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SYNOPSIS 

A study of cure of an epoxy resin based on trimethilolpropane (TMP) used as supplied and 
in purified form and m-xylylenediamine (m-XDA), as curing agent has been carried out. 
Thermodynamic functions such as activation energy, activation entropy, activation enthalpy, 
and free energy of activation were determinated. From kinetic study we have observed that 
there are two competitive mechanisms; autocatalyzed and n order, with the values of ac- 
tivation energy ranging between 52.9 and 64.6 kJ/mol. The overall order of reaction is 
found to be 2.5, and the order of reaction with respect to the hydroxyl group is clearly 
determined and equal to 1. Gelation study was carried out under two conditions: isothermal 
and adiabatic. From isothermal study we obtained the values of functionality of the resins 
(approximately two) and the apparent activation energy of the process. The adiabatic study 
allowed us the determination of the pot-life taking into account the theoretical model used, 
with reasonable theoretical/experimental agreements. The importance of n-order path for 
this kind of resins (with high OH contents) is well demonstrated through kinetic and 
thermodynamic parameters. The thermodynamic functions showed themselves as very sen- 
sitive parameters for the following and evolution of the reaction. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

The reaction rate for an epoxy system can be ex- 
pressed by the sum of all partial reaction rates in- 
volved in the mechanism. If we suppose, as has been 
widely that in this kind of reaction there 
exist two mechanisms-n order and autocatalyzed- 
the general equation of rate will be 

% = (%)n.order + (%)aut 

For materials that follow n-order kinetics, the rate 
of conversion, (da/dt)n.order, is given by the expres- 
sion 
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The autocatalyzed reactions take place when one of 
the products of the reaction is a reactant in the same 
or a coupled reaction. The rate of conversion (dal 
dt)aUtoCat. can be expressed by 

which lead to the general form of reaction rate: 

da - _  - (K;  + K 1 a " ) ( l  - a)n 
dt 

This is a very well known equation of rate when 
the reactants are in stoichiometric relations, and all 
amine hydrogens have the same reactivity,' being 
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K l  and Kl the rate constants for the n order and 
autocatalytic path, n and m are the reaction orders, 
respectively. 

By application of transition stage t h e ~ r y ~ , ~  and 
from K; and K l ,  it is possible to evaluate the basic 
thermodynamic functions; activation entropy (AS'), 
activation enthalpy (AH'), and Gibbs free energy 
of activation (AG'). This theory supposes the for- 
mation of an activated complex (X ' )  in equilibrium 
with the reactants (A, B )  before reaching the for- 
mation of product (P). 

I,? k 
A i- B F? X'+ P 

The constants, K' and k ,  are related through 
Eq. (3). 

(3) 

where k is the rate constant, kB is the Boltzmann's 
constant, h the Planck's constant, and K' the equi- 
librium constant of activated complex. If we relate 
the equilibrium constant to the Gibbs free energy 
by using the van't Hoff equation, 

AG+ = -RT in K+ or K +  = e - ~ c ; + / ~ ~  

Eq. (3) will take the form 

h 

Taking into account the thermodynamic relation 
among AG, AH, and AS: 

AG' = AH' - T AS' (4) 

then, 

k T  
h 

k = B eAS'/R e - A H # / T  

this equation can be written as: 

taking natural logarithms, 

k AH+ 
In - = const - __ 

T RT 

(5) 

(7) 

Plotting the first term against 1/T, we will obtain 
AS' and AH' from the intercept, and the slope AG' 
is obtained from Eq. (4). 

EXPERIMENTAL 

Materials 

The resin used was a diglycidyl ether of trimethil- 
olpropane (TMP) (TRIEPOX GA from Gairesa, 
Spain) and m-xylylenediamine (m-XDA) (Aldrich 
Chemical Co., 99% pure) as curing agent. The resin 
was used as supplied and purified (as described in 
Part I).7 

All mixtures (resin-curing agent) were done in 
stoichiometric relations, taking the values of epoxy7 
and amine' equivalents (150 g/eq and 136 g/eq for 
the resins in supplied and purified forms, respec- 
tively, and 34 g/eq for the curing agent), 100/22.6 
for the resin in supplied form and 100/25 for the 
purified resin "soluble fraction." 

