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Abstract
Diallylated p-coumaric acid (A2CM) and triallylated caffeic acid (A3CF) were synthesized by the reactions of p-coumaric
acid and caffeic acid with allyl bromide in the presence of potassium carbonate. The thiol-ene photopolymerization of
A2CM and a pentaerythritol-based tetrathiol (S4P) as well as that of A3CF/S4P at allyl/thiol and (allyl+ enone)/thiol ratios
of 1/1 produced cured products. The FT-IR spectral analysis revealed that the thiol-ene reaction of allyl and thiol groups
mainly progressed for the products cured at an allyl/thiol ratio of 1/1, while both allyl and enone groups reacted with thiol
groups for the products cured at an (allyl+ enone)/thiol ratio of 1/1. The progress of the thiol-ene reaction of the enone and
thiol groups caused the lowering of the glass transition and 5% weight loss temperatures (Tg and Td5). The A3CF/S4P cured
at an allyl/thiol ratio of 1/1 exhibited the highest Tg, Td5, tensile strength, and tensile modulus among all the cured products.

Introduction

The utilization of renewable resources to replace petroleum
as a limited resource in polymer synthesis has been a sub-
ject of substantial recent interest in academia and industry
[1–5]. Thiol-ene photopolymerization from renewable
resources is well-suited for the production of biobased
polymer networks with various frameworks and functional
groups due to many advantageous features such as solvent-
free conditions, a lack of water and oxygen sensitivities, a
high conversion and yield, a lack of byproducts, and rapid
reaction rates [6–10]. In past studies, biobased polymer
networks have been prepared by thiol-ene photo-
polymerization utilizing renewable nonaromatic resources
such as vegetable oils [11–14], carbohydrates [15–18],
terpenes [19, 20], and amino acids [21, 22]. As other
renewable resources, the phenolic compounds that occur

universally in the plant kingdom are promising renewable
resources for the production of thiol-ene polymer networks,
as the phenolic hydroxy groups can be easily converted to
alkenyloxy groups, and the stable and rigid aromatic rings
impart excellent thermal and mechanical properties. For
example, our research group reported biobased polymer
networks by the thiol-ene photopolymerization of allylated
or acrylated derivatives of eugenol [23, 24], gallic acid and
pyrogallol [25] with various polythiol compounds. Yang
et al. reported biobased thiol-ene networks utilizing ally-
lated compounds of hydroxybenzoic acids [26], gentistic
acid and gallic acid [27]. Hydroxycinnamic acids are pro-
mising candidates for the production of biobased thiol-ene
networks because the central unsaturated carbonyl (enone)
group can undergo the thiol-ene reaction. However, these
studies have not yet been reported to the best of our
knowledge. In this study, we used p-coumaric acid (CMA)
and caffeic acid (CFA), which are widely distributed in
fruits, vegetables and mushrooms [28]. CMA is mainly
biosynthesized from cinnamic acid and L-tyrosine by
the action of a cinnamate 4-monooxygenase and tyrosine
ammonia lyase, respectively [29, 30]. CFA is biosynthe-
sized by the hydroxylation of CMA using a 4-coumarate
3-hydroxylase (C3H) or bacterial cytochrome P450 mono-
oxygenase [30, 31]. Although CMA and CFA are slightly
more expensive than comparable reagents, it is known that
their derivatives have various biological activities such as
antioxidant, anti-inflammatory, antibacterial, antiviral and
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antitumor activities [28, 32]. In this study, diallylated cou-
maric acid (A2CM) and triallylated caffeic acid were syn-
thesized by the allylation of CMA and CFA, respectively
(Scheme 1), and the thermal and mechanical properties of
their photocured products with pentaerythritol tetrakis (3-
mercaptopropionate) (S4P) at different molar ratios were
investigated. In these photocuring compounds, the thiol-ene
reaction of allyl and thiol groups [22–24], thiol-ene reaction
of enone and thiol groups [9], and [2+ 2] photodimeriza-
tion of cinnamoyl moieties [33, 34] are considered as
probable curing reactions (Scheme 2). The purpose of this
work is to elucidate the influence of the feed molar ratios of
A2CM/S4P and A3CF/S4P on the three types of curing
reactions and the thermomechanical properties of the cured
products, with the aim of developing bioactive coating
materials whose properties can be controlled by changing
the molar ratio of monomers and curing conditions.

