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ABSTRACT

Disulfide containing vitrimers are being widely studied to get renewable, reprocessable and self-healable resins.
The most of them are based on thermally cured epoxy resin. Herein, new thermoset systems based on typical
acrylate monomers with photo-curing were synthesized with self-healing capabilities by introducing monomers
with disulfide bonds. These disulfide groups are able to exchange upon heating, leading to a renewal of the
crosslinks across the damaged surfaces. Different ratios of associative reversible exchange covalent bonds have
been studied. The samples were evaluated in terms of thermal and mechanical properties. It was found that the
glass transition temperature (Tg) is lower than that corresponding to typical acrylate thermosets, but mechanical
properties are better. Increases in hardness of 2.4 times and in elastic modulus of 1.7 times with respect to the
reference networks were achieved.

Finally, the self-healing properties of the disulfide acrylates were demonstrated by monitoring the repair of a
scratch upon heating. A new experimental test for quantifying the self-healing efficiency has been optimized,
following the recovery of the surface crack by perfilometry. The composition optimization allows us to achieve

repair percentages of 95% in shorter times.

1. Introduction

Photo-curable resins with functional properties are playing an
important role for industrial applications, due to the environmental
advantages, fast curing, high production efficiency and low energy
consumption. In addition, the possibility of handling the reaction and
the final product through the combination of several parameters (type
and concentration of de initiator, the intensity of the light, temperature,
and the monomer structure), gives an additional advantage. Moreover,
the photocurable resins are widely used as feedstock for 3D printing
polymer manufacture, due to their fast-curing reaction, which can be
locally applied layer by layer. This has led to high rise in demand for new
photocuring resins with high performance and new functionalities [1,2].

Acrylate photocuring systems are widely used in coatings [3], 3D
printing [4,5] or dental materials [6], where a control of the polymer-
ization is needed. However, the rapid photopolymerization reaction
cause an early increase in the viscosity of the resin and the gel point can
be reached in advance. As a result, an internal polymerization stress is
induced, and a large volume shrinkage is generated. The shrinkage stress
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generated during polymerization can lead to the formation of micro-
cracks and deformation of the material, as well as delamination from or
warping of the substrate as stress is transferred to the interfaces of the
material [7-10]. This volume shrinkage will be detrimental to their
performance and durability and increases the expected probability of
failures and the associated costs of repair and maintenance. The
generated microcracks are a huge problem on thermosetting coatings
and films, which main function is environmental protection of the
substrate due to their corrosion resistance is seriously decreased.
Several methods have been investigated to limit the amount of
shrinkage stress that develops during polymerization, such as: the use of
composite materials [11-15], adjusting the molecular weight and the
bulkiness of the monomers [11,12], altering the cure protocol [16-18].
However, an alternative to extend their service life would be the use
of self-healing materials. Self-healing polymers are representative ex-
amples of smart materials, capable of repairing themselves after being
exposed to one or several external stimuli such as chemicals, heat,
moisture, or light [19,20]. Several methods to obtain healable polymers
can be found in literature, depending on whether they require or not an
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Fig. 1. Synthesis of dynamic and reference acrylate networks.

external repair agent, respectively. The main advantages of the latter,
where self-healing is achieved by the material itself through its chemical
nature, are that the properties of the material do not change when the
self-repair is made, and also that they can be repaired an unlimited
number of times [21].

An attractive chemical strategy to introduce self-healing in cross-
linked polymer networks is offered by the introduction of reversible or
dynamic chemical bonds. These types of bonds have ability to break and
reform between several molecules under the action of an external
stimulus. Polymers networks containing such exchangeable bonds are
also known as Covalent Adaptable Networks (CANs), as such materials
can adapt their macromolecular architecture in response to an external
stimulus or trigger, despite their crosslinked nature [22]. These molec-
ular rearrangements provide a microscopic mechanism for achieving
macroscopic flow and stress relaxation without risking structural dam-
age or permanent loss of the material properties [23,24].

One of the most commonly used links in the design of materials with
reversible covalent bonds is the dynamic disulfide bond. Disulfide bonds
can reversibly cleave, reform, and exchange under certain conditions
and the response of the material can be adjust using different cross-
linkers and varying the amount of the disulfide bonds present in the final
material.

