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Abstract New strategies for synthesizing click chemical
reactions have been studied and widely used in the
synthesis of functional polymers. In this paper, based on
thiol-click chemistry, thiocarbamate bonds and thioether
bonds were introduced into the polymer skeleton, and
then pentaerythritol tetraacrylate (PETTA) was intro-
duced into the system to form an interpenetrating
network structure (IPN). A new type of waterborne
poly(thiourethane-urethane) acrylate (WPTUA) coating
with strong toughness, high hardness, and rapid curing
was obtained. Under the condition of an organotin
catalyst, a WPTUA composite dispersion was prepared
by using isophorone diisocyanate and polycarbonate diol
as monomers, 2-dimethylol propionic acid as a hydro-
philic chain extender, trimethylolpropane tris(3-mercap-
topropionate) (TMPMP) and PETTA. The molecular
structures of intermediate waterborne poly(thiour-
ethane-urethane) (WPTU), WPTUA oligomers and
UV-cured polymers were investigated by FTIR spec-
troscopy and Raman spectroscopy. The effects of the
content of TMPMP and PETTA on the properties of
WPTUA, including dispersion stability, thermal proper-
ties, mechanical properties, water resistance, hardness,
and toughness, were investigated. It is found that when
theWPTUAdispersionhas 16wt%TMPMPand 28wt%
PETTA, the prepared films have high hardness, signifi-
cant water resistance and good thermal stability for
coating applications on delicate substrates, such as paper,
plastic and wood.

Keywords Waterborne polyurethane, UV-curable
coatings, Thiol-click chemistry, Coating

Introduction

UV-curable coatings are green and environmentally
friendly coatings. However, the current UV-curable
polyurethane dispersion coatings have some main
defects, such as uneven crosslinking, high brittleness
and oxygen inhibition.1,2

Thiol-click chemistry has been extensively used in
the synthesis of polymers due to the ease of S–H
bonding for anionic or radical-mediated polymeriza-
tion reactions, which takes advantage of rapid reac-
tions and can exhibit a homogeneous crosslinked
network structure under mild conditions.3–5 Emerging
synthetic strategies for thiol-ene, thiol-alkyne6 and
thiol-isocyanate7 click reaction concepts can be used to
design reactive polymers for environmentally friendly
polyurethane coatings. Among them, the thiol-iso-
cyanate click reaction offers a facilitated synthesis
method for functional thiopolyurethane. The resulting
hydrogen bond can show a higher extent of mixing of
soft and hard segments and improve the properties of
materials.8 The thioether bond obtained from the thiol-
ene reaction is used in UV-curable waterborne coat-
ings to prevent oxygen blocking polymerization.9

Yang10 et al. prepared a coating containing a mixture
of polyfunctional mercaptan and polyfunctional alkene
terminated PU aqueous dispersions. By combining
thiol-ene click chemistry, the polymerization speed of
the coating under air conditions was increased by 1.5
times with the effect of antioxidant blocking, and
Young’s modulus and tensile strength at the break of
the film were increased by 25% and 10%, respectively.
Chen11 et al. functionalized the efficient side chain of
castor oil by a thiol-ene photochemical method for the
first time and then reacted it with isocyanate polyur-
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ethane to synthesize UV-curable castor oil-based mul-
tifunctional polyurethane acrylate. 1H NMR analysis
showed that the C=C groups were cured completely
within 10 min. In addition, the resin exhibited a good
UV-curable rate. Based on click chemistry, Konuray4

et al. prepared novel allyl functional catalytic copolymer
monomers. The monomer is combined with thiol by a
thiol-ene reaction to the polymer network. The final
material obtained by the modified reaction is clear,
transparent and presents a uniform network structure.

