Open Access Article. Published on 30 August 2017. Downloaded on 12/6/2025 6:57:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Polymer
Chemistry

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Analysis of the reaction mechanism of the

thiol—epoxy addition initiated by nucleophilic

Cite this: Polym. Chem., 2017, 8,
5934

tertiary amines

Ali Osman Konuray, Xavier Fernandez-Francos 2 * and Xavier Ramis (2

A kinetic model for thiol-epoxy crosslinking initiated by tertiary amines has been proposed. The kinetic

model is based on mechanistic considerations and it features the effect of the initiator, hydroxyl content,

and thiol-epoxy ratios. The results of the kinetic model have been compared with data from the curing of

off-stoichiometric formulations of diglycidyl ether of bisphenol A (DGEBA) crosslinked with trimethylol-
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1 Introduction

Base-catalyzed thiol-epoxy polymerization is of industrial
relevance in the area of adhesives, high performance coatings
and composites." A remarkable feature of thiol-epoxy conden-
sation is that it can be categorized as a click reaction, which
means that it is selective, leaves no by-products and it takes
place quantitatively and under mild reactive conditions. Thus,
it is possible to use it not only in conventional reactive formu-
lations but also in dual-curable systems with a controlled
curing sequence such as thiol-ene/thiol-epoxy,>™ off-stoichio-
metric thiol-epoxy systems,® or even in combination with in-
organic network precursors in hybrid systems.” Thiol-epoxy
thermosets are highly transparent, which is favorable for their
application as clearcoats® and generally highly flexible,” but
this latter feature is also a drawback because their low T, can
limit their use in more temperature-demanding applications.”
In order to enhance the thermal-mechanical characteristics of
thiol-epoxy, different strategies can be adopted, such as the
use of more rigid and functional epoxy resins'® and the devel-
opment of novel highly-functional thiol crosslinkers'' in
stoichiometric thiol-epoxy systems, or the use of excess epoxy
in off-stoichiometric thiol-epoxy systems.® Another severe
drawback is the fact that the most commonly used catalysts for
the thiol-epoxy addition, namely, basic tertiary amines are not
latent and therefore, it makes difficult the handling and
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propane tris(3-mercaptopropionate) (S3) using 1l-methylimidazole (IMI) as the initiator. The model
has been validated by fitting the kinetic parameters to the experimental data under a variety of reaction
conditions. In spite of the experimental uncertainty and model assumptions, the main features of the
curing kinetics are correctly described and the reaction rates are quantitatively reproduced.

control of the processing of thiol-epoxy formulations once pre-
pared.>® Therefore, research efforts are directed towards the
exploration of catalytic systems with thermal latency’ or the
development of photolatent bases.””*'*"'* Remarkably, some of
these photolatent bases have been shown to be activated by
both UV-light and temperature,’* which turns them into
highly versatile catalytic systems. Another interesting research
line is the use of tertiary amines with poor basicity but with
nucleophilic characteristics®'® that are not latent but with
sufficiently slow activation and a strong auto-accelerating
effect so as to permit safe formulation preparation and
manipulation as well as complete curing at low temperature in
short times.

The curing mechanism of the base-catalyzed thiol-epoxy
condensation is assumed to be a simple nucleophilic addition
between thiolate and epoxy groups.> In the presence of
sufficiently strong bases, an acid-base proton exchange leads
to the deprotonation of the thiol, producing a thiolate anion
that is nucleophilic enough to attack the epoxy ring. The thiol-
epoxy reaction is strongly autocatalytic due to the formation of
hydroxyl groups that facilitate the ring-opening of the epoxy
group.'® The reaction mechanism can become more complex
in the presence of nucleophilic tertiary amine catalysts, such
as benzyldimethylamine (BDMA) and 1-methylimidazole
(1MI), which lead to a very slow initiation process followed by
a strong autoacceleration up to the completion of the curing
process.®'® Loureiro et al. proposed a reaction mechanism to
describe the curing kinetics of thiol-epoxy addition catalyzed
by a tertiary amine, BDMA with poor basicity but a nucleo-
philic characteristic.”® In a recent study, we have described the
dual-curing process of off-stoichiometric thiol-epoxy formu-
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lations containing excess epoxy groups.® We observed that the
thiol-epoxy reaction took place very quickly and with a sharp
autocatalytic profile, followed at higher temperatures or longer
curing times by a slower epoxy homopolymerization process.
Although some of these kinetic features can be interpreted in
terms of the proposed reaction mechanism,'® it should be
modified in order to take into account properly the effect of
initiation/termination reactions and the effect of the decreas-
ing thiol group content.

The aim of this paper is to develop a consistent kinetic
model, based on the consideration of the reaction mechanism,
capable of capturing the kinetic behaviour during the curing
of stoichiometric thiol-epoxy formulations and the first stage
of the curing of off-stoichiometric thiol-epoxy formulations.
The effect of the thiol-epoxy ratio and the catalyst content will
be taken into consideration. The model will be validated
experimentally using kinetic data obtained using differential
scanning calorimetry.

2 Theoretical

A reaction scheme based on the model of Loureiro et al.'® is
shown in Scheme 1, using 1MI as the initiator. In that work,
the authors analyzed the curing process of stoichiometric
thiol-epoxy formulations using a mechanism-based kinetic
model and obtained a reasonable fitting under a wide range of
temperatures, catalyst concentrations and curing histories.
The active propagating species, the thiolate anion, was pro-
duced after nucleophilic addition of BDMA to the epoxy ring
and subsequent proton exchange with a thiol group. The effect
of the added catalytic hydroxyl groups on the reaction was also
analyzed, but it was found that their effect was less important
than that of the generated hydroxyl groups by the thiol-epoxy
addition. The authors included the effect of termination reac-
tions®>'® and used it to determine the amount of thiolate
anions under pseudo-steady state conditions. However, this

a. Initiation

~w XN NTO0 ROH A o

N N/\(

\—/ V —/ &

R
~aX (0]

N N\r + R—SH \N/%NJ'YOH

= R =/ R

b. Ring-opening of the epoxide

R—S

c. Alkoxide/thiol acid-base proton exchange

R‘—S/Y07 —SH ——— R‘—S/\(OH + R—S
R R

d. Termination / regeneration (nucleophilic displacement)
OH
N /\r ' R— S/\r
R

Scheme 1 Reaction mechanism of the thiol-epoxy reaction initiated
by 1MI.
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was an important shortcoming of their model because, even-
tually, the active thiolate species should be controlled by the
available thiol in the reaction medium, not by the amount of
epoxy and reaction products. In the work of Jin et al.'® one can
also see that the catalytic effect of the added hydroxyl groups
(i.e. coming from the epoxy oligomer itself) is less relevant
than the autocatalytic effect of the hydroxyl groups generated
in the course of the reaction.

