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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
the intermediate equilibrium complex schemes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the hydroxyl groups are one of the reaction products then the
reaction can be considered to be autocatalytic.

One of the most practically important reactions in the The autocatalytic kinetics of the epoxy—amine addition
field of thermoset processing is the epoxy—amine addition. is mathematically described using the following system of
It proceeds due to the opening of oxirane rings of the epoxy velocity ordinary differential equations (ODE-8,11-21]:
component by hydrogen atoms of the amine component thus p
joining the last in copolymer chains. i 2k1[b + (eo — €)]ear (1a)

In terms of reacting groups, the epoxy—amine addition dr
kinetics is based on the below given generally accepted con- da

secutive reaction scheni-7], e.g. inScheme 1, where A~ dr kalb + (eo = e)le(raz — a1) (1b)
and A; express the primary and secondary amine hydrogen
atoms, E and Adenote the epoxy and tertiary amine groups; —— = k1[b + (eo — ¢)]e(a1 + raz) (1c)

OH and E..OH represent all currently existing hydroxyl
groups and those involved in intermediate complexes, respecWhere e and ey are the current and initial concentrations
tively; k andk; (i=1, 2) are Arrhenius-type rate constants.  of epoxy groups,a; and a; the concentrations of pri-
Horie et al.[8] have proposed the above scheme after mary and secondary amine hydrogen atoms, respectively,
findings from other authoif§,10]who experimentally estab- I =Ka/ki =k5/k; their reactivity ratio and is a parameter
lished that the epoxy—amine reaction was markedly acceler-involving the ratio of the non-catalytic rate constant over the
ated in the presence of hydroxyl containing substances. Sinceautocatalytic one; its exact meaning differs depending of the
accepted initiation path.
We have to emphasize, that the formalism applied to
* Tel.: +359 2 9793905; fax: +359 2 703433. express the concentration of the amine component can lead to
E-mail addresszvetval@clphchm.bas.bg. somewhat different both velocity and mass balance equations
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Scheme 1.

[18-21]. The definition of can also differ. According to the
amine hydrogen principle, the ideal value afefines equally

reactive primary and secondary amine hydrogen atoms, i.e.™ 5,

r=1 (orki =k andkj = k). Conversely, the amine group

formalism supposes a twice more reactive primary amine
group (having two possibilities to react) compared to the sec- _(TZ = K1(B+ o)(1 — a)(rr2 — A1)
t

ondary one (having one possibility to react), r.e.1/2 (or
ki =2ko andk] = 2k5). 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
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The definition ofb andr illustrates the third approxima-
tion accepted in Eqg. (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.,
elo=(1—a),  [OHJe={[OH]o+ (e —e€)}/@=Co+e,
ai/eg=A1 and ax/eg =12, the following set of dimension-
free ODE is obtained:

d)‘tl = 2K1(B + a)(1 — a)r1 (2a)
(2b)
%‘ = K1(B + o0)(1 — )01 + ) (2¢)

debatable problems in the field of epoxy—amine reaction but\yherey is the so-called degree of epoxy conversigandi
negative KSE or less reactive secondary amines, is oftenthe normalized concentrations of the primary and secondary

considered to be a more probable phenomddes,16]. A
detailed analysis of KSE was given by Miller and Macosko
[22], Rozenberd4] and more recently, by Mijovic et gl16]
and Matejkg23].

Eqg. (1) imply that the autocatalytic reaction has to
be promoted; otherwise, it will never start. The initia-

amine hydrogen atoms, respectiveky = kle% and K =
kjeothe dimension-free rate constants &idcludes the ratio
of the non-catalytic rate constant over the autocatalytic one,
i.e. its expression again depends on the accepted initiation
pathway.

The degree of epoxy conversion can be measured using

tion term was sometimes observed to be a temperature-gjferent physical-chemical methods—analysis of reactive
independent parameter. In these cases, it has been ascribegroups[4,23,37], chromatograpHit2,18,24,25], conductiv-

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.do = k3 /ke[OH] o = k5/ko[OH] o, where
ky/ki=k5/ ko~ 1. In other cased) was found to vary with
temperature indicating a competitive bimolecular initiation
[2-8,29-36], i.eb=k}/k1+[OH]o=k,/ k2 +[OH]o, where
ky/ki=ky/ko < 1.

ity and dielectric measuremen3,38—41],Tg-monitoring
[14,26-28], FTIR32-36,42-48], DS(2,3,7,29-32,49-60],

as well as some specially designed techniqéds-63]. In

our opinion, DSC and FTIR appear to be the most important
conventional techniques. DSC allows to perform the kinetic
analysis in isothermal and programmed temperature modes,
as well as to combine the isothermal and non-isothermal

The derivation of Eq. (1) is based on several approX- kinetics[3,7,30,49—60]. FTIR in the near infrared region per-
imations. The first one considers that the volume change mits to obtain bothx andx,, whereas., can be determined
during the reaction advance does not influence dramatically from the mass balance equatid2®,34—36]. The reactivity
the kinetiCS. Its effeCt haS been I’ecenﬂy discussed in Someratio can be a|so determined using near-FTIR Spectroscopy

detail [6] but it seems to be important if the initial molar
amine to epoxy ratioRp, is varied significantly.

