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Abstract

Three different olefinic ester resins were prepared by reacting epoxy resin with monofunctional maleamic acid i.e., N-phenyl maleamic acid and bifunctional maleamic acids namely N-(4-hydroxy phenyl)
maleamic acid and N-(4-carboxy phenyl)maleamic acid. These maleamic acid compounds were prepared
and characterized by FT-IR, 1H-NMR, proton decoupled 13C-NMR spectroscopic techniques. Reaction of
these compounds with epoxy resin followed first order. The activation energy was determined for the reaction of these compounds with epoxy resin and is in the range of 70.9-132.3kJmol-1. Rheological studies
on olefinic ester resins indicated Newtonian behavior. Olefinic ester resin derived from monofunctional
maleamic acid had lowest viscosity and better shelf life than bifunctional derived. These resins were diluted with 20% styrene and cured using methyl ethyl ketone peroxide and cobalt naphthenate. Thermal
stability was evaluated in nitrogen atmosphere and kinetic parameters were determined.
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Introduction

Epoxy resins form a family of thermoset resins and are widely used to prepare another
thermoset resin namely vinyl ester resin which are generally derived by the addition of
ethylenically unsaturated monocarboxylic acid to an epoxy backbone [1-3]. Vinyl ester resins
combine the best properties of epoxy and unsaturated polyester resins and are widely used
in composites to fabricate a variety of reinforced structures including pipes, tanks, scrubbers
and ducts due to their exceptional chemical and corrosion resistance and good mechanical
strength. These resins are widely used in coatings, varnishes, adhesives, radiation curable
inks, laser video discs, spherical lens materials, molding compounds, structural laminates and
specialty coatings for optical fibers, printed circuit boards etc. Currently vinyl ester resins find
emerging applications as structural adhesive [4], in wind blade manufacture due to its light
weight and corrosion resistance and also in high performance composites for military, marine
and biomedical applications.

Various epoxy resins derived from diglycidyl ether of bisphenol A, diglycidyl ether of
hydrogenated bisphenol A, diglycidyl ether of tetrabromobisphenol A, diglycidyl ether
of bisphenol C [1,1-bis(4-hydroxy phenyl)cyclohexane], Schiffs base as a replacement of
bisphenol A, diglycidyl ester of hexahydrophthalic anhydride, novolac based epoxy resin,
cardanol based epoxidized novolac resin and rosin resin based epoxy resin, are used to
prepare the vinyl ester resins [5-12]. The most commonly used monocarboxylic acid is
acrylic acid or methacrylic acid. Acrylic acid is used for coating applications. The methyl
group of methacrylic acid stabilizes the ester group toward hydrolysis, and for this reason the
methacrylate vinyl esters was found to be more resistant to chemical attack than the acrylate
vinyl ester resins, making it suitable for composite applications. Other monocarboxylic
acids used are crotonic acid or cinnamic acid [13,14]. Even though, it is improper to use the
nomenclature “vinyl ester” for resins derived from crotonic acid or cinnamic acid, it is widely
used. Unlike vinyl ester resins derived from methacrylic and acrylic acids, crotonic acid or
cinnamic acid incorporate double bonds along the polymer main chain and more appropriate
nomenclature would be olefinic ester instead of vinyl ester. The reaction of epoxy resin
1
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with monocarboxylic acid is carried out in the presence of basic
catalysts such as triethylamine, tripropylamine, tributylamine, N,Ndimethyl toluidine, N,N-dimethylbenzylamine, pyridine, imidazole,
Sb(Ph)3, chromium diisopropyl salicylate and triphenylphosphine
[15-22]. Without diluents, viscosities of vinyl ester resins are
typically in the range of 1,00,000-8,00,000cps which is too high
for many applications. To bring down the viscosity, less viscous
reactive diluents such as styrene, α-methyl styrene, vinyl toluene,
divinyl toluene, methyl methacrylate, ethyl methacrylate, glycidyl
methacrylate, acrylonitrile, dicyclopentadiene diacrylate many of
which are too volatile or toxic, are added. Volatile reactive diluents
such as styrene has been designated as hazardous pollutant due
to high VOC. To reduce emissions, non-volatile reactive diluents
such as fatty acid monomers namely methacrylated lauric acid,
methacrylated hexanoic acid and lignin based compounds such
as methacrylated eugenol, methacrylated guaicol, methacrylated
bio-oil [23-25] are suggested for vinyl ester and / or unsaturated
polyester resins. These reactive diluents provide crosslink sites
and are added in the range of 30 to 50 wt. % [26] to bring down
the viscosity in the range of 200 to 2000 cps. It was found that
shrinkage of vinyl ester resins during cure increased as styrene
concentration in the resin increased. Vinyl ester resins have higher
shrinkage of 6 to 9% than epoxy resins [27]. Shrinkage during
cure leads to problems such as surface distortion, internal cracks
and voids. Therefore there is always a search for newer resins
having low viscosities, which in turn will minimize the quantity of
reactive diluent. In the present work, epoxy resin was reacted with
monofunctional and bifunctional maleamic acids in presence of
amine catalyst to prepare olefinic ester resin having amide linkages.
To the best of our knowledge, synthesis of thermoset resins from
epoxy resin and maleamic acids is not yet reported. Our studies
indicated that olefinic ester resin derived from monofunctional
has lowest viscosity, thereby minimizing the amount of reactive
diluents required to alter the viscosity to the working range.

