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a  b  s  t  r  a  c  t

An  analysis  of the kinetics  of  the  epoxy–thiol  reaction  in a  model  stoichiometric  system  of  monofunctional
reagents,  3-mercaptopropionate  (BMP)  and phenylglycidylether  (PGE)  is reported.  Benzyldimethylamine
(BDMA)  was  employed  as  initiator  in  amounts  ranging  from  0.5  to  2  wt%.  These formulations  showed  a
kinetic  behavior  qualitatively  similar  to  that of  commercial  adhesives  and coatings  formulated  for a
room-temperature  cure.  Isothermal  DSC  scans  revealed  the existence  of a  relatively  long  induction  period
preceding  a  fast autocatalytic  reaction  step.  Dynamic  DSC  scans  showed  that  the  reaction  was  shifted  to  a
lower temperature  range  by  increasing  the  storage  period  of  the initial  formulation  at  20 ◦C.  This  unusual
SC
poxy–thiol reaction
nduction period
inetics
ertiary amine

kinetic  behavior  could  be modeled  assuming  that thiolate  anions,  slowly  generated  during  the  induction
period,  initiated  a  fast  autocatalytic  propagation/proton  transfer  reaction.  The  kinetic  model  included  a
pseudo-steady  state  for  the  initiator  concentration  and  an  equilibrium  reaction  between  epoxy  and  OH
groups generated  by reaction.  A  reasonable  fitting  of isothermal  and  dynamic  DSC  runs  was achieved  in
a broad  range  of  temperatures  and amine  concentrations.  In particular,  both  the  length  of  the  induction
time  and the  effect  of  the storage  period  were  correctly  predicted.
. Introduction

Epoxy formulations are frequently employed as adhesives,
oatings or sealants cured at ambient temperature. The diglycidyl
ther of bisphenol A (DGEBA) is the most commonly used epoxy
onomer. Due to their high reactivity and excellent balance of

roperties, multifunctional aliphatic amines are the first choice as
ardeners for curing at ambient temperature [1]. As the required
lass transition temperatures of the products are typically higher
han the cure temperature, avoiding arrest of reaction by vitrifi-
ation needs either external heating or taking advantage of the
olymerization heat [1,2]. In fact, it would be desirable to design
 formulation exhibiting a large induction period at ambient tem-
erature to provide workability, followed by a fast cure reaction
o gain in productivity and as an internal heating source. Formu-
ations using thiols (also called mercaptans) as hardeners can be

∗ Corresponding author. Tel.: +34 981485478; fax: +34 981485511.
∗∗ Corresponding author. Tel.: +54 223 4816600; fax: +54 223 4810046.

E-mail addresses: senen@gairesa.com (S.P. Abuin), williams@fi.mdp.edu.ar
R.J.J. Williams).

ttp://dx.doi.org/10.1016/j.tca.2015.08.012
040-6031/© 2015 Elsevier B.V. All rights reserved.
©  2015  Elsevier  B.V.  All  rights  reserved.

designed for these purposes. The sector of adhesives, coatings and
sealants constitutes one of the major industrial uses of multifunc-
tional thiols [3].

Under appropriate conditions, the reaction of a thiol, RSH, with
an epoxy group, R′(O), originates a �-(hydroxy)thioether without
secondary reactions, and constitutes a typical example of thiol-click
chemistry [3].

RSH + R′(O) → RS-R′(OH) (1)

The epoxy–thiol click reaction is also employed for the synthesis
of organic molecules [3], functionalized polymers [4–9], polymer
networks [10–12], and two-component healing agents [13–15].

Different catalysts/initiators are employed to produce the
epoxy–thiol reaction, the most typical ones being a variety of bases
(e.g., hydroxides or tertiary amines). In this case, the reaction pro-
ceeds through a typical nucleophilic ring opening reaction. The base
generates thiolate anions (RS−) which give the reaction product by

the following propagation/proton transfer reactions [12,16]:

RS− + R′(O) → RS-R′(O)− (2)

RS-R′(O)− + RSH → RS− + RS-R′(OH) (3)
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The proton transfer reaction that regenerates the initiator, Eq.
3), proceeds at a much faster rate than the nucleophilic attack of
he oxirane ring, Eq. (2). Besides, transfer of a proton from the thiol
ccurs at a rate that is three orders of magnitude faster compared to
he transfer from a secondary alcohol [10,17]. This means that the
oncentration of alkoxide anions is always very low and explains
he absence of epoxy homopolymerization (attack of the alkoxide to
n oxirane ring) and the click character of the epoxy–thiol reaction.

