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ABSTRACT

Vinyl ester resins V1, V2 & V3 of acid value (~6 mg KOH g-1

solid) were synthesized using bisphenol-A epoxy and acrylic
acid in the presence of triethyl-, tripropyl- and tributyl-, amines
in 210, 270 and 340 minutes, respectively. The synthesized resins
were characterized by FTIR spectroscopy and a new peak at
2360 cm-1 was observed which is due to attachment of amines to
resin structure by hydrogen bond. The curing behavior of syn-
thesized resin containing 40% styrene (w/w) and 2% benzoyl
peroxide was studied using DSC technique and found to be
affected by presence of amines. Activation energy and frequency
factor for the curing reaction increases from 14 Kcal mol-1 to 23
Kcal mol-1. Rheological behavior of resins containing 40%
styrene was studied using a Haake Rotovisco RV20 viscometer,
and viscosity was found to increase with shear rate up to 200 sec-1.
The average values of activation energy at constant shear stress
(6-15 Pa) were 12.94, 13.20, 13.70 Kcal mol-1 for V1, V2 and V3,
respectively. The activation energy at constant shear rate decreas-
es with an increase in the shear rate. 
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INTRODUCTION

Acrylate terminated vinyl ester resin (VER) has become increasingly
important in various industrial applications such as surface coatings, varnishes,
printed circuit board coatings, radiation curable inks, laminates, electrical insu-
lation materials and optical discs, etc. These resins are prepared by endcapping
the acrylic acid to epoxy resin backbone in the presence of a basic catalyst. The
esterification of epoxy with acrylic acid in the presence of triethylamine,
dimethyl benzylamine, quaternary ammonium salts, diethanol amine, etc. has
been studied [1-3].

Esterification produces a multifunctional VER depending upon the
number of available epoxy groups in the main chain. Therefore, VER yield
highly crosslinked structures having high strength and good chemical resis-
tance. These resins may be used in the neat form or may contain reactive dilu-
ents [4]. The investigation of rheological behavior of these resins, especially
the dependence on the reactive diluent, temperature, shear rate, and shear stress
becomes a prerequisite for understanding the structure-property relationship.
The exothermic curing reaction of such resins may occur between the vinylic
double bonds of the resin or with that of a reactive diluent in the presence of
free radical initiators. The processing of these resins require the understanding
of its cure kinetics for better control on the rate of heat generation and tem-
perature variation. The cure kinetics of VER based on bisphenol-A epoxy syn-
thesized using triphenyl phosphine, imidazole and quaternary ammonium salts
in the presence of styrene [5], α-methyl styrene [6] and acrylates [7] have been
investigated.

In this paper, we report the cure and rheological behavior of VERs based
on bisphenol-A epoxy as backbone and synthesized in the presence of triethyl-,
tripropyl- and tributyl-, amines as catalyst. In most of the situations reported [8]
so far, the catalyst is usually washed after synthesis of the resin, which is com-
paratively a difficult and costly process. 

EXPERIMENTAL

Bisphenol-A epoxy resin (EPG-180; SIP Resins), acrylic acid (Fluka),
triethyl amine and tributyl amine (SDÕs), tripropyl amine (J. T. Baker), Benzoyl
Peroxide (SDÕs) and reagent grade monomers styrene and methyl methacrylate
(SDÕs) were used in the present study.
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Vinyl ester resins were prepared using 1:0.9 mole ratio of bisphenol-A
epoxy (epoxide equivalent weight:190) determined by pyridinium chloride
method [9] and acrylic acid in presence of triethyl-, tripropyl- and  tributyl-,
amines as catalyst (1 phr by weight of the epoxy resin). The reaction was carried
out at 90¡ ± 2¡C till the VER of desired acid value (~6 mg KOH g-1 solid ) deter-
mined by the method of Ogg et al. [10] is obtained. The progress of the reaction
was monitored by determining the acid number of the reaction mass at every 30
minutes. The extent of the reaction and number average degree of polymeriza-
tion was calculated by using CarotherÕs equation [11]. The light colored trans-
parent VERs thus prepared were cooled and stored in refrigerator operating at
10¡C to prevent further reactions. 

