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ABSTRACT: The curing reaction of a system consisting of a purified diglycidyl ether of
bisphenol-A (BADGE, n = 0) and 1,2 diamine cyclohexane (DCH) was studied with a
differential scanning calorimeter. The objective of this article was twofold: a kinetic
study from which parameters such as reaction orders, rate constants, and activation
energies were determined; and a thermodynamic study where values of enthalpy
(AH?), entropy (AS*), and Gibbs free energy (AG*) changes were calculated. This
second study showed that an n-order path reaction mechanism was more favored than
the autocatalyzed mechanism above 338 K. This fact was also checked when plotting
rate constant ratio against temperature. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci

63: 635-641, 1997

INTRODUCTION

The use of materials derived from epoxy resins
has grown considerably since they were first com-
mercialized in the late 1940s. Epoxy resins find
thousands of practical applications because they
offer great versatility, low shrinkage, good chemi-
cal resistance, and outstanding adhesion. From
the economic point of view, the use of these resins
provides low manufacturing cost materials.

For this study we chose a system consisting of
a purified epoxy resin,® diglycidyl ether of bisphe-
nol-A (BADGE, n = 0) and 1,2 diamine cyclohex-
ane (DCH) as the curing agent. This selection was
made because of the high reactivity of the mixture
and also the absence of available data on it.

The kinetic model was that given by Horie et
al.,! assuming equal reactivity for all amine hy-
drogens. Hydroxyl groups generated during the
reaction and the presence of initial impurities
such as water, glycol, solvent, etc., markedly ac-
celerated the course of the epoxy-amine reaction.
This model was successfully used in a previous
study.?

* To whom correspondence should be addressed.
© 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/050635-07

EXPERIMENTAL

Materials

BADGE was the epoxy resin used (n = 0, Resin
332, Sigma Chemical, Co.) and 1,2 diamine cyclo-
hexane (DCH; Fluka) was the curing agent. The
epoxide equivalent weight of the resin after puri-
fication was 173.6 and that of the diamine was
taken as 28.5. The epoxide equivalent of BADGE
was determined by wet analysis following proce-
dures described elsewhere.>* Some of its proper-
ties are listed in Table 1.

Sample Preparation

The size of the samples was 4—7 mg. The materi-
als were carefully mixed under a nitrogen atmo-
sphere inside a microcalorimeter dry box at about
5°C. They were sealed, using a press, in aluminum
pans before introducing them into the calori-
meter.

Differential Scanning Calorimetry (DSC)

Calorimetric measurements were performed us-
ing a Perkin—Elmer DSC7. Owing to the wide
range of temperature (—30-250°C) necessary for
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Table I Data from Wet Analysis of Resin

Commercial Purified
Epoxide g equiv resin/
g equiv epoxy 181 173.6
OH content equiv/
100 g resin 5.20% 3.01%
Hydrolyzable chlorine
(ppm) 647 241

this study, the calorimeter was calibrated using
two standards (indium and bidistilled water). For
determination of the different kinetic parameters,
the calorimeter was operated in isothermal and
dynamic modes, considering the combination of
these methods very valuable for this kind of
study.?

For isothermal measurements, the tempera-
ture was raised from 5°C to the curing tempera-
ture at the rate of 150°C/min. This heating rate
value is higher than those used by some au-
thors.>?® In this way, we attempted to minimize
heat losses arising from the time necessary to
send the sample from 5°C to the selected tempera-
ture. One other improvement was to stabilize the
calorimeter (at about —20°C) after introducing
the sample to allow an increase in the data collec-
tion by the computer (1020 Perkin—Elmer),
which makes the calculation of the enthalpy
changes of the system easier.

RESULTS AND DISCUSSION

Kinetic Study

In the first step, the optimum BADGE/DCH ratio
was determined. This method was based on the
search for the maximum enthalpy change.? To ob-
tain this value, necessary for a subsequent iso-
thermal study, a dynamic study was carried out.
Different values of the epoxy/curing agent ratio
were used. Table II shows values of AH corre-
sponding to the different ratios tried. It was found
that the maximum enthalpy change was AH
= —411.4 J/g, corresponding to the stoichiometric
ratio, 100 : 16.3. The values of the glass transition
temperature (7T,) for the different mixtures are
also reported. T, was taken as the temperature
at the midpoint between the initial and final heat
capacity curves on samples heated at 10°C/min.
The maximum value of the T, corresponded to the
same epoxy/diamine ratio. This fact confirmed

100 : 16.3 as the optimum value to be used in
subsequent isothermal experiments.

From the isothermal experiments performed
around T, = 146°C, a range of 60—100°C was se-
lected based on the fact that temperatures above
and just below T, lead to very low conversions
(less than 0.30).

Enthalpy changes corresponding to the differ-
ent selected temperatures were measured. From
the values obtained and the kinetic model used,
values of reaction orders were determined.

