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ARTICLE INFO ABSTRACT

Keywords: In this work, a novel dual-curing procedure has been developed. It is a combination of a first radical UV-initiated
D“fil'curmg thiol-(meth)acrylate reaction, followed by a second thermal thiol-epoxy step catalysed by a base. Since (meth)
i:f"i’e"e acrylates can lead to homopolymerization by radical mechanism, the amount of thiol has to be optimized to
101-€poxXy reach cross-linked materials with Tgs above room temperature and good mechanical performance. It should be
Glycidylmethacrylate . . 1 s . . c s e
UV-Curing considered, that if the amount of thiol in the intermediate materials is too low, epoxy homopolymerization can

take place during the second step. The use of glycidyl methacrylate in combination with trifunctional meth
(acrylates) allows this system to gel in the 1st stage and avoids possible dripping or exudation of free monomers
during the storage of the intermediate materials. Moreover, this compound reacts in both stages acting as a
covalent coupling between (meth)acrylates and epoxy networks. We selected trimethylolpropane tris(3-
mercaptopropionate) as the thiol, 2,2-dimethoxy-2-phenylacetophenone as UV initiator and 1-methylimidazole

as the base catalyst.

The curing evolution was studied by DSC and FTIR. All the materials obtained were characterized by ther-
mogravimetry, thermomechanical analysis and tensile tests.

1. Introduction

Thermosets are very important industrial materials because they
cover a wide range of applications in many different fields such as
coatings [1,2], adhesives [3], aerospace [4] or automobile industry [5].
Dual-curing is an efficient and versatile synthetic methodology that al-
lows to fabricate thermoset devices or apply them in a controlled way
with a broad range of characteristics. This consists in a sequential or
simultaneous combination of two different curing reactions that can be
initiated by different stimuli like temperature or UV-light [6]. Sequen-
tial dual-curing has many advantages but one of them is that it permits
the preparation of stable intermediate materials in viscous or solid state
with specific mechanical properties that can be directly applied or
processed in order to get, once the second stage has been completed, a
fully cured polymer with higher mechanical performance. The most
traditional dual-curing system relies on a first step performed under
UV-light and a second step triggered at high temperature. This is a useful
procedure because it avoids the vitrification of the final material during
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the thermal stage since this is carried out at temperatures above the
ultimate glass transition temperature (Tg) of the polymer. This type of
sequential dual-curing is now implemented in the field of 3D-printing
[7-12]. The most used reactions in the first stage of this type of
dual-curing are thiol-ene [13,14], homopolymerization of meth (acry-
lates) [10,15] and cationic homopolymerization of epoxides [16,17]
combined with epoxy-amine [11], epoxy-anhydride [8], homopolyme-
rization of epoxides [18] or thiol-epoxy [19] reactions as the second
stages.

Recently, a huge interest has arisen on the thiol-ene photoinitiated
polymerizations. Typical monomers are allyl derivatives of bisphenol A
or unsaturated fatty acids derivatives [20,21]. This reaction takes place
via step-grown radical addition mechanism and implies some advan-
tages like the promptness of the reaction, relatively high oxygen toler-
ance and low shrinkage, leading to highly transparent materials. Despite
this, the flexible thioether bonds formed during the thiol-ene reaction as
well as the flexible chain of the commercially available thiols cause
some drawbacks in the final cured materials such as low Tg’s, poor
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rigidity and hardness promoted by low modulus values [22,23]. In
contrast, the photocuring of thiol-(meth)acrylate mixtures does not
provide this kind of problems due to the occurrence of a competitive
reaction, which is the radical (meth)acrylate homopolymerization,
which follows a chain-growth mechanism [24]. Another advantage of
(meth)acrylates is their good commercial availability with different
structural characteristics. Whereas (meth)acrylate groups have a func-
tionality of 1 in thiol-ene reactions, they have a functionality of 2 in the
homopolymerization mechanism. This fact, increases crosslinking den-
sities of the final networks and helps to diminish the required amount of
thiol monomer in the formulation, leading to harder materials with a
higher Tg. It is reported, that the kinetic constant of the radical homo-
polymerization of acrylates is 1.5 greater than that of the abstraction of
the hydrogen of the thiol and the subsequent reaction between a thiyl
radical and an acrylate [25]. This situation can generate difficulties in
the calculations of the stoichiometric imbalance to reach an improve-
ment on mechanical properties of the final thermosets.