The source of thiolate anions is usually ascribed to the acid–base
eaction [10,12,16,18]:

′′
3N + RSH ↔ R′′

3NH+ + RS− (4)

The use of strong bases (like LiOH or strong tertiary amines
ike TBD, MTBD, DBU or DBN) leads to a fast generation of thio-
ate anions. In some cases, it is necessary to cool to 0 ◦C to control
he reaction rate [5], or to use a complex of the strong base that is
ecomposed by UV irradiation [11,19].

Although, strong bases are normally used for the synthesis of
rganic molecules or functionalized polymers, they cannot be used
or formulating adhesives or coatings for industrial applications.
hese formulations require a workability period (induction period)
t room temperature where the viscosity remains practically con-
tant, followed by a period where the reaction takes place at a
elatively fast rate. Formulators use initiating systems exhibiting
he desired behavior at the temperature of application. Typical ini-
iators for this purpose are based on conventional tertiary amines of
ow/medium basicity. In these cases, the acid-base equilibrium rep-
esented by Eq. (4) is shifted to the left and the initiation mechanism
nvolves an alternative route.

The focus of this study was placed on the analysis of the kinetics
f an epoxy–thiol reaction exhibiting a significant induction period
t room temperature. A model system consisting of stoichiomet-
ic amounts of a monofunctional epoxy and a monofunctional thiol
as selected together with variable amounts of benzyldimethy-

amine (BDMA) as initiator. The reaction kinetics was analyzed
mploying differential scanning calorimetry (DSC) in both isother-
al  and dynamic modes. A mechanistic model was build-up that

rovided a reasonable fitting of the unusual kinetic behavior of this
eaction.

. Experimental

.1. Materials

Formulations were prepared using stoichiometric amounts
f butyl 3-mercaptopropionate (BMP, Sigma–Aldrich, 98%) and
henylglycidylether (PGE, Sigma–Aldrich, 99%). Benzyldimethy-

amine (BDMA, Sigma–Aldrich, 99%) was used as initiator in
mounts equal to 0.5, 1, 1.4 or 2 wt% (expressed with respect to
he total mass). The effect of adding a secondary alcohol (MPOH, 4-

ethyl-2-pentanol, Sigma–Aldrich, 98%) to the initial formulation,
as analyzed. Chemical structures of these compounds are shown

n Fig. 1.

.2. Size exclusion chromatography

A formulation with 1.4 wt% BDMA was reacted at 30 ◦C. Sam-
les taken at different times were dissolved in THF (approximate
oncentration equal to 2000 ppm), treated in an ultrasonic bath for

 min  at room temperature, filtered and injected (150 �L) in a size

xclusion chromatograph (HPLC 1515 with Styragel HR columns
nd refractive index detector 2414, Waters). Chromatograms were
aken employing THF as solvent at a flow rate of 1 mL/min, under
socratic conditions, at 30 ◦C (in both oven and detector). The cal-
bration of the equipment was made with polystyrene standards
Fig. 1. Chemical structures of BMP, PGE, BDMA and MPOH.

in a range of molecular weights between 162 and 3470 Da and a
DGEBA standard (n = 0) with a molecular weight of 340 Da.

2.3. Near-infrared spectroscopy

The reaction of a formulation with 1.4 wt%  BDMA at 20 ◦C, was
followed by Fourier-transformed infrared spectroscopy (FTIR) in
the 4000–7000 cm−1 near infrared range. A Perkin Elmer Spectrum
Two device with a KBr cell was  employed. Spectra (10 scans) were
obtained every 5 min  with a resolution of 4 cm−1.

