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synthetic parameters of high-
purity trifunctional mercaptoesters and their curing
behavior for the thiol–epoxy click reaction†

Seung-Mo Hong, Oh Young Kim and Seok-Ho Hwang *

The direct esterification reaction between 3-mercaptopropionic acid (3-MPA) and trimethylolpropane

(TMP) was conducted in the presence of various catalyst concentrations of p-toluenesulfonic acid (p-

TSA) to examine the optimized synthetic conditions needed to produce high-purity trimethylolpropane-

tris(3-mercaptopropionate) (TMPMP). The purity of the desired TMPMP and uncompleted side-product

reduced as the acid catalyst concentration in this esterification reaction increased while the generation

of thioester-based side-product increased. The equivalent ratio between epoxy and the manufactured

TMPMP was maintained at 1 : 1 to monitor the curing behavior of the thiol–epoxy click reaction using

the DSC technique. The thermal features of the base-catalyzed TMPMP-cured epoxy resin were

assessed according to the purity of the TMPMP curing agent.
Introduction

Thiol-based click chemistry is a type of “click chemistry” that is
rapidly gaining popularity in organic chemistry and materials
science research for achieving synthetic goals ranging from
small molecules to crosslinked macromolecular networks.1 In
particular, base-catalyzed thiol–epoxy click polymerization is
generally a good example of an exceptional variety of click
reaction owing to its advantages, including fast reaction rate,
excellent chemoselectivity, mild reaction conditions, and high
yields.2–8 The mechanism of this reaction is in accordance with
the anionic nucleophilic attack to a rarely exchanged carbon on
an epoxy ring through a thiolate anion.9 In detail, the thiolate
anions induced through the deprotonation of thiols by the
acceleration of a base catalyst react with the better electrophilic
carbon of the epoxide group to produce a new carbon–sulfur–
carbon bond. The amine utilized in this reaction is a real
thermal catalyst since it is not absorbed during the ring-
opening reaction. This special mechanism reduces the sensi-
tivity of thiol–epoxy polymerization to oxygen and impurities
except for acidic compounds. Furthermore, the cured products
are characterized by lower shrinkage, better adhesion, and
superior chemical resistance.10 Multifunctional thiol–epoxy
composites with outstanding characteristics have recently
drawn a lot of interest.11–15
ry, School of Polymer System Engineering,

6890, Republic of Korea. E-mail: bach@

n (ESI) available: Result plots of
well as LC/MS, 1H NMR, and FT-IR
.1039/d1ra05981e

the Royal Society of Chemistry
Commercially available multifunctional thiols are limited to
a handful of three- and four-armedmercaptoesters despite their
potential utility in multifunctional thiol derivatives. Further-
more, a general and efficient synthesis of multi-thiols is
unknown, owing to the harsh conditions and several processes
necessary to synthesize thiols in general.16

The optimal synthesis conditions for producing high-purity
three-armed mercaptoesters, trimethylolpropane-tris(3-
mercaptopropionate) (TMPMP), are rst presented in this
study. It is synthesized by reacting ordinal polyhydric alcohol
with an ordinal mercaptocarboxylic acid in the presence of
a catalytic acid and distilling off the water that is produced as
a by-product outside the reaction system. We then describe the
thiol-purity reliance on the curing behavior of a diglycidyl ether
of bisphenol A (DGEBA) epoxy resin using TMPMP. Their curing
behavior, as well as the crosslinked epoxy resins obtained by the
base-catalyzed curing reaction, were characterized using calo-
rimetry and thermogravimetry.
Results and discussion

Trimethylolpropane-tris(3-mercaptopropionate) (TMPMP) is
fairly common commercial chemical. To the best of our
knowledge, the commercialized TMPMP has quietly low purity,
which are made up of the desired product (TMPMP) and by-
products produced by an uncompleted esterication reaction
as well as a direct thioesterication from a carboxylic acid and
thiol.17 From the atom-economical18 and environmental points
perspective, the optimized synthetic condition is necessary to
obtain a desired product with high-purity (Scheme 1). As
a result, we utilized LC-MS chromatographic technique to
characterization the commercialized TMPMP sample and
RSC Adv., 2021, 11, 34263–34268 | 34263
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Scheme 1 Synthetic route for trimethylolpropane-tris(3-mercapto-
propionate) (TMPMP).

