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Abstract: In this paper, a fully bio-based vinyl oligomer with high
functionalities was successfully prepared from rapeseed oil by three modification
steps: epoxidation of rapeseed oil, solvent-free and catalyst-free ring opening by
10-undecylenic acid followed by esterification with 10-undecenoyl chloride.
Then, the renewable polymers were prepared by photo-polymerization of these
modified vegetable oils with typical thiol monomers: pentaerythritol tetrakis
(3-mercaptopropionate), pentaerythritol tris (3-mercaptopropionate) and
1,2-ethanedithiol. The synthesis of the vinyl oligomer was monitored by nuclear
magnetic resonance and Fourier-transform infrared spectroscopy. The average
number of the carbon-carbon double bonds of the resulting vinyl oligomer is
high to be 7.2. The kinetic of thiol-ene photo-polymerization of vegetable oil-
based vinyl oligomer was studied by FTIR-ATR analyses. In addition, the
thermo-physical properties, thermal stability and solvent resistance of these UV
cured films were characterized. The polymers from 1,2-ethanedithiol exhibit
higher gel content, storage modulus and glass transition temperature than those
from other thiol monomers due to the high crosslinking densities of the resulting
polymers. All polymers show excellent thermal stability up to 290°C. The
resulting polymers exhibit thermo-physical properties, excellent water resistance
and thermals stability, which is promising to find application in coatings and
adhesives.
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1 Introduction

With the depletion of fossil resources and the increasing concerns toward environmental issue, much
effort has been dedicated to develop polymeric materials from renewable resource as a replacement of
petroleum based counterparts for a sustainable and environment-friendly society [1-4]. Vegetable oils, a
typical renewable source, have attracted much attention for this purpose due to their unique properties,
such as, ready availability, inherent biodegradability and low toxicity [5-7]. Vegetable oils are tri-esters
formed by glycerol and fatty acids containing 8-18 carbon atoms that can be either poly-, mono-, or
unsaturated. It is well known that the unsaturated groups of most vegetable oils are located in the middle
of fatty acid chains, which show low reactivity for efficient polymerization [8,9]. In addition, the
unsaturated degree of vegetable oils is limited, leading to the poor mechanical properties and thermal
stability of the resulting polymers. Therefore, the exploit of efficient chemical modification and suitable
polymerization method are necessary for development of high performance polymers from vegetable oils,
which would widen the application of vegetable oils as a renewable platform chemical [5,8,10-14].

During the last decade, there are many researches focusing on the development of green method for
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synthesis of acrylated vegetable oils and their photo-polymerization [14-17]. For example, Kessler et. al.
have prepared acrylated soybean oil by epoxidation followed by ring opening with acrylic acid [18]. The
homo-polymerization of acrylated soybean oil and copolymerization of acrylated soybean oil [19] and
methacrylated vanillin leads to a series of novel, bio-renewable polymers ranging from rigid plastics and
soft elastomers [20]. Zhang et al. developed a novel efficient one-step method for preparation of acrylated
soybean oil (ASO) directly from soybean oil and acrylic acid under the catalysis of BF3-Et,O [3]. Highly
crosslinked rigid polymers have been prepared by copolymerization of the ASO and styrene [21].
However, the environmental factors, such as oxygen or humidity, greatly affect the homo-polymerization
of acrylate vegetable oils and their properties, leading to the difficulty in practical application.

Thiol-ene click reaction is a novel reaction with many remarkable advantages, such as rapid
polymerization rates, high efficiency and easily accessible [22-26]. Most important of all, it can proceed
under mild conditions, which could avoid the above disadvantages of traditional photo-polymerization of
acrylate monomers [13,17,27-29].

