
Kinetics of Esterification of Cycloaliphatic Epoxies with
Methacrylic Acid

Akanksha Srivastava, Sudha Agrawal, J. S. P. Rai

Department of Plastic Technology, Harcourt Butler Technological Institute, Kanpur 208 002, India

Received 15 September 2001; accepted 16 January 2002
Published online 8 October 2002 in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/app.11027

ABSTRACT: The esterification of cycloaliphatic epoxy res-
ins CER I and CER II containing glycidyl and cyclohexane
epoxy groups, respectively, as their reactive units was car-
ried out using a 1 : 0.9 stoichiometric ratio of resin and
methacrylic acid in the presence of triphenylphosphine. The
reaction was performed at 80, 85, 90, 95, and 100°C and it
followed second-order kinetics. The specific rate constants,
calculated by regression analysis, were found to obey an
Arrhenius expression. Kinetic and thermodynamic parame-
ters, activation energy, frequency factor, entropy, enthalpy,

and free energy of the reaction, revealed that the reaction
was spontaneous and irreversible and produced a highly
ordered activated complex. The reactivity of CER II was
found to be higher than that of CER I. The difference in the
reactivity of the cycloaliphatic epoxies was explained by
proposing a reaction mechanism. © 2002 Wiley Periodicals, Inc.
J Appl Polym Sci 86: 3197–3204, 2002
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INTRODUCTION

Cycloaliphatic epoxy resins (CERs) are characterized
by the presence of a saturated cycloaliphatic ring in
which the active epoxy groups are either cyclohexene
oxide or a pendant glycidyl group.1 These resins dis-
play inherently lower levels of ionic impurities and
viscosity and higher reactivity toward acidic than to-
ward amine curing agents.2 The cured resins show
excellent weatherability and electrical properties with
superior arc and tracking resistance compared to those
of conventional epoxy resins based on bisphenol-A
and, therefore, they are being used as replacements for
porcelain in outdoor high-voltage services.3,4

The unmodified cured products of CERs when cast for
large complex parts are fragile and lack toughness be-
cause of their rigid multicyclic molecular structure and
high crosslink density.5 The conventional approach to
improve the impact resistance of CERs by the use of
plasticizers and flexibilizers6,7 has not been found appli-
cable. The increase in flexibility is reported to be accom-
panied with inferior thermal stability.8 CER prepared
from octadienyl compounds have been reported9,10 to
give improved flexural elongation and strength along
with inferior water resistance and thermal stability at
elevated temperatures compared to properties of con-
ventional CERs. Many workers have modified CERs by
preparing their unsaturated esters and copolymerizing
them with vinyl monomers, such as styrene,11 acry-

lates,12 and methacrylates,13 to obtain a low-temperature
and radiation-curable resin for application in coatings,
printing inks, adhesives, and so forth.

The correlation between the chemical structure of
CERs and that of curing agents plays a multifactorial
role in the development of cured properties and it
depends mainly on the type of reactive epoxy units,
chemical structure of linkages and fragments between
them, and kinetic characteristics of the reaction. In the
present work we report the kinetics of esterification of
CERs containing oxirane and cyclohexene oxide ring
with ethylenically unsaturated methacrylic acid.

EXPERIMENTAL

Epoxy resins CY 184 and CY 179 (Ciba Speciality
Chemicals, Buchs, Switzerland) and methacrylic acid
and triphenylphosphine (Fluka A.G., Buchs, Switzer-
land) were used in the present study. The structures of
epoxy resins are given in Figure 1.

A reaction mixture, consisting of a 1 : 0.9 stoichio-
metric ratio of cycloaliphatic epoxy resin (100 g) and
methacrylic acid (42.6 mL for CER I, 54.5 mL for CER
II), was charged into a three-neck flask (500 mL)
equipped with a stirrer, nitrogen inlet tube, and ther-
mometer. The flask was placed into an electrically
heated oil bath (�1°C). The mixture was stirred and
heated to the desired temperature followed by adding
triphenylphosphine (1 phr by weight of CER) within 2
min. The esterification reaction was carried out at 80,
85, 90, 95, and 100°C and the progress of reaction was
monitored by intermittently determining the acid
value by the method of Ogg et al.14 The samples for
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the acid value were taken from the flask from the neck
where the thermometer pocket was placed, with the
help of a glass rod that had a spatula-like end. The
extent of reaction and number-average degree of
polymerization were calculated by use of Carother’s
equation.15

The second-order rate equation used for the reac-
tion, in which the stoichiometric ratio of reactants is
not unity, can be written as follows:16

ln�m � p�

m�1 � p�
� CA0�m � 1�kTt (1)

where p � 1 � (AVt/AV0) is the extent of reaction at
any particular time t and AV0 and AVt are the acid
values at t � 0 and at time t, respectively; and M
� CB0/CA0 is the stoichiometric ratio, where CB0 and
CA0 are the initial concentrations of resin and acid,
respectively.