Fig. 1 HPLC chromatogram of a commercialized TMPMP sample and
the expected structures of each eluted peak analyzed through mass
technique (see; each chemical names in ESI: Table S1†).
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examine what kinds of impurities it contains. Potential impu-
rities were identied by comparing its retention times and LC-
MS with ESI analysis was used to conrm them further (ESI:
Fig. S1†).

The chromatogram of the commercialized TMPMP sample
solution and the expected chemical structures for each eluted
peak are indicated in Fig. 1.

As indicated in Fig. S1,† the desired product eluted at RT of
14.5 min showed m/z 421 [M + Na]+ in positive ion mode, which
was the sodium adduct of the desired TMPMP. Based on the MS
technique, the impurities were analyzed as two categories for
side-products, which are uncompleted side-products contain-
ing unreacted hydroxyl group of TMP and side-products
included in the thioester linkage. Although there are various
synthetic parameters in the direct esterication reaction, the
Table 1 The composition of the direct esterification of the preliminary
reaction

Entry

Reactant composition (mole) Peak area inte

TMP 3-MPA p-TSA (a)

preEXP-1 1.00 3.00 0.01 13.77
preEXP-2 1.00 3.30 0.01 10.83
preEXP-3 1.00 3.00 0.05 5.21
preEXP-4 1.00 3.30 0.05 6.28

a Y1 ¼ (a) peak area + (b) peak area. b Y2 ¼ (b) peak area + (d) peak area +

34264 | RSC Adv., 2021, 11, 34263–34268
reactant mole ratio and catalyst concentration can be regulated
directly. Therefore, according to the design of the experiment
(DOE), we selected two parameters, including reactant mole
ratio and catalyst concentration, to inuence the high conver-
sion of desired products. Also, the side-product [Y1 ¼ (a) + (b)
peak area] containing unreacted hydroxy group and the other
side-product [Y2 ¼ (b) + (d) + (e) peak area] produced by thio-
esterication reaction as the characteristic values were selected.
Here Y2 side-product is more desired than Y1 side-product
because Y2 is tri-functional mercaptoester, whereas Y1 is only
di-functional mercaptoester.

Preliminary (screening) esterication reaction experiments
(Table 1) were conducted to identify the suitable synthetic
parameters and their levels in simple azeotropic reux condi-
tions. In this study, since the purity comparison for these
reaction crude products was so tough using 1H-NMR and FT-IR
(ESI: Fig. S2 and S3†), the chromatography method was applied.
Fig. 2 demonstrated the chromatograms of the crude product
samples aer preliminary reaction and their peak area integrals
were also tabulated in Table 1. In all cases, the desired product
peak and the distinct four side-product peaks came out just as
the chromatogram of the commercialized TMPMP sample. The
conversion of desired TMPMP product (c) was in the range of
52.4% to 69.4%. Based on these preliminary experiments,
analysis of the effect of main factors and interactions on the
conversion of side-products, Y1 and Y2, were plotted as shown
in Fig. S4 (ESI†). These plots are according to the data given in
Table 1. As shown in Fig. S4,† it was found that the Y2 value
increased and Y1 value decreased remarkably with increasing
catalyst concentration, whereas their trend was stagnated with
increase reactant, 3-MPA, concentration. As a result, out of the
two parameters used in this study, the dominant factor for the
synthesis of TMPMP was the acid catalyst concentration.

