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Abstract: A photopolymerizable thiol-ene composition was prepared as a mixture of pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP) and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TTT),
with 1 wt. % of 2,2-dimethoxy-2-phenylacetophenone (DMPA) photoinitiator. A systematic
analytical analysis that investigated the crosslinked PETMP-TTT polymer coatings employed Fourier
transform infrared spectroscopy, ultraviolet–visible spectroscopy, differential scanning calorimetry,
thermogravimetric analysis, pencil hardness, thermo-mechanical cyclic tensile, scratch testing, and
atomic force microscopy. These coatings exhibited high optical transparency and shape-memory that
assisted scratch-healing properties. Scratches produced on the PETMP-TTT polymer coatings with
different constant loadings (1.2 N, 1.5 N, and 2.7 N) were completely healed after the external stimulus
was applied. The strain recovery ratio and total strain recovery ratio for PETMP-TTT polymer were
found to be better than 94 ± 1% and 97 ± 1%, respectively. The crosslinked PETMP-TTT polymer
network was also capable of initiating scratch recovery at ambient temperature conditions.

Keywords: photopolymerizable; thiol-ene network; scratch-healing; transparent

1. Introduction

Transparent polymer films are widely used as protective coatings in flat panel displays, touch
screens, photovoltaic cells, and other devices. Accidental cuts and scratches tend to accumulate on the
surface of transparent films and lead to the worsening of the optical transmission and distortion of
displayed images. Thus, desirable but still challenging properties of such films are scratch resistance,
with an ability to repair the damaged surface by self-healing.

Nowadays, there is a large variety of self-healing polymers, which can be classified into two
broad categories: extrinsic and intrinsic self-healing materials [1,2]. Extrinsic self-healing polymers
require inclusion of the specific healing agents that are loaded into microcapsules or vascular networks
within a polymeric matrix. In this case, self-healing is triggered by the rupture of healant loaded
vessels [3–5]. However, fabrication of the highly transparent extrinsic self-healing coatings are
complicated, as various inclusions strongly scatter visible light and decrease optical transparency
of the films [6]. On the contrary, intrinsic self-healing polymers are able to recover their properties
due to the inherent physical interactions, such as molecular interdiffusion or reversible chemical
bonds [4]. Reversible chemical bonding includes covalent bonds (i.e., dynamic bond exchange,
Diels–Alder reactions, reversible C-ON bonds, photo-reversible reshuffling, and disulfide interchange),
non-covalent interatomic bonds (metallic and ionic) and intermolecular forces (hydrogen and Van der
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Waal’s bonds) [4,7,8]. Exploration of reversible and adaptive noncovalent interactions has resulted
in the development of highly complex chemical systems, e.g. supramolecular polymers, which have
frequently been employed as self-healing materials [9,10]. Intrinsic self-healing polymers exhibit a
latent self-healing functionality that is triggered by damage or by an outside stimulus (e.g. heat, light,
or pressure) [11].

Recently, shape-memory polymers (SMPs) have attracted the attention of researchers, as materials
capable of recovering their original shape after a temporary deformation when external stimulus
is applied provides a mechanism to facilitate self-healing by bringing fractured surfaces into close
proximity [12–14]. The main advantage of SMPs is the inherent shape recovery effect that eliminates
the need for external force to partially or fully close the cracks, scratches, and other surface defects.
However, it should be noted that in order to fully heal deep cuts the shape-memory effect is not
sufficient and must be combined with other known intrinsic methods of self-healing [7].

A wide variety of polymers have been found to possess shape-memory properties. Among
the them are amorphous covalently cross-linked (meth)acrylate-based shape-memory polymer
networks prepared using free-radical polymerization, popular for their transparency and tunable
properties [15,16]. Main drawbacks of the (meth)acrylate-based polymers include formation of
heterogeneous polymer network and inhibition of the polymerization reaction by oxygen. Compared to
commonly used (meth)acrylate-based SMPs, thiol-ene polymer systems present numerous advantages,
including the negligible oxygen inhibition, low volume shrinkage, homogeneity of the polymer
network, toughness, flexibility, and high optical transparency of the polymerized films [17–19].

The thiol-ene radical reaction (Scheme 1) is an organic reaction that involves the addition of a
thiol to an alkene molecule to form an alkyl sulfide, also referred to as hydrothiolation [20]:

Scheme 1. The thiol-ene radical reaction, produced from [20], with permission from © The Royal
Society of Chemistry.

