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Mechanistic modeling of the epoxy–amine reaction
Model derivations
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Abstract

A series of kinetic models of the epoxy–amine addition have been derived based on the assumption that its rate-determining step overcomes
the formation of an intermediate equilibrium epoxy–hydroxyl complex. The model fundamentals and the main approximations have been
discussed. An alternative mechanistic description within the classical scheme has been also presented. In spite of the ability of the last to
describe the experiments almost perfectly, it has been considered that more reliable model predictions will have been obtained by following
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. Introduction

One of the most practically important reactions in the
eld of thermoset processing is the epoxy–amine addition.
t proceeds due to the opening of oxirane rings of the epoxy
omponent by hydrogen atoms of the amine component thus
oining the last in copolymer chains.

In terms of reacting groups, the epoxy–amine addition
inetics is based on the below given generally accepted con-
ecutive reaction scheme[1–7], e.g. inScheme 1, where Ap
nd As express the primary and secondary amine hydrogen
toms, E and At denote the epoxy and tertiary amine groups;
H and E. . .OH represent all currently existing hydroxyl
roups and those involved in intermediate complexes, respec-

ively; ki andk′
i (i = 1, 2) are Arrhenius-type rate constants.

Horie et al. [8] have proposed the above scheme after
ndings from other authors[9,10]who experimentally estab-
ished that the epoxy–amine reaction was markedly acceler-
ted in the presence of hydroxyl containing substances. Since

∗

the hydroxyl groups are one of the reaction products the
reaction can be considered to be autocatalytic.

The autocatalytic kinetics of the epoxy–amine addi
is mathematically described using the following system
velocity ordinary differential equations (ODE)[4–8,11–21]

−da1

dt
= 2k1[b + (e0 − e)]ea1 (1a)

−da2

dt
= k1[b + (e0 − e)]e(ra2 − a1) (1b)

−de

dt
= k1[b + (e0 − e)]e(a1 + ra2) (1c)

where e and e0 are the current and initial concentratio
of epoxy groups,a1 and a2 the concentrations of pr
mary and secondary amine hydrogen atoms, respect
r = k2/k1 = k′

2/k′
1 their reactivity ratio andb is a paramete

involving the ratio of the non-catalytic rate constant over
autocatalytic one; its exact meaning differs depending o
accepted initiation path.

We have to emphasize, that the formalism applie
Tel.: +359 2 9793905; fax: +359 2 703433.
E-mail address:zvetval@clphchm.bas.bg.

express the concentration of the amine component can lead to
somewhat different both velocity and mass balance equations
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Scheme 1.

[18–21]. The definition ofr can also differ. According to the
amine hydrogen principle, the ideal value ofr defines equally
reactive primary and secondary amine hydrogen atoms, i.e.
r = 1 (or k1 = k2 andk′

1 = k′
2). Conversely, the amine group

formalism supposes a twice more reactive primary amine
group (having two possibilities to react) compared to the sec-
ondary one (having one possibility to react), i.e.r = 1/2 (or
k1 = 2k2 andk′

1 = 2k′
2). As the notation below Eq. (1) shows,

we accept the amine hydrogen mass balance principle.
The effect of reactivity ratio is known in literature as

kinetic substitution effect (KSE). It is one of the mostly
debatable problems in the field of epoxy–amine reaction but
negative KSE or less reactive secondary amines, is often
considered to be a more probable phenomenon[4–6,16]. A
detailed analysis of KSE was given by Miller and Macosko
[22], Rozenberg[4] and more recently, by Mijovic et al.[16]
and Matejka[23].

Eq. (1) imply that the autocatalytic reaction has to
be promoted; otherwise, it will never start. The initia-
tion term was sometimes observed to be a temperature-
independent parameter. In these cases, it has been ascribe
to the initial hydroxyl content being always a prod-
uct of synthesis even in very low molecular epoxies
[4,12,13,18,24–28], i.e.b= k′

1/k1[OH]0 = k′
2/k2[OH]0, where

k′
1/k1 = k′

2/k2 ≈ 1. In other cases,b was found to vary with
temperature indicating a competitive bimolecular initiation
[
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The definition ofb andr illustrates the third approxima-
tion accepted in Eq. (1), namely each initiation rate con-
stant is proportional to the corresponding autocatalytic one.
As is shown later, the last two approximations will have
been accepted to develop the mechanistic models of the
epoxy–amine addition, although the third one appears to be
reasonable for very low molecular epoxy formulations, where
b� 1. The effect of the volume change will not be discussed
further in this study.

Applying the well known normalizations, viz.,
e/e0 = (1 −α), [OH]/e0 ={[OH]0 + (e0 − e)}/e0 = c0 +α,
a1/e0 =λ1 and a2/e0 =λ2, the following set of dimension-
free ODE is obtained:

−dλ1

dt
= 2K1(B + α)(1 − α)λ1 (2a)

−dλ2

dt
= K1(B + α)(1 − α)(rλ2 − λ1) (2b)

dα

dt
= K1(B + α)(1 − α)(λ1 + rλ2) (2c)

whereα is the so-called degree of epoxy conversionλ1 andλ2
t dary
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2–8,29–36], i.e.b= k′
1/k1 + [OH]0 = k′

2/k2 + [OH]0, where
′
1/k1 = k′

2/k2 � 1.
The derivation of Eq. (1) is based on several app

mations. The first one considers that the volume ch
uring the reaction advance does not influence dramat

he kinetics. Its effect has been recently discussed in
etail [6] but it seems to be important if the initial mo
mine to epoxy ratio,R0, is varied significantly.

The second approximation postulates that the rea
ates depend on the concentrations of reacting groups
han those of all individual species—monomers, dim
rimers, etc. This assumption has been proved to be
ell above the theoretical gel point, where the molec
otion might be restricted. In spite of this, the kinetics
ot observed to be altered above the gel point. Even m

t sometimes seemed accelerated within a part of this r
35].
d

he normalized concentrations of the primary and secon
mine hydrogen atoms, respectively,K1 = k1e

2
0 andK′

1 =
′
1e0 the dimension-free rate constants andB includes the rati
f the non-catalytic rate constant over the autocatalytic

.e. its expression again depends on the accepted init
athway.

