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ABSTRACT: New fully biobased formulation was developed and UV cured to obtain a polymer
network useful for coating applications. Lipoic acid and isosorbide diallyl were used as functional
monomer for thiol-ene chemistry. Radical UV curing was used to get the network from the liquid
resin. The fully biobased formulation was UV cured and tested. Photorheology was employed to
follow the reaction kinetic. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR) analysis was done to confirm the cross-linking. Thermal characterization was performed
by means of Differential Scanning Calorimetry (DSC). The Tg of the network was comparable with
the thiol-ene network previously studied. A complete coating characterization was performed by
measuring contact angle, adhesion, and pencil hardness. The obtained results indicated suitable
performance for coating applications.
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1. INTRODUCTION

UV-cCuring of multifunctional monomers is one of the fastest and more efficient methods available
to generate three-dimensional polymer networks. Among the advantages of this technology are the
high cure speed, the reduced energy consumption and absence of VOC emissions. These advantages
have allowed its rapid growth in a large variety of applications, particularly for the fast drying of
varnishes, printing inks, and protective coatings [1-3].

Among different UV-induced polymerization mechanism, thiol-ene UV-curable formulations have
acquired renewed interest due to the inherent characteristic of this kind of reactions. The formulations
are based on a mixture of a multifunctional ene monomers and multifunctional thiols that undergo a
step-growth polymerization upon UV irradiation leading to crosslinked networks [4-8].

The “‘click’” thiol-ene chemistry is a very rapid and orthogonal reaction, that proceed almost
quantitatively in mild conditions and are not inhibited either by oxygen or humidity. In general, thiol-
ene photopolymerization offers many advantages with respect to the traditional acrylate
photopolymerization process. Desirable features of thiol-ene photopolymerization includes: fast
polymerization rate in air, low shrinkage at high monomer conversion, and most importantly,
versatility in the thiol and ene monomers selection [2,9,10].

Recently there is an increase interest in replacing the petroleum-based monomers with bio-resources,
both because of an increasing environmental concern as well as because of the prediction of scarcity
of petroleum resources. High performance coatings derived from thiol-ene chemistry were already
achieved starting from bio-based monomers, such as terpenes [11-13], unsaturated vegetable oils
[14,15], and lignin-derivates [16,17]. Lipoic acid and isosorbide represent two available biobased
monomers suitable to be functionalized and used in thiol-ene chemistry.

Lipoic acid (LA), discovered in 1953 by Reed [18], is a natural molecule present in human body. It
is also present in different plants: potatoes, spinaches, and onions [19]. LA is present in wheat either
roots or leaves [20]. The peculiar characteristic is the presence of a disulfide bond in a five-atom ring
that can be easily exploited for thiol-ene photopolymerization [21]. LA (Figure la) has gained
considerable attention as an antioxidant. It exists in two forms, lipoate or dihydrolipoate (reduced



form), that can react with reactive oxygen species such as superoxide radicals, hydroxyl radicals,
hypochlorous acid, peroxyl radicals, and singlet oxygen [22]. High molecular weight polymer starting
from LA can be synthesized by thermal-activated polymerization [23] and is demonstrate-that LA is
reactive also to UV irradiation. One of the first study was reported in 1954 [24]; then, Nambu et al.
studied the copolymerization with styrene by the ring opening of the five-member cyclic disulfide
[25]. Additionally, the five-member cyclic disulfide was copolymerized with vinyl monomers by
radical copolymerization [26]. Tang et al. [27] demonstrated the formation of degradable and non-
degradable networks. The first contained a significant fraction of backbone disulfide groups formed
by radical reaction of LA with ethylacrylate while the second had thioether-type sulfur atoms in the
backbones synthetized by thiol-ene chemistry that gave non-degradable properties. Recent studies
showed the reactivity of the disulfide to vinyl monomers through UV-curing [28]. The disulfide
group, incorporated in the polymer network, reacted with vinyl functionalized dies to obtain a post
functionalization of the surface through thiol-ene chemistry [29].