It commonly proceeds through the photochemical radical-initiated step-growth mechanism
(Scheme 2), where thiyl radical from thiol component adds across a vinyl functional group of alkene,
followed by the hydrogen abstraction from a thiol functional group resulting in the formation of
carbon-centered radical, which undergoes chain transfer to a thiol group, regenerating the thiol
radical [20,21]. This reaction cycle continues until one component is completely consumed.

Scheme 2. The photochemical radical-initiated step-growth mechanism of the thiol-ene polymerization
reaction, produced from [20], with permission from © The Royal Society of Chemistry.
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Thiol-ene reactions are very fast and can complete in a matter of seconds. Furhter, they can
withstand mild reaction conditions, as well as react with a little photoinitiator and can proceed without
solvent that can be easily removed. Moreover, they do not require expensive transition-metals as
catalysts [22–24]. The reaction proceeds more efficiently at pH in the range of 4–7 [25]. Thiol-ene
reaction efficiency and kinetics are also highly dependent on the structure of the alkene moiety,
where the reactivity is the greatest with strained and electron rich alkenes [26–28]. It is one of the
most widely used reactions to prepare new crosslinked (e.g. tri- or tetrafunctional thiols and enes)
or linear (using dithiols and dienes) branched polymeric structures with relatively narrow glass
transition temperature range [29–32]. A common photoinitiator used in the thiol-ene reactions is
2,2-dimethoxy-2-phenylacetophenone. It gives a benzoyl radical and a tertiary carbon-centered radical
which can insert directly into a carbon–carbon alkene bond or abstract a hydrogen atom from a thiol
group carbon radical, which starts characteristic thiol-ene free-radical chain reaction [20].

Herein, we designed the thiol-ene shape-memory assisted scratch-healing polymer system that
responds not only to the temperature changes as the external stimulus but is also capable of initiating
a scratch recovery at ambient temperature conditions. Importantly, the developed thiol-ene polymer
network exhibits high optical transmittance and holds a great potential as a high-performance flexible
transparent material for optoelectronic applications.

2. Materials and Methods

2.1. Materials

All reagents and solvents were obtained at the highest purity and used without further purification
unless otherwise specified. For instance, 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TTT,
trifunctional allyl component), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, tetrafunctional
thiol component), and 2,2-dimethoxy-2-phenylacetophenone (DMPA, photoinitiator) were obtained
from Sigma-Aldrich. Chemical structures of the trifunctional allyl, tetrafunctional thiol components,
and photoinitiator are shown in Scheme 3.

Scheme 3. Chemical structures of the starting compounds. These structures can be also found via
Sigma-Aldrich search engine. (TTT, trifunctional allyl component); (PETMP, tetrafunctional thiol
component); and (DMPA, photoinitiator).

2.2. Preparation of the Thiol-Ene PETMP-TTT Networks

Photopolymerizable thiol-ene composition was prepared as a mixture of PETMP and TTT with
1:1 stoichiometric ratio of thiol to ene functional groups, containing 1 wt. % of DMPA. The reason
we chose cleavage photoinitiator is that it gives higher quantum yield for the production of reactive
radicals as compared to the hydrogen-transfer photoinitiators [20]. Photoinitiator was dissolved in a
warm PETMP at 60 ◦C in an amber glass jar, then the calculated amount of TTT was added avoiding
the direct day or artificial light; components were thoroughly mixed with a spatula. The clear colorless
viscous mixtures were applied on flexible polyethylene terephthalate (PET) substrates (APLI paper
S.A., product Ref. 10580) as a 100 µm thick layer via the Meyer rod coating method. The PET substrate
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(thickness 0.1 mm) side was suitable for inkjet printing and was used in the deposition process. The
water contact angle (CA) for this substrate side was determined to be 30 ± 1◦, which is significantly
lower than for polydopamine-coated (CA = 49.8◦) or carboxyl-group-modified (CA = 50.6◦) PET [33],
but close to the O2 plasma treated PET films (CA = 34 ± 1◦) [34]. In another instance, deposition was
performed on the polytetrafluoroethylene (PTFE) plate. Samples were cured simultaneously at the
intensity of 1.64 mW/cm2 (wavelength: 254 nm) and 0.8 mW/cm2 (wavelength: 365 nm). After that,
cured network was obtained, denoted as PETMP-TTT. Free-standing PETMP-TTT films were obtained
by gently peeling the film from the PTFE plate.

