
Introduction

There are numerous publications where the calorime-

ters are used as analytical instruments [1, 2]. Thermo-

kinetic experiment provides the data necessary to ana-

lyze important problems on the reaction mechanism

that can not be approached easily in any other way.

By the example of a series of reactions of amines with

epoxides we have shown that the calorimetry is really

powerful analytical tool for the determination of a re-

action mechanism [3–6]. By studying the thermo-

kinetics of such reactions we can obtain quite specific

information about their kinetics.

The reactions between epoxides and amines are

of considerable interest not only from the point of

view their commercial importance, but also from the

point of view a reaction mechanism in the solventless

systems. By a solvent-free reaction is meant any sys-

tem in which neat reagents react together in the ab-

sence of a solvent. Here the reactions actually take

place in the molten phase even in these samples that

outwardly appear to be solid [7].

It is noteworthy that the solventless reaction also

accelerates the reaction rate dramatically even in vis-

cous medium. For example, many of the reaction have

been reported to occur more rapidly under solventless

conditions than in solution [8, 9]. It is well known, us-

ing solventless reaction conditions, leads to an im-

provement in extent of conversion and shortened re-

action times as well as a lower temperature than the

solution reaction.

Consideration of the nature of epoxy-amine re-

actions led us to the finding that the beauty of epoxied

curing systems analyzed previously is that they are

not a solid-state reaction at all, but rather occurs in a

liquid melt of the two reagents. Under vitrification ep-

oxy-amine reaction must proceed also in the molten

phase under conditions prevailing in melts. In sys-

tems of the latter type the rate enhancements can be

achieved only by bringing functional groups together

in viscous medium.

Using heat of the reaction as a measure of the ex-

tent of conversion, a series of epoxy-amine reaction

mixtures within of which only a number of the func-

tional groups varied was carried out [3–6]. We have

shown the strict correlation existing between thermo-

kinetics and reaction mechanisms. At that the prob-

lems inherent in this technique were discussed in de-

tail. One very important problem is finding kinetic

model for these reactions [10].

The results were somewhat surprising in that the

proposed kinetic model fit the data about equally well

to the measured the rate of the heat release as a func-

tion of time in the case of epoxy-amine reaction mix-

tures, which differ in the number of functional

groups. The rate equations were tested to see how
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well they reproduced experimental results for a num-

ber of epoxy-amine reactions as a function of time

and temperature under solventless conditions.

These studies have revealed that the kinetics of

above epoxy-amine reactions, whether they are

glass-forming or model reactions is found to be fun-

damentally the same. A feature distinguishes the reac-

tion of epoxids with amines in neat (without solvent)

systems from those of the same mixtures in solvents,

this is the ready occurrence of structure forming pro-

cesses whereas it is totally absent in dilute solutions.

From the point of view of kinetics as well, these

reactions are of considerable interest. We observed

rate law led us to suggest an occurrence of stable in-

termediates within which the reaction has been pro-

posed to take place. According to this mechanism, the

rate of the reaction as a whole is controlled by these

intermediates. The experimental results indicate that

two mechanisms are involved in the formation of the

reaction product namely, the direct reaction (uncata-

lyzed pathway) and over persistent intermediate

formation (catalyzed pathway).

In uncatalyzed pathway, the rate of reaction W is

proportional to the product of the concentration of ep-

oxy- ([E]) and NH– ([A]) groups

W=k[E][A] (1)

The concentrations of epoxide and amine are de-

noted as [E] and [A] respectively.

As such, the uncatalyzed pathway involves bi-

molecular reaction epoxy-group with NH-group

when portions of the reagent species may come suffi-

ciently close for direct reaction to occur.

The catalyzed reaction has been proposed to take

place involving intermediates formed by the reagent

molecules [3–6]. The ability of the catalyst to hold re-

actants in a manner that organizes the complex for

high reactivity and the subsequent release of prod-

ucts, provide a way for the chemical transformation

by optimally locating functional groups. The use of

the complexes as molecular- reaction vessels provides

a basis for the kinetic treatment in the case of cata-

lyzed reaction in all of four epoxy-amine reactions.