The degree of epoxy conversion can be measured
ifferent physical–chemical methods–analysis of rea
roups[4,23,37], chromatography[12,18,24,25], conductiv

ty and dielectric measurements[33,38–41],Tg-monitoring
14,26–28], FTIR[32–36,42–48], DSC[2,3,7,29–32,49–60
s well as some specially designed techniques[61–63]. In
ur opinion, DSC and FTIR appear to be the most impo
onventional techniques. DSC allows to perform the kin
nalysis in isothermal and programmed temperature m
s well as to combine the isothermal and non-isothe
inetics[3,7,30,49–60]. FTIR in the near infrared region p
its to obtain bothα andλ1, whereasλ2 can be determine

rom the mass balance equations[20,34–36]. The reactivit
atio can be also determined using near-FTIR spectros
t the maximum ofλ2 curves, where dλ2/dt= 0, α = 0.5 and
= k2/k1 =λ1/λ2 [34].

If the reactivity of primary and secondary amine hydro
toms is equal, i.e.r = 1 (or k1 = k2 andk′

1 = k′
2), then Eq

2) transform into the overall model of Horie et al. so-ca
29–33], viz.

dα

dt
= K1(B + α)(1 − α)(R0 − α)

= (K′
1 + K1α)(1 − α)(R0 − α) (3)
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The overall velocity equation describing the reaction of sto-
ichiometric compositions orR0 = 1, becomes:

dα

dt
= (K′

1 + K1α)(1 − α)2 = K1(B + α)(1 − α)2 (4)

The overall rate constants of some epoxy–amine reactions
have been determined mainly in equimolar quantities of the
components as the slope and intercept of the plot[8]:

ṙ = dα

dt

1

(1 − α)2 = K′
1 + K1α (4’)

whereṙ is a typical expression in the autocatalytic kinetics
known as reduced reaction rate.

The analysis of literature shows that experiments some-
times obeyed Eq. (4), at least in limited ranges of con-
version and temperature[2,13,17,24–28,33], but deviations
from the overall model have been more often established
[3,4,8,14–16,18–21,43–63]. To obtain the values of the over-
all rate constants in these cases, Kamal et al. have proposed
the following model of the epoxy–amine reaction[64]:

dα

dt
= K1(B + αm)(1 − α)n = (K′

1 + K1α
m)(1 − α)n (5)

wherem andn are experimentally adjustable parameters.
This widely used formal velocity equation is more or less

acceptable to study the kinetics ifR = 1, but it is completely
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systems is similar to that observed in vinyl ester resins. The
parameter in their model has been assigned to the-free vol-
ume contraction and to an increase of local concentration of
reacting species.

Rozenberg[4], Mijovic et al. [16] and Xu et al.[17] have
assumed the formation of different transition state complexes
but the model of Mijovic et al. led to forth order mechanism,
whereas Xu et al. did not succeed to distinguish between the
different mechanisms, as they commented.

Flammersheim[49] and Riccardi et al.[51] have accepted
the formation of an equilibrium epoxy–hydroxyl complex
resulting in pseudo-second-order rate expressions and postu-
lated the main objectives of this mechanistic scheme. It has
been further developed by Flammersheim[50] and Swier
and Van Mele[57] who pointed out that other complexes
were also possible to exist. Although this approach seems
physically sound, the high number of adjustable parameters
makes their analysis debatable, as Flammersheim pointed
out.

In this study, we have attempted to derive a mechanistic
model of the epoxy–amine addition elaborating an extended
amine reactivity scheme, we have proposed recently[21], into
the model of Flammersheim and Riccardi et al. This is one
of the objectives of the study. The second aim of this work
is to present exact mathematical descriptions of the multiple
equilibrium schemes similar to that proposed by Swier and
V

2

2
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0
nclear ifR0 �= 1. As is shown by Vyazovkin and Sbirra
uoli [65], the model-free analysis is a preferable techniqu
tudy the formal kinetics[66,67]. These authors also poin
ut that some mechanistic details can be discovered app

heir approach. On the other hand, the Kamal’s model m
ave some usefulness, as is commented below.

We recently studied an epoxy–amine reaction follow
he formal equation of the form d�/dt= K1(B+ �)(1− �)n

nd an extended reactivity ratio model[21,53]. It has bee
hown that positive deviations from the overall model
< 2 in terms of the Kamal’s model[53]), yielded a positiv
SE (orr > 1 in the terms of Eq. (2)[21]). At the same time

he best fit values of the parametersK1 andB according to
he formal model were found exactly the same as those
eginning of reaction according to the mechanistic ones

The above finding has been theoretically proved in
ecent study of Talbot[68]. The author of this noteworth
ork has also shown that the transform of classical
amal’s model is possible but at certain restriction w

espect to the power exponents, namelyn may vary as a rul
ithin 1 and 2, whereasm should typically lie between 0.6
nd 1.

Recent results on the kinetics of different epoxy–am
eactions performed using near-FTIR indicated a higher
ivity of primary amine hydrogen atoms, i.e.r < 1 (negative
SE)[34,36], but positive deviations from Eq. (4)[35]. There
re several studies found in literature attempting to exp

he mentioned disagreement.
Using a semi-empirical model Paz-Abuin et al.[35] have

ostulated that the auto-acceleration phenomenon in e
an Mele.

. Model development

.1. Average amine reactivity models

Flammersheim[49,50]and Riccardi et al.[51] have tried
o explain the deviations from the model of Horie et al.
ell as to couple the isothermal and non-isothermal d
hey have proposed the scheme of the epoxy–amine rea
.g. inScheme 2, where A and P express the primary or
ndary amine reactant and secondary or tertiary amine
ct, respectively, E. . .OH the equilibrium epoxy–hydrox
omplexes formed andKeq is an equilibrium constant.

The physical–chemical picture, which follows fro
cheme 2, can be clearly depicted in terms of the th
f activated complex.

The equilibrium constant defines the existence of E
H groups in E. . .OH covalent bond complexes toget

Scheme 2.
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with free E and OH groups. Both E. . .OH and free E groups
attempt to form transition state complexes, E. . .OH. . .A and
E. . .A, respectively. Each of them may decompose either to
products or to reactants and the rate constantsk1 andk′

1 define
the decomposition rates of both transition state complexes
into identical products.