2.3. Characterization

A Vertex 70 Fourier transform infrared (FTIR) spectrometer (Bruker Optics Inc., Ettlingen,
Germany) equipped with a 30Spec (Pike Technologies) specular reflectance accessory having a fixed
30◦ angle of incidence (3/16” sampling area mask), was used to record the spectra. The sample was
laid face down across the top of the 30Spec accessory and the spectrum of the sample was recorded at
a resolution of 4 cm−1. The software OPUS 6.0 (Bruker Optics Inc.) was used for data processing of the
baseline correction of spectra.

Differential scanning calorimetry (DSC) measurements were carried out by using a Q2000
thermosystem (TA Instruments). The samples were examined at a heating/cooling rate of 10 ◦C/min
under nitrogen atmosphere. Thermogravimetric analysis (TGA) was performed on a Q50 analyzer
(TA Instruments). The heating rate was 10 ◦C/min under nitrogen atmosphere.

The pencil hardness test was used to measure the hardness of the PETMP-TTT coating, according
to the standard ASTMD 3363. A vertical load of 750 g was applied at an angle of 45◦ to the horizontal
coating surface, as the pencil was moved over the sample. The grade of coating was judged by the
worn surfaces immediately after the pencil hardness tests.

Optical properties of the PETMP-TTT coatings were evaluated by measuring ultraviolet–visible
(UV–Vis) transmission. Measurements were conducted using a fiber optic UV/VIS/NIR Spectrometer
AvaSpec-2048 (Avantes, Apeldoorn, the Netherlands) in the wavelength range from 300 to 800 nm,
with a resolution of 1.4 nm.

Thermo-mechanical cyclic tensile testing was performed using machine H10KT (Tinius Olsen,
Kongsberg, Norway) equipped with a temperature controllable chamber. The sample was first heated
to 70 ◦C for 120 s and then strained to 1.0% at a speed of 20 mm/min. After that, the sample was
cooled to room temperature while 1.0% of the strain was kept for 10 min to fix temporary elongation.
Next, the lower clamp returned to the original position. Once the force on the sample was released,
it was heated again to 70 ◦C in order to recover; that is when the second cycle started. This cycle was
repeated three times and the stress-strain curves were recorded for analysis. The maximum strain in
the cyclic tensile tests and the residual strain after recovering in the Nth cycle were determined from
stress-strain curves and used to calculate the strain recovery ratio Rr, as well as the total strain recovery
ratio Rr,tot after N passed cycles [35]. For the equations of Rr and Rr,tot (i.e., Equations (1) and (2)),
please refer to [35].

Scratch testing of PETMP-TTT coatings was performed with a custom-made PC controlled scratch
testing apparatus. During the scratch test the PETMP-TTT coatings were scratched (scratch length
10 mm and speed 0.2 mm/s) with a sphero-conical stylus (cone angle 90◦ and indenter radius 45 µm)
applying the constant loading of 1.2 N, 1.5 N, and 2.7 N, respectively. The scratches were performed in
air atmosphere (temperature 23 ◦C and humidity 40%). The B-600MET series upright metallurgical
microscope (OPTIKA Srl, Ponteranica, Italy) with a c-mount 2560 × 1920 resolution (5.0 Mpixel)
camera (Optikam Pro 5LT) was used for the inspection of a scratch track before and after thermal
treatment (70 ◦C for 5 min) of the coating. Inspection was performed immediately after the scratch
test. The optical images of the scratch tracks were converted to greyscale with brightness and contrast
levels equalized for each image, respectively. Scratch track profiles were obtained using a precision
surface roughness tester TR200 (SaluTron Messtechnik GmbH, Frechen, Germany). In another instance,
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sphero-conical stylus was replaced with 19 mm precision stainless steel miniature wire cup brush with
1/8 inch shank and the surface of the coating was brushed applying the constant loading of 1.2 N and
speed of 0.2 mm/s for two cycles (i.e. forward and backwards = 1 cycle). Brushing track length was
10 mm. Afterwards, time-lapse optical microscopy inspection was performed in order to reveal the
self-healing properties of PETMP-TTT coatings; no external stimulus for the coating was applied in
this case.

Surface morphology of PETMP-TTT coatings was investigated using atomic force microscopy
(AFM). AFM experiments were carried out at room temperature using a NanoWizardIII atomic force
microscope (JPK Instruments, Bruker Nano GmbH, Berlin, Germany), while the data was analyzed
using a SurfaceXplorer and JPKSPM Data Processing software (Version spm-4.3.13, JPK Instruments,
Bruker Nano GmbH). The AFM images were collected using a V-shaped silicon cantilever (spring
constant of 3 N/m, tip curvature radius of 10.0 nm and the cone angle of 20◦) operating in AC mode.