As far as we know, very few investigations have been made in the
radical thiol-(meth)acrylate/thiol-epoxy dual-curing due to the high
complexity of the reaction process. Jian et al. [19] reported the synthesis
of materials using a simultaneous thiol-epoxy/thiol-acrylate system. In
the curing, they used 1,5,7-triazabicyclo[4.4.0]dec-5-enyl tetraphe-
nylborate, a photobase generator which when it is irradiated by UV light
is able to generate free radicals and a strong base that can trigger both
reactions. Moreover, they used isopropylthiolxanthone to extend the
wavelength absorption of the catalyst. However, as the photobase
generator also releases the base, base-catalysed Michael addition also
took place. They found that thiol-acrylate and acrylate homopolymeri-
zation were much faster than thiol-epoxy reactions and that polymeri-
zation shrinkage decreased on enhancing the thiol-epoxy mechanism,
while storage modulus, glass transition temperature and hardness
increased as well.

Taking all of this into account, we report a new sequential photo-
thermal curing of (meth)acrylate-thiol-epoxy formulations based on
glycidyl methacrylate (GMA) and trimethylolpropane tris(3-
mercaptopropionate) (S3), using 2,2-dimethoxy-2-phenyl-acetophe-
none (DMPA) as UV radical initiator and 1-methylimidazole (1MI) as
the catalyst for the thermal step. We also added trimethylolpropane
triacrylate (TMPTA) or trimethylolpropane trimethacrylate (TMPTM) to
the formulation, which have a higher functionality to obtain gelled in-
termediate materials during the first UV curing step. It should also be
noticed, that the selection of GMA as the epoxy monomer makes this
reactive system highly advantageous, due to the absence of free
unreacted molecules after the first step, avoiding possible dripping or
exudation during the application or storage of the intermediate mate-
rials. Moreover, GMA capable to react in both curing stages, acts as a
coupling agent. The competition of the radical thiol-acrylate and acry-
late homopolymerization during the first step affects the Ty of the in-
termediate and final materials, since it leads to the stoichiometric
imbalance and to the presence of unreacted thiol groups in the final
material, which reduces Ty values. On the other side, reducing the
proportion of thiols in the initial formulation, the homopolymerization
of unreacted epoxides, once the thiol groups are exhausted, can occur.
This will increase the T of the final material as well as the crosslinking
density. Thus, because of such a complex curing mechanism, we have
optimized the formulation composition to reach the adequate charac-
teristics of the intermediate and final materials.

The evolution of both curing stages was evaluated by calorimetry
(DSC) and FTIR spectroscopy and the materials obtained have been
characterized by calorimetric, thermomechanical and thermogravi-
metric analyses and the mechanical properties by tensile test.
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2. Materials and methods
2.1. Materials

Glycidyl methacrylate (GMA) was supplied by Miwon. Trimethylol-
propane trimethacrylate (TMPTM), trimethylolpropane triacrylate
(TMPTA), trimethylolpropane tris(3-mercapto-propionate) (S3), 1-
methylimidazole (1MI) and 2,2-dimethoxy-2-phenylacetophenone
(DMPA) were provided by Sigma Aldrich and used without further
purification.