Techniques 

Differential Scanning Calorimetry (DSC) Study 

The calorimetric study was carried out using a Per- 
kin-Elmer DSC7 coupled to a 7700 personal com- 
puter with isothermal, dynamic, and specific heat 
software. Due to the range of cure temperatures 
taken for isothermal tests (from +30 to 65"C), a 
cryogenic device was necessary. More details about 
calibration procedure and thermal conditions can 
be found e l s e ~ h e r e . ~ , ~  

Gelation Study 

Gelation was followed under two thermal conditions: 
isothermal and adiabatic. The isothermal study was 
carried out in a thermostatted water bath. To de- 
terminate the gel point, we weighed about 10 g of 
sample of a well-known epoxy system (based on a 
purified epoxy resin of bisphenol A and m-XDA)? 
The sample was introduced into an aluminum con- 
tainer (7 cm diameter and 5 cm height). At  different 
times and degrees of insolubility it was taken out 
from the container and dissolved in tetrahydrofuran 
(THF). A t  the same time the conversion was deter- 
mined by FTIR (internal ratio of absorbances at 
916 and 1610 ern-')? and DSC (by measurement of 
residual heat). After several tests when we obtained 
the value of the extension of reaction equal to 0.58 
(value corresponding to the gel point'), we identified 
the gel under organoleptic point of view as a non- 
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THF soluble and nonflowing fiber formed when a 
glass rod is introduced in the epoxy system and it 
is lifted perpendicular to the bottom of the container. 
Once identified, we took this organoleptic reference 
as our standard for further determinations on un- 
known systems. DSC was used for determinations 
of conversion (for the case under study FTIR mea- 
surement was not a useful method owing to the dif- 
ficulty in finding a reliable reference band). Before 
starting the DSC measurement, the samples from 
the aluminum container were weighed in closed alu- 
minum pans and cooled with liquid nitrogen to stop 
the reaction. 

For adiabatic determinations we used a gel timer, 
Tecam Gel Timer GT3 (TECHNE). One hundred 
grams of resin-curing agent blend were weighed in 
a thermal isolated container. The plunger of the gel 
timer is moved up and down in the resin system. 
When the resin exerts the required resistence on the 
plunger, the gel timer switches off automatically and 
the gel time is recorded. We were not able to deter- 
mine with good accuracy the conversion at this point 
because the evolution of reaction is very fast. How- 
ever, and owing to this fact, the experimental error 
in the time must be small because in only a few 
seconds the temperature increases 40-50°C. The 
specific heat, c,  necessary for the theoretical esti- 
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mations was evaluated taking into account its de- 
pendence with the temperature and the enthalpy of 
reaction."'" For the calculations we took a constant 
value of c = 1.90 J/g "C just above Tg at 5OoC where 
the variations with the temperature are small and 
the evolution of reaction happen predominantly a t  
high temperatures." 

RESULTS AND DISCUSSION 

Kinetic Parameters 

Following the same procedure to obtain the kinetic 
parameters already stated in other s t u d i e ~ , ~ . ~  Table 
I shows the differences between both epoxy systems 
studied Triepox GA as suppliedlm-XDA (TEX,) 
and Triepox GA purified or soluble fractionlm-XDA 
(TEX,,). The activation energies range between 48.3 
(11.6) and 60.4 kJ/mol (14.5 kcal/mol) in the same 
order as other epoxy-amine  system^.',^,^ The ratio 
of the rate constants K J K 1  (Fig. 1) indicates that 
both resins have a similar behavior (if we take into 
account that the values are between 1.1 and 1.4, a 
narrow interval with respect to other epoxy systems 
as we will see); practically both mechanisms are su- 
perimposed and only the purified resin exhibits a 

