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Abstract: The polyurethane prepolymer terminated with a double bond was synthesized using
isophorone diisocyanate (IPDI), hydroxyl terminated polybutadiene (HTPB), 1,4-butanediol (BDO),
and 2-hydroxyethyl acrylate (HEA). Then, a series of innovative UV-curable polyurethane
coatings were prepared by blending ene-terminated polyurethane, fluoroacrylate monomer, and
multifunctional thiol crosslinker upon UV exposure. The incorporation of fluoroacrylate monomer
and multifunctional thiols into polyurethane coatings significantly enhanced the hydrophobic
property, mechanical property, pencil hardness, and glossiness of the polyurethane coatings. This
method of preparing UV crosslinkable, hydrophobic polyurethane coatings based on thiol-ene
chemistry exhibited numerous advantages over other UV photocuring systems.
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1. Introduction

Polyurethane (PU) is one of the most versatile polymers. By changing the type and functionality
of the polyol and isocyanate precursors, the properties of PU can be easily tailored, ranging from
rigid solid to flexible elastomer [1–3]. Fluorinated polyurethane coatings not only maintain most
of the outstanding mechanical properties of polyurethane, but also offer the basic advantages of
improved solvent and chemical resistance, low surface energy, and low coefficient of friction by
introducing a fluorine chain segment into the molecular chains of polyurethane. They thus have wide
applications in the area of coatings, such as leather decoration, textiles, and medicine [4–12]. During the
last few decades, much attention has been focused on introducing fluorinated polyether polyols into
polyurethane to prepare fluorinated polyurethane. Liu et al. [13] synthesized fluorinated polyurethanes
using novel fluorinated polyether diols and poly (butyl acrylate) as common soft segments, aiming at
enlarging the molecular weight and improving the mechanical properties. However, the low reaction
activity of the fluorinated polyol leads to the low molecular weight and poor mechanical property of
the resulting products, which may restrict the wide applications of fluorinated polyurethane (FPU).
Moreover, compared to other polyols, the fewer species and quantities of the fluorinated polyol further
limited their use as modifying monomers for fluorinated polyurethane [14–17].

Ultraviolet (UV)-curing technology has gained increasing interests due to its high curing speed,
environment safety, cost efficiency, low energy consumption, low temperature, and enhanced
performance [18–27]. UV-curable polyurethane (PU) films have been extensively studied because
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of their structure versatility, environmental friendliness, and terrific mechanical properties [28–30].
The method of urethane-fluoroacrylate UV photopolymerization is another way to obtain fluorinated
polyurethane. Çakmakçı et al. [31] prepared fluorine-containing photocurable hybrid coatings with
thiol-ene click reaction and a sol-gel technique. 3-mercaptopropyltrimethoxysilane (MPTMS) was
used as a coupling agent, and perfluorooctyltriethoxysilane (PFOTES) was used to introduce fluorine.
The addition of fluorine and silica improved the mechanical property, flame retardancy, hydrophobicity,
and oleophobicity of the coatings. A similar study was also conducted by Mackey et al. [32]. They
prepared a series of organosilicate hydrolyzable monomers combined with trimethylolpropane tris
(3-mercaptopropionate) (tri-thiol) in a thiol-ene “click” polymerization reaction to produce clear, colorless
thiol-ene networks using radiation and thermal-cure techniques. Reinelt et al. synthesized oligomers
based on innovative thiol derivative 4a for the production of low-odor and low-shrinkage thiol-ene
dental composites, which showed good mechanical properties and reduced shrinkage stress [33].

