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A B S T R A C T   

The use of bio-based building blocks for the synthesis of polymers is increasing day by day. Among the bio-based 
building blocks, eugenol is a highly promising monomer for the preparation of thermoset materials. In this study, 
we combined thiol-ene photopolymerization (TEP) and thermal azide-alkyne cycloaddition click reactions to 
prepare eugenol-based thermally stable, P-, N-, and Si-containing networks. To this end, we synthesized a P- 
containing, eugenol-based monomer bearing azide group and a siloxane compound containing an alkyne group. 
By mixing these monomers with multifunctional thiols and by utilizing a dual-curing strategy, we managed to 
obtain optically transparent and thermally stable coatings with excellent adhesion to glass substrates. Thermal 
stability, optical transmittance, pendulum hardness, solvent resistance, and the adhesion performance of the 
coatings were evaluated. The gel contents of the thermoset materials were found to be over 95%. At 600 ◦C, the 
char yields of the dual-cured coatings were found to be over 30%. Coatings were also found to be resistant to 
acidic and basic conditions as well as solvents.   

1. Introduction 

Photopolymerization, which has numerous applications ranging 
from 3D printers to coatings, is a radical-induced process and can be 
simply described as the transfer of suitable monomers/oligomers 
(acrylate, methacrylate, vinyl compounds, etc.) into polymers within 
seconds with the aid of light and in the presence of compounds known as 
photoinitiators (PI) [1–8]. Upon light illumination that matches the 
absorption wavelength range of the PI dissolved within the monomers, 
the PI absorbs photons and decomposes to give radical species that 
initiate the free-radical polymerization. Some PIs also generate H+

cations, which effectively polymerize vinyl, epoxy, or oxetane com
pounds. Photopolymerization is often regarded as an environmentally 
friendly method for its low energy consumption, high curing speed, 
solvent-free nature, and low to zero VOC (volatile organic compound) 
emissions [8,9]. 

However, photopolymerization suffers from a few drawbacks. 
Among them, the oxygen inhibition effect is the most important one; it 
causes tacky surfaces and leads to low monomer conversion values. 
Many techniques such as curing under nitrogen atmosphere, using high 
photoinitiator loadings, wax addition, increasing light intensity, etc., 

have been suggested to overcome the oxygen inhibition effect in pho
topolymerization [10,11]. Nonetheless, an alternative, superior photo
polymerization method, namely thiol-ene photopolymerization (TEP) 
has hit the scene in the last decade. TEP not only overcomes the oxygen 
inhibition effect but also brings unique features such as 
photoinitiatorless-curing, higher percentages of monomer conversion, 
low shrinkage, homogeneous network formation, etc. [12–14]. Besides, 
TEP enables the polymerization of allylic monomers which tend to form 
dimers or oligomers and do not undergo homopolymerization via free 
radicals [15]. In the TEP method, multifunctional thiols and allylic 
compounds (acrylates, methacrylates, maleimides, etc., can also be 
used) are used, thiyl radicals are generated upon irradiation and are 
added to the allyl double bonds in an anti-Markovnikov fashion and the 
polymer chains form by stepwise addition reactions, leading to thioether 
bonds. Therefore, TEP is known to proceed via a radical-induced step- 
growth mechanism [16–18]. 

TEP offers an excellent solution to prepare tack-free coatings. The 
versatility of the commercially available thiols and double bond- 
containing monomers used in TEP allows the design of coatings and 
polymers with tunable thermal, optical, and mechanical properties. 
Nevertheless, most of the suitable double bond-containing monomers 
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are toxic and depend on petroleum sources. Moreover, even though the 
thermal and mechanical properties can be tailored, often TEP leads to 
relatively low mechanical properties and low glass transition tempera
tures (Tg) due to the presence of flexible thioether bonds [19]. TEP- 
based networks are also flammable due to the nature of the common 
monomers used in TEP, which are composed of C, H, O, and S elements. 

To overcome the above-mentioned problems of TEP-based thermoset 
coatings, various approaches have been suggested in the literature. For 
instance; in line with the goals of the “Green Chemistry” concept, the use 
of bio-based building blocks instead of fossil-based monomers has 
become an intriguing area of research [20,21]. Methods such as the 
preparation of nanocomposite or hybrid materials and the use of rigid 
monomers are frequently applied to improve the mechanical properties 
of TEP-based networks [22]. In addition, flame retardant reactive 
monomers containing B/P/N/Si are often used to impart flammability 
resistance. [15,19,22–25]. However, it is challenging to combine two or 
more of these elements in a single molecule containing reactive func
tional groups, yet it is an effective approach to achieve flame retardant 
monomers with good flame resistance, combining and revealing the 
synergistic effect of these elements. 

Eugenol, which is usually obtained from clove, cinnamon, and basil, 
is a unique bio-based compound among many other bio-based building 
blocks, comprising allyl and phenol functional groups [26–28]. The 
inherent presence of an allyl group in eugenol eliminates the need for 
derivatization with toxic allylating agents such as allyl bromide which is 
generally utilized for the introduction of allyl groups to other bio-based 
building blocks such as pyrogallol, isosorbide, etc. [29,30]. 