These disulfide bonds have been extensively studied in epoxy resins
with thermal curing, to obtain self-healing materials [24-28], however
this type of bonds have not been applied in acrylic resins. Taking as
reference the classic acrylate system based on Bisphenol A bis
(2-hydroxyl-3-methacryloxypropyl)ether (Bis-GMA) and triethylene-
glycol dimethacrylate (TEGDMA), in this work the TEGDMA is replaced
by a similar monomer with disulfide bond in its structure. The goal is to
obtain a functional material with reversible bonds in order to extend the

service life. On the other hand, other challenge was also addressed in
this work is the development of experimental test to measure quanti-
tatively the self-healing efficiency of surface cracks. In the bibliography,
the most of published papers show photographs and/or optical micro-
graphs of the cracks before and after the healing treatment. We have
optimized a quantitative analysis procedure.

2. Materials and methods
2.1. Materials

The resins were formulated from blends of Bisphenol A bis(2-
hydroxyl-3-methacryloxypropyl)ether (Bis-GMA, Eschem) and Bis(2-
methacryloyl)oxyethyl disulfide (DISULFIDE-GMA, Aldrich) at mass
fractions of 50:50, 40:60 and 30:70.

Blends of Bisphenol A bis(2-hydroxyl-3-methacryloxypropyl)ether
(Bis-GMA) and triethyleneglycol dimethacrylate (TEGDMA, Eschem)
were used as reference of samples without disufide bonds. Bis-GMA (1),
DISULFIDE-GMA (2) and TEGDMA (3) were used as received.

The resins were activated for visible light polymerization by the
addition of 0.7 wt% camphorquinone, (CQ, Aldrich) in combination
with 0.32 wt% of dimethylamino ethylmethacrylate (DMAEMA,
Aldrich) in order to accelerate the polymerization of the blend.

Fig. 1 shows a scheme of the proposed systems. Both are similar, the
main difference is the presence of reversible disulfide bonds. For it,
different combination of DISULFIDE-GMA (2) and TEGDMA (3) are used
to optimize the final thermosetting formulation with high performance
and self-healing ability.

The light source employed was assembled from a UV chamber
(Otoflash G171) with a maximum spectral distribution between 400 and
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Fig. 2. FTIR spectra of double bonds for Bis-GMA/DISULFIDE-GMA 50:50 wt%
sample as a function of the irradiation time.

500 nm. The light source was selected in order to obtain an optimum
overlap between the spectral irradiance of the curing unit and the ab-
sorption spectrum of CQ.

2.2. Methods

Fourier transform infrared (FTIR) spectra were acquired with a
Nicolet 6700 Thermo Scientific. Mid-infrared (MIR) spectra were ac-
quired over the range 4000-600 cm ™! from 16 co-added scans at 2 cm ™
resolution. The resins were spread out on KBr windows and were irra-
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absorption of phenyl ring at 1607 cm™! (A1607) as reference.

A 1636/41607 cured

DC=|1-
A 1636/14 1607uncured

equation 1

Dynamic mechanical thermal analysis (DMTA V Rheometric Scien-
tific instrument) measurements were done in dual cantilever bending
mode at 1 Hz and strain of 0.1%, with temperature increasing from 30 to
250 °C at 2 °C.min"'. The dimensions of the specimens were:35 x 11 x
1mm?®. The glass transition of the acrylate networks was taken at the
maximum in tan §-temperature curves.

An optical 3D perfilometer (Zeta Instruments, Phoenix, AZ, USA) was
used to study the healing process of the samples before and after a
thermal treatment.

Hardness ando Young’s Modulus were evaluated by nanoindentation
by means of a MTS Nano Indenter XP using a pyramidal Berkovich tip.
Ten tests were carried out at room temperature on each material, using
XP quasi static mode and applying a load of 10 mN.