In this work, the polyurethane prepolymer resins terminated with a double bond were synthesized.
Then, a series of UV-curable polyurethane coatings were prepared. To improve the hydrophobicity of
the coatings, (N-ethylperfluorooctylsulfonamido) methyl acrylate (EFCSA) was introduced by way
of photo-initiated polymerization. Differing from the conventional method of preparing fluorinated
polyurethane films, pentaerythritol tetra (3-mercaptopropionate) (PETMP) was further added to
accelerate the polymerization rate and improve the reaction depth of the UV-curable polyurethane
coatings based on a thiol-ene click reaction. The mechanical property, hydrophobicity, gel yield, pencil
hardness, glossiness, and water absorption of the coatings were tailored by varying the contents of
EFCSA and PETMP. The significance of this study lies in introducing a thiol-ene click crosslinking
system for the fabrication of polyurethane coatings, which resulted in the advantages of high curing
speed, low energy consumption, and improved yellowing resistance. This method could be easily
achieved in the industrial application of UV-curable films.

2. Experimental

2.1. Materials

Hydroxyl terminated polybutadiene (HTPB, Mn = 3500–4500 g/mol) was received from Zibo
Qilong Chemical Industry Co., Ltd, Zibo, China. Isophorone diisocyanate (IPDI), 1,4-butanediol (BDO),
2-hydroxyethyl acrylate (HEA), dibutyltin dilaurate (DBTDL), and 1-hydroxycyclohexyl acetophenone
(Irgacure 184) were received from Wuxi Meihong Chemical Company, Wuxi, China. Pentaerythritol
tetra (3-mercaptopropionate) (PETMP) was purchased from Aladdin Industry Corporation, Shanghai,
China. (N-ethylperfluorooctylsulfonamido) methyl acrylate (EFCSA) was supplied by Beijing Zhongxi
Science Technology Co., Ltd, Beijing, China. The structure of PETMP and EFCSA were illustrated
in Scheme 1.
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Ethylacetate, toluene and chloroform were purchased from Sinopharm Chemical Reagent,
Shanghai, China. All the solvents were purified with calcium hydride at room temperature before
use. HTPB and BDO were dried in a vacuum oven at 60 ◦C overnight to remove residual water before
reaction. The other chemicals were used as received without further purification.

2.2. Synthesis of HEA-Terminated Polyurethane Resins

The HEA-terminated polyurethane resin (abbreviated as HTPU) was synthesized by a three-step
polymerization. The overall preparation procedure is illustrated in Scheme 2. The stoichiometry of
IPDI/HTPB/BDO/HEA was 4:2:1:1. In a typical example, HTPB (60 g, 30 mmol –OH) was dissolved
with ethylacetate (20 mL) in a three-necked, round-bottom flask, and IPDI (6.67 g, 60 mmol –NCO) was
added dropwise under magnetic stirring for 5 min, followed by the addition of three drops of DBTDL.
The prepolymerization reaction was allowed to proceed for 2.5 h at 45 ◦C until the value of isocyanate
reached the theoretical value by titration [34]. Afterward, BDO (0.68 g, 15 mmol –OH) dissolved in
ethylacetate (40 mL) was added dropwise, and the reaction continued for another 3 h at 60 ◦C. Finally,
HEA (1.74 g, 15 mmol –OH) was added into the flask, and the reaction mixture was stirred for about
3 h until the absorption peak of the –NCO group in the infrared spectra disappeared. The detailed
information for synthesis of HTPU is summarized in Table 1.

Table 1. The molecular weight, molecular weight distribution and viscosity of HTPU.

Sample Mn (g/mol) Mw (g/mol) PDI Solid Content (%) Viscosity (cp)

HTPU 8.65 × 103 9.34 × 103 1.08 50 5.4 × 103
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2.3. Preparation of Complex Coating Solutions and Coatings

EFCSA (~5 wt %), crosslinker PETMP (~4 wt %), and photoinitiator Irgacure 184 (2 wt %) were
added to the viscous urethane acrylate polyurethane resin at 45 ◦C for 3 h to form a series of UV-curable
fluorinated urethane acrylates mixtures. The preparation procedure is illustrated in Scheme 3 and the
resulted fluorinated urethane acrylates are abbreviated as HFTPU. Table 2 lists the composition of the
UV-curable fluorinated urethane-acrylate. All the samples in this study were stored in the dark at
room temperature before irradiation (curing). The UV-cured fluorinated urethane acrylates coatings
(thickness: 0.3 mm) were prepared by casting the mixture onto a glass plate at room temperature
followed by curing using a medium pressure mercury lamp (38 W/m2). The distance between the lamp
and the sample was 20 cm. The UV-cured coatings were dried in a convection oven for at 50 ◦C for 24 h.