This basic idea is expressed in equation:

W=k[complex][cat] (2)

The role of catalyst in a reaction is to favour the

movement of the electrons involved in the formation

of a new C–N single bond and proton transference

from the incoming amine nucleophile to the forming

OH group. Equal reactivity of primary and second

amines seems to point to processes in which the

nucleophility of the nitrogen atom is nearly constant.

As mentioned above the mechanism of the cata-

lyzed reaction is best accounted for on the basis of the

formation of the intermediates between the reagents.

Their formation can be expressed as

A + E → AE (3)

The complex AE evolves to the final product P

through a process, in which it is considered that the

product is acting as a catalyst:

AE → P (4)

As is well known, the kinetic curves obtained by

the experiment are a sigmoid function of time. This

behaviour is reputed as evidence of autocatalysis. In

outward appearance, these findings, indeed, point to

catalysis by the molecules which are formed in the

course of the reaction. Therefore product concentra-

tion is included in the rate Eq. (5):

d

d

x2

ef2 p p

C

t

k C C C= −( )
0

(5)

where kef2 – the rate constant of the catalytic reaction,

C0 is the initial concentration of the complex formed

by the reagents; Cp is the concentration of the OH–

functional groups, which are formed in the course of

the reaction.

The validity of kinetic model (2) was tested by an-

alyzing the effects of NH-/epoxy-groups ratio and tem-

perature used on the reaction rate heat release. A com-

parison of observed and calculated reaction rate heat re-

lease of various reaction mixtures have been demon-

strated in [3–5]. It turns out that all these reactions show

similar kinetic behavior. Good agreement for every run

lends support to the proposed kinetic model.

The present paper develops this idea further. We

report here a comparative study of four epoxy-amine

reactions. The set of epoxy-amine reactions chosen

for our study is: resorcinol diglycidyl ether – aniline,

resorcinol diglycidyl ether – m-phenylenediamine,

phenyl glycidyl ether - aniline, phenyl glycidyl ether -

m-phenylenediamine. They can be treated as reaction

systems differing a number of the functional groups

NH- and epoxy- in the molecules of amine and

epoxied, respectively. These reactions were chosen

primarily in order to be able to make such a compari-

son and thereby evaluate the advantages and disad-

vantages of the kinetic model. For this purpose, these

reactions provide an excellent basis for the compari-

son of experimental data.

Experimental

Differential scanning calorimeter DSC-111

(‘Setaram’, France) was used to obtain the extent of

reaction during the isothermal reactions of epoxy-

amine systems. A mixture of epoxide and amine
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(ca. 0.25g) of known composition was sealed in alu-

minium pans and subjected to isothermal reaction at

different reagent ratios.

When the reactions were run to completion, the

samples were annealed and a dynamical run was con-

ducted at heating rate of 5ºC per minute.

Results and discussion

Table 1 represents the structure formulas of all com-

pounds of our concern. Reaction between resorcinol

diglycidyl ether – m-phenylenediamine amine- and

epoxy- functional groups produces oligomeric spe-

cies The latter react further to produce higher molecu-

lar weight polymers that eventually form a three di-

mensional infinite network which spans the

dimensions of the reaction vessel. This reaction pro-

ceeds in highly viscous glassforming melt which stiff-

ens to yield a glass solid where increasing the viscos-

ity of the reaction mixture leads to its vitrification

during the reaction. The most interesting property of

resorcinol diglycidyl ether – m-phenylenediamine

mixture is its vitrification. In series of epoxy-amine

reactions analyzed the reaction between resorcinol

diglycidyl ether and m-phenylendiamine is one where

increasing the viscosity of the reaction mixture leads

to its vitrification during the reaction.

It turned out that the effect of vitrification can be

reliably established during kinetic experiment by iso-

thermal calorimetry [3] since the onset of vitrification

is reflected in the isothermal curves as a sharp de-

crease in the heat release rate.