. .. TEXp 
I I I I I 

300 305 31 0 31 5 320 325 330 335 340 345 

Temperature (K) 

Figure 1 Variation of the ratios of rate constants against temperature (K). 
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tendency to n order with the temperature. With re- 
spect to the liquid aromatic epoxy resins where the 
OHo (initial OH content) content is low (about 0.06 
Eq/100), the resins studied have much greater initial 
values of (OH,) and OHo/eo (eo, initial epoxy con- 
tent); (OHo/eo)TEX, = 0.54, (OHo/eo)TEXp = 0.47 
while the (OHo/eo) values for an aromatic system 
are between 0.1 and 0.015.3,8,12 This fact alone ex- 
plains the differences in the quotient of constant 
rate of these systems with respect to the aromatic 
resins, where rate constants Kl/K; are above 5' and 
even much greater.2 Obviously and conversely to the 
bisphenol A resins, the path n order is very impor- 
tant, as pointed out in Table I, where we can see 
that the theoretical values of (daldt),,, correspond 
to K:, theoretical case for n-order reactions. If we 
plot the ratio of reaction rates (da/dt)n.order = Ki(1 
- a)'.5 and (daldt),,, = Kla(l  - a)'.5 against con- 
version, a, we can observe the result (Fig. 2). Again 
this figure shows the behavior very well. At low con- 
versions the path is clearly n order, and it looses its 
effect with respect to autocatalytic path with the 
conversion, being practically constant and equal to 
1 for values of conversion above 0.55. This fact 
agrees very well with that already stated for the ratio 
of rate constants where the quotients are close to 1 
(not conversion dependent, but temperature depen- 
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dent; high temperatures imply high conversions). 
According to that, the reaction is catalyzed by the 
OH group content in the resin; these groups are 
consumed very quickly and the reaction continues 
to be catalyzed by the OH generated. It is very im- 
portant to remark that the same result (Fig. 2) was 
practically obtained for both formulations in all 
temperature ranges studied. 

Figure 3 shows a plot of the logarithm expression 
as the ratio of reaction rates against conversion. The 
value of the slope of this straight line is exactly -1 
(correlation 0.99999). Therefore, if 

it implies that m = 1 and, of course, the order of 
reaction with respect to OH is one. Again we ob- 
tained such excellent fit for both resins in all tem- 
perature tests with practically the same correlations. 

Once we confirmed the value m = 1, we again 
started our study for values of m = 1 and n = 2. We 
found good agreements for m = 1 and n = 2 in some 
cases. However, a t  50°C and for (TEX,) the reduced 
rate2.' markedly increased with the conversion after 
the onset of vitrification. Under our point of view 

0.05 0.1 5 0.25 0.35 0.45 0.55 0.65 0.75 

Conversion 
Figure 2 Ratio of reaction rates against conversion. 
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Figure 3 In ratio of reaction rates against In conversion. 

and unless the ratio of rate constants for the for- 
mation of primary and secondary amines change at 
different  temperature^'^ (taking different values of 
1, a fact that for this amine does not seem probable 
as we stated4), we believe that the reduced rate can- 
not increase its value after vitrification. So this re- 
action is well expressed for n = 1.5 and m = 1. It is 
ippokant to point out that we obtained very good 
theoretical/experimental kinetic agreements (e.g., 
rate of reaction/time, conversion/time) in all tests." 

Gelation Results 

Isothermal 

As we stated, the gelation was followed by DSC 
(conversion) after determinations of the solubility 
in THF. We obtained values for agTEX, = 0.61 
f 0.01 and agTEXp = 0.58 k 0.01. From the gel 
expression and through Eq. (8),l4*l5 we can estimate 
the functionality of both resins: 

d ( f - 1 ) k - 1 )  B 

where f andg are the functionalities of the resin and 
amine, and B the amine-epoxy equivalent relation 
(1 in our case, as stated). 