However, there are two important problems in the
unilateral use of the thiol-ene reaction. First, the
polymer dispersion reacts slowly even in the absence of
initiating conditions during synthesis and storage.12

Second, there is competition between the chain growth
of acrylates and the free radical-mediated thiol-ene
reaction under photoinitiator conditions. Cramer and
Bowman13 have shown that the rate constant of
acrylate propagation is 1.5 times higher than that of
extracting hydrogen from mercaptan, which leads to
the existence of some unreacted mercaptan groups in
the polymer network, which not only produce special
odors but also lead to the degradation of material
properties.14 For these reasons, for the application of
high-performance coatings, the improvement of chem-
ical properties is necessary.

Therefore, in this study, thiol-isocyanate and thiol-
ene click reactions were combined. In the first phase of
this study, an initial homogeneous polymer network
was synthesized by a thiol-isocyanate click reaction
under the catalysis of organotin.15 In this way, thiols
are introduced into the main chain to form long
polymer chains containing sulfhydryl groups with no
odor. The thiocarbamate bond is similar to carbamate,
which can form hydrogen bonds with carbonyl groups
and has good mechanical strength.16,17 In the second
stage, the unsaturated carbon double bond-rich PET-
TA was introduced, and the remaining sulfhydryl
groups were completely reacted by a thiol-ene click
reaction. This does not affect the chain growth rate of
the later acrylate, while generating thioether bonds
with antioxidant resistance to polymerization, which
can increase the light curing speed and conversion rate,
as a way to reduce curing time and save energy.9

Finally, under ultraviolet light, the remaining C=C
groups are cured quickly to form an interpenetrating
network polymer (IPN), which makes the material
have good toughness and high hardness at the same
time.

Experimental

Materials

Isophorone diisocyanate (IPDI) (99% purity) was
obtained from Macklin Biochemical Co., Ltd. Polycar-
bonate diol (PCDL) (number-average molecular weight
Mn is 1000, hydroxyl value is 110 ± 10KOHmg g�1) and

bisphenol-A diglycidyl ether (E-51) were acquired from
Jining Huakai Resin Co., Ltd. (Shangdong, China). All
polyols were dehydrated in vacuum at 120�C for 2 h
before use. 1,4-Butanediol (BDO), stannous octanoate
(T-9), dibutyltin dilaurate (T-12), triethylamine (TEA),
and acetone were obtained from Sinopharm Chemical
Reagent Co., Ltd. (China). Trimethylolpropane tris(3-
mercaptopropionate) (TMPMP) (85% purity), photoini-
tiator 2959 (98% purity), pentaerythritol triacrylate
(PETA) (95% purity, containing stabilizer MEHQ),
and pentaerythritol tetraacrylate (PETTA) (95% purity,
containing stabilizerMEHQ)wereacquired fromMeryer
Chemical Technology Co., Ltd. (China). 2,2-Bis(hydrox-
ymethyl)propionic acid (DMPA) (98% purity) was
purchased from Wendong Chemical Co., Ltd. (China).
4-Methoxyphenol (MEHQ) (98% purity) was supplied
by Bide Pharmatech Co., Ltd. (China).

Synthesis of WPTU emulsion

The feed ratio of the WPTU prepolymer is listed in
Table 1. First, the pretreated quantitative PCDL and
IPDI were added to a four-necked flask with a reflux
condenser, electric stirrer and thermometer. The pre-
polymerization reaction was carried out at 70�C for
approximately 1 h. Second, after the temperature was
cooled to approximately 50�C, catalyst T-9 and chain
extenders DMPA, BDOandE-51 were added to extend
the chain. The prepolymer of end-NCOwas obtained by
reacting for 4 h under these conditions. Third, different
mass fractions of TMPMP and catalyst T-12 were slowly
added to complete the end-capping reaction. Acetone
was used to adjust the viscosity and heat dissipation
during the reaction. TEA was added to the flask and
stirred for 20–30 min to neutralize the carboxyl group.
After the action, the mixture was emulsified by adding
deionized water for 45 min of stirring at 1000 r min�1 to
obtain a waterborne thiopolyurethane emulsion. Final-
ly, with the removal of acetone by a rotary evaporator,
the emulsion was obtained with a solid content of 35%.