2.4. Differential scanning calorimetry

Formulations containing from 0.5 to 2 wt% BDMA were reacted
in a differential scanning calorimeter (DSC 8500, Perkin Elmer),
equipped with an intracooler. Samples of approximately 5 mg,
placed in closed aluminum pans with a hole in the lid, were
analyzed under nitrogen atmosphere. Dynamic scans were per-
formed at 10 ◦C/min from −10 to 220 ◦C, and isothermal scans at
30, 40, 50, 60 and 70 ◦C. The effect of a previous storage period at
20 ◦C was investigated for formulations with the three components
(BMP, PGE and BDMA) and four components (BMP, PGE, BDMA and
MPOH). In the last case, MPOH was  added in an amount simulating
40% conversion (relative amount of secondary hydroxyls generated

at this conversion). Besides, the effect of the storage period was  ana-
lyzed by mixing two  of the three components, keeping the mixture
at 20 ◦C for a pre-determined period, adding the third component
and carrying out a dynamic DSC scan.
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Fig. 2. Size exclusion chromatograms taken at differen

. Results and discussion

.1. Isothermal reaction

Size exclusion chromatography was employed to confirm the
lick character of the reaction. A set of chromatograms taken at
ifferent times during reaction at 30 ◦C for a formulation containing
.4 wt% BDMA, is shown in Fig. 2. BMP  and the reaction product gave
lear well-separated peaks while PGE and BDMA eluted at similar
imes at the end of the chromatogram, in a region disturbed by the
njection peak.

The area of the peak of BMP  decreased while the area of the
eak of the reaction product increased continuously. At the end of
eaction, the signal of BMP  disappeared completely while the signal
f the reaction product remained constant. This test confirmed that
nly one main reaction product was generated. The evolution of the
reas under both peaks is shown in Fig. 3.

During the first 2 h, a very low increase in conversion was
bserved. After this induction period, the reaction took place at

 fast rate following an autocatalytic mechanism Therefore, BDMA
imulates correctly the induction period needed in commercial for-
ulations for workability purposes as well as the fast cure rate

xpected after the induction period.
The occurrence of the epoxy–thiol click reaction was further

onfirmed by FT-NIR. The reaction of the formulation with 1.4 wt%

DMA was followed at 20 ◦C during 18 h. The following results were
ecorded: disappearance of characteristic bands of epoxy groups (at
530 cm−1), and of thiol groups (at 5051 cm−1); appearance and

ig. 3. Evolution of the concentrations of BMP  and the reaction product for a reaction
arried out at 30 ◦C, initiated with 1.4 wt%  BDMA.
es for the reaction at 30 ◦C initiated by 1.4 wt%  BDMA.

increase in intensity of a band at about 4800 cm−1, assigned to the
OH groups generated during reaction.

Although SEC and FT-NIR could be used to follow the kinetics,
DSC was  a more reliable technique due to the precise control of
temperature, particularly under fast-rate conditions, as well as the
possibility to employ temperature ramps. Therefore, DSC was used
to analyze the kinetics of the epoxy–thiol click reaction.

Isothermal DSC scans for formulations containing 1.4 wt% BDMA
reacted at different temperatures, are shown in Fig. 4. Isothermal
DSC scans for formulations with different BDMA amounts, reacted
at 40 ◦C, are shown in Fig. 5. In every case, the kinetics was char-
acterized by a large induction period followed by a relatively fast
reaction rate exhibiting an autocatalytic behavior.

3.2. Total reaction heat

Dynamic DSC runs were performed for formulations containing
1.4 wt%  BDMA after different storage periods at 20 ◦C (Fig. 6).

The reaction peak was shifted to a lower temperature range by
increasing the storage period of the initial formulation. Table 1
shows the total reaction heats and the location of the maximum
temperature of the reaction peak. The total reaction heat remained
almost constant during the first 180 min  meaning that the increase
in conversion was undetectable by calorimetry during this period.
However, a precursor was generated that enabled the starting of
the reaction at lower temperatures in subsequent DSC scans.

The average reaction heat recorded for samples stored up to
180 min  was 408.6 J/g or 129.5 kJ/mol. This value is close to a set
of values recently reported in the literature for the epoxy–thiol
reaction initiated by different tertiary amines, located in the range

comprised between 120 and 128 kJ/mol [12]. Other values reported
in the literature for the same reaction are 117 kJ/mol [18], and
132.2 kJ/mol (calculated from Ref. [14] using reported values per
unit mass).

Table 1
Effect of the storage period at 20 ◦C on the total reaction heat and the maximum
temperature of the reaction peak observed in a subsequent DSC run at 10 ◦C/min,
for  a formulation containing stoichiometric amounts of BMP  and PGE  with 1.4 wt%
BDMA.