Table 2. Formulation of UV-curing coatings. HTPU (100 g), photoinitiator 184 (2 wt %).

Additives
Formulation

1 2 3 4 5 6 7 8 9

EFCSA (g) 0 1 2 3 5 5 5 5 5
PETMP (g) 0 0 0 0 0 1 2 3 4
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2.4. Characterization

FTIR analysis was performed with an FTLA2000-104 spectrophotometer (Thermofisher
Technology Co., Ltd., Waltham, MA, USA) between 4000 and 500 cm−1 at room temperature. 1H NMR
analysis was carried out with a nuclear magnetic resonance spectrometer (AVANCE III HD 400 MHz,
CDCl3, Bruker, Switzerland). The adhesions of the HTPU and HFTPU coatings were evaluated by
means of a 3M tape test on aluminum sheets. A square of the samples were scratched (1 × 1 mm2)
using a utility knife and, after 2 min, the tape was stripped away rapidly at a certain angle. There
were five levels to differentiate the value of adhesion; 5 and 0 represented total detachment and no
detachment, respectively. Gloss measurements were performed with a Byk-Gardner Multi-Gloss meter
(Altana AG, Wesel, Germany). The static optical contact angle (OCA) on the surface hydrophobicity of
the coatings were analyzed by evaluating the water contact angle (WCA) using a Drop Shape Analysis
System (OCA40, Dataphysics, Beijing Eastern-Dataphy Instruments Co., Ltd., Beijing, China) with
distilled water. Contact angle measurements were performed within 190 s. Water absorption was
evaluated in terms of the difference of the wet mass (W1) and dry mass (W2) of the coating (20 × 20 ×
0.12 mm3), and was calculated using the following equation:

Swelling(%) =
W1 − W2

W2
× 100 (1)
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Yellowing resistance was determined using a UV-Visible spectrophotometer (TU-1901, Beijing
Purkinje General Instrument Co., Ltd., Beijing, China). To investigate the mechanical properties
via uniaxial tensile testing, dumbbell-shaped strips (4 × 10 × 0.5 mm3, n = 5) were cut from the
polymer films and their mechanical properties were studied on an Instron 5967 Dual Column Tabletop
Testing Systems (Instron, Norwood, MA, USA) at room temperature with a tensile rate of 10 mm/min.
The thickness of the samples was measured with a Gauge meter (Shanghai Liuling Instrument,
Shanghai, China). Cyclic tensile testing (five cycles) at deformation (100%) was performed as previously
described [35]. Before the measurement of their mechanical properties, the samples were kept at room
temperature for 24 h to release any stress. The photopolymerization kinetics of the samples was
investigated by real-time infrared spectroscopy (RT-IR) on a Nicolet 6700 instrument (Thermo Fisher
Scientific Co., Ltd.) at room temperature. All the samples were spread on one side of a KBr disk,
with spacers 15 ± 1 mm in diameter and 0.3 ± 0.1 mm thickness. A UV spot light source (OmniCure
series 1000, EXFO Co. Ltd., Quebec City, QC, Canada) was irradiated directly onto the sample. The
decrease of the C=C absorption peak area from 821.70 to 796.50 cm−1 in the near-IR range accurately
reflected the extent of the polymerization, since the change of the absorption peak area was directly
proportional to the number of the double bonds that had polymerized. After baseline correction, the
conversion of the functional groups could be calculated by measuring the peak area at each time of
the reaction. The rate of photopolymerization was calculated by the differential of the conversion of
double bonds versus irradiation time.