In the general reaction scheme we propose that the
initiation takes place by the nucleophilic attack of 1MI to the
epoxy ring (Scheme 1a), leading to the formation of a zwitter-
ion. Contrary to what is stated for common tertiary amines,"”
the formation of epoxy-imidazole adducts, including zwitter-
ionic species was convincingly argued by Heise and Martin.'®*°
Indeed, epoxy-imidazole adducts are used as curing agents.*®
The nucleophilic addition of imidazoles to epoxy groups is
catalyzed by proton donors,*! in a similar way to common
epoxy-amine systems'’ and nucleophilic addition to epoxy
groups in general. This was also suggested by the autocatalytic
character of the adduct formation between 2,4-unsubstituted
imidazoles and epoxides.'®'® In fact, Rozenberg showed that
the epoxy homopolymerization could not be initiated by ter-
tiary amines in the absence of proton donors or other catalytic
impurities."”

In the presence of thiol groups, a proton exchange would
take place leading to the formation of a thiolate anion and a
B-hydroxylimidazolium cation."® The pK of the alcohol-alko-
xide equilibrium is much higher than that of the thiol-thiolate
equilibrium, and therefore, this exchange should be non-
reversible from a practical point of view. However, the pK of
the zwitterion system should be lower than that of a common
alkoxide due to the stabilization caused by the electron with-
drawing effect of the ammonium substituent and possible
resonance within the imidazolium ring, in a similar way to the
PK of the carboxylic acid proton in amino-acids. Nevertheless,
depending on the relative acidity/basicity of the different
species, this exchange might be considered almost non-revers-
ible as well. Note that this p-hydroxylimidazolium cation
should also have a catalytic effect on the nucleophilic addition
to epoxy groups in the presence of both a positive charge and
a hydroxyl group.

When the thiolate attack to the epoxy ring takes place
(Scheme 1b), an alkoxide anion would be formed, but then fast
proton transfer would take place from either a thiol group
(Scheme 1c) or the f-hydroxylimidazolium cation, both with a
lower pK than an alkoxide, to produce a f-hydroxythioether, the
reaction product. The thiol/zwitterion equilibrium should lead
to the formation of a thiolate anion that would propagate the
reaction. The thiolate addition is also catalyzed by proton
donors such as hydroxyl groups, resulting in a strongly auto-
catalyzed polymerization, as illustrated by Jin et al.'® This auto-
catalysis is explained by the fact that thiol groups have a negli-
gible effect on proton donors®** and the reaction medium evolves
from a thiol-rich environment to a hydroxyl-rich environment.

As the reaction proceeds, the increasing number of initiat-
ing species would also lead to an increasing rate of nucleo-
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philic displacement of the initiator and regeneration
(Scheme 1d). Thiolate anions are highly nucleophilic®® and
far less basic than alkoxide anions, and therefore, initiator
regeneration by f-elimination as observed for the anionic
homopolymerization of epoxides®"**** would not occur.

According to Scheme 1a, when thiol groups are depleted,
the equilibrium would shift to the zwitterion form rather than
to the thiolate form. If the equilibrium constant is high
enough, this equilibrium would shift in a rather abrupt
manner, thereby explaining the observed sharp decrease in the
reaction rate upon reaching a complete thiol conversion in the
off-stoichiometric thiol-epoxy formulations.® In the absence of
thiol groups, the initiation would continue in the presence of
the remaining epoxy groups but it would produce only the
zwitterionic active species. It should also be noted that,
because this zwitterion should be less reactive than a common
alkoxide, propagation of the epoxy homopolymerization would
not take place just at the end of the thiol-epoxy addition, or
else at a very slow rate in comparison.® This is also supported
by the previous results of Heise and Martin, reported on their
study of epoxy systems catalyzed by imidazoles,'®'® who
observed a clear separation between the epoxy-adduct for-
mation and the epoxy homopolymerization, and stated that
the adduct species formed was “dormant” before homopoly-
merization of the excess of epoxy groups started.

Some more mechanistic considerations can be made if we
analyze a similar polymerization process, the nucleophile-cata-
lyzed phenol-epoxy polymerization. The overall reaction
mechanism®*?°° is similar to that shown in Scheme 1. It is
of particular relevance to the fact that, in off-stoichiometric
phenol-epoxy formulations, the phenol-epoxy reaction takes
place first, and once phenol groups are exhausted, homopoly-
merization of excess epoxy groups can take place,” like in
thiol-epoxy systems.® However, a fundamental difference is
that the phenol-epoxy reaction is much slower due to the
stability and lower nucleophilicity of the phenolate anion,
making the separation between phenol-epoxy and epoxy
homopolymerization less clear.*>**?® In addition, the phenol-
epoxy reaction is not generally autocatalytic (or only moderate
due to the slow nucleophilic initiation step), and the reaction
mechanism is usually analyzed in terms of the formation of
stable ion pairs between the phenoxide and a mobile counter-
ion that propagates the reaction.>®™>°

Based on the above considerations, we wondered whether
the formation of ion pairs is relevant in nucleophile-catalyzed
thiol-epoxy reactions. We propose that some more reactions
could be added to those already shown in Scheme 1. To begin
with, Scheme 2a shows the hypothetical formation of an ion
pair between the p-hydroxylimidazolium and the thiolate. We
have illustrated this as an equilibrium because it is acknowl-
edged that the formation and the activity of ion pairs are
largely dependent on the possible solvent-ion and solvent-ion
pair interactions and the ion concentration,>® and the sur-
rounding environment, with nucleophilic and electrophilic
sites, should allow for the presence of “naked” or, rather, non-
ion pair forming ions. The propagation of the reaction by this
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Scheme 2 Alternative mechanism steps occurring in the thiol-epoxy
reaction initiated by 1MI.

ion pair is illustrated in Scheme 2b, although it is unclear
whether this nucleophilic addition should take place on epoxy
rings activated by proton donors, like nucleophilic amine-
epoxy addition, or else an internal activation with the
f-hydroxylimidazolium cation takes place, in line with the
mechanism proposed for amine-catalyzed phenol-epoxy reac-
tions.” Finally, Scheme 2c shows a possible termination reac-
tion by nucleophilic displacement within the ion pair.

The reactivity of ion pairs is complex but it is acknowledged
that, in many cases, the presence of ion pairs decreases signifi-
cantly the rate of ionic polymerization in comparison with free
ion systems.’® Rozenberg showed that alkali ions played a
complex role in the anionic polymerization of epoxides."”” On
the one hand, they could have a positive effect in the activation
of the epoxy ring, like proton donors. However, their inter-
action with propagating alkoxide ions leading to the formation
of ion pairs would decrease the propagation rate in compari-
son with the free alkoxide ions, an effect that was more rele-
vant with increasing size of the alkali ion."” Ooi et al.>* tested
the effect of tetramethyl ammonium chloride (TMAC) on the
anionic homopolymerization of epoxides initiated by imid-
azoles,>* but no effect on the reaction rate could be observed.
Given the above considerations,'”° the propagation of the
reaction by this ion pair is supposed to be considerably slower
than by the free thiolate anions, and therefore, it might be
ruled out from a practical point of view.

