334.3 C).
The result suggested that the multifunctional hardener
of 14BDAPOB can improve the heat resistance of the
epoxy resin. A probable reason for the observation is
that 14BDAPOB has four reactive amino groups which
can enhance the crosslink density of the resulting epoxy
network to improve the heat resistance of the prepared
epoxy resin.

Mass change: —1.17%
Mass change: —7.59%
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30F
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Fig.10 Thermal analysis of ER/14BDAPOB resin
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Fig.11 Thermal analysis of ER/LCA-30 resin

3.4.2 Mechanical properties of curing epoxy adhesives

The tensile shear strength is important for the
application of epoxy resins. For understanding of
the mechanical properties of the epoxy resin cured
with 14BDAPOB, the tensile shear strengths of
ER/14BDAPOB and ER/LCA-30 were measured
and the results were compared with that of ER/
4,4'-diaminodiphenyl ether(DDE). The results are
summarized in Table 5.

Table S Mechanical properties of epoxy resin systems
ER/14BDAPOB ER/LCA-30 DDE
21.63 21.28 17.64

Curing system

Tensile shear strength/MPa

The tensile shear strength increased in the
order of 14BDAPOB>LCA-30>DDE. The cured
ER/14BDAPOB had the highest tensile shear strength
because, we suggest, 14BDAPOB has four active
amino groups which react with the epoxy resin to
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improve the cross-link density.

4 Conclusions

14BDAPOB was prepared and characterized.
Then 14BDAPOB and LCA-30 were used to cure
epoxy resin. The kinetics of the curing reaction of
ER/14BDAPOB and ER/LCA-30 were studied by
using non-isothermal DSC and two kinetic models:
Kissinger and Ozawa equations. The activation
energy increased, presumably because of an increase
in the crosslink density. The activation energies were
calculated by use of the Kissinger and Ozawa methods
and the results were similar. The kinetic parameters of
ER/14BDAPOB and ER/LCA-30 were calculated by
the Kissinger, Ozawa and Crane methods. The results
showed that T, values of the cured epoxy resin
systems were 398.8 ‘C (ER/14BDAPOB) and 334.3 °C
(ER/LCA-30); The tensile shear strengths of the cured
epoxy resin were 21.63 MPa (ER/14BDAPOB) and
21.28 MPa (ER/LCA-30).
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