3. Results and Discussion

3.1. FTIR Analysis

The FTIR spectra of HTPB, prepolymer, and HTPU are shown in Figure 1. The characteristic peak
at 967 cm−1 of HTPB (curve C) corresponded to the trans olefin structure [36]. The band at 1712 cm−1

of prepolymer (curve B) corresponded to the stretching C=O vibration of the –NH–COO– group [37],
and the appearance of a band at 967 cm−1 indicated the chemical reaction between –OH of HTPB and
–NCO of IPDI. The bands at 3343 and 1527 cm−1 were the characteristic peaks of –NH– [38]. In curve
A, the disappearance of the isocyanate band at 2270 cm−1 [37] and the appearance of the –NH– band
of urethane linkage at 3343 cm−1 confirmed the formation of HTPU.
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3.2. 1H NMR Analysis

Figure 2 shows the 1H NMR spectra of HTPB and HTPU represented by A and B, respectively.
The chemical shifts at 5.0, 5.40, and 2.03 ppm attributed to the 1,2-structure –CH=CH2, 1,4-structure
–CH=CH–, and –CH=CH–CH2– (indicated by a, b, and c, respectively) of HTPB appeared in HTPU [39,40].
Additionally, the disappearance of the signal at 3.62 ppm, assigned to the hydroxyl group proton,
confirmed the introduction of HTPB into HTPU. The signals of 0.95 and 1.09 ppm (indicated by i,
j, respectively) were attributed to the protons that attached to the methylene of IPDI. Moreover, the
peaks at 1.46 and 3.47 ppm (indicated by e,g, respectively) belonged to the protons of –O–CH2– and
–O–CH2–CH2–. These results indicated that the structure of HTPU was correct, which was also in
accordance with the FTIR analysis.
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3.3. Photo-Polymerization Kinetics Analysis

Herein, RT-IR analysis was used to investigate the photopolymerization kinetics of the
polyurethane coatings. The final degree of double bond conversion (DC) and the rate of polymerization
(Rp) [41], varying with the content levels of PETMP and photoinitiator 184, were analyzed. The effect
of the photoinitiator 184 content on the DC and Rp of the polyurethane coatings are shown in Figure 3.
The DC and Rp exhibited the same increasing tendency, and the DC achieved up to 90% when the
photoinitiator dosage was 3 wt %. However, the excessive use of the photoinitiator in the UV-curing
system might cause the coatings to yellow and affect the properties of the polyurethane coatings, such
as their mechanical properties and yellowing resistance. As the photoinitiator 184 content increased
from 2% to 3%, the DC and Rp had no significant changes, and maintained the same photoinitiation
function. Thus, 2% photoinitiator 184 was appropriate for the UV-curing system.
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To verify that the thiol not only contributes to reduce the usage of photoinitiator, but also
effectively promotes the DC and Rp, the effect of PETMP was further investigated. As shown in
Figure 4, DC and Rp significantly increased in the system after the addition of PETMP. Also, both DC
and Rp enhanced with increasing PETMP content. This may be because a small amount of 1,2-olefin
structure in the side chain of HTPB does not completely participate in the photopolymerization reaction
without thiol. After adding PETMP into the system, there was a deep reaction between the double
bond in HTPB and thiol. Additionally, the reduced oxygen inhibition due to the addition of PETMP
could be responsible for the increase in DC. The DC was almost 100% when the percentage of PETMP
was above 2%.
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3.4. Coating Properties Analysis

The effect of EFCSA content on coating properties is shown in Table 3. When the EFCSA content
increased from 1% to 5%, the hardness of the polyurethane coatings enhanced from 5B to 2B, and the
glossiness and tape adhesion notably increased. Meanwhile, the water absorption dropped from 5.2%
to 1.8%, which might be due to the enrichment of the fluorine elements on the coatings surface of the
cross-linked HFTPU.
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Table 3. The effect of EFCSA content on coating properties.