By applying Eq. (8), we obtained the values of 
functionality for both resins; fTEXs = 1.90 and fTExp 

= 2.00. The value of TEX, compares very well with 
that result estimated from molecular considera- 
t i o n ~ . ~  This is not the same case for the resin in the 
as-supplied form, for which we obtained a value of 
f = 2.15. But, as we explained in the previous study,' 
this result is not quite correct owing to the fact that 
it implies species with functionality f = 3 of which 
we have not any experimental evidence. The value 
of 1.90 is much more probably taking into account 
that in this resin we observed the presence of some 
products of functionality equal to 1. (See mass spec- 
trum, Fig. 3 p a k  I, m/z at 283). 

By Arrhenius analogy tg = t08dRT we can reckon 
the gel times at different temperatures, where tg is 
the time to reach the gelation, to the preexponential 
factor, E, the overall apparent activation energy, 
and T the absolute temperature. Figure 4 shows an 
Arrhenius plot for both systems at  different test 
temperatures. The values of activation energy com- 
prised between (Ea)TEXs = 64.6 kJ/mol and (Ea)~~xp 
= 52.9 kJ/mol compare well with other values for 
different epoxy-amine systems.2,16 
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Adiabatic 

The study of adiabatic gelification is very interesting 
from a practical point of view. Because of the low 
thermal conductivity of the resin, the thermal be- 
havior is similar to a semiadiabatic reactor and in 
this sense it is the pot-life measurement, a very im- 
portant feature for epoxy resins when the cure is 
carried out a t  room temperature. 

Theoretically and for an isolated system, 

AH 
Tf - To = -a - 

C 

where Tf and To are the final and initial tempera- 
tures, a is the conversion which corresponds to the 
thermal evolution of the reaction, c the specific heat, 
and AH the total enthalpy of reaction (defined as 
negative for an exotermic reaction). Therefore the 
final temperature Tf where q is reached, 

if we differenciate this expression with respect to 
time, 

where da/dt  is the general expression of rate from 
Eq. (2). Substituting this equation into Eq. (10) and 
taking the values for Kl and K', we obtain the in- 
tegral form: 

c d t = - -  C 

AH 
Pf dT 

For the evaluation of this expression we need the 
previous knowledge of the T, and c. In our case Tf 
is Tb (temperature at gel point) so that Eq. (9) TL 
= To - or,(AH/c). We know that ag is equal to 0.61, 
a value taken from isothermal experiments (for 
TEX,). In this way we can evaluate the integral [Eq. 
( l l ) ]  if c has been previously determinated, AH is 
the value of enthalpy of reaction, AHo = -547 J/g 
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(Table I) and tf is ts- Figure 5 shows the differences 
between theoretical Eq. (11) and experimental re- 
sults a t  different mixing temperatures (20, 30, 40, 
and 5OOC). We consider this an acceptable agree- 
ment because the differences are relatively small if 
we take into account the approaches. We did not 
consider the loss of heat, we took the value of specific 
heat as constant, which is not exact (it varies be- 
tween 1.9 J/g "C at  50°C and 2.50 J/g "C at  175OC), 
and the conversion a, can be inexact because the 
gel timer stops without any previous a, calibration 
due to the inherent difficulties already stated. How- 
ever, this procedure allows us to have a good ap- 
proach to estimate the pot-life and show the validity 
of kinetic model. The shape of the curves are very 
similar, and so the mathematic functions must be 
too. The DSC is not an adiabatic calorimeter, but 
through this procedure it is possible to estimate adi- 
abatic values. 

Thermodynamic Results 

From Table I we can see the thermodynamic results 
for AS', AH', and AG,' (standard conditions at  
298.16 K) obtained by plotting the values of KI/T 
and K',/T according to Eqs. (7) and (4). Figure 6 

Table I Thermodynamic and Kinetic Parameters 

shows the representation of In KJT and In K',/T 
against 1000/T for TEX,. 