3. Results and Discussion

First, FTIR spectroscopy was used to determine optimal UV curing time for PETMP-TTT. Figure 1
shows the FTIR spectra of PETMP-TTT reaction mixture for the different UV curing time. The
absorption peak of the S–H stretching band vSH is located at 2570 cm−1 [36]. After 30 s, there was
a significant decrease of vSH (Figure 1b), indicating that thiol consumption proceeds very quickly.
With the progress of the reaction, vSH slightly decreases until UV-curing time is at 120 s. After that,
no change of the vSH intensity was observed, suggesting that the thiol conversion was complete.
Accordingly, UV curing time of 120 s was chosen to form PETMP-TTT networks.

Figure 1. Fourier transform infrared (FTIR) spectra of PETMP-TTT reaction mixture for different UV
curing time: (a) 0 s, (b) 30 s, and (c) 120 s. Inset: evolution of S–H band.

Figure 2a shows the DSC curves of the crosslinked PETMP-TTT polymer network. The high
thiol functionality and high conversion resulted in relatively high glass transition temperature (Tg),
with a value of 41 ± 1 ◦C and supported the FTIR results. This result is in good agreement with
the Tg value previously reported in [37]. Thermal stability of the crosslinked PETMP-TTT polymer
network was investigated by evaluating the weight loss behavior via TGA under nitrogen atmosphere.
The quantitative properties such as the resultant weight loss temperature (Td5%) and the temperature
corresponding to the maximum weight loss (Tdmax) were determined from TGA curve and are shown
in Figure 2b. It can be seen that PETMP-TTT polymer network exhibits high thermal stability with
Td5% = 364 ◦C, which can be attributed to high thiol functionality resulting in high crosslinking density
in the polymer network, which is in agreement with the FTIR results. The high Tdmax (444 ◦C) shows
that the crosslinked polymer network has a very good heat resistance. It may originate from the
nitrogen heterocycle in PETMP-TTT system.
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Figure 2. Differential scanning calorimetry (DSC) (a) and thermogravimetric analysis (TGA) (b) curves
of the crosslinked PETMP-TTT polymer network.

Fabricated PETMP-TTT coatings could be characterized as glossy transparent films that ensure a
smooth, comfortable touch feeling. The surface hardness of cured PETMP-TTT coatings was measured
using pencil hardness test. Figure 3 shows the characteristic optical microscope digital photographs
of PETMP-TTT coatings after the pencil hardness test. It was found that the pencil hardness value of
3B left no scratches on the coating surface—successfully passing the test—while the pencil hardness
value of 2B failed. Shin, Junghwan, et al., who fabricated thiol-isocyanate-ene ternary networks by the
sequential dual cure system, have also reported on similar pencil hardness value for polymer network
with SH/C=C/NCO functional group molar ratio of 100:100:0 [38].

Figure 3. Characteristic optical microscope digital photographs (magnification 150×) of PETMP-TTT
coatings after pencil hardness test: (a) 3B passed test and (b) 2B failed test.

From the digital photo (Figure 4), it can be directly seen that the crosslinked PETMP-TTT polymer
network has very good transparency. Specifically, PETMP-TTT coatings show high transmittance in
the wavelength range of 400–800 nm. At 300 nm, the transmittance of PETMP-TTT polymer network
on PET substrate is close to zero, indicating very good blocking effect on medium and short-wave UV
light (UVB and UVC bands).

In order to verify shape-memory effect in the fabricated PETMP-TTT polymer film, a simple test
was performed. Free-standing PETMP-TTT film was folded to a certain shape and while this shape was
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fixed, the PETMP-TTT polymer was cooled down below 0 ◦C and left to stand at room temperature
for 5 min. Afterwards, a free-standing PETMP-TTT film was heated with hot air (50–60 ◦C) and the
shape recovery process was recorded. Figure 5 shows the shape recovery process of the free-standing
PETMP-TTT film at different time instances and when heated with a hot air. Before the heating started,
the vitrified film “remembered” its temporary shape (Figure 5a) so that only minor instantaneous
recovery could occur at an ambient temperature. Heating above Tg triggered a fast return from
temporary to the permanent shape through mobilization of the constituent polymer chains and release
of latent strain energy. Full shape recovery of the tested film was achieved within 10 to 12 s. This result
clearly indicated that crosslinked PETMP-TTT polymer network possesses shape-memory properties.

Figure 4. UV-vis spectrum and digital photo of PETMP-TTT coating on PET substrate over KTU logo,
displayed through a computer monitor.