This mechanistic scheme has been mathematically
described using an equilibrium constant expression and an
overall velocity equation[51], viz.

Keq = [E . . . OH]

[E][OH]
(6a)

−de

dt
= k1[E . . . OH]a + k′

1[E]a (6b)

After the replacement of Eq.(6a)into Eq.(6b), one can con-
vert the last into another form describing the reaction kinetics
in terms of number of species participating in the transition
state complexes, viz.

−de

dt
= k1Keq[OH][E]a + k′

1[E]a = kef([OH] + b)[E]a

(6c)

where all symbols in square brackets denote molar concen-
trations,a the current concentration of all amine hydrogen
atoms,kef = k1Keq an effective autocatalitic rate constant and
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−dα

dt
= K′

1(1 − α − y)(1 − α) + K1y(1 − α)

= K1[B ′(1 − α − y) + y](1 − α) (7b)

or after the replacement of Eq.(7a) into Eq. (7b), one can
obtain:

−dα

dt
= K′

1(1 − α − y)(1 − α)

+ Kef(c0 + α − y)(1 − α − y)(1 − α) (7c)

where y= [E. . .OH]/e0 is the normalized concentration of
epoxy groups involved in E. . .OH complex formation,
K1 = k1e0, Kef = k1,efe

2
0 andK′

1 = k′
1e0 the normalized rate

constants,K* = Keqe0 the dimensionless equilibrium constant
andB′ is the ratio of the non-catalytic rate constant over the
bimolecular autocatalytic one.

Comparatively to the overall model of Horie et al., Eq. (4),
the pseudo-bimolecular scheme of Flammersheim–Riccardi
is represented by Eq. (7). This scheme has been rejected for
the reaction of phenyl glycidyl ether withN-methyl benzyl
amine in the early work of Xu et al.[17], but it seemed to
be valid in many cases including those when other model
systems were studied[45–47,57–60].

The second form of the model of Flammersheim–Riccardi,
E the
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a
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o
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r ever,
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h
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= k′
1/k1Keq is the ratio of the non-catalytic rate const

ver the effective autocatalytic one.
The solution of Eq. (6) requires additionally the m

alance equations that arise from the equilibrium con
elation, viz.

= [E] + [E . . . OH]

OH]0 + e0 − e = [OH]0 + [OH] + [E . . . OH]

here the terms at left represent the current concentra
f all epoxy and hydroxyl groups, respectively.

As one can establish, the two competitive reactions al
ifferent manner the equilibrium. The autocatalytic reac

urns it right or [E] and [OH] decrease. Conversely, the n
atalytic reaction turns the equilibrium left and, as a re
E] and [OH] increase. On the other hand, Eq. (6) predi
oundary cases similarly to the model of Horie et al.:

If Keq
 1, then all E and OH groups exist in state
E. . .OH complexes and, in turn, the reaction becomes a
catalytic. In fact, it is bimolecular but it behaves as th
molecular since [OH] continuously increases.
If Keq� 1, then all epoxy groups are in the free state
the main reaction becomes entirely non-catalytic.

The normalized dimension free form of Eq. (6) in stoich
etric ratios of the component has been derived previo

51]:

∗ = y

(c0 + α − y)(1 − α − y)
(7a)
qs.(6c) and (7c), shows its principal difference from
odel of Horie et al. The variables [E] and [OH] in the form

xpress the molar concentrations of E and OH groups w
re not involved in the formation of bimolecular E. . .OH
omplexes. On the contrary, those in the classical m
f Horie et al. express their total quantities, i.e. [E]t = e and
OH]t = [OH]0 + (e0 − e). The mentioned advantage of E
6c) and (7c)is commented in the next subsection (Sec
.2).

.2. Multiple equilibrium and average amine reactivity
odels

Several authors have recently proposed that more
ne covalent bonds can be formed in the reactive

ure [4,17,50,57–60]. As Swier and Van Mele have poin
ut, there might be either reactive or non-reactive equ
ium complexes. While the former facilitate the reac
y transferring into activated complexes causing accele
ate, the non-reactive complexes reduce the concentrat
eacted species and, in turn, retard the reaction. How
he mathematical description of such an assumption is n
imple.

For example, some multiple equilibrium models sim
o those proposed recently[50,57]can be considered with
he overall amine reactivity model of Flammersheim and
ardi et al. on the basis ofSchemes 3 and 4.

Scheme 3representing simultaneously existing epo
ydroxyl (E. . .OH) and amine–ether link (A. . .Et) complexes
an be described in equimolar proportion of the compon
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Scheme 3.

using the following set of dimension-free ODE:

K∗
1 = y

(c0 + α − y)(1 − α − y)
(8a)

K∗
2 = z

(p − z)(1 − α − z)
(8b)

−dα

dt
= K′

1(1 − α − y)(1 − α − z) + K1y(1 − α − z) (8c)

(8d)

wherey andz are normalized concentrations of the epoxy
groups and amine hydrogens which are involved in E. . .OH
and A. . .Et complexes, respectively,p the initial normalized
concentration of ether groups that is close to unity for low
molecular equimolar systems, i.e.p= 1 + c0; K∗

1 = K1,eqe0
andK∗

2 = K2,eqe0 form a couple of dimensionless equilib-
rium constants defined by the above relations; the normalized
concentrations of the free functionalities are notated below
the velocity equation.

The multiple equilibriumScheme 4depicting two simul-
taneously existing intermediate reactive complexes, respec-
t
c mer-

sheim and Riccardi et al., viz.

K∗
1 = y

(c0 + α − y)(1 − α − y − u)
(9a)

K∗
2 = u

(1 − α − u)(1 − α − y − u)
(9b)

−dα

dt
= K′

1(1 − α − u)u + K1(1 − α − u)y (9c)

(9d)

where y, u and y+ u are normalized concentrations of
hydroxyl groups, amine hydrogen atoms and epoxy groups
involved in E. . .OH and E. . .A complexes, correspondingly,
andK∗

1 andK∗
2 denote another couple of equilibrium con-

stants.
The second form of the model of Flammersheim–Riccardi,

Eqs.(8d) and (9d), expresses the well-known schemes of the
epoxy–amine reaction proposed within the classical model
of Horie et al. [8], but adapted in terms of the model of
Flammersheim–Riccardi[49,51].