Here, we prepared a P-containing, eugenol-based monomer having 
azide groups (PEECH-N3) and an alkyne-functional siloxane compound 
(PAS) and reacted these two compounds via copper-catalyzed azide- 
alkyne cycloaddition (CuAAC) click reactions to prepare a novel reac
tive, flame-retardant monomer comprising P, N, and Si elements. 
Nevertheless, the yield of this newly prepared monomer was found to be 
low. Therefore, we utilized a dual-curing strategy to prepare eugenol- 
based coatings. We first conducted the thiol-ene photopolymerization 
and reacted PEECH-N3 and PAS with multifunctional thiols, and then 
heated the coatings to thermally activate the click reactions between the 
propargyl and azide-functional groups. Previously, thiol-ene/yne 
photochemical functionalization/ photopolymerization and azide- 
alkyne click reactions were used together to prepare linear polymers 
[31–33], hyperbranched polymers [34], dendrimers [35], gels [36] and 
functional micro/nanoparticles [37,38], etc. There are examples in the 
literature where coatings were prepared via TEP by using a monomer 
which was synthesized by using an azide-alkyne click reaction [19,23]. 
Previously, the thiol-Michael addition reaction was combined with 
photo-induced CuAAC to prepare thermoset materials with wrinkled 
surfaces [39]. However, to our best knowledge, TEP and azide-alkyne 
click polymerization techniques were not previously combined in a 
dual-curing fashion to prepare coatings. The originality of this work not 
only stems from the newly synthesized monomers but also from this 
dual-curing strategy. 

2. Experimental 

2.1. Materials 

Ethanol (EtOH), sodium azide (NaN3), dichloromethane (CH2Cl2), 
anhydrous sodium sulfate (Na2SO4), phenylphosphonic dichloride, 
chloroform (CHCl3), triethyl amine (Et3N), hexane, propargyl alcohol, 3- 
isocyanatopropyltriethoxy silane (ICTES), N,N-dimethylformamide 
(DMF), N,N,N′,N′ ′,N′ ′-pentamethyldiethylenetriamine (PMDETA), cop
per(I) bromide (CuBr), neutral alumina, trimethylolpropane tris(3- 
mercaptopropionate) (3SH), pentaerythritol tetrakis(3- 
mercaptopropionate) (4SH), phenylbis(2,4,6-trimethylbenzoyl) 
phosphine oxide (BAPO), hydroxy-2-methylpropiophenone (Darocur 
1173), dibutyltin dilaurate (DBTDL) methyl ethyl ketone (MEK), and 

acetone were purchased from Sigma Aldrich. All solvents were of HPLC 
or ACS grade. Magnesium sulfate anhydrous and 4 Å molecular sieves 
were used as drying agents. Purifications via column chromatography 
were performed with silica gel 60 (Merck, 0.040–0.063 mm) which has 
230–400 mesh ASTM and Celite®. Analytical thin layer chromatography 
(TLC) was performed on Merck labeled silica gel (60 HF254, 90%<55 
μm) plates (0.25 mm) precoated with a fluorescent indicator. Visuali
zation was affected with 254 nm ultraviolet light and iodine on silica. 

2.2. Characterization methods 

Proton nuclear magnetic resonance (1H NMR) measurements were 
recorded in CDCl3 using an Agilent VNMRS (500 MHz) instrument. 
Chemical data for protons are reported in parts per million (ppm, scale) 
downfield from tetramethylsilane and are referenced to the residual 
proton in the NMR solvent (CDCl3: δ 7.26). The chemical shifts δ are 
reported in parts per million (ppm) as follows: chemical shift, multi
plicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, 
br = broad), coupling constant J (expressed in Hertz). The carbon nu
clear magnetic resonance (13C NMR) spectra were recorded at Agilent 
VNMRS (125 MHz). FT-IR spectra were recorded on an Agilent Tech
nologies Cary 630 FT-IR instrument over the range of 4000–500 cm− 1. 
Ultra Performance Liquid Chromatography measurements (UPLC-QTof) 
were performed by using Waters (Acquity H Class Plus) UPLC instru
ment equipped with Vion IMS QTof. Thermogravimetric analyses (TGA) 
of the photocured films were performed by using a PerkinElmer ther
mogravimetric analyzer (Pyris 1 TGA model). Samples were run from 30 
to 600 ◦C with a heating rate of 10 ◦C/min under a nitrogen atmosphere. 
Differential scanning calorimetry (DSC) was performed on PerkinElmer 
Diamond DSC from 30 to 180 ◦C with a heating rate of 10 ◦C min− 1. Gel 
contents were determined by immersing the pre-weighted samples in 
acetone for 24 h. The insoluble gel fraction was dried in a vacuum oven 
at 40 ◦C to constant weight and the gel percentage was calculated. The 
wettability characteristics of the coatings were performed on a Kruss 
(Easy Drop DSA-2) tensiometer. The contact angles (h) were measured 
using the sessile drop test method in which drops were created using a 
syringe. Measurements were made using 3–5 µl of distilled water. For 
each sample, at least five measurements were made, and the average 
value is reported. The gloss (ASTM D-523–80), pencil hardness (ASTM 
D-3363), cross-cut (DIN 53151), and MEK rub tests (ASTM D-5402) were 
conducted according to the indicated standard test methods. Water ab
sorption percentages of the coatings were calculated by measuring the 
weight gain of the test specimens after being immersed in water for 24 h. 
Theoretical limiting oxygen index (LOI) calculations were conducted by 
using the char residue percentages obtained at 600 ◦C and according to 
the following equation [40]: 

LOI = 17.5+ 0.4x%residueat600◦C (1)  

2.3. Synthesis of EECH-N3 

The synthesis of EECH-N3 was carried out according to the literature 
[41]. First, Eugenol glycidylether (EECH, Scheme 1a) was prepared 
according to the literature [42,43]. EECH (1 eq., 4 g, 18.16 mmol) was 
dissolved in EtOH (80 mL) in a 250 mL round-bottom flask. Then, NaN3 
(3 eq., 3.54 g, 54.48 mmol) was dissolved in 90 mL water and added to 
the EECH solution via a dropping funnel, and the reaction mixture was 
stirred overnight at room temperature. The mixture was taken to a 
separatory funnel and extracted three times with CH2Cl2. All organic 
phases were collected, dried with Na2SO4, and the solvent was evapo
rated under reduced pressure to give the product as a viscous yellow 
liquid (yield: 4.06 g, 96%). The synthesis of EECH-N3 is shown in 
Scheme 1b. 