Figure 5. Shape-memory test of the crosslinked PETMP-TTT polymer free-standing film: (a) Digital
photograph of free-standing PETMP-TTT film with fixed shape after cooling down below 0 ◦C and (b),
(c), (d), (e), (f), (g), and (h) shape recovery process at different time instances when heated with hot air.



Materials 2019, 12, 482 8 of 13

For further quantification of shape-memory’s effect on the thermo-mechanical cyclic, tensile
testing was performed. Figure 6 shows shape-memory behavior of the free-standing PETMP-TTT
film, with characteristic cyclic tensile stress-strain curves. The Rr and Rr,tot values for PETMP-TTT
polymer were found to be better than 94 ± 1% and 97 ± 1%, respectively, which indicates very good
shape-memory behavior comparable with recently published results for PEG blends [39]. A slight
improvement of Rr was observed with increase in the number of applied cycles: Rr increased from
94 ± 1% (first cycle) to 96 ±1% after three cycles of the tensile test. It can be considered as a normal
process for cyclic thermo-mechanical investigations, where the first few cycles often tend to differ from
each other because of the history of the film and reorganization of the polymer chains [40].

Figure 6. Cyclic tensile stress-strain curves of the crosslinked PETMP-TTT polymer network.

Scratch testing was performed in order to investigate the scratch-healing properties of PETMP-TTT
coatings after external stimulus was applied. Figure 7 shows optical microscope digital photographs
of scratch tracks obtained on the coating with different constant loading as well as corresponding
healing process of the scratch after 5 min at 70 ◦C. A scratch track profile area was used to calculate a
scratch-healing ratio (Sr) of PETMP-TTT coatings in Equation (1)

Sr =
A1 − A2

A1
× 100% (1)

where A1 stands for the scratch track profile area after scratch, while A2 stands for the scratch
track profile area after healing. Indicators for the beginning and the end of scratch are added along
the profiles. Scratch tracks obtained with the constant loading of 1.2 N and 1.5 N were almost
completely healed after the thermal treatment of the PETMP-TTT coating with an Sr of 96 and 94%.
It is important to note that no decomposition of polymer was observed during the thermal treatment
process. Furthermore, the crosslinked PETMP-TTT network also exhibited considerable scratch-healing
(Sr = 91%) properties of the scratches obtained with a higher constant loading of 2.7 N, as observed in
Figure 7c1 and c2.

In another instance, PETMP-TTT coatings were cooled down below 0 ◦C and left to stand at a
room temperature for 5 min prior to the scratch testing. This procedure was performed in order to
immobilize the polymer chains in covalently bonded 3D network and ensure improved form fixity.
The testing procedure was analogous to the previously described scratch test. Figure 8 shows optical
microscope digital photographs of scratch tracks obtained on the quenched coatings with different
constant loading as well as corresponding healing process of the scratches after 5 min at 70 ◦C. It is
evident that cooling down prior to the scratch testing resulted in a more efficient shape recovery of
the scratched films. In all cases, the scratches were completely healed with a Sr value of 99%. It is
suggested that a quenching of the polymerized PETMP-TTT network serves as a freezing process for
the internal strain energy, which is the primary driving force for the shape recovery of the scratched
polymeric films.
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Figure 7. Scratch-healing of the crosslinked PETMP-TTT polymer coatings: (a1), (b1), and (c1) optical
microscope digital photographs of characteristic scratch track sections before, and (a2), (b2), and (c2)
after the healing process of the scratch with different constant loading of 1.2 N, 1.5 N, and 2.7 N,
respectively. Insets show characteristic scratch track profiles with corresponding indicators for the
beginning and the end of scratch.

Figure 8. Shape-memory assisted scratch-healing of the quenched PETMP-TTT polymer coatings: (a1),
(b1), and (c1) optical microscope digital photographs of characteristic scratch track sections before, and
(a2), (b2), and (c2) after the healing process of the scratch with different constant loading of 1.2 N, 1.5 N,
and 2.7 N, respectively. Insets show characteristic scratch track profiles with corresponding indicators
for the beginning and the end of scratch.
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Further, the scratch self-repairing ability of PETMP-TTT coatings was investigated at room
temperature and without external stimulus applied. In this case, the surface brushing tests with a
stainless-steel miniature wire brush were performed. Figure 9 presents evolution of the initial film
scratches with a time at ambient temperature. It can be seen that noticeable scratches were made
by the brush wires having lateral dimensions of the order of tens of micrometers almost completely
disappear within 110 min time span even at a room temperature. Although the PETMP-TTT coatings,
that are heated above the Tg, initiate the shape-memory actuation response more rapidly, the healing
process for the brushed specimens is also quite effective. It can be associated with delayed elasticity of
the distorted polymer network. When PETMP-TTT polymer is heated above the Tg, the segmental
mobility of the network is higher [41], resulting in a faster self-healing process.