Eq.(8d)can be obtained by replacing the variabley from
E
o e
c f the
e berg
a t-
i e of
s

of
F e
e par-
t t to
E on
o odel
o pted
s

rd-
i cent
s e
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t n.
A as to
b se. It
i
t when
t

tion
i
(

ively, epoxy–hydroxyl (E. . .OH) and epoxy–amine (E. . .A),
an be again described following the approach of Flam

Scheme 4.
q. (8a) into Eq. (8c). It representsScheme 2but in case
f the formation of E. . .OH and A. . .Et complexes. On th
ontrary, Eq.(9d) describes another possible scheme o
poxy–amine addition discussed in the studies of Rozen
nd Xu et al.[4,17]. It reflects the kinetics of two compe

tive catalytic reactions but taking place in the presenc
imultaneously existing E. . .A and E. . .OH complexes.

As is evident from the second form of the model
lammersheim–Riccardi, Eqs.(8d) and (9d) describe th
poxy–amine kinetics in terms of number of molecules

icipating in the transition state complexes, in contras
qs. (8c) and (9c) which express it in terms of reacti
rder. At the same time, the second form of the m
f Flammersheim–Riccardi shows the basically acce
chemes of the reaction studied.

A similar definition of the effective rate constants acco
ng to Eqs. (8) and (9) has been formulated in the re
tudies of Vinnik and Roznyatovski[69,70], besides of som
ebatable points in their approach.

The analysis of the above sets of ODE confirms the s
ent of Swier and Van Mele who pointed out that the re

ive complexes (E. . .OH and E. . .A) accelerate the reactio
ccording to these models the autocatalytic reaction h
e accelerated since the effective rate-constants increa

s also seen that the non-reactive complexes (A. . .Et) retard
he reaction due to the decrease of free hydrogen atoms
he reaction progresses.

Eqs. (8) and (9) indicate that each equilibrium rela
ntroduces an additional variable. According to Eqs.(9a) and
9b) the variables might be correlated in some cases.
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Scheme 5.

2.3. Reactivity ratio models

If the reactivity of the amine hydrogen atoms is differ-
ent, then the epoxy–amine reaction can be represented using
combination of theSchemes 1 and 2in Scheme 5.

Consequently, the reactivity ratio model according to
Flammersheim and Riccardi et al. can be expanded into the
following set of velocity ODE:

K∗ = y

(1 − α − y)(c0 + α − y)
(10a)

−dλ1

dt
= 2K1[B ′(1 − α − y) + y]λ1 (10b)

−dλ2

dt
= K1[B ′(1 − α − y) + y](rλ2 − λ1) (10c)

dα

dt
= K1[B ′(1 − α − y) + y](λ1 + rλ2) (10d)

A similar model of the epoxy–amine reaction has been
recently applied by Swier and Van Mele to study far more
complicated reaction schemes[57]. Their model has been
tested on some typical epoxy systems as well as in reaction
induced phase separating formulations and it well described
the reaction advance of the systems they studied[58–60].
Swier and Van Mele have first implemented the model of
F mes
b ret-
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10),
i those
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n

• n
ting

•

luded
f m
t ns of
t l
a

−

dα

dt
= K1(B + α)(1 − α)[λ1(1 − r) + r(1 − α)] (11b)

The corresponding simplified form of Eq. (11) in terms of the
model of Flammersheim and Riccardi et al. transforms to:

K∗ = y

(1 − α − y)(c0 + α − y)
(12a)

−dλ1

dt
= 2K1[B ′(1 − α − y) + y]λ1 (12b)

dα

dt
= K1[B ′(1 − α − y) + y][λ1(1 − r) + r(1 − α)] (12c)

It is noteworthy that the dependence ofα versusλ1 derived
following Eq. (12) is the same as that extracted from Eq. (11),
viz.

α = 1 − [λ1(1 − r) + λ
r/2
1 ]

2 − r
(13)

Consequently, Eq.(13) becomes a test dependance in the
epoxy–amine addition kinetics. If one will have reliable data
for α andλ1, e.g. obtained using FTIR, the plot ofr versusα
can be easily constructed in the whole conversion range. If the
experimental data obey Eq.(13) and Horie plot exhibits the
opposite trend, then the model of Flammersheim–Riccardi
extended by us seems to be, at least, highly probable.

t al.,
S del
o in
d The
e veral
a not
a l. has
b ms.
A lded
d etail
d d in
l

2

an-
n pted
t s
m t the
a nded
a own
s usek
e

F ording
t

lammersheim–Riccardi into the four rate-constant sche
ut in our opinion, their approach requires additional theo

cal considerations as those presented in one of subse
hat follow.

As one can see, to obtain the analytical form of Eq. (
t is necessary to accept the same approximations as
pplied in the solution of the classical autocatalytic mo
amely:

The rate constantsk1 andk2 and the equilibrium relatio
Keq express the velocity equations in terms of reac
groups.
The ratiosr andb are expressed asr = k2/k1 = k′

2/k′
1 and

b= k′
1/k1 = k′

2/k2 by definition.

The secondary amine rate expressions might be exc
rom Eqs. (2) and (10), sinceλ2 can be determined fro
he mass balance equations. In stoichiometric proportio
he reaction componentsλ2 = 1 −α − λ1 and the KSE mode
ccording to Horie et al., Eq. (2), are reduced to:

dλ1

dt
= 2K1(B + α)(1 − α)λ1 (11a)
As one can establish, the classical scheme of Horie e
cheme 1and its modification proposed within the mo
f Flammersheim and Riccardi et al.,Scheme 5, result
ifferent mathematical descriptions–Eqs. (11) and (12).
arlier studies of the former have been reviewed by se
uthors[4,16,22,23]. Unfortunately, their systematic did
ppear exact in all cases since the model of Horie et a
een derived following different mass balance formalis
s is mentioned, the amine component expression yie
ifferent velocity and mass balance equations. A more d
iscussion on the reactivity ratio formalism can be foun

iterature[21,53].