To gain further understanding of cure reactions,

we have studied the kinetics of linear polycon-

densation between resorcinol diglycidyl ether and an-

iline [5]. When this reaction proceeds in the stoi-

chiometric mixture at 70ºC, the reaction mixture be-

comes progressively viscous as product forms. How-

ever, the reaction does not by itself lead to vitrifica-

tion. The product molecules represent the molten

polymer. On cooling to room temperature this melt

rapidly solidified yielding a glass solid. Tg of the neat

polymer lies in the region 60–80ºC.

Since the mechanism in above cases was found

to be the same further attention has been given to a

comparison of the thermokinetic parameters. In order

to construct a probable reaction mechanism of epoxy-

ring opening by amine, model experiments were per-

formed with reagents bearing a different number of

functional groups

Figure 1 shows a series of the kinetic measure-

ments carried out with stoichiometric mixtures. Reac-

tions were followed by calorimetry using the

Mangelsdorf treatment of rate heat release - time

data [3–6]. The reaction temperature was 70ºC. It is

notable that, the reaction rate between resorcinol

diglycidyl ether and m-phenylendiamine is the most

fast, while the reaction of phenyl glycidyl ether with

aniline is slower than when aniline reacts with resor-

cinol diglycidyl ether. The increasing of the viscosity

can be expected to have a marked effect on the reac-

tion rate. In going from a reaction involving vitrifica-

tion to model systems, the effect observed is in the op-

posite direction. The most reaction rate is observed in

the reaction involving vitrification as compared to the

model reactions (Fig. 1).
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Fig. 1 Isothermal curves of heat release rate at 70ºC

Table 1 Epoxy-amine systems differing a number of the functional groups. Their abbreviations, structure units and molar heats

in uncatalyzed and catalyzed reactions. (← – NH-group, – epoxy-group)

Reagents Products
State at reaction

temperature

Qmol1/

kJ mol
–1

Qmol2/

kJ mol
–1

Phenyl glycidyl ether

– Aniline
Viscous liquid 204 86

Resorcinol diglycidyl ether

– Aniline
Viscous liquid 200 88

Phenyl glycidyl ether

–m-phenylenediamine
Glassy material 194 82

Resorcinol diglycidyl ether

–m-phenylenediamine Crystalline solid 251 90



Figure 2 shows decomposing the total curve the

heat release rate vs. time into two component parts,

uncatalyzed W1 and catalyzed W2 reactions. In Fig. 2,

there is also presented typical curve conversion vs.

time. Decomposing the total curve conversion vs time

into two component parts, one describing the uncata-

lyzed reaction and the other describing the catalyzed

reaction demonstrates the magnitude of each type of

reactions. In order to decompose the total kinetic

curves conversion vs. time into the components we

used the mass balance expressed in moles of the func-

tional groups:

C C C
t1 t2 t

+ = (6)

where Ct1 and Ct2 are the number of reagent moles re-

acted in each pathway. Ct is the total moles reacted to

time t. Ct1, Ct2 and Ct has the units the molar concen-

trations. Then it follows that degree of conversion at

any time during reaction can be expressed as a sum of

conversions of two pathways: the one conversion α1

refers to uncatalyzed pathway and the other α2 de-

notes the conversion in catalyzed pathway. Thus the

total degree of conversion α at time t is expressed as

the sum of two terms:

α α α= +
1 2

(7)

α1 and α2 depend on the exothermic heat at time t dur-

ing isothermal scan Qt through the relation: α1=

c01Qt1/Qmol1 and α2=c02Qt2/Qmol2 with the understand-

ing that

Q Q Q
t1 t2 t

+ = (8)

where Qt1 and Qt2, are the heats evolved at time t and

Qmol2, Qmol1 are molar heats of epoxy ring opening for

catalyzed and uncatalyzed pathways respectively. Qt

is the total heat evolved at time t. c01 and c02 are initial

concentrations of the reagent in uncatalyzed and cata-

lyzed reactions respectively. These data show that the

part of the uncatalyzed reaction is sufficiently small

compared with the catalyzed reaction around 50%

conversion in total curve. At that in all cases, cata-

lyzed reaction is much faster than uncatalyzed path-

way [3–5].

