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ABSTRACT: To fully utilize the forestry bioresources, a novel dual-
cross-linkable resin monomer of MAHSWAGMA was prepared from
Swida wilsoniana oil (SWO). FT-IR and 1H-NMR analysis
demonstrated the successful synthesis of the target product. Five
different cross-linking copolymers, including a polymerized vinyl
ester/single-cross-linking (PVESC) polymer, a polymerized epoxy/
single-cross-linking (PESC) copolymer, a thermal-photo-initiated/
dual-cross-linking (TPIDC) copolymer, a photo-thermal-initiated/
dual-cross-linking copolymer (PTIDC), and a thermal-initiated/dual-
cross-linking copolymer (TIDC), were obtained with different
preparation technologies by different initiated cross-linking processes.
Thermal and mechanical properties of the five copolymers were all
tested, and the effects of different preparation technologies on the
properties of prepared copolymers were investigated. The prepared three dual-cross-linking copolymers had higher hardness, relative
cross-linking density, glass transition temperature, and more excellent mechanical property than the other two single-cross-linking
copolymers. The PTIDC copolymerized system obtained with photo first and thermal latter initiated dual-cross-linking preparation
technology had the most excellent comprehensive properties. This study can provide an ideal idea for the design and preparation of
dual-cross-linking copolymers based on forestry vegetable oil.

1. INTRODUCTION

Swida wilsoniana, a dicotyledon, is up to 40 m tall and has gray
bark.1−3 Owing to the strong adaptability, photophilia, and
cold tolerance, S. wilsoniana can survive in alkaline, neutral,
weakly alkaline, and mildly saline and alkaline lands.4 It can be
planted extensively not only in hills, plains, and mountains but
also in ridges of fields, riversides, and houses both in the front
and behind. S. wilsoniana is widely distributed in the
subtropical and temperate zones of both hemispheres.5,6 As a
high oil yield plant, its flesh and kernel are enriched with 30%
oil.6 S. wilsoniana oil (SWO) contains up to 77% oleic and
linoleic acid (Figure 1).7,8 SWO containing many unsaturated
double bonds is a novel functional high-quality woody
vegetable oil that has higher molecular design ability and
wider application prospects in chemical reactions.9−11

Generally, common synthetic polymers based on vegetable
oil have excellent flexibility, but their further application is still
restricted by some limitations, such as insufficient mechanical
rigidity and easy deformation under heating.12,13 Dual-cross-
linking copolymers are a novel type of copolymerized systems
based on the dual-cross-linking technology.14 Usually, the resin
monomers in a dual-cross-linking system are cross-linked
through independent reaction stages by different reaction

principles,15,16 such as microwave, thermal, room temperature,
UV light, or moisture cross-linking.17−20 Different from the
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Figure 1. Formulas of Swida wilsoniana oil (SWO) and Swida
wilsoniana acid (SWA).
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single-cross-linking method, the dual-cross-linking technology
can improve the application of superthick coatings, compli-
cated shape products, opaque materials, and other materials.
With diverse application prospects, the dual-cross-linking
technology can be widely used not only in electronics,
medicine, and construction but also in petrochemical,
metallurgy, and other industries.21−23 In addition, especially
for the dual-cross-linking system, the different preparation
technologies have a huge impact on the comprehensive
properties of the prepared copolymers.17−23

With the emergence of environmental pollution and
shortage of nonrenewable resources, the durability of materials
and the awareness of environmental protection have been
gradually aroused by researchers, promoting the research of
biology-based dual-cross-linking copolymerized systems.24−26

Woody vegetable oil is an important biomass forestry
resource.27,28 Abundant forestry resources are distributed
worldwide, and the annual output of woody vegetable oil is
more than 10 million tons.29

As we know, there have been few systematic research on
Swida wilsoniana oil-based polymers with different initiated
cross-linking processes in recent years. In this work, five
different single-cross-linking and dual-cross-linking polymer-
izations have been designed according to different initiation
cross-linking processes and different preparation technologies.
The comprehensive properties of Swida wilsonana oil-based
cross-linking polymers were systematically studied.