A general expression for fractional conversion,
a, is

AH,
a = ,
AH,

(1)

where AH, is the heat evolved up to a certain time
and AH, the total heat of reaction. The reaction
rate, da/dt, was determined from DSC experi-
ments using the equation,

da _ dH/dt
dt  AH,’

(2)

assuming its proportionality to the rate of heat
generation dH/dt.

The reaction rate of an epoxy system can be
expressed by the sum of all reaction rates involved
in the mechanism. Assuming, as has been widely
shown, that in this kind of reaction two mecha-
nisms exist, nth order and autocatalyzed, and as-
suming stoichiometric relations and the same re-
activity for all amine hydrogens, a general form
of reaction rate is derived:

d
d—C:=(K{+K1a’”)(1—a)", (3)

where K; and K| are constants related to the rate
constants of the two reactions and m and n are

Table II Values of Enthalpy Changes and Glass
Transition Temperatures at Different Epoxy/
Diamine Ratios from DSC Measurements

AH, T,

Epoxy/Diamine Ratio (J/g) (°C)
100 : 15 —400.9 137

100 : 16.3 —4114 146

100 : 18 —396.5 141

100 : 22 —350.7 120
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parameters related to reactions orders for auto-
catalytic and nth order paths, respectively.”
The reduced rate is defined as

00 = At e gam, (4)
(1-a)

To check the validity of the kinetic model used,
plots of the reduced rate «° against the extent of
cure «a at different temperatures were made. The
method is based on the search values of m and n
best fitting a linear relationship between experi-
mental and theoretical data.

Values of the reaction order n, corresponding
to the nth path mechanism, can be derived using
the first part of eq. (4), a°® = da/dt/(1 — a)".
Values of da/dt and « can be obtained from the
experimental curves recorded during the DSC ex-
periments. Substitution of these values in this
last equation gives values of «° that depend on n.
Different values of n were tried in order to obtain
the best linear fitting of the experimental results.
Figure 1(a—c) shows plot of a° versus a at 100,
80, and 60°C, respectively. These figures show
curves corresponding to n = 1.5 and 2. It can be
seen that n = 2 satisfies our requirements because
it leads to higher conversions. Once this value was
found, the second part ofeq. (4),a’ = K| + K,a™,
was used to determine values of K| and K;, as-
suming an overall reaction order m + n = 3. This
value was pointed out by Barton’ for curing kinet-
ics of stoichiometric mixtures of BADGE/diamine.
From the straight lines resulting from linear fit-
ting, values of K] and K, can be derived. Values
of these constants, at the various temperatures
used in our isothermal experiments, are listed in
Table III. A sudden decrease in reduced rate at
55-90%, depending on the isothermal tempera-
ture, may have been caused by the onset of rate
control by the diffusion process of the reactants
due to the increased viscosity of the system.>®?

The activation energies corresponding to the
two kinetic mechanisms were obtained from the
Arrhenius plots in Figure 2 (correlations in the
range 0.991-0.999). Values of these activation
energies are shown in Table IV. As expected, acti-
vation energy corresponding to the autocatalyzed
reaction was lower than that corresponding to the
nth order path. The difference between both acti-
vation energies was higher than those observed
for some other systems. However, this cannot be
taken as definitive proof that one mechanism was
predominant over the other.

Figure 3 shows plots of reaction rate versus
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Figure 1 Plots of reduced rate, a°, vs. conversion, «,
form=1,n=2,andm =1,n = 1.5 at (a) 100°C, (b)
80°C, (c) 60°C.
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Table III Values of K; and K; Obtained from o’
vs. a Plots

T nth Order K} Autocatalyzed
°C) (min™Y) K; (min™1)
100 0.20 0.61

90 0.11 0.34

80 0.064 0.27

70 0.039 0.14

60 0.018 0.09

time at 100, 80, and 60°C, respectively, where ex-
perimental data and those predicted through the
kinetic model used are compared. There was ex-
cellent agreement at 100°C, which worsened with
decreasing temperatures. Plots of reaction rates
n-path/autocatalyzed ratio versus degree of con-
version are shown in Figure 4. The mechanism of
reaction was conversion dependent up to 60%. All
the curves show similar shape.

For thermosets that follow nth order kinetics,
the reactions rate is usually expressed as

da Vi1
() e

The reaction rate for cure reactions that are
autocatalyzed is described by relations such as

da . "
<E>auto - kla (1 a) ’ (6)

giving a quotient

0
a — 8- =K1~ y=18.11-7.36x R=0.999
A = e & y=14.82-5.73x R=0.991
-1 ‘é-\\\
Rt
a L
= a
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1000/T

Figure 2 Arrhenius plot, In £ vs. 1000/T from which
activation energies for the nth order and autocatalyzed
path can be obtained.