2.2. Preparation of the samples

All formulations (with compositions detailed in Table 1) were pre-
pared in 5 mL vials in approximately 2 g batches. First of all, 5 % w/w of
1MI (to GMA) and 7 % w/w of DMPA (to GMA) were weighted in a vial.
Then GMA was added and the mixture was manually stirred. Once dis-
solved, the corresponding amount (0.2 mol/mol GMA) of TMPTM or
TMPTA were added, followed by the thiol, S3. The mixtures were
vigorously and manually stirred at room temperature. In this study,
different proportions of S3 were added to the formulations. They were
coded as G_X_Y% where G indicates the presence of GMA, X indicates
TMPTA or TMPTM and Y% the amount of S3 in molar percentage in
reference to the stoichiometric amount. The stoichiometry of thiol-
acrylate/thiol epoxy reaction is one mol of tri (meth)acrylate per mol
of thiol and 1 mol of GMA per 2/3 mol of thiol. As an example,
G_TMPTA_46 % is a formulation in which GMA and TMPTA are used and
a 46 % mol of S3 has been added to the mixture.

The formulations prepared, were poured in a pre-silanized glass
mould and left under a 36W UV lamp during 6 min (stage 1) in time
intervals of 2 min to limit the increase of temperature. At the end of this
first stage, the mixtures were cured in a conventional oven at 100 °C
during 2 h and post-cured at 150 °C during 1 h. Fully cured samples for
dynamomechanical (DMA) and thermogravimetric (TGA) analyses were
die-cut and slightly polished with sandpaper to obtain rectangular
specimens of 20 x 5 x 0.8 mm®,

2.3. Characterization techniques

Differential Scanning Calorimetry (DSC) analyses were carried out
on a Mettler DSC-3+ instrument calibrated using indium (heat flow
calibration) and zinc (temperature calibration) standards. Samples of
approximately 8-10 mg were placed in aluminium pans with pierced
lids and analyzed in nitrogen atmosphere with gas flow of 50 cm®/min.
Dynamic studies between —80 °C and 250 °C with a heating rate of
10 °C/min were performed in order to characterize the curing process.
The Tgs of the intermediate and final materials were determined by

Table 1
Compositions of the formulations prepared.
Sample GMA TMPTA TMPTM S3 1MI DMPA
(mol (mol %) (mol %) (mol (mol (mol
%) %) %) %)
G_TMPTA _stoich 45.6 9.1 - 39.6 3.9 1.8
G_TMPTA 62 % 53.8 10.8 28.7 4.6 2.1
G_TMPTA_58 % 54.8 11.0 - 27.4 4.7 2.1
G_TMPTA_54 % 55.8 11.2 - 26.0 4.8 2.2
G_TMPTA_50 % 56.9 11.4 - 24.6 4.9 2.2
G_TMPTA 46 % 57.9 11.6 - 23.2 5.0 2.3
G_TMPTA_ 42 % 59.1 11.8 - 21.6 5.1 2.4
G_TMPTA_38 % 60.2 12.1 - 20.1 5.2 2.4
G_TMPTM_58 % 54.8 - 11.0 27.4 4.7 2.1
G_TMPTM_54 % 55.8 - 11.2 26.0 4.8 2.2
G_TMPTM_50 % 56.9 - 11.4 24.6 4.9 2.2
G_TMPTM _46 % 57.9 - 11.6 23.2 5.0 2.3
G_TMPTM_42 % 59.1 - 11.8 21.6 5.1 2.4

G_TMPTM_38 % 60.2 - 121 20.1 5.2 2.4
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performing a scan between —80 °C or —30 °C and 250 °C with a heating
rate of 20 °C/min. The reaction enthalpy (4h) was integrated from the
calorimetric heat flow signal (dh/dt) using a straight baseline with help
of the STARe software.