To elucidate the role of the catalyst concentration in this
study, the various catalyst concentrations from 0.01 to 0.10 mol
mol�1 of a TMP (Table 2) were designed and examined from the
composition of the uncompleted side-products (Y1) and
thioester-based side-products (Y2) under simple azeotropic
reux condition. The chromatograms for this reaction (entry
EXP-1–EXP-5) mixtures are presented in Fig. 3 and their peak
area integrals are summarized in Table 2. The conversion of the
desired TMPMP was governed by the catalyst concentration.
Fig. 4 indicates the inuence of the catalyst concentration
ranging from 0.01 to 0.10 mol mol�1 of a TMP on the conversion
reaction and the summary of chromatographic analysis data after the

gral (%)
Side-product
conversion (%)

(b) (c) (d) (e) Y1a Y2b

2.91 67.87 15.12 0.33 16.66 18.36
2.54 69.40 16.76 0.47 13.37 19.77
2.21 58.74 32.06 1.77 7.42 36.04
4.90 52.36 34.27 2.19 11.18 41.36

(e) peak area.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 HPLC chromatograms of crude product samples realized
through the direct esterification preliminary reactions (entry preEXP-
1–preEXP-4).

Fig. 3 HPLC chromatograms of product samples realized through
direct esterification reactions (entry EXP-1–EXP-5).

Fig. 4 The purities and side-product conversion for direct esterifica-
tion reactions relying on the catalyst concentration.
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of TMPMP, Y1, and Y2 side-products. As can be observed from
Fig. 4, when the initial catalyst concentration increased from
0.01 to 0.03 mol mol�1 of a TMP, a slight drop in desired
TMPMP conversion was observed. The desired TMPMP
conversion was quite a lot decreased when a higher catalyst
concentration was employed. This effect was substantial, and
the desired TMPMP conversion decreased from 69.41% to
35.94% when the catalyst concentration increased from 0.01 to
0.10 mol mol�1 of a TMP.

A similar result has also been observed in Y1 side-product
conversion with an increase in the catalyst concentration.
However, the Y2 side-product conversion was increased. These
results could indicate that the higher catalyst concentration
could induce the thioesterication reaction since equilibrium
in the reactions of carboxylic acids with thiols is not favorable
for thioester formation under normal conditions, which means
that a large activation barrier exists between the reactants
(carboxylic acids and thiols) and the products (thioesters).19

The curing reaction of the synthesized TMPMP curing agent
for DGEBA-type epoxy resin was assessed through the DSC
technique. Their DSC thermograms were represented in Fig. 5
depending on TMPMP curing agents containing a different
purity. The curing characteristics, including the curing onset
temperature (Ti), the exothermic maximum peak temperature
Table 2 The composition of the direct esterification reaction, a summa
the crude products

Entry

Reactant composition (mole) Peak area integral (%)

TMP 3-MPA p-TSA (a) (b)

EXP-1 1.00 3.30 0.01 10.83 2.54
EXP-2 0.03 5.85 2.27
EXP-3 0.05 6.28 4.90
EXP-4 0.07 4.44 3.42
EXP-5 0.10 1.18 1.40

a Y1 ¼ (a) peak area + (b) peak area. b Y2 ¼ (b) peak area + (d) peak area +

© 2021 The Author(s). Published by the Royal Society of Chemistry
(Tp), and the total curing reaction enthalpy are tabulated in
Table 3. Furthermore, the gel-time for the thiol–epoxy curing
systems containing 2,4,6-tris(dimethylaminomethyl) phenol as
amine curing catalyst was monitored by a digital temperature
recording device equipped with a temperature sensor. The
temperature change during the curing reaction of the mixture
was estimated at 30 s intervals for 90 min and the maximum
temperature and the time to reach the maximum temperature
ry of the chromatographic analysis after the reaction, and SH values of

Side-product
conversion (%)

SH value (g
eq�1)(c) (d) (e) Y1a Y2b

69.41 16.76 0.47 13.37 19.77 131
68.20 22.73 0.95 8.12 25.95 129
52.36 34.27 2.19 11.18 41.36 132
52.89 36.21 3.03 7.86 42.66 132
35.94 53.81 7.66 2.58 62.87 132

(e) peak area.

RSC Adv., 2021, 11, 34263–34268 | 34265

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05981e


Fig. 5 DSC thermograms corresponding to dynamic curing for
epoxy-TMPMP curing system relying on TMPMP purity.

Fig. 6 DSC thermograms for base-catalyzed TMPMP-cured epoxy
resin relying on TMPMP purity.