Table IV Values of Activation Energies from
Arrhenius Plot

nth Order Autocatalyzed
(kJ/mol) (kJ/mol)
E, 61.19 47.67
(da/dt)nm _
—— = (k}/k m 7
(da/dDom, (ki/k1)a™, (7)

and taking natural logarithms

[ (da/dt),m

(da/dt)aum] =In(ki/ky) —mIna. (8)

In Figure 5 it can be seen that plots of In[(da/
dt),m/(da/dt )y, ] versus In a give straight lines
with a slope m and intercept on the y axis
In(ki/k1). These plots show a value m = 1 at all
the temperatures used in this study. It can be
seen also that at low conversions, the n-path
mechanism was dominant and lost its effects with
conversion.

Thermodynamic Study

Changes of entropy, enthalpy, and Gibbs free en-
ergy for an epoxy-diamine curing reaction can be
evaluated by application of the transition state
theory.'®™ This theory assumes the formation of
an activated complex (AB*) in equilibrium with
reactants (A and B) before the formation of the
eventual product (P). The scheme is as follows:

K* k
A+ B o (AB)* - P. (9)

The equilibrium constant K* for the formation
of the transition state can be written as

[AB]*
K' =
[A1[B]’

(10)

where [A], [B], and [AB]* represent concentra-
tions of A, B, and the activated complex, respec-
tively.

Absolute reaction rate theory that has shown

k[A][B] = [AB]*

kT
— 11
n (11)

where % is the specific reaction rate to form the
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Figure 3 Plots of reaction rate, da/dt, vs. time, t.
Comparison of experimental data with model predic-
tions at (a) 100°C, (b) 80°C, (c) 60°C.

auto

/da/dt

n-th

do/dt

auto

n-th

da/dt /da/dt

auto

/da/dt

n-th

do/dt

639

3.5

3

2.5

2

1.5

1

0.5

ISR }

o

40

7

35
30
25
20
15

10

0.6 0.7

Figure 4 Plots of (reaction rate ), oraer/(reaction ra-
t€ )autocatalyzed, (da/dt),m/(da/dt)auo, ratio vs. conver-
sion, a, at (a) 100°C, (b) 80°C, (c¢) 60°C.
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Figure 5 Plots of natural logarithm reaction rates
ratio, In[(da/dt),w/(da/dt)au.] vs. natural logarithm
of conversion, In «, at (a) 100°C, (b) 80°C, (¢) 60°C.
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Figure 6 Arrhenius plot In 2/T vs. 1000/T from
where AH* and AS¥ can be obtained.

product, kg is Boltzmann constant, 4 is Planck’s
constant, and T is the absolute temperature.
From the last two equations

_ T

k
h

K*. (12)

On the other hand, the equilibrium constant
K* is related to the activation free energy change
AG* as follows:

AG* = —RT In K* = AH* — TAS*, (13)

where AH*" is the activation heat of reaction, AS*
the entropy change of activation, and R the gas
constant.

AG* can also be written as

AG* = —RT lnﬁ = AH" — TAS*. (14)
kT

Solving for &,

k= Me—AG“/RT

A ) (15)
or
b= kZ_TeAS#/Re—AH“/RT' (16)

This last equation can be written as
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Table V Values of Activation Enthalpy and
Activation Entropy Changes

AH# AS#
(kJ/mol) (J/mol K)
nth order path —58.3 —-104.1
Autocatalyzed path —44.7 -131.4
E — k_BeAS#/Re—AH#/RT. (17)

T h

Taking natural logarithms

#
1n@=1n<@eAS”/R> = (18)

T h RT

The plot of In £/T against 1/T (Fig. 6) gives a
straight line with a slope AH*/R and intercept on
the y axis In(kge*5*%) from whence AH* and AS*
can be determined. Values of AH* and AS* are
given in Table V.

It can be seen that AS* is less negative for the
nth order path, while AH" is less negative for the
autocatalytic one. This means that the nth order
path is dominant for the formation of the acti-
vated complex. Table VI gives values of the AG,,.
path and AGay, at various temperatures. It can be
seen that the nth order mechanism is predomi-
nant above 348 K (AGuu, > 0). This behavior is
in good agreement with that shown by some other
systems.®'?

CONCLUSIONS

A good agreement between kinetic and thermody-
namic data was found. Plots of K{/K, ratio (Fig.

Table VI Gibbs Activation Free Energy
Changes Corresponding to nth Order and
Autocatalyzed Mechanisms

AGm:h Path A(;auto
T (K) (kJ/mol) (kJ/mol)
298.15 —27.24 -5.57
308.15 -26.20 -4.25
318.15 -25.16 -2.94
328.15 —24.12 -1.62
338.15 —23.08 -0.31
348.15 -22.04 1.00
3568.15 —21.00 2.32
368.15 —19.96 3.63
378.15 -18.92 4.95
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Figure 7 Plot of rate constants ratio, K,/K/, vs. tem-
perature, T'.

7) and values of the Gibbs free energy changes
for the nth path and autocatalytic mechanisms
strongly suggested a trend to the nth path mecha-
nism with increasing temperatures.

Because of its high reactivity in a wide range
of temperatures, the epoxy system studied here
would be very useful for application in many dif-
ferent industries.
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