.4. Extended reactivity ratio models

To explain why a good description of the experiment c
ot be obtained by using Eq. (11), we have recently attem

o extend it in terms of the classicalScheme 1 [21]. Thi
odified kinetic model is based on the assumption tha
mine monomer is less reactive than all primary amine e
dducts. In other words, we have modified the well-kn
cheme of the amine hydrogen reactivity proposed by D
t al.[37] into the scheme presented inFig. 1.

ig. 1. Schematic representation of the amine hydrogen reactivity acc
o the modified reactivity ratio model[21].
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Similarly to the original notification of Dusek et al., the
unfilled circles inFig. 1 mean the non-reacted hydrogens,
whereas the filled circles express the reacted ones. According
to the scheme, it has been suggested that the solubility of
primary amine ended adducts–either in the pure epoxy or
between themselves–is favored by stronger interactions in
comparison to those of the pure amine monomer. Note that
due to the hydrogen bonding most of the amine hardeners
rapidly tend to crystallize from the monomer mixture. The
weaker interactions in the last have been accounted by a semi-
empirical parameterssupposed to be typically less than unity.
Based on this assumption we have obtained the following set
of dimension-free velocity ODE[21]:

−dλ0

dt
= 4K1s(B + α)(1 − α)λ0 (14a)

−dλ1

dt
= 2K1(B + α)(1 − α)[λ1 − λ0(1 − s)] (14b)

−dλ2

dt
= K1(B + α)(1 − α)[rλ2 − λ1 + λ0(1 − s)] (14c)

dα

dt
= K1(B + α)(1 − α)[λ1 − λ0(1 − s) + rλ2] (14d)

where λ0 is the normalized concentration of the amine
m
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dα

dt
= K1[B ′(1 − α − y) + y][λ1 − λ0(1 − s) + rλ2]

(15e)

Consequently, we obtain two relatively simple models of
the epoxy–amine reactions based on the amine reactivity
scheme given inFig. 1. The first one obeys the three molec-
ular mechanistic scheme of Horie et al., whereas the second
one explores the idea of Flammersheim and Riccardi et al.
They are further referred to as ER-model (extended amine
reactivity model) and EE-model (extended amine reactivity
E· · ·OH equilibrium model), respectively, and will be used to
analyze some typical deviations of the experiment from both
the overall and reactivity ratio models.

2.5. Multiple equilibrium reactivity ratio models

The assumption that together with the formation of
E· · ·OH complexes both Ap and As form identical intermedi-
ate ones with ether links, respectively Ap· · ·Et and As· · ·Et,
leads to the multiple equilibrium scheme (Scheme 6).

The mathematical description ofScheme 6in a dimension-
free form is:

K∗
1 = y

(c0 + α − y)(1 − α − y)
(16a)

K

−

−

w ary
a exes.

at the
a g
onomer.
We have to emphasize that some results found in liter

ppear to confirm the above-presented scheme. For exa
ones et al. have studied some model epoxy–amine rea
sing a versatile technique consisting of radioactive labe
f the amine component, HPLC with radioactive detec
nd computer simulations[61–63]. The reaction of phen
lycidyl ether withm-phenylene diamine has been descr
sing a four rate-constant model, i.e. they did not succe
esolve the A2 and A′

2 products. In spite of this, the analy
f their rate-constant values seems to indicater < 1, buts< 1,
s well.

Accepting all the above-mentioned approximations,
an introduce another function of the amine reactivity, s
s that proposed in the derivation of Eq. (14) and to mo

he model of Flammersheim–Riccardi. Having in mind
ifferent amine functionalities do not affect the E· · ·OH equi-

ibrium, the following expanded model of the epoxy–am
ddition is thus derived:

∗ = y

(1 − α − y)(c0 + α − y)
(15a)

dλ0

dt
= 4K1s[B

′(1 − α − y) + y]λ0 (15b)

dλ1

dt
= 2K1[B ′(1 − α − y) + y][λ1 − λ0(1 − s)] (15c)

dλ2

dt
= K1[B ′(1 − α − y) + y][rλ2 − λ1 + λ0(1 − s)]

(15d)
,
∗
2 = z

(p − z)(λ1 + λ2 − z)

= z′ + z′′

(p − z′ − z′′)(λ1 + λ2 − z′ − z′′)
(16b)

dλ1

dt
= 2K1[B ′(1 − α − y) + y](λ1 − z′) (16c)

dλ2

dt
= K1[B ′(1 − α − y) + y][r (λ2 − z′′) − (λ1 − z′)]

(16d)

dα

dt
= K1[B ′(1 − α − y) + y][(λ1 − z′) + r(λ2 − z′′)]

(16e)

herez′ andz′′ are the normalized concentrations of prim
nd secondary amine hydrogen atoms involved in compl

Considering the above equations, we have to note th
veraged equilibrium constant, Eq.(16b), allows determinin

Scheme 6.
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the variablezbeing a sum ofz′ andz′′, whereas the numerical
solution of the rate equations requires the variablesz′ andz′′
determined separately. In case thatK∗

2 is an operative equi-
librium relation,z′ andz′′ are easily calculated according to
the formulae:

z′ = γ1z = zλ1

λ1 + λ2
and z′′ = γ2z = zλ2

λ1 + λ2

whereγ1 =λ1/(λ1 +λ2) and γ2 =λ2/(λ1 +λ2) are dynamic
weighing coefficients.

Consequently, Eq. (16) describe the simultaneous forma-
tion of E· · ·OH, A1· · ·Et and A2· · ·Et equilibrium complexes
in an exact explicit form, i.e. there is no approximate solution
of the variables after each integration step.

For example, att = 0, we have α= 0, λ1 = 1, λ2 = 0, y= y0
andz= z′ = z0. When we start to integrate up tot = t1, then:
(i) we obtainα, λ1 andλ2; (ii) we calculateγ1 =λ1/(λ1 +λ2)
andγ2 =λ2/(λ1 +λ2); (iii) we calculatey (from the parabolic
equation ofK∗

1) andz (from the parabolic equation ofK∗
2);

(iv) we calculatez′ =γ1z andz′′ =γ2z; (v) we are ready to
integrate within the next time step according to Eq.(16c)
through Eq.(16e)since we have determined all the variables,
i.e. there is no iterate approximation.