A Nicolet 400D Spectrophotometer was used to obtain the Fourier
Transform Infrared Spectra of resins. The samples for curing studies were pre-
pared using 10:4:0.2 (w/w) of resin, styrene and benzoyl peroxide, respectively.
Half the amount of styrene was mixed with the resin and the other half with the
benzoyl peroxide in separate flasks at room temperature. The flasks were then
sealed and kept under refrigeration to avoid premature polymerization and evap-
oration of monomer prior to use.  Equal amounts of the solution were placed in
a small glass vial and stirred properly with a glass rod at 35 ± 1¡C. The samples
for rheological measurements were prepared in one flask without benzoyl per-
oxide and were used for the rheological studies only after stirring for 30 minutes
at 35 ± 1¡C.

A Thermal Analyst 2000 (TA Instruments), equipped with 2910
Differential Scanning Calorimeter, was used to study the curing behavior of
resins. Scans were obtained under dynamic conditions with program rates of 2¡,
5¡, 10¡, 15¡ and 20¡C min-1 from 40¡C  to the temperature at which the exother-
mic reactions were complete. From the DSC scans the activation energy E (with-
in ± 3% accuracy) was calculated by the Ozawa method [12] , which assumes
that the extent of reaction at the peak exotherm temperature is constant and inde-
pendent of the program rate:

d log β
E ≅ 2.19R  

d (1/T)

where, R is the constant, β is the program rate and T is the peak temper-
ature. Further refinements of the E values were carried out by iteration until two
successive values were almost identical.
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The frequency factor Z was calculated using KissingerÕs Equation [13]

βE eE/RT

Z ( min-1 ) = 
RT2

The specific rate constant KT was calculated using the Arrhenius equation:

KT =  Z e - E/RT

A Haake Rotovisco  RV20 coaxial cylinder viscometer with MV-2 sen-
sor was selected to measure the solution viscosities of vinyl ester resins contain-
ing 40% styrene at 25¡, 30¡, 35¡ and 40¡C. Viscosity data were obtained at shear
rate ranging from 0.1 S-1 to 400 S-1. A test sample was loaded and the sensor was
accelerated to the maximum shear rate in 5 minutes and it was kept there con-
stant for 5 minutes before the shear stress values were recorded. 

The energy of activation for viscous flow at constant shear stress (Eτ) and
constant shear rate (ED ) was calculated using the Arrhenius equation.

η =  Ae (E/RT)

where A is a constant characterstic of the polymer at a shear stress or
shear rate, E is the activation energy for flow, R is the gas constant, η is the vis-
cosity at constant shear stress or constant shear rate and T is the temperature in
degrees Kelvin.

RESULTS AND DISCUSSION

Vinyl ester resins V1, V2 and V3 of ~ 6 acid value were synthesized in the
presence of triethyl-, tripropyl- and tributyl -, amines, respectively. Figure 1
shows the results of the esterification of bisphenol-A epoxy with acrylic acid cat-
alyzed by amines. The results are typical of the behavior generally observed for
polyesterification reactions. It is apparent from the plot that acid value decreas-
es up to desired level in 210, 270 and 340 minutes for V1, V2 and V3, respective-
ly. The increase in reaction time for a particular acid value of the resin increases
with an increase in the size of the substituent in amine which decreased their
reactivity towards the esterification reaction. It is also clear from the plots that
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the decrease in acid value in the initial stages of the reaction is not linear. This is
due to a high concentration of the reactive sites, and the greater possibility of
association of acid and epoxide groups. The linearity of the plot in the higher
conversion region (>75%), reveals that the functional group reactivity is inde-
pendent of molecular size, which is a characteristic of the esterification reaction. 

The number average degree of polymerization ( Xn ) of  samples V1, V2

and V3 calculated using CarotherÕs equation was found to increase with time and
the values are given in Table 1.  At a particular time Xn of V1 was found to be
more than that of V2 and V3. In all samples, the plot between Xn versus t showed
non linearity in the initial stages  (<50% conversion ) and in higher con-version
region (>83%), which is again a characteristic of the catalyzed esterification
reactions.
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Figure 1. Acid value versus reaction time for vinyl ester resins prepared in the
presence of triethyl amine-V1, tripropyl amine-V2, tributyl amine-V3.
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The samples V1, V2 and V3 prepared in the presence of amines were
found to be colorless and transparent, whereas an amber color of the resin was
reported when prepared in the presence of triphenyl phosphine and imidazole [5,
6] as the catalyst of esterification reaction. 