2. EXPERIMENTAL SECTION

2.1. Materials. SWO (46−50% linoleic acid, 30−35% oleic
acid, and 15−20% palmitic acid; iodine value: 104−116.8 gI2/
100 g) was purchased from Jiangxi Fenglin Investment and
Development Co., Ltd., China. Sodium hydroxide (98.0%),
ethyl alcohol (99.0%), and formic acid (88.0%) (all stabilized)
were purchased from Shanghai Lingfeng Chemical Reagent
Co., Ltd., China. Hydrochloric acid (37%), ethyl acetate
(99.5%), P-toluene sulfonic acid (98.5%), and H2O2 (30%) (all
stabilized) were provided by Nanjing Chemical Reagent Co.,
Ltd., China. Maleic anhydride (99.5%), triphenyl phosphate
(98.0%), 2,2-dimethoxy-2-phenylacetophenone (DMPA,
98%), and hydroquinone (99.0%) (all stabilized) were offered
by Sinopharm Chemical Reagent Co., Ltd., China. E51 epoxy
resin and tris (dimethylaminomethyl)phenol (DMP-30) were
purchased from Wuxi resins Co., Ltd., China. Glycidyl
methacrylate (GMA, stabilized, 97%) was produced by

Aladdin Industrial Corporation (Shanghai). All these chemicals
were used as received.

2.2. Preparation. 2.2.1. Preparation Process of Hydroxy-
lated S. wilsoniana Acid (HSWA). S. wilsoniana acid (SWA)
can be prepared via hydrolyzation of SWO. NaOH (25.04 g)
was first dissolved into 240 mL of 50 wt % ethanol water
solution. The obtained solution was introduced into a four-
necked flask and heated to 70 °C. Then, 150.00 g of SWO was
added. The mixture was maintained at about 70 °C and kept
for 2 h. HCl solution (5 mol/L) was added to adjust the pH of
the mixture at 2−3 and then the acidification continued at 68−
72 °C for 1 h. When the acidification was over, the supernatant
SWA can be obtained after standing for 30−60 min. The
obtained crude SWA product was then washed at least three
times with distilled water. Next, the residual distilled water was
removed via vacuum distillation. Finally, an orange colored
viscous mixed fatty acid liquid named SWA was obtained
(yield: 93.20%).
SWA (120.00 g), 1.52 g of P-toluene sulfonic acid, and 24.00

g of formic acid were added into a sizable flask. H2O2 (102.00
g) was slowly added at 50 °C. After this, the reaction was
gradually heated to 65 °C and then kept reacting for 5 h.
Subsequently, 25.00 g of H2O and 50.00 g of ethyl acetate were
added and kept for 2−5 min. The supernatant oil layer of
crude HSWA can be obtained after standing for 30−60 min.
The obtained crude HSWA product was then washed at least
three times with distilled water. Next, ethyl acetate and the
residual distilled water were all removed by vacuum distillation.
Finally, a viscous liquid of HSWA was obtained (acid value:
192.54 mg (KOH)/g; hydroxyl value: 0.364 mol/100 g (yield:
86.06%)).

2.2.2. Preparation of SWO-Based Vinyl Resin Monomers.
The SWO-based vinyl resin monomer can be obtained from
HSWA. First, 0.40 g of triphenyl phosphate, 0.08 g of
hydroquinone, and 78.38 g of HSWA were added in a four-
necked flask. GMA (38.24 g) was then slowly added at 80 °C.
After this, the mixture was stirred for 2 h at 118 °C. After the
temperature of the mixture was dropped below 85 °C, 52.76 g
of maleic anhydride (MA) was added, and the reaction was
continued for 2 h. Finally, MA-modified HSWAGMA
(MAHSWAGMA) was prepared (acid value: 139.57 mg
(KOH)/g) (yield: 95.86%). The synthetic route of MAHS-
WAGMA is displayed in Figure 2.

2.2.3. Preparation Technology of Copolymers. Five
copolymers, including a polymerized vinyl ester/single-cross-
linking polymer (PVESC), a polymerized epoxy/single-cross-

Figure 2. Synthetic route scheme of MAHSWAGMA.
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linking copolymer (PESC), a thermal-photo-initiated/dual-
cross-linking copolymer (TPIDC), a photo-thermal-initiated/
dual-cross-linking copolymer (PTIDC), and a thermal-
initiated/dual-cross-linking copolymer (TIDC), can be ob-
tained with different initiating polymerization methods.
PVESC can be obtained by casting MAHSWAGMA and