The occurrence of the termination reaction proposed in
Scheme 2c looks reasonable given the high nucleophilicity of
the thiolate anion and the close presence of an electrophilic
site within the ion pair, leading to the f-hydroxythioether reac-
tion product and a regenerated imidazole. This reaction, from
a kinetic point of view, would be unimolecular, in a similar
way to what has been proposed for tertiary amine regeneration
3173% In addition, if ion pairs are present in a
significant amount in the course of the reaction, this termi-

in other studies.

nation mechanism would be presumably more frequent than
the ions
proposed in Scheme 1d."”

bimolecular termination reaction between free

This journal is © The Royal Society of Chemistry 2017
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Taking into account all these considerations, different reac-
tion mechanisms based on the reactions shown in Schemes 1
and 2 will be elaborated and their validity will be analyzed by
considering their ability to reproduce the experimental results.

3 Materials and methods
3.1 Materials

Diglycidyl ether of bisphenol A (DGEBA) with an epoxy equi-
valent weight of 172-176 g per eq. (Aldrich), 184-190 g per eq.
(Hexion) and 190-210 g per eq. (Huntsman) were dried at
80 °C under vacuum for 2 hours and stored in a desiccator
prior to use. These three resins have been coded as DG174,
DG187 and DG200, respectively, where the numbers indicate
the assumed equivalent weight of the epoxy resin.
Trimethylolpropane  tris(3-mercaptopropionate) (S3) and
1-methylimidazole (1MI) from Sigma Aldrich were used as
received.

A set of mixtures using DG174 as an epoxy resin and with
different ratios r of thiol groups with respect to epoxy groups
were prepared, adding 1 phr (parts per hundred of the total
mixture) of 1MI with respect to the total mixture as catalyst. A
different set of stoichiometric thiol-epoxy mixtures using
DG174 was prepared, adding different proportions of 1MI.
Finally, stoichiometric samples with 1 phr of 1MI and chan-
ging the epoxy resin were also prepared. The samples were
quickly stirred using a spatula and analyzed immediately.
Table 1 shows the compositions of the different formulations.
The formulations have been coded as DGyyy-r-x where
yyy is the epoxy equivalent weight of the epoxy resin, r is the
thiol : epoxy equivalent ratio and x is the 1MI added in phr. It
should be mentioned that the thiol equivalent weight was
assumed to be the theoretical value of 132.85 g per eq. for the
calculation of the composition, although the supplier reports a
purity of 98% for this product.

3.2 Characterization techniques

A differential scanning calorimeter Mettler DSC821e calibrated
with indium standards was used to study the isothermal
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Paper

curing of the different formulations at 60 °C. Samples of ca.
5-10 mg were placed inside an aluminum pan with a pierced
lid and were inserted into a preheated oven before analysis,
under a nitrogen atmosphere.

The calorimetric degree of conversion was determined as
X = Ah/ARoa, Wwhere Ah is the reaction heat released up to a
time ¢ and Al iS the total reaction heat evolved. The calori-
metric reaction rate was determined as dx/d¢ = (dh/dt)/Ahotar,
where dh/dt is the heat flow. Taking into account the thiol-
epoxy ratio r of the different formulations, an approximate
conversion of epoxy groups, X.psc, was calculated from the
experimental DSC data as:

r<i1
r>1

Xepsc =T+ X
XeDSC <~ X

A rate of conversion of epoxy groups dx. psc/dt could also
be estimated from the calorimetric data as:

dxe‘[)sc dx

~r-— r<1
ddt ddt
Hrepsc  CX 5y
dt dt

3.3 Kinetic modelling

Basic model. Following the work of Loureiro et al.,'® a basic
set of reactions based on the reaction mechanism in Scheme 1
has been defined:

I+E— IE¥

fast

IE* +SH — IEH" + S~
S +E — SE”

fast

SE” +SH — SEH + S~
IEH" +S  — I+ SEH

where I is the initiator, E is the epoxy ring, IE* is the zwitterion
formed after initiation, SH is a thiol group, IEH' is the
hydroxyl-ammonium cationic species formed by proton trans-
fer from the thiol group, S~ is the propagating thiolate anion,
SE™ is the alkoxide formed after thiolate addition, and SEH is
the reaction product of the thiol-epoxy addition.

Table 1 Notation and composition of the formulations studied in this work, in weight fraction (wt%). The calculation of the initial concentration of
epoxy groups (ee per kg), and hydroxyl groups coming from DGEBA (eqOHpg per kg), the amount of initiator groups per epoxy equivalent (eq1Ml

per ee), and the thiol : epoxy molar ratio (r) is also included

Formulation r wt% 1MI wt% DGEBA wt% S3 ee per kg eqOHpg per kg eq1MI per ee
DG174-1-1 1 0.99 56.18 42.83 3.227 0.0454 0.0375
DG174-0.75-1 0.75 0.99 62.99 36.02 3.618 0.0510 0.0334
DG174-0.5-1 0.5 0.99 71.68 27.33 4.118 0.0580 0.0293
DG174-0.25-1 0.25 0.99 83.16 15.85 4.778 0.0673 0.0253
DG174-1.33-1 1.33 0.99 49.06 49.95 2.820 0.0397 0.0428
DG174-2-1 2 0.99 39.21 59.80 2.252 0.0317 0.0536
DG174-4-1 4 0.99 24.42 74.59 1.404 0.0198 0.0860
DG174-1-0.5 1 0.50 56.45 43.05 3.243 0.0457 0.0187
DG174-1-2 1 1.96 55.63 42.41 3.195 0.0450 0.0748
DG174-1-4 1 3.85 54.55 41.60 3.134 0.0441 0.1497
DG187-1-1 1 0.99 57.89 41.12 3.095 0.1853 0.0390
DG200-1-1 1 0.99 59.49 39.52 2.975 0.3142 0.0406

This journal is © The Royal Society of Chemistry 2017
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The initiation step leading to the formation of the zwitter-
ion IE* and the thiolate addition to the epoxy ring can be cata-
lyzed by proton donors, such as hydroxyl groups already
present or formed in the course of the reaction."®*!