To follow the whole curing process, a FTIR spectrometer Bruker
Vertex 70 with an attenuated total reflection accessory with thermal
control and a diamond crystal (Golden Gate Heated Single Reflection
Diamond ATR, Specac-Teknokroma) and equipped with a mid-band
liquid nitrogen-cooled mercury-cadmium-telluride (MCT) detector was
used. Real-time spectra were collected in absorbance mode with a res-
olution of 4 cm™! in the wavelength range 4000 to 600 cm ™! averaging
20 scans for each spectrum. The disappearance of the absorbance peak at
1636 cm™! corresponding to the stretching of the C=C bond of (meth)
acrylates as well as the decrease of the thiol (S-H) peak at 2570 cm™?
were used to confirm that the first step of the curing was complete [26].
The characteristic absorbance peak at 915 cm™! corresponding to the
bending of the epoxy group and the appearance of a peak at 3500 cm ™!
related to the formation of OH groups during the thiol-epoxy reactions
were used to characterize the second stage [27].

The thermomechanical properties were evaluated using a DMA Q800
(TA Instruments) with the film tension clamp. All samples were
stretched under an amplitude of 10 pm and a frequency of 1 Hz using
ramp temperature from —30 °C to 200 °C with a heating rate of 2 °C/
min.

TGA analyses were carried out with a Mettler Toledo TGA2 ther-
mobalance. Cured samples, weighting around 10 mg were degraded
between 30 and 600 °C at a heating rate of 10 °C/min in N, atmosphere
with a flow of 50 ecm®/min.

Final materials were tested until break in tensile mode at room
temperature using an electromechanical universal testing machine
(Shimadzu AGS-X) with a 1 kN load cell at 10 mm/min and using Type V
samples with a thickness of 1 mm according to ASTM D638-14 standard.
Three samples of each material were analyzed and the results were
averaged.

3. Results and discussion
3.1. Study of the curing process

The dual-curing process that we develop in the present work consists
in a first photoinitiated thiol-(meth)acrylate polymerization followed by
a thermal thiol-epoxy reaction as a second stage. Acrylates can react
with thiols via two different pathways depending on the catalyst and
conditions used: (a) Thermal thiol-acrylate Michael addition in the
presence of a base [28] or (b) radical mediated thiol-acrylate reaction
that can be initiated by UV irradiation in the presence of photoinitiators
such as DMPA (Scheme 1). Through both reaction pathways, the struc-
ture of the final products is identical, formed by attachment of the
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Scheme 1. Radical-mediated thiol-acrylate polymerization mechanism.
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sulphur to the methylene carbon of the vinyl group. As it is shown in the
scheme, in the UV pathway, first of all, a thiyl radical is generated by
reaction of the thiol and the radical produced by the photolysis of the UV
initiator (reaction a). This thiyl radical can be added to the acrylic
monomer in order to form a new acrylic radical (reaction b). The radical
formed either abstracts a hydrogen from the thiol forming a new
thiol-acrylate product and a new thiyl radical (reaction c), or propagates
through another acrylate functional group generating an acrylic radical
that leads to the growing of homopolymer chains (reaction d). The
occurrence of this last process leads to a stoichiometric imbalance with
high proportion of thiol unreacted in the intermediate and final mate-
rials. This fact means that the T, of the material will be reduced and the
final material could evolve over time due to the presence of unreacted
thiol groups.

The presence of the 1-MI in the initial formulation can initiate the
thio-Michael addition in concurrence with the radical UV-initiated thiol-
ene mechanism. This increases the complexity of this curing process. It is
worth to note, that acrylates and methacrylates have different reactivity
in front of the thio-Michael addition, being acrylates more reactive since
the presence of a methyl group in methacrylates makes more difficult
the nucleophilic attack.

On preparing the formulation, we added to the GMA monomer, 0.2
mol of a tri(meth)acrylate, TMPTA or TMPTM, per mol of GMA to ensure
gelation during the first step, and the stoichiometric amount of S3 and
the initiators, DMPA and 1MI, for the first and second step, respectively.
Fig. S1 shows the DSC curves of the stoichiometric formulation prepared
with TMPTA after irradiation and after the second thermal step. The
most representative data are collected in Table 2. We evaluated that the
T; of the intermediate material was about - 45 °C and the T; of the
completely cured material was 4 °C, being both too low for practical
applications. The calorimetric curve of the intermediate material pre-
sented a well-defined exotherm with an enthalpy released of about 129
kJ per epoxy equivalent, which agrees with the previously reported for
thiol-epoxy reaction [29].