1H NMR (500 MHz, CDCl3, δ): 6.87 (d, 1H, Ar), 6.73 (d, J = 7.6 Hz, 
2H, Ar), 5.95 (m, 1H, C = CH), 5.07 (m, 2H, C = CH2), 4.15 (m, 1H, 
OCH2), 4.07 (m, 1H. OCH2), 4.01 (m, 1H, CHO), 3.85 (s, 3H, OCH3), 
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3.48 (m, 2H, CH2N3), 3.33 (d, J = 6.7 Hz, 3H, ArCH2 and OH). 
13C NMR (125 MHz, CDCl3, δ): 149.76, 146.16, 137.44, 134.54, 

120.84, 115.84, 115.63, 112.48, 76.88, 71.98, 69.30, 55.83, 53.89, 
53.19, 39. 84. 

FT-IR (cm− 1): 3446, 3075, 2931, 2097, 1638,1589,1507,1459, 1418, 
1258, 1226, 1138, 1028. 

2.4. Synthesis of PEECH-N3 

Into a 50 mL of two-necked round-bottom flask, phenylphosphonic 
dichloride (1 eq., 0.34 g, 1.73 mmol) was dissolved in 20 mL of CHCl3 
and the solution was cooled to 0 ◦C using an ice bath. Then, the mixture 
of EECH-N3 (2.2 eq., 1.00 g, 3.80 mmol) and Et3N (2.5 eq., 0.6 mL, 4.32 
mmol) in 5 mL of CHCl3 was added to the solution dropwise under ni
trogen. After the addition was completed, the mixture was allowed to 
stir at 0 ◦C for 30 min and overnight at room temperature. The solution 
was washed with water, dried with Na2SO4, and the solvent was evap
orated under reduced pressure. Finally, the crude product was dissolved 
in a little amount of CHCl3 and precipitated into hexane to give the 
product as a yellow viscous liquid (yield = 0.71 g, 63.4%). The synthesis 
of PEECH-N3 is shown in Scheme 1c. 

1H NMR (500 MHz, CDCl3, δ): 7.79 (m, 2H, Ar), 7.43 (m, 3H, Ar), 
6.80 (d, J = 8.1 Hz, 2H, Ar), 6.69 (m, 4H, Ar), 5.91 (m, 2H, C = CH), 5.03 
(m, 4H, C = CH2), 4.13 (m, 3H, OCH2), 3.98 (dd, J = 5.5, 1.4 Hz, 3H, 
OCH2 and OCH), 3.79 (s, 6H, OCH3), 3.45 (dd, J = 14.4, 5.3 Hz, 4H, 
CH2N3), 3.30 (d, J = 6.7 Hz, 4H, ArCH2). 

13C NMR (125 MHz, CDCl3, δ): 149.63, 146.26, 137.49, 134.11, 
132.51, 131.76, 128.46, 128.00, 120.74, 115.75, 115.09, 112.45, 77.29, 
71.47, 69.15, 55.78, 53.39, 39.81. 

FT-IR (cm− 1): 3362, 3058, 2935, 2495, 2096, 1638, 1589, 1507, 
1440, 1418, 1395, 1259, 1228, 1131, 1030, 941, 915. 

ESI-MS, m/z C32H37N6O7P calculated: 648.25; Found: 649.25426 [M 
+ H]+. 

2.5. Synthesis of propargyl alkyl silane (PAS) 

The synthesis was performed according to the literature [44]. Into a 
50 mL of two-necked round bottom flask, propargyl alcohol (1.2 eq., 
1.26 mL, 21.83 mmol) and Et3N (1 eq., 2.56 mL, 18.19 mmol) were 
dissolved in 10 mL of CHCl3, and the mixture was cooled to 0 ◦C in an ice 

bath. The solution of ICTES (1 eq., 4.55 mL, 18.19 mmol) in 5 mL of 
CHCl3 was added to this mixture dropwise under nitrogen. After the 
addition was completed, the mixture was allowed to stir at 0 ◦C for 30 
min and overnight at room temperature. The solution was washed with 
water, dried with Na2SO4, and the solvent was evaporated under 
reduced pressure. The product was obtained as an orange oil (yield =
4.52 g, 81.9 %). The structure of PAS can be seen in Scheme 2. 

1H NMR (500 MHz, CDCl3, δ): 5.22 (bs, 1H, NH), 4.60 (d, J = 2.5 Hz, 
2H, OCH2), 3.75 (q, J = 7.0 Hz, 6H, SiOCH2), 3.13 (m, 2H, CH2N), 2.43 
(t, J = 2.5 Hz, 1H, C≡CH), 1.57 (m, 2H), 1.17 (t, J = 7.0 Hz, 9H, CH3), 
0.57 (m, 2H, SiCH2). 

13C NMR (125 MHz, CDCl3, δ): 155.45, 78.39, 74.38, 58.36, 52.15, 
43.44, 23.10, 18.18, 7.52. 

FT-IR (cm− 1): 3308, 2972, 2910, 2885, 2126, 1707, 1526, 1442, 
1390, 1250, 1099, 1071, 952. 

2.6. Synthesis of STBEPP via azide-alkyne click reaction 

Into a 250 mL round-bottom flask, PEECH-N3 (1 eq., 1.80 g, 2.77 
mmol) dissolved in dry DMF (10 mL). Next, PAS (2.10 eq., 1.77 g, 5.83 
mmol), PMDETA (0.40 eq., 192.37 mg, 1.11 mmol), and CuBr (0.40 eq., 
159.23 mg, 1.11 mmol) were added to this solution, respectively. After 3 
freeze–pumpthaw cycles, the mixture was left to stir at room tempera
ture for 24 h. The reaction mixture was filtered through a neutral 
alumina column using CH2Cl2 as an eluent. Then, all collected organic 
phases were extracted three times with water, dried with Na2SO4, 
filtered, and evaporated to dryness. The pure product was obtained by 
precipitating the crude product into hexane (yield: 0.7 g, 20 %). The 
synthesis of STBEPP is depicted in Scheme 2. 