Materials and methods

Materials

Coumaric acid (CMA), caffeic acid (CFA), allyl bromide, and
potassium carbonate were purchased from Kanto Chemical
Co., Inc. (Tokyo, Japan). The pentaerythritol-based tetrathiol
(S4P) was purchased from Sigma-Aldrich Corporation (St.
Louis, MO, USA). N,N-Dimethylformamide (DMF) was
purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). As photoinitiators, 1-hydroxycyclohexyl phenyl
ketone (IRGACURE® 184, mp. 45–49 °C, ultraviolet (UV)/
visible (VIS) absorption peaks in methanol: 246, 280,and 333
nm) and phenyl bis(2,4,6-trimethylbenzoyl)phosphine oxide
(IRGACURE® 819, mp. 127–133 °C, UV/VIS absorption
peaks in methanol: 295 and 370 nm) were purchased from
Toyotsu Chemiplas Corporation (Tokyo, Japan). All of the
commercially available reagents were used without further
purification.

Preparation of diallylated coumaric acid (A2CM)

Potassium carbonate (27.6 g, 200 mmol) was added to a
solution of CMA (8.21 g, 50.0 mmol) in DMF (150 mL),
and the resulting mixture was stirred for 10 min. Allyl
bromide (24.2 g, 200 mmol) was dropwise added over a
period of 30 min at room temperature. After the addition,
the mixture was stirred for 24 h at 40 °C and filtered. Dilute
hydrochloric acid was added to the filtrate, and the product
was extracted with ethyl acetate/hexane 3/1 (v/v, 50 mL ×3)
three times. The organic layer was washed with water, dried
over sodium sulfate and concentrated in vacuo to produce a
mixture of incompletely allylated compounds (7.8 g) as a
pale yellow liquid. The isolated crude product was again
reacted with allyl bromide (3.63 g, 30.0 mmol) and potas-
sium carbonate (4.14 g, 30.0 mmol) in a similar manner to
the above to give A2CM as a pale yellow liquid (6.34 g) in
52% yield. A2CM: 13C-NMR (100MHz, δ, ppm, in CDCl3)
166.57 (C-1), 160.58 (C-7), 144.99 (C-3), 133.59
(C-11,14), 130.64 (C-5, 9), 127.19 (C-4), 118.82, 118.23,
118.15 (C-2, 12, 15), 115.61, 115.52 (C-6, 8), 68.55 (C-13),
64.81 (C-10); ESI-MS (positive mode, m/z) calcd. for
C15H16O3 244.1100, found [M+H]+ 245.1170.

Preparation of triallylated caffeic acid (A3CF)

Potassium carbonate (34.6 g, 250mmol) was added to a
solution of CFA (9.01 g, 50.0mmol) in DMF (150mL), and
the resulting mixture was stirred for 10 min. Allyl bromide
(30.2 g, 250 mmol) was dropwise added over a period of 30
min at room temperature. After the addition, the mixture was
stirred for 24 h at 40 °C and filtered. Dilute hydrochloric acid
was added to the filtrate, and the product was extracted with
ethyl acetate/hexane 3/1 (v/v, 50mL ×3) three times. The
organic layer was washed with water, dried over sodium
sulfate and concentrated in vacuo to produce a mixture of
incompletely allylated compounds (9.1 g) as a pale yellow
liquid. The isolated crude product was again reacted with allyl
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bromide (3.63 g, 30.0mmol) and potassium carbonate
(4.14 g, 30.0 mmol) in a similar manner to the above to give
A3CF as pale yellow crystals (7.82 g) in 52% yield. A3CF:
mp. 56.7 °C; 13C-NMR (100MHz, δ, ppm, in CDCl3) 166.59
(C-1), 150.60 (C-7), 148.47 (C-6), 145.33 (C-3), 134.23,
133.98, 133.36 (C-11, 14, 17), 127.49 (C-4), 123.56 (C-9),
118.23, 117.93, 117.6 (C-12, 15, 18), 115.91 (C-2), 113.80,
112.92 (C-8,5), 69.40, 69.26 (C-13, 16), 64.80 (C-10); ESI-
MS (positive mode,m/z) calcd. for C18H20O4 300.1362, found
[M+H]+ 301.1430.