The second approximation postulates that the reaction

at the maximum of.» curves, where d}dt=0, «=0.5 and
r =ko/ky = A1/x2 [34].
If the reactivity of primary and secondary amine hydrogen

rates depend on the concentrations of reacting groups rathegtoms is equal, i.en=1 (or k; =ko and Kk} = k), then Eq.

than those of all individual species—monomers, dimers, (2) transform into the overall model of Horie et al. so-called
trimers, etc. This assumption has been proved to be valid[29-33], viz.

well above the theoretical gel point, where the molecular
motion might be restricted. In spite of this, the kinetics was
not observed to be altered above the gel point. Even more,

o

= K1(B +a)(1 - a)(Ro — @)

it sometimes seemed accelerated within a part of this range 9

[35].

= (K1 + K10)(1 — &)(Ro — @) ®3)
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The overall velocity equation describing the reaction of sto-

ichiometric compositions dRy = 1, becomes:
do _

5 = (K} + K10)(1 — a)? = K1(B + a)(1 — )?

(4)
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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.

Rozenberd4], Mijovic et al. [16] and Xu et al[17] have

The overall rate constants of some epoxy—amine reactionsassumed the formation of different transition state complexes
have been determined mainly in equimolar quantities of the but the model of Mijovic et al. led to forth order mechanism,

components as the slope and intercept of the[Blot
dae 1

r=——->
dr (1—a)?

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

= K;L—i-KlOé 4)

whereas Xu et al. did not succeed to distinguish between the

different mechanisms, as they commented.
Flammersheini49] and Riccardi et a[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

The analysis of literature shows that experiments some-been further developed by FlammershdiB@] and Swier

times obeyed Eq. (4), at least in limited ranges of con-

version and temperatufg,13,17,24-28,33], but deviations

and Van Mele[57] who pointed out that other complexes
were also possible to exist. Although this approach seems

from the overall model have been more often established physically sound, the high number of adjustable parameters
[3,4,8,14-16,18-21,43-63]. To obtain the values of the over- makes their analysis debatable, as Flammersheim pointed
all rate constants in these cases, Kamal et al. have propose@ut.

the following model of the epoxy—amine reacti@4]:

d

5 = KiB+ama—ay (5)

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

acceptable to study the kineticH§ = 1, but it is completely

unclear ifRy# 1. As is shown by Vyazovkin and Sbirraz-

= (K] + K1d™")(1 — )"

zuoli[65], the model-free analysis is a preferable technique to

study the formal kineticf66,67]. These authors also pointed

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 recgilyinto
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
Van Mele.

out that some mechanistic details can be discovered applying2. Model development

their approach. On the other hand, the Kamal’s model might

have some usefulness, as is commented below.

We recently studied an epoxy—amine reaction following

the formal equation of the form do/dtK1(B+a)(1— )"
and an extended reactivity ratio mod2L,53]. It has been

2.1. Average amine reactivity models

Flammersheinj49,50]and Riccardi et a[51] have tried
to explain the deviations from the model of Horie et al., as

shown that positive deviations from the overall model (or well as to couple the isothermal and non-isothermal data.

n<2 in terms of the Kamal’'s modg3]), yielded a positive
KSE (orr > 1 in the terms of Eq. (4R1]). At the same time,
the best fit values of the paramet&ts andB according to

They have proposed the scheme of the epoxy—amine reaction,
e.g. inScheme 2, where A and P express the primary or sec-
ondary amine reactant and secondary or tertiary amine prod-

the formal model were found exactly the same as those at theuct, respectively, E. OH the equilibrium epoxy—hydroxyl

beginning of reaction according to the mechanistic ones.

The above finding has been theoretically proved in the

recent study of Talbof68]. The author of this noteworthy

complexes formed andeq is an equilibrium constant.
The physical-chemical picture, which follows from
Scheme 2, can be clearly depicted in terms of the theory

work has also shown that the transform of classical into of activated complex.

Kamal's model is possible but at certain restriction with
respect to the power exponents, nanrelyay vary as a rule
within 1 and 2, whereas should typically lie between 0.67
and 1.

Recent results on the kinetics of different epoxy—amine
reactions performed using near-FTIR indicated a higher reac-

tivity of primary amine hydrogen atoms, i.e< 1 (negative
KSE)[34,36], but positive deviations from Eq. (B5]. There

are several studies found in literature attempting to explain

the mentioned disagreement.
Using a semi-empirical model Paz-Abuin et[85] have

postulated that the auto-acceleration phenomenon in epoxy

The equilibrium constant defines the existence of E and
OH groups in E..OH covalent bond complexes together

keq
E+OH ¢————E..OH

k
E..OH+A —L1>20H+P

’

k
E+A — L 30H+P

Scheme 2.
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with free E and OH groups. Both EOH and free E groups do

attempt to form transition state complexes, B)H. . .A and i Kil—a—y)(1—a)+K1y(1-a)
E.. A, respectively. Each of them may decompose either to , b
products or to reactants and the rate constaraadk; define = Ki[B' (1 —a—y) +)](1 - 0a) (7b)

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 gy

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

overall velocity equatiof51], viz. T Kil—a—-y(1-a
E...OH 4+ Keflco+a—y)(1—a—y)(1—« 7c
Keq— [[E][OH]] (63) ef(co +a — ¥)( 31— a) (7c)
wherey=|[E...OH]/gy is the normalized concentration of
_ e = ki[E ... OHJa + k[Ela (6b) epoxy groups involved in E.QH complex formation,
dt K1 =ki€o, Kef =K1 ere3 and K = kjeq the normalized rate

After the replacement of E¢6a)into Eq.(6b), one can con-  constantsK” = Kegep the dimensionless equilibrium constant
vert the last into another form describing the reaction kinetics andB’ is the ratio of the non-catalytic rate constant over the
in terms of number of species participating in the transition bimolecular autocatalytic one.

state complexes, viz. Comparatively to the overall model of Horie et al., Eq. (4),
the pseudo-bimolecular scheme of Flammersheim—Riccardi
_de = k1 Keq[OH][Ela + k;[Ela = kef([OH] + b)[Ela is represented by Eq. (7). This scheme has been rejected for
dt the reaction of phenyl glycidyl ether witR-methyl benzyl
(6c) amine in the early work of Xu et a[17], but it seemed to

be valid in many cases including those when other model
systems were studigd5-47,57—-60].