Loureiro et al. modelled this catalytic effect by assuming
the formation of an epoxy-hydroxyl equilibrium complex prior
to the nucleophilic addition," following other studies.**>°
The effect of equilibrium complexes is a common issue in
reacting systems such as epoxy-amine.'”?”™*® However,
hydroxyl-catalyzed nucleophilic addition of amines to epoxy
groups is commonly modelled in a more simplified way by not
considering the presence of such complexes: a trimolecular
reaction between epoxy, amine and the catalytic hydroxyl
group is assumed instead.””** Jin et al. modelled the base-
catalyzed curing of thiol-epoxy formulations using pheno-
menological models and interpreted the fitted parameters
quite convincingly assuming a simplified version of the cata-
lyzed nucleophilic addition,'® like in epoxy-amine systems.
This interpretation should be safe if the epoxy-hydroxyl equili-
brium constant was low enough, leading to a reduced error.>®
However, in the present case the system is more complex since
we have performed nucleophilic addition of both the initiator
and the thiolate to the epoxy groups. The presence of catalytic
impurities in the reagents as well as the absorption of some
humidity from the environment during preparation could make
it difficult to identify all the possible intermediate complexes.
In such situations, the effect of impurities is taken into con-
sideration in a simplified manner.'” Therefore, for the sake of
simplicity, in the present model we assume that this somewhat
inaccurate representation of the catalytic effect of hydroxyl
groups provides a reasonable description of the effect.

Therefore, the basic reaction mechanism can be represented
as follows in terms of rate equations (basic kinetic model):

dan _ 4 - N
i —ki-[1] - [E] + k¢ - [S7] - IEH"]
1B s __dI1

d —  dt
O k[ k(5] [E)
st g, (5] (8) ~ k- [57] - 08
d[SEH} _ d[SH]total
e~ dt

Note that the total number of thiol/thiolate species is
defined as [SH]iota1 = [SH] + [S] and that the total amount of
potentially active species is defined as [IE]iota = [IE*] + [IEH].
In the course of the reaction, while [SH]itar > [IE]ioral, the
number of active propagating species is [S™] = [IEH'] = [IE]otal,
and [IE*] ~ 0. However, when the reaction reaches completion,
it may be that [SH]iotal < [IE]iotal, SO that [S7] = [IEH'] = [SH]iotal
and [IE*] = [IE]total - [SH]total'

In order to take into account the effect of the catalytic
groups already coming from the reagents or hypothetical

5938 | Polym. Chem., 2017, 8, 5934-5947
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impurities, as well as the formed hydroxyl groups by reaction,
we have defined the initiation and propagation constants, k;
and kp, as follows:

ki = kipg - [OH]pg + kish - [SH], + Kicat - ([SEH] + [IEH])

kp = kppG - [OH]pg + kp.su - [SH]j + Kp.cat - ([SEH] + [IEH"])

The different contributions to the initiation constant come
from the presence of hydroxyl groups in the oligomeric struc-
ture of DGEBA, [OH]pg, impurities contained in the thiol
crosslinking agent that are assumed to be proportional to the
initial concentration of thiol groups [SH],, and catalytic
species formed in the course of the reaction, [SEH] + [IEH'].
The contribution of the hydroxyl-thioether and the hydroxyl-
ammonium cation should be different but, for the sake of
simplicity, we have grouped them together.

It is quite common to model reaction kinetics using
normalized concentrations rather than real concentrations,***>
so that the normalized concentration of a species A can be cal-
culated with respect to the initial concentration of epoxy
groups, so that a = [A]/[E]o. This makes it possible to define a
set of kinetic reactions in terms of the normalized species, but
the kinetic constants need to be redefined.**** The details of
such transformations are shown in the Appendix.

Complex model. A complex kinetic model has also been
defined on the basis of the additional mechanistic consider-
ations in the presence of ion-pairs discussed in the preceding
section, wherein the formation of an ion-pair is considered as
shown in Scheme 2a. It is hypothesized that this ion-pair would
not propagate the reaction (it should have a considerably lower
reaction rate than free thiolate ions), so that that reaction
shown in Scheme 2b is not included in the model. It is
assumed that the termination reaction by an internal rearrange-
ment of the ion-pair as shown in Scheme 2c takes place. For the
sake of simplicity, the termination by the bimolecular mechan-
ism shown in Scheme 1d is not taken into consideration. This
kinetic model is represented by the following set of reactions:

I+ E — IE*

fast

IE* +SH — IEH" 4+ §~
IEH" +S 2 IEH'S™
S +E—SE”

SE~ + SH % SEH + §~

IEHtS™ — I+ SEH

where IEH'S™ is the thiolate-hydroxylammonium complex ion-
pair. Note that, from the kinetics point of view, the termin-
ation reaction should be regarded as a uni-molecular reaction.
This reaction mechanism is represented by the following set of
rate equations and an equilibrium:

dm _

= i (] + K [BHTS ]

This journal is © The Royal Society of Chemistry 2017
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d[IE}total _ d[I]
=
% =—k-[I]-[E]—k,-[S]-[E]
% =~k [S7]- [E] — kee - [IEH*’S_}

d[SEH]  d[SH]
T

2 . [IEH'S™]
eq,JP — W

In this set of reactions, we define:

[(E] ot = [TE¥] + IEH] + IEH'S"]

[SH]total = [SH] + [Si}total =I[SH]+ [S7] + [IEHJFST
Also, one should consider that:
S Jyotar = [S7] + IEH'S™] = IEH"] + [IEH'S™]

In the course of the reaction, while [SH]iota1 > [IE]iotal, the
number of active propagating species is [S™Jiotal = [IE]iotal With
[IE¥] = 0. When the reaction reaches completion, it may be that
[SH]total < [IE]totaly so that [S_]total = [SH]total and [IE*] = [IE]total
— [SH]iotal- The real amount of propagating thiolate and
ion-pair species, [ST] and [IEH'S™], are found by solving the
equilibrium in any case.

In order to take into account the catalytic effect of the
different species on the initiation and propagation rates, the
initiation and propagation constants are defined exactly the
same way as before. As in the previous model, the reaction
kinetics is also analyzed making use of normalized concen-
trations of the different species (see Appendix).

Model-fitting of experimental data. The conversion of epoxy
groups x. can be defined as:

Xe=1—¢€

where e is the normalized concentration of epoxy groups
(see the Appendix) and can take a value from 1 (no epoxy
groups reacted) to 0 (completely reacted). Assuming that the
heat evolved by the ring-opening of the epoxy group is similar
in both the initiation and propagation, and in order to make
comparison with experimental DSC results meaningful, one can
calculate x. psc from the results of the kinetic model as:

Xepsc =T r<i
xe,max
Xe 5y
Xe.psc ~ r=1
Xe,max

where X.max iS the maximum epoxy conversion calculated by
the kinetic model. The rate dx. psc/dt can also be determined
from the results of the kinetic model as:
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dxe,Dsc ~r. —de/dt

r<i
dt Xe max
dxepsc —de/dt ’
—7eDSC o —/ r>1
dt Xe max -

where de/d¢ is the normalized reaction rate of epoxy groups (see
the Appendix).