[2+2] Photodimerization of A2CM and A3CF

A 23.9 μM acetonitrile solution (10 mL) of A3CF in a
quartz cell with a size of 45 × 10 × 10 mm3 was photo-
irradiated for a specified time through a poly(methyl
methacrylate) filter, which removed light of wavelengths
lower than 280 nm. A SPOT-CURE SP-7 (250W light
source, wavelength 240–440 nm, Ushio Inc., Yokohama,
Japan) device equipped with a uniform-radiation optical

unit was used for UV curing (irradiation distance 17 cm,
irradiation intensity 60 mW cm‒2). A 23.9 μM acetonitrile
solution (10 mL) of A2CM was similarly photodimerized.

Thiol-ene photopolymerization

A typical procedure for the thiol-ene photopolymerization of
A3CF and S4P at a molar ratio of 4/3 is as follows: A mixture
of A3CF (2.70 g, 8.99mmol), S4P (3.30 g, 6.74mmol), pho-
toinitiators (total 180mg, 3.0wt% of the total weight of reac-
tants, IRGACURE ® 184 /IRGACURE ® 819= 3/1 (w/w)) was
stirred for 1 h to form a homogeneous solution. The solution
was poured onto a polymethylpentene culture dish with a
diameter of 80mm and photoirradiated three times for 60 s at
1min intervals to yield a photocured A3CM/S4P 4/3 film
(A3CM-S4P43) with a thickness of 0.2mm. A SPOT-CURE
SP-7 device equipped with a uniform-radiation optical unit was
used for UV curing (irradiation distance 17 cm, irradiation
intensity 60mWcm‒2). In a similar manner, photocured A3CF/
S4P 1/1, A2CM/S4P 2/1 and A2CM/S4P 4/3P films
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(A3CF-S4P11, A2CM-S4P21 and A2CM-S4P43, respectively)
were prepared.

Characterization

Proton and carbon nuclear magnetic resonance (1H- and
13C-NMR) spectra were recorded on a Bruker Ascend 400
MHz spectrometer (Madison, WI, USA) using CDCl3 as the
solvent. Fourier transform infrared (FT-IR) spectra were
recorded at room temperature in the range from 4000 to
700 cm–1 on a Shimadzu (Kyoto, Japan) IRAffinity-1S by
the attenuated total reflectance (ATR) method. The IR
spectra were acquired using 50 scans at a resolution of
4 cm–1. Gel fractions were measured by the following pro-
cedure: A film (10 × 10 × 0.3–0.5 mm3) was submerged in
chloroform at room temperature for 24 h, and subsequently,
the film was removed and dried at 40 °C in a vacuum oven
for 24 h. The gel fraction was calculated by the equation:
Gel fraction (%)= 100 w1/w0, where w0 and w1 are the
weights of the original and dried films, respectively.
Ultraviolet–visible (UV–Vis) spectra were recorded on a
JASCO V-650 instrument (Tokyo, Japan) over the wave-
length range of 400 to 800 nm using an acetonitrile solution
in a quartz cell. The differential scanning calorimetry (DSC)
measurements were performed on a Perkin-Elmer Diamond
DSC (Waltham, MA, USA) in a helium atmosphere. To
eliminate the thermal history of the samples (5–8 mg), the
samples were heated from −50 to 200 °C at a heating rate of
20 °C min‒1, held at the temperature for 3 min, and then
cooled to −50 °C at a cooling rate of 100 °C min‒1. After
the temperature was held at −50 °C for 3 min, the second
heating scan was performed at a heating rate of 20 °C min‒1

to determine the glass transition temperature (Tg). The 5%
weight loss temperature (Td5) was measured on a Shimadzu
TGA-50 thermogravimetric analyzer. A sample of
approximately 5 mg was heated from room temperature to
500 °C at a heating rate of 20 °C min–1 in a nitrogen purge
stream at a flow rate of 50 mLmin–1. The tensile testing
of rectangular plates (length 50 mm, width 10 mm, and
thickness 0.9 mm) was performed at room temperature
(ca. 20 °C) using a Shimadzu Autograph AG-1. The span
length was 25 mm, and the testing speed was 10 mmmin−1.
Five specimens were tested for each set of samples, and the
mean value and standard deviation were calculated.