In this paper, highly branched vegetable oil derivatives with varying degrees of unsaturated
double-bonds were successfully prepared by three steps: epoxidation of rapeseed oil, solvent-free and
catalyst-free ring opening by 10-undecylenic acid, and esterification with 10-undecenoyl chloride. Then,
the renewable polymers were prepared by photo-polymerization of these modified vegetable oils and
typical thiol monomers (pentaerythritol tetrakis (3-mercaptopropionate) (PETMP), pentaerythritol tris
(3-mercaptopropionate) (PTMP) and 1, 2-ethanedithiol (EDT)). The kinetic of thiol-ene
photopolymerization was studied by FTIR-ATR analyses. In addition, the thermos-physical properties and
thermal stability of UV-curable films were characterized.
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Scheme 1. Synthesis of fully bio-based oligomer

2 Experimental
2.1 Materials

PETMP, PTMP and EDT were purchased from Aldrich China. Rapeseed oil (RO) was purchased
from local supermarket. Hydrogen peroxide (30%), 10-undecylenic acid, N, N-dimethylformamide,
triethylamine was purchased from Aladdin China. Formic acid, sodium carbonate, sodium hydroxide,
anhydrous magnesium sulfate, ethyl acetate and dichloromethane were purchased from Beijing Chemical
works. 2-Hydroxy-2-methylpropiophenone (UV1173) was obtained from JiuRi Chemical of China. All
materials were used as received without further purification. 10-Undecenoyl chloride was prepared with
the method previous reported [30].

2.2 Synthesis of Epoxidized Rapeseed Oil (ERO)
Scheme 1 shows the synthesis route of epoxidized rapeseed oil. Rapeseed oil (5 g, 0.005 mol),
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formic acid (5.36 g, 0.117 mol) and 30% hydrogen peroxide (12 g, 0.106 mol) were added to a 100 mL
flask equipped with a reflux condenser under vigorous stirring. The reaction was carried out at a constant
temperature of 20°C for 24 h. Then, 15 mL ethyl acetate and 10 mL water were added. After the mixture
was stirred for a few minutes, the organic layer was washed with aqueous sodium carbonate solution until
a slightly alkaline pH was obtained. After that, the ethyl acetate phase was dried over anhydrous
magnesium sulfate to remove the trace amounts of water and then filtered. Finally, the clear viscous ERO
with 88% yield was obtained after removal of the organic solvent under vacuum.

2.3 Synthesis of The Rapeseed Oil Based Branched Polyols (UROP)

The rapeseed oil polyols were prepared by ring-opening reaction between ERO with 10-undecylenic
acid with a solvent-free and catalyst-free method. Briefly, ERO (2 g, 0.002 mol) and 10-undecylenic acid
(1.47 g, 0.008 mol) were mixed in a flask equipped with a reflux condenser and a magnetic stirrer, then
the ring opening reaction was carried out at 170°C for 8 h. The rapeseed oil-based polyols were obtained
with 100% yield.

2.4 Synthesis of the 10-Undecenoyl Modified Rapeseed Oil-based Oligomer (UROO)

The rapeseed oil-based polyols (3.47 g, 0.002 mol) and triethylamine (1.6 g, 0.016 mol) were
dissolved in ethyl acetate in a flask equipped with a magnetic stirrer and cooled in an ice bath, and then
10-undecenoyl chloride (3.2 g, 0.016 mol) was added dropwise. After the addition of 10-undecenoyl
chloride, the reaction was carried out at ice bath for 2 h and at room temperature for another 24 h.
Subsequently, the solution was filtrated and the organic phase was washed several times with 1% sodium
hydroxide solution and distilled water, respectively. Finally, the red-brown liquid of UROO was obtained
with 85% yield after dry with anhydrous magnesium sulfate and removal of the solvent was removed.

2.5 Preparation of Thiol-eneUV Cured Coatings

The thiol-ene UV curable films were prepared according to the formulations summarized in Tab. 1.
The mixtures were homogenized and coated on PTFE panels. A uniform thickness (~60 pm) of the films
was obtained by means of a wire-wound drawdown rod. The films were cured under the irradiation of a
UV lamp (1700 uW/cm?, 365 nm) in air with 10 minutes.