The integration is performed simultaneously for all the
compositions indicated in Table 1 and the kinetic constants
and equilibrium constants, k; pg, kisu, kicaty kp,pGs Kp,sts Kp,cats
ki, keqp and kpp are fitted using a nonlinear regression pro-
cedure with the following minimization function:

error = Z Z |triexp — trimod|

i Xepsc

where t, ;. is the experimental time and #;moq is the time
predicted by the kinetic model, for each experiment i, and at
certain degrees of conversion X.psc. The whole conversion
curves are integrated in each iteration step, using a 4™ order
Runge-Kutta method. Approximate starting values for the
different constants have been set by trial and error and visual com-
parison with experimental curves. The builtin GRG non-linear
solver in the Excel™ software has been used to fit the parameters.

4 Results and discussion
4.1 Experimental results

Fig. 1 shows the experimental rate curves that were obtained
from the isothermal curing at 60 °C for all the formulations. If
one compares these results with those reported by Jin et al.,'®
some relevant differences between commonly used basic cata-
lysts and nucleophilic catalysts can be highlighted. In base-
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Fig. 1 Experimental rate curves illustrating the effect of the thiol-
epoxy ratio (top graph), initiator content (middle graph) and epoxy equi-
valent weight (bottom graph).

Polym. Chem., 2017, 8, 5934-5947 | 5939


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7py01263b

Open Access Article. Published on 30 August 2017. Downloaded on 12/6/2025 6:57:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

catalyzed thiol-epoxy reactions, the reaction starts immediately
after the reagents are mixed and, because of the strong auto-
catalysis of the reaction, it can become difficult to control. Note
that in a recent study by Jin et al.'® the authors used DBU as
the base catalyst in a concentration of just 0.17% with respect
to the concentration of thiol groups. In contrast, Fig. 1 shows
that the reaction onset is delayed using a nucleophilic initiator
such as 1MI, as observed in the studies of Loureiro et al.’® and
our recent study on dual-curable off-stoichiometric thiol-epoxy
formulations.® This may not be regarded as a truly latent
behavior, but nevertheless it suggests it is safer to prepare and
control their curing process using nucleophilic initiators
rather than basic catalysts, which could be highly useful in
terms of processing. This is a similar phenomenon to what
has been reported for Michael addition reactions using
specific nucleophilic catalysts.****

A closer examination of Fig. 1 reveals a number of significant
features of nucleophile-initiated thiol-epoxy reactions. In the top
graph, the effect of the thiol-epoxy ratio r is illustrated. At lower
thiol-epoxy ratios, the curve starts earlier because of the increas-
ing concentration of epoxy groups and a subsequent enhance-
ment in the rate of the initiation step, consisting of the nucleo-
philic addition of 1MI to the epoxy ring. An additional accelerat-
ing effect coming from the increasing concentration of the
initial catalytic hydroxyl groups present in the formulation (see
Table 1) is also expected. The formulations with thiol-epoxy
ratios lower than 1 also show a strong autoacceleration just
before a sharp decrease in the reaction rate that coincides with
the exhaustion of the available thiol groups, in agreement with
previously reported data.® The formulations with a thiol-epoxy
ratio higher than one show a slower activation and reaction rate
due to the decrease in the concentration of the available epoxy
groups and catalytic hydroxyl groups coming from the structure
of DG174 (see Table 1). In all the formulations with r < 1, at the
end of the reaction there remain unreacted epoxy groups, while
at r > 1, a complete conversion of epoxy groups is achieved.

In the middle graph, the effect of the initiator content is
shown for stoichiometric formulations using DG174 as epoxy
resin. As expected, there is a clear trend of the decreasing reac-
tion onset and increasing reaction rate with increasing initiator
content. However, the effect is not apparently proportional to
the initiator content (see Table 1). The bottom graph shows the
effect of increasing the epoxy equivalent weight of the DGEBA
and, with this, the content in catalytic hydroxyl groups coming
from the oligomeric structure of DGEBA. The effect is appar-
ently complex. It can be observed that increasing the epoxy equi-
valent weight leads to an earlier initiation of the reaction in
spite of the decreasing concentration of epoxy groups in the for-
mulation, because of the increasing concentration of oligomeric
hydroxyl groups (see Table 1). The difference between the for-
mulations containing DG187 and DG200 is not very significant,
possibly because of this trade-off.

All these observations illustrate the complexity of the
nucleophile-initiated thiol-epoxy addition. The basic and
complex models, based on mechanistic considerations, are
tested and their validity is discussed.
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Table 2 Kinetic constants and error obtained after fitting of the experi-
mental data to the different models

Basic Complex
kipc M7>s™) 5.725 x 1074 5.460 x 104
kisuM72s™) 1.729 x 10~° 1.608 x 10~°
Kicae M2 87 1.962 x 1073 3.652 x 1073
kppc M2 s7) 3.712 x 107* 9.462 x 10~*
psu (M2 57! 7.727 x107° 7.272x107°
pcat M2 s71) 2.386 x 102 3.200 x 102
ke(M™'s™) 3.712x 1072 0
Keque M) 0 13.41
kow (57 0 8.950 x 10
Error (s) 60.5 50.2

4.2 Analysis of the kinetic models

First of all, we analyze the validity of the basic kinetic model
inspired by the mechanism proposed by Loureiro et al.’® The
fitted parameters are shown in Table 2. The experimental data
and model predictions are compared in Fig. 2 for the effect of
the thiol-epoxy ratio, in Fig. 3 for the effect of the catalyst
content and in Fig. 4 for the effect of the epoxy equivalent
weight. As can be seen in the figures, the model is capable of
reproducing, at least from a qualitative point of view, the
expected behaviour in terms of reaction rate and reaction
onset: it includes both the effect of the nucleophilic initiation
and the exhaustion of thiol groups in formulations with r < 1,
and takes into consideration the autocatalytic behaviour of the
reaction. The average error is 60.5 seconds, as seen in Table 2,
although individual errors are quite substantial in some cases.
The model produces an exceedingly high delay in the pre-
dicted reaction of formulations with r < 1 (Fig. 2) and overesti-
mates the effect of the thiol-epoxy ratio r (Fig. 2) on the peak
reaction rate. The effect of the catalyst content on the overall
reaction time is well predicted, but it overestimates its effect
on the peak reaction rate (Fig. 3). The kinetic model predicts
quite well the effect of the epoxy equivalent weight (Fig. 4), but

Exp. Model
—— DG174-0.25-1
—— —— DG174-0.5-1
0.0025 7 —— — DG174-0.75-1
< 000204 —— —— DG174-1-1
< 0.0015.] DG174-1.33-1
= —— —— DG174-2-1
g 0:0010 —— —— DG174-4-1
%® 0.0005

Xe,DSC

T T T 1
3000 4000 5000 6000

time (s)

T
2000

Fig. 2 Comparison between the predictions of the basic kinetic model
and the experimental data, the effect of the thiol—epoxy ratio, using the
parameters in Table 2.
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Fig. 3 Comparison between the predictions of the basic kinetic model
and the experimental data, the effect of the initiator content, using the
parameters in Table 2.
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Fig. 4 Comparison between the predictions of the basic kinetic model
and the experimental data, the effect of the DGEBA epoxy equivalent
weight, using the parameters in Table 2.

the reaction rates are overestimated in the case of the DG174-
1-1 and DG200-1-1 formulations. Although valid as a first
approximation, this model does not accurately reproduce the
shape of the different curing processes. Therefore, the under-
lying reaction mechanism must be different from that rep-
resented in this kinetic model.