Results and discussion

Characterization of A2CM and A3CF

Since the allylation reactions of CMA and CFA using large
excess amounts of allyl bromide and potassium carbonate
only once produced incompletely allylated products, the fully

allylated products (A2CM and A3CF) were synthesized by
repeating the reactions using slightly excess amounts of allyl
bromide and potassium carbonate (Scheme 1). Figures 1 and
2 show the 1H-NMR spectra of A2CM and A3CF in d6-
DMSO, respectively. The expanded spectra of each signal
of A2CM and A3CF are also shown in Figs. S1 and S2
(see Supplementary Materials). In the 1H-NMR spectrum of
A2CM, the 1H-signals of the benzene core were observed at
δ 7.68 (d, 2H, H-5,9, J= 8.7 Hz) and 7.00 ppm (d, 2H, H-6,
8, J= 8.7 Hz), and those of the unsaturated carbonyl moiety
were at δ 7.64 (d, 1H, H-3, J= 16.0 Hz) and 6.52 ppm
(d, 1H, H-2, J= 16.0 Hz). The 1H-signals of two allyl
groups were observed at δ 6.01 (m, 2H, H-11,14), 5.41 (dd,
1H, H-15a or 12a, J= 18.3, 1.2 Hz), 5.36 (dd, 1H, H-12a or
15a, J= 17.8, 1.2 Hz), 5.28 (d, 1H, H-15b or 12b, J=
11.3 Hz), 5.25 (d, 1H, H-12b or 15b, J= 10.5 Hz), 4.67
(d, 1H, H-10, J= 5.4 Hz), and 4.62 (d, 1H, H-13, J=
5.2 Hz). In the 1H-NMR spectrum of A3CF, the 1H-signals
of the benzene core were observed at δ 7.40 (d, 1H, H-5,
J= 1.6 Hz), 7.24 (dd, 1H, H-9, J= 8.4, 1.6 Hz) and 7.00
ppm (d, 1H, H-8, J= 8.4 Hz), and those of the unsaturated
carbonyl moiety were at δ 7.60 (d, 1H, H-3, J= 16.0 Hz)
and 6.58 ppm (d, 1H, H-2, J= 16.0 Hz). The 1H-signals of
three allyl groups were observed at δ 6.01 (m, 3H,
H-11,14,17), 5.46–5.33 (m, 3H, H-15a,18a,12a), 5.25
(m, 3H, H-12b,15b,18b), 4.67 (d, 2H, H-10, J= 5.5 Hz),
4.63 (d, 2H, H-13 or 16, J= 5.7 Hz), and 4.62 (d, 2H, H-16
or 13, J= 6.0 Hz). Furthermore, all the 13C-signals in
the 13C-NMR spectra of A2CM and A3CF were reasonably
assigned as shown in Figs. S3 and S4 (see Supplementary
Materials). The chemical structures of A2CM and A3CF as
characterized by the 1H- and 13C-NMR spectral analyses
were confirmed by the electrospray ionization mass spec-
trometry (ESI-MS) analysis (see Materials and methods).

Photopolymerization of A2CM and A3CF with S4P

Figure 3 shows UV–Vis spectral changes of the acetonitrile
solutions of A2CM and A3CF, to which light of 280–440 nm
was irradiated for 3–30 s. In the case of A2CM, the intensity
of the absorption band at 310 nm decreased with irradiation
time and became substantially constant at an irradiation time
of 12–15 s. Similarly, the intensities of the absorption bands at
295 and 320 nm of A3CM decreased and became constant at
an irradiation time of 20–30 s. The fact that both UV–Vis
spectral changes had isosbestic points indicates that A2CM
and A3CF photodimerized without the generation of bypro-
ducts in the diluted acetonitrile solutions (see Fig. S5
in Supplementary Materials). A similar UV spectral change is
known for the photodimerization of coumaric acid derivatives
[34, 35]. However, when a neat liquid of A2CM was directly
UV-irradiated at room temperature for 180 s in a similar
manner, the photodimerization did not occur, as is evident
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from the fact that the 1H-NMR spectrum of the irradiated
sample was the same as that of the original A2CM. Similarly,
although a melted A3CF at 60 °C was comparably photo-
irradiated, no reaction occurred. Therefore, it is presumed that
the [2+ 2] dimerization reaction hardly occurs during the
photoirradiation of A2CM/S4P or A3CF/S4P without solvent.

