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Characteristics of Crosslinked Resin Modified with Nitriles
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Abstract The cure mechanism and cure kinetics of diglycidyl ether of bisphenol A(DGEBA)/4,4° ~methylene
dianiline(MDA)/nitrile(MN, SN, GN) systems were studied by FT-IR and DSC to develop new applications in the bio-
medical polymer fields. The network structure of the DGEBA/MDA system was changed to the chain-extended net-
work structure by the addition of nitriles. The reactions contributed to the chain extension were the primary amine-
nitrile and hydroxyl- nitrile reactions. The chain-extended network structure could be indirectly proved by the decre-
ment of T, and the increment of impact strength with the increasing nitrile content. The cure rate of DGEBA/MDA/
nitrile system was lower than that of DGEBA/MDA system due to the disturbance of nitrile group in the reaction of

primary amine and epoxide groups.

1. Introduction

In recent, various polymers have been applied to the
biomedical materials. Polyurethane is used for the cath-
eters and blood contacting surfaces and polyformalde-
hyde is for the heart valve stents/orthopedics. Polyam-
ides are applied to the membranes and sutures and ther-
moplastic elastomers are used for the catheters. With
the more demands for the biomaterials, the more kinds
of polymers should be deVeloped and modified and they
must function in a range of environments that require
corrosionresistance, ultraclean manufacturing, and often
surface modification to enhance biocompatibility.!~ ¥

Epoxy resins are used in the fields of adhesives, coat-
ings, electrical insulators, encapsulants, structural ap-
plications, etc.
researchers have investigated to develop new epoxy
resins of high performance.*"® To improve the mechani-

automobiles, aircrafts, and many

cal, thermal and electrical properties, epoxy resins or/
and curing agents are modified by the following meth-
ods; (1) introduction of reactive additives, (2) incorpo-

ration of reactive liquid rubbers, and (3) mixing with
different epoxy resin and curing agent. In this study,
epoxy resin was modified by the first method to give
them the good application for biomaterial. The reactive
additives were malononitrile (MN), succinonitrile (SN)
and glutaronitrile (GN).

It has been well known that the sequence of cure re-
actions for epoxy/amine system is as follows; (I) the
reaction of epoxide group with primary amine, ()
that of epoxide group with secondary amine and (Ifl)
that of epoxide group with hydroxyl group.!*'?
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A hydroxyl group generated in the reactions (1)
and (II) served as a catalyst for other reactions (1)
and (II). For this reason, the curing of epoxy resin
with amine system is called autocatalytic reaction.
These reactions happened competitively in series, so it
is very difficult to interpret the cure kinetics of epoxy/
amine system.

Kissinger equation was used to investigate the cure
kinetics.'*'¥

-In(g/T?) = E/RT.— In(AR/E.)

where, q is the heating rate, T,, the temperature at
which maximum peak value took place, E,, activation
energy, A, pre-exponential factor and R, gas constant.
~ From the relationship of T, vs. q, E. and A can be ob-
tained easily. T, and q were obtained from the data of
dynamic DSC run with the assumption that the exother-
mic heat evolved during the cure was proportional to
the extent of monomer conversion.

2. Experiment

The structural formulae of diglycidyl ether of
bisphenol A (DGEBA, Epon 828, Shell Co.), 4,4" ~-meth-
dianiline (MDA), malononitrile (MN),
succinonitrile (SN) and glutaronitrile (GN) were
shown in Scheme 1. The MDA, MN, SN, GN were sup-
plied by Fluka Chemie AG.

DGEBA as a base resin was cured with MDA and
the nitrile compounds were used as reactive additives.
Samples were prepared by mixing of DGEBA, MDA
(30 phr) and nitriles . (0, 5, 10, 15 and 20 phr).

Cure mechanism was investigated by FT-IR
(Shimadzu, Japan) at the range of 400~4,000 cm™".
W ell-mixed samples were cured at 80 ~120°C for vari-

ylene

ous time and the characteristic peaks of functional
groups were traced.