Fig. 7 TGA thermogram curves for base-catalyzed TMPMP-cured
epoxy resin relying on TMPMP purity.
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were represented in Table 3. The time (Tgel), on attaining the
maximum temperature was determined as the gel-time (ESI:
Fig. S5†). As indicated in Fig. 5, the exothermic peaks on the
DSC thermograms mean that the curing reaction between the
oxirane ring and the thiol group of TMPMP curing agents could
occur. From these exothermic peaks, the reactivity of the
TMPMP curing agent toward the epoxy resin could be analyzed
from the onset temperature of the exothermic peak. The curing
onset temperature of the epoxy-TMPMP curing system was
slightly shied to a higher temperature with increasing Y2 side-
product in TMPMP curing agent. Decreasing the reactivity of the
TMPMP curing agent could be associated with a plasticizing
effect of the curing agent, which has a longer aliphatic chain
due to thioester linkage.14 Also, the single exothermic peak
pattern during crosslinking with epoxy-TMPMP curing system
could reect that curing reaction involves the thiol–epoxy click
reaction20 and all the reactive components, which are in the
stoichiometric ratio are taken up in the reaction.

From DSC thermograms, the thermal analysis for the cured
epoxy resin is simple and essential to understand its molecular
architecture. The DSC thermogram for base-catalyzed TMPMP-
cured epoxy samples is presented in Fig. 6. The observed single
Tgs indicated continuous phase morphology for the cured epoxy
samples.21 As we can see in Fig. 6, on increasing the Y2 side-
product in the TMPMP curing agent, Tg value decreases.
These results can be described by the increased exibility of
Table 3 The curing behavior of epoxy-TMPMP curing system and
thermal characteristics for base-catalyzed TMPMP-cured epoxy resins

Entry

Curing behavior Thermal characteristics

Ti (�C) Tp (�C) DH (J g�1) Tgel (min) Tg (�C) Td
a (�C)

EXP-1 113.4 134.5 413.5 26.4 49.1 353.1
EXP-2 115.6 135.5 426.9 30.6 47.5 350.1
EXP-3 116.1 135.4 388.1 32.5 39.6 348.4
EXP-4 118.0 136.1 380.0 37.9 39.1 347.6
EXP-5 122.5 141.4 326.9 58.5 34.1 340.5

a Measured at 20 wt% loss.

34266 | RSC Adv., 2021, 11, 34263–34268
cured epoxy samples generated by thioester linkage in the
crosslinked matrix. Introducing the relatively long-chain struc-
ture containing the thioester linkage in synthesized TMPMP
results in cured epoxy resins with lower crosslink density, and
consequently, lowering the Tg of the epoxy resin.

The thermal stability of the base-catalyzed TMPMP-cured
epoxy resin was determined by thermogravimetry in an inert
atmosphere, and their degradation curves are demonstrated in
Fig. 7. The most relevant degradation parameters are summa-
rized also in Table 3. Although there is not much noticeable
difference among the thermal stability of these cured epoxy
resins with TMPMP, the degradation temperature (20 wt%
weight loss) is slightly decrease with increase Y2 side-product of
TMPMP curing agent. This result could suggest that presence of
thioester linkage in curing formulation did not signicantly
change the thermal stability of the cured epoxy resin.
Conclusions

The acid catalyst concentration was conrmed as one of the
necessary synthesis parameters for the direct esterication
© 2021 The Author(s). Published by the Royal Society of Chemistry
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reaction between 3-mercaptopropionic acid (3-MPA) and tri-
methylolpropane (TMP). With the increase in the acid catalyst
concentration of this esterication reaction, the purity of
desired TMPMP was decreased whereas the production of
thioester-based side-product was increased. The optimized
catalyst concentration, which generated the minimum conver-
sion of side-products (Y1 and Y2) was 0.03 mol mol�1 of a TMP
and the desired TMPMP purity was 68.2%.

Higher purity of TMPMP curing agent exhibited a higher
reactivity for thiol–epoxy click reaction. The Y2 side-product
incorporating a thioester linkage within the TMPMP will express
a plasticizing effect resulting in a less rigid network with a lower
glass-transition temperature. According to these ndings, their
mechanical properties will be strongly reliant on the purity of
TMPMP curing agent with a minimum portion of Y2 side-product.