Next, the mixtures A2CM/S4P and A3CF/S4P were
photocured by the thiol-ene reaction in the presence of

photoinitiators at molar ratios of 2/1 and 4/3, that is, an
allyl/thiol ratio of 1/1, to yield A2CM-S4P21 and A3CF-
S4P43, respectively. The A2CM-S4P21 and A3CF-S4P43
films were obtained as pale yellow and visually transparent
films (Fig. 4). Furthermore, assuming that the thiol-ene
reaction of the thiol groups of S4P and enone
(CH=CHC=O) groups of A2CM and A3CF occurs, the
mixtures of A2CM/S4P and A3CF/S4P were photocured at
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molar ratios of 4/3 and 1/1, that is an (allyl+ enone)/thiol
ratio of 1/1, to yield A2CM-S4P43 and A3CF-S4P11,
respectively. The A2CM-S4P43 and A3CF-S4P11 films
were also pale yellow and visually transparent.

Figure 5 shows the FT-IR spectra of all the photocured films
and their reactants. S4P displayed an intense band due to the
ester carbonyl stretching vibration (νC=O) at 1726 cm

−1 and a
weak absorption band due to the stretching vibration of the
S-H group (νSH) at 2563 cm

−1. The νSH band was apparent
in a longitudinally enlarged spectrum of the wavelength
region from 2400 to 2700 cm−1. A2CM exhibited an
unsaturated ester νC=O band at 1707 cm−1 and bands
ascribed to C=C stretching (νC=C) and= C–H out-of-
plane bending (γ=C–H) vibrations at 1631 cm−1 and 986,
926 cm−1, respectively. Additionally, A3CF exhibited an
unsaturated ester νC=O band at 1705 cm−1, νC=C bands at
1649 and 1628 cm−1, and γ=C–H bands at 981 and 920 cm–1.
The νC=C bands at 1628–1649 cm−1 for A2CM and A3CF
are ascribed to the C=C bonds of allyl and enone groups
[23, 25, 34]. It is known that the allyloxy γ=C–H band is
observed as two peaks at approximately 995–985 cm−1 and
915–905 cm−1 [23, 24], and the trans-vinylene γ=C–H band
of a cinnamoyl group is observed as one peak at approxi-
mately 980 cm−1 [36]. Therefore, the peaks at 926 and

920 cm−1 are ascribed to the allyl groups, and those at 986
and 981 cm−1 are ascribed to both the allyl and trans-enone
groups in the FT-IR spectra of A2CM and A3CF, respec-
tively. In the FT-IR spectra of A2CM-S4P21 and A3CF-
S4P43, the νSH band was nonexistent, and the allyl γ=C–H

band at approximately 926–920 cm−1 was considerably
weaker than those of A2CM and A3CF. It is considered that
the residual band at approximately 926–920 cm−1 may be
attributed to the absorption band of S4P because S4P has a
weak absorption band at 934 cm−1. These results indicate
that the thiol-ene reaction of allyl and thiol groups almost
completely progressed for A2CM-S4P21 and A3CF-S4P43.
These cured products displayed relatively intense peaks at
1670 and 1662 cm−1, respectively, which were at a slightly
higher wavenumber region than the νC=C bands of the
enone groups of A2CM and A3CF (1628–1649 cm−1).
These peaks are considered to be νC=C bands of the dis-
torted enone moieties in which the conjugation of C=C and
C=O bonds is disturbed by the thiol-ene crosslinking
reaction of allyl and thiol groups. The fact that the peak
intensity of the band at 1662 cm−1 for A3F-S4P43 is much
higher than that of the band at 1670 cm−1 for A2CM-S4P21
may be attributed to the factor that the enone conjugation of
A3F-S4P43 is much more disturbed by a highly crosslinked
structure, leading to a nonplanar conformation. Thus, it is
considered that the allyl groups of A2CM and A3CF have a
higher thiol-ene reactivity than do the enone groups, and the
C=C bonds of the enone groups of A2CM and A3CF
hardly reacted with the thiol groups of S4P. As a similar
reaction behavior, it is known that allyl groups have a
higher thiol-ene reactivity than that of acrylate and metha-
crylate groups [10]. In the FT-IR spectra of A2CM-S4P43
and A3CF-S4P11, the νSH band was nonexistent, and the
allyl γ=C–H bands at 981 and 920 cm−1 were considerably
diminished in a similar manner to those A2CM-S4P21 and
A3CF-S4P43. Unlike the case of A2CM-S4P21 and A3CF-
S4P43, A2CM-S4P43 and A3CF-S4P11 displayed no νC=C