The second form of the model of Flammersheim—Riccardi,
Egs.(6¢) and (7c), shows its principal difference from the
model of Horie et al. The variables [E] and [OH] in the former
express the molar concentrations of E and OH groups which
are not involved in the formation of bimolecular EOH
complexes. On the contrary, those in the classical model

where all symbols in square brackets denote molar concen-
trations,a the current concentration of all amine hydrogen
atoms ket = k1Keq an effective autocatalitic rate constant and
b = k}/k1Keq s the ratio of the non-catalytic rate constant
over the effective autocatalytic one.

The solution of Eq. (6) requires additionally the mass
balance equations that arise from the equilibrium constant

relation, viz. of Horie et al. express their total quantities, i.e.tfg¢ and
e=[E]+[E...OH] [OH]t =[OH]o + (ep — €). The mentioned advantage of Eqs.

(6¢) and (7c)s commented in the next subsection (Section
[OH]o + ¢o — ¢ = [OH]o + [OH] + [E.. .. OH] 2.2).

where the terms at left represent the current concentrations
of all epoxy and hydroxyl groups, respectively. 2.2. Multiple equilibrium and average amine reactivity

As one can establish, the two competitive reactions alter in models
different manner the equilibrium. The autocatalytic reaction
turns it right or [E] and [OH] decrease. Conversely, the non-  Several authors have recently proposed that more than
catalytic reaction turns the equilibrium left and, as a result, ©ne covalent bonds can be formed in the reactive mix-
[E] and [OH] increase. On the other hand, Eq. (6) predit the ture[4,17,50,57-60]. As Swier and Van Mele have pointed

boundary cases similarly to the model of Horie et al.: out, there might be either reactive or non-reactive equilib-
rium complexes. While the former facilitate the reaction

o If Keg>>1, then all E and OH groups exist in state of py transferring into activated complexes causing accelerated
E...OHcomplexesand, inturn, the reaction becomes auto- rate, the non-reactive complexes reduce the concentration of

molecular since [OH] continuously increases. the mathematical description of such an assumption is not so
e If Keq<'1, then all epoxy groups are in the free state and gimple.
the main reaction becomes entirely non-catalytic. For example, some multiple equilibrium models similar

The normalized dimension free form of Eq. (6) in stoichio- to those propqsed recgn[&O,S?] can be CO”Sidef,ed Within,
metric ratios of the component has been derived previouslythe overall amine reactivity model of Flammersheim and Ric-

[51]: cardi et al. on the basis &chemes 3 and 4.
Scheme Jepresenting simultaneously existing epoxy—
* Y (7a) hydroxyl (E. . OH) and amine—ether link (A. E;) complexes

" (cota—y){d—a—y) can be described in equimolar proportion of the components
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K1.eq
E+OH ¢«————E...OH

K
A+E 25 5 | E,

k
E..OH+A —1320H+P

’

k
E+A —130OH+P

Scheme 3.

using the following set of dimension-free ODE:
y

1= (co+a—y)(l—a—y) ®2
. z

A R e R o
—?jo;=K’l(l—oz—y)(l—oz—z)+K1y(1—O€—Z) (8c)

_da _

K(l-a-yl-a-z2)+ KK {c,+a-yNl-a-y)l-a-z)

dr

[LAEN | A2 [OH]r/eq [Elifeq [Alifag

(8d)

wherey andz are normalized concentrations of the epoxy
groups and amine hydrogens which are involved.in.BH
and A.. E; complexes, respectivelg,the initial normalized
concentration of ether groups that is close to unity for low
molecular equimolar systems, ije=1+ @; Kj = K1 e¢0
and K3 = K> eqeo form a couple of dimensionless equilib-

75
sheim and Riccardi et al., viz.
y
Ki = 9a
Sl P | CEp—— (92)
u
K3 = 9b
2 QA-—a—u)l—a—y—u) (9b)
do ,
—azl(l(l—a—u)u—i—l(l(l—a—u)y (9¢)
da

7?:K{K5(17a7y7u)(170(7u)2+K,K((C(,+a7y)(170(7y711)(17a721)

[Eln/eo |A]n/ey [OH]n/ey |Elnfeq |A /ey

(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,
and K; and K5 denote another couple of equilibrium con-
stants.

The second form of the model of Flammersheim—Riccardi,
Eqgs.(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—Riccar#9,51].

Eq. (8d) can be obtained by replacing the variaplieom
Eq. (8a) into Eq. (8c). It representScheme 2but in case
of the formation of E. .OH and A.. E; complexes. On the
contrary, Eq.(9d) describes another possible scheme of the
epoxy—amine addition discussed in the studies of Rozenberg
and Xu et al[4,17]. It reflects the kinetics of two compet-
itive catalytic reactions but taking place in the presence of
simultaneously existing E.A.and E. . OH complexes.