2

(ppm). Electron impact (EI) mass spectra were recorded using a
Micromass VG 7035. Ionisation potential of 70eV was used for EI
mode. Rheological studies were carried out using Haake Mars/
Modular Advanced Rheometer System (Thermo Scientific). A
Brookfield Digital Viscometer (Model DV-2) was used to measure
the viscosities of olefinic ester resins at 25 °C. Thermal stability
of cured resin was evaluated using Perkin Elmer TGA Pyris 7 at a
heating rate of 10 °C min-1 in nitrogen atmosphere and sample size
of 10±1mg was used.

Synthesis of maleamic acids

Aniline (500mmol, 46.5g) was charged in a 500mL two-necked
round bottomed flask and dissolved in 200mL of pre-dried acetone.
The flask was placed over a crushed ice bath and magnetic stirrer
was used to stir the reaction mixture. Maleic anhydride (500mmol,
49.0g) was added in portions over 30min. After addition of maleic
anhydride was over, the solution gradually changed into yellow
orange slurry. The reaction was continued for two hours. Yellow
coloured powder was obtained. The slurry was filtered under
suction and washed with acetone to obtain pure N-phenyl maleamic
acid (PMA) [28] and dried at 60 °C for 90min. Yield obtained was
98%. The melting point observed by DSC was 212 °C. Similar
procedure was followed for the preparation of N-(4-hydroxy
phenyl) maleamic acid (HPMA) [29] and N-(4-carboxy phenyl)
maleamic acid (CPMA) [30] using 4-aminophenol and 4-amino
benzoic acid instead of phenol respectively. In the case of CPMA,
DMF was used as solvent instead of acetone. Both HPMA and CPMA
were in yellow color (yield 97%). Melting point of HPMA and CPMA
observed by DSC was 215 and 223 °C respectively. NMR spectra of
PMA, HPMA and CPMA are given in (Figures 1-3).

Experimental
Materials

Maleic anhydride, aniline, 4-aminophenol and 4-amino benzoic
acid, triethyl amine (TEA) and N,N-dimethyl formamide (DMF)
were purchased from Sigma-Aldrich. Epoxy resin Joncryl ADR 4380
(epoxy equivalent weight 455) was purchased from BASF. Toluene,
acetone and styrene were received from Merck. All solvents were
dried according to the standard procedures prior to use.

Characterization

Fourier transform infrared (FT-IR) spectra were recorded in
the range of 4000 to 400cm-1 at room temperature using a Thermo
Scientific model Nicolet 6700. A Jeol 500MHz Nuclear Magnetic
Resonance (NMR) spectrometer was used for recording 1H-NMR
and proton decoupled 13C-NMR spectra at room temperature
using DMSO-d6 as solvent and tetramethylsilane as an internal
standard. Chemical shifts (δ) are reported in parts per million
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Figure 1: 1H-NMR spectrum of PMA.
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C-NMR (DMSO-d6,δ): 120.5 (Ar C ortho to NH), 124.1(Ar
C para to NH), 129.1(Ar C meta to NH), 130.3 (=CHCOOH),
132.7(≡CNH), 138.2 (=CHCONH), 164.1 (CONH), 166.3 (COOH) EIMS (m/z): 192 (M+1)
c.

13

HPMA

a.
FT-IR (cm-1): 3293 (uO-H), 3200 (uN-H), 3061,2816 (υC-H),
1695 (υC=O), 1608 (υC=C), 1530 and 1457 (uPhenyl).