1H NMR (500 MHz, CDCl3, δ): 7.81–7.30 (m, 5H, Ar), 7.20–6.71 (m, 
8H, Ar), 5.92 (m, 2H, C = CH), 5.18 – 4.37 (m, 18H), 3.97 (m, 19H, 
OCH3 and SiOCH2), 3.35 (d, J = 6.7 Hz, 4H, ArCH2), 3.18 (q, J = 6.7 Hz, 
4H, CH2N), 1.60 (p, J = 7.2 Hz, 4H,), 1.20 (t, J = 7 Hz, 18H, CH3), 0.61 
(t, J = 8.3 Hz, 4H, SiCH2). 

13C NMR (125 MHz, CDCl3, δ): 162.54, 156.20, 155.47, 149.77, 
146.51, 145.96, 143.40, 137.51, 137.35, 134.72, 133.98, 132.38, 
131.77, 131.69, 129.06, 128.51, 128.40, 128.39, 125.23, 120.79, 
115.88, 115.26, 112.45, 77.33, 74.38, 71.73, 71.29, 69.01, 68.78, 
66.87, 62.12, 58.43, 55.78, 53.78, 52.74, 52.22, 43.43, 39.80, 36.45, 
31.40, 23.21, 18.24, 16.31, 15.08, 14.63, 7.57. 

Scheme 1. The synthetic route to EECH (a), EECH-N3 (b), and PEECH-N3 (c).  
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FT-IR (cm− 1): 3317, 2972, 2924, 1716, 1668, 1511, 1440, 1388, 
1231, 1073, 1019, 920. 

ESI-MS, m/z C58H87N8O17PSi2 calculated: 1254.5465; Found: 
1255.5543 [M + H]+. 

2.7. Preparation of thermoset coatings via dual-curing 

Here, STBEPP was not utilized for the preparation of the coatings due 
to its low yield (see discussion). Instead, we prepared two different 
coating formulations (Table 1) and applied a dual-curing system. We 
first mixed PEECH-N3 and PAS with the multifunctional thiol (either 
3SH or 4SH). Then, 1 wt% BAPO and 3 wt% Darocur 1173 were added. 
The mixture was stirred at 60 ◦C for about 15 min until solid BAPO was 
completely dissolved and a homogeneous mixture was obtained. During 
this procedure, the solution was kept away from being exposed to light 
to prevent polymerization. Next, 2 wt% DBTDL and a drop of water were 
added to this mixture and the solution was placed into a vacuum oven to 
remove dissolved oxygen within the mixture (degassing). Finally, the 
solutions were coated on glass substrates. The coatings were cured under 
UV light for about 5 min. Then, the coated glass substrates were trans
ferred to an oven and heated from room temperature to 120 ◦C with a 
heating rate of 10 ◦C/min. This post-thermal curing step was continued 
for 2 h. Similarly, we prepared free films by pouring the liquid mixtures 
into Teflon molds (50x10x1 mm) and cured them as described above. 
The dual-curing approach is depicted in Scheme 3. 

3. Results and discussion 

3.1. Characterization of the monomers 

Here, we aimed to prepare a P-, N-, and Si-containing novel difunc
tional monomer (STBEPP) to be used for thiol-ene photopolymerization 
applications. First, azide and hydroxyl functional EECH-N3 was pre
pared through the ring-opening reaction of EECH. EECH-N3 was syn
thesized in excellent yield (96%) and characterized by FTIR and NMR 
techniques. The 1H NMR of EECH-N3 is presented in Fig. 1. The allylic 
protons of the eugenol moiety resonated between 6.0 and 5.0 ppm while 
the aromatic protons were observed between 7.0 and 6.0 ppm. The 
hydrogens of the methoxy group were detected as a singlet at 3.85 ppm. 
The –OH proton signal (h) and the signals of the protons of the methy
lene unit (c) between the aromatic ring and the double bond overlapped 
at 3.33 ppm. The NMR signals belonging to the epoxide group of EECH 
were transformed after the ring-opening reaction, the formerly present 
NMR signals at 2.86 and 2.71 ppm disappeared after the reaction. The 
other protons were also found to be in good accordance with the 
structure of the target compound as marked in Fig. 1. Moreover, the 
structure of EECH-N3 was confirmed via 13C NMR (Figure S1). 

The FTIR spectrum of EECH-N3 is given in Figure S2. The broad band 
at around 3446 cm− 1 in the FTIR spectrum of EECH-N3 was attributed to 
the –OH stretching vibrations and the band at 3075 cm− 1 was due to the 
aromatic -C–H vibrations. Also, the allylic double bond vibration band 
was detected at 1638 cm− 1 and the characteristic azide (-N = N = N-) 
stretching band was also observed at around 2100 cm− 1. Besides, it is 
seen from this spectrum that the bands related to the oxirane ring of 
EECH at 840 and 760 cm− 1 were absent, indicating that the epoxide 
rings were reacted [42]. 

Next, we reacted EECH-N3 with phenylphosphonic dichloride in 
CHCl3 to obtain PEECH-N3. Previously, eugenol was directly reacted 
with phosphorus oxychloride to give a similar phosphorous compound; 
trieugenylphosphate [45]. The 1H NMR and 13C NMR spectra of PEECH- 
N3 are given in Fig. 2 and Figure S3, respectively. The 1H NMR spectrum 
of PEECH-N3 displays that all the peaks associated with the structure of 
EECH-N3 were preserved except for the –OH proton (h) signal at around 
3.33 ppm. Before the reaction, the integral ratio of the double bond to 
the signal at 3.33 ppm (c + h protons) was (3.01/2.94) ~ 1. In the 1H 
NMR spectrum of PEECH-N3, this ratio was found as (6.06/4.15) ~ 1.5, 

Scheme 2. The synthetic route to STBEPP.  