In order to improve the quality of the fitting, the complex
model, based on other mechanistic considerations, was tested.
Fig. 5 shows the effect of the thiol-epoxy ratio, Fig. 6 shows the
effect of the initiator content and Fig. 7 shows the effect of the
epoxy equivalent weight. The fitted kinetic parameters and the
error are shown in Table 2. The error of the adjustment is lower,
only 50.2 seconds, and an inspection of the curves confirms
that the quality of the fitting process is much better. Indeed,
Fig. 5 shows that the effect of the thiol-epoxy ratio on the reac-
tion rate is little overestimated, differences being most notice-
able at the lowest thiol-epoxy ratios, 0.5 and, especially, 0.25.
Although the model still predicts a slower initiation in these
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Fig. 5 Comparison between the predictions of the complex kinetic
model and the experimental data, the effect of the thiol-epoxy ratio,
using the parameters in Table 2.
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Fig. 6 Comparison between the predictions of the complex kinetic
model and the experimental data, the effect of the initiator content,
using the parameters in Table 2.
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Fig. 7 Comparison between the predictions of the complex kinetic

model and the experimental data, the effect of the DGEBA epoxy equi-
valent weight, using the parameters in Table 2.

Polym. Chem., 2017, 8, 5934-5947 | 5941


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7py01263b

Open Access Article. Published on 30 August 2017. Downloaded on 12/6/2025 6:57:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

cases, the adjustment is significantly better. Fig. 6 shows that
the effect of the catalyst content is now nicely predicted by the
model. The effect of the epoxy equivalent weight is also quite
well reproduced, as shown in Fig. 7, with some discrepancies in
the case of the intermediate DG187-1-1 formulation.

An indirect confirmation of these results could be made
from a comparison between the rate constants obtained and
those found in the literature. Unfortunately, the adjustment
procedure in the work of Loureiro et al.*> makes it difficult to
compare their results with ours. Therefore, the only data we
can use are from the work of Jin et al.'® These authors fitted
the experimental data to a phenomenological Kamal model,
with dx/dt = (ky + kx™)-(1 — x)", and interpreted the para-
meters in terms of the reaction mechanism. For a stoichio-
metric formulation using a trifunctional thiol and an epoxy
monomer of a low epoxy equivalent weight (180 g mol ™),
cured at 60 °C with 0.17 mol% of DBU, they obtained &, = 0.77
x 107 571, k, = 0.65 x 10 s, and m = n = 1. The values of the
m and n parameters, which were about the same at all temp-
eratures, were in excellent agreement with a base-catalyzed
reaction mechanism, with the same assumptions that we
made in this work concerning the activation of the epoxy ring
by proton donors. Assuming that strong bases such as DBU
produce the maximum amount of active species from the very
beginning, and that an ion-pair such as the one in this work
would not be formed (or present much weaker interactions),
their value of k, should be equivalent to our value of
kpycat-[EO]Zi, for an equivalent thiol-epoxy formulation. The value
of i should be the molar concentration of DBU the authors
used in their work,'® 0.0017 mol DBU per mol of SH groups.
The calculated value of k', cacio is equal to 0.75 x 107 s™*, only
15% higher than k,. While k; should be equivalent to
(kp,pG-0hnG + kpySH-shO)-[Eo]z-i, our calculation yields a value
of 107° s™', which is about 8 times lower. Comparison of k,
with kpycat-[Eo]Z-i should be more reliable because of the strong
autocatalytic component of the reaction, which is due to the
generation of a hydroxyl group per each epoxy/thiol group
reacted. However, comparison between k; and (k, pg-0hpg +
kp,susho)-[Eo]>i depends largely on the presence of catalytic
impurities in the reaction medium, often coming from the use
of industrial grade products. It should be considered that the
results from our analysis are obtained from a numerical fitting
of the data to a model with a significant number of para-
meters, which may involve uncertainties stemming from the
numerical method. Added uncertainty comes from the fact
that the reaction starts by nucleophilic attack of 1MI to the
epoxy ring, which is highly sensitive to catalytic groups and
impurities present in the system, and this might conceal the
effect of such impurities on the propagation rate.

At this point, it is also good to analyze the distribution of the
relevant species (other than epoxy and thiol groups) in the course
of the reaction, and the contribution of the different rates of
initiation, propagation and termination to the overall reaction rate.

Fig. 8 shows the situation for the DG174-1-1 formulation. It
is noteworthy that, as the reaction starts, the growing concen-
tration of free thiolate anions does not start the reaction
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Fig. 8 Comparison of the normalized concentration of species I, IE*,
free IEH* or S™ and the IEH*S™ ion-pair (top) and the rate of initiation,
termination and propagation reactions (bottom) predicted by the
complex model for the curing of the DG174-1-1 system.

immediately. When the propagation rate starts to increase, an
increase in the concentration of active species is noted, but
this is offset by the formation of the ion-pair, which moderates
the amount of free thiolate propagating the reaction. The
amount of active species reaches a maximum around the
maximum propagation rate because the decreasing concen-
tration of the epoxy groups and initiator I leads to a decreasing
initiation rate. At this point, about 75% of the initiator has
been converted into IEH" species (free and ion-pair). In conse-
quence, the concentration of the free initiator starts to increase
again. A change in the trend is observed once the concen-
tration of the thiol groups falls below a certain threshold, so
that the amount of active species is no longer controlled by the
total reacted initiator but by the availability of the thiol groups
to produce free thiolate anions. At this point, the concen-
tration of the inactive (or rather less active) zwitterion IE*,
which was 0 (or nearly) because of the presence of a sufficient
amount of thiol groups leading to a fast proton transfer to
produce thiolates, starts to increase as well. The absence of the
zwitterion IE*, in addition to its low reactivity, justifies the
absence of epoxy homopolymerization, so that in the presence
of thiol groups only the thiol-epoxy addition takes place. At the
end of the process a significant amount of the unreacted
initiator I remains, which is in good agreement with the experi-
mental results of Loureiro et al.,"> who showed that, at the end
of the thiol-epoxy addition, there was a significant amount of
the unreacted initiator in the SEC traces of the reaction product.
Throughout the curing process the contribution of the initiation
and termination reactions to the reaction rate is very small in
comparison with the propagation, due to the small concen-
tration of the initiator and active species available.