Figure 9. Scratch-healing of the crosslinked PETMP-TTT polymer network: (a) initial scratches obtained
after brushing; (b), (c), (d), and (e) images of the scratches after 10 min, 30 min, 50 min, and 110 min at
room temperature, respectively.

AFM measurements were performed to investigate the surface morphology of PETMP-TTT
polymer coating at the nanoscale (Figure 10). The topography of PETMP-TTT shows a homogeneous
surface with 22.0 ± 2◦ (i.e., the most frequent orientation) oriented morphological features having
a mean height of 3.64 nm and the root mean square roughness (Rq) of 0.40 nm. The surface of
PETMP-TTT is dominated by the valleys with skeweness (Rsk) value of -0.93 and has a leptokurtoic
distribution of the morphological features with kurtosis (Rku) value of 5.76, indicating many high
peaks and low valleys.

Figure 10. Characteristic atomic force microscopy (AFM) topographical image with normalized Z axis
in nm of PETMP-TTT polymer coating.

With the emergence of new optoelectronic products like foldable smartphones and wearable
electronic sensors with the flexible electronic components, scratch-healing properties of the materials
acting as protective coatings will be more and more desirable. The particular crosslinked PETMP-TTT
polymer network (Figure 11) that exhibits high optical transparency and efficient shape-memory
assisted scratch-healing properties could be considered as a functional layer for the structured
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optoelectronic devices. Importantly, this is a significant finding, as the scratch-healing properties
for PETMP-TTT polymer network were not explored previously. Synthesis, deposition, and curing
technological procedures of PETMP-TTT coatings are not sophisticated, time efficient, and scalable,
and thus could be easily integrated in the large area flexible electronic manufacturing processes.

Figure 11. Representation of the crosslinked PETMP-TTT polymer network fragment.

4. Conclusions

The PETMP and TTT, acting as tetrafunctional thiol and trifunctional allyl components,
respectively, were used in the preparation of photopolymerizable thiol-ene composition, with 1 wt.
% of DMPA photoinitiator. An optimal UV-curing time of 120 s was determined using FTIR spectra
analysis, and in particular, monitoring the intensity change of an S–H stretching band at 2570 cm−1. The
crosslinked PETMP-TTT polymer network exhibited a relatively high glass transition temperature (Tg)
with a value of 41 ± 1 ◦C, indicating high thiol functionality and high conversion. TGA measurements
showed that PETMP-TTT polymer network exhibits a high thermal stability, with Td5% = 364 ◦C, which
is a result of the high crosslinking density in the polymer network. The PETMP-TTT coatings passed
the 3B pencil hardness test. The shape-memory test revealed that PETMP-TTT polymer network
possesses shape-memory properties. Further quantification of the shape-memory behavior of the
crosslinked PETMP-TTT polymer was obtained using cyclic tensile testing. The determined Rr and
Rr,tot values were found to be better than 94 ± 1% and 97 ± 1%, respectively. It was found that scratches
produced with a different constant loading of 1.2 N, 1.5 N, and 2.7 N on the PETMP-TTT coating
heal more efficiently with a quenching procedure applied prior to the scratch testing. In this case, the
scratches were completely healed with Sr value of 99% for the all scratch testing instances. It was also
found that the crosslinked PETMP-TTT polymer network was also capable to initiate a scratch recovery
at ambient temperature conditions, presumably due to the delayed elasticity of the distorted polymer
network. It was suggested that a crosslinked PETMP-TTT polymer network could be integrated as a
scratch-healing and transparent coating in a new generation of the optoelectronic products.
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Materials 2019, 12, 482 12 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yuan, Y.; Yin, T.; Rong, M.; Zhang, M. Self healing in polymers and polymer composites. Concepts, realization
and outlook: A review. Express Polym. Lett. 2008, 2, 238–250. [CrossRef]

2. Bekas, D.; Tsirka, K.; Baltzis, D.; Paipetis, A. Self-healing materials: A review of advances in materials,
evaluation, characterization and monitoring techniques. Compos. Part B-Eng. 2016, 87, 92–119. [CrossRef]

3. Lee, M.W.; An, S.; Yoon, S.S.; Yarin, A.L. Advances in self-healing materials based on vascular networks with
mechanical self-repair characteristics. Adv. Colloid Interface Sci. 2017, 252, 21–37. [CrossRef]