The values of AH', AS', and AG' found by us 
for the resin as-supplied form are very similar for 
both rate constants while for the purified one there 
are differences among all thermodynamic functions. 
AH' is greater and AS' is lower for the autocatalytic 
path than for the n order, which indicates that the 
formation of activated complex is more favorable 
through n-order mechanism. This fact is better re- 
flected by the Gibbs free energy of activation where 
AG,' > 0. On the other hand, Figures 7 and 8 show 
the variations with the temperature of AG' for both 
systems and rate constants. Again we can see that 
the formation of activated complex is not favorable 
for TEX, from 285 K (Fig. 7) and the reaction goes 
through n-order process. This is not the same case 
for TEX, (Fig. 8) where the high values (negative 
values) of AG' for both rate constants indicate that 
the mechanism of reaction is competitive and take 
into account both paths with the same significance. 

We consider that it is important to point out the 
good concordance between kinetic and thermody- 
namic results. Figure 1 shows the tendency to n order 
when the temperature rises (TEX,). Figure 7 shows 
this same fact, which stands out much more. Also 

Parameters TEX Supplied TEX Purified 

mo (J /d  -547 -567 
AH' (kJ/mol) Ki K ;  Ki K ;  

AS' (J/mol K) Ki K ;  Kl K ;  

AG,' (kJ/mol) at  298.16 K K ,  K;  Kl K; 

T,, ("C) 35 33 
a,,, theoretical + o  - 0  

-58.0 -57.5 -45.8 -51.4 

-122.9 -127.0 -160.5 -143.9 

-21.4 -19.6 +2.1 -8.5 

amer experimental 0.033 (50°C) 0.085 (65°C) 
Kl (min-') 
K; (min-') 

(daldt),,. experimental (min-') 0.039 (50°C) 0.11 (65°C) 

3.78 X 10' X e-14.5/RT 
2.29 X 10' X e-14.4/RT 

4.10 X 10' X e-11.6/RT 
3.08 X lo7 X e-13.0/RT 

(da/dt),,. theoretical (min-') + K ;  + K ;  

Time to reach (min) (daldt),,, theoretical + o  -+O 
Time to reach (min) (daldt),., experimental 1.08 1 
age, experimental 0.61 0.58 
tgel isothermal 
Order 
OH 1 1 
Order amine + epoxy 1.5 1.5 
Overall order 2.5 2.5 

5.56 X lo-'' X e15.5/RT 4.10 X lo-' X 
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Figure 1 indicates that both paths are superimposed 
and practically constant with the temperature (TEX,). 

Again this fact can be observed in Figure 8 where 
the variations of AG'Kl and AG'K; are shown as 
two straight lines, and its values are close for both 
paths; the formation of activated complex needs both 
mechanisms. 

This study indicates that the entropic term (5" 
AS') can be of great significance in epoxy resin re- 
actions. From a thermodynamic point of view the 
roll of n-order path is shown as markedly important 
for formulations with high OH content. 

CON CLUSl ON 

Through this work we showed the kinetic and ther- 
modynamic parameters of cure obtained for two 
epoxy systems. It is clear than the resins with high 
initial OH content, even aliphatic structures, can be 
very fast systems if we compare them with the bis- 
phenol A epoxy resins. Owing to the low Tg of these 
systems, high conversions can be reached at tem- 
peratures close to room temperature. The kinetic 
and thermodynamic parameters show a great ten- 
dency to n order of reaction. The order with respect 
to OH is clearly well stated to be 1, and the overall 
order for this reaction seems to be 2.5. The kinetic 
model compares well with the experimental results, 
including the pot-life measurements where we took 
the isothermal DSC results to obtain adiabatic ap- 
proaches. 

The functionality of this resin (basically 2) is de- 
termined through the gelation theory and compares 
well with the results obtained by molecular consid- 
erations. The basic thermodynamic functions AH', 
AS', and AG' appear as very sensitive parameters 
to follow up and to control an epoxy-amine reaction. 

We thank Gairesa for samples and confidential infor- 
mation. 
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