FTIR  spectra of the prepared resin, V1, V2 and V3 are shown in Figure 2.
The band at 910 cm-1 associated with the oxirane ring of epoxy resin [14] is
replaced by a band at 1729 cm-1, 1740 cm-1, 1736 cm-1 for V1, V2 and V3, respec-
tively which is due to the carboxyl group of the ester formed. In spectra of V1, V2

and V3 another band was observed at 1608 cm-1, 1610 cm-1, and 1615 cm-1,
respectively which is attributed to the acryloyl double bond. These spectra were
also matched with the standard I.R. spectra of epoxy acrylate [15] and found to
be in close agreement up to 93%, which confirms to the formation of vinyl ester.
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TABLE 1.  Extent of Reaction and Degree of Polymerization with Time for
Vinyl Ester Resins
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Figure 2 also shows a new band at 2360 cm-1 in the spectra of all samples
and does not match with the standard spectra [15]. This band could be attributed
to the formation of adduct between nitrogen of amine containing a lone pair of
electrons with the hydrogen of hydroxyl group present in VER [16, 17, 18]. The
possible structure is given below:

The transmittance intensity of band at 2360 cm-1 is higher in spectra of
V1 than V2 and V3. This is probably due to steric effects caused by higher amine
in V2 and V3.

Curing Studies

Typical dynamic DSC scans for the curing of V1, V2,  and V3 resins mixed
with 40% styrene and 2% benxoyl peroxide as initiator when heated at 10¡C min-1

are given in Figure 3. From these DSC scans, the onset temperature of curing
(To), the exothermic peak position (Tp) and final temperature of curing (Tf) were
noted, and are summarized in Table 2. It was observed that To and Tp is increas-
ing from V1 to V3, whereas Tf remained almost the same for all samples.  DSC
scans at 2¡, 5¡, 15¡ and 20¡C min-1 also showed a similar trend. This indicates
that resins prepared in the presence of different amines show  variation in their
curing behavior. This is due to the nucleophilic nature of amines, which in the
presence of benzoyl peroxide, forms a complex with it and acts as an accelerator
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TABLE 2.  Curing Behavior of Vinyl Ester Resins Containing 10%
Styrene and 2% Benzoyl Peroxide at Heating Rate 10°C/Min.

Figure 3. Dynamic D.S.C. scans for the curing of VER samples diluted with
40% styrene at 10¡C min-1.
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for the curing reactions by lowering the decomposition temperature of benzoyl
peroxide according to the mechanism proposed by [19, 20]. It is also clear from
Figure 3 that To and Tp for V1 is lower than V2 and V3, thus, V1 requires more time
for the completion of cure. This may be attributed to a higher reactivity of tri-
ethylamine towards benzoyl peroxide present in resin V1 than tripropyl and trib-
utyl amines in the resin V2 and V3. The result reveals that the rate of reaction of
amines with peroxide  depends on the steric accessibility of nitrogen atom pre-
sent in the resin. 

The higher time required for the completion of the cure of V1 can be
explained on the basis of dissociation of complex by non radical path formed
during the curing reactions which is favored in the presence of simpler amines in
comparison to higher amines [19, 20], where the loss of hydrogen as cation takes
place without any difficulty. Heat of curing reactions for all samples was also
calculated and reliable data was not obtained probably due to side reactions. 

