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A B S T R A C T   

During recent years, the development of mechanically robust epoxy resins from natural abundant plant oils is gaining more and more attention. Herein, two strategies 
were developed to precisely tune the microstructure of plant oil-derived epoxy polymers and mechanical properties of their thermosets. In strategy 1, plant oil- 
derived epoxy polymers (EPs) with varied densities of epoxy groups were prepared and epoxy resins with tunable mechanical properties were obtained. Tensile 
test revealed that the mechanical strength, Young’s modulus, and toughness increased with the increase of epoxy group density. In strategy 2, the mechanical 
performanceof plant oil-derived epoxy resins were greatly improved by introducing vanillin as rigid segments. Moreover, the mechanical properties of plant oil-based 
epoxy resins could be precisely tuned via either strategy 1 or strategy 2, and thermosets from soft elastomers to rigid plastics were obtained. Due to the existence of 
well-defined chemical networks, plant oil-based epoxy resins exhibit excellent thermally induced shape memory properties.   

1. Introduction 

Due to their excellent mechanical properties, chemical resistance, 
and thermal stability, thermoset materials were widely used in various 
fields [1,2]. Among them, epoxy resins take possession of approximately 
70% of the global thermosets market. Epoxy resins have been widely 
applied in adhesives, electronics, coatings, and composites [3–6]. Most 
of the commercialized epoxy resins are derived from non-renewable 
bisphenol A (BPA) [7,8]. It is worth to mention that BPA may cause 
serious health issues, such as impair the immune and reproduction 
system [9,10]. Due to the shortage of fossil resources and serious envi-
ronmental issues, exploring environmental friendly epoxy resins from 
renewable biomass has great significance for sustainable development 
[11–17]. 

During recent years, various biomass resources such as lignin, sugar, 
plant oil, isosorbide, rosin, itaconic acid, eugenol, and vanillin have 
been used to produce bio-based epoxy resins [18–27]. Among them, 
low-cost, nontoxic, and abundant plant oils are suitable candidates for 
epoxy resin manufacture [28–30]. Epoxidized plant oils (EPOs) are 
commercial available, which was usually used as plasticizers or stabi-
lizing agents in plastics, paints, and adhesives [31–33]. EPOs could be 
easily converted to epoxy thermosets through curing with anhydrides, 
dicarboxylic acids, diamines, and polyamines [34–37]. However, the 
ill-defined networks of EPO resins lead to poor mechanical properties [1, 
36]. This is a result from low reactivity of the internal epoxy groups of 

fatty acids [38,39]. Recently, plant oil derived epoxy resins with highly 
reactive terminal epoxy groups was developed to improve the me-
chanical properties of their thermosets [40]. Moreover, increasing the 
quantity of internal epoxy groups in one molecule was demonstrated to 
be an efficient strategy to overcome their low reactivity. For example, 
epoxidized sucrose ester of fatty acids (ESEFAs) with at least 7 epoxide 
groups in one molecule can afford thermosets with mechanical strength 
much higher than EPO-based resins [41–43]. Recently, we reported the 
development of plant oil-derived epoxy polymers with tens to hundreds 
of internal epoxy groups in one macromolecular [44]. However, the 