Table 1: Thoil-ene UV cured films codes and compositions

Oligomer funCTt?;g;h y C-CsH U}({g?o T(hé)‘” UV 1173 (g)
CF1___UROO EDT 2) I 100 015 0.023
CF2  UROO  PTMP(3) Il 100 042 0.028
CF3 UROO  PETMP (4) Il 100 039 0.028

2.6 Characterization

The kinetics of the photo-polymerization was determined by a Bruker-Vertex 70 spectrometer with
the attenuated total reflection (ATR) accessory. A drop of deployed coating formulation was placed on
total reflection lens and cured on the UV light irradiation (1700 uW/cm?, 365 nm), then the IR spectra
were collected every 2 minutes during the course of polymerization. The polymerization rate was
calculated by measuring the peak area of characteristic peaks. Ene monomer conversion was monitored at
the -CH=CHj stretching peak around 3078 cm™ and thiol monomer conversion was monitored at the S-H
stretching peak around 2570 cm™'. Conversion of the reactive groups could be calculated by measuring the
peak area at each reaction time and determined as ¥ =[(4o- 41) / 4o] x 100%, where Y is the conversion
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of the reactive groups at time t, Ao is the absorption peak area before UV exposure while A; is the
absorption peak area of the reactive groups at time ¢.

The chemical structures of the monomers were characterized by 'H and >*CNMR spectra using a
Bruker AV-400 NMR. Teramethylsilane and deuterated chloroform were used as an internal reference, and
solvent, respectively. The thermal stability of the polymers was characterized by thermogravimetric
analysis (TGA) using a TGA-Q50 system (TA Instruments) with a heating rate of 10 ‘C min™' in a nitrogen
atmosphere. The hardness of the polymer films was characterized using a pendulum hardness tester
(Sheen Instrument Ltd., UK) according to ASTM D4366.

Gel content of the polymer films was determined by the following procedure: firstly, immerse cured
film with a known mass in methylene chloride at room temperature for a pre-determined time, followed
by filtering, drying, and reweighing of the solid remnants. Similarly, water absorption measurement was
performed at room temperature: firstly, immerse of the dried films (20 mm X 20 mm) with a known
weight (W) in water for a pre-determined time. After the residual water was removed, the weight (W>) of
the wet film was immediately measured. Water absorption of the cured films was calculated using the
following equation: 4 (%) = [(W>—W1) / W] x 100.

With a similar method as reported previously [30], toluene swollen measurement was performed by
immersing cured film in a toluene bath. The towel-dried sample weight () and the oven-dried sample
weight (Wy) was obtained after immersion for a pre-determined time. The following equation was used to
calculate toluene swollen of the films: O (%) = [(W:- W,) / W,] x 100.

3 Results and Discussion
3.1 Synthesis and Characterization of UROO

UROO was synthesized by three steps: epoxidation of RO, solvent-free and catalyst-free ring
opening by 10-undecylenic acid, and esterification with 10-undecenoyl chloride.

Fig. 1 shows the '"H NMR spectra of RO, ERO, UROP and UROO. The peaks at 5.35 ppm and 2.0
ppm corresponding to CH=CH- of RO disappear in the spectra of the ERO and newly peaks
corresponding to epoxy groups appear from 2.8 ppm to 3.2 ppm, indicating the successful epoxidation of
RO. The disappearance of epoxy groups at 2.8-3.2 ppm, and the newly appearance of peaks
corresponding to hydroxyl groups at 3.5-3.7 ppm and -CH=CH, at 4.8-5.1 ppm in the spectra of UROP
indicate the completely ring opening of ERO with 10-undecylenic acid as expected. After react with
10-undecenoyl chloride, the hydroxyl groups completely consumed as evidenced by the disappearance of
hydroxyl groups at 3.5-3.7 ppm and more -CH=CH, groups are successfully grafted at the backbone of
triglyceride as evidenced by the enhancement of 4.8-5.1 ppm spectra, leading to the formation of UROO.
According to the 'H NMR spectra of UROO, the number of terminal carbon-carbon double bonds per
triglyceride of UROO was determined by the ratios of the peak area of the signal located at 5.8 ppm based
on the normalization of the methyl proton peak areas located at 0.88 ppm. The average number of the
carbon-carbon double bonds of UROO is found to be 7.2.

