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Abstract: Waterborne polyurethane (WPU) coatings have gained significant attention in the
industry due to their low environmental impact and excellent properties. Furthermore, the
UV-curing system reduces energy costs and enhances curing efficiency. Hence, exploring
the UV-curable WPU system is essential for advancing the next generation of coatings. In
this study, a 2K WPU system was developed by functionalizing isocyanate-terminated
polyurethane with thiol and vinyl groups. The coating was cured under UV light through a
thiol-ene click reaction, and the effects of photoinitiator content on the coating performance
were investigated. The feasibility of sunlight curing for this WPU coating was also assessed.
The results showed that while photoinitiator content had a slight impact on UV-cured
WPU coatings, it significantly affected sunlight-cured WPU. Also, with the appropriate
photoinitiator content, sunlight-cured WPU could achieve comparable performance to
UV-curable ones.

Keywords: polyurethane; coating; UV curing; waterborne

1. Introduction

Polyurethanes (PUs) are widely used in various industries, including footwear, au-
tomotive, furniture, and coatings, because of their excellent properties [1-5]. The global
market size for PU was valued at USD 75 billion and is expected to continue growing [6].
PU is generally synthesized through the step-growth polymerization of polyisocyanates
and polyols. In this process, the isocyanate groups typically contribute to the hard segments
of PU, while polyols contribute to the soft segment. As a result, PU exhibits a combination
of mechanical resistance and flexibility, which together determine its final properties [7,8].

Due to environmental concerns and stricter regulations regarding volatile organic
compounds (VOCs) in coatings, the VOC content in PU coatings needs to be reduced.
Waterborne polyurethane (WPU) has become a promising substitute for solvent-borne PU
in industry because of its low levels of VOC emissions and isocyanate residues. WPU is
generally achieved by incorporating hydrophilic groups into polymers, such as carboxyl
groups, sulfonates, and tertiary amines; the compounds contain hydrophilic groups acting
as internal emulsifiers. Depending on the type of internal emulsifier used, WPU can be
classified as cationic, anionic, or nonionic [9,10]. Among these, anionic WPU is the most
widely used in the coating industry. However, while the incorporation of hydrophilic
groups enhances the stability of WPU particles in water, it can negatively impact coating
properties, such as chemical resistance and durability; as a result, WPU generally does
not have comparable properties to solvent-borne PU, which is the major challenge to be
addressed [11,12].
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Crosslinking can address the previously mentioned issues by incorporating epoxy
groups and further reacting with amines to achieve high crosslinking or by obtaining
isocyanate-terminated PU oligomers that can then react with polyol chain extenders [13,14].
However, these WPUs usually require a long curing time and elevated temperature to
complete crosslinking, which increases both time and energy consumption, thus hindering
practical application. UV-cured coatings present efficient, energy-saving, and economical
alternatives [15]. Commonly, UV curing is achieved through the reaction of methacrylate
groups or thiol-ene click reaction. Thiol-ene click crosslinking offers several advantages
including high reaction rate, high yield, high selectivity, low shrinkage, no byproducts,
and insensitivity to oxygen and water [16,17]. Li et al. prepared a thiol-ene UV-curable
WPU by introducing disulfide groups into the PU and then functionalizing the end chains
with vinyl or thiol groups. The resulting product showed improved corrosion resistance.
Yang et al. developed a UV-curable coating by mixing the thiol- and ene-terminated WPU
dispersions, which demonstrated excellent physical properties [18,19]. However, no studies
have investigated the curing of these coatings under sunlight, despite sunlight being a
cost-free UV light source and a reliable curing option for outdoor applications.

In this study, a two-component (2K) thiol-ene UV-curable WPU coating system was
developed. Thiol- and ene-terminated WPU dispersions were synthesized as the two
components. Upon mixing, the samples under the UV light or sunlight cured through a
thiol-ene click reaction, resulting in tack-free films. BAPO was selected as the photoinitiator
due to its broad absorption range and high absorbance at 405 nm, which matches the
wavelength of the UV curing box. The chemical structure of the WPU was confirmed by
using Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance
spectroscopy (NMR). The morphology of the films, influenced by varying photoinitiator
contents, was studied by scanning electron microscope (SEM), while thermal behavior was
characterized by differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). The mechanical and general coating properties of UV- and sunlight-cured WPU
films were then compared.