Storage period (min) Reaction heat (J/g) Peak temperature (◦C)

0 400.7 134
30  413.0 132.7
60  419.8 129.0

120 409.1 119.9
180 400.5 96.1
270 20.5 65.8
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Fig. 4. Isothermal DSC scans for formulations containing 1.4 wt%  BDMA reacted at different temperatures.

ontain
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s
w

Fig. 5. Isothermal DSC scans for formulations c

.3. Analysis of reactions taking place during the induction period
Mixtures of two of the three components (BMP, PGE and
DMA) in the same proportions as in the ternary blend were
tored for different times at 20 ◦C. Then the third component
as added and a DSC scan was carried out immediately. The

Fig. 6. Dynamic DSC runs for formulations containing 1.4
ing different BDMA amounts, reacted at 40 ◦C.

storage of BMP  together with PGE before the addition of BDMA
did not produce any significant effect. The same happened when

BMP  and BDMA were stored together before the addition of PGE.
However, the situation was different when PGE and BDMA were
stored together before the addition of BMP. Results are shown in
Table 2.

 wt% BDMA after different storage periods at 20 ◦C.
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Table  2
Total reaction heat and the maximum temperature of the reaction peak for a formu-
lation containing PGE and BDMA in similar proportions as in the ternary mixture that
was  stored at 20 ◦C for different times, followed by addition of the stoichiometric
amount of BMP  before carrying out the DSC scan.

Storage period (h) Reaction heat (J/g) Peak temperature (◦C)

0 400.7 134
24  327.4 78.0
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48  268.1 59.0
96  26.7 52.8

The homopolymerization of PGE took place in the presence of
DMA during the storage period at 20 ◦C. This was also confirmed
y the appearance of high molar mass peaks in SEC chromatograms
results not shown). This reaction is initiated by the attack of a
ertiary amine to an activated oxirane ring:

′′
3N + R′(O). . .HX → R′′

3N+-R′(O)− + HX (5)

The presence of a protic compound, HX, is necessary to produce
he reaction. Impurities or absorbed humidity can be responsible
or the initiation while OH groups generated in termination reac-
ions can accelerate the rate at which the zwitterion is generated
20].

In the presence of BMP, a proton transfer reaction takes place
enerating thiolate anions:

′′
3N+-R′(O)− + RSH → R′′

3N+-R′(OH) + RS− (6)

Due to this reaction, the storage of the three components pro-
uced a faster initiation of the epoxy–thiol reaction observed in
ubsequent DSC scans.

.4. Effect of adding a secondary alcohol

The effect of adding a secondary alcohol (MPOH) to the initial
ormulation, in an amount equivalent to a 40% conversion, was
nalyzed. Results of DSC scans carried out after different storage
eriods are shown in Table 3.

Table 1 showed that there was no significant advance in con-
ersion for the sample without MPOH after 180 min. The induction
eriod was reduced to about 120 min  for the formulation with
POH. The rate at which the precursor was generated was  also

aster in the presence of MPOH as revealed by the shift of the
eaction peak to lower temperatures at the same storage times.
owever, the effect was not as significant as expected implying

hat the activation effect of MPOH was not equivalent to the acti-

ation produced by the reaction product. To keep the analysis as
imple as possible, the kinetic scheme was limited to formulations
ithout MPOH.

able 3
ffect of the storage period at 20 ◦C on the total reaction heat and the maximum
emperature of the reaction peak observed in a subsequent DSC run at 10 ◦C/min,
or  a formulation containing MPOH in an amount simulating a 40% conversion.

Storage period (min) Reaction heat (J/g) Peak temperature (◦C)

0 379.8 118.9
20  369.9 112.0
40  374.1 108.6
60  370.8 102.4
90  369.4 95.5

120 359.0 85.8
150 309.8 72.8

(

ica Acta 616 (2015) 79–86 83

3.5. Kinetic scheme

Based on the previous experimental results, different kinetic
schemes were proposed attempting to fit the unusual behavior of
this system (long induction periods followed by a fast autocatalytic
reaction). Of all tested models, the one described in what follows
provided a reasonable fitting of kinetic curves.