Synthesis of WPTUA dispersion

The preparation procedure is outlined in Fig. 1. The
synthesis steps of WPTUA are the same as those of
WPTU. Before emulsification, a minor amount of TEA
and PETTA were added and stirred for 30 min.
Afterward, the mixture was emulsified by adding
deionized water for 45 min with stirring at 1000 r
min�1 to obtain a UV-curable waterborne poly(thiour-
ethane-urethane) acrylate dispersion.

Synthesis of WPUA dispersion

Waterborne polyurethane acrylate (WPUA) is the
blank control group of WPTUA. In the process of
WPUA synthesis, TMPMP was not used for end-
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capping, but PETA with the same structure without
sulfhydryl groups was used for end-capping. The
subsequent synthesis steps were the same as those for
WPTUA.

Preparation of UV curing film and UV curing
coating

Photoinitiator 2959 (3 wt%) was added to the disper-
sion and mixed well. Then, it was cast on a poly(te-
trafluoroethylene) sheet and dried at 45�C for 24 h. To
obtain the UV-WPTU film, the poly sheet was exposed
directly under the UV lamp. The film was cured in a
UV curing light box, in which the wavelength of the
UV lamp was 365 nm and the light intensity was
756 mJ cm�2. After curing, the film was peeled off for
further testing.

Photoinitiator 2959 (3 wt%) was added to the
dispersion and mixed well. Then, the mixture was
coated on the PET substrate with a 50 lm filament
stick. Finally, it was dried and exposed directly under a
UV lamp to obtain WPTUA-covered PET material.

Characterization

Performance of WPTU and WPTUA

The FTIR spectra were obtained using a PerkinElmer
Spectroscopy II. The functional groups were further
analyzed with a Raman spectrometer produced by
inVia-Reflex. Raman spectroscopy ranged from 100 to
3200 cm�1 with an excitation source of 532 nm. The
average particle size and its distribution in the disper-
sions were tested at room temperature by using a ZS-
90 particle size analyzer. The dispersion stability was
measured by using a TGL-16G high-speed centrifuge
(China) at 3000 rpm for 15 min. If no stratification
occurred after centrifugation, the dispersions could be
assigned a shelf life of six months.

Cured film properties

Regarding the standard ASTMD882, the stress and
strain of the film were measured by a universal
material testing machine at a speed of 50 mm min�1.
The Shore hardness was evaluated with a Shore
durometer according to the standard ASTM D2240.
Pencil hardness was measured with a pencil test
according to standard ASTM D3363-05. Toughness
was measured with a paint film flexibility tester in
accordance with standard GB/T 1731-2020. Adhesion
was measured by a tape test according to standard
ASTM D3359, with adhesion grades from level 0 to
level 5. Thermogravimetric analysis (TGA) was per-
formed on a PerkinElmer TGA-7 with a heating rate of
10�C min�1 under a nitrogen atmosphere, and the
temperature range was 50–800�C. The water absorp-
tion ratio (A) was calculated according to the following
equation: A ¼ ðm2 �m1Þ=m1 � 100%. The initial film
was weighed and recorded as m1 and then soaked in
deionizedwater at roomtemperature for 24 h, followedby
wiping off thewater on the surface of thefilm todetermine
the weight (m2). The gelation rate was calculated by the
following equation: Gelationrateð%Þ ¼ m0=m1 � 100%,
and the polymer cured film of mass m1 was soaked in
toluene for 48 h.After drying, themass of solid residuem0

was weighed.