Properties
Formulation

1 2 3 4 5

Pencil hardness 5B 4B 3B 2B 2B
Tape adhesion 4 3 3 2 2

Water absorption (%) * 5.2 ± 0.2a 3.5 ± 0.3b 2.7 ± 0.6c 2.1 ± 0.2d 1.8 ± 0.1e
Glossiness (◦) * 65.1 ± 1.0e 67.5 ± 0.6d 70.2 ± 1.2c 75.6 ± 1.4b 78.2 ± 0.3a

* Data are presented as means ± standard deviations of three parallel samples. Statistical comparisons were
performed using one-way ANOVA and Student t-test with SPSS software (version 9, SAS Institute, Cary, NC, USA).
a,b,c,d,e: Mean values followed by the same letter in a line are not significantly different at p < 0.05.

Table 4 shows the properties of coatings with the addition of PETMP in the UV-cured system.
It was easily found that the hardness, glossiness, tape adhesion, and water absorption of the
polyurethane coatings were further enhanced. This indicated that more and more double bonds
could easily participate in the photo-curing reaction system due to the reaction between thiol and the
double bonds. In addition, the lower viscosity of the system could promote a full crossing-linking
reaction to form a more compact crossing-linking structure.

Table 4. The effect of PETMP content on coating properties.

Properties
Formulation

5 6 7 8 9

Pencil hardness 2B 2B 2B B HB
Tape adhesion 2 3 3 3 3

Water absorption (%) * 1.8 ± 0.1b 2.3 ± 0.5a 1.8 ± 0.1b 1.4 ± 0.1c 1.2 ± 0.6c
Glossiness (◦) * 78.2 ± 0.3d 74.3 ± 2.4e 80.6 ± 0.4c 83.1 ± 0.6b 86.8 ± 0.9a

* Data are presented as means ± standard deviations of three parallel samples. Statistical comparisons were
performed using one-way ANOVA and Student t-test with SPSS software. a,b,c,d,e: Mean values followed by the
same letter in a line are not significantly different at p < 0.05.

3.5. Yellowing Resistance

Figure 5 shows the effect of PETMP on the yellowing resistance of UV-cured polyurethane coatings
(Formulation 1, 6, and 8). The transmittance of HTPU systems reduced by 50%–70% after placing
at 120 ◦C for 4 h. However, when adding PETMP into the system, the decrease in the transmittance
tendency of the polyurethane coating was obviously restrained. This indicated that PETMP could
effectively promote the yellowing resistance of UV-cured polyurethane coatings. With the addition of
PETMP, the antioxidative behavior of thioether groups resulted in the improved yellowing resistance
of polyurethane coatings [42].
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3.6. Contact Angle and Dispersion Surface Energy Analysis

The surface hydrophobicity of the polyurethane coatings was investigated by measuring the
water contact angle on the coating surface and the dispersion surface energy (rd

s ) simultaneously, and
was calculated using the following equations [43]:

rsl = rsv − rlv cos θ (2)

rsl = rs + rlv − 2(rd
l rd

s )
1/2

(3)

rd
s =

[
rlv(1 + cos θ)

]2
/4rd

l (4)

Herein, rlv, rsl, rsv represented the surface tension at the liquid-vapor interface, solid-liquid
interface, and solid-vapor interface, respectively; H2O (rlv = 72.7 mN/m, rd

l = 23.9 mN/m) was used
as the testing liquid. The contact angles of water on polyurethane coatings are presented in Table 5.
The contact angles of water on the polyurethane coatings increased with increasing EFCSA content,
indicating an improved hydrophobic property. Many of the organic fluorine segments could generate
motions toward the surface of coatings during the UV-curing process. The photopolymerization
process between a double bond and thiol is illustrated in Scheme 3; PETMP acted as an effective
crosslinker to incite more EFCSA and polyurethane prepolymer to participate in polymerization. With
a higher loading of EFCSA, more organic fluorine segments gathered on the surface, and hence the
hydrophobic property of the coatings improved. Meanwhile, the total amount of double bonds in
the system increased, which enhanced the cross-linking density and caused the formation of a more
compact surface, thus making it more difficult for water molecules to become immersed in the coating.