Table 1 
Composition of the coatings.a   

PEECH-N3 PAS 3SHb 4SHb Gel content (%)c 

TD3SH 4 mmol 8 mmol 3.2 mmol – 96 (58) 
TD4SH 4 mmol 8 mmol – 2.4 mmol 95 (56)  

a 1 wt% BAPO, 3 wt% Darocur 1173, 2 wt% DBTDL, and a drop of water were 
added to each formulation. 

b Thiols were taken 1.2 M excess of the molar amount of the allyl 
functionality. 

c The numbers in parenthesis display the gel content values before thermal 
treatment. 
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as expected. Additionally, new signals at around 8.0–7.0 ppm were 
observed in the 1H NMR spectrum of PEECH-N3 belonging to the aro
matic protons arising from the phenylphosphonic group. The 13C NMR 
spectrum of PEECH-N3 (Figure S3) was also recorded and found to 
further confirm its structure. 

The FTIR spectrum of PEECH-N3 was presented in Figure S4 and 
found to be different than the FTIR spectrum of EECH-N3. The broad 
band associated with the –OH bond vibration was disappeared in the 
FTIR spectrum of PEECH-N3. Besides new bands appeared at 1131 cm− 1 

and 1030 cm− 1 which were attributed to the –P = O and –P-O-C 
stretching vibrations, respectively. 

The propargyl alkyl silane (PAS) was synthesized by using slightly 
excess propargyl alcohol and ICTES and characterized by 1H NMR, 13C 
NMR, and FTIR techniques. In the H NMR of PAS (Fig. 3), the CH3– 
protons were detected as a triplet at 1.17 ppm while the -CH2OSi- pro
tons were found to resonate at 3.75 ppm. The methylene protons 
attached directly to the Si atom (-CH2Si) were observed at 0.57 ppm. The 
1H NMR signal for the proton of the alkyne unit (≡CH) was detected as a 
singlet peak at 2.43 ppm. Other protons were observed between 5.0 and 
2.0 ppm, accordingly. Finally, the –NH proton in the urethane linkage 

was found to resonate at 5.22 ppm. The structure of PAS was further 
confirmed via 13C NMR (Figure S5). Additionally, the FTIR spectrum of 
PAS was recorded and presented in Figure S6. The band at 3308 cm− 1 in 
the FTIR spectrum of PAS was attributed to the –NH stretchings and the 
alkyne ≡C-H vibrations while the band at 1707 cm− 1 was due to char
acteristic urethane carbonyl vibrations. Finally, the absence of the –NCO 
stretching vibration band at around 2270 cm− 1 in the FTIR spectrum of 
PAS further confirmed and proved that the reaction was carried out 
successfully. 

Subsequently, we tried to synthesize a P-, N-, and Si-containing 
eugenol-based reactive monomer (STBEPP) by reacting PEECH-N3 and 
PAS using the well-known CuAAC click reaction. Regardless of our 
several trials optimizing the reaction conditions for the maximum yield, 
the yield of STBEPP was found to be as low as 20%. We attributed this 
situation to the hydrolysis of the PAS during the click reaction leading to 
several side products and decreasing the yield of the target compound. 
We must also note that PAS alone is not very stable and should be stored 
under nitrogen gas (or under vacuum) in a refrigerator. Nevertheless, we 
characterized STBEPP via NMR, FTIR, and mass spectroscopy tech
niques. The 1H NMR of STBEEP is given in Fig. 4. The signals between 

Scheme 3. The illustration of the dual-curing approach. For clarity, only the functional groups are depicted. In the first stage, thiol groups react with the allyl and 
alkyne functionalities. The remaining alkyne units then react with the azide groups upon thermal treatment. Finally, crosslinked hybrid coatings are obtained. 

Fig. 1. The 1H NMR of EECH-N3 in CDCl3 (500 MHz).  
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8.0 and 6.5 ppm were attributed to the aromatic protons as well as to the 
protons of the newly formed triazole rings. The absence of the NMR 
signal belonging to the alkyne (≡CH) groups at 2.43 ppm is a direct 
evidence showing that the click reaction was successful. The 13C NMR of 
STBEPP is given in Figure S7. The 13C NMR of STBEPP confirms its 
structure. The FTIR spectrum of STBEPP (Figure S8) does not display 
alkyne or azide bands at around 2100–2300 cm− 1 which proves that the 
click reaction was successful. The mass of STBEPP was also verified by 
mass spectrometry which showed that the m/z ratio of STBEPP is 
1255.5543 [M + H]+ (theoretical mass 1254.5465) indicating high 

purity. The mass spectra of PEECH-N3 and STBEPP are given in 
Figures S9 and S10. 

3.2. Physical appearance of the coatings 

Due to the low yield of STBEPP, we preferred not to use it in our 
coating formulations but we found an elegant way to in-situ synthesize 
STBEPP by combining TEP and thermal azide-alkyne click reaction. For 
this purpose, first, we mixed PEECH-N3, PAS, a multifunctional thiol 
compound (3SH or 4SH), and photoinitiators and cured this mixture 

Fig. 2. The 1H NMR of PEECH-N3 in CDCl3 (500 MHz).  

Fig. 3. The 1H NMR of PAS in CDCl3 (500 MHz).  
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under UV light, and then in the next stage, the azide-alkyne click reac
tion was triggered via heating. Generally, a 1:1 ratio of ene/yne to thiol 
ratio is preferred in thiol-ene/yne photopolymerization systems. For 
instance, in our case, the total amount of the required thiol functional 
groups is 24 mmol (8 mmol of 3SH) for 8 mmol of allyl groups coming 
from 4 mmol of PEECH-N3 plus 16 mmol of reactive groups coming from 
8 mmol of PAS. We hypothesized that the reactivity of alkenes would be 
higher in TEP with respect to the alkyne groups. Thus, here, we used less 
amount of the thiol component that is needed to react with the double 
and triple bonds in order to have unreacted triple bonds after the first 
stage of curing. Thereby, we presumed that unreacted alkyne groups 
would be present within the partially polymerized mixture after the first 
curing step and these unreacted triple bonds would react with the azide 
groups in the second stage. Nevertheless, we took a slightly excess 
amount of the thiol compound that is required to convert all the allylic 
double bonds of PEECH-N3 to make sure a relatively crosslinked poly
mer matrix is achieved after the first stage. 