Experimental
Materials

3-Mercaptopropionic acid (3-MPA), trimethylolpropane (TMP), p-
toluenesulfonic acid (p-TSA), and 2,4,6-tris(dimethylaminomethyl)
phenol were purchased from Sigma-Aldrich (Milwaukee, WI, USA)
and were used without further purication. The diglycidyl ether of
bisphenol A (DGEBA) epoxy resin (EEW¼ 185 g eq�1) was supplied
by Shin-A T&C (Seoul, Korea). Other organic solvents and chem-
icals were purchased from SAMCHUN Chemicals (Seoul, Korea).

General esterication experiments

Direct esterication reaction between 3-MPA and TMP is cata-
lyzed by the p-TSA on a batch-type experimental system, where
a 1000 mL three-necked round-bottomed ask is equipped with
Dean-Stark trap and condenser for toluene reux under inert
atmosphere. 3-MPA, TMP, and p-TSA were sequentially added
into the ask containing 250 mL of toluene and the mixture was
reuxed throughout esterication reaction for 3–5 h. Upon
accomplishment, the mixture was allowed to cool down to room
temperature and then added 250 mL of toluene to dilute them.
The mixture was transferred to a separating funnel to neutralize
by adding the aqueous NaOH solution (10%). The organic phase
layer, which mainly comprised of products, was later washed
with distilled H2O three times to remove impurities, and
subsequently dried with anhydrous magnesium sulfate. The
solvent was evaporated, and the crude product was obtained
aer drying in vacuum oven for 2 days.

Determination of SH value for synthesized mercaptoesters

Aer adding 0.1 g of mercaptoester sample in a beaker, 25 mL of
chloroform was added and stirred for 10 minutes, then 10 mL of
MeOH was added and stirred again for 10 minutes. The solution
was titrated using a 0.1N iodine standard solutionwith determining
the end point is color of titrated solution change colorless to yellow.
The SH value (g eq�1) was calculated by the following equation.

SH value
�
g eq�1� ¼ sample weight ðgÞ

0:1 � 0:1 N iodine consumed ðLÞ
© 2021 The Author(s). Published by the Royal Society of Chemistry
Preparation of curing mixture and cured samples

The mixtures were prepared by mixing stoichiometric propor-
tions (1 : 1 eq/eq) of epoxide and thiol. For DSC experiments,
a mixture of epoxy resin with TMPMP curing agent was prepared
without basic catalyst. In base catalyzed formulations to analyze
thermal behavior of cured epoxy samples, 2 phr of amine
catalyst (parts of catalyst per hundred part of epoxy resin) was
added aer homogenization of epoxy–thiol mixture.

Instruments

Nuclear magnetic resonance (NMR) for chemical structure
analysis was performed on a JNM-LA400 (Jeol, Japan), using
chloroform-d1 (CDCl3) as a solvent. FT-IR spectra were recorded
on a Nicolet iS10 spectrophotometer (Thermo Scientic Co.,
USA). LC-mass spectra were recorded on a LCMS-2020 spec-
trometer equipped with Shim-pack FC-ODS column (Shimadzu,
Japan) under acetonitrile and water as the eluent and the
gradient was from 40% of acetonitrile at 0 min to 70% of
acetonitrile at 20 min. The purity characterization was per-
formed on Agilent 1220 Innity HPLC system equipped with
Zorbax C18 column (Agilent, USA) under acetonitrile and aq.
KH2PO4 (0.01 mol) as the eluent and the gradient was from 40%
of acetonitrile at 0 min to 70% of acetonitrile at 18 min.
Differential scanning calorimetry (DSC) was carried out using
a DSC 1 apparatus (Mettler Toledo, Ohio, USA) to characterize
the thermal behavior of the samples. The scans were performed
at a heating rate of 10 �C min�1 under a N2 gas atmosphere.
Thermogravimetric analysis (TGA) measurements were perfor-
mance on a Mettler TGA/SDTA 851e thermobalance from 30 to
600 �C with a heating rate of 20 �C min�1 under a N2 gas
atmosphere.
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