The US Department of Energy introduced isosorbide among the 15 molecules of special interest for
biorefinery development (Figure 1b) [30]. The structure of isosorbide was reported in 1946 [31], it is
also known as 1,4:3,6-dianhydro-D-glucitol and 1,4:3,6-dianhydro-D-sorbitol [32]. Sugar-based
monomers are widely studied as precursor to a variety of new polymers. They are inexpensive, high
available and they give high degradability to the final products [33]. Fenouillot et al. [34] and then
Gandini et al. [35] have provided a-reviews with several possibilities to use isosorbide and its
derivates to produce polymers. More recently Arico et al. [30] presented the great potential of
isosorbide to become a suitable platform for biobased monomers for polymerization reactions
[36,37], functional materials [38,39], synthesis of pharmaceuticals, surfactants [40], novel organ
catalysts [41], and cross-linking agents [42]. Medical device can be made exploiting isosorbide due
to the biocompatible features of this sugar-derived polymers [43]. Isosorbide has been used in coating
applications. From powder coating [44] to UV curable coating [45,46]. Referring specifically to the
thiol-ene chemistry isosorbide was employed by Kristufec et al. [47]. Isosorbide was functionalized
by allylation in order to have UV reactive groups. The coating had Tg below room temperature and
high cell-viability. The coating showed degradation under biological conditions, but with slower rate
when compared to the accelerated basic conditions. Other studies showed the possibility to form an
antibacterial and environmentally friendly photocured coating. Silver salt and synthesized
phosphonium salt were used in two different studies to provide antibacterial properties. The outcomes
suggested the excellent antibacterial properties of the photocured networks [48,49]. All these reported
studies had a partial amount of biobased monomer derived from the ene functionality, while the thiol
functionality was derived by commercial products as trimethylolpropane tris(3-mercaptopropionate).
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Figure 1. chemical structure of the two biobased monomers used in the study, lipoic acid (left);
isosorbide (right).

Within this context, we developed a new fully bio-based thiol-ene photocurable formulation. Lipoic
acid was employed as thiol while diallyl isosorbide (IDA) was the ene monomer. The thiol-ene
reaction was followed by means of ATR-FTIR and photorheology measurement to evaluate the
conversion and the reaction kinetics. Gel content confirmed the formation of a fully crosslinked
network. Thermal properties of the coating were studied by DSC analysis. Moreover, coating
properties such as contact angle, hardness and adhesion were measured. To have a comparison
between the fully biobased formulation and an already used partially biobased formulation, diallyl



isosorbide was also tested with commercially available thiol, trimethylolpropane tris(3-
mercaptopropionate) (TRIS).

2. EXPERIMENTAL

2.1. Material

Lipoic acid (LA) and trimethylolpropane tris(3-mercaptopropionate) (TRIS) were purchased by
Sigma-Aldrich (Milan, Italy). Chloroform was purchased by Merk KGaA (Milan, Italy). Isosorbide
di-allyl (IDA) was supplied by Specific Polymer (Castries, France). The photoinitiator employed was
Darocure 1173 provided by BASF (Rome, Italy).

2.2. Photopolymerization

Thio-ene photocurable formulation was prepared by mixing LA and IDA in equimolar ratio with 5
phr of photoinitiator. The formulation containing LA and TRIS had 1 phr of Darocure 1173, Table 1.
The photocurable formulations were prepared using the following procedure.

LA (400 mg) was placed in a test tube together with IDA (439 mg). The test tube was stirred for 10
min in an ultrasonic bath at room temperature to allow complete mixing. The photo-initiator, Darocure
1173 (42 mg), was finally added whereafter-covering the test tube was-covered-with aluminum foil
and stirred for another 2—3 min to ensure a complete dissolution. A set of films was prepared coating
the formulation on a glass slide and irradiating with the UV-lamp for 5 minutes. The thickness of the
coatings was 50 um. The UV irradiation was performed with a Dymax ECE 5000 Flood lamp. The
irradiation time was 5 min (150 mW/cm?). The procedure was repeated for the formulation with TRIS
and IDA, the irradiation time was reduced to 2 min and the photoinitiator was added in 1 phr.