To increase the Ty, the proportion of S3 in the reactive mixtures was
progressively decreased and subsequently DSC studies of intermediate
and final materials containing TMPTA or TMPTM were performed. Fig. 1
shows the DSC curves corresponding to the second curing step, of the
photocured intermediate materials, for TMPTA formulations containing
different mol % of S3 in reference to the stoichiometric amount. Fig. 52
provides the same information for parallel formulations with TMPTM.
The calorimetric data are collected in Table 2.

In Fig. 1, it is possible to see an exotherm between 80 °C and 130 °C

Table 2
Main calorimetric data of the intermediate and final materials.
Sample Ty Ty AHgio1- AHgjol- AHEP; AHEpi
interm final epoxy epoxy homo. homo.
(9] (9] J/8) (kJ/eq) J/g) (kJ/eq)
G_TMPTA _stoich —45.5 3.9 243.6 129.3 - -
G_TMPTA_62 % —-33.7 29.8 240.5 119.1 - -
G_TMPTA_58 % -30.7 35.3 230.9 100.1 6.9 2.1
G_TMPTA_54 % —26.1 39.7 217.7 89.0 15.9 7.0
G_TMPTA_50 % —-21.4 44.9 210.8 82.4 20.6 9.1
G_TMPTA 46 % -16.9 49.0 167.6 63.3 52.4 25.6
G_TMPTA 42 % —-13.3 56.1 146.9 53.6 59.1 29.9
G_TMPTA_38 % -11.9 59.8 137.9 48.4 73.9 31.2
G_TMPTM_62 % —-35.1 250.9 125.7 - -
G_TMPTM_58 % —-32.1 249.1 104.4 2.1 0.9
G_TMPTM_54 % —28.2 240.4 99.2 3.4 1.4
G_TMPTM_50 % —26.8 225.6 90.1 11.2 4.5
G_TMPTM_46 % —22.4 194.4 75.1 18.4 7.1
G_TMPTM_42 % —20.8 175.2 65.3 30.2 11.3
G_TMPTM_38 % -18.5 151.6 54.5 41.8 15.0

@ Enthalpy released in the thiol-epoxy reaction by gram of mixture and by
epoxy equivalent.

b Enthalpy released in the epoxy homopolymerization by gram of mixture and
by epoxy equivalent.
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Fig. 1. DSC curves at 10 °C/min of the thermal step for the formulations
containing different % mol of thiol.

corresponding to the thermal thiol-epoxy reaction. Moreover, in the
formulations containing 58 % of thiol or less, a small wide peak appears
between 130 °C and 175 °C. This broad exotherm can be attributed to
epoxy homopolymerization, because thiols have been run out and
unreacted epoxy groups are left. In the presence of 1MI, they can
homopolymerize by a ring opening mechanism. We can see in Table 2
the values of enthalpies for both reactions, which are influenced by the
composition of the formulation. A lower proportion of thiol in the
mixture leads to a reduction of the thiol-epoxy enthalpy released and to
an increase in the epoxy homopolymerization heat. Accordingly, the T,
of the TMPTA final materials increases on reducing the proportion of
thiol in the formulation, due to the epoxy homopolymerization that
takes place, which leads to increase the crosslinking density. It should be
mentioned, that epoxide groups have a functionality of two in homo-
polymerization and only one in thiol-epoxy reaction, which implies an
increase of the crosslinking density, when homopolymerization occurs.
Moreover, the structure of S3 is quite flexible and the lower the pro-
portion the higher the rigidity of the network. Formulations containing
TMPTM released more enthalpy in the thiol-epoxy reaction, because less
thiol reacts during UV-irradiation and consequently less epoxy homo-
polymerization occurs. The T; of the TMPTM materials could not be
determined by DSC, probably due to the higher inhomogeneity of the
network obtained that did not lead to a well-defined transition. How-
ever, as it will be shown later, DMA of TMPTM formulations allows us to
see this transition.