If primary and secondary amine hydrogen atoms form dif-
ferent strength equilibrium covalent bond complexes, then
there must be defined two separate equilibrium constants,
v
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final form is similar to that derived following Eq. (16), viz.

K∗
1 = y

(c0 + α − y − v)(1 − α − y)
(17a)

K∗
2 = z

(p − z − v)(λ1 + λ2 − z)
(17b)

K∗
3 = v

(p − z − v)(c0 + α − y − v)
(17c)

−dλ1

dt
= 2K1[B ′(1 − α − y) + y](λ1 − z′) (17d)

−dλ2

dt
= K1[B ′(1 − α − y) + y][r (λ2 − z′′) − (λ1 − z′)]

(17e)

dα

dt
= K1[B ′(1 − α − y) + y][(λ1 − z′) + r(λ2 − z′′)]

(17f)

wherev is the normalized concentration of hydroxyl groups
involved in OH· · ·Et complexes.

To solve Eq. (17) one must pay attention on the fact that
y andv (or z andv) are correlated variables within the equi-
librium relations, respectivelyK∗

1 andK∗
3 (orK∗

2 andK∗
3), as

well as to have in mind thatz is a composed variable.
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iz.

∗
p = z′

(p − z′ − z′′)(λ1 − z′)
and

∗
s = z′′

(p − z′ − z′′)(λ2 − z′′)

As one can see, the variablesz′ andz′′ are cross-correlate
simple approximate solution of these variables can

rown within Eq.(16b), viz.

′ = γ1z = zfλ1

fλ1 + λ2
and z′′ = γ2z = zλ2

fλ1 + λ2

here the ratiof must be set inversely proportional tor, but
oth f and r should be supposed to be far from zero

nfinity.
The formation of A1· · ·Et, A2· · ·Et, OH· · ·Et and E· · ·OH

ntermediate equilibrium complexes can be depicte
nother multiple equilibrium scheme (Scheme 7).

The mathematical description ofScheme 7has to accoun
n additional equilibrium between OH and Et groups, but it

Scheme 7.
The multiple equilibrium reactivity ratio models, whi
ill be further referred to as ME-models express more c
licated but possible mechanistic schemes. In spite o
ifferent physical–chemical nature, the so-called EE-m
nd ME-models appear quite similar from a purely ma
atical point of view.
The above analysis illustrates the main problems o

ultiple equilibrium schemes, namely: (i) each equilibr
elation introduces an additional variable; if one consi
ifferent covalent bond complexes of Ap and As with some
ther reactive or non-reactive groups then the variable
er is doubled and (ii) some equilibrium constants c
orrelation between the variables which has to be taken
ccount if complicated multiple equilibrium schemes of
poxy–amine reaction will have been tested[50,57].

In our opinion, some equilibrium constants can be ign
n a theoretical basis. For example, the multiple equilib
cheme of Swier and Van Mele[57] describing simulta
eous formation of E· · ·OH and E· · ·A complexes will be
alid only within their assumption that the initiation is a c
lytic reaction. According to the activated complex the

he E· · ·A complexes will attempt to overcome the barrie
hey will rapidly decompose to reactants, i.e. the lifetim
· · ·A complexes will be effectively zero if the initiation
first-order decomposition or a second order reaction.

tatement seems to follow from the rate-constant defin
ccording to the theory. Hence, the E· · ·Ap and E· · ·As com-
lexes have to be eliminated by accepting a non-cata

nitiation. As pointed out by Xu et al.[17], the A1· · ·OH and
2· · ·OH complexes can be supposed to be unimportan



V.L. Zvetkov / Thermochimica Acta 435 (2005) 71–84 79

3. Discussion

We have recently studied the kinetics of the reaction of
diglycidyl ether of bisphenol A (DGEBA) withm-phenylene
diamine (mPDA)[21,52,53]. The experimental DSC kinet-
ics of stoichiometric DGEBA–mPDA formulations has been
performed in isothermal and programmed temperature modes
following the overall autocatalytic model of the form:

dα

dt
= (K′

1 + K1α)(1 − α)n = K1(B + α)(1 − α)n (18)

It has been observed that this formal velocity equation
described fairly well the reaction, i.e. there was no need to use
the mostly debatable four parameter model, see Eq.(5). The
same finding has been established considering the reaction
of DGEBA with diamino diphenyl methane (DDM) as well
as that of DGEBA with the mixture of mPDA and DDM
[71].

Applying a four-step kinetic approach in programmed
temperature mode, we showed that experiments obeyed the
three molecular overall model of Horie et al. orn= 2. The
velocity equation of the DGEBA–mPDA reaction in stoichio-
metric proportions of the components has been thus evaluated
[52], viz. ( −1

)
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• αp = 0.42–0.43 andn≈ 1.1 (for the reaction of DGEBA
with DDM);

• αp = 0.350–0.355 andn≈ 1.6 (for the reaction of DGEBA
with mPDA).

To explain the above discrepancy, which appears to be
typical in the epoxy–amine kinetics, we have tried to describe
the isothermal advance of DGEBA–mPDA reaction using the
ER-model. It has been rearranged for stoichiometric system
into the following set of velocity ODE[21]:

−dλ0

dt
= 4K1s(B + α)(1 − α)λ0 (20a)

−dλ1

dt
= 2K1(B + α)(1 − α)[λ1 − λ0(1 − s)] (20b)

dα

dt
= K1(B + α)(1 − α) [λ1(1 − r) + r(1 − α) − λ0(1 − s)]

(20c)

Sinceλ2 can be obtained from the mass balance equations,
viz.,λ2 = 1 −α − λ1, the secondary amine rate expression has
been eliminated.