During the first stage, both alkene and alkyne groups react photo
chemically with the thiol compound under UV light. However, as noted 
above we anticipated that the double bonds would react faster than the 
triple bonds, (leading unreacted PAS). Theoretical calculations of the 
reactivity of alkenes and alkynes in thiol-x photochemical reactions (x 
stands for -ene or -yne) were previously determined [46,47]. Depending 
on the type of the ene/yne, both species react with thiyl radicals. One 
interesting feature of alkynes is that they react in two steps; where the 
second step is three times faster than the first step [48]. In the first step, 
vinyl sulfide monomer forms which then rapidly reacts with another 
thiyl radical. To our best knowledge, the reactivity of these two species 
in a mixture or in a single molecule such as 1-pentene-4-yne was not 
evaluated. On the other hand, it was reported that alkynes are less 
reactive in radical reactions [49,50]. Compared to alkynes, the addition 
of a methyl radical to an alkene was found to be faster despite the greater 
exothermicity of the alkynes. The reason for this peculiar behavior of 
alkynes was attributed to their larger singlet–triplet band gap, leading to 
a high reaction energy barrier. Additionally, it was previously shown 
that most of the acetylene groups remain unreacted when propargyl 
acrylate which bears both alkyne and acrylic double bond, is subjected 

to free radical polymerization [51,52]. Although all these previous 
studies support our view that alkenes and alkynes used in TEP are se
lective and most of the propargyl groups remained unreacted in the first 
step of our curing schedule, the reactivity of alkene and alkynes towards 
thiyl radicals needs to be further explored. Nevertheless, even if all the 
triple bonds were reacted in the first stage, alkene double bonds are also 
known to react with the azide groups via heating [53–55]. Thus, via 
either two routes (azide–alkyne or azide-alkene) fully crosslinked sys
tems could be prepared with the applied dual-curing method. 

After UV curing, both the free films and the coatings had mushy 
appearances with soft, tacky surfaces that could be attributed to the low 
degree of conversion and unreacted alkyne, allyl, and azide units. The 
tackiness of the coatings can also be attributed to the low reactivity of 
the allyl group in eugenol, which leads to incomplete thiol-ene reactions 
due to the stabilization of radicals via resonance [56–57]. After storing 
the free films at room temperature for about two weeks, the films 
became tack-free and relatively tough (Fig. 5a, i). These free films were 
yellow in color and many pores formed during storage. The porosity 
formation and the hardening were attributed to the formation of 
siloxane-based crosslinked structures via the hydrolysis and condensa
tion reactions of the PAS within the polymer network. 

On the other hand, thermally treated free films were brown in color 
which was ascribed to the formation of triazole rings (Fig. 5a, ii). Again, 
porous, foam-like free films were obtained, yet the thermally cured-free 
films were highly rigid and brittle when tried to be bent as opposed to 
the room-temperature stored-free films which could be bent without 
breaking (Fig. 5b). This finding shows that the thermal curing catalyzed 
both the azide-alkyne click reactions and the siloxane network forma
tion. Notably, 3–4% weight loss occurred after the thermal curing pro
cedure which might be attributed to the loss of ethanol as a result of the 
hydrolysis and condensation reactions between the alkoxysilane groups. 

The coatings applied on glass surfaces were colorless or yellow 
depending on the thickness of the coatings (Fig. 5c-g). Due to the large 
surface area and the relatively lower thickness of the coatings (<100 
µm), the porous structures were not formed. Colorless to yellow-colored 
film formation can be seen in the examples given in the literature where 
eugenol-based thiol-ene photocured coatings were prepared [56,58]. 

Fig. 4. The 1H NMR of STBEPP in CDCl3 (500 MHz).  
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3.3. Structural characterization of the coatings 

The structural characterization of the prepared coatings was made by 
FTIR spectroscopy. Fig. 6a displays the FTIR spectra of the liquid pre
cursor mixtures before curing. As can be seen from Fig. 6a both TD3SH 
and TD4SH have similar spectra. The main bands to note in these spectra 
are the characteristic sharp azide stretching vibration band at 2100 
cm− 1, the carbonyl bands at around 1720 cm− 1, and the allyl band at 
1638 cm− 1. After the first curing step (UV irradiation), the allyl bands at 
1638 cm− 1 almost disappeared (Fig. 6b). As evident from the FTIR 
spectra of the fully cured coatings (Fig. 6c), the azide units had reacted 
with the remaining alkyne groups. After the thermal azide-alkyne click 
reactions the azide stretching vibration bands at 2100 cm− 1 almost 
completely disappeared. These results show that the coatings were 
successfully prepared by combining TEP and azide-alkyne click re
actions. We calculated the azide conversion percentage from the initial 
(Fig. 6a) and the final (Fig. 6c) absorbance values of the azide stretching 
vibration bands. The azide conversion percentages were found as 93.5% 
and 90.5% for TD3SH and TD4SH, respectively. It was previously re
ported that the azide groups do not completely react with the alkynes in 
copper-free thermal azide-alkyne click reactions [59,60]. Nevertheless, 
it can be said that these conversion percentages are high. The relatively 
lower azide conversion in the case of TD4SH can be attributed to its 
higher initial crosslink density. 