2. Experimental Part
2.1. Materials

Isophorone diisocyanate (IPDI, 98%, 222.28 g mol~!), polycaprolactone diol (PCL,
average Mn ~2000 g mol '), dimethylolpropionic acid (DMPA, 134.13 g mol '), trimethy-
lolpropane diallyl ether (TMPAE, 90%, 214.3 g mol~!), pentaerythritol tetrakis (3-
mercaptopropionate (PETMP, >95%, 488.66 g mol_l), triethylamine (TEA, >99.5%,
101.19 ¢ mol_l), dibutyltin dilaurate (DBTDL, 95%), phenylbis (2,4,6-trimethylbenzoyl)
phosphine oxide, (BAPO, 97%), tetrahydrofuran (THF, >99.0%), and methyl ethyl ke-
tone (MEK, >9%) were purchased from Sigma-Aldrich (Burlington, MA, USA). MEK was
dried by 3A molecule sieves (Fisher Scientific, Waltham, MA, USA) before use. The other
materials were used as received without further purification.

2.2. Synthesis of Thiol-Functionalized Waterborne Polyurethane (Thiol-WPU)

As shown in Figure 1, 35.57 g IPDI (0.16 mol), 80.00 g PCL (0.04 mol), 8.05 g DMPA
(0.06 mol), and 0.21 g DBTDL (0.15 wt.%) were first dissolved in MEK. The temperature
was then increased to 65 °C and the reaction proceeded for approximately 4 h, with the
isocyanate group content monitored according to ASTM D2572. Afterward, 43.98 g PETMP
(0.09 mol) was added to the mixture and reacted at room temperature for 6 h. Next, 6.07 g
TEA (0.06 mol) was added to neutralize the product and stirred for 0.5 h. The product was
then dissolved in water by a mechanical stirrer with a speed of 700 rpm for 1 h, after which
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the MEK was evaporated using a rotary evaporator. The solid content of the Thiol-WPU
dispersion was 35 wt.%.
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Figure 1. Synthesis of Thiol-WPU dispersion.

2.3. Synthesis of Ene-Functionalized Waterborne Polyurethane (Ene-WPU)

Similarly to the Thiol-WPU preparation, 35.57 g IPDI (0.16 mol), 80.00 g PCL
(0.04 mol), 8.05 g DMPA (0.06 mol), and 0.19 g DBTDL (0.15 wt.%) were first dissolved in
MEK and reacted at 65 °C for 4 h. Then, 25.72 g TMPAE (0.12 mol) was added and
reacted for 70 h at room temperature, followed by the neutralization of 6.07 g TEA
(0.06 mol), dispersion in water, and solvent removal (Figure 2). The solid content of
Ene-WPU was 35 wt.%.
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Figure 2. Synthesis of Ene-WPU dispersion.



J. Compos. Sci. 2025, 9, 217

40f11

2.4. Coating Preparation

Firstly, the Thiol-WPU and Ene-WPU were mixed in a molar ratio of 1:1 for the C=C
to S=H. Then, 1 wt.%, 3 wt.%, and 5 wt.% BAPO as the photoinitiator was added to the
mixture, respectively. The QD-36 standard test steel panels (Q-Lab Corporation, Westlake,
OH, USA, W x L x H:3in x 5in x 0.2 in) were cleaned with acetone, and the coating was
applied to the panels with a 150 um wet thickness using a drawdown bar. The coatings
were left in a dark environment for 12 h to allow the water to evaporate and then cured
either in the UV box (405 nm, 220 W/m?2, Geeetech, Shenzhen, China) for 5 min or under
sunlight for 30 min. Under UV or sunlight exposure, the thiol and ene groups in the WPU
underwent a reaction facilitated by the BAPO, resulting in the cured films. The crosslinked
structures are illustrated in Figure 3. After curing, all coatings were left in an ambient
environment for 7 days before testing. The dry film thickness of the cured coatings was
around 40 um, as measured by an Elcometer digital thickness gauge. The different samples
were named based on the content of the photoinitiator, as WPU-1, WPU-3 and WPU-5.
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Figure 3. A schematic illustration of the thiol-ene reaction of Thiol-WPU and Ene-WPU.