It should be deduced from Table 2, that by decreasing the amount of
thiol in the formulation, the Tgs of all the intermediate materials become
higher compared to those obtained from the stoichiometric formulation.
Moreover, TMPTA intermediate materials have slightly higher T,s than
the TMPTM ones. This indicates that thermal thiol-Michael reaction
competes with the thiol-ene during irradiation, because the heat evolved
in the thiol-ene can favour this reaction, being easier for acrylate de-
rivatives, as previously commented. Thus, less unreacted thiols are
present in the formulation and consequently, Tgs are higher.

The enthalpy of the thiol-epoxy reaction is a bit higher in the case of
methacrylates, because more thiol groups are left unreacted in the in-
termediate materials, which are able to react with epoxides. Conse-
quently, less homopolymerization takes place, as we can see from the
heat evolved in the broad exotherm at higher temperatures.

In both types of formulations, the progressive reduction of S3 pro-
portion in the mixture produces a subsequent increase in epoxy homo-
polymerization, increasing the T of the cured materials as a result of the
higher crosslinking density and the increase in the rigidity of the
network. We can also see, that for higher concentrations of thiol (above
54 %) the epoxy homopolymerization is meaningless. Nevertheless, we
are able to achieve materials with Tg’s above room temperature either in
all TMPTA formulations. However, the lower T of the thiol rich mate-
rials (G_TMPTA stoich and G_.TMPTA_62 %) led to these proportions
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being discarded for further studies.

To confirm that the reactions of each step of the dual curing have
been completed, we registered the FTIR spectra of the intermediate and
final materials, which were compared with the spectrum of the initial
formulation. Fig. 2 shows these spectra for the G_TMPTA_58 %
formulation.

As we can see, the acrylate bands at 1636 cm ™! and 810 cm™! have
disappeared in the spectrum of the intermediate materials, due to the
thiol-ene, thio-Michael and (meth)acrylate homopolymerization.
Therefore, the proportion of the acrylate in the formulation controls the
extension of the first stage of the curing. Thiol absorption at 2576 cm™*
is still visible in the intermediate material, and disappears completely
after the thermal process together with epoxy band at 910 cm ™.

3.2. Thermal characterization of the materials

The thermal stability of the fully cured materials was evaluated by
thermogravimetry. Fig. 3 shows the weight loss curves against temper-
ature and their derivatives for TMTPA formulations. Parallel formula-
tion with TMTPM are shown in Fig. S3 of the SI. Table 3 shows the main
values extracted from the tests.

As we can see in the DTGA plot, the degradation occurs in two clearly
separated steps. The presence of ester groups in the thiol and in the
acrylate units could be the responsible of the first degradation step,
whereas in the second the complete degradation of the network occurs.
Ester groups can experiment B-elimination processes that leads to the
scission of the covalent network.

The values of the initial degradation temperature in the table do not
show significant differences among all the materials, but the occurrence
of epoxy homopolymerization delays the initial degradation to occur
and this temperature increases about 20 °C on reducing the proportion
of thiol from 58 to 38% in TMPTA formulations. The effect is less
noticeable in TMPTM formulations, because of the lower homo-
polymerization of epoxides that occurs. There is no difference in the
temperature of the maximum degradation rate, but the char yields
follow the tendency to increase on decreasing the thiol percentage in the
formulation.

The thermomechanical characteristics of the materials were evalu-
ated by DMTA. Fig. 4 shows the tan & and storage moduli curves for the
TMPTA materials. Fig. S4 shows parallel results for TMPTM thermosets.
The main data extracted from these experiments are collected in Table 3.