The chemical structure of the resulting UROO was also verified by *C NMR as shown in Fig. 2. The
signals in the range of 127-132 ppm of RO are associated with the double bonds of triglycerides, which
disappear in the *C NMR of ERO because of the epoxidation of double bonds. In addition, the signals
corresponding to carbons of newly formed epoxy groups at 54 ppm and 57 ppm are observed in the
spectra of ERO. There is no big difference between the *C NMR spectra of UROP and that of UROO.
The chemical shifts of 172.1 and 166.5 ppm of UROQ are attributed to the carbonyls of triglyceride and
carbonyls of ester, respectively. The chemical shifts associated with the double bonds of 10-undecylenic
acid appear at 137 and 112.5 ppm.
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Figure 1: '"H NMR spectra of RO, ERO, UROP and UROO
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Figure 2: 3C NMR spectra of RO, ERO, UROP and UROO

A

The transformation of rapeseed oil to bio-based vinyl oligomer, UROO, was also monitored by FTIR
as shown in Fig. 3. The signals of carbon-carbon double bond at 3008 ¢m™ and 1643 c¢cm™ which are
present in the spectra of RO, disappear in the spectra of ERO. Meanwhile, the signals of epoxy groups at
910 cm™ and 801 cm™ are present in the spectra of ERO. Two new peaks corresponding to terminated
double bonds of 10-undecylenic acid appear at 3078 cm™ and 1643 cm™ and the peaks of epoxy groups at
910 cm disappear in the spectra of UROP, indicating the competence of ring-opening reaction of
epoxidized rapeseed oil and the successfully graft of 10-undecylenic acid. The absorption peaks of
carbonyl groups of UROO are composed of two peaks: the peaks at 1743 cm’! are associated with the
carbonyl of the rapeseed oil triglycerides, and the other peaks at 1733 cm! belong to the characteristic
absorption of the newly formed ester. The peaks at 3078 cm™ and 1643 cm™ of UROO ascribes to the
terminated double bonds of 10-undecylenic acid. The enhancement of these peaks shows that more
terminated double bonds have been grafted in UROO. The NMR and FTIR results demonstrate that the
UROO was successful prepared by these two steps.
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Figure 3: FTIR spectra of RO, ERO, UROP and UROO

3.2 Cure Kinetics of Thiol-ene Reaction Between UROQO and Thiol

The cure kinetics of thiol-ene reaction between UROO and PETMP with formulation CF3 were
monitored by FTIR. Before curing, the double bonds (=CH, stretch, 3078 cm™) and thiol (S-H stretch,
2570 cm') peaks were obviously demonstrated in the FTIR spectra [31]. The evolution of the height of
these two characteristic peaks is shown in Fig. 4. With the increase of the curing time, the intensity of
both two peaks gradually decreases, indicating the occurrence of the polymerization of UROO and thiol
under the irradiation of UV. Fig. 5 shows instantaneous conversions (calculated from FTIR spectra) of the
ene and thiol functional groups. The conversion of these two functional groups increase with curing time
and the conversion of carbon-carbon double bonds is higher than thiol conversion. From the Fig. 5, it was
found that the conversion of the terminal double bonds and thiol groups at 30 minutes were around 79 and
72%, respectively. This result is in agreement with previous report [23].
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Figure 5: Conversion of double bond and thiol in the interval of 30 minutes

3.4 Characterization of the UV cured Films

After UV curing, the crosslinked polymers were formed via thiol-ene coupling of these polyfunctional
vinyl oligomer and thiol monomers. The gel content is proportional to the crosslinking density and can be
used as a parameter to indicate the efficiency of curing. In order to study the crosslinking density of the three
UV cured bio-based films, the gel content was obtained through dichloromethane extraction. The gel
contents of CF1, CF2 and CF3 were 69.77%, 88.53% and 93.65%, respectively (as shown in Tab. 2).
These gel content values indicate that the UV curing system was highly, but not completely UV cured.
Clearly, the CF3 exhibited the highest gel content, because PETMP has a higher functionality than other
two thiol reagents. Higher cross-link density networks in films can be attributed to higher functionality
[26]. The pendulum hardness data of UV cured films also confirms this conclusion. The hardness of the
UV cured films increases with the increase of functionality of the thiol reagents. CF1 film shows the
lowest hardness while CF3 has the highest hardness due to the difference of crosslink density [32].