2.5. Characterization

FTIR spectra were obtained by a Nicolet iS10 FTIR spectrometer (Fisher Scientific,
Waltham, MA, USA) at room temperature with an attenuated total reflection mode of
64 scans and a resolution of 4 cm~!. The 'H NMR spectra were obtained by a Varian
INOVA 300 spectrometer (Agilent, Santa Clara, CA, USA) using DMSO as the solvent. The
solid-state 13C NMR spectra of cured and uncured films were obtained by a Varian VnmrS
500 spectrometer (Agilent, Santa Clara, CA, USA). All NMR measurements were conducted
at23 °C.

The molecular weight of WPU prepolymers was obtained by gel permeation chro-
matography (GPC; Tosoh HLC-8320GPC, Tosoh, Tokyo, Japan). Polystyrene was used as
the standard, and the sample concentration was 5 mg/mL in THF.

The viscosity of WPU dispersions was measured using a rheometer (TA Instruments
ARES-G2, New Castle, DE, USA) with a 25 mm cone-and-plate geometry. The measurement
was carried out at room temperature, using a shear rate ranging from 1 to 100 s~ 1.

The thermal stability of WPU coatings was characterized by thermogravimetric analy-
sis (TGA; TA Instruments Q500, New Castle, DE, USA), where 10 mg samples were heated
to 600 °C at a steady rate of 10 °C min~! under a nitrogen atmosphere (10 mL min~!) and
maintained at 600 °C for 10 min.

The glass transition temperature (Tg) of WPU coating films was determined by dif-
ferential scanning calorimetry (DSC; TA Instruments Q200, New Castle, DE, USA) under
a nitrogen atmosphere (40 mL min~!) and at a rate of 10 °C min~!. The weight of the
samples was around 5 mg. The temperature range was —70 °C to 80 °C.
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The coating morphology images were captured by scanning electron microscope (SEM,
FEI Quanta FEG 450, Hillsboro, OR, USA) at 5 kV.

Tensile testing was performed by an Instron 5567 testing machine (Instron Corp,
Norwood, MA, USA) according to ASTM D882. Tests were conducted at room temperature,
with a crosshead speed of 5 mm min~!. Self-standing films were peeled from the substrates
and cut to approximately 30 mm in length and 10 mm in width. Average results were
obtained from five duplicable samples for each coating.

General coating properties that were investigated and the standards that were used
included pendulum hardness (ASTM D4366), pencil hardness (ASTM D3363), solvent
resistance (ASTM D4752), and reverse impact resistance (ISO 6272-2).

3. Results and Discussion
3.1. Analysis of Ene-WPU, Thiol-WPU, and Cured WPU Film

The molecular weights of Ene-WPU and Thiol-WPU were characterized using GPC,
and the results are presented in Table 1. The viscosity as a function of shear rate is shown in

Figure 4. As the shear rate increased, the viscosity decreased, demonstrating shear-thinning
behavior for both Ene-WPU and Thiol-WPU.

Table 1. The molecular weight of WPU prepolymers.

Sample M, (g/mol) M,, (g/mol) PDI
Ene-WPU 7075 9635 1.36
Thiol-WPU 10,543 20,840 1.98
100
—m— Ene-WPU
- Thiol-WPU
10 4
@
© |}
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Figure 4. Viscosity of Ene-WPU and Thiol-WPU as the function of the shear rate.

The FTIR spectra of Ene-WPU and Thiol-WPU are shown in Figure 5. In the spectrum
of Ene-WPU, the peaks at 1732 cm ! and 934 cm ! are attributed to the C=0 stretching of
the urethane group and the bending of the alkene, respectively [20]. For Thiol-WPU, the
peaks at 1733 cm ™! and 2568 cm ! represent the thiol and urethane groups. Additionally,
no peak related to isocyanate groups was observed in both FTIR spectra, confirming that
all isocyanate groups had fully reacted.
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Figure 5. FTIR spectra of (a) Ene-WPU and (b) Thiol-WPU.

The 'H NMR was used to further confirm the structures of the WPU prepolymers.
As shown in Figure 6a, the peaks at 6.8-7.0 ppm correspond to the formation of urethane
groups, while the peaks at 5.8 and 5.3 ppm are associated with the alkene groups. In
Figure 6b, the peaks at 6.9-7.1 ppm are attributed to the urethane groups, and the peak at
2.4 ppm is linked to the thiol group while the peak at 8.1 ppm represents the formation of
the thiourethane group [14,21-23]. For both spectra, the peaks at 0.8 ppm are attributed to
-CHj3 from DMPA. Peaks at 0.8 ppm, 1.2 ppm, and 2.7-3 ppm are assigned to signals from
IPDI. Additional peaks around 1.2-1.6 ppm, 2.5 ppm, 3.0 ppm, and 4.0 ppm correspond
to -CH; originating from PCL, DMPA, PETMP, and TMPAE [24,25]. Overall, the FTIR and
NMR results confirm the successful synthesis of Thiol- and Ene- WPUs.