During the initiation period, we assume that the epoxy–thiol
reaction takes place at a slow rate by an alternative mechanism
than the one involving the thiolate anion:

RSH + R′(O) + R′′
3N → RS-R′(OH) + R′′

3N (7)

A complex is then formed between the oxirane ring and the
reaction product:

R′(O) + RS-R′(OH) ↔ R′(O). . .(OH)R′-SR (8)

The activation of the oxirane ring enables the generation of the
zwitterion by the slow nucleophilic reaction:

R′′
3N + R′(O). . .(OH)R′-SR → R′′

3N+-R′(O)− + RS-R′(OH) (9)

A fast proton transfer reaction takes place generating the thio-
late anion:

R′′
3N+-R′(O)− + RSH → R′′

3N+-R′(OH) + RS− (10)

The thiolate anion attacks the activated epoxy groups:

RS− + R′(O). . .(OH)R′-SR → RS-R′(O)− + RS-R′(OH) (11)

A fast proton transfer reaction generates the product and regen-
erates the initiator:

RS-R′(O)− + RSH → RS− + RS-R′(OH) (12)

The concentration of the thiolate anion is limited by a termina-
tion reaction:

RS− + R′′
3N+-R′(OH) → RS-R′(OH) + R′′

3N (13)

Kinetic equations are written using the following notation:
E = R′(O) (free epoxy groups)
P = RS-R′(OH) (reaction product)
E–P = R′(O). . .(OH)R′-SR (complex of an epoxy group with the

reaction product)
T = RSH (thiol)
I  = S− (thiolate anion)
A = R′′

3N (tertiary amine)
N+ = R′′

3N+-R′(OH) (cation)
The following assumptions are made:

(a) There is an equilibrium between E and E–P expressed by:

(E − P) ↔ K(E)(P) (14)

b) There is a pseudo-steady state for the concentration of the thio-
late anion derived by equating initiation and termination rates.

The rate at which thiolate anion is generated is controlled by
Eq. (9). Proton transfer (Eq. (10)) takes place at a much faster
rate. Therefore, the initiation rate is given by:

Ri = ki(A)(E − P) (15)

The termination rate is given by:

Rt = kt(I)(N+) = kt(I)
2 (16)

The condition (I) = (N+) is necessary to equilibrate negative

and positive charges. The pseudo-steady state concentration of
initiator arises by equating Ri and Rt. This gives:

(I) =
(

ki

kt

)1/2

(A)1/2(E − P)1/2 (17)
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The equilibrium constant decreases with temperature as
expected for the formation of a complex involving H-bonds.
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(c) The fraction of S atoms present in the initiator is negligible
with respect to the fractions present in the unreacted thiol, the
reaction product and the complex of the reaction product with
epoxy groups. The following balance may  be written:

(T)0 = (T) + (P) + (E − P) (18)

d) The fraction of epoxy groups present in N+ is negligible with
respect to the fractions of unreacted epoxy groups and those
present in the reaction product and in the complex with unre-
acted epoxies. This gives:

(E)0 = (E) + (P) + 2(E  − P) (19)

Besides,

(E)0 = (T)0 (20)

e) The fraction of nitrogen atoms present in N+ is negligible with
respect to the fraction present as free amine:

(A) = (A)0 (21)

The conversion of epoxy groups is given by:

 = [(P) + (E − P)]
(E)0

(22)

Neglecting the generation of reaction product by the termi-
ation reaction, Eq. (13), the two reactions that consume epoxy
roups are Eq. (7) (significant to determine the extent of the induc-
ion period), and the propagation reaction, Eq. (11) (main reaction
fter the induction period). The following rate equation may  be
ritten:

E)0
dx

dt
= k0(A)0(E)(T) + kp(I)(E − P) (23)

From Eqs. (18) to (20) and (22),

T) = (1 − x)(E)0 (24)

Using Eqs. (17), (21) and (24), the rate equation may  be finally
ritten as:

x/dt = k0(A)0(E)(1 − x) + k1(A)1/2
0 (E − P)3/2/(E)0 (25)

With k1 = kp(ki/kt)1/2.
Functions giving the concentrations of (E) and (E − P) may  be

btained from Eqs. (14), (18)–(20) and (22):

E) = F(x)
K

(26)

E − P) = xF(x)(E)0

[1 + F(x)]
(27)

here

(x) = {[G(x)2 + K(E)0(1 − x)]
1/2 − G(x)} (28)

(x) = [1 + K(E)0(2x  − 1)]
2

(29)

The fitting of the complex kinetic behavior required two rate
onstants, k0(T) and k1(T), and an equilibrium constant, K(T).