Table 1. tested formulation.

Entry Thiol monomer (mg) Ene monomer (mg) Photoinitiator (phr)
1 TRIS 400 IDA 341 Darocure 1173 1
2 LA 400 IDA 439 Darocure 1173 5

2.3. Characterization

2.3.1. Photorheology

Real time pPhotorheology measurements were performed by means of an Anton Paar MC 302
rheometer (Physica MCR 302, Graz, Styria). The rheemeterwas-set-as-a-plate-platetests were done

in a plate-plate geometry equipped with a 25 mm diameter upper disk and a quartz bottom plate;-the
aceessery-had-a-diameter-of-2.5-em. The distance between the quartz crystal and the plate was 100
um which corresponds approximately to 150 uL of coating resin. The light source was a Hamamatsu
LIGHTINGCURE LC8 equipped with an optic fiber. The intensity of the UV light was 75 mW/cm?,
Oscillatory measurements were performed at constant Fhe-conditions-forthe-testswere the folowing:
frequency of 1 Hz, strain of 1 %, in isothermal condition at 25 °C. Tthe lamp was switched on after
60 s_in order to stabilize the system before the start of the photopolymerization process.




2.3.2. Attenuated total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Thiol-ene conversion was analyzed by Fhe-instrument-used—forthe—evaluation—of-thethiol-ene
conversion-was-a-Nicolet iS 50 Spectrometer (Thermo Scientific, Waltham, USA). SQectr a-Data pre-
and post-curing were collected as 32 scans with a spectral resolution of 4.0 cm™. All data were
recorded and handled with the software Omnic from Thermo Fischer Scientific. The photocuring
reaction was monitored by the disappearance of the thiol-peak at 2565 cm™ and the reduction of the
carbon-carbon double bond peak at 1645 cm™! and the stretching vibration of vinyl caron-hydrogen
peak at 925 cm for the IDA + TRIS (Entry 1, Table 1). The network formation for the Entry 2 was
moqitored by the disappearance peak-of the C=C peak situated at 1645 cm™ and the C-H peak at 925
cm™.

2.3.3. Gel content

The gel content percentage (% gel) of the cured films was determined by measuring the weight loss
after 24 h extraction with chloroform. The samples after the immersion were allowed to dry for 24 h
in air. % gel was calculated according to Equation (1):

%gel = % X 100 (1)

where W1 is the weight of the dry film after the treatment with chloroform and Wj is the weight of
the dry sample before the treatment.

2.3.4. Differential scanning calorimeter (DSC)

The DSC analysis was performed on a Mettler Toledo DSC-1 equipped with Gas Controller GC100
(Columbus, Massachusetts, USA). The test method was made by two heating scans: Fhe-method-used
was-the-follow:the-starting-temperature-was-set-as-25-°C:-the first heating wentgees from 25 to 100
°C; then the temperature was maintained-held at 100 °C for 2 min in order to stabilize the sample,
after that the chamber was again-cooled until -70 °C was reached and then this temperature was kept
matntatred-for 2 min, finally was applied a second heating from -70 °C to 100 °C. The heating and
the cooling rates were set at 10 °C/min and the analysis was performed in a nitrogen atmosphere with
a flow rate 20 mL/min. The Tqg values were calculated from the second heating curves. In this study
40 pL aluminum pans were used. The data were analyzed with Mettler Toledo STARe software V9.2,

2.3.5. Coating properties

The pencil hardness and the adhesion were measured according to the standard ASTM D3363 [50]
and ASTM D3359 [51]. Pencils of different grades (Ferthe-hardness-differentpencH-were-used-from
8 B to 8 H) were used to perform the hardness test. The hardness of the coating was taken as that of
the pencil that produced a cut on the surface of the film. Eclometer 107, as cross hatch cutter, was
used for determining the adhesion. The insert number 2 was used as cutter. The adhesion percentage
was evaluated as the number of squared remained attached on the substrates. The films were
photocured on glass substrate. Fhe-cContact angle measurements werewas performed by Drop Shape
Analyzer, DSA100, Kriiss (Germany), equipped with a video camera. The reported results are an
average of at least 5 water droplets.