(@) !
o
\/\o“zﬂokumeio/\«/\oiN NYO\MNMNEJ\O/%\O/\/Z
o o COOH H/>Q/5 o H 1
3 o
»

‘ )

4
7
2 5
NI ALY
A N A7 — AL ——J\, - ~F —
o o 70 ] 0 et e oo 50 o Lo o 00
b
o S S S :
HS Q §7 Nwman, N_O_ ..
\_(0 o>\‘°ﬁ N Omﬁ u/g%\g N s\_[z) ‘E\\fw
04 2 °><°
o
Hsﬂo ohsn 4 Hsf‘go CZ/KSH
4
7

RN, DR o

5.0 1.5 1.0
Chemical shift (ppm)

35 3.0 2.5 2.0 L5 Lo 05 0.0

Figure 6. TH NMR spectra of (a) Ene-WPU and (b) Thiol-WPU.
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The touch-free films could be obtained under UV exposure for 5 min. To fur-
ther confirm the curing of the WPU film, solid-state NMR was utilized to characterize
the WPU film before and after curing. As shown in Figure 7, the peaks at 117.0 and
136.2 ppm correspond to the alkene groups in the uncured WPU spectrum. In contrast,
these characteristic peaks nearly disappeared in the cured WPU film, confirming the suc-
cessful reaction of Thiol- and Ene-WPUs [26,27].

Uncured WPU
Cured WPU

-CH,=CH,
I

1 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1
200 180 160 140 120 100 80 60 40 20 0
Chemical shift (ppm)

Figure 7. Solid-state '*C NMR of WPU films before and after UV curing.

3.2. Thermal Behavior of WPU Coatings

Figure 8a presents the TGA curves of the WPU coatings. All samples show simi-
lar curves with two distinct stages. The first stage involves a gradual weight decrease
occurring before 260 °C, attributed to the evaporation of moisture and the decomposi-
tion of small molecules within the samples. At this stage, the weight loss is around 5%,
with a corresponding temperature (T5) of 256, 241, and 227 °C for WPU-1, WPU-3, and
WPU-5, respectively. The decrease in Ts with increasing BAPO content may result from
the decomposition of small molecules. A similar trend has been observed in other study
with varying BAPO contents [28]. In the second stage, the weight percentage declines
sharply, ending after 500 °C, which is attributed to the decomposition of the polymers. The
increase in photoinitiator content leads to lower Ts and higher residual mass, due to the
decomposition of incompletely cured structures caused by excessive BAPO hindering light
penetration [29].
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Figure 8. (a) TGA and (b) DSC curves of WPU coatings after UV curing.

The Tg of the WPU coatings was determined from the DSC curves, as shown in
Figure 8b. Within the measured temperature range, no characteristic signals were observed,
indicating that all functional groups had fully reacted. Additionally, all three samples
exhibited a similar Ty between —32 °C and —33 °C, suggesting that the coatings were
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homogeneous and that the variations in BAPO content did not significantly affect the T of
the WPU coatings.

3.3. Surface Morphology of WPU Coatings

The surface morphology of the WPU coatings was evaluated by SEM. All coatings
had spherical structures on their surfaces as shown in Figure 9. For WPU-1, the boundaries
of the spherical structures were the most pronounced, resulting in the highest roughness
of the surface. The formation of spherical structures is attributed to the heterogeneous
drying process of the waterborne coating. The rapid drying of the top layer inhibits the
evaporation of water from the inside of the wet film, leading to the formation of spherical
structures [30,31]. As the BAPO content increased, the boundary became unclear, and the
surface became smoother. Furthermore, no significant cracks were observed in any of the

samples, indicating good film surface integrity.

Figure 9. SEM images of (a) WPU-1, (b) WPU-3, and (c) WPU-5.