DMPA (the photoinitiator) into a polytetrafluoroethylene
(PTFE) mold and curing with a UV-curing device (100 mw/
cm2) for 10 min. For PVESC, the polymerized system was
formed by the radical polymerization among the double bonds
of MAHSWAGMA under UV light irradiation.
PESC was synthesized by casting MAHSWAGMA, E51, and

DMP-30 into a preheated PTFE mold. The mold was heated
to 120 °C for 2 h. For PESC, the copolymerized system was
formed via the reaction between the carboxyl groups of
MAHSWAGMA and the epoxy groups of E51.
TPIDC was obtained by casting E51, MAHSWAGMA,

DMP-30, and DMPA into a PTFE mold and curing under
certain conditions. The mold was heated to 120 °C for 1 h and
then further cured under UV light for another 10 min. For
TPIDC, the carboxyl groups of MAHSWAGMA first reacted
with the epoxy groups, and then, DMPA triggered the radical
polymerization of CC of MAHSWAGMA under UV light.
PTIDC was obtained by casting MAHSWAGMA, E51,

DMP-30, and DMPA (the photoinitiator) into a plane PTFE
mold curing under certain conditions. The mixture was first
cured under UV light for 10 min and then was further cured at
120 °C for 1 h. For PTIDC, DMPA first triggered the radical
polymerization of CC of MAHSWAGMA under UV light,
and then, the carboxyl groups of MAHSWAGMA further
reacted with the epoxy groups of E51.
TIDC was produced by casting E51, DMP-30, MAHS-

WAGMA, and tert-butyl peroxybenzoate (the initiator) into a
PTFE mold. The mixture was first heated to 120 °C for 2 h
and then heated to 150 °C for 2 h. For TIDC, the radical
polymerization of CC and the reaction between the carboxyl
groups and epoxy groups were all triggered simultaneously
under the heating condition.
Table 1 shows the detailed data of the mixed systems, and

Figures 3 and 4 display the reacting mechanisms of different
cross-linking systems.

2.3. Characterization. 2.3.1. Fourier Transform Infrared
Spectroscopy (FT-IR) Analysis. A Nicolet iS10 FT-IR
Spectrometer was used to acquire FT-IR spectra of different
samples with the wavenumber ranging from 4000 to 500 cm−1.
2.3.2. 1H-Nuclear Magnetic Resonance (NMR) Analysis.

An ARX-300 nuclear magnetic resonance spectrometer
(Bruker, Switzerland) was used to record 1H-NMR (300
MHz) spectra, and CDCl3 was employed as a deuterated
solvent.

2.3.3. Tensile Property Analysis of Different Copolymers.
Tensile properties of all copolymers were tested with a
universal testing machine (CMT4303, SANS, USA) at 25 °C.
Tensile specimens were cured in dumbbell-shaped molds, in
accordance with ASTM D638-03. For each sample, five
specimens with a size of 100 × 10 × 5 mm3 were tested at
room temperature for average values. The testing speed is 10
mm/min.

2.3.4. Hardness Analysis of Different Copolymers. A Shore
D durometer (TH210, TIME, China) was used to test the
hardness of different specimens at room temperature.

2.3.5. Microstructure Analysis of Copolymers. The tensile
fracture surface of the samples was treated with golden powder,
and then, a scanning electron microscopy meter (S-3400N,
Hitachi, Japan) was used to obtain micrographs by magnifying
500 times.

2.3.6. Dynamic Mechanical Thermal Analysis (DMA) of
Copolymers. A dynamic mechanical thermal analyzer (Q800,
TA, USA) was applied to test dynamic mechanical thermal
properties with the tensile test method. The specimens (50 × 5
× 2 mm3) were tested at a heating rate of 3 °C/min from −60
to 150 °C with a frequency of 1 Hz.

2.3.7. Thermogravimetric Analysis (TGA) of Copolymers.
A thermogravimetric analysis device (ST A409PC, NETZSCH,
Germany) was used to test the thermal stability of copolymers.
The specimens were heated from 25 to 800 °C under a
nitrogen atmosphere at a heating rate of 20 °C/min. Generally,
10−14 mg samples were used for the test.