3. RESULT AND DISCUSSION



The photocuring process of the thiol-ene formulations was investigated by means of photorheology;
in Figure 2 the storage modulus as a function of irradiation time is reported for the fully bio-based
formulation (LA and IDA in equimolar ratio) and compare with the formulation containing TRIS as
thiol-monomer.

When comparing the two formulations it can be observed that the reaction between TRIS and IDA
started immediately after the lamp turned on while the LA and IDA reaction is much slower. The
storage modulus of IDA + LA had an induction time of 180 s then the reaction started.

This can be explained taking into consideration the different nature of the thiol monomer used. The
commercial one, TRIS, had already —S—H bonds available for the reaction. Instead, the biobased LA
had a disulfide group that needs to break upon irradiation to generate the reactive specie (—Se)
necessary for the click thiol-ene reaction. Previous studies demonstrated the reactivity of disulfide
group towards UV irradiation [27,52] corroborating the reactivity of this group in this thiol-ene
reaction. By irradiation of the disulfide group, the radical is formed thanks the energy given through
the UV irradiation; thus, the delay time of the reaction of IDA-LA formulation is due to the production
of the reactive specie that can start the reaction.

Once the reaction started, the slope of the curve increased reaching the plateau in about 5 minutes. A
higher amount of photoinitiator was necessary to promote the UV-induced crosslinking reaction of
the fully biobased formulation (5 phr) with respect with the IDA + TRIS (1 phr). A scheme of the
fully biobased formed network is illustrated in Scheme 1.
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Figure 2. Photorheology results, after 60 s the UV lamp was turned on. Trend of the storage modulus
for the fully biobased formulation (green curve) and partial biobased resin (blu curve).

To confirm the curing process, ATR-FTIR analyses were done comparing the spectra before and after
irradiation. The ATR-FTIR spectra are collected in Figure 3 for the fully bio-based formulation and
for the IDA-TRIS formulation.

Regarding the IDA-TRIS formulation, different peaks can be followed to validate the photo
crosslinking reaction [47-49]: stretching vibration of thiol peak (S—-H) at 2565 cm™, stretching
vibration of ene peak (C=C) at 1645 cm-1, and C—H vibration of vinyl group at 925 cm™ were
monitored, (zoom of the spectra are reported in Figure 4). Both thiol and ene peaks showed a complete
disappearance after 2 min of irradiation, indicating the fully conversion upon irradiation. This
confirms the stochiometric reaction, typical of the thiol-ene step-growth mechanism.



Instead, the network formation for the formulation IDA + LA was followed by the ene peaks at 1645
cm™ (C=C), and 925 cm™ (C—H). The Figure 3 shows the spectra before and after irradiation with an
enlargement in Figure 4. The thiol bond peak cannot be considered since the structure of the reagent
(LA) had disulfide groups and no free thiols. However, considering the typical step-growth
mechanism for thiol-ene reaction, it is enough to follow the disappearance of the ene peaks to evaluate
the thiol-ene conversion.
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Scheme 1. A schematic illustration showing the thiol-ene photopolymerization of IDA and LA in the
presence of Darocure 1173, (Entry 2, Table 1).
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Figure 3. ATR-FTIR spectra for the tested resins: (a) spectra before- (light blue) and after
irradiation (blue) for the partially biobased resin; (b) spectra before- (light green) and after
irradiation (dark green) for the fully biobased resin.
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Figure 4. Zoom of the characteristic peaks taken into account to confirm the curing: (a) partial
biobased formulation; thiol peak at 2565 cm™; (b) partial biobased formulation; ene peaks
centered at 1645 cm, and 925 cm™; (c) fully biobased resin, C=C peak centered at 1645 cm™,
and C—H peak at 925 cm™™,

Tack-free films were achieved after irradiation and gel content was determined after 24 h of
immersion in chloroform. The fully biobased formulation reached 88 % of gel content, while the
partially biobased 95 %, (data collected in Table 2). Despite the slower kinetic the fully biobased
formulation reached high value of gel content demonstrating the achievement of a fully crosslinked
network. The gel content of the partial biobased formulation was in accordance with the previous
study [49]. The lower gel content percentage of the fully biobased formulation could be explained
take into account the slower kinetics with respect to the use of the tri-thiol monomer and therefore,
the possibility that some disulfide group did not react properly. This is confirmed by the uncomplete
disappearance of the ene peaks after irradiation.