Curing performance test

FTIR spectroscopy was used to detect the curing
reaction of the film. The UV curing kinetic behavior
can be evaluated by monitoring the change in the
intensity of the =C–H bending (808 cm�1) peak.18 In
the research, the conversion rate of the cured film
depends on the amount of C=C groups in the resin.
The characteristic peak of the carbonyl group at
approximately 1730 cm�1 can be used to eliminate
the effect of thickness scattering.19 Using Origin
software, the area under the peak was calculated by

Table 1: The mass ratio of WPTU and WPTUA

Sample designation Composition of prepolymer (mass ratio)

IPDI PCDL BDO E-51 DMPA TMPMP PETTA TEA

WPTU-1 1 1.61 0.07 0.14 0.15 0.29 – 0.07
WPTU-2 1 1.61 0.07 0.14 0.15 0.44 – 0.07
WPTU-3 1 1.61 0.07 0.14 0.15 0.58 – 0.07
WPTU-4 1 1.61 0.07 0.14 0.15 0.73 – 0.07
WPTUA-1 1 1.61 0.07 0.14 0.15 0.58 0.66 0.07
WPTUA-2 1 1.61 0.07 0.14 0.15 0.58 0.86 0.07
WPTUA-3 1 1.61 0.07 0.14 0.15 0.58 1.13 0.07
WPTUA-4 1 1.61 0.07 0.14 0.15 0.58 1.39 0.07
WPTUA-5 1 1.61 0.07 0.14 0.15 0.58 1.68 0.07

The number is the ratio of the mass of each component to the mass of IPDI.
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integration. Thus, the C=C group conversion (x) after a
preset irradiation time (t) can be easily obtained from a
particular absorbance region before (A0) and after UV
irradiation (At), as shown in the following equation:

X ¼ ðA808=A1730Þ0�ðA808=A1730Þt
ðA808=A1730Þ0

� 100ð%Þ

Hydrogen bonding testing

FTIR spectroscopy was used to detect the degree of
hydrogen bonding. In the Origin software, the three
peaks of the IR spectrum curve (� 1740 cm�1, � 1719
cm�1, � 1696 cm�1) were fitted by the Gauss func-
tion. Finally, the fitting data peak area percentage of

different C=O peaks was obtained, which corre-
sponded to the corresponding bond concentration.

Results and discussion

Characterization of the WPTU and WPTUA

In Fig. 2a, there is a bending vibration absorption peak
of =C–H at 808 cm�1,20 the characteristic peak of
carbamate at 3345 cm�1, the absorption peak of C=O
in –NHCOO– at 1736 cm�1, and the stretching vibra-
tion peak of C–O–C in –NHCOO– at 1242 cm�1.21
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Fig. 2: (a) IR spectra of WPTU and WPTUA; (b) Raman spectra of WPTU under different reaction conditions (WPTU-1:
TMPMP content 8 wt%, WPTU-2: TMPMP content 12 wt%, WPTU-3: TMPMP content 16 wt%, WPTU-4: TMPMP content 20
wt%); (c) Raman spectra of WPTU and WPTUA; (d) Mechanistic diagram of the thiol-acrylate Michael addition reaction
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The structures of C=C,C–C andC-S in polymers have
strong signal bands in Raman spectra, so the Raman
spectrometer and FTIR spectra are combined to deter-
mine functional groups. Figure 2b shows the Raman
spectrum of waterborne thiopolyurethane under differ-
ent reaction conditions. The theoretical molar ratio of -
SH/-NCO of WPTU-1 is approximately 1, the signal
peakof S–H is not seen at 2580 cm�1, and the signal peak
of C-S-C is observed at 740 cm�1, indicating that there is
a click chemical reaction between TMPMP and iso-
cyanate, and there are no sulfhydryl groups in the
system, which further indicates that the reaction is
thorough.22 When the TMPMP content is more than 8
wt%, the S–H stretching vibration peak appears at
2580 cm�1 in Fig. 2b,23,24 indicating the presence of
sulfhydryl groups in the system, which can participate in
the next step of the reaction. The signal peaks ofWPTU-
3 and WPTU-4 gradually became more intense with
increasing TMPMP dosage, indicating an increase in
sulfhydryl groups. In addition, 2930 cm�1 is the C-H
stretching vibration that produces the Fermi resonance
effect.25 In summary, waterborne thiopolyurethane
emulsions with sulfhydryl group capping were success-
fully synthesized.