3. Results
3.1. Measurement of the double bond conversion (FTIR)

To ensure maximal curing degree on the new proposed thermoset-
ting resins, the conversion of the carbon double bonds as a function of
irradiation time was determined [30]. Methacrylate conversion of
monomers was assessed by FTIR spectroscopy. Samples were irradiated
at consecutive irradiation intervals, and after each exposure interval

Table 1
Maximum double bond conversion (%DC) reached for the samples with disulfide
bonds after photo and thermal curing.

diated at regular time intervals and spectra were collected immediately % DC 50:50 40:60 30:70
after each exposure interval. The double bond conversion (DC) was Photocuring 80.3 77 78.5
calculated from equation (1), following the decay of the absorption band Thermal post-curing 84.8 86.1 88.1
located at 1636 cm™' (Ajg36) corresponding to C—=C and using the
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Fig. 3. Monomer conversion versus irradiation time measured by FTIR.
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Fig. 4. Representative FTIR spectra of a post-cured Bis-GMA/DISULFIDE-GMA 50:50 wt% sample.

mid-infrared (MIR) spectra were collected. Representative spectra are
displayed in Fig. 2.

The conversion of methacrylate groups was calculated from the
decay of the band located at 1636 cm™! which is associated with the
C—C stretching vibrations. Fig. 3 shows the conversion as a function of
the exposure time to visible light for the different blends. The degree of
cure reached after visible exposure was calculated according to Eq. (1).
Table 1 collects the maximum conversion reached for each composition.
As it can be seen, no composition reaches complete conversion, this
behavior agrees to what is expected for acrylate systems, where the
maximum conversion obtained is about 70%. As the disulfide content
increases, the curing reaction rate is lightly lower, but the maximum
conversion reached is the same for all the studied samples.

After the photopolymerization, the samples were thermally post-
cured in an oven at 140 °C for 2 h and was monitored by FTIR spec-
troscopy. The conversion reached in the thermal postcuring was calcu-
lated according to eq (1) and the values are collected in Table 1.

After the thermal treatment, the overall conversion of the methac-
rylate groups advanced to around 84-88%, depending on the composi-
tion of the sample. This behaviour is due to the activation of the reactive
species that remained alive when the sample was devitrified. Higher
conversions were achieved in systems with a higher monomer content of
DISULFIDE-GMA, because these mixtures have greater mobility due to
the flexibility of this monomer compared to the rigid aromatic BISGMA
[31,32].

Representative FTIR spectra of a post-cured Bis-GMA/DISULFIDE-
GMA 50:50 wt% sample is shown in Fig. 4. The characteristic peaks at
3500 cm ™! could be assigned to O-H stretching vibration. The peaks
between 2970 and 2870 cm ™! are attributed to the aliphatic C-H stretch
of the matrix. The characteristic peak of the carbonyl C = O bond of Bis-
GMA and DISULFIDE-GMA appeared at 1730 cm™'. The double carbon
bonds C=C bonds at 1607 cm ™! and 1582 cm™! corresponded to the
aromatic chains. The absorption peaks at 1460 cm™! are present due to
skeletal vibrations of aromatic rings. Out-of-plane bending vibration
modes of aromatic C-H bonds are observed at 1299, 1255, 1179, 1038

cm L. The absorption peaks observed below 1000 cm ! illustrated in-
plane-bending vibration modes of C-H bonds. The presence of disul-
fide bonds is verified by weak bands between 560 and 510 cm™!.

3.2. Thermal analysis (DMTA)

The Tg of the post-cured samples could not be readily discerned by
DSC, probably due to a wide transition (as will be later confirmed by
DMTA) and with a possible small change in enthalpic capacity. There-
fore, DMTA experiments were carried out. The DMTA curves in terms of
loss factor (tan 8) for the materials subjected to the additional thermal
post-curing treatment are shown in Fig. 5. It can be seen the appearance
of broad peaks reflects that the acrylate matrix behaves mechanically as
no homogeneous, that is, there are regions with high mobility that relax
at lower temperatures and rigid regions that relax at higher temperature.
As tan 9, is a ratio of viscose (dissipation of the energy due to segmental
movements, friction and heat) to elastic (reversible deformation)
response, the sharp and high tan & peak of the samples containing lower
content of DISULFIDE-GMA, indicates a significant increase in friction in
the sample, and high energy is transformed into heat in a short tem-
perature range, therefore it reflects the higher homogeneity of this
sample. The smooth shape of the tan § curves for samples with higher
DISULFIDE-GMA content indicates a progressive molecular mobility as
temperature increases meaning that the material can absorb energy
continuously from lower temperatures.