3.4. Mechanical and General Coatings Properties of WPU Coatings

To verify the feasibility of the WPU coating curing under sunlight, the samples with
different BAPO contents were also prepared and cured under the winter sunlight (Akron,
OH, USA, 1 °C) for 30 min. The mechanical properties of both UV-cured and sunlight-
cured WPU coatings were tested, with results and strain—stress curves presented in Table 2
and Figure 10. In Table 2, the lowest elongation-at-break and tensile strength values are
recorded at 149.94% and 3.06 MPa, respectively, for the UV-cured WPU-3; however, its
Young’'s modulus is the highest at 3.95 MPa. Notably, the differences in tensile properties
among the UV-cured films were minimal, with all samples showing similar values for
elongation-at-break, tensile strength, and Young’s modulus. In contrast, the impact of BAPO
content on the sunlight-cured WPU coatings was more significant. Sunlight-cured WPU-1
exhibited the lowest tensile properties, indicating poor photoinitiation. Sunlight-cured
WPU-5 also showed lower elongation-at-break (119.91%) and tensile strength (1.85 MPa)
compared to the UV-cured films. Conversely, sunlight-cured WPU-3 demonstrated the
highest elongation-at-break (204.38%), tensile strength (8.62 MPa), and Young’'s modulus
(8.34 MPa) among other sunlight-cured samples, with its tensile strength and Young's
modulus even exceeding those of the UV-cured samples. This suggests that 3 wt.% of
BAPO is ideal for the WPU coatings cured under sunlight.

Table 2. Mechanical properties of WPU coatings from the tensile test.

£(%)? o (MPa) P E (MPa) €
WPU-1 (UV) 184.20 + 24.56 4.10 + 0.65 3.46 + 0.41
WPU-3 (UV) 149.94 + 16.49 3.06 + 0.89 3.95 + 0.22
WPU-5 (UV) 195.07 + 38.68 3.80 +1.19 3.43 +0.36
WPU-1 (Sun) 82.56 + 9.95 1.68 + 0.23 402 4+ 0.25
WPU-3 (Sun) 204.38 + 23.52 8.62 + 1.88 8.34 + 3.00
WPU-5 (Sun) 119.91+ 22.07 1.85 £+ 0.71 412 +0.34

2 Elongation-at-break, b tensile strength, ¢ Young’s modulus.
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Figure 10. Strain—stress curves of (a) UV-cured WPU and (b) sunlight-cured WPU.

The general coating properties, including pendulum hardness, pencil hardness, sol-
vent resistance, and impact resistance were tested and are summarized in Table 3. The
WPU without UV or sunlight exposure was also listed as the control group and named
WPU (uncured). These uncured coatings were left in a dark environment for 12 h to allow
the water to evaporate. All cured samples showed comparable pendulum hardness, and
all showed a pencil hardness of H, indicating good scratch resistance for the WPU coat-
ings. Solvent resistance was evaluated using MEK double rubs. Generally, the UV-cured
coatings demonstrated higher solvent resistance than the sunlight-cured WPU, although
the difference was not significant. However, the uncured WPU had 3 s of pendulum
hardness, less than 5B pencil hardness, and 26 MEK double rubs, which were significantly
lower than those of cured films due to lacking crosslinking of uncured film. The result of
the control group further proved the occurrence of cross-linking under UV and sunlight.
Additionally, the impact resistance of all samples exceeded 200 kg-cm. In summary, while
the BAPO content had a slight influence on mechanical properties, it significantly affected
the performance of sunlight-cured coatings. Based on the tensile results, 3 wt.% of BAPO
WPU is optimal for sunlight-cured WPU coatings. This suggests that the sunlight-cured
WPU coatings can be effectively achieved with an appropriate choice of photoinitiator and
its content.

Table 3. General coating properties of WPU coatings.

Pendulum Hardness (s)

Impact Resistance

Pencil Hardness Solvent Resistance

(kg-cm)
WPU (uncured) 3 <5B 26 200 +
WPU-1 (UV) 17 H 42 200 +
WPU-3 (UV) 17 H 48 200 +
WPU-5 (UV) 17 H 45 200 +
WPU-1 (Sun) 17 H 40 200 +
WPU-3 (Sun) 16 H 37 200 +
WPU-5 (Sun) 16 H 41 200 +