As is evident from the second form of the model of

rium constants defined by the above relations; the normalizedFl@mmersheim—Riccardi, Eq¢8d) and (9d) describe the

concentrations of the free functionalities are notated below
the velocity equation.
The multiple equilibriumScheme 4lepicting two simul-

epoxy—amine kinetics in terms of number of molecules par-
ticipating in the transition state complexes, in contrast to
Egs. (8c) and (9c) which express it in terms of reaction

taneously existing intermediate reactive complexes, respec-Crder. At the same time, the second form of the model

tively, epoxy—hydroxyl (E. .OH) and epoxy—amine (E.A),
can be again described following the approach of Flammer-

Ky eq
E+OH é———E...CH

K2 eq
E+A 280 5E A

K
E...OH+ A ——320H +P

’
K
E...A+A ——>O0H+A+P

Scheme 4.

of Flammersheim—Riccardi shows the basically accepted
schemes of the reaction studied.

A similar definition of the effective rate constants accord-
ing to Egs. (8) and (9) has been formulated in the recent
studies of Vinnik and Roznyatovs}9,70], besides of some
debatable points in their approach.

The analysis of the above sets of ODE confirms the state-
ment of Swier and Van Mele who pointed out that the reac-
tive complexes (E. OH and E. . A) accelerate the reaction.
According to these models the autocatalytic reaction has to
be accelerated since the effective rate-constants increase. It
is also seen that the non-reactive complexes &).retard
the reaction due to the decrease of free hydrogen atoms when
the reaction progresses.

Egs. (8) and (9) indicate that each equilibrium relation
introduces an additional variable. According to H§s) and
(9b) the variables might be correlated in some cases.
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E+OH<A> E..OH

E.OH+A —K 5 A 1+20H E+A,—K A +OH

E..OH+A, —X2 3 A +20H

E +A,—2 5A, + OH
Scheme 5.

2.3. Reactivity ratio models

If the reactivity of the amine hydrogen atoms is differ-
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d%‘ = Ki(B+ o)1 — a)[A1(1— 1) + r(1 — &)]

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

(11b)

* _ y
R e parp—— (122)
—%—2[(1[3(1 a—y)+yr (12b)

O KB o)+ - a)] (120)

ent, then the epoxy—amine reaction can be represented using

combination of theschemes 1 andid Scheme 5.
Consequently, the reactivity ratio model according to

Itis noteworthy that the dependencexofersus.; derived
following Eq. (12) is the same as that extracted from Eq. (11),

Flammersheim and Riccardi et al. can be expanded into theV!Z:

following set of velocity ODE:

Y

T e Deora (o)

—% =2K1[B'(1— o —y) + y]r1 (10b)
dio ,

4 = Ki[B (1 —a —y) + y](ri2 — 11) (10c)

O KB o= ) 101 +r20) (100)

A similar model of the epoxy—amine reaction has been
recently applied by Swier and Van Mele to study far more
complicated reaction schemgs7]. Their model has been

A1l —r) + 277
2—r

Consequently, Eq13) becomes a test dependance in the
epoxy—amine addition kinetics. If one will have reliable data
for « andA1, e.g. obtained using FTIR, the plotiofersusx
can be easily constructed in the whole conversion range. Ifthe
experimental data obey E(L3) and Horie plot exhibits the
opposite trend, then the model of Flammersheim—Riccardi
extended by us seems to be, at least, highly probable.

As one can establish, the classical scheme of Horie et al.,
Scheme land its modification proposed within the model
of Flammersheim and Riccardi et aBcheme 5, result in
different mathematical descriptions—Eqgs. (11) and (12). The
earlier studies of the former have been reviewed by several

a=1-— (13)

tested on some typical epoxy systems as well as in reactionauthorg4,16,22,23]. Unfortunately, their systematic did not
induced phase separating formulations and it well describedappear exact in all cases since the model of Horie et al. has
the reaction advance of the systems they stufi@d-60]. been derived following different mass balance formalisms.
Swier and Van Mele have first implemented the model of As is mentioned, the amine component expression yielded
Flammersheim-Riccardi into the four rate-constant schemesdifferent velocity and mass balance equations. A more detail
butin our opinion, their approach requires additional theoret- discussion on the reactivity ratio formalism can be found in
ical considerations as those presented in one of subsectionsiterature[21,53].
that follow.

As one can see, to obtain the analytical form of Eq. (10), 2.4. Extended reactivity ratio models
it is necessary to accept the same approximations as those
applied in the solution of the classical autocatalytic model,
namely:

To explain why a good description of the experiment can-
not be obtained by using Eq. (11), we have recently attempted
to extend it in terms of the classic&8cheme 1 [21]. This
modified kinetic model is based on the assumption that the
amine monomer is less reactive than all primary amine ended

e The rate constantg andk, and the equilibrium relation
Keq express the velocity equations in terms of reacting

. grhoewr)astmsr andb are exoressed as= ko/ki = K/k' and adducts. In other words, we have modified the well-known
b=K1/ky =Kalks by d ef|nF|)t| on. 2 =Rt scheme of the amine hydrogen reactivity proposed by Dusek

et al.[37] into the scheme presentedfiy. 1.
The secondary amine rate expressions might be excluded

from Egs. (2) and (10), sinck; can be determined from pks H Ak N »
the mass balance equations. In stoichiometric proportions of \o d A, e >—( AL
the reaction components =1 —«a — A1 and the KSE model \k o} kT

according to Horie et al., Eq. (2), are reduced to: o AE' . g

—% =2K1(B+ a)(1 — o)A

ar (11a)