Tg values of 135, 139 and 170 °C were observed for DISULFIDE-GMA
contents of 50, 60 and 70 wt% respectively, to what could indicate a
higher crosslinking degree with the highest disulfide content.

On the other hand, the reference samples were also analyzed and Tg
values of 190, 191 and 192 °C (Fig. 5b) were observed for TEGDMA
contents of 50, 60 and 70 wt% respectively. The Tg of the samples with
DISULFIDE-GMA shows higher flexibility with enhanced chain move-
ment compared to the reference ones. Moreover, narrower peaks are
observed for the reference samples, which would indicate that these
samples are more homogeneous. This may be also enhanced by the
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Fig. 5. DMTA curves for post-cured samples.

hydrogen bonds between the hydroxyl groups of BISGMA and the oxy-
gen atoms of TEGDMA, compared to the sulfur atoms of DISULFIDE-
GMA.

In all the samples the tan &' temperature curves (see Fig. 5a) showed
a shoulder in the range 50-80 °C which corresponds to a small drop in
E'-temperature curves. This is a p-relaxation that appears in others
crosslinked poly(methyl methacrylate)s [33].

The storage modulus (E") value of all compositions showed an abrupt
reduction above the glass transition temperature, due to the movement
of the chains and the dissipation of mechanical energy attributed to the

relaxation of the network. As expected, the storage modulus presents at
big drop in the glass transition zone. The storage modulus (E') in the
glassy state (E’g) was taken at 80 °C (T < Tg) and in the rubbery state
(E’Rr) was taken at 220 °C T > Tg).

In the glassy state, all the samples have similar E'g (~0.8 GPa),
independently of the composition, as it is typical of the glassy state.
Looking to E’g in the rubbery state, there was no significant differences
for 60-40 and 50-50 samples (70 MPa). However, E’g for the sample
having 70% DISULFIDE-GMA reached a higher value (270 MPa) which
is a clear evidence of the higher density of crosslinking (more than three
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Fig. 7. Comparison of hardness and elastic modulus for the formulations with and without disulfide bonds.

times).

For a polymer network, the storage modulus value in the rubbery
plateau region is correlated with the number of crosslinks. Specifically,
the elastic modulus of a polymer network above Tg increases as increase
in the crosslinking density (v). From the theory of rubber elasticity [34],
the crosslink density of a polymer network can be calculated from the

shear modulus (G) in the rubbery region (T > Tg). For an incompressible
network (E = 3G), allowing calculate the crosslinking density from
equation (2):

v =G /RT = ERRT /3 2)

where: v = cross-linking density (mol.cm’B); Er = elastic storage
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Fig. 8. Images of the damage zone before (a) and after (b) the thermal treatment at 140 °C for 180 min for Bis-GMA/DISULFIDE-GMA 50:50 wt% sample.
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Fig. 9. Evolution of the scratch depth during thermal treatment at 140 °C.

modulus in the rubbery region; R = the universal gas constant (J.mol _.
K1) and T = absolute temperature (K).

From the E’g (220 °C) the cross-linking density results are 6-10~°
mol cm ™3 for the samples containing 50% and 60% of DISULFIDE-GMA,
and 22:10~% mol cm 2 for the sample having 70% of DISULFIDE-GMA.
This means that a threshold of disulfide bonds is required for the
effective exchanged S-S reaction.

3.3. Nanoindentation analysis

In order to determine possible mechanical properties changes of
samples with disulfide bonds with respect to the typical BISGMA-
TEGDMA acrylates systems, nanoindentation tests were performed.
Nanoindentation is a widely used technique for the determination of
nanomechanical properties and specially to get information on alter-
ations in the structure of thermosetting resins [29]. Typical
load-displacement curves are shown in Fig. 6. From the load-depth
curves, mechanical properties such as the elastic modulus and the
hardness, can be calculated and compared (Fig. 7). Fig. 7 indicates that
the presence of DISULFIDE-GMA increases both hardness and elastic
modulus at room temperature for all the compositions when compared
with the reference resin. Increases in hardness of 142, 85 and 26% for
monomer disulfide contents of 50, 60 and 70 wt % respectively, were
obtained with respect to the reference samples. A similar behavior was
obtained for the elastic module, where increases of 70, 34 and 26% were
obtained with respect to the references. A possible explanation for this
finding may be sought in the rather flexible nature of TEGDMA in
comparison to DISULFIDE-GMA at room temperature. Additionally, the
mechanical properties of the reversible network at room temperature
did not change with the increasing of disulfide bonds content in the
acrylate resin, which was important for potential industrial applications
due to its properties was not affected. In this way an acrylic resin was
endowed with special self-healing properties by replacing the normal
resin with the dynamic acrylic resin.