3. RESULTS AND DISCUSSION
3.1. FT-IR Analysis of Monomers. FI-IR spectra of SWO,

HSWA, HSWAGMA, and MAHSWAGMA are shown in
Figure 5. SWO shows a strong IR absorption peak (1743
cm−1) corresponding to the ester group. Meanwhile, the
signals of C−O−C at 1161 and 1097 cm−1 further proved the
presence of the ester group. The peaks at 721 and 3007 cm−1

represent the vibration of C−H in the vinyl group. In addition,
the weak peak at 1639 cm−1 represented the bending vibration
of carbon−carbon double bonds. These three peaks confirmed
the presence of the vinyl group on the alkyl chain of SWO.
The spectrum of HSWA shows the peaks at 910 and 1376

cm−1 corresponding to the bending vibration of O−H in the
carboxyl group. The broad weak peak at 2400−3400 cm−1 is
assigned to the carboxyl groups of HSWA in the associating
state. In addition, it can be observed that the peaks at 1161 and
1639 cm−1 corresponding to the carbon−carbon double bonds
and ester groups, respectively, ever displayed in the FT-IR
spectrum of SWO were all disappeared. These changes indicate
that HSWA has been synthesized successfully.
For the spectrum of HSWAGMA, the intensity of the peak

at 3431 cm−1 is obviously stronger than that in the HSWA
spectra, which indicates that the hydroxyl content of
HSWAGMA is higher than that of HSWA. Meanwhile, the
ester absorption peak can be clearly identified at 1718 cm−1.
The shift of the peak is related to the conjugation of the double
bond with the carbonyl group. The absorption peaks at 1162
and 1295 cm−1 correspond to the symmetric and asymmetric
stretching vibration of C−O−C in the ester group,
respectively. In addition, the absorption peak of the vibration
of carbon−carbon double bonds at 1637 cm−1 shifted to low
frequency due to the existence of conjugate structures.
Compared with the FT-IR spectrum of HSWA, the peak at
2400−3400 cm−1 corresponding to the carboxyl group

Table 1. Formulation of Different Copolymerized Systems

samples
MAHSWAGMA

(g)
E51
(g)

DMP-
30 (g)

DMPA
(g)

tert-butyl
peroxybenzoate

(g)

PVESC 10.00 0.00 0.00 0.15 0.00
PESC 10.00 6.22 0.19 0.00 0.00
TPIDC 10.00 6.22 0.19 0.24 0.00
PTIDC 10.00 6.22 0.19 0.24 0.00
TIDC 10.00 6.22 0.19 0.00 0.16
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disappeared, which further indicates the successful preparation
of HSWAGMA.
For the FT-IR spectrum of MAHSWAGMA, compared with

the spectra of HSWAGMA, the intensity of the absorption
peak at about 1641 cm−1 of CC and the stretching peak at
about 1720 cm−1 of carbonyl groups on the spectrum of
MAHSWAGMA were all increased obviously. Moreover, the
disappearance of the peak at about 3498 cm−1(corresponding
to the hydroxyl group) and the appearance of the peak ranging
from 2400 to 3400 cm−1 (corresponding to the carboxyl
groups) further indicate that MAHSWAGMA has been
successfully synthesized.

3.2. 1H-NMR Analysis. Figure 6 displays the 1H-NMR
spectra of SWO, HSWA, HSWAGMA, and MAHSWAGMA.
For the 1H-NMR spectrum of SWO, the peaks at 5.3, 4.1, 2.3,
and 2.0 ppm are assigned to the protons on double bonds, on
carbon atoms adjacent to hydroxyl groups, and on carbon
atoms adjacent to carbonyl groups and on hydroxyl groups.
Compared to SWO, the 1H-NMR spectrum of HWSA displays
resonances at 1.9−0.8 ppm stemming from the methyl and
methylene protons of HSWA, indicating that HSWA has been
successfully synthesized. As for HSWAGMA, peaks at 4.3−3.9
correspond to the methylene protons next to oxygen atoms of
the ester groups, and peaks at 4.5 and 3.8−3.5 correspond to

Figure 3. Preparation mechanisms of two single-cross-linking systems.