Fig. 1. Schematic representation of the amine hydrogen reactivity according
to the modified reactivity ratio modg21].
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Similarly to the original notification of Dusek et al., the o
unfilled circles inFig. 1 mean the non-reacted hydrogens, - = Ki[B'(1 —a —y) + yl[*1 — 2o(1 — 5) + riz]
whereas the filled circles express the reacted ones. According (15€)
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 hardenersuIar mechanistic scheme of Horie et al., whereas the second

rapidly 'Fend to .crys'galhze from the monomer mixture. The .one explores the idea of Flammersheim and Riccardi et al.
weaker interactions in the last have been accounted by a semi-

o . . They are further referred to as ER-model (extended amine
empirical parametessupposed to be typically less than unity. reactivity model) and EE-model (extended amine reactivity
Based on this assumption we have obtained the following set

: . . i E- - -OH equilibrium model), respectively, and will be used to
of dimension-free velocity ODE21]: analyze some typical deviations of the experiment from both

Consequently, we obtain two relatively simple models of
the epoxy—amine reactions based on the amine reactivity
scheme given ifrig. 1. The first one obeys the three molec-

dio the overall and reactivity ratio models.
T 4K1s(B + a)(1 — a)ro (14a)
. 2.5. Multiple equilibrium reactivity ratio models
A
Codr 2Ky(B + a)(1 = a)fta = Ao(1 - )] (140) The assumption that together with the formation of
dis E. - -OH complexes both Aand As form identical intermedi-
——— =Ki(B+ o)1 —a)[rio — A1+ 2o(1—5)] (14c) ate ones with ether links, respectively-A-E; and As- - -E;,
dr leads to the multiple equilibrium scheme (Scheme 6).
do The mathematical description®€heme & a dimension-
Fri K1(B+ o)(1 — a)[r1 — Ao(1 —s) + rag] (144d) free form is:
where Ag is the normalized concentration of the amine K= Y (16a)
(cota—y)1—a—y)
monomer.
We have to emphasize that some results found in literature z
appear to confirm the above-presented scheme. For exampleks =
. . . (p—2)(A1+r2—2)
Jones et al. have studied some model epoxy—amine reactions
using a versatile technique consisting of radioactive labeling _ 7+ (16b)
of the amine component, HPLC with radioactive detection T (p—7 =N+ -2 =7
and computer simulationN$1—-63]. The reaction of phenyl
glycidyl ether withm-phenylene diamine has been described g, ) )
using a four rate-constant model, i.e. they did not succeed to—— - = 2K1[B(1—a—y)+yl(t1—2) (16¢)
resolve the A and A, products. In spite of this, the analysis
of their rate-constant values seems to indicaté, buts<1, day ) , ,
as well. —E=K1[B L—a—=y)+yllr(r2—2") = (21— 2]
Accepting all the above-mentioned approximations, one (16d)

can introduce another function of the amine reactivity, such
as that proposed in the derivation of Eq. (14) and to modify (g , ) ,
the model of Flammersheim-Riccardi. Having in mind that o, = K1[B'(1 —e =) +)l[(h1 — 2) +r(h2 = 27)]

different amine functionalities do not affect the EOH equi- (16€)

librium, the following expanded model of the epoxy—amine

addition is thus derived: whereZ andz’ are the normalized concentrations of primary
and secondary amine hydrogen atoms involved in complexes.

K* J (15a) Considering the above equations, we have to note that the

(I—a=y)cot+a—y) averaged equilibrium constant, Eg6b), allows determining

da
—CTIO = 4K s[B'(1 — o — y) + ¥]Ao (15b)
EroH e E  oH
dy ’ K K
= 2Ka[B' (1 —a —y) + yl[r1 — *o(1—s)]  (15¢) A=E—2A =E, ASE LALE,
E..OH+A, X1 ,20H+A, E..OH+A, % 20H.A
da E+A K LA
—(th = Ki[B'(1—a—y)+ yl[ri2 — A1+ Ao(1 — )] A= OHA, E+A.—2:0H+A,

(15d) Scheme 6.
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the variablezbeing a sum of andz’, whereas the numerical ~ final form is similar to that derived following Eg. (16), viz.
solution of the rate equations requires the variablesidz’

. . . . y
determined separately. In case & is an operative equi- K1 = (Cota—y—v)l-a—y) (17a)
librium relation,Z andZ’ are easily calculated according to 0
the formulae: * z
K = (17b)
, 21 22 2T (-2 v)a+re—2)

1
i, ANd T=vr=ee ks = v 179
where y1 =x1/(A1+12) and y2 =As/(A1 +12) are dynamic (p—z—v)(co+a—y—v)
weighing coefficients. dig ) )
Consequently, Eq. (16) describe the simultaneous forma-— - = 2K1[B'(1 —a —y) +)](a1 — 2) (17d)
tionof E- - -OH, Az - - -E; and A- - -E; equilibrium complexes
in an exact explicit form, i.e. there is no approximate solution

of the variables after each integration step. _dr Ki[B(1—a—y)+yllr(x2—7") — (A1 —2)]
For example, at=0, we have 0,11 =1,12=0,y=Yo dr (17¢)

andz=Z7 =zy. When we start to integrate up tety, then:

(i) we obtaina, A1 andig; (ii) we calculatey; =A1/(A1+A2) da ) ) ,

andyz =12/(r1 +22); (i) we calculatey (from the parabolic - = Ki[B(1—a—y)+yl[(A1—2) +r(r2—2")]

equation ofK7) andz (from the parabolic equation df3); (17f)

(iv) we calculatez =y1z andZ’ =y»z; (v) we are ready to

integrate within the next time step according to Ebtgc) wherev is the normalized concentration of hydroxyl groups

through Eq(16e)since we have determined all the variables, involved in OH. - E; complexes.

i.e. there is no iterate approximation. To solve Eq. (17) one must pay attention on the fact that
If primary and secondary amine hydrogen atoms form dif- y andv (or zandv) are correlated variables within the equi-

ferent strength equilibrium covalent bond complexes, then librium relations, respectiveli(; andK?3 (or K3 andK3), as

there must be defined two separate equilibrium constants,well as to have in mind thatis a composed variable.

viz. The multiple equilibrium reactivity ratio models, which
7 will be further referred to as ME-models express more com-
K;; = — ~ and plicated but possible mechanistic schemes. In spite of the
(p =2 =21 =) different physical-chemical nature, the so-called EE-model
K — 7’ and ME-models appear quite similar from a purely mathe-
ST (p—7Z -2 —7") matical point of view.

The above analysis illustrates the main problems of the
As one can see, the variabléandz’ are cross-correlated.  Multiple equilibrium schemes, namely: (i) each equilibrium
A simple approximate solution of these variables can be relation introduces an additional variable; if one considers
drown within Eq.(16b), viz. different covalent bond complexes ofAand As with some
other reactive or non-reactive groups then the variable num-

7 =yz= M and 7/ =yz = _ P2 ber is doubled and (ii) some equilibrium constants cause
2 Jri a2 correlation between the variables which has to be taken into

where the ratid must be set inversely proportional tobut account if complicated multiple equilibrium schemes of the

both f andr should be supposed to be far from zero and €poxy—amine reaction will have been tes{gd,57].

infinity. In our opinion, some equilibrium constants can be ignored
The formation of A- - -E;, Ay- - -E;, OH- - -E; and E- - OH on a theoretical basis. For example, the multiple equilibrium

intermediate equilibrium complexes can be depicted in scheme of Swier and Van Melg7] describing simulta-

another multiple equilibrium scheme (Scheme 7). neous formation of E- OH and E.-A complexes will be

The mathematical description 8theme has to account valid onIy within their assumption that the initiation is a cat-

an additional equilibrium between OH angddfoups, but its alytic reaction. According to the activated complex theory,
the E- - A complexes will attempt to overcome the barrier or

they will rapidly decompose to reactants, i.e. the lifetime of

K,
—E OH . . . C e . .
E+OH E- - -A complexes will be effectively zero if the initiation is

K2,e K2,e . - . .
AFECTTDALE, p AFECTALE, a first-order decomposition or a second order reaction. This
OH+E. > »OH...E, statement seems to follow from the rate-constant definition
E..OH+A 20HA, E..OH:A [ 20H+A, according to the theory. Hence, the EAp-and E- - As com-
EvA, 'R Oheh, Ea K, O, plexes have to be eliminated by accepting a non-catalytic

initiation. As pointed out by Xu et aJ17], the A- - -OH and
Scheme 7. A»- - -OH complexes can be supposed to be unimportant.
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3. Discussion e ap=0.42-0.43 andh~ 1.1 (for the reaction of DGEBA
with DDM);
We have recently studied the kinetics of the reaction of e «p=0.350-0.355 and~ 1.6 (for the reaction of DGEBA
diglycidyl ether of bisphenol A (DGEBA) witim-phenylene with mPDA).

diamine (mPDA)[21,52,53]. The experimental DSC kinet- . ) )
ics of stoichiometric DGEBA—mPDA formulations has been 10 explain the above discrepancy, which appears to be

performed inisothermal and programmed temperature modedYPical in the epoxy—amine kinetics, we have tried to describe
following the overall autocatalytic model of the form: the isothermal advance of DGEBA-mPDA reaction using the

ER-model. It has been rearranged for stoichiometric system
do into the following set of velocity ODE21]:

Qs (K1 + K10)(1 — )" = K1(B+ @)1 — )" (18)

dig
It has been observed that this formal velocity equation ~ dr 4K1s(B + )(1 = @)ro (202)
described fairly well the reaction, i.e. there was no need to use di
the mostly debatable four parameter model, se§&gThe 1 2K1(B + a)(1 — a)[L1 — ro(1 — 5)] (20b)
same finding has been established considering the reaction
of DGEBA with diamino diphenyl methane (DDM) as well

i i d
as that of DGEBA with the mixture of mPDA and DDM Qo _ Ki(B + a)(1— @) 1l — 1) + (1 — @) — Ao(L — 5)]

[71]. dr

Applying a four-step kinetic approach in programmed (20c)
temperature mode, we showed that experiments obeyed the . )
three molecular overall model of Horie et al. e 2. The Sinceiy can be obtained from the mass balance equations,

velocity equation of the DGEBA-mPDA reaction in stoichio-  ViZ»42=1—a — A1, the secondary amine rate expression has
metric proportions of the components has been thus evaluated®€" €liminated.