Figure 2c shows the Raman spectra of waterborne
thiopolyurethane and waterborne poly(thiourethane-
urethane) acrylate. When PETTA was introduced, the
S–H peak of WPTU at 2588 cm�1 disappeared in
Fig. 2c, and the characteristic peak of the C=C group
appeared at 1638 cm�1 for WPTUA.26 This result
suggests that the thiol-ene click reaction between the
sulfhydryl and C=C groups occurred under the condi-
tions of triethylamine and that there were remaining
C=C groups in the system. The reaction mechanism is
Michael’s addition reaction, as shown in Fig. 2d. The
sulfhydryl group removes protons under the action of
triethylamine. As a strong nucleophile, R1S

� attacks
the electron-philic b-carbon in the C=C group to form
a carbon anion intermediate, which grabs a proton
from the sulfhydryl group to form an antihorse
addition structure. As a result, waterborne poly(thiour-
ethane-urethane) acrylate dispersions were prepared.27

Effect of TMPMP content on material properties

Table 2 shows that the strain increased with increasing
concentrations of TMPMP, and the stress decreased,
while Young’s modulus also diminished.

As the content of TMPMP capping agent increases,
the reactive active site with isocyanate in resin
increases. The content of the hard segment increases
since its good support can improve the tensile strength
of the material. On the other hand, the growing
network of isocyanate and sulfhydryl groups is a
uniform, elastic and tough polymer. The carbamate
bonds in the thiocarbamate network are very rigid and
can form hydrogen bonds, so the polymer has a large
stress.9 Among them, the maximum stress of WPTU-3
is 37.62 MPa. When the content of TMPMP is exces-
sive, there are too many residual monomers in the
system, and the polymer network formed is relatively
loose, so the stress decreases greatly. The stress of
WPTU-4 decreased to 17.47 MPa. At the same time,
the flexible and easily rotatable C-S-C content in-
creases, and the molecular chain easily displaces and
rearranges under the action of external forces, showing
ductile behavior, so the strain increases continuously.
The maximum strain of WPTU-4 is 572.6%. Young’s
modulus represents the physical quantity of the elas-
ticity of the material itself and reflects the tensile
resistance of the material. Because the C-S-C in the
molecular chain can be shifted and rearranged,
Young’s modulus decreases gradually.

Hydrogen bonding allows the formation of a phys-
ically crosslinked network within polyurethane, result-
ing in a high density of cohesive energy, which has a
significant influence on the mechanical properties of
the material. Thus, we further investigated the rela-
tionship between the content of TMPMP and hydrogen
bonding, and we tested FTIR and C=O spectra (from
1600 to 1800 cm�1), as depicted in Fig. 3. Their degree
of hydrogen bonding can be calculated.28 In this region,
three absorbance peaks have been observed: the
absorbance at 1740 cm�1 can be attributed to the
unbonded carbonyls of the urethane and polycarbon-
ate soft segments. The absorbance at 1719 cm�1 is
assigned to hydrogen-bonded urethane carbonyls in
polycarbonate soft segments overlapped with loosely
bonded urethane carbonyls, and the band at 1696 cm�1

is assigned to hydrogen-bonded urethane carbonyls.29–31

The diagram is represented by free C=O bonds,
disordered H-bonds and ordered H-bonds.

Figure 3 shows that with increasing TMPMP con-
tent, the red area gradually decreases, indicating that
the free carbonyl group gradually decreases. The
yellow area gradually becomes larger and gradually
turns into disordered and ordered H-bonds, suggesting
that the number of H-bonds gradually increases and
that there is extensive interaction between the car-
bonyl group and N–H in polyurethane, i.e., H-bonds
are formed. The hydrogen bonding content of WPTU-
3 reaches 73.6%, as seen in Fig. 3c, where the ordered
hydrogen bonding reaches 40.3%, indicating that the
hydrogen bonding force of WPTU-3 is the highest. As
the TMPMP content continued to increase, the number
of WPTU-4 ordered hydrogen bonds decreased signif-
icantly because when there were excessive capping
agents in the system, the relative concentration of

Table 2: Mechanical properties of WPTU films

Sample
designation

Strain
(%)

Stress
(MPa)

Young’s
modulus

WPTU-1 361.4 36.01 390.5
WPTU-2 370.1 35.59 346.5
WPTU-3 467.4 37.62 383.2
WPTU-4 572.6 17.47 134.5
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urethane groups in the polymer decreased, thus
reducing the hydrogen bond and intermolecular force
in the polymer.