Figure 1 Structure of CER I and CER II.

Figure 2 Acid value versus reaction time for esterification of CER I with methacrylic acid.

3198 SRIVASTAVA, AGRAWAL, AND RAI



The relation between CA0 and AV0 is expressed as

CA0 �
106 � AV0

56,100

kT � rate constant

The activation energy (Ea) and frequency factor (Z)
were calculated using an Arrhenius equation.

kT � Ze�Ea/RT (2)

where T is the temperature (K) and R is the gas con-
stant.

The entropy of activation �S‡ was calculated using
the following equation:

kT �
kbT
h e�Ea/RTe�S‡/R (3)

where kb is the Boltzmann constant and h is Plank’s
constant.

The enthalpy of activation �H‡ and free energy of
activation �G‡ were calculated using the following
expressions:

�H‡ � Ea � RT (4)

�G‡ � �H‡ � T�S‡ (5)

RESULTS AND DISCUSSION

The esterification of CER I and CER II was carried out
at 80, 85, 90, 95, and 100°C in the presence of tri-
phenylphosphine. Figures 2 and 3 show the results of
esterification of CERs with methacrylic acid catalyzed
by triphenylphosphine. The results are typical of the
behavior generally observed for polyesterification re-
actions. It is apparent from the figures that the acid
value decreases with increase in reaction time and is
not linear in the initial stages of the reaction. This is
attributed to the high concentration of the reactive
sites and the greater possibility of association of acid
and epoxide groups. The linearity of the plots in the
conversion region (45–80%) reveals that the reactivity
of the functional group is independent of molecular
size, which is a characteristic of the polyesterification
reactions.

The number-average degree of polymerization (Xn)
for the esters of CER I and CER II prepared at 80, 85,
90, 95, and 100°C, calculated using Carother’s equa-

Figure 3 Acid value versus reaction time for esterification of CER II with methacrylic acid.
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tion, are given in Tables I and II, respectively. At all
temperatures the Xn of both esters increased with
reaction time. With the increase in reaction tempera-
ture by 10°C, the reaction time for a particular extent
of reaction in the conversion region (�50% and �88%)
reduced by half for both esters. It is evident from the
tables that Xn of the ester of CER II at any reaction time
temperature is higher than that of the ester of CER I,
indicating that CER II is more reactive than CER I. The
plot of Xn versus reaction time showed nonlinearity in
the initial stages (�50% conversion) and higher con-

version region (�88%), which again is a characteristic
of the catalyzed esterification reaction.15

FTIR spectra of esterified CER I and CER II are
shown in Figures 4 and 5, respectively. The band at
860 –910 cm�1 associated with the epoxy group17 is
replaced by the band at 3496 and 3563 cm�1 for the
hydroxyl group, which is formed as a result of the
opening of the glycidyl and cyclohexane epoxy
group in CER I and CER II, respectively. The band
observed at 1615 cm�1 in both spectra was attrib-
uted to the incorporation of acryloyl double bond.

TABLE I
Extent of Reaction (p) and Degree of Polymerization (Xn) with Time for Esterification of CER I

Time
(min)

80°C 85°C 90°C 95°C 100°C

p Xn p Xn p Xn p Xn p Xn

15 — — — — — — 0.44 1.71 0.51 1.93
30 0.30 1.36 0.35 1.50 0.46 1.78 0.54 2.04 0.60 2.32
45 — — — — — — 0.60 2.32 0.66 2.68
60 0.43 1.69 0.48 1.83 0.56 2.13 0.65 2.60 0.73 3.22
90 0.50 1.90 0.57 2.18 0.65 2.60 0.73 3.22 0.79 3.97