The tan & curves show a monomodal shape indicating that there is
only one network structure, in spite of the various reactions taking place
during the whole curing process. However, the homogeneity of the
material increases as the epoxy homopolymerization decreases and the
curves become narrower as it is shown in Table 3. In the same sense, the
damping capacity increases, due to the higher mobility of the network

055 1 055 Epoxy

045 A

Acrylate

025
015
0.05

-0.05

1800 1600 1400 1200 1000 800 600

~—— Initial mixture

015 OH
Intermediate material

-0.05

Wavenumber (cm™)

Fig. 2. FTIR spectra of initial mixture (blue), intermediate material (orange)
and final material (red) of the G_.TMPTA_58 % formulation. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 3. TGA (a) and DTGA (b) curves for all the thermosets obtained from TMPTA formulations in N, atmosphere.

Table 3

Main thermogravimetric and thermomechanical data of the final materials prepared.

Sample Tso5" (°C) T’ (°C) Char Yield® (%) Tian 5° °C) FWHM° (°C) E'glassy (MPa) E'rubbery® (MPa)
G_TMPTA_58 % 275 346/445 5.5 49.1 21.1 2964 28.6
G_TMPTA_54 % 277 346/446 5.6 62.1 30.6 3112 37.6
G_TMPTA_50 % 279 346/447 5.8 71.5 33.8 2957 39.1
G_TMPTA 46 % 280 347/446 6.4 75.6 36.8 2905 43.3
G_TMPTA 42 % 283 348/447 6.6 87.9 44.9 3105 53.6
G_TMPTA_38 % 295 348/448 7.3 98.8 50.9 2939 69.3
G_TMPTM_58 % 298 345/442 5.3 70.4 40.3 3100 49.2
G_TMPTM_54 % 299 345/442 5.9 76.6 42.6 2666 54.4
G_TMPTM_50 % 299 345/442 6.0 87.3 43.8 2794 55.4
G_TMPTM_46 % 300 346/442 6.4 93.8 45.6 2998 65.1
G_TMPTM_42 % 301 346/442 6.7 97.5 58.5 3500 83.1
G_TMPTM_38 % 304 346/442 6.8 112.1 61.9 2579 83.9
# Temperature of 5 % of weight loss.
b Temperature of the maximum rate of degradation of two main steps.
¢ Char residue at 600 °C.
4 Temperature of the maximum of the tan & peak at 1 Hz.
¢ Full width at half maximum of the tan & peak.
f Glassy storage modulus determined by DMTA at —10 °C.
8 Rubbery storage modulus determined by DMTA at 125 °C.
a) b)
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Fig. 4. Evolution of tan § (a) and storage modulus (b) against temperature of G_.TMPTA thermosets.

thanks to the higher proportion of linear aliphatic structures. A similar
behaviour presents the tan & curves in Fig. S4. In this case, the curves are
broader and lower, which indicates a higher inhomogeneity of the
network structure due to the higher occurrence of methacrylate homo-
polymerization that also leads to a lower damping capacity.

Although, the moduli in the glassy state for all the materials prepared
are similar without significant differences, the values of the moduli in
the rubbery state show a clear trend. The lower the proportion of thiol,
the higher occurrence of epoxy homopolymerization and the higher the
modulus in the rubbery state, which reflects the higher crosslinking
density achieved. TMPTM materials show higher rubbery moduli than

their acrylate counterparts. In these materials, less epoxy homo-
polymerization has been observed, but the presence of the methyl group
on the methacrylate units in the network can help to increase these
values.

3.3. Mechanical characterization

The mechanical characterization of all the materials prepared was
performed by stress-strain experiments at room temperature in the
universal testing machine. It should be mentioned that we selected only
to test those materials with T, 5 above enough with respect to room
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temperature (T..) in order to obtain a comparable mechanical behav-
iour in glassy state. In those materials with a Ty, 5 very near to Tr;,
network relaxation can occur during the strain-stress experiment and the
results will not be comparable between them.