4. Conclusions

In this study, Ene-WPU and Thiol-WPU dispersions were prepared by functionalizing
isocyanate-terminated polyurethane derived from IPDI, DMPA, and PCL using thiol- and
ene- agents. The successful synthesis was confirmed through FTIR and NMR analyses.
Tac-free films were obtained via UV and sunlight curing methods through thiol-ene click
reactions. The films exhibited low or no odor; solid-state NMR and results of general
coating properties further validated the crosslinking of the WPU coatings. The completed
films were observed with no visible cracks from SEM images. The thermal stability of
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the WPU coatings decreased with the increase in BAPO content, while the DSC results
indicated that the coatings were homogeneous with comparable Tg. Although the UV-
cured coatings had similar mechanical properties, for sunlight-cured coatings, the WPU
with 3 wt.% BAPO showed the best mechanical properties. All coatings showed similar
hardness and impact resistance, proving that the WPU coatings can be effectively cured
under both UV and sunlight. For sunlight curing, a BAPO content of 3 wt.% proved to be
optimal. This research offers a novel method for acquiring WPU coatings by photoinitiation
through a click reaction and paves the way for enhanced application in WPU coatings.

Author Contributions: Z.L.: investigation, visualization, writing—original draft preparation. H.-W.:
investigation, methodology. Q.Z.: resources, conceptualization, writing—review and editing, super-
vision. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Akron.
Data Availability Statement: Data will also be made available on request.

Acknowledgments: The authors gratefully acknowledge financial support from startup funds for
faculty from The University of Akron. The assistance of Zheng Huang in providing solid-state NMR
tests is appreciated.

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

References

1. Kotanen, S.; Poikelispdd, M.; Efimov, A.; Harjunalanen, T.; Mills, C.; Laaksonen, T.; Sarlin, E. Hydrolytic Stability of
Polyurethane/Polyhydroxyurethane Hybrid Adhesives. Int. |. Adhes. Adhes. 2021, 110, 102950. [CrossRef]

2. Krol, P. Synthesis Methods, Chemical Structures and Phase Structures of Linear Polyurethanes. Properties and Applications of
Linear Polyurethanes in Polyurethane Elastomers, Copolymers and Ionomers. Prog. Mater. Sci. 2007, 52, 915-1015. [CrossRef]

3.  Selvasembian, R.; Gwenzi, W.; Chaukura, N.; Mthembu, S. Recent Advances in the Polyurethane-Based Adsorbents for the
Decontamination of Hazardous Wastewater Pollutants. J. Hazard. Mater. 2021, 417, 125960. [CrossRef]

4. Zhang, L.; Huang, Y.; Dong, H.; Xu, R; Jiang, S. Flame-Retardant Shape Memory Polyurethane/MXene Paper and the Application
for Early Fire Alarm Sensor. Compos. B Eng. 2021, 223, 109149. [CrossRef]

5. Peyrton, ]J.; Avérous, L. Structure-Properties Relationships of Cellular Materials from Biobased Polyurethane Foams. Mater. Sci.
Eng. R Rep. 2021, 145, 100608. [CrossRef]

6. Gama, N.; Godinho, B.; Madureira, P.; Marques, G.; Barros-Timmons, A.; Ferreira, A. Polyurethane Recycling Through Acidolysis:
Current Status and Prospects for the Future. J. Polym. Environ. 2024, 32, 4777-4793. [CrossRef]

7. Paraskar, PM.; Prabhudesai, M.S.; Hatkar, V.M.; Kulkarni, R.D. Vegetable Oil Based Polyurethane Coatings—A Sustainable
Approach: A Review. Prog. Org. Coat. 2021, 156, 106267. [CrossRef]

8.  Bakhshi, H.; Yeganeh, H.; Yari, A.; Nezhad, S.K. Castor Oil-Based Polyurethane Coatings Containing Benzyl Triethanol Ammo-
nium Chloride: Synthesis, Characterization, and Biological Properties. |. Mater. Sci. 2014, 49, 5365-5377. [CrossRef]

9. Ling, Z.; Zhou, Q. Synthesis and Properties of Linseed Oil-Based Waterborne Non-Isocyanate Polyurethane Coating. Green Chem.
2023, 25, 10082-10090. [CrossRef]

10. Zhang, W.; Wang, T.; Zheng, Z.; Quirino, R.L.; Xie, F; Li, Y.; Zhang, C. Plant Oil-Based Non-Isocyanate Waterborne Poly(Hydroxyl
Urethane)s. Chem. Eng. . 2023, 452, 138965. [CrossRef]

11.  Xing, Y,; Li, X.; Xu, J.; Zhang, F. Organosilicon-Modified Double Crosslinked Waterborne Polyurethane Coatings. Prog. Org. Coat.
2024, 190, 108372. [CrossRef]