The data have been fitted according to the boundary mod-
els atr = 1 or, alternatively, ats= 1. Note that ifr = 1 ands= 1,
then Eq. (20) are reduced to the overall model of Horie et al.
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dα

dt
= 3.13× 106exp

50.5 kJ mol

RT

× (0.025+ α)(1 − α)2s−1 (19)

Accepting an identical approach in isothermal mode
ave evaluated a lower than three model of the same

ion, i.e.n= 1.5–1.6[53]. At the same time, both the appar
ctivation energy determined using iso-conversional m
ds,Eap, and activation energy extracted from the auto
lytic rate constant according to the model,Ea(auto), were

ound nearly equal in two DSC modes:Eap= 52–54 kJ mol−1

ndEa(auto)= 50–51 kJ mol−1. The small difference betwe
hem yielded a slightly higherEa value of the initiation reac
ion, i.e.Ea(non)= 58–59 kJ mol−1.

Considering the equality ofEap andEa(auto)similar results
ave been obtained for the kinetics of DGEBA–DDM re

ion although some differences from that of DGEBA w
PDA have been established. The non-isothermal kin
f both reactions has been characterized in comparison

he values ofαp (degree of conversion at the maximal re
ion rate) andn (power exponent in Eq.(18)). It has bee
btained[52,53,71]:

αp = 0.475–0.485 andn≈ 1.8 (for the reaction of DGEB
with DDM);
αp = 0.450–0.455 andn≈ 2.0 (for the reaction of DGEB
with mPDA).

The isothermal kinetics has yielded more significant
erences, viz.
n evaluated form of which is Eq.(19). The results showe
ufficiently good description whens= 0.67 (ifr = 1) orr = 2.0
if s= 1). It has been concluded that infinite couple of va
f the two parameters would also describe the isothe
SC experiments.
As we discuss below, combining the isothermal and

sothermal DSC techniques might be turn out important in
tudy of the mechanistic kinetics of epoxy–amine reacti

A test of the boundary models in programmed temp
ure mode is shown inFigs. 2 and 3. The simulated curv
ccording to the overall model, Eq.(19), are presented
omparison. The boundary model predictions inFig. 2a and
depict the degree of epoxy conversion curves whereas

n Fig. 3a and b illustrate the secondary amine consum
urves.

The simulations in all figures have been performed u
he parameters of Eq.(19), as extracted in non-isotherm
ode[52] and the best fit values ofr ands determined b

sothermal experiments[53], i.e. in this study, we exhib
he effect of parameters on the reaction behaviour inste
he best fit figures; the lasts will be discussed later in
eries.

The data inFig. 2a and b show that the two bound
odels describe in different manner the reaction in
nd temperature scales. An increase ofr moves the non

sothermal DSC curve left, or the reaction appears accele
n the temperature scale compared to that predicted b
valuated overall model; a decrease ofs transposes the DS
eak at higher temperatures or the reaction appears ret
he deviation between the curves simulated according t
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Fig. 2. (a) Non-isothermal DSC curves simulated according to the boundaryr-model, Eq. (20), ats= 1 and the evaluated overall model of Horie et al., Eq.(19);
dT/dt= 10 K min−1. (b) Non-isothermal DSC curves simulated according to the boundarys-model, Eq. (20), atr = 1 and the evaluated overall model of Horie
et al., Eq.(19); dT/dt= 10 K min−1.

boundary models decreases with heating rate. At a constant
temperature they almost coincide.

The above analysis points out that there must be a sin-
gle couple ofr ands values which can predict the reaction
progress both in isothermal and programmed temperature
modes. A fairly good description of the experiment has been
obtained atr ≈ 1.4 ands≈ 0.8. In spite of the good descrip-
tion, this value ofr implies a positive KSE for the reaction of
DGEBA with mPDA that seems to be under consideration.
The results in literature indicate equal reactivity of the pri-
mary and secondary amines[29] or a slightly negative KSE
[23].

Fig. 3a and b shows theλ2 curves simulated in pro-
grammed temperature regime. As one can see, the maximum
of these curves (atα ≈ 0.5) is sensitive concerning the param-

eter values, i.e. having this data one can confirm or reject the
ER-model. The same finding has been established by Paz-
Abuin et al. who studied the epoxy–amine kinetics using
near-FTIR[34].

Our analysis of the reaction kinetics of DGEBA with
mPDA and DDM as well as with their mixture performed
using the ER-model points out that a more sophisticated
model is probably required to describe it correctly. In our
opinion, it has to be based on the original approach of
Flammersheim–Riccardi due to the following reasons:

• The E. . .OH equilibrium effectively decreases the reaction
order, i.e. the predicting capabilities of EE-model and ME-
models (considering experiments that exhibit higher values
of αp) are higher than the classical model predictions.
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Fig. 3. (a) Non-isothermalλ2 curves simulated according to the boundaryr-model, Eq. (20), ats= 1 and the evaluated overall model of Horie et al., Eq.(19);
dT/dt= 10 K min−1. (b) Non-isothermalλ2 curves simulated according to: the boundarys-model, Eq. (20), atr = 1 and the evaluated overall model of Horie et
al., Eq.(19); dT/dt= 10 K min−1.

• In contrast to E. . .OH equilibrium causing accelerated
rates, the non-reactive equilibrium complexes (or an appro-
priate couple ofr and s values) can well describe the
reaction delay, especially in the temperature scale, as the
modelling example indicate.

In this study, we have attempted to extract two alterna-
tive mathematical descriptions of the epoxy–amine addition
applying the fundamental idea of these authors who postu-
lated that the rate-determining step of the reaction overcomes
the formation of an intermediate equilibrium E. . .OH com-
plex. To do this, the below presented approximations have
been accepted:

• The rate constantsKi(i = 1, 2) and equilibrium relationsK∗
j

(j = 1–3) express the velocity equations in terms of react-

ing groups; they are associated with corresponding kinetic
parameters.

• The parametersr andB are simple rate-constant ratios, i.e.
r = K2/K1 = K′

2/K
′
1 andB = K′

1/K1 = K′
2/K2.

• The KSE is not temperature influenced, i.e.r is a
temperature-independent parameter during the reaction
advance—in line with the existing experimental findings
[6,12,16,20,34–36].