We further evaluated the efficiency of our strategy to prepare 
eugenol-based coatings by measuring the extent of curing by calculating 
the gel-content values. We measured the gel-content values of the free 
films after both stages of curing (Table 1). Before the thermal treatment, 

the gel contents of the coatings were found to be 58%±3 and 56%±4 for 
TD3SH and TD4SH, respectively. After the thermal curing, the gel 
contents of the coatings increased to 96%±1 and 95%±2, for TD3SH and 
TD4SH, respectively. This finding clearly demonstrates that the azide- 
alkyne click reactions as well as siloxane hydrolysis and condensation 
reactions took place. 

3.4. Light transmittance of the coatings 

As can be seen from the images of the coatings given in Fig. 5, both 
TDSH3 and TDSH4 coatings were transparent. We evaluated the trans
parency of the coatings by measuring the light transmission percentage 
in the visible region. Fig. 7 displays the light transmission percentages of 
the coatings with respect to the wavelength. While TD3SH encoded 
coating exhibited almost 100% light transmittance between 800 and 
500 nm, TD4SH displayed a gradually decreasing light transmittance in 
the same range. Nevertheless, even at 500 nm the light transmittance for 
TD4SH was ~ 90%. This slight difference between TD3SH and TD4SH 
can be attributed to the relatively more homogeneous network forma
tion in the case of TD3SH. It is expected to have a much more flexible 
network with a lower degree of crosslinking when 3SH is used compared 
to the use of 4SH. Thus, the relatively flexible nature of TD3SH with 
respect to the TD4SH (owing to the lower crosslinking density) allowed a 
much more uniform siloxane network formation during the thermal 
curing process. Therefore, the more homogeneous TD3SH coatings 
resulted in much more transparent coatings. 

3.5. Thermal properties of the coatings 

The thermal stability of the coatings was investigated by TGA under 
nitrogen atmosphere. The TGA thermograms of the coatings are given in 
Fig. 8 and the TGA results are listed in Table 2. Both coating formula
tions displayed similar thermal degradation profiles under nitrogen at
mosphere. All coatings were found to be thermally stable up to 200 ◦C, 
after this temperature all coatings gradually started to decompose. 
While TD3SH displayed a slightly lower 5% weight loss temperature 
(T5%), 10% weight loss temperature (T10%), and maximum weight loss 
temperature (Tmax) than TD4SH, both coatings displayed similar char 
yields. T5% and T10% weight losses correspond to the unreacted mono
mers, ethanol, and water, which might form at higher temperatures due 
to further condensation of the unreacted silanol and alkoxy silane 
groups, and photoinitiator residues. The Tmax values were found to be 
around 340 ◦C. The high Tmax temperatures as well as the obtained high 
char yields (~35%) indicate that the coatings are thermally stable. 
When a diallyl compound derived from eugenol was cured with 3SH, the 
char yield of the resulting network at 600 ◦C was reported to be 7.1% 
[58]. Liu et al. prepared flame retardant networks by using a hexa- 
eugenol-substituted phosphazene monomer (HEP) [61]. This monomer 
was cured with different thiols via TEP and the properties of the 
resulting thermosets were evaluated. The results revealed that under 
nitrogen atmosphere, the char yields at 600 ◦C for 3SH and 4SH cured 
networks were below 35%. It can be said that the synergistic effect of the 
P, N, and Si atoms, the formation of the triazole rings, and the siloxane 
network led to highly thermally stable coatings in this study when 
compared to the literature. 

The LOI values of the coatings were calculated according to Eq. (1). 
All formulations displayed LOI values above 30% (Table 2), indicating a 
high degree of flame retardancy. This result stems from the synergistic 
effect of P, N, and Si atoms. Generally, P-based flame retardants generate 
phosphoric acid-like species which lead to the early degradation of the 
polymer matrix and as a result a carbonaceous char forms. When 
nitrogen-based compounds are also present, they generate volatile spe
cies like ammonia which in turn causes the carbonaceous char to swell 
and form a foam-like dense char. This foam-like char impedes the 
transfer of heat and oxygen to layers below and as a result, the flame 
subsides. Besides, the formed species like ammonia dilute the oxygen 

Fig. 5. The digital images of the free films of TD3SH (a and b), the glass sub
strates coated with TD3SH formulation (d and e), and the glass substrates 
coated with TD4SH formulation (f and g). The image on (c) displays a thick 
coating of TD3SH formulation. The photocured and room temperature aged 
sample (i) can be bent (b) while dual-cured films were highly rigid and cannot 
be bent without breaking. 
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concentration in the gas phase, thereby aiding flame retardancy. Some 
of the phosphorous compounds also act in the gas phase and generate 
radicals that entrap oxygen radicals. The presence of glassy siloxane 
networks stabilizes the carbonaceous char and synergistically enhances 
flame retardancy. 

We also detected the glass transition temperatures (Tgs) of the pre
pared thermosets via DSC measurements (Table 1). The Tg values were 
obtained from the second heating curves. Generally, the Tgs of thiol-ene 
photocured systems are low due to the flexible nature of the thioether 
bonds. Here, owing to the highly crosslinked structure and the presence 
of the rigid triazole units as well as the siloxane network, higher Tgs can 
be anticipated and to our expectation, the Tgs of the TD3SH and TD4SH 
were found as high as 76 ◦C and 94 ◦C, respectively. The increased Tg 
when 4SH was used, was attributed to the increased crosslinking 
density. 

3.6. Surface wettability properties 

The hydrophilic-hydrophobic character of the coatings was investi
gated by measuring the water contact angles. The results are plotted in 
Fig. 9 along with images that were taken from the Kruss software. The 
water contact angle of TD3SH was found to be 72 ± 3◦ while it was 
determined as 84 ± 2◦ for TD4SH. These results show that the coatings 
are hydrophilic. The presence of the polar phosphate groups hydrolyzed 
but uncondensed silanol groups and polar triazole units led to the 
observed hydrophilicity. The slightly increased water contact angle of 
the TD4SH was attributed to the contribution of the relatively hydro
phobic 4SH compound and also to the increased crosslinking density. 
Similarly, Xue et al. attributed the increased contact angles of the 
thermoset resins to the increased crosslinking density, obtained by 
reacting 3SH or 4SH compounds with various allyl-terminated pre
cursors derived from eugenol [62]. 