Study of the photocuring process

The series of WPTUA-containing thioether bonds were
synthesized by introducing different dose ratios of
PETTA into the system. A blank group was set up to
compare theeffectof thioetherbondson the cured system.
The FTIR spectrum was used to monitor the reduction of
the bending peak of =C–H (808 cm�1). The FTIR spectra
and conversions of C=C groups versus irradiation time of
WPTUA andWPUA are shown in Fig. 4.

As shown in Fig. 4a, most of the C=C groups of
WPTUA were cured at 5 s, and the C=C groups were

cured completely at 20 s. In Fig. 4b, the curing rate is
relatively low for the blank control without thioether
bonds in the case of containing the same amount of
C=C groups. The C=C group conversion rate was still
only 95.7% when exposed to ultraviolet light for 60 s.
Further comparison of their conversion rates versus
irradiation time is shown in Fig. 4c. The C=C group
conversion rate of WPTUA is significantly higher than
that of WPUA, indicating that the introduction of the
thioether bond has a greater influence on the system.

In Fig. 5, the mechanism is that the initial radical or
macromolecular radical can quickly react with oxygen
molecules to generate a peroxy radical without initia-
tion activity, and then the peroxy radical can seize the
hydrogen atom on the a-C of the thioether bond to
generate a new radical that continues to initiate the
polymerization reaction of the unsaturated C=C group,
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Fig. 4: (a) FTIR spectra of WPTUA and (b) WPUA; (c) The relationship between C=C conversion and light time for WPTUA
and WPUA; (d) Relationship between the conversion rate of C=C groups with different contents and light time
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thus effectively overcoming the oxygen-blocking poly-
merization.32 Figure 4d shows that the conversion rates
of WPTUA-1, WPTUA-2 and WPTUA-3 remained at
a high level, and 100% curing could be achieved with
increasing C=C group content in the system. However,
when the content of PETTA is excessive, due to the
decrease in the relative content of thioether bonds and
the weak antipolymerization effect, the conversion of
the C=C group of WPTUA-5 decreases slightly, but the
conversion rate of the C=C group can still be main-
tained at 99.4% by prolonging the curing time. This
shows that WPTUA can achieve a high conversion rate
and cure in a short time.

Coating performance

Figure 5 shows the preparation process of the film. It is
shown that the film is extremely transparent. Table 3

shows the pencil hardness, Shore hardness, toughness,
adhesion, water absorption and gelation rate of UV-
WPTUA films. The pencil hardness of UV-WPTUA
films ranges from H-4H, with Shore D values between
50 and 70, and the higher the degree of crosslinking as
the PETTA content increases, the higher the film
hardness.

When the coating is coated on a PET substrate, the
best adhesion can reach grade 0 because WPTU
contains a large number of polar carbonyl, urea and
ester groups, which can be closely bonded to the ester
group and terminal hydroxyl group on the PET group
by chemical bonding, and the excellent adhesion of
thioether bonds also plays a certain role, so the UV
cured film shows excellent adhesion.32 The adhesion of
WPTUA-5 is slightly reduced because the addition of a
crosslinking agent destroys the regularity of the
molecular chains. It decreases the crystallinity of the
polymer and affects the movement of molecular chains,

PI R

ROO

–CH2–S–CH2–

ROOH + –CH–S–CH2–

Initiation of
polymerization

O2

O2

UV lamp

Dry
Strip

hv

Fig. 5: The mechanism of thioether to overcome the oxygen blocking effect and film preparation process