H-NMR (DMSO-d6,δ): 6.2 (d,1H, CH=CHCOOH), 6.5 (d,1H,
CH=CHCONH),) 6.7 (d,2H, Ar H meta to NH), 7.2 (d, 2H, Ar H ortho
to NH), 9.1 (b, 1H,OH) , 10.6 (s,1H, COOH).
b.

1

C-NMR (DMSO-d6,δ): 115.7 (Ar C meta to NH), 122.6
(Ar C ortho to NH), 155.5 (Ar C para to NH), 128.8 (≡CNH),
133.2(=CHCOOH), 134.5 (=CHCONH), 163.9 (CONH), 165.7 (COOH)
EI-MS (m/z): 208 (M+1)
c.

13

CPMA

a.
FT-IR (cm-1): 3293 (uO-H), 3061 (uN-H), 2816 (υC-H), 1690
(υC=O), 1601 (υC=C), 1530 and 1450 (uPhenyl).
Figure 2: 1H-NMR spectrum of HPMA.

1
b.
H-NMR (DMSO-d6,δ): 6.2 (d,1H, CH=CHCOOH) 6.4 (d,1H,
CH=CHCONH) 7.7 (d, 2H, Ar H ortho to NH) 7.8 (d,2H, Ar H meta to
NH), 8.1 (b, 1H,NH), 10.6 (b,1H, Ar COOH), 12.1 (b,1H, =CHCOOH).

C-NMR (DMSO-d6,δ): 119.3(Ar C ortho to
NH), 126.4(Ar C para to NH), 130.7 (Ar C meta to NH),
131.1(=CHCOOH),132.3(=CHCONH), 142.6(≡CNH), 164.2(CONH),
167.1(Ar COOH), 167.5(=CHCOOH) EI-MS (m/z): 235 (M+)
c.

13

Synthesis of olefinic ester

Figure 3: 1H-NMR spectrum of CPMA.
PMA
a.
FT-IR (cm-1): 2900-3200 (uO-H), 3271 (uN-H), 3036(υC-H),
1694 (υC=O), 1618 (υC=C), 1535 (uPhenyl).

H-NMR (DMSO-d6,δ): 6.2 (d,1H, CH=CHCOOH), 6.5 (d,1H,
CH=CHCONH), 7.2 (t,1H, Ar H para to NH), 7.3 (t,2H, Ar H meta to
NH), 7.6 (d,2H, Ar H ortho to NH), 8.0 (b, 1H,NH), 10.6 (s,1H, COOH).
b.

1
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To a 250mL three necked round bottom flask fitted with a
reflux condenser and nitrogen inlet, 200mmol of PMA was added to
90mL of DMF:THF (1:2V/V) solvent mixture. PMA was dissolved by
stirring and heating at 50 °C for 10min to get homogeneous solution.
Epoxy resin, Joncryl ADR 4380 (0.2 times of its epoxy equivalent
weight) was gradually added. Reaction mixture was stirred well
using magnetic stirrer, then 20mmol of TEA catalyst was added
to the solution [31]. Nitrogen gas was purged and refluxed for 8h
to get PMA derived olefinic ester resin (PMOR). Reaction mixture
was cooled to room temperature and washed with distilled water
to remove the catalyst. Washing was repeated until the pH was
neutral. Then the resin was dissolved in dichloromethane to remove
the trapped water. Using separating funnel, water which floated
as upper layer was removed. Solvent was removed by applying
vacuum followed by drying at 60 °C for few hours. Resin was stored
in refrigerator till its use. The above procedure was followed for
preparing HPMA and CPMA derived olefinc ester resins namely
HPMOR and CPMOR respectively (Figure 4). Hydroxyl group of
HPMA and carboxyl group of CPMA would react with epoxy group
in addition to the maleamic acid group. As both HPMA and CPMA
are being bifunctional, twice the quantity of epoxy resin was used
to synthesize HPMOR and CPMOR.

Copyright © PSanthana Gopala Krishnan
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Figure 4: Preparation of olefinic esters.
PMOR
1
a.
H-NMR (DMSO-d6, δ in ppm): 1.1, 1.29, 1.4, 2.4, 3.5, 4.0,
6.9, 7.1, 7.2, 7.3, 7.46, 7.9.

C-NMR (DMSO-d6, δ in ppm): 13.9, 19.2, 30.6, 67.5,
127.3, 128.2, 129.2, 129.3, 135.1, 162.8, 170.4.
b.