Figure 4. Preparation mechanisms of three dual-cross-linking systems.
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the protons on the carbon atoms attached to the hydroxyl
group. HSWAGMA displays two resonances at 6.2 and 5.6
ppm stemming from carbon−carbon double bonds of GMA.
The peaks at 1.9−0.8 ppm are assigned to the methylene and
methyl protons of HSWAGMA.
In MAHSWAGMA, the peaks at 3.8−3.5 and 4.5 ppm

ascribed to carbon atom protons of the hydroxyl group were
not observed. The MAHSWAGMA spectrum also shows the
characteristic peaks at 6.3, 6.1, and 4.1−4.5 ppm corresponding
to the protons on CHCH of the maleic anhydride moiety
and on carbon adjacent to oxygen atoms from the ester groups,
respectively. These findings indicate that MAHSWAGMA has
been successfully synthesized.
3.3. Hardness and Tensile Properties of Different

Copolymerized Systems. The tensile stress−strain curves of
PVESC, PESC, TPIDC, PTIDC, and TIDC are displayed in
Figure 7, and the details are shown in Table 2. Both PVESC
and PESC had low tensile strength (0.80 and 0.92 MPa) and
high elongation at break (27.68 and 38.88%). The mechanical

properties of polymers depend on the chemical structures and
cross-linking state of copolymerized monomers (Figure 8). For
the MAHSWAGMA monomer, it contains numerous flexible
alkyl chains and two kinds of functional groups (including the
double bond and the carboxyl group). In PVESC, the double
bonds of MAHSWGMA were triggered by radical polymer-
ization through UV light irradiation, while in PESC, the epoxy
groups of E51 epoxy resin can react with the carboxyl groups
of MAHSWAGMA at 120 °C. Although PVESC and PESC
have some characters of tough materials, they still possess poor
mechanical properties caused by the lower cross-linking
density and limited functional groups.
TPIDC had low tensile strength (1.58 MPa) and low

elongation at break (8.22%). Most of the molecular segments
were fixed after curing at 120 °C for 1 h and consequently
cannot move freely for further polymerization under UV light
irradiation. Thus, the dual-cross-linking effect of TPIDC is not
ideal, and the mechanical properties are poor. In the PTIDC
system, DMPA triggered first the radical polymerization of the
double bonds of MAHSWAGMA under UV light; meanwhile,
the part of carboxyl groups might react with epoxy groups
under the influence of thermal effect of UV lights, and the
other carboxyl groups could further react with E51 at 120 °C.
In the TIDC system, the thermal initiator triggered the
polymerization of CC at 120 °C and also its carboxyl groups
can react with epoxy groups. The PTIDC and TIDC systems
contained more reactive groups, which can build polymerized
network systems with higher cross-linking density. For CC
groups, compared with thermal triggering polymerization, the
UV triggering possess more polymerizing capability; thus, the
PTIDC had the highest tensile strength of 32.71 MPa. The
tensile testing results show that the dual-cross-linking process

Figure 5. FT-IR spectra of SWO, HSWA, HSWAGMA, and
MAHSWAGMA.

Figure 6. 1H NMR spectrum of SWO, HSWA, HSWAGMA, and
MAHSWAGMA.

Figure 7. Tensile stress−strain curves of PVESC, PESC, TPIDC,
PTIDC, and TIDC.

Table 2. Detailed Data of Mechanical Properties of
Different Copolymers

samples
tensile strength

(MPa)
elongation at break

(%)
shore hardness

(HD)

PVESC 0.80 27 40
PESC 0.92 38 38
TPIDC 1.58 8 45
PTIDC 32.71 7 68
TIDC 25.33 14 65
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can significantly improve the mechanical properties of polymer
materials.
3.4. Morphology of the Different Copolymerized

Systems. Figure 9 shows the scanning electron microscopy
images of the tensile fracture surface of different specimens at a
magnification of 500 times. The relatively smooth surface
proves that all copolymers had formed excellent cross-linked
structures. Images of PVESC and PESC showed plentiful scaly

fragments and relatively rough surfaces, indicating their rapid
brittle fractures. Nevertheless, in the three dual-cross-linking
copolymers, the orderly strip tensile fracture surfaces were
characteristic of elastomers, indicating that these three systems
had excellent mechanical properties. Compared with these two
single-cross-linking copolymers, the prepared three dual-cross-
linking copolymers contained polymerized epoxy and vinyl
ester cross-linking systems. Under the action of an external
force, the molecular chain segments of the three dual-cross-
linking copolymers were arranged regularly along the
stretching direction. When the tension reached a certain
value, the materials started to be torn along the weak parts of
chemical bonds, which presented a more orderly banded
structure.