Fig. 9 shows the same results but for the DG174-1-4 system,
with four times more catalyst. The shape of the curves is pretty
much the same as in the previous case, but there is a relevant
difference in the relative contribution of the free IEH" or thio-
late species and the ion-pair. The larger concentration of total
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Fig. 9 Comparison of the normalized concentration of species |, IE*,
free IEH* or S™ and the IEH*S™ ion-pair (top) and the rate of initiation,
termination and propagation reactions (bottom) predicted by the
complex model for the curing of the DG174-1-4 system.

active species promotes the formation of the ion-pair, to the
detriment of the free thiolate anion propagating the reaction.
Thus, it is no surprise that the ion-pair concentration becomes
larger than the concentration of free thiolate. When Fig. 8 and 9
are compared, it can be observed that the maximum concen-
tration of thiolate anions is slightly more than double when 4
phr of 1MI are used in comparison with 1 phr of 1MI. Another
relevant difference between both figures is that the initiation
rate contributes more heavily to the overall reaction rate in the
presence of 4 phr of 1MI, which could be expected. At the end
of the reaction process, as the thiol groups are exhausted,
there is a non-negligible amount of the zwitterion formed.
Finally, Fig. 10 shows the evolution of the different species
and rates for the off-stoichiometric DG174-0.5-1 formulation.
The model predicts that, due to the exhaustion of thiol groups,
the concentration of the free thiolate and ion-pair decreases
sharply. However, because there is a significant excess of epoxy
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Fig. 10 Comparison of the normalized concentration of species I, IE*,
free IEH* or S~ and the IEH*S™ ion-pair (top) and the rate of initiation,
termination and propagation reactions (bottom) predicted by the
complex model for the curing of the DG174-0.5-1 system.
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groups, this takes place near the peak in the reaction rate,
leading to a sharp decrease in the overall reaction rate
altogether. At this point, the amount of the zwitterion starts to
increase as well. However, because of the presence of the
remaining epoxy groups and the high concentration of cata-
Iytic hydroxyl groups formed in the course of the reaction, the
initiation continues at a fast rate and leads to a depletion of
initiator species and the formation of the maximum possible
amount of the zwitterion. This zwitterion is the species that
would start the propagation of the epoxy homopolymerization,
but this species would be more stable and less active than
other alkoxide anions, as commented above. According to
Heise and Martin, the adduct formation would reach com-
pletion before the homopolymerization process starts.'®'®
According to the model, this species would be ready at the end
of the thiol epoxy process, so that the homopolymerization
process would eventually start if one waited for long enough or
increased the temperature.® It should be noted that for the
curing of a formulation with excess thiol groups (results not
shown), throughout the whole curing process and at the end
of it there would not be any traces of this zwitterion species.

In the light of these results, it appears that the hypotheses
behind the proposed complex kinetic model, involving the
presence of the non-reactive ion-pair in the reaction medium,
become quite realistic. The main features of the curing
process and the rates and reaction onsets are well reproduced
by the model. The effect of the composition on the reaction
rate is also accounted for by the model. Indeed, if one com-
pares the values of ki pg, kisn, kp,pc and k, g as in Table 2,
and considering the way these constants were defined (see
section 3.3), it can be deduced that the effect of catalytic impu-
rities in the thiol monomer (i.e. hydroxyl groups) on the
initiation and propagation rate constants is indeed lower than
that of the epoxy monomer, but not negligible. The values of
kicar and kp ¢ also indicate that the catalytic effect of the reac-
tion product is significantly stronger, in agreement with the
results of Loureiro et al."> The model still overestimates the
reaction onset in formulations with thiol-epoxy ratios lower
than one, but this might be a consequence of both inaccura-
cies inherent to the reaction mechanism and experimental
error caused by the fast initiation of these formulations. In any
case, assuming that the distribution of reactive species pro-
duced by this model is right, it could be used to analyze the
crosslinking process of stoichiometric or off-stoichiometric
thiol-epoxy formulations, rather than relying only on ideal
step-wise assumptions.® In addition, the model could be
extended to study the reaction processes of thiol-epoxy
systems initiated by other nucleophilic tertiary amines,"® but
obviously the values of the model constants would be
different, especially those connected with the amine structure
and reactivity such as the initiation and termination rate con-
stants as well as the ion-pair equilibrium constant.

We acknowledge that the model has some inaccuracies and
simplifications that might be addressed in future studies.
Whether the termination is a unimolecular rearrangement of
the ion-pair or a bimolecular reaction between free thiolate

Polym. Chem., 2017, 8, 5934-5947 | 5943


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7py01263b

Open Access Article. Published on 30 August 2017. Downloaded on 12/6/2025 6:57:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

and hydroxylammonium cation species makes no practical
difference. We assumed that the propagation by means of the
ion-pair species was negligible for the sake of simplicity, but
one might consider some reactivity of the ion-pair towards
propagation. The initiating mechanism based on the nucleo-
philic attack of the imidazole to the epoxy ring should be re-
analyzed. Nucleophilic addition of amines to epoxy groups can
be quite complex, as reported for epoxy-amine systems.>> >4
The formation of multiple equilibrium complexes complicates
significantly the apparently simple autocatalytic epoxy-amine
addition. When several equilibrium complexes, some of which
are active, are present at the same time, the real amount of
active species is reduced and, if this effect is neglected, the
reaction rate is overestimated.’® A similar consequence could
be expected for the initiation step between the imidazole and
the epoxy ring. The initiation step in epoxy-imidazole systems
is highly sensitive to the chemical environment, not only due
to the presence of catalytic species’”*' but also to the for-
mation of unreactive complexes in the presence of poly-
ethers,” like in epoxy-amine systems."® Nevertheless, in the
absence of more detailed experimental information (i.e. the
individual determination of some rate or equilibrium con-
stants), the inclusion of a larger number of fitting parameters
would complicate the interpretation of the results. We already
tested the effect of the epoxy-hydroxyl complexes, but we
found that the complex equilibrium constant was very low
(results not shown), so that our simplification of the catalytic
effect could be considered as a safe one, in line with the
results of Jin et al.'® and in agreement with the reasoning of
Flammersheim,*® although this might also be a side conse-
quence of the mathematical fitting process. In multiple non-
linear regression modelling of complex processes there could
be more than one solution, given that the optimum point
might be within a flat hollow rather than a deep valley of the
solution space,®” or else a number of local minima with a
similar error could be easily found. In order to refine the pro-
posed model, taking into account the above considerations,
more experimental work should be carried out in order to
investigate in more depth the effect of the chemical environ-
ment on the initiation step and the role of the ion-pair equili-
brium complex, as well as the effect of temperature on the
different kinetic parameters, so as to produce a more consist-
ent model and a more meaningful set of kinetic parameters.