13

HPMOR

using a magnetic stirrer and reaction was carried out at a specific
temperature. Aliquots of reaction mixture were taken at various
intervals of time. To determine acid number the reaction mixture
was potentiometrically titrated against standardized ethanolic
KOH. Acid number is expressed as mg of KOHg-1 and determined
using the following equation.
Acid Number=(56.1 x V x N)/W

H-NMR (DMSO-d6, δ in ppm): 1.1, 1.3, 1.4, 1.7, 2.15, 3.5,
4.0, 6.8, 7.0 and 7.9.

where ‘N’ is the normality of KOH solution, ‘V’ is the KOH used
for reaction mixture (mL), and ‘W’ is the weight of maleamic acid
present in the reaction mixture (g).

CPMOR

Viscosity of PMOR, HPMOR, CPMOR resins was measured using
Brookfield viscometer at 25 °C and 50±5% RH as per ASTM 1824
method. Viscosity was measured at various intervals of time to
determine the shelf life of these resins. 90mL of the resin was taken
in a 100mL beaker for the viscosity measurement and the resin was
allowed to equilibrate at the test temperature to avoid the variation
in viscosity due to temperature fluctuation.

a.

1

C-NMR (DMSO-d6, δ in ppm): 13.9, 19.2, 30.6, 67.5,
115.9, 122.9, 128.9, 135.0, 162.8, 170.0, 174.3.
b.

13

H-NMR (DMSO-d6, δ in ppm): 1.1, 1.29, 1.4, 1.7, 2.15, 3.5,
4.0, 6.8, 7.0, 7.9.
a.

1

13
b.
C-NMR (DMSO-d6, δ in ppm):13.9, 19.2, 30.6, 67.5, 116,
123, 124, 135.1, 162.8, 170.0, 174.3.

Kinetics

The reaction of PMA, HPMA, CPMA with epoxy resin at various
temperatures 50 °C, 60 °C, 70 °C was studied in order to determine
the kinetic parameters such as rate constant and activation
energy. The reaction was monitored by determining acid number
potentiometrically. To a 250mL three necked round bottom flask,
10g (52.4mmol) of PMA pre-dissolved in 20mL DMF was charged
and the flask was fitted with a condenser and a nitrogen inlet.
23.82g (52.4mmol) of epoxy resin pre-dissolved in 30mL of DMF
was gradually added. To this reaction mixture, 1g of TEA catalyst
was added and the time was taken as to. Solution was stirred
Polymer Sci Peer Rev J

Shelf life

Rheology

Rheological behavior of PMOR, HPMOR and CPMOR was
analyzed by rotational viscometer to study the effect of viscosity
as a function of shear rate. The resins used for the study were free
from solvent and moisture and measurements were made at room
temperature. Few drops of the resin was taken at the round bottom
plate of rotational viscometer and is subjected to shear by means
of upper and bottom plates and gap was fixed at 0.1mm. Test time
for each sample was 60s at fixed shear rate 2, 4, 6, 8 and10rads-1 at
25 °C.
Copyright © PSanthana Gopala Krishnan
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Curing
PMOR, HPMOR and CPMOR resins were diluted with 20% of
styrene by weight, which acts as cross-linking agent in forming
three dimensional network. Methyl ethyl ketone peroxide (MEKP)
and cobalt naphthenate were used as curing agent and accelerator,
respectively. After thorough mixing of curing agent and accelerator,
resins were cured at 80 °C for 10h followed by post curing at 110
°C for 8h.

Results and Discussion
Characterization

FT-IR spectrum of olefinic ester resins showed the disappearance
of peak corresponding to epoxy group at 908cm-1 indicating that
the epoxy group had reacted [32]. In PMOR and CPMOR resin,
addition reaction between epoxy resin and amic acid/carboxylic

5

acid groups, led to the formation of ester groups. In the case of
HPMOR, in addition to the formation of ester linkage, epoxy resin
had also reacted with hydroxyl group of HPMA to form an ether
linkage. 1H-NMR spectrum of CPMA, epoxy resin and CPMOR is
given in (Figure 5). In the CPMOR spectrum, the absence of -COOH
peak in the region of 10 to 12ppm indicated that the carboxylic
acid group had reacted with the epoxy group completely. Aromatic
proton peaks of maleamic acid compound in the range of 7 to 8ppm
were present. Similar behavior was observed in the NMR spectra of
PMOR and HPMOR resins. Absence of peaks above 8ppm indicated
that the amic acid group of PMA and HPMA and the hydroxyl group
of HPMA had reacted with the epoxy resin. The cured resins were
characterized by IR spectroscopy technique. All the cured olefinic
ester resins showed a disappearance of peak at 1600cm-1 which is
the characteristic peak of alkene double bond. This confirmed the
opening of the double bond during the curing of the resin.