120 0.55 2.09 0.63 2.48 0.70 2.97 0.77 3.73 0.83 4.63
150 0.62 2.42 0.68 2.79 0.74 3.33 0.80 4.13 0.85 5.14
180 0.66 2.68 0.70 2.97 0.77 3.73 0.83 4.63 0.88 5.94
210 0.68 2.79 0.73 3.22 0.80 4.13 0.85 5.14 0.89 6.33
240 0.71 3.06 0.76 3.58 0.82 4.52 0.86 5.43 0.90 6.79
270 0.72 3.17 0.78 3.80 0.84 4.84 0.88 5.94
300 0.74 3.33 0.80 4.13 0.85 5.14 0.89 6.33
330 0.75 3.45 0.81 4.32 0.86 5.43
360 0.76 3.58 0.82 4.52 0.87 5.76
390 0.78 3.80 0.83 4.63 0.88 5.94
450 0.80 4.13 0.85 5.14 0.89 6.33
510 0.82 4.52 0.86 5.43
570 0.84 4.87 0.87 5.76
630 0.85 5.14
690 0.86 5.43

TABLE II
Extent of Reaction (p) and Degree of Polymerization (Xn) with Time for Esterification of CER II

Time
(min)

80°C 85°C 90°C 95°C 100°C

p Xn p Xn p Xn p Xn p Xn

15 — — — — — — 0.46 1.78 0.55 2.09
30 0.31 1.42 0.36 1.50 0.45 1.74 0.54 2.04 0.66 2.68
45 — — — — — — 0.63 2.47 0.72 3.17
60 0.47 1.81 0.50 1.90 0.62 2.42 0.67 2.75 0.76 3.58
90 0.55 2.09 0.60 2.32 0.69 2.89 0.73 3.22 0.82 4.53

120 0.61 2.38 0.67 2.75 0.74 3.33 0.80 4.13 0.86 5.43
150 0.67 2.75 0.71 3.06 0.77 3.73 0.83 4.63 0.88 5.94
180 0.70 2.97 0.75 3.45 0.80 4.13 0.86 5.43 0.89 6.33
210 0.73 3.22 0.78 3.80 0.84 4.87 0.88 5.94 0.90 6.79
240 0.75 3.45 0.80 4.13 0.86 5.43 0.89 6.33
270 0.77 3.73 0.82 4.52 0.87 5.76 0.90 6.79
300 0.79 3.97 0.84 4.87 0.88 5.94
330 0.81 4.32 0.85 5.14 0.89 6.33
360 0.82 4.52 0.86 5.43
390 0.83 4.63 0.87 5.76
450 0.85 5.14 0.88 5.94
510 0.86 5.43
570 0.87 5.76

3200 SRIVASTAVA, AGRAWAL, AND RAI



This confirms the esterification of both CERs by
methacrylic acid.

Figures 6 and 7 show the plots between [ln(m � p)/
m(1 � p)] and reaction time for the esterification of
CER I and CER II, respectively, at 80, 85, 90, 95, and
100°C. The plots were linear at all temperatures up to
about 88% conversion, with a highly significant corre-
lation coefficient (r � 0.99), which confirms that the
reaction follows second-order kinetics. It is apparent
from the figures that there is a deviation from the
linear behavior in the higher conversion region
(�88%), probably attributable to the change in reac-
tion kinetics. The specific rate constants kT at 80, 85, 90,

95, and 100°C for the esterification of CER I and CER
II were calculated from the slope of the plots shown in
Figures 6 and 7, respectively. The values of kT for CER
II at all temperatures were higher than those obtained
for CER I, which again indicates that the resin with the
cyclohexane epoxy group is more reactive than the
other.

Figure 8 shows the plots between ln kT and the
reciprocal of the temperature for CER I and CER II. It
is apparent from the figure that they obey the Arrhe-
nius law. The slope and intercept of the plots obtained
by regression analysis were used to calculate the en-
ergy of activation and frequency factor for the esteri-

Figure 4 FTIR spectra of esterified CER I.

Figure 5 FTIR spectra of esterified CER II.
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Figure 6 [ln(m � p)/m(1 � p)] versus reaction time for the esterification of CER I: 80°C, y � 0.2845 	 10�3x 
 0.0189 (r
� 0.9863); 85°C, y � 0.3989 	 10�3x 
 0.0187 (r � 0.9967); 90°C, y � 0.5752 	 10�3x 
 0.0208 (r � 0.9939); 95°C, y � 0.7873
	 10�3x 
 0.0259 (r � 0.9985); 100°C, y � 1.1649 	 10�3x 
 0.0270 (r � 0.9972).