3.7. Coating performance tests 

The physical properties of the dual-cured coatings are presented in 
Table 3. One of the most crucial properties of coatings that need to be 
examined is the extent of adhesion of the coating. The adhesion quality 
of the coatings applied onto glass substrates was tested via the crosscut 
test. According to this test, adhesion is classified from 0 (good adhesion) 
to 5 (poor adhesion). In this work, both the TD3SH and TD4SH coatings 
displayed excellent adhesion to the glass substrates and the level of 
adhesion was classified as 0 (Table 3). This good adhesion can be 
attributed to the presence of the siloxane and silanol groups which can 
covalently bond with the glass surface. Moreover, triazole groups can 
form H-bonding with the –OH groups on the surface of the glass sub
strate. Additionally, the polar phosphate units are also known to 
enhance adhesion. Dai et al., synthesized methacrylate-functionalized 
eugenol derivatives that bear polar –OH groups, mixed them with an 
acrylated vegetable oil and prepared UV-cured coatings [63]. The 
adhesion of their coatings increased with an increasing amount of the 

Fig. 6. FTIR spectra of TD3SH and TD4SH: a) liquid precursors, b) after UV curing, and c) after thermal curing.  

Fig. 7. Visible light transmittance of the coating formulations.  
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eugenol derivatives and they stated that polar groups contribute posi
tively to adhesion, leading to relatively improved adhesive forces. 

Surface hardness of the dual-cured coatings was determined via 
pencil and pendulum hardness tests. The pencil hardness of the TD3SH 
and TD4SH coatings were found as 3H and 4H, respectively (Table 3). 
The increased pencil hardness of the TD4SH encoded coatings was 
attributed to the increased crosslinking degree due to the use of the four- 
functional thiol compound. The coatings prepared by Dai et al. displayed 
up to 2H pencil hardness values [63]. This shows that the 

Fig. 8. TGA thermograms and the corresponding derivative weight curves of the coatings.  

Table 2 
TGA results of the coatings.   

T5% T10% Tmax Char yield Theoretical LOI Tg 

(◦C) 

TD3SH 208 262 342 35  31.0 76 
TD4SH 220 265 345 34  30.6 94  

Fig. 9. WCA values of the coatings.  
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inorganic–organic hybrid nature of our coatings improved the hardness 
values. Pendulum hardness test measures the damping capacity of the 
pendulum’s oscillation by the coating. Softer coatings lead to shorter 
damping times while hard coatings result in higher oscillation times 
[64]. Again, the TD4SH was found to have a higher pendulum hardness 
than TD3SH due to its high degree of crosslinking (Table 3). 

Gloss is the quantity of how shiny a surface is [65,66]. As shown in 
Table 3, the gloss of coatings, at 20◦ was measured to be 137 and 100 
and at 60◦ as 138 and 117, for TD3SH and TD4SH, respectively. 

The solvent resistance of coatings was evaluated by the MEK rubbing 
test. After 250 rubs, the appearance of the surface of the coatings did not 
alter. There was not a significant change observed in the coatings. Be
sides, the gloss values were found to be similar to the values measured 
before the MEK rubbing test. Furthermore, the chemical resistance of the 
coatings was investigated by dripping various reagents on the coated 
glass substrates (10% NaOH, 10% HCl, 10% H2SO4, and xylene) for 24 h. 
All coatings were found to be resistant to all the reagents used, no 
staining was observed on the surface of the coatings, and the general 
appearance of the samples was fine. 

Finally, the water absorption percentages of the coatings were 
determined. Due to its relatively more crosslinked network, the water 
absorption percentage of the TD4SH was found to be less than TD3SH. 
Thus, it can be concluded that the swelling of the coatings was improved 
by increasing the functionality of the thiol component. Modjinou et al., 
prepared thiol-ene photocured coatings by using allyl-eugenol; a di- 
functional eugenol derivative [67]. They determined the water uptake 
percentage of the coating and found it to be 0.34%. The contact angle of 
the coating was 83◦ which was comparable to our coatings, yet, the 
water uptake values of our coatings were very high. Note that the 
method for the water uptake measurement in the study by Modjnou 
et al., is different than this work. Nevertheless, the high water uptake in 
our case might be attributed to the presence of the polar and hydrophilic 
groups in the structure of the synthesized materials. 

4. Conclusions 

In this work, we synthesized a novel, eugenol-based monomer con
taining P, N, and Si atoms. Even though we fully characterized this 
monomer, its low yield led us to an elegant pathway that involved the 
application of a dual curing system. The dual-curing strategy utilized in 
this work combined two modern chemical techniques; TEP and azide- 
alkyne click reactions. 

While the thinner coatings (<100 µm) were found to be colorless and 
highly transparent to visible light, thicker coatings were yellowish 
(>200 µm). The coatings displayed high thermal stability, as evidenced 
by the char yields at 600 ◦C, and displayed good resistance to solvents, 
acidic and basic reactants. The prepared materials herein can be used for 
the preparation of the floor, furniture, wood, textile, glass, leather 
coatings, etc. Especially, the developed dual-cured thermoset can be 
suitable to coat wood furniture with the benefit of improved thermal 
stability. 

We believe that this work demonstrates an example of an innovative, 
thermally stable coating preparation that promises modern chemical 
pathways within the framework of green chemistry. We also believe that 
more work will be carried out in the future combining bio-based 
building blocks with modern click chemistry protocols to prepare 
smart and functional materials. 
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