The molar heat Qmol2 for catalyzed reaction in the

system of resorcinol diglycidyl ether- m-phenylene-

diamine is similar to those found for the model reac-

tions, aniline with phenyl glycidyl ether and with res-

orcinol diglycidyl ether respectively. Here, molar

heat of epoxy ring opening for uncatalyzed reaction,

Qmol1 more than twice as much as Qmol2 (Table 1).

Another common feature of above systems is

structure forming that can occur without a change in

the underlying mechanism of epoxy ring opening.

Following the reactions by calorimetry, we observed

that near at the later stages of the reaction between an-

iline and phenyl glycidyl ether, there was an increase

in the rate of heat evolution, which we associated with

hydrogen-bonded aggregation of OH–containing

molecules with other OH–containing molecules in the

final product. The probability of this interaction is

concentration dependent; it is not significant at suffi-

ciently low concentration of aminoalcohol. As the

concentration is increased, the isolated molecules of

aminoalcohol in system are depleted in favor of ag-

gregates. Thus, the products when present in high

proportions at the later stages of the reaction might

also influence the thermokinetics. The molar heat of

this process was evaluated from the thermokinetic

curves. The similar behavior was observed in the case

of the reaction between aniline and resorcinol digly-

cidyl ether as well as in the reaction of phenyl glyci-

dyl ether with m-phenylenediamine [5, 6]. In epoxy-

amine reactions, the fact of the spontaneous associa-

tion of the molecules of aminoalcohol into stable ag-

gregates joined by hydrogen bonds has been pointed

out by Harrod who investigated a series of model

compounds and polymers in the 3-μ region of the in-

frared. He has demonstrated that all bulk materials

show intense, broad peak around 3400 cm
–1

, typical

of hydrogen-bonded OH-groups [11].

Since the first points of the thermokinetic curve

is subject to some error, the values of Qmol1 (molar

heat in the uncatalyzed reaction) are not to be taken

too seriously, but serve to emphasize the fact that the

heat effect in uncatalyzed reaction is more than those

in catalyzed pathway.

The kinetics found for the reaction of phenyl

glycidyl ether with m-phenylenediamine is the same

as those of the above epoxy-amine reactions [6].

However, contrary to them, the given reaction yields

a crystalline solid during the reaction. The process of

crystallization is seen in the thermokinetic curves. In

this case, the time course of the reaction must be rep-
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Fig. 2 Decomposing the total curve the heat release rate (W)

vs. time into two-component parts. The magnitude of

uncatalyzed α1 and catalyzed α2 reactions into the total

curve conversion vs. time αsum for the system of phenyl

glycidyl ether – aniline at 70ºC, epoxy- to NH-group

ratio: 1.9



resented by a sum of three exothermic terms, the third

of which is the initial stage of crystallization.

In model reactions, thermokinetic data show that

the isothermic kinetic curve comprises of exotherms

of three processes. However, in the reaction involving

vitrification the third process is endothermic one. It is

well seen in the curves of the heat rate release as a

sharp decrease in the rate of heat evolution due to the

endothermic process [3].

Figure 3 shows a plot of ln(k2) vs. 1/T for three

reactions. The calculated activation energies for the

catalyzed reaction in the reacting systems of resor-

cinol diglycidyl ether and m-phenylenediamine, res-

orcinol diglycidyl ether and aniline and phenyl gly-

cidyl ether with aniline were found to be 51, 52 and

51kJ mol
–1

respectively. It is easy to observe from

Fig. 2 that the values of activation energy are in good

agreement for the three reactions.

An independent confirmation on the interpreta-

tion given to thermokinetic data can be obtained from

the point of the maximal rate in the experimental

curves of the heat release rate vs. time. It is clear from

the Fig. 3 that the point of the maximum in the experi-

mental curve of the heat release rate is in close agree-

ment with the point of maximum in the curve of the

catalyzed reaction. This feature allows direct compar-

ison of the results obtained in above mentioned reac-

tions through the time taken to reach the point of the

maximum in the experimental curve of the heat re-

lease rate.