Figure 7 [ln(m � p)/m(1 � p)] versus reaction time for the esterification of CER II: 80°C, y � 0.4055 	 10�3x 
 0.0117 (r
� 0.9990); 85°C, y � 0.5681 	 10�3x 
 0.0088 (r � 0.9992); 90°C, y � 0.7814 	 10�3x 
 0.0139 (r � 0.9975); 95°C, y � 1.0433
	 10�3x 
 0.0183 (r � 0.9996); 100°C, y � 1.3987 	 10�3x 
 0.0331 (r � 0.9951).
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fication reactions. Using these values of E and Z, the
thermodynamic parameters entropy, enthalpy, and
free energy of the activation were calculated using eqs.
(3), (4), and (5), respectively, and the values are given
in Table III. It is clear from the table that the E, Z, and
�H‡ values are higher for CER I than those for CER II,
which again indicates that the latter resin is more
reactive. The difference in the reactivity of the two
cycloaliphatic epoxy resins lies in the ring size, which
affects their basicity. The proposed mechanisms for
the esterification of CER I and CER II with methacrylic
acid in the presence of triphenylphosphine are given
in Scheme 1 and Scheme 2, respectively.

In Scheme 1, the reaction starts by the nucleophilic
attack of triphenylphosphine, which opens the epox-
ide ring, producing a betaine (stage 1) followed by the
formation of a carboxylate anion (stage 2) by proton
abstraction from the methacrylic acid. This carboxy-
late anion attacks the electrophilic carbon attached to
the phosphorus, forming an ester linkage and regen-
erating the catalyst. In Scheme 2, the reaction starts by
electrophilic attack of the proton, obtained from

methacrylic acid, on the epoxide ring (stage 1) and the
carboxylate anion is formed. At stage 2 the ring is
opened by the reaction of triphenylphosphine at the
electron-deficient carbon atom. The carboxylate anion
then attacks to form an ester linkage and releases the
catalyst. The addition esterification in both cases
(Schemes 1 and 2) is accompanied by the condensa-
tion esterification (reaction between the hydroxyl
group of hydroxy ester formed and acid) and etheri-
fication (reaction between hydroxyl and epoxy
groups). These reactions play an important role in the
chain extension, branching, and crosslinking of the
molecules formed in the reaction system, which finally
result in the network formation.18,19 The difference in
mechanism is attributed to the higher electron density

Figure 8 Plots of ln kT versus reciprocal of temperatures for
CER I, y � 3.8149x 
 5.0747 (r � 0.9988); CER II, y � 3.4924x

 4.2352 (r � 0.9998).

TABLE III
Thermodynamic Parameters of Esterification of CER I and CER II with Methacrylic Acid in the Presence of

Triphenylposphine

Resin

Activation
energy, Ea
(kJ/mol)

Frequency factor, Z
(mol/L�1/min�1)

Entropy, ��S‡

(J/K�1/mol�1)
Enthalpy,

�H‡ (kJ/mol)
Free energy,
�G‡ (kJ/mol)

CER I 73.0095 1.1877 	 105 183.5 � 0.5 70.0 � 0.2 136.5 � 2.0
CER II 66.8767 1.7186 	 104 199.4 � 0.5 63.8 � 0.2 136.0 � 2.0

Scheme 1 Mechanism of esterification of CER I with
methacrylic acid in the presence of triphenylphosphine.
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on oxygen of the epoxy cyclohexane ring than that of
the oxirane ring because the basicity of oxygen at-
tached to the cycloaliphatic ring increases with the
ring size.20,21

The thermodynamic parameters �G‡ for the esteri-
fication of CER I and CER II were 136.5 and 136.0
(�2.0) kJ/mol, respectively, whereas the values of �S‡

were found to be negative [�183.5 (�0.5) kJ/mol for
CER I and �199.4 (�0.5) kJ/mol for CER II]. Given
that �G‡ � 0 and �S‡ � 0 for the reaction, it could be
said that the process is spontaneous and irreversible.22

The high negative value of �S‡ indicates the formation
of an ordered activated complex in the esterification of
CERs.

CONCLUSIONS

The esterification of cycloaliphatic epoxy resins (CY
184 and CY 179) with methacrylic acid catalyzed by

triphenylphosphine follows second-order reaction ki-
netics. The reactivity of the cyclohexane epoxy group
toward methacrylic acid was found to be higher than
that of the glycidyl epoxy group because of the differ-
ence in their ring size. The reaction is spontaneous and
irreversible and produces a highly ordered activated
complex.
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