5 Conclusions

The thiol-epoxy addition reaction initiated by tertiary amines
has been analyzed from theoretical and experimental points of
view. DGEBA and S3 have been used as epoxy and thiol com-
pounds, and 1MI has been used as the nucleophilic tertiary
amine initiator. The effects of the thiol-epoxy ratio, epoxy
equivalent weight and initiator content have been taken into
consideration.

The reaction takes place earlier in formulations richer in
epoxy monomers because of the initiation by the nucleophilic
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attack of the tertiary amine to the epoxy group and the contri-
bution of catalytic hydroxyl groups in the epoxy oligomer. The
end of the reaction is sharp in formulations with excess of
epoxy groups due to the exhaustion of thiol groups and trans-
fer of the thiolate active species to a less active zwitterion
species that would propagate the homopolymerization of the
excess epoxy groups. Increasing the initiator content does not
increase proportionally the propagation and initiation rates.
The use of epoxy monomers with higher epoxy equivalent
weights leads to faster reactions because of the catalytic effect
of the hydroxylic epoxy oligomers, in spite of the reduced con-
centration of epoxy groups.

A kinetic model based on an approximate reaction mechan-
ism for the thiol-epoxy reaction initiated by tertiary amines
has been defined. This model satisfactorily reproduces all the
phenomena associated with the curing process of stoichio-
metric and off-stoichiometric thiol-epoxy mixtures initiated by
1MI, and it is hypothesized it could be extended, with
obviously different values of the parameters, to thiol-epoxy
systems initiated by other nucleophilic tertiary amines. A com-
plete validation of the model would require, however, the ana-
lysis of the effect of different curing temperatures under iso-
thermal and nonisothermal reaction conditions, producing a
more consistent and meaningful set of kinetic parameters.

One of the most remarkable features of the model is the
assumption of the presence of a less-reactive ion-pair complex
in equilibrium with free thiolate and cationic species, making
it possible to predict correctly the effect of changing the
initiator content and thiol-epoxy ratio on the reaction rate.
However, the understanding of the exact role of the ion-pair in
the reaction medium in terms of reactivity requires further
investigation. The model also attempts, in a simplified way, to
describe separately the catalytic effects of hydroxyl groups and
other impurities present in the epoxy resin and in the thiol
crosslinker, and the hydroxyl groups present in the reaction
product. However, it is acknowledged that the model is not
accurate enough in that respect. Among other issues, one
should consider the formation of different active and non-
active complexes depending on the presence of different cata-
Iytic or deactivating species. Proper elucidation of the
initiation step, which is crucial for the understanding of the
reactivity of these systems, remains therefore a pending task.
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Appendix
Basic kinetic model

In terms of the normalized concentration of the different
species, the basic set of rate equations transforms into:

di

&:—k’yﬁe%—k’t-sf-ieh+
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dietotal o di
de — dt
de .
a:—k’i-re—k’pw‘ e
dShtotal — .
= _K,-s ce—Kki-s -ieh"
de P !
dseh .
i =kp-s -e+ki-s -ieh"
where

Shiotal = Sh+ s~
ieroral = i€* + ieh ™
The number of propagating species is calculated as:

. ST = leotal
sh > iCotal = 3
total total { ie* =0

s = Shtotal

Shtotal < ietotal = . .
ie* = ietotal — Shiotal

Because of the normalization process, the kinetic and equi-
librium constants are now expressed as:

k' = (ki,DG - ohpg + ki,sH -shy + ki,cat . (seh + i€h+)) . [E}O2
k’p = (kp,DG . OhDG + kp,SH . Sho + kp,cat . (seh + l€h+)) . [E]OZ

Ky = ke - [E],

An implicit assumption here is that the volume changes
during curing are negligible. If one were to consider the
volume changes, the expressions should be modified in a con-
venient way.>*

Complex kinetic model

In terms of normalized concentrations, the rate and equili-
brium expressions of the complex model take the following
form:

di . . _
i —Kki-i-e+Kkep-ieh's
dietota] N di

de — dt

de ’ ‘ ’ —

a:—ki-re—kpus e
dsh , _
—dt;’tal =—kip-s -e—Kyp-ieh's

dsen  dshiotal
dt de
, ieh"s™  iehts™
k eq,Ip =

s ieht  (s)
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In this set of reactions, we define:
ietoral = 1€* +ieh™ + ieh s~
Shiotal = Sh + 8 toral = Sh+ 5~ +ieh™s™
One should also consider that:
S total =S +iehTsT =iehT +iehTs”
The number of potentially active species is determined as:

Stotal = ietotal

sh > ierotal = 3
total total { ie* =0

Stotal = Shiotal

Shtotal < ietotal = . .
ie* = iewral — Shrotal

Having determined $ ¢, the ion-pair equilibrium is
solved as:

ieh™s™ iehts™
(s)?

=— ——
(Sora; — 1€A"S7)

The normalized propagation and initiation constants
k'; and k', are defined in the same way as in the basic model.
The equilibrium and termination constants of the ion-pair are
defined as:

k ’eq,IP =

k'eq‘IP = keq‘IP . [EL)

k't.IP = ktAIP

Initial concentration of reactive species

Taking into account the weight fraction of each component
specified in Table 1, the initial concentrations of the epoxy
and initiator groups were calculated as:

Wwmi

€qmr

[E], =220 1],
€dpg

where wpg and wy; are the weight fractions of the epoxy
monomer and initiator in the mixture (the values in Table 1
divided by 100), and eqyy; is the equivalent weight of 1MI and
assumed to be 82 g mol™'. The density p has been estimated
from the composition of the formulations and the density of
the pure compounds at room temperature assuming the addi-
tivity of volumes and correcting the density to the curing temp-
erature using the approximation of Van Krevelen for oligomers

or polymers above their glass transition temperature.>**¢
With [E], and [I], one can determine the initial normalized

concentrations for the integration of the rate equations:
e =1 fo = [1o/[El,

sehyg =0

Shy = Shiotato =1 fsu leotal,0 = O

In the expression for the normalized initial concentration
of thiol groups shy, r is the theoretical thiol-epoxy ratio used
for the calculation of the mixture composition, and fsy rep-
resents the purity of the thiol monomer and takes a value of 1
for a perfectly pure reagent, but in this case takes a value of
0.98 according to the product specifications.
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The initial amount of hydroxyl groups coming from

DGEBA, ohpg is approximately calculated from the epoxy equi-
valent weight, eqpg, as:

2 - eqpg — 340

1
ohpg = =+
) 284

The initial concentration of all the other species in the

basic or complex models is initially equal to 0.
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