4. Thakur, V.K.; Kessler, M.R. Self-healing polymer nanocomposite materials: A review. Polymer 2015, 69,
369–383. [CrossRef]

5. An, S.; Lee, M.W.; Yarin, A.L.; Yoon, S.S. A review on corrosion-protective extrinsic self-healing: Comparison
of microcapsule-based systems and those based on core-shell vascular networks. Chem. Eng. J. (Lausanne)
2018, 344, 206–220. [CrossRef]

6. Amendola, V.; Meneghetti, M. Advances in self-healing optical materials. J. Mater. Chem. 2012, 22,
24501–24508. [CrossRef]

7. Zhang, P.; Li, G. Advances in healing-on-demand polymers and polymer composites. Prog. Polym. Sci. 2016,
57, 32–63. [CrossRef]

8. Yang, Y.; Urban, M.W. Self-healing polymeric materials. Chem. Soc. Rev. 2013, 42, 7446–7467. [CrossRef]
9. Van Gemert, G.M.; Peeters, J.W.; Söntjens, S.H.; Janssen, H.M.; Bosman, A.W. Self-healing supramolecular

polymers in action. Macromol. Chem. Phys. 2012, 213, 234–242. [CrossRef]
10. Liu, K.; Kang, Y.; Wang, Z.; Zhang, X. 25th anniversary article: Reversible and adaptive functional

supramolecular materials:“Noncovalent interaction” matters. Adv. Mater. 2013, 25, 5530–5548. [CrossRef]
11. Geitner, R.; Legesse, F.B.; Kuhl, N.; Bocklitz, T.W.; Zechel, S.; Vitz, J.; Hager, M.; Schubert, U.S.; Dietzek, B.;

Schmitt, M. Do You Get What You See? Understanding Molecular Self-Healing. Chem.–Eur. J. 2018, 24,
2493–2502. [CrossRef] [PubMed]

12. Hager, M.D.; Bode, S.; Weber, C.; Schubert, U.S. Shape memory polymers: Past, present and future
developments. Prog. Polym. Sci. 2015, 49, 3–33. [CrossRef]

13. Luo, X.; Mather, P.T. Shape memory assisted self-healing coating. ACS Macro Lett. 2013, 2, 152–156. [CrossRef]
14. Wypych, G. Self-Healing Materials: Principles and Technology; Elsevier: Amsterdam, The Netherlands, 2017.
15. Ortega, A.M.; Yakacki, C.M.; Dixon, S.A.; Likos, R.; Greenberg, A.R.; Gall, K. Effect of crosslinking and

long-term storage on the shape-memory behavior of (meth) acrylate-based shape-memory polymers.
Soft Matter 2012, 8, 7381–7392. [CrossRef]

16. Song, L.; Hu, W.; Wang, G.; Niu, G.; Zhang, H.; Cao, H.; Wang, K.; Yang, H.; Zhu, S. Tailored (Meth) Acrylate
Shape-Memory Polymer Networks for Ophthalmic Applications. Macromol. Biosci. 2010, 10, 1194–1202.
[CrossRef] [PubMed]

17. Lowe, A.B. Thiol-ene “click” reactions and recent applications in polymer and materials synthesis. Polym.
Chem. 2010, 1, 17–36. [CrossRef]

18. Schreck, K.M.; Leung, D.; Bowman, C.N. Hybrid organic/inorganic thiol–ene-based photopolymerized
networks. Macromolecules 2011, 44, 7520–7529. [CrossRef] [PubMed]

19. Nair, D.P.; Cramer, N.B.; Scott, T.F.; Bowman, C.N.; Shandas, R. Photopolymerized thiol-ene systems as
shape memory polymers. Polymer 2010, 51, 4383–4389. [CrossRef]

20. Bordoni, A.V.; Lombardo, M.V.; Wolosiuk, A. Photochemical radical thiol–ene click-based methodologies
for silica and transition metal oxides materials chemical modification: A mini-review. RSC Adv. 2016, 6,
77410–77426. [CrossRef]

21. Kloxin, C.J.; Scott, T.F.; Bowman, C.N. Stress relaxation via addition− fragmentation chain transfer in a
thiol-ene photopolymerization. Macromolecules 2009, 42, 2551–2556. [CrossRef]