Figure 5: 1H-NMR spectra of epoxy resin, CPMA maleamic acid and CPMOR olefinic ester resin.

Polymer Sci Peer Rev J
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Kinetics
Several researchers have reported the kinetics of reaction
of methacrylic acid with epoxy resin using different catalysts
such as tertiary amines, triphenylphosphine. They reported that
rate of the reaction was found to be first order with respect to
acid concentration and the reaction followed first order kinetics
[11,16,33-36]. The first order rate equation is given as follows:

1  a 
k = ln 

t a−x

where, ‘k’ is the first order rate constant, ‘a’ is the initial
concentration of the maleamic acid and ‘x’ is the concentration
of the maleamic acid at time ‘t’. Rate constant at three different
temperatures were calculated from the slope of the plot ln (a/
(a-x)) vs. t. The rate constants at various temperatures for the
maleamic acids are given in (Table 1). For the given maleamic acid
derived olefinic ester resin, rate constant increased with increase
in temperature. At a given temperature, rate constant of CPMA
was higher than PMA which indicated the aromatic carboxylic
acid group was more reactive than amic acid group. Among the
bifunctional maleamic acids, the rate constant for the reaction of
epoxy resin with HPMA was lower when compared to that of CPMA
at a given temperature, indicating the competing etherification
reaction influenced the rate of esterification. Activation energy
(Ea) and frequency factor (A) were calculated using an Arrhenius
equation.

k = A exp

 − Ea

 RT





Table 1: Rate constants for the reaction of epoxy resin
with maleamic acids at different temperatures.
Rate Constant (min ) at Different Temperatures
(°K)
-1

Maleamic Acid

323

333

343

PMA

0.029

0.095

0.134

CPMA

0.033

0.269

0.419

HPMA

0.019

0.031

0.343

Rate constants were found to obey Arrhenius equation. Ea was
then determined using the above equation by plotting ln k vs 1000/T
where T is the temperature at which the reaction was carried out. Ea
of PMOR was comparable with that of vinyl ester resin derived from
acrylic acid and monoepoxy compound in the presence of triphenyl
phosphine as catalyst [35,36]. Even though both HPMA and CPMA
are bifunctional, HPMA was found to have higher Ea than CPMA
which indicated that esterification reaction in HPMA required
more energy for the reaction to take place due to the competing
etherification reaction. Ea of HPMOR was comparable with that of
vinyl ester resin derived from methacrylic acid and cardanol based
epoxidized novolac resin in the presence of triphenyl phosphine as
catalyst [11].
Polymer Sci Peer Rev J

Entropy of activation (DS≠), Enthalpy of activation (∆H≠) and
free energy of activation (∆G≠) were calculated using the following
equations
k=

kbT
h

e

 − Ea   ∆S ≠
 RT   R

 

e






where kb is Boltzmann constant and h is Plank’s constant.
∆H≠=Ea-RT

∆G≠=∆H≠-TDS≠

Thermodynamic parameters (DS≠, ∆H≠ and ∆G≠) for the reaction
of epoxy resin with PMA, HPMA and CPMA are reported in (Table
2). DS≠ and ∆G≠ for PMA were found to be negative and positive
respectively. As DS≠<0 and ∆G≠>0 for the reaction of epoxy resin
with PMA, indicated that the formation of highly ordered activated
complex in the synthesis of olefinic ester resin and process is
spontaneous and irreversible respectively. Similar observations
with respect to DS≠ and ∆G≠ were reported for the reaction of
epoxy resin with acrylic acid/methacrylic acid in the presence of
tertiary amine/triphenyl phosphine catalyst [6,22,35,36]. ∆H≠
value of CPMA is lower than that of HPMA which again indicated
that aromatic hydroxyl group in HPMA is less reactive than carboxyl
group in aromatic ring. Positive DS≠ indicated that transition state is
achieved through dissociative mechanism in the reaction between
bifunctional maleamic acid and epoxy resin.
Table 2: Kinetic parameters for the reaction of epoxy resin
with maleamic acids.
Maleamic
Acid

Ea (KJ/
mole)

ln A
(min-1)

∆Η≠ (ΚJ/mole)

∆S≠ (J/
Κmole)

∆G≠ (ΚJ/
mole)