.6. Fitting of kinetic results
A simultaneous fitting of 16 isothermal DSC runs (four amine
oncentrations at four different temperatures) and five dynamic
uns (five different storage times at 20 ◦C and a single amine con-
entration), was performed. This comprises a temperature range
Fig. 7. Conversion vs. time curves obtained from isothermal DSC runs for formula-
tions containing 0.5 wt%  BDMA, at 40, 50, 60 and 70 ◦C. Continuous curves represent
experimental values while dashed curves are model simulations.

extending from 20 ◦C to about 170 ◦C and induction periods extend-
ing up to about 170 min. A minimum of the following function was
searched:

min
{∑

(x − xi)
2(iso) + w

∑
(x − xi)

2(dyn)
}

(30)

where x represents calculated conversions and xi experimental con-
versions (obtained from fractional areas of the reaction peaks). A
weight factor w = 5 was used to balance the fact that five dynamic
runs were used with respect to 16 isothermal runs. Concentrations
were expressed in mol  L−1 using molar masses and densities of
every compound.

The minimum was  searched using Scilab software and quasi-
Newton algorithm. The following set of kinetic and equilibrium
functions was  found (T is expressed in Kelvin):

k0 (L2 mol−2 min−1) = 8.957 × 105 exp
(−6946

T

)
(31)

k1 (L mol−1 min−1) = 8.375 × 1012 exp
(−10586

T

)
(32)
0 50 100 150 200 250 300
t (min)

Fig. 8. Conversion vs. time curves obtained from isothermal DSC runs for formula-
tions containing 1 wt% BDMA, at 30, 40, 50 and 60 ◦C. Continuous curves represent
experimental values while dashed curves are model simulations.
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Fig. 9. Conversion vs. time curves obtained from isothermal DSC runs for formula-
tions containing 1.4 wt% BDMA, at 30, 40, 50 and 60 ◦C. Continuous curves represent
experimental values while dashed curves are model simulations.
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ig. 10. Conversion vs. time curves obtained from isothermal DSC runs for formula-
ions containing 2 wt%  BDMA, at 30, 40, 50 and 60 ◦C. Continuous curves represent
xperimental values while dashed curves are model simulations.
Figs. 7–10 show the optimum fitting of isothermal DSC runs and
ig. 11 shows the fitting of dynamic DSC runs.

The fitting was considered reasonable taking into account the
road temperature and induction time ranges that were covered.
ain deviations are the rather smooth increase and end of DSC
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ig. 11. Conversion vs. temperature curves obtained from dynamic DSC runs for a
ormulation containing 1.4 wt% BDMA, at different storage periods at 20 ◦C (0, 30, 60,
20 and 180 min). Continuous curves represent experimental values while dashed
urves are model simulations (2nd and 3rd curves are very close).
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curves predicted by the model compared to the sharp initiation and
end observed experimentally. Independently of the lack of an exact
fitting, the simple kinetic model provides a reasonable prediction
of the length of the induction period, the fast autocatalytic rate
following the induction period and the effect of a previous storage
at 20 ◦C.

4. Conclusions

An analysis of the kinetics of the epoxy–thiol reaction in a
model system of monofunctional reagents, in the presence of
BDMA as initiator, was reported. The significance of this system is
related to the fact that an induction period preceded a fast reac-
tion step, simulating the behavior of commercial adhesives and
coatings formulated for a room-temperature cure. This unusual
kinetic behavior could be modeled assuming that thiolate anions,
slowly generated during the induction period, initiated a fast auto-
catalytic propagation/proton transfer reaction. The kinetic model
included a pseudo-steady state for the initiator concentration and
an equilibrium reaction between epoxy and OH groups generated
by reaction. A reasonable fitting of isothermal and dynamic DSC
runs was achieved in a broad range of temperatures and amine
concentrations. In particular, both the length of the induction time
and the effect of a storage period before reaction were correctly
predicted.
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