Table 5. Contact angles and dispersion surface energies of UV-cured polyurethane coatings. Coatings
composition: HTPU, PETMP (2 wt %), photoinitiator 184 (2 wt %).

Properties
EFCSA Content (%)

0 1 2 3 4 5

Contact angles (◦) 82.5 92.3 95.6 102.3 104.3 108.6
Dispersion surface energies (mN/m) 70.6 50.9 45.2 34.2 31.3 25.6

3.7. Mechanical Properties

PETMP proved to be an effective photo-crosslinker. The effect of PETMP content on tensile
strength and elongation at break is shown in Table 6. With the addition of 2% PEMPT, the tensile
strength increased from 1.63 ± 0.17 to 2.59 ± 0.23 Mpa and the elongation at break increased from
169.9% ± 8.8% to 240.4% ± 7.1%. However, with a higher loading of PEMPT, the elongation at break
showed a slight decrease. This might be because moderate crosslinking promoted the improvement of
the elongation at break, but excessive cross-linking density could limit the movement of molecular
chains, resulting in the reduction of the elongation at break.

Table 6. The effect of PETMP content on tensile strength and elongation at break.

Properties
PETMP Content (wt %)

0 0.5 1 2 3 4

Tensile strength at
break (MPa) 1.63 ± 0.17d 1.86 ± 0.05d 2.24 ± 0.31c 2.59 ± 0.23b 2.86 ± 0.05a 2.17 ± 0.09c

Elongation at break (%) 169.9 ± 8.8d 205.8 ± 4.1c 218.6 ± 14.7b 240.4 ± 7.1a 232.3 ± 7.9a 198.3 ± 8.0c

Five specimens were tested for each sample to obtain an average value and a standard deviation.
Statistical comparisons were performed using one-way ANOVA and Student t-test with SPSS software.
a,b,c,d,e: Mean values followed by the same letter in a line were not significantly different at p < 0.05.
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To further investigate the effect of the PETMP content on the elasticity of polyurethane coatings,
cyclic tensile loading with a maximum strain of 100% was performed (Table 7). All the samples
exhibited large hysteresis loops in the first cycle, followed by much smaller hysteresis loops in the next
four cycles. Upon increasing the PEMPT content, most of the samples showed small unrecoverable
deformations (<5%). This effect could be explained by the previously proposed cross-linking structure
in the polymer.

Table 7. Cyclic tensile response curves for five cycles at deformation (100%) of polyurethane coatings.

Formulation Number
Final Recovery Strain (%)

1 Cycle 2 Cycles 3 Cycles 4 Cycles 5 Cycles

1 8.82 8.71 8.41 8.28 7.70
6 7.07 6.65 6.48 5.82 5.38
7 6.23 6.07 5.48 5.15 4.34
8 5.32 4.73 4.32 4.15 4.14
9 4.48 4.40 4.07 3.57 3.62

4. Conclusions

A series of UV-curable polyurethane mixture solutions containing EFCSA and PETMP were
prepared based on a reactive oligomer synthesized with IPDI/HTPB/BDO/HEA. The effect of EFCSA
content on the hydrophobic property of the coatings was investigated. After optimization, the water
contact angles of the polyurethane coatings improved from 82.5◦ to 108.6◦, while the surface tensions
decreased from 70.6 to 25.6 mN/m, indicating the dramatic hydrophobic property of the polyurethane
coatings. The yellowing resistance of the polyurethane coatings increased with the addition of
PETMP. In addition, the elongation at break of the polyurethane coatings increased significantly with
increasing PETMP content, while the elastic recovery was also excellent. The mixed systems exhibited
a high polymerization rate and a high degree of double bond conversion. Nevertheless, further
improving the mechanical properties of coatings will be pursued. Overall, the fluorinated hydrophobic
UV-crosslinkable thiol-ene polyurethane coatings exhibited good potential for industrial application.
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