Table 3: Properties of UV-WPTU films

Sample
designation

Hardness Flexibility
(mm)

Adhesion Water absorption rate
(%)

Gelation rate
(%)

Pencil
hardness

Shore
hardness

WPTUA-1 H 50 ± 0.3 1 0 6.61 89.62
WPTUA-2 2H 52 ± 0.6 1 0 4.65 90.43
WPTUA-3 3H 59 ± 0.7 1 0 1.79 91.49
WPTUA-4 3H 62 ± 0.4 1 0 2.14 92.24
WPTUA-5 4H 70 ± 0.5 2 1 3.52 96.50
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resulting in a decrease in the density of hydrogen
bonds between the polyurethane molecules and the
substrate.33 The best flexibility can also be seen in
Table 3 to reach level 1, which is mainly because the
thioether bond can give the material good flexibility.

Waterborne polyurethane has the ability to disperse
in water because of its hydrophilic groups. Corre-
spondingly, the affinity for water molecules increases
significantly after film formation, resulting in poor
water resistance of the cured film.34 Table 3 shows that
the water absorption rate shows a trend of increasing
first and then declining. As the PETTA content
increases, the degree of crosslinking increases. The
high crosslink density can prevent water molecules
from penetrating inside the film and prevent hydro-
philic groups from moving to the surface, so the water
absorption rate gradually decreases. The water absorp-
tion rate of WPTUA-3 is the lowest at 1.79%.35 The
water absorption rates of WPTUA-4 and WPTUA-5
are slightly increased because the crosslinking degree
between WPTUA-4 and WPTUA-5 further increases.
Second, the mutual integration of latex particles
becomes poor, resulting in difficult intermolecular
sliding. Third, the flexibility of the film decreases,
making it easy for water molecules to penetrate from
outside to inside at this time, resulting in an increase in
the water absorption rate. On the other hand, the
water resistance of the ester bond is worse than that of
the thioether bond, and the concentration of thioether
bonds in WPTUA-4 and WPTUA-5 is relatively low,
so the water resistance is poor.36

The crosslinked entangled fraction of the cured
sample is insoluble in the solvent. Therefore, the
gelation rate and percentage of insoluble cured sam-
ples can represent the degree of crosslinking. In
Table 3, the gelation rate of the cured films ranged
from 91.51% to 95.5%, showing a high degree of
crosslinking of the cured samples. Due to the addition

of sulfhydryl-Michael, PETTA is partially embedded
in the cured film, and the C=C group at the chain end
reacts with the sulfhydryl group located on the main
chain to form a network interpenetration structure.
When the PETTA content increases, the structure of
the polymer network becomes denser, so the gelation
rate of WPTUA gradually increases.

Thermal gravimetric analysis

Thermogravimetric analysis (TGA) and thermal gravity
difference (DTG) are the main methods for character-
izing the thermal stability of materials. Figure 6 shows
the TGAandDTG curves of the cured films, resulting in
10% and 50% loss mass and residual mass.

For WPTUA, the onset of decomposition temper-
ature is influenced by two aspects. One is the influence
of the crosslink density of the system. The influence of
the soft and hard segment content is the other. As the
PETTA content increases, the degree of crosslinking of
the film increases, resulting in an increase in T10% of
the cured film from 278.1 to 290.6�C and T50% from
355.3 to 375.8�C. The abundance of C=C groups in the
FTIR spectra is the main cause of this. The high
density of the crosslinked network formed and the high
cohesion energy require a higher temperature to
destroy the structure of the molecular chain. There-
fore, the resin requires a higher temperature for
thermal decomposition to occur. The thermal stability
values (T10% and T50%) of WPTUA-1, WPTUA-2 and
WPTUA-3 are very similar, probably because the
relative concentrations of thioether bonds are rela-
tively close to each other, so they all exhibit good
thermal stability under an inert atmosphere.