3.5. DMA of Different Copolymers. The dynamic
mechanical analysis curves of different copolymers are
displayed in Figure 10. The rubber elasticity theory can be
applied to calculate the cross-link density (νe). The relation-
ship between cross-link density (νe) and storage modulus (E′)
is as follows:30−32

′= νE RT3 e (1)

where R is the gas constant and T is the absolute temperature
(K). E′ is referred to as the storage modulus at Tg + 30 °C.
Table 3 shows the detailed νe data of copolymers from
dynamic thermomechanical analysis. The tan δ curves of
TPIDC and PTIDC display two different glass transition
temperatures (Tg), and the relatively high temperature
corresponding the high temperature peak was selected as the
Tg of the copolymers.
The storage modulus (E′) curves are shown in Figure 10a.

As the temperature increases, all E′ curves showed a similar
downtrend: E′ went down dramatically over a wide temper-
ature range.
As shown in Figure 10a, E′ curves remained at a high level

above 2000 MPa. The copolymerized materials were in the
glass state under −60 °C and all of the molecular segmental
motions were frozen. The frozen segmental structures would
relax suddenly with increase in temperature. E′ values were
also decreased rapidly and kept at a relative level below 200
MPa at above 70 °C.
E′ of a copolymer is very sensitive to the cross-linking state

and chemical structures of the copolymerized monomer. It is
very similar to the macroscopical mechanical properties of the

Figure 8. Formation schematic diagram of different cross-linking polymer network structures based on SWO with different preparation
technologies.

Figure 9. SEM images of tensile fracture surfaces of (a) PVESC, (b)
PESC, (c) TPIDC, (d) PTIDC, and (e) TIDC.
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copolymer.33,34 At low temperature (<−20 °C), E′ of PESC
remained a high level than others. The PESC copolymerized
system possesses less cross-linking structures. The un-cross-
linked segmental motions were easier to pile up tightly and
form ordered structures, exhibiting strong cohesion. These
effects endowed the PESC with a high energy storage modulus
at low temperature. Although the E′ values of the three dual-
cross-linking copolymers at low temperature (<−20 °C) were
lower than that of PESC, the downtrend of the E′ curve of the
two single-cross-linking polymers with the increase in temper-
ature was more obvious compared with PTIDC and TIDC,
indicating that the two dual-cross-linking polymers had higher
heat resistance than the two single-cross-linking polymers.

Table 3 shows the νe of different copolymerized systems. As
seen from Table 3, the νe of PTIDC and TIDC was higher
than others. In PTIDC and TIDC, two functional groups,
including carboxyl groups and double bond groups, can react
with the epoxy groups. Thus, PTIDC and TIDC had a higher
cross-link density than the two single-cross-linking copoly-
merized systems. However, the νe of TPIDC was low, which
may be because the majority of the molecular segments were
fixed after curing at 120 °C for 1 h and cannot move freely
under UV light irradiation. Therefore, the νe of TPIDC is not
ideal.
Figure 10b displays the loss factor (tan δ) curves of the

copolymers. The tan δ curves of PVESC, PESC, and TIDC all
display one Tg, indicating that the copolymerized systems were
all in homogeneous cross-linking structures. However, the tan
δ curves of TPIDC and PTIDC display two points of Tg,
suggesting that the copolymerized systems contain relatively
independent two types of cross-linking structures. For the
TPIDC system, cured at 120 °C for 1 h, the carboxyl group
reacted with the epoxy group in TPIDC to form the epoxy
resin cross-linking system. Meanwhile, most of the molecular
segments including CC groups were fixed after curing and
consequently cannot move freely for further polymerization,

Figure 10. (a) Storage modulus (E′) and (b) loss factor of the copolymers.