PMA

70.9

22.97

68.1

-88.7

156.9

117.7

40.69

114.9

58.3

56.6

HPMA
CPMA

Shelf life

132.3

44.99

129.5

94.1

35.4

Viscosity data of olefinic ester resins is tabulated in (Table 2)
as a function of time at room temperature. Viscosity of PMOR was
lower than the viscosity value of HPMOR and CPMOR. Bifunctional
maleamic acid compounds HPMA and CPMA enhanced the viscosity
of HPMOR and CPMOR resins enormously, which indicated that
substantial entanglement had taken place. Viscosity of HPMOR
was higher than that of CPMOR. It was reported that the extent of
increase in the viscosity is higher in etherification reaction when
compared to esterification reaction [10]. Therefore, in HPMOR
the etherification reaction between hydroxyl group and epoxy
group increased the viscosity drastically than CPMOR where only
esterification reaction could take place.

Rheological study

The shear stress at various shear rates was determined for
olefinc ester resins and is given in (Figure 6). This shows a linear
Copyright © PSanthana Gopala Krishnan
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response of the shear stress to the shear rate which confirmed that
PMOR, HPMOR, CPMOR and the base epoxy resin from which these
olefinic ester resins were derived exhibited a Newtonian Behaviour.
The slope of shear stress vs. shear rate decreases in the following
order: HPMOR>CPMOR>PMOR, which indicated that the viscosity
of HPMOR is higher than CPMOR followed by PMOR.

7

where α is the fraction decomposed at temperature T, ∅ is the
heating rate, Ea is the activation energy for thermal decomposition
reaction, R is the universal gas constant and A is the Arrhenius
frequency factor. When the order of reaction is one, then the
plot of ln[-ln(1-α)/T2] vs. 1000/T gives a straight line with slope
equivalent to -Ea/R. Plot of ln[-ln(1-α)/T2] vs. 1000/T gave a straight
line suggesting that decomposition followed first order kinetics in
nitrogen atmosphere. Activation energy calculated from the slope
of these curves is given in (Table 3). Activation energy for thermal
degradation of HPMA cured resin was found to be higher than PMA
followed by CPMA cured resins, which indicated that HPMA cured
resin was having higher thermal stability than PMA followed by
CPMA (Table 4).

Conclusion

Figure 6: Plot of shear stress vs. shear rate for olefinic ester resins.

Thermal stability

Monofunctional maleamic acid PMA and bifunctional maleamic
acid CPMA had undergone esterification whereas bifunctional
maleamic acid HPMA had undergone both esterification and
etherification reaction with epoxy resin to form olefinic ester resin,
which was confirmed by IR and NMR characterization. Addition
reaction of maleamic acid compounds with epoxy resin followed
first order kinetics. Viscosity of monofunctional maleamic acid
derived olefinic ester resin was lower than that of bifunctional
maleamic acid, which suggested lesser requirement of reactive
diluent for monofunctional maleamic acid. All resins showed
Newtonian behavior. Cured resins showed single step thermal
degradation in nitrogen atmosphere.
Table 3: Viscosity (cPs) as a function of time. a-using spindle #4, b-using spindle #6.
Days

PMORa

HPMORb

CPMORb

Initial

7560

86800

63100

4

9440

93450

75450

2

Figure 7: Plot of ln[-ln(1-α)/T2] vs. 1000/ T of olefinic ester resins.
Cured resins of PMOR, HPMOR and CPMOR showed single step
degradation in nitrogen atmosphere. Cured resins were stable up
to 250 °C and started losing weight above this temperature. Rapid
thermal degradation was observed in the temperature range of 350
to 500 °C and almost total volatilization of the sample occurred at
about 700 °C. Temperature at which 10% weight loss and maximum
rate of thermal degradation (Tmax) of cured resins indicated
that thermal stability decreased in the following order: HPMOR
cured>PMOR cured>CPMOR cured (Figure 7). Coats-Redfern [37]
method was used to determine the activation energy for thermal
degradation of cured resins and the equation used is given below:

 AR    2 RT   Ea 
 − ln (1 − α ) 
= ln 
 1 − 
 −  

2
 T

 φ Ea    Ea   RT 

ln 

Polymer Sci Peer Rev J
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30

8530
10580
14980

88150
99800

68650
81200

Table 4: Thermal degradation data.
Cured Resin

10% Weight Loss
(°C)

Tmax (°C)

PMOR

322.5

423

CPMOR

313.6

421

HPMOR

References

339.7

426

Ea (kJ/mole)
89.5

106.2
74.1
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