Thermal analysis was performed on crosslinked network by DSC. The Tg of the two crosslinked
materials were comparable, the fully biobased coating had a Tg of —14 °C while the partially biobased
—12 °C. These results were comparable with the previous reported in literature [48]. The new fully
biobased resin showed similar thermal behavior to the formulation containing the commercial thiol.
Thus, LA can be considered as a bio-derived alternative to the commercially available thiol, achieving
similar properties for the crosslinked coating.



The thermal decomposition behavior of the two different crosslinked films was evaluated by TGA.
The curves are reported in Figure 6. The fully biobased coating degraded at lower temperature with
respect IDA + TRIS one. The temperature of maximum weight loss degradation was around 320 °C
for IDA + LA, instead for the partially biobased was at 370 °C demonstrating higher thermal stability.
The onset temperature, Ts, evaluated as the start of the degradation (5% wight loss temperature) were
in_accordance with the Tmax. In fact, the fully biobased had lower Ts than partially biobased
formulation. IDA + LA had Ts of 235 °C while Ts for IDA + TRIS was around 345°C. The difference
of the degradation could be explained considering the different chemical structure of the two
employed_thiols: bifunctional biobased lipoic acid and trifunctional commercial trimethylolpropane
tris(3-mercaptopropionate). [49].
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Figure 5: DSC curves; fully biobased formulation (green curve) and partial biobased resin (blu
curve).

Table 2: result of the analyses performed on the coatings.

Tg! o Contact angle Pencil Adhesion
FORMULATION (°C) Y% gel ©) Hardness (%)
IDA + TRIS -12+1 952 85%2 8H 84%
IDA + LA —-14+1 88+1 88+3 5H 92 %

1 Tg evaluated as mid-point of the curves by means of DSC analysis.



100 4 —— DA+ TRIS
IDA + LA
80
s
= 60
2
QD
=
40 4
20
0 T T T T T T T T T T T T
100 200 300 400 500 600 700

Temperature (°C)

Figure 6: TGA curves; fully biobased formulation (green curve) and partial biobased resin (blu

curve).

The coating properties of the fully biobased formulation were comparable and some even better with
respect to the partial biobased IDA-TRIS. The adhesion on glass substrate reached 92 % for IDA +
LA while IDA + TRIS achieved 85 %. The acidic nature of the lipoic acid can influence the adhesion
on the glass substrate making stronger interaction with the surface. The pencil hardness of the two
coatings reached 5 H for the fully biobased and 8 H for the partially biobased. The contact angle with
water was comparable for both compositions attesting around 85 ° for IDA + TRIS and 88° for IDA
+ LA,
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4. CONCLUSION



In this work it was demonstrated the possibility to achieve a new fully biobased network exploiting
the the-lipoic acid iseserbide-and isosorbide diallyl-aeid-as thiol-ene monomers. The network was
created by exposing to UV light the formulation involving the thiol-ene click chemistry. The
photorheology measurement allowed to investigate the kinetic of network formation. The ATR-FTIR
analysis, confirmed the photo curing by the disappearance of the allylic double bond peaks. The Tg
of the fully UV-biobased UV-cured coating was comparable with the Tg for the partially bio-based
crosslinked formulation containing TRIS and IDA as thiol-ene monomer. These results showed a
possible approach to substitute the thiol monomer with a bio-based one achieving the possibility to
obtain a fully bio-based thiol-ene UV-curable formulation. The coating properties, such as adhesion,
hardness and contact angle, were in the trend with the TRIS + IDA UV-cured formulation. In
conclusion, we report a new green alternative to develop a resin designed for coating applications.
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