band at approximately 1660–1670 cm−1. These results
indicate that the thiol-ene reaction of the thiol groups of S4P
with the alkenyl groups of allyl and enone groups almost
completely proceeded for A2CM-S4P43 and A3CF-S4P11.
However, in the FT-IR spectrum of A2CM-S4P43, an
unsaturated ester νC=O band was observed as a shoulder
peak at 1705 cm−1, and weak νC=C and allyloxy γ=C–H

bands appeared at 1632 and 926 cm−1, respectively. This
result indicates that some amounts of allyl and enone groups
remained in A2CM-S4P43. It is considered that, in addition
to the allyl groups, the thiol groups of S4P also reacted with
the enone groups of A2CM-S4P43 with a (allyl+ enone)/
thiol ratio of 1/1, in contrast to the selective reaction of thiol
and allyl groups for A2CM-S4P21 with an allyl/thiol ratio
of 1/1 and that the thiol-ene reaction of the residual allyl and

Fig. 3 UV–Vis spectral changes of 23.9 μM acetonitrile solutions of
A2CM and A3CF irradiated with light of 280–440 nm for 3–30 s
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enone groups was disturbed by the formation of a highly
crosslinked network at the final stage of curing for A2CM-
S4P43. In fact, the gel fraction (90%) of A2CM-S4P43 was
slightly lower than that (92%) of A2CM-S4P21. In a similar
trend, the gel fraction (81%) of A3CF-S4P11 was lower
than that (87%) of A3CF-S4P43. Additionally, the gel
fractions of A3CF-S4P43 and A3CF-S4P11 were lower
than those of A2CM-S4P21 and A2CM-S4P43, respec-
tively. These results are in accordance with the fact that the
conversion at a gelation point decreases with increasing
monomer functionalities, as based on the Flory-Stockmayer
theory. Although we could not detect the presence of resi-
dual allyl, enone and thiol groups by the ATR-IR surface
analysis of A2CM-S4P21, A3CF-S3P43 and A3CF-S4P11,
there is a possibility that some functional groups remain in
the inner region of the films.

Thermal and mechanical properties of cured
products

Figure 6 shows the DSC curves of all the photocured pro-
ducts. The Tg (13.2 °C) of A3CF-S4P43 was substantially
higher than that (‒7.2 °C) of A3CF-S4P11 (Table 1). This
result may be caused by the facts that rigid cinnamate
moieties were retained for A3CF-S4P43, whereas the ori-
ginal enone group of A3CF was converted to a saturated
carbonyl group for A3CF-S4P11 by the thiol-ene reaction
and that S4P feed weight fraction (55.0 wt%) of A3CF-
S4P43 was lower than that (61.9 wt%) of A3CF-S4P11,
considering that S4P is a flexible aliphatic thiol compound.
Furthermore, the Tg (‒2.8 °C) of A2CM-S4P21 was slightly
higher than that (‒4.6 °C) of A2CM-S4P43 due to the same
reasons as the case of A3CF-S4P43 and A3CF-S4P11.
However, the difference in Tg was very small. This result is

Fig. 5 FT-IR spectra of all the cured products compared with those of
S4P, A2CM, and A3CF

Fig. 4 Photographs of A2CM-S4P21 and A3CF-S4P43 films

Fig. 6 DSC curves of all the cured products
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attributable to the fact that the average feed monomer
functionality (3.33) of A2CM-S4P21 was slightly lower
than that (3.43) of A2CM-S4P43, leading to a lower
crosslinking density of A2CM-S4P21 (Table 1). Therefore,
it is considered that the Tg of this curing system depends on
the content of flexible alkylene moieties in addition to the
crosslinking density.

Figure 7 shows the TGA curves of all the photocured
products. The Td5s of A3CF-S4P43 and A3CF-S4P11 were
higher than those of A2CM-S4P21 and A2CM-S4P43,
respectively (Table 1). This result should be caused by the
fact that the average feed monomer functionalities (4.00) of
A3CF-S4P43 and A3CF-S4P11 were higher than those
(3.33 and 3.43) of A2CM-S4P21 and A2CM-S4P43,
respectively (Table 1). Additionally, the Td5s of A2CM-
S4P21 and A3CF-S4P43, in which enone groups remain,
were higher than those of A2CM-S4P43 and A3CF-S4P11,
in which the enone (‒CH=CH‒C(=O)O‒) moieties were
converted to saturated thioester (‒(RS)CH‒CH2‒C(=O)O‒)
moieties, respectively (Table 1). This result may be related
to the fact that thiol (RSH) groups are apt to eliminate
thermally from saturated thioester moieties. As a result,
A3CF-S4P43 exhibited the highest Td5 (377 °C) among all
the cured products.