In addition, the influence of the experimental ratio on the hardness
was analyzed. It was observed a decrease in the hardness when
comparing the sample with 50% of DISULFIDE-GMA with respect to the
one content 70%. DISULFIDE-GMA is a linear flexible aliphatic mono-
mer while BISGMA is a rigid aromatic monomer, for that reason it is
expected that as the amount of the flexible monomer increases, the
hardness of the sample decrease.
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Fig. 10. Overall networks performance with the different disulfide compositions related to the material testing results.

3.4. Thermal healing behaviour

Due to the exchangeable disulfide reaction, the acrylic resin has the
ability of self-healing under external stimuli. First, the evaluation of
thermal triggered healing ability was performed on a film of the sample.
Fig. 8.a shows a micrograph of a scratched sample before the heating
process. Then the film was heated for 180 min at 140 °C. The micrograph
of the healed sample is shown in Fig. 8.b. As it is seen there the scratch
was significantly reduced meanwhile the surrounding region remain
unchanged.

A quantitative analysis of the thermal healing behavior was carried
out by a perfilometric analysis of the samples before and after the
thermal treatment, in order to confirm the self-healing performance.
Fig. 9(a—c) show a profile of the scratch as function of thermal treatment.

To determine the influence of the disulfide concentration on the self-
healing properties, several polymers were prepared using different
weight fractions of BISGMA and DISULFIDE-GMA. Initially, a scratch of
20-30 pm was performed on the samples. Table 2 shows the healing
ratio in function of the amount of the disulfide bond. It can be observed
that as the content of the DISULFIDE-GMA monomer increases, the re-
covery is faster. However, after 180 min an almost complete recovery of
the scratch was observed in all the samples, indicating that an excellent
healing degree was attained.

Moreover, it is expected that at higher temperatures there will be
greater mobility of the chains and therefore the regeneration of the di-
sulfide bonds will occur more quickly and therefore the self-healing also.

However, samples without disulfide groups, does not show any self-
healing property at all, indicating that the healing behavior was not
cause by a photo-thermal softening of the material.

For a better indication of the overall acrylate disulfide networks
performance, the material properties of all the samples related to
quantitative experimental results is additionally given in the form of
radar chart in Fig. 10. These systems have the possibility of adjusting the
composition to maximize mechanical behavior or self-healing capacity,
according to the desired application. In cases where it is necessary to
achieve a repair in shorter times, improving the mechanical properties
with respect to the reference matrix, materials with high disulfide bonds
contents will be chosen. On the contrary, if it is necessary to obtain
materials with higher Tg values and mechanical properties, regardless of
the time required to raise the maximum repair, materials with lower
disulfide bonds contents will be chosen.

4. Conclusions

New novel photocurable acrylate polymers containing disulfide
bonds were successfully synthesized. The presence of the disulfide bond
allowed us to activate an efficient thermal-induced healing of the ma-
terial, reaching recovery values up to 95%. In addition, the time
required to reach it is a function of the content of the disulfide groups
present in the final material. This healing effect is attributed to the ex-
change reaction of the disulfide bonds upon heating, leading to a
renewal of the crosslinks across the damaged surfaces.

On the other hand, a remarkable increase in hardness and elastic
modulus is noticed compared to typical acrylate systems for all the
formulations developed. Increases up to 2.4 times in hardness and 1.7
times in the elastic moduli were achieved with respect to similar net-
works without disulfide bonds.

Finally, these systems have the possibility of adjusting the compo-
sition to maximize mechanical behavior or self-healing capacity, ac-
cording to the desired application.

Therefore, these experimental results will serve as a basis for
extending the life of acrylate materials and expanding their scope of
application.
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