22. Montanez, M.I.; Campos, L.M.; Antoni, P.; Hed, Y.; Walter, M.V.; Krull, B.T.; Khan, A.; Hult, A.; Hawker, C.J.;
Malkoch, M. Accelerated growth of dendrimers via thiol− ene and esterification reactions. Macromolecules
2010, 43, 6004–6013. [CrossRef]

http://dx.doi.org/10.3144/expresspolymlett.2008.29
http://dx.doi.org/10.1016/j.compositesb.2015.09.057
http://dx.doi.org/10.1016/j.cis.2017.12.010
http://dx.doi.org/10.1016/j.polymer.2015.04.086
http://dx.doi.org/10.1016/j.cej.2018.03.040
http://dx.doi.org/10.1039/c2jm33464j
http://dx.doi.org/10.1016/j.progpolymsci.2015.11.005
http://dx.doi.org/10.1039/c3cs60109a
http://dx.doi.org/10.1002/macp.201100559
http://dx.doi.org/10.1002/adma201302015
http://dx.doi.org/10.1002/chem.201705836
http://www.ncbi.nlm.nih.gov/pubmed/29266504
http://dx.doi.org/10.1016/j.progpolymsci.2015.04.002
http://dx.doi.org/10.1021/mz400017x
http://dx.doi.org/10.1039/c2sm25298h
http://dx.doi.org/10.1002/mabi.201000028
http://www.ncbi.nlm.nih.gov/pubmed/20625994
http://dx.doi.org/10.1039/B9PY00216B
http://dx.doi.org/10.1021/ma201695x
http://www.ncbi.nlm.nih.gov/pubmed/21984847
http://dx.doi.org/10.1016/j.polymer.2010.07.027
http://dx.doi.org/10.1039/C6RA10388J
http://dx.doi.org/10.1021/ma802771b
http://dx.doi.org/10.1021/ma1009935


Materials 2019, 12, 482 13 of 13

23. Barner-Kowollik, C.; Du Prez, F.E.; Espeel, P.; Hawker, C.J.; Junkers, T.; Schlaad, H.; Van Camp, W. “Clicking”
polymers or just efficient linking: What is the difference? Angew. Chem. Int. Ed. 2011, 50, 60–62. [CrossRef]
[PubMed]

24. Zuo, Y.; Lu, H.; Xue, L.; Wang, X.; Ning, L.; Feng, S. Preparation and characterization of luminescent silicone
elastomer by thiol–ene “click” chemistry. J. Mater. Chem. C 2014, 2, 2724–2734. [CrossRef]

25. Colak, B.; Da Silva, J.C.; Soares, T.A.; Gautrot, J.E. Impact of the molecular environment on thiol–ene coupling
for biofunctionalization and conjugation. Bioconjugate Chem. 2016, 27, 2111–2123. [CrossRef] [PubMed]

26. Fisher, S.A.; Baker, A.E.; Shoichet, M.S. Designing peptide and protein modified hydrogels: Selecting the
optimal conjugation strategy. J. Am. Chem. Soc. 2017, 139, 7416–7427. [CrossRef] [PubMed]

27. Hoyle, C.E.; Bowman, C.N. Thiol–ene click chemistry. Angew. Chem. Int. Ed. 2010, 49, 1540–1573. [CrossRef]
[PubMed]

28. Cramer, N.B.; Reddy, S.K.; O’Brien, A.K.; Bowman, C.N. Thiol– ene photopolymerization mechanism and
rate limiting step changes for various vinyl functional group chemistries. Macromolecules 2003, 36, 7964–7969.
[CrossRef]

29. Khire, V.S.; Lee, T.Y.; Bowman, C.N. Synthesis, characterization and cleavage of surface-bound linear
polymers formed using thiol– ene photopolymerizations. Macromolecules 2008, 41, 7440–7447. [CrossRef]

30. Li, Y.-h.; Wang, D.; Buriak, J.M. Molecular Layer Deposition of Thiol– Ene Multilayers on Semiconductor
Surfaces. Langmuir 2009, 26, 1232–1238. [CrossRef]

31. Hoyle, C.E.; Lee, T.Y.; Roper, T. Thiol–enes: Chemistry of the past with promise for the future. J. Polym. Sci.
Part A Pol. Chem. 2004, 42, 5301–5338. [CrossRef]

32. Durham, O.Z.; Norton, H.R.; Shipp, D.A. Functional polymer particles via thiol–ene and thiol–yne suspension
“click” polymerization. RSC Advances 2015, 5, 66757–66766. [CrossRef]

33. Zhao, C.; Xing, L.; Xiang, J.; Cui, L.; Jiao, J.; Sai, H.; Li, Z.; Li, F. Formation of uniform reduced graphene
oxide films on modified PET substrates using drop-casting method. Particuology 2014, 17, 66–73. [CrossRef]
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