Figure 8 shows the stress–strain curves of all the cured
products. Furthermore, the values of tensile strength, mod-
ulus and elongation at break are shown in Fig. 9. A3CF-
S4P43, with the highest Tg (14.0 °C), exhibited the highest
tensile strength and modulus among all the cured products.
However, A3CF-S4P11, with the lowest Tg (‒4.9 °C), dis-
played the lowest tensile strength and modulus. These
results should be related to the factors that A3CF-S4P43 is
in a glassy/rubbery transition state due to a very broad glass
transition behavior at approximately 5–20 °C and that
A3CF-S4P11 is in a rubbery state at the testing temperature
of approximately 20 °C. The fact that A3CF-S4P11 dis-
played the lowest elongation at break should be caused by
the highest crosslinking density, as estimated from the
highest average functionality (4.00) of feed monomers and
stoichiometric reaction at (allyl+ enone)/thiol= 1/1.
Although we do not know a clear reason for the fact that
A3CF-S4P43 in a glassy/rubbery transition state exhibited

the highest elongation at break, the nonplanar structure due
to a disturbance of the enone conjugation may facilitate
chain entanglement, as discussed in the FT-IR section. As
A2CM-S4P21 and A2CM-S4P43 with comparable Tgs (‒1
to ‒2 °C) are also in a rubbery state at the testing tem-
perature, the tensile properties of these cured products were
comparable to each other and were significantly worse than
those of A3CF-S4P43.

Table 1 Composition, Tg and Td5 of all the photocured products

Sample Feed molar ratio Feed weight fraction of S4P (wt%) Average functionality of feed monomers (-) Tg (°C) Td5 (°C)

A2CM-S4P21 A2CM/S4P= 2/1a 50.0 (3×2+ 4 × 1)/3≅ 3.33 ‒2.8 336

A2CM-S4P43 A2CM/S4P= 4/3b 60.0 (3×4+ 4 × 3)/7≅ 3.43 ‒4.6 334

A3CF-S4P43 A3CF/S4P= 4/3a 55.0 (4×4+ 4 × 3)/7= 4.00 13.2 377

A3CF-S4P11 A3CF/S4P= 1/1b 61.9 (4×1+ 4 × 1)/2= 4.00 ‒7.2 342

aAllyl/thiol= 1/1
b(Allyl+ enone)/thiol= 1/1

Fig. 7 TGA curves of all the cured products

Fig. 8 Stress–strain curves of all the cured products
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Conclusions

A2CM and A3CF were synthesized by the allylation reac-
tion of CMA and CFA, respectively, and the thermal and
mechanical properties of their photocured products with
S4P were investigated in relation to the products of the
thiol-ene reaction of the allyl and enone groups of A2CM
and A3CF and the thiol groups of S4P, as well as to that of
the [2+ 2] photodimerization reaction of A2CM and A3CF.
A2CM and A3CF did not photodimerize without a solvent,
even though their compounds photodimerized in dilute
acetonitrile solutions. When A2CM and A3CF were pho-
tocured with S4P at an allyl/thiol ratio of 1/1, the thiol-ene
reaction of allyl and thiol groups selectively occurred to
produce A2CM-S4P21 and A3CF-S4P43. A3CF-S4P43

exhibited a higher Tg and Td than A2CM-S4P21. When
A2CM and A3CF were photocured with S4P at an (allyl+
enone)/thiol ratio of 1/1, both the thiol-ene reactions of the
allyl/thiol and enone/thiol groups occurred to produce
A2CM-S4P43 and A3CF-S4P11. The FT-IR analysis
showed that almost all the allyl and enone groups were
consumed for A3CF-S4P11, whereas some amounts of allyl
and enone groups remained for A2CM-S4P43. The progress
of the thiol-ene reaction of enone and thiol groups as well as
an increase in the S4P feed content caused the lowering of
Tg and Td5. As a result, A3CF-S4P43, in which rigid cin-
namate moieties are held, exhibited the highest Tg, Td5 and
tensile properties among all the cured products. A3CF is a
promising biobased monomer for thiol-ene photocuring
resin systems.
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