12.  Zhang, J.; Zhai, R.; Zhang, J.; Li, ].; Hong, C.; Xu, Y.; Zhou, C. Waterborne Polyurethane Based on Dual Crosslinked Structure with
Excellent Mechanical Properties, Water and Corrosion Resistance. Prog. Org. Coat. 2024, 197, 108784. [CrossRef]

13.  Xiong, W.; Chen, B.; Peng, J.; Luo, X,; Pan, X.; Xiao, Z.; Gong, W.; Huang, Z.; Chu, Z.; Zhang, X.; et al. A Dual-Crosslinking
Strategy for Waterborne Polyurethane Coatings to Achieve Outstanding Anti-Smudge and Anti-Corrosion Properties. Chem. Eng.
J. 2024, 490, 151509. [CrossRef]

14. Ling, Z.; Zhang, C.; Zhou, Q. Synthesis and Characterization of 1 K Waterborne Non-Isocyanate Polyurethane Epoxy Hybrid
Coating. Prog. Org. Coat. 2022, 169, 106915. [CrossRef]

15. Decker, C. Kinetic Study and New Applications of UV Radiation Curing. Macromol. Rapid Commun. 2002, 23, 1067-1093.
[CrossRef]

16. Hoyle, C.E.; Bowman, C.N. Thiol-Ene Click Chemistry. Angew. Chem. Int. Ed. 2010, 49, 1540-1573. [CrossRef]


https://doi.org/10.1016/j.ijadhadh.2021.102950
https://doi.org/10.1016/j.pmatsci.2006.11.001
https://doi.org/10.1016/j.jhazmat.2021.125960
https://doi.org/10.1016/j.compositesb.2021.109149
https://doi.org/10.1016/j.mser.2021.100608
https://doi.org/10.1007/s10924-024-03278-6
https://doi.org/10.1016/j.porgcoat.2021.106267
https://doi.org/10.1007/s10853-014-8244-x
https://doi.org/10.1039/D3GC03249C
https://doi.org/10.1016/j.cej.2022.138965
https://doi.org/10.1016/j.porgcoat.2024.108372
https://doi.org/10.1016/j.porgcoat.2024.108784
https://doi.org/10.1016/j.cej.2024.151509
https://doi.org/10.1016/j.porgcoat.2022.106915
https://doi.org/10.1002/marc.200290014
https://doi.org/10.1002/anie.200903924

J. Compos. Sci. 2025, 9, 217 11 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Antosik, A.K.; Mozelewska, K.; Czech, Z.; Piatek-Hnat, M. Influence of Montmorillonite on the Properties of Silicone Pressure-
Sensitive Adhesives: Preparation of a Double-Sided Tape Based on the Best Composition. Silicon 2020, 12, 1887-1893. [CrossRef]
Yang, Z.; Wicks, D.A.; Hoyle, C.E.; Pu, H,; Yuan, J.; Wan, D.; Liu, Y. Newly UV-Curable Polyurethane Coatings Prepared by
Multifunctional Thiol- and Ene-Terminated Polyurethane Aqueous Dispersions Mixtures: Preparation and Characterization.
Polymer 2009, 50, 1717-1722. [CrossRef]

Li, T.; Zhang, Z.P; Rong, M.Z.; Zhang, M.Q. Self-Healable and Thiol-Ene UV-Curable Waterborne Polyurethane for Anticorrosion
Coating. J. Appl. Polym. Sci. 2019, 136, 47700. [CrossRef]

Yuan, H.; Lu, X.; Zeng, Z.; Yang, ].; Chen, Y. Allyl Ether-Modified Unsaturated Polyesters for UV/Air Dual-Curable Coatings. I:
Synthesis and Characterization of the Oligomers and Their Cured Films. J. Appl. Polym. Sci. 2004, 92, 2765-2770. [CrossRef]
Schreck, K.M.; Leung, D.; Bowman, C.N. Hybrid Organic/Inorganic Thiol-Ene-Based Photopolymerized Networks. Macro-
molecules 2011, 44, 7520-7529. [CrossRef] [PubMed]

Nagai, A.; Ochiai, B.; Endo, T. Synthesis and Radical Polymerization of a Novel Macromonomer Obtained by Living Cationic Ring-
Opening Polymerization of an Optically Active Cyclic Thiourethane by a New Initiator Carrying Styryl Group. Macromolecules
2004, 37, 4417-4421. [CrossRef]