To study the cure kinetics, dynamic DSC analysis
was carried out at the heating rates of 2, 5, 10 and 20
C /min under the nitrogen atmosphere of 40 ml/
iy 15.16)

min
T¢ was measured by DSC analysis at the heating rate
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Scheme 1. The Structural Formulae of the Materials.
of 10 C/min.
3. Results and Discussion

It has been well-known that p-phenylene group does
not take part in the chemical reaction during the cure
of each sample, so the peak of p~phenylene at 830 cm™"
is taken as a standard within the experimenfal error
range in order to estimate the relative intensities for
other characteristic peaks. Fig.1 shows the increase and
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Fig. 1. FT-IR spectra for the DGEBA/MDA/SN system (A)
cured at 80°C for 30 min and (B) cured at 110°C for 1 hr
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Scheme 2. The network structure of the DGEBA/MDA system
(A) and the chain-extended network structure (B) by the
addition of SN.

decrease of the FT-IR characteristic peaks for the
functional groups pérticipated in cure reaction. Fig. 1
(A) is for the little cured samples in the initial stage
which are cured at 80 °C for 30 min and Fig. 1 (B) is for
the almost cured samples in the final stage which are
cured at 110°C for 1 hr. ‘ )

In the initial stage of the cure reaction in DGEBA/
MDA system without SN, the primary amine is reacted
with epoxide group by the following_ the mechanism
(I} of the introduction section. This means that the in-
tensities of the characteristic peaks for primary amine
at 3300 cm™' and epoxide group at 915 cm™' should de-
crease. However, in the case of DGEBA./MDA system
with SN, the intensity of primary amine decreased, but
that of epoxide group was almost constant. It was due
to the following reaction between primary amine and

nitrite.' -

RNH.+ N=C—R — RNH—-C—R (V)

I
NH

In the final stage of the cure reaction in DGEBA/
MDA system without SN, the hydroxyl group is reacted
with epoxide group to form ether linkage by the follow-
ing mechanismn (I) of the introduction section. This
means that the intensity of the characteristic peak for
hydroxyl group at 3380 cm™' should decrease in the
final stage and that for ether linkage at 1120 cm™
should increase. However, the intensity of ether linkage
decreased with the increasing SN content and it was
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gmameey 111 reacuon of hydroxyl and nitrile groups. This
ieaction was expressed as follows.

R—-CH-~R+N=C-R - R-C~R 2 R—C-R
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From the results of the mechanism (V) and (V),
the network structure of the DGEBA/MDA system
[Scheme 2(A)] was changed to chain-extended net-
work structure [Scheme 2(B)] by the addition of SN.
These mechanisms were also applied to the system with
other nitriles. )

The chain-extended network structure could be indi-
rectly proved by the decrement of T, and the increment
of impact strength with the increasing nitrile content as
shown in Fig. 2 and 3.
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Fig. 2. Decrement of T, with the increment of nitrile content.
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Fig. 3. Increment of impact strength with the increment of ni-
trile content.
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Fig. 4. DSC curves for DGEBA/MDA system at the different
heating rates heating rates; (A) 2°C/min, (B) 5C/min, (C) 10C
/min and (D) 20°C/min.
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Fig. 5. DSC curves for DGEBA/MDA system with 5 phr of SN
heating rates; (A) 2°C/min, (B) 5C/min, (C) 10°C/min and (D)
20°C/min

Fig. 4 shows the DSC curves for DGEBA/MDA
system from 30C to 350C at four different heating
rates. Each cure curve shows only one exothermic peak
regardless of the heating rate and the temperature, T,
at which the maximum peak value appears increases
with increasing heating rate. Fig.5b shows the DSC
curves for DGEBA /MDA system with 5 phr of SN at 2,
5, 10 and 20 °C/min. These curves also show only one
exothermic peak regardless of the heating rate and T,
value increases with increasing heating rate. The only
one T, meant that the cure mechanisms (1 ~ M) for
DGEBA/MDA system and the mechanisms (1 ~ V)
for the system with nitriles took place competitively
and serially in one stage.