Two weight loss peaks in the DTG curves of
WPTUA cured films can be seen in Fig. 7, where the
first weight loss peak (340–360�C) is the decomposition
of carbamate and urea groups in WPUA, and the
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second weight loss peak (430–440�C) is related to the
decomposition of soft segments in WPUA.37

The DTG curve shows that the decomposition rate
of the hard segment is significantly higher than the
decomposition rate of the soft segment, which is
unfavorable to the thermal stability of the cured film.
In Table 4, with increasing PETTA content, the
decomposition rate of the hard segment gradually
decreases. This is because the formation of a three-
dimensional network structure causes the hard and soft
segments of the polymer to intertwine with each other,
and the energy barrier of molecular chain movement
increases, resulting in a gradual decrease in the
decomposition rate of the hard segment and a gradual
increase in the residual mass, indicating that the higher
the content of C=C groups is, the better the density and
thermal stability of the film.

Storage stability of WPTU and WPTUA
dispersions

The average particle size of waterborne polyurethane
emulsions and their distribution are used to evaluate

the polymer emulsion stability. Products with good
emulsion stability are beneficial for long-term preser-
vation. As seen in Fig. 8a, the average particle size was
between 117.3–126.1 nm. The average particle size
gradually increased as the amount of TMPMP in-
creased because the concentration of ionic groups per
unit chain length of the prepolymer decreased, and the
average particle size gradually increased as the ionic
content decreased in the stabilization mechanism of
the ionomer emulsion.38 The distribution index of the
emulsion was between 0.057 and 0.229, which was
normally distributed. In summary, the effect of
TMPMP concentration on the emulsion particle size
is not significant.

From Fig. 8b, it can be seen that with the introduc-
tion of PETTA, the dispersion average particle size is
between 137.9–156.3 nm with a normal distribution.
This shows that PETTA can be wrapped in dispersed
particles by the chain segments. The ionic groups are
mainly situated on the particle surface. At the interface
between the particles and water, the ionic groups
dissociate to form electrical bilayers, so a stable disper-
sion is obtained. As the amount of PETTA increases,
the hydrophobicity becomes stronger, and the stabiliz-

Table 4: TGA and DTG data of cured WPTUA

Sample designation Decomposition temperature Peaks of deriv. weight (�C)

T10% T50% First Second Residues (wt%)

WPTUA-1 278.1 355.3 352.9 438.4 2.71
WPTUA-2 278.1 357.3 352.8 435.3 4.48
WPTUA-3 278.9 361.8 353.6 435.4 5.14
WPTUA-4 283.7 368.3 353.1 437.1 5.98
WPTUA-5 290.6 375.8 357.8 439.8 6.26
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ing ability of the chain segments dispersed on the ionic
surface acting as dispersions decreases, which is the
reason why the average particle size increases.21 In
general, the dispersion with a particle size less than
200 nm has better stability, and the distribution index
of the dispersion is between 0.125–0.141, which indi-
cates that the dispersion still has good monodispersity.
After the centrifugal stability test, there was no
delamination, indicating that WPTUA dispersions
can also be left at room temperature for more than
6 months.

Conclusions

In this study, UV-curable waterborne poly(thiour-
ethane-urethane) acrylate coatings produced by thiol-
click chemistry were green and odorless. The contents
of TMPMP and PETTA were also explored. When the
content of TMPMP reaches 16 wt% and the content of
PETTA reaches 28 wt%, the interpenetrating network
structure is the most perfect, and the thioether bond
introduced into the polymer main chain has an
effective antioxygen inhibition effect to reduce the
curing time and energy consumption. The obtained
cured film has excellent mechanical properties. The
adhesion and toughness of the film are the best, the
pencil hardness reaches 3H, the Shore hardness D
value reaches 62, the overall rigidity is strong, and the
mechanical strength is good, so it is suitable for the
protective film on the surface of the fragile substrate.
Meanwhile, the film has efficient light-curing behavior
and excellent water and heat resistance, increasing the
scope of its application.
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