[52], viz. The data have been fitted according to the boundary mod-
elsatr =1 or, alternatively, ad= 1. Note that if = 1 ands=1,

do 50.5 kJ mol! then Eq. (20) are reduced to the overall model of Horie et al.

pri 3.13x 10%xp (RT) an evaluated form of which is E¢19). The results showed
sufficiently good description whes¥ 0.67 (ifr=1) orr=2.0

x (0.025+ a)(1 — ar)2s ™1 (19) (if s=1). It has been concluded that infinitg couple_ of values
of the two parameters would also describe the isothermal

Accepting an identical approach in isothermal mode, we DSC experiments.

have evaluated a lower than three model of the same reac- As we discuss bEIO_W’ complnmg the |soth9rmal and_non-
tion, i.e.n=1.5-1.§53]. At the same time, both the apparent isothermal DSC technigues might be turn outimportantin the

activation energy determined using iso-conversional meth- stugy of th? r;:ecijham(sjtlc kmet(ljcsl of epoxy—amln%reactlons.
ods, Eap, and activation energy extracted from the autocat- test of the boundary models in programmed tempera-

alytic rate constant according to the modEauo) Were ture mgde is shown ifrigs. 2 and 3. The simulated curves
found nearly equal in two DSC mode&p=52-54 kJ motl according to the overall model, E¢L9), are presented in

andEa(autoy= 50-51 kJ motL. The small difference between comp_arison. The boundary model predictiont;ig. 2a and
them yielded a slightly highe, value of the initiation reac- b depict the degree of epoxy conversion curves whereas those
tion, €. Ea(non)= 58-59 kJ mot L in Fig. 3a and b illustrate the secondary amine consumption

Considering the equality &ap andEa(aute)Similar results curves. . . ) .
have been obtained for the kinetics of DGEBA—DDM reac- 1 ne simulations in all figures have been performed using

tion although some differences from that of DGEBA with the parameters of Eq19), as extracted in non-isothermal

mPDA have been established. The non-isothermal kineticsmOde[52] and th(_a best fit vglue; "’fa.”ds determined py
sothermal experimentfs3], i.e. in this study, we exhibit

of both reactions has been characterized in comparison usin he eff ¢ h ion behaviour i d of
the values otyp (degree of conversion at the maximal reac- €e ect_o parameters on the Teac“o.” enhaviour ms_tea 0
the best fit figures; the lasts will be discussed later in this

tion rate) andn (power exponent in Eq(18)). It has been

obtained52,53,71]: series.
ned ] The data inFig. 2a and b show that the two boundary

e ap=0.475-0.485 and~ 1.8 (for the reaction of DGEBA models describe in different manner the reaction in time

with DDM); and temperature scales. An increaser ghoves the non-
e ap=0.450-0.455 and~ 2.0 (for the reaction of DGEBA isothermal DSC curve left, orthe reaction appears accelerated
with mPDA). in the temperature scale compared to that predicted by the

_ o _ o _ evaluated overall model; a decreases tfinsposes the DSC
The isothermal kinetics has yielded more significant dif- peak at higher temperatures or the reaction appears retarded.
ferences, viz. The deviation between the curves simulated according to the
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Fig. 2. (a) Non-isothermal DSC curves simulated according to the boundaogel, Eq. (20), as= 1 and the evaluated overall model of Horie et al., @§);
dT/dt=10 K min~1. (b) Non-isothermal DSC curves simulated according to the boursdargdel, Eq. (20), at=1 and the evaluated overall model of Horie
etal., Eq(19); dT/dt=10K min~1.

boundary models decreases with heating rate. At a constaneter values, i.e. having this data one can confirm or reject the
temperature they almost coincide. ER-model. The same finding has been established by Paz-
The above analysis points out that there must be a sin-Abuin et al. who studied the epoxy—amine kinetics using
gle couple ofr ands values which can predict the reaction near-FTIR[34].
progress both in isothermal and programmed temperature Our analysis of the reaction kinetics of DGEBA with
modes. A fairly good description of the experiment has been mPDA and DDM as well as with their mixture performed
obtained at ~ 1.4 ands~ 0.8. In spite of the good descrip- using the ER-model points out that a more sophisticated
tion, this value of implies a positive KSE for the reaction of model is probably required to describe it correctly. In our
DGEBA with mPDA that seems to be under consideration. opinion, it has to be based on the original approach of
The results in literature indicate equal reactivity of the pri- Flammersheim—Riccardi due to the following reasons:
mary and secondary aminf9] or a slightly negative KSE
[23]. e The E.. OH equilibrium effectively decreases the reaction
Fig. 3a and b shows thg; curves simulated in pro- order, i.e. the predicting capabilities of EE-model and ME-
grammed temperature regime. As one can see, the maximum models (considering experiments that exhibit higher values
ofthese curves (at~ 0.5) is sensitive concerning the param- of ap) are higher than the classical model predictions.
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Fig. 3. (a) Non-isothermal; curves simulated according to the boundarngodel, Eg. (20), as=1 and the evaluated overall model of Horie et al., @9);
dT/dt=10 K min~1. (b) Non-isothermal., curves simulated according to: the boundsuyiodel, Eq. (20), at=1 and the evaluated overall model of Horie et
al., Eq.(19); dT/dt=10 K min~?.