To get the activation energies and the pre-exponen-
tial factors for two systems, the heating rate, q vs. the
ternperature, T, was plotted in Fig. 6. T, values of
DGEBA/MDA/SN system were higher about 4°C than
those of DGEBA /MDA system without SN. This was
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Fig. 6. T, values at the different heating rates for DGEBA/
MDA system with(ll) and without(@®) SN (5 phr).

12

Pz

/

o Z
Ad

21 22 23 24 25 26
17, x 10°

(eIt

Fig. 7. Kissinger plots for DGEBA/MDA system with(ll) and
without(@) SN (5 phr).

due to the disturbance of the cure reaction by SN. 1/T,
and -In{q/T,?) were obtained from Fig. 6 and listed in
Table 1. The Kissinger plots were illustrated in Fig. 7
and the linear equations were as follows.

-In(g/T,» =5535%10°- 1/T, — 2.849
, for DGEBA/MDA system
-In(g/T,» = 5.747x10*- 1/T, — 3218
for DGEBA/MDA /SN system

The activation energy could be calculated from the
slope and the pre-exponential factor from the intersec-
tion. The activation energy and pre-—exponential factor
for DGEBA /MDA system were 46.02 kJ/mol and 1.59
X 10% sec™!, and those values for DGEBA /MDA /SN
system were 47.78 kJ/mol and 2.39 X 10% sec™".

Fig. 8 shows the DSC curves for DGEBA/MDA
systems with MN, SN and GN at the heating rate of 10
‘C/min. T, value of DGEBA /MDA system appeared at
a higher temperature than those of the system with ni-
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Table 1. The Relationship of 1/T, x 10° vs. ~In(a/T:).

System /7T, x 10 ~Inlaq/TH
2.54 11.95
2.41 1045
DGEBA/MDA %0 054
2.18 9.26
252 11.27
2.38 10.47
DGEBA/MDA/SN 228 0.86
217 9.27
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Fig. 8. DSC curves for DGEBA/MDA system with 5 phr of
nitriles at 10°C/min, (A) DGEBA/MDA, (B) DGEBA/MDA/
MN, (C) DGEBA/ MDA/SN and (D) DGEBA/MDA/GN

Table 2. Activation Energies and Pre-exponential Factors
for DGEBA/MDA System with Various Contents of
Nitriles.

Nitrile Activation  Pre-expon
System Content Energy ential factor
(phr) (kJ/mol) (sec™)

DGEBA .
/MDA 0 46.02 1.59x 10
3
DGEBA 5 47.65 2.95x 10
/MDA/MN 10 4874 2.72x10°
15 490.74 3.27x10°
3
DGEBA 5 47.78 2.39x10
/MDA/SN 10 48.69 2.34%10°
15 50.37 4.77x10°
3
DGEBA 5 47.40 2.00x10
/MDA/GN 10 4874 3.17x10°
15 49.74 4.20x10°

trile compounds.

Activation energies and pre-exponential factors for
the DGEBA/MDA system with various contents of
nitriles were also calculated by the Kissinger equation
and these values were listed in Table 2. The activation
energy increased with the introduction of nitrile com-
pounds. ’

The results of the increasing T, value and activation
energy with the incorporation of nitrile compounds im-
plied that the cure reaction of DGEBA /MDA /nitrile

n was more difficult and needed more energy

n that of DGEBA/MDA system. It was due to the

disturbance of nitrile group in the reaction of primary
amine and epoxide groups.

4. Conclusions

The network structure of the DGEBA/MDA system
was changed to the chain-extended network structure
of DGEBA /MDA /nitrile systems by the reactions of
primary amine-nitrile groups and hydroxyl-nitrile
groups. The chain-extended network structure could be
indirectly proved by the decrement of T, and the incre-
ment of impact strength with the increasing nitrile con-
tent. The cure rate of DGEBA/MDA/ nitrile system
was lower than that of DGEBA/MDA system due to
the disturbance of nitrile group in the reaction of pri-
mary amine and epoxide groups.
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