Table 3. νe of Different Copolymerized Systems

sample Tg + 30 (K) E′ at Tg + 30 (MPa) νe (mol·m−3)

PVESC 351.09 10.46 1193.97
PESC 338.44 2.94 349.08
TPIDC 361.12 3.50 388.58
PTIDC 381.37 25.60 2691.36
TIDC 374.54 16.11 1724.61

Figure 11. (a) TGA and (b) DTG curves of different copolymers.
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and only a small number of double bonds were cross-linked to
form the vinyl ester cross-linking network. Therefore, this
copolymerized system consists of two independent cross-
linking networks, and its tan δ curve displays two peaks.
Moreover, the peak at low temperature corresponds to a kind
of chain structure, which leads to the low cross-linking density
of TPIDC. For PTIDC, the vinyl ester cross-linking network
was generated under UV light irradiation; meanwhile, the part
of carboxyl groups might react with the epoxy groups of E51
under the influence of thermal effect of UV lights, and the
other carboxyl groups could further react with E51 at 120 °C.
Therefore, the system consists of two independent cross-
linking networks, and its tan δ curve displays two peaks, and
the peak at about 18.96 °C was attributed to the CC cross-
linking structure.
For TIDC, however, a homogeneous vinyl ester-epoxy dual-

cross-linking structure was formed after curing at certain
temperature, leading to one Tg. PTIDC had the highest Tg
(78.22 °C), while PESC had the lowest (35.29 °C). In general,
Tg depends on the chemical structure and cross-linked state of
the monomers.35 The dual-cross-linking copolymerized sys-
tems prepared with dual-initiated preparation technology
contain more active functional groups and cross-linked
structures, which account for the higher cross-link density
and the less activity of motion units, leading to the Tg
transition to higher temperature.
3.6. TGA of Different Copolymers. On the basis of

thermogravimetric analysis, the curves in Figure 11 and the
data in Table 4 show the thermal decomposition behaviors of
copolymers in N2.

As shown Table 4, PVESC has two different thermal
degradation stages with an initial decomposition temperature
(IDT) of 180.1 °C, but the other systems have only one
distinct thermal decomposition stage with the IDT above 330
°C. All copolymers have undergone significant thermal
decomposition at high temperature, and almost no carbon
remains. The carbon yields of all five copolymers are less than
9.50%.
The PVESC copolymer has relatively low IDT (180.1 °C),

which is probably due to the single cross-linking system
formed by double bonds. Lower cross-linked density led to its
lower IDT. In addition, the nonterminal double bonds of
MAHSWAGMA resulted in the generation of the steric effect
in the cross-linking process, which also led to a decrease in the
relative cross-linking density. However, the onset decom-
position temperature of PESC is relatively higher (342.4 °C).
PESC has better thermal stability due to the presence of the

epoxy cross-linking system. These three dual-cross-linking
systems all had high IDT (>330 °C), which was the highest in
PTIDC (351.0 °C). When the samples were heated to 351 °C,
the polymerized points copolymerized by epoxy and vinyl
groups began to fracture. With the increase in the heating
temperature, a strong thermal degradation reaction took place
accompanied by obvious weight loss. The decomposition rate
can maximize at 420.8 °C.
PESC has a higher weight residue than PVESC (Table 4),

probably due to the introduction of epoxy groups. In addition,
for the prepared three dual-cross-linking systems, TPIDC and
PTIDC have a higher weight residue than PVESC. These two
dual-cross-linking systems contained more excellent cross-
linking structures including polymerized epoxy and vinyl resin
systems. Therefore, compared with PVESC, the weight residue
of TPIDC and PTIDC dual-cross-linking systems were all
improved. In addition, compared with the polymerized vinyl
resin system, the epoxy cross-linking system has more benefits
for the formation of carbon residues. For the PESC system, all
epoxy groups were well copolymerized; thus, the PESC
copolymerized system has a relatively higher weight residue.

4. CONCLUSIONS
The MAHSWAGMA monomer was successfully synthesized
from SWO. Five prepared copolymers, named PVESC, PESC,
TPIDC, PTIDC, and TIDC, were designed and prepared from
MAHSWAGMA. Compared with the prepared two single-
cross-linking copolymers, the prepared three dual-cross-linking
copolymers had higher cross-linking densities, hardness, glass
transition temperatures, and better tensile properties. For the
MAHSWAGMA monomer, photo first and thermal latter
initiated dual-cross-linking preparation technology had optimal
curing result. Thus, the PTIDC copolymer had superior tensile
strength (32.71 MPa), higher glass transition temperature
(78.22 °C), the highest cross-link density (2691.36 mol·m−3),
and the highest IDT (381.37 °C). The tensile fracture surface
of copolymers is relatively glossy and smooth indicating the
formation of excellent cross-linking systems. This research has
great implications for the preparation of biomaterials with
excellent properties and provides an interesting biobased
platform to access new biomaterials with excellent mechanical
properties and high cross-linking density.
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