FTIR spectra of VERs (V1, V2, and V3) freshly mixed with styrene and
benzoyl peroxide and fully cured samples, were recorded and are shown in
Figure 4. It was observed that the peak at 2360 cm-1 in neat VER (Figure 2) has
disappeared. This is due to the dissociation of adduct formed between amine and
resin in presence of benzoyl peroxide in the following manner:

Using the Ozawa method [12], log β (program rate) was plotted against
the reciprocal of the peak temperature (Figure 5) and from the slope obtained by
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regression analysis, the activation energy of curing reactions was calculated for
samples V1, V2, and V3. The values of E and Z are given in Table 2. It is appar-
ent from the table that E and Z values are increasing from V to V3, which again
confirms that the resin prepared in presence of triethyl amine as catalyst is more
reactive than others during curing reactions. The value of Z for a particular VER
at different program rates varies over a narrow range, which suggests that the
curing reactions are of first order. 

The specific rate constant (KT) was calculated for curing reactions of V1,
V2, and V3 and were plotted against the reciprocal of temperature, shown in
Figure 6. It is apparent from the figure that they obey the ArrheniusÕs law.

Rheological Studies

A plot between viscosity and shear rate for VER samples prepared in the
presence of triethyl-, tripropyl- and tributyl-, amines at 25¡C are given in Figure
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Figure 4. FTIR spectrum of  vinyl ester resins mixed with 40% styrene and 2%
benzoyl peroxide.
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7. The figure shows that the viscosity of VER at any shear rate increases with the
bulkier amine used as esterification catalyst in its synthesis. Similar behavior
was observed at 30¡, 35¡, and 40¡C. It is also apparent from the figure that the
apparent viscosity of the samples increases up to the shear rate 200 sec-1 beyond
which the viscosity remains almost constant. The increase in viscosity of all the
samples is contrary to that reported by earlier  workers in the field including the
work reported by this laboratory [21].  In the present study, the VER was also
prepared in the presence of triphenyl phosphine as catalyst under similar condi-
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Figure 5. Plots of log β versus the reciprocal of the peak temperature to cal-
culate the activation energy V1, y = 9.9966 -3.3766 x, (r = 0.9992); V2, y =
14.3437 -5.1134 x, (r = 0.9929); V3, y = 14.6715 - 5.3416 x (r = 0.9989).
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tions as used for V1, V2, and V3. The plot  between viscosity and shear rate of the
resin prepared in the presence of triphenyl phosphine is shown in Figure 8.  It is
apparent from the figure that viscosity decreases with the increase in shear rate.
Thus, observed shear thickening behavior of V1, V2, and V3 could be attributed to

VER AND TERTIARY AMINES 753

Figure 6. Plots of ln KT versus the reciprocal of temperature.

Figure 7. Plots between viscosity and shear rate for vinyl ester resins.
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the adduct formed between the amines and hydrogen of hydroxyl group present
in the resin which helps in the formation of molecular aggregates [22, 23]. The
possible structure of aggregate is given below:

The aggregate formation predominates during shearing because shear
stretches and orients the molecules and therefore, enhances the chances of inter-
action that are effectively screened in the unsheared state [24].  

The shear stress and shear rate data of the samples were analyzed for
their flow behavior, using Bingham and Casson [25] models. The Bingham
model fitted the data best in all cases and therefore, the flow behavior of samples
could be considered as plastic. The Bingham equation for VER samples at 30¡C
were:

π =    -1.122 + 0.07624D ( r = 1.0 ) for V1,
π =    -1.119 + 0.07896D ( r = 1.0 ) for V2, and
π =    -1.078 + 0.08370D ( r = 1.0 ) for V3

where, π is shear stress, D is the shear rate and r is the correlation coefficient.
The activation energy for flow at a constant shear rate (ED) and at con-

stant shear stress ( Eτ), were calculated from the slope of the plots between log η
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Figure 8. Plot between viscosity and shear rate for VER prepared in the pres-
ence of triphenyl phosphine.

TABLE 3.  Activation Energy and Pre-exponential Factor for
VERs at Constant Sheat Rate and Constant Shear Stress
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(apparent viscosity) and reciprocal of the temperature using the Arrhenius equa-
tion. The values of  ED, Eτ and negative of the logarithm of the pre-exponential
factor, for V1, V2 and V3 containing 40% styrene are given in Table 3. It is appar-
ent that in all the samples, ED values decreases with an increase in shear rate. Eτ

values calculated at shear stresses 6, 9, 12 and 15 Pa  were found to be almost
constant.
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