Ozukanar, O.; Cakmakgi, E.; Sagdic, G.; Gunay, U.S.; Durmaz, H.; Kumbaraci, V. Eugenol-DOPO: A Bio-Based Phosphorous-
Containing Monomer for Thiol-Ene Photocurable Thermosets. J. Polym. Environ. 2023, 31, 3259-3271. [CrossRef]

Saller, K.M.; Hubner, G.; Schwarzinger, C. Introducing Free Carboxylic Acid Groups along Polyester Chains Using Dimethylol-
propionic Acid as Diol Component. Eur. Polym. ]. 2023, 198, 112442. [CrossRef]

Wu, J.; Wang, C.; Mu, C.; Lin, W. A Waterborne Polyurethane Coating Functionalized by Isobornyl with Enhanced Antibacterial
Adhesion and Hydrophobic Property. Eur. Polym. J. 2018, 108, 498-506. [CrossRef]

Yu, L.; Wang, L.H.; Hu, Z.T.; You, Y.Z.; Wu, D.C.; Hong, C.Y. Sequential Michael Addition Thiol-Ene and Radical-Mediated
Thiol-Ene Reactions in One-Pot Produced Sequence-Ordered Polymers. Polym. Chem. 2015, 6, 1527-1532. [CrossRef]

Aoyagi, S.; Shimasaki, T.; Teramoto, N.; Shibata, M. Bio-Based Polymer Networks by Thiol-Ene Photopolymerization of Allylated
I-Glutamic Acids and 1-Tyrosines. Eur. Polym. ]. 2018, 101, 151-158. [CrossRef]

Lebedevaite, M.; Ostrauskaite, J. Influence of Photoinitiator and Temperature on Photocross-Linking Kinetics of Acrylated
Epoxidized Soybean Oil and Properties of the Resulting Polymers. Ind. Crop. Prod. 2021, 161, 113210. [CrossRef]

Narupai, B.; Wong, J.; Sanchez-Rexach, E.; Smith-Jones, J.; Le, V.C.T.; Sadaba, N.; Sardon, H.; Nelson, A. 3D Printing of Ionic
Liquid Polymer Networks for Stretchable Conductive Sensors. Adv. Mater. Technol. 2023, 8, 2300226. [CrossRef]

Ling, Z.; Zhou, Q. Effects of NIR-Reflective Pigments on Waterborne Polyurethane Coatings and Their Thermal Insulation
Performance. Prog. Org. Coat. 2024, 196, 108678. [CrossRef]

Yong, Q.; Pang, H.; Liao, B.; Mo, W.; Huang, F; Huang, H.; Zhao, Y. Preparation and Characterization of Low Gloss Aqueous
Coating via Forming Self-Roughed Surface Based on Waterborne Polyurethane Acrylate Hybrid Emulsion. Prog. Org. Coat. 2018,
115, 18-26. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12633-019-00295-2
https://doi.org/10.1016/j.polymer.2008.12.018
https://doi.org/10.1002/app.47700
https://doi.org/10.1002/app.20273
https://doi.org/10.1021/ma201695x
https://www.ncbi.nlm.nih.gov/pubmed/21984847
https://doi.org/10.1021/ma040009b
https://doi.org/10.1007/s10924-023-02813-1
https://doi.org/10.1016/j.eurpolymj.2023.112442
https://doi.org/10.1016/j.eurpolymj.2018.09.034
https://doi.org/10.1039/C4PY01363H
https://doi.org/10.1016/j.eurpolymj.2018.02.027
https://doi.org/10.1016/j.indcrop.2020.113210
https://doi.org/10.1002/admt.202300226
https://doi.org/10.1016/j.porgcoat.2024.108678
https://doi.org/10.1016/j.porgcoat.2017.10.024

	Introduction 
	Experimental Part 
	Materials 
	Synthesis of Thiol-Functionalized Waterborne Polyurethane (Thiol-WPU) 
	Synthesis of Ene-Functionalized Waterborne Polyurethane (Ene-WPU) 
	Coating Preparation 
	Characterization 

	Results and Discussion 
	Analysis of Ene-WPU, Thiol-WPU, and Cured WPU Film 
	Thermal Behavior of WPU Coatings 
	Surface Morphology of WPU Coatings 
	Mechanical and General Coatings Properties of WPU Coatings 

	Conclusions 
	References