e In contrast to E..OH equilibrium causing accelerated ing groups; they are associated with corresponding kinetic
rates, the non-reactive equilibrium complexes (oranappro- parameters.
priate couple ofr and s values) can well describe the e The parametensandB are simple rate-constant ratios, i.e.
reaction delay, especially in the temperature scale, as the r = K»/K1 = K,/K7 andB = K /K1 = K5/K>.
modelling example indicate. e The KSE is not temperature influenced, ike.is a
. temperature-independent parameter during the reaction
. In this StUdY’ we havg gttempted to extract two aIterr_la- advance—in line with the existing experimental findings
tive mathematical descriptions of the epoxy—amine addition [6,12,16,20,34-36].
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 EQOH com-
plex. To do this, the below presented approximations have
been accepted:

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

e Therate constant§ (i = 1, 2) and equilibrium relation&f}‘f K* = Y (21a)
(j = 1-3) express the velocity equations in terms of react- (l—a—y)co+a—y)
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dig , observe significant deviation from linearity according to Eq.
gy = AKslB (1 —a—y)+ylho (21b) (13), especially, within the range= 0 — 0.3, then the exper-
dis imental data are preferable to be fitted iteratively using Eq.
=2K1[B'(1—a —y) +)][k1— 201 —9)] (21c) (23).

d On the other hand, these integral time-independent func-
dor tions allow performing comparative kinetics studies of
— =Ki[B'Ql—a—y)+)] epoxy—amine reactions considering the reactivity ratio and
dr applying different measuring techniques, for instance-HPLC

x[(1 =1+ r(1—a) = 2ro(l—5)] (21d) and near-FTIR. As itis known, the definition of according

to the formeris.1 = (Ao)/2, whereas.; is a direct measure by

Based on the above assumptions, the EE-model expressegear'FT!R method. If one wiII_have significant discrepanc_y
amore simplified scheme, which has been obtained by imple—Con(:('”mng,thGE values dete_rmmed *?y.*-'.’om methods, then it
menting the extended amine reactivity scheme (a four-rate- " be assigned to the variable definition. Hence, the use of
constant model is also availal&3]) into the original model Egs.(22) and(23) Seems to be rgasonable. . S
of Flammersheim and Riccardi et al. It has been additionally Based on the “Ste_d assumptlons the multiple e_qwh_b_rlur_n
accounted that the amine monomer, the remaining primaryscheme described with the aid of Eq. (17) can be simplified in
amine hydrogen atoms, and the secondary amine hydrogerF.toichiometric proportions of the reaction components into a
atoms do not alter the E-OH equilibrium, although they set of the following velocity ODE:
might exhibit different reactivity. In terms of the below dis- . y

cussed multiple equilibrium schemes, it can be suggested™ 1 — (co+a—y—v)A—a—1y) (252)
that some equilibrium constants are either vanishing or lin- .
early contributing to other effects (e.g. steric hindrances) K5 = (25b)

thus describing different strength transition state complexes (p—z=v)(t1+242-2)

in regard to the corresponding amine functionalities. In our .« _ v (25¢)

opinion, some arbitrariness of the rate-constant ratio defini- 3 (p—z—v)(co+a—y—)

tions is compensated by the analytical dependences originat-

ing from the EE-model, as is commented below. ———= =2K1[B'1—a—y) +yl(r1—72) (25d)
Deriving the extended reactivity ratio model, Eq. (20), we

have shown that the variablesandi; are explicit functions

of Ao [21]. The same dependences can be obtained from Eq. % =Ki[B'L—a —y) +H][(X — )(r1 — )

(22), viz.

+r(l—a—z 25e
M=0- o+ prg® (22) ( ) 259
, P(L—r) 1/2; If K3 =0 andv=0, then Eq. (25) become a simplified
a=1- {(1 pPA—=pIo+ ——— >, form of Eq. (16), i.e. the E- -OH complexes in this case are
supposed to be unimportant.
"1 — r/4s 2 The multiple equilibrium schemes, which have been basi-
[p ( p)+ } *o } (23) cally suggested by Swier and Van Md7] can be dis-

cussed in terms of the theory of solutiofr®]. According

to this theory all above-presented interactions are possible
to exist in each ideally miscible binary mixture. They facil-
itate the solubility, accounted by the well-known parameter
of Flory—Huggins and the strength of these covalent bonds is

wherep’ = 1/2(1-1/2s) ang” = 1/2(1-r/4s).

It is easily established that =1, thenp’ =1, andi;
becomes simple square root functiorigf At the same time,
Eq. (23)is reduced to:

[xl/z(l P+ x’/“] of the order of one to several tenth kJ mb[4]. Having this
2-n (24) in mind, we suppose that some equilibrium constants in the
presence of a chemical reaction should be less than those in
Having in mind thatiy = (1o)Y/2, then Egs.(24) and (13) a non-reactive mixture. In our opinion, it is scarcely to imag-
exactly coincide. ine that E- - OH complexes attempting to form EQH- - -A

The above-presented dependences might be successfullyransition state complexes (and leading to formation of chem-
applied in the study of the epoxy—amine reactions. For exam- ical bonds with strength exceeding a hundred kJrholvill
ple, using the near-FTIR technique Paz-Abuin et al. have not break up some A-E; covalent bonds (the strength of
determined the reactivity ratio at the maximumefcurves, which is two orders less).
where dx/dt=0 andr =11/A2 [34]. Following Eq.(13) one Considering the commented differences in the formal
can test the dependence @fversusi; and to derive the DSC kinetics of DGEBA with mPDA and DGEBA with
plot of r versusx in the whole conversion range. If one will DDM, we will show in the next studies that the mecha-
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