The values of strain at break, stress at break and tensile modulus are
presented graphically in Fig. 5. As it can be seen, the materials con-
taining TMPTM show higher values of tensile modulus as well as stress at
break than their TMPTA counterparts. Although in these materials there
is not much epoxy homopolymerization, the presence of the methyl
group in the structure of methacrylates as well as the homopolymeri-
zation of methacrylate during the UV-initiated step may produce an
increase in the stiffness and the strength of the materials, which is re-
flected by an increase in the tensile modulus and stress at break,
respectively. Moreover, it is possible to observe that the higher the
proportion of S3 in the materials, the lower the values of tensile modulus
and stress at break which can be attributed to the lower occurrence of
epoxy homopolymerization that provides high crosslinking density and
therefore more stiffness and strength to the specimens. With respect to
the strain at break results, a similar behaviour is observed regardless the
proportion of S3 although the rigidity is slightly higher when reducing
the proportion of S3 for the same reason above mentioned. TMPTA
materials present higher values in comparison to TMPTM ones because
of the higher proportion of thiol-ene/thio-Michael reaction that occurs
during the first step and therefore more flexible chains are present in
these materials that provides to the materials more flexibility.

4. Conclusions

A novel dual curing procedure, consisting in a first UV initiated step
followed by a thermal process, has been implemented. Thermosets based
on meth (acrylate)-epoxy thiol formulations containing 2,2-dimethoxy-
2-phenylacetophenone (DMPA) and 1-methylimidazole (1MI) as UV and
thermal initiators, have been cured and characterized. Tri (meth)acry-
lates (TMPTA and TMPTM) used as the limiting monomers that allow
the control of the extension of the first curing stage and the character-
istics of the intermediate material.

The use of glycidyl methacrylate (GMA) in combination with tri-
functional meth (acrylates) allows this system to gel in the first stage and
avoids possible dripping or exudation of free monomers during the
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storage of the intermediate materials.

In the UV stage a thiol-ene reaction occurs (meth)acrylate groups and
thiols, although (meth)acrylate homopolymerization competes. In case
of formulations of TMPTA, thermal thio-Michael reaction was detected,
because of the presence of 1MI in the initial mixture that catalyzes this
reaction.

The concurrence of the (meth)acrylate homopolymerization leads to
a stoichiometric imbalance in the second stage, in which thiol-epoxy
reaction occurs and consequently lead to materials with T, below or
around room temperature. To increase this parameter, lower pro-
portions of thiol were added to the formulation, but the scarcity of thiol
leads to the occurrence of epoxy homopolymerization catalysed by the
base. This homopolymerization increases the crosslinking density, tan 8
temperature and modulus in the rubbery state.

TMPTM formulations experiment less epoxy homopolymerization
than their corresponding TMPTA formulations since methacrylates
homopolymerize in a lesser extent than acrylates and consequently a
higher proportion of unreacted thiol is present in the intermediate ma-
terial, able to react with epoxides.

The higher the proportion of thiol in the formulation the lower the
tan & temperature of the thermoset and the higher the damping char-
acteristics and the homogeneity of the material. TMPTM thermosets
show higher rubbery moduli and tan § temperatures than their acrylate
counterparts.

The characterization of the tensile properties at room temperature
reveals an increase in stiffness and strength when reducing the propor-
tion of trithiol due to the epoxy homopolymerization in both TMPTM
and TMPTA, although higher values are obtained in TMPTM samples
due to the presence of the methyl group in the structure and the higher
proportion of homopolymerization of methacrylate during the first UV
step. The occurrence of thiol-ene/thio-Michael reaction in TMPTA
samples produces higher strain at break than TMPTM material, more
evident for higher proportion of trithiol.

To sum up, a wide range of properties can be obtained combining
glycidyl methacrylate with trifunctional (meth)acrylates and thiol
compounds. The use of off-stoichiometric (meth)acrylates-epoxy thiol
formulations is a useful strategy that allows tailoring the properties of
the intermediate and final materials when (meth)acrylate homo-
polymerization competes with radical UV-initiated thiol-(meth)acrylate
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Fig. 5. Strain and stress at break and tensile modulus for the thermosets obtained from TMPTA and TMPTM materials.
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