In stoichiometric proportions of the reaction components,
the secondary amine rate expression can be again omitted.
Thus, the EE-model is rearranged to:

K∗ = y

(1 − α − y)(c0 + α − y)
(21a)
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−dλ0

dt
= 4K1s[B

′(1 − α − y) + y]λ0 (21b)

−dλ1

dt
= 2K1[B ′(1 − α − y) + y][λ1 − λ0(1 − s)] (21c)

dα

dt
= K1[B ′(1 − α − y) + y]

× [(1 − r)λ1 + r(1 − α) − λ0(1 − s)] (21d)

Based on the above assumptions, the EE-model expresses
a more simplified scheme, which has been obtained by imple-
menting the extended amine reactivity scheme (a four-rate-
constant model is also available[63]) into the original model
of Flammersheim and Riccardi et al. It has been additionally
accounted that the amine monomer, the remaining primary
amine hydrogen atoms, and the secondary amine hydrogen
atoms do not alter the E· · ·OH equilibrium, although they
might exhibit different reactivity. In terms of the below dis-
cussed multiple equilibrium schemes, it can be suggested
that some equilibrium constants are either vanishing or lin-
early contributing to other effects (e.g. steric hindrances)
thus describing different strength transition state complexes
in regard to the corresponding amine functionalities. In our
opinion, some arbitrariness of the rate-constant ratio defini-
t ginat-
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observe significant deviation from linearity according to Eq.
(13), especially, within the rangeα = 0 −0.3, then the exper-
imental data are preferable to be fitted iteratively using Eq.
(23).

On the other hand, these integral time-independent func-
tions allow performing comparative kinetics studies of
epoxy–amine reactions considering the reactivity ratio and
applying different measuring techniques, for instance–HPLC
and near-FTIR. As it is known, the definition ofλ1 according
to the former isλ1 = (λ0)1/2, whereasλ1 is a direct measure by
near-FTIR method. If one will have significant discrepancy
concerning ther values determined by both methods, then it
can be assigned to the variable definition. Hence, the use of
Eqs.(22)and(23)seems to be reasonable.

Based on the listed assumptions the multiple equilibrium
scheme described with the aid of Eq. (17) can be simplified in
stoichiometric proportions of the reaction components into a
set of the following velocity ODE:

K∗
1 = y

(c0 + α − y − v)(1 − α − y)
(25a)

K∗
2 = z

(p − z − v)(λ1 + λ2 − z)
(25b)

K∗
3 = v

(p − z − v)(c0 + α − y − v)
(25c)
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ions is compensated by the analytical dependences ori
ng from the EE-model, as is commented below.

Deriving the extended reactivity ratio model, Eq. (20),
ave shown that the variablesα andλ1 are explicit function
f λ0 [21]. The same dependences can be obtained from
21), viz.

1 = (1 − p′)λ0 + p′λ1/2s
0 (22)

= 1 −
{

(1 − p′′)(1 − p′)λ0 + p′(1 − r)

2 − r
λ

1/2s
0

+
[
p′′(1 − p′) + p′

2 − r

]
λ

r/4s
0

}
(23)

herep′ = 1/2(1–1/2s) andp′′ = 1/2(1–r/4s).
It is easily established that ifs= 1, thenp′ = 1, andλ1

ecomes simple square root function ofλ0. At the same time
q.(23) is reduced to:

= 1 − [λ1/2
0 (1 − r) + λ

r/4
0 ]

(2 − r)
(24)

aving in mind thatλ1 = (λ0)1/2, then Eqs.(24) and (13)
xactly coincide.

The above-presented dependences might be succe
pplied in the study of the epoxy–amine reactions. For e
le, using the near-FTIR technique Paz-Abuin et al. h
etermined the reactivity ratio at the maximum ofλ2 curves
here dλ2/dt= 0 andr =λ1/λ2 [34]. Following Eq.(13) one
an test the dependence ofα versusλ1 and to derive th
lot of r versusα in the whole conversion range. If one w
dλ1

dt
= 2K1[B ′(1 − α − y) + y](λ1 − z′) (25d)

dα

dt
= K1[B ′(1 − α − y) + y][(1 − r)(λ1 − z′)

+ r(1 − α − z)] (25e)

If K∗
3 = 0 andv = 0, then Eq. (25) become a simplifi

orm of Eq. (16), i.e. the Et· · ·OH complexes in this case a
upposed to be unimportant.

The multiple equilibrium schemes, which have been b
ally suggested by Swier and Van Mele[57] can be dis
ussed in terms of the theory of solutions[72]. According
o this theory all above-presented interactions are pos
o exist in each ideally miscible binary mixture. They fa
tate the solubility, accounted by the well-known param
f Flory–Huggins and the strength of these covalent bon
f the order of one to several tenth kJ mol−1 [4]. Having this

n mind, we suppose that some equilibrium constants in
resence of a chemical reaction should be less than th
non-reactive mixture. In our opinion, it is scarcely to im

ne that E· · ·OH complexes attempting to form E· · ·OH· · ·A
ransition state complexes (and leading to formation of ch
cal bonds with strength exceeding a hundred kJ mol−1) will
ot break up some A· · ·Et covalent bonds (the strength
hich is two orders less).
Considering the commented differences in the for

SC kinetics of DGEBA with mPDA and DGEBA wit
DM, we will show in the next studies that the mec
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nistic kinetics of these similar reactions according to EE-
model and ME-models is also different, especially in regard
to the equilibrium constantK∗

1. Although both models will
be applied to study the more complicated kinetics of the
epoxy–amine addition the use of EE-model is preferable, at
least as a first step. In our opinion, this is due to the following
reasons.

The first one is obvious from the analytical form of Eq.
(21) involving a minimal amount of adjustable parameters in
comparison to the experimentally measured variables. The
second one consists in the fact that the diffusion-controlled
kinetics is easily accounted from mathematical point of view.
The diffusion-controlled term introduced in the rate constant
K1 explicitly modifies all other ones through the ratiosB′, r
ands. The analytical dependences originating from the EE-
model indicate its third important advantage.

4. Conclusions

The mechanistic models of the epoxy–amine addition
based on the assumption that the rate-controlling step of
the reaction overcomes the formation of an intermediate
epoxy–hydroxyl bimolecular complex have been classified
in comparison with the models described within the scheme
of Horie et al.
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