According to Eq. (5) the extent of conversion at

which the catalysed reaction rate reaches the maxi-

mum value (αmax=C
x

peak
/C0) is found by setting the

first derivative of Eq.(5) to zero.

Thus, from Eq. (5) the following approximate

expression is obtained:

d

d

x

x x

C

t

k C C kC= − − =[ ( ) ]
0

0 (9)

A solution of Eq. (9) for Cx gives C
x

peak
=0.5 C0 or

αmax=50%.

From Eq. (9) it is clearly seen that αmax is inde-

pendent of the initial reagent ratio. In other words, for

a given kinetic model, the extent of conversion at the

peak of the reaction isotherm in catalyzed reaction is a

constant and equals 50%.

Under the conditions where catalyzed reaction

plays the dominant role, the maximum in the experi-

mental curve of the heat release rate is in close with

the point of maximum in the curve of the catalyzed re-

action, Fig. 1. In this case, the time required to reach

the peak rate in the total curve the heat release rate,

t
W Wmax=

in Fig. 2 would have the same Arrhenius plots

as the reaction rate constant in catalyzed reaction.

It can be shown that

ln( / ) ln( / ) /1 t A B E RT
W Wmax=

= − (10)

where B=ln(1/1/αW=Wmax–1) 1/c0; αW=Wmax is the ex-

tent of conversion at which the reaction rate reaches

the maximum value; A is pre-exponential factor deter-

mined by the Arrhenius law:

k A E RT
ef2

= −exp( / ) (11)

In saying this we assume that the conversion at

the peak rate in the total curve the heat release

αW=Wmax coincides closely with extent of conversion

at which the catalysed reaction rate reaches the maxi-

mum value. Indeed, the experimental data demon-

strates that independent of the initial reagent ratio, the

conversion at the peak rate in the total curve the heat

release ranges from 47 to 49%.

The catalysed reaction is given by the Eq. (5), its

integrating gives:

k tc
ef2 0 0

1 1 1 1=− − + −ln( / ) ln( / )α α (12)

where α0 is the extent of conversion at t=0. From the

Eq. (12), neglecting the value of α0 which is negligi-

ble compared to α, one obtains

k c t
ef 2 0

1 1=− −ln( / )/α (13)

The extent of conversion at the peak rate is inde-

pendent of the reaction temperature; then term in

braces is constant, and equals B, say. By taking loga-

rithm of (13), we obtain

ln ln lnk B t
ef2 W Wmax

=− −
=

(14)

If we linearize Arrhenius Eq. (11) by taking log-

arithm, combination with Eq. (14) gives

− = − −
=

ln ln / lnt A E RT B
W Wmax

(15)

As a result, we obtain

ln( / ) ln( / ) /1 t A B E RT
W Wmax=

= − (16)

The utility of Arrhenius plots (16) is illustrated

in Fig. 2. Arrhenius plots show approximately parallel
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Fig. 3 Arrhenius plots for rate constants kef2 (O). Symbol of ∗

represents dependence of ln(1/tW=Wmax) on 1/T



straight lines; ordinates are logarithm of reciprocal

time at the peak rate, the abscissas are reciprocal tem-

perature. This approach can be used as an analytical

tool to identify the reaction mechanism involving a

prereaction stable complex formed by the reagent

molecules. As a means of determining activation en-

ergies, this method of the Arrhenius plots (16), Fig. 2,

is useful in confirming the absence of another

processes during epoxide ring opening by amine.

A feature common to these reactions is also that

under conditions of excess amine, the reaction rate in-

creases with increasing amine concentration. This ex-

perimental finding further substantiates the molecular

mechanism provided by the kinetic model for the re-

action of epoxy-ring opening by amine. In Fig. 4, the

rate constants of the catalytic activity of excess amine

for two reactions are shown as linear function of the

excess of amine (Ca–CE). This trend of plots can be

interpreted as indicating that, when the excess of

amine becomes the solvent, high amine concentra-

tions exerts a large catalytic effect. The slope of the

lines is slightly different, as shown in Fig. 4. Thus the

rate constants kef2 tend to

k k C C k
eef2 amine A E f2(A E)

0 0

= − +
=

( ) (17)

where kef2(A=E) is the intercept and kamine is the slope.

kef2(A=E) is the apparent rate constant of the

stoichiometric composition; (C C
A E

0 0

− ) is excess of

amine over epoxide, mol/l. The term kamine ( )C C
A E

0 0

−

can only play a role when the reaction proceeds under

conditions of excess amine.