Table 2: Gel content and pendulum hardness of the UV cured films
Sample code CF1 CF2 CF3
Gel content (%) 69.77 88.53 93.65
Pendulum hardness (s) 4.2 5.6 6.0

The solvent swelling of the films can be used to study water resistance and hydrophobicity of the
polymers, which is always influenced by the crosslink density of the film. All the polymers show the
similar absorption behavior. With the increase of immersion time, the polymers first demonstrate a rapid
absorption in the beginning stage. Then the absorption rate gradually decreases. After a certain immersion
time, the absorption reaches a saturation stage. Among them, the polymer with the recipe of CF1 show the
highest water-absorption rate while the polymer with the recipe of CF3 show the lowest water absorption
rate as shown in Fig. 6. In addition, the water absorption of CF1 polymer reaches 21% after 168 h
immersion while the water absorption of CF3 polymer is only 2% in the same immersion condition.
Because high crosslinking density of CF3 polymer in inhibit the penetration of water into the films [33].
In contrast to water absorption, toluene uptake is much faster than that of water uptake and arrives at
equilibrium condition within 72 h, due to the majority of solvent-soluble C15 long chain segments in UV
cured films. Meanwhile, the toluene absorption also shows positive correlation with crosslink density of UV
cured films. However, there is no big difference in the toluene-absorption rate for different polymers.
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Figure 6: Water absorption-time diagram of the UV cured films
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The thermal stability of thiol-ene UV-curable films was investigated by TGA and its derivative (DTG)
in nitrogen atmosphere (Fig. 8). It can be seen that the four curves are similar. The onset temperature of
decomposition was about 290°C. In the temperature ranging from 290 to 410°C, about 70% weight loss was
observed, accompanying with an exothermic peak due to the decomposition of cross-linked terminal
groups. An obvious exothermic peak occurred between 410 and 500°C, which accounts of 30% weight loss
of the samples. This exothermic peak is attributed to the decomposition of the polymeric backbone. There
is no obvious difference about TGA curve of these films, indicated that the degree of crosslinking almost
demonstrates no effect on the thermal stability in this stage. It could be referred to the similar chemical
structure of cross-linked backbone and functionalities. According to the Fig. 8, it can be found that the
UV cured films showed good thermal resistance.
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Figure 8: TGA and DTG of UV cured films

Fig. 9 shows storage modulus and loss factor as functions of temperature for UV cured films in the
temperature range from -80 to 30°C. All polymers exhibit the similar trend for storage modulus as
functions of temperature: At low temperature from -80°C, polymers are in the glassy state with storage
moduli at the order of 400-1500 MPa, and then, storage moduli slightly decrease until a dramatic decline
is observed. At high temperatures, the storage moduli of samples demonstrate a rubbery plateau.
Meanwhile, all polymers only show one tan 6 peak, which was considered to be the glass transition
temperature (7;), indicating the homogeneous nature of all polymers. With the increase of functionality of
the thiol monomer, the 7, of the resulting polymers increase. The polymers from PETMP show the
highest 7, of 0°C while the polymers from has the lowest 7, of -22°C. Obviously, as the functionality of
the thiol monomer increase, the storage moduli of the resulting polymers increase.
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Figure 9: Storage moduli and loss factor (tan ) as functions of temperature for UV cured films

4 Conclusion

A fully bio-based vinyl oligomer with high functionalities was successfully prepared by epoxidation
of rapeseed oil, solvent-free and catalyst-free ring opening by 10-undecylenic acid, and esterification with
10-undecenoyl chloride. In addition, a series of renewable polymers were prepared by
photo-polymerization of these modified vegetable oil and typical thiol monomers (pentaerythritol tetrakis
(3-mercaptopropionate), pentaerythritol tris (3-mercaptopropionate) and 1,2-ethanedithiol. It is found that
the polymers from 1,2-ethanedithiol exhibit the highest gel content, storage modulus and glass transition
temperature due to the high crosslinking densities of the resulting polymers. All polymers show excellent
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thermal stability up to 290°C. In addition, the resulting polymers exhibit good water resistance, which is
promising to find application in green coatings and adhesives.
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