A linear plot of kef2 , at 70ºC vs. (CA–CE) values,

Fig. 4, for reactions of phenyl glycidyl ether with ani-

line and resorcinol diglycidyl ether with aniline yields

kamine values. Figure 4 demonstrates that kamine values

are very similar for both reactions whereas these reac-

tions differ by kef2(A=E) values. It is interesting that for

the reaction phenyl glycidyl ether- m-phenylene-

diamine, kamine value is more as compared with the re-

actions with aniline (Fig. 4).

The data on resorcinol diglycidyl ether – aniline

and phenyl glycidyl ether – aniline tend to be more

accurate because this reaction could be followed for a

long time, as compared to the reaction of resorcinol

diglycidyl ether with m-phenylenediamine which was

half over in about ten minutes. The fact the reaction

resorcinol diglycidyl ether – m-phenylenediamine

proceeds very rapidly under conditions of excess

amine made it practically impossible to get thermo-

kinetic parameters at 70ºC and this system has not

been considered in Fig. 4 where this system is repre-

sented by the rate constant only for stoichiometric

mixture.

An important point that should be noted is the

existence of the structural changes which accompany

the solventless reaction of epoxy ring opening. One

cannot draw conclusion about kinetics and the mecha-

nism of the reaction between amine and epoxide by

the constructing kinetic models which consider only

the simple picture of the interaction between the func-

tional groups of the reagents. However, the activation

energy can be evaluated from the time to reach the

maximal reaction rate in the curve of experimental

curve of the heat release rate vs. time.

In addition to these experimental results, the

present report leads to a series of intriguing questions

whose resolution may improve our understanding of

the epoxy-amine reactant medium. One of them con-

cerns the most reaction rate observed in the reaction

involving vitrification compared with the model reac-

tions. It is interesting the origin of the difference be-

tween the molar heat reactions in uncatalyzed and cat-

alyzed pathways. Also intriguing are kamine values that

are observed under conditions of excess amine in cat-

alyzed pathway. The nature of the epoxy-amine melts

is itself worthy of further investigations.

Conclusions

Much of interest in chemical kinetics comes from the

study of related reactions forming a series. The com-

pounds included in this study are among the ones dif-

fering only a number of the functional groups. All

these reactions show similar kinetic behavior. In these

series of epoxy-amine reactions analyzed the reaction

between resorcinol diglycidyl ether and m-phenylene-

diamine is one where increasing the viscosity of the

reaction mixture leads to its vitrification during the

reaction. This reaction proceeds very rapid compared

with the model reactions. The latter is of particular in-

terest as the demonstration that glass-forming reac-

tion mixture is completely independent of increased

viscosity.

The method for valuation of Arrhenius parame-

ters and constant rate for catalyzed reaction is re-
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Fig. 4 Dependence an effective rate constant k
ef2

on the amine

excess, 70ºC



ported which involves finding the time taken to reach

the point of the maximum in the experimental curve

of the heat release rate vs. time. This idea arose from

the observation that the point of the maximum in the

experimental curve of the heat release rate is in close

proximity to the point of maximum in the curve of the

catalyzed reaction which corresponds to 50% conver-

sion. This is a very important feature as it allows di-

rect comparison of the results obtained by isothermal

calorimetry and might be useful as a practice of the

study of the similar reactions by calorimetry.

The data that we present here demonstrate that

thermokinetic method can be used for a rapid determi-

nation of the activation energy in similar ep-

oxy-amine systems by measuring times to point of the

maximum in the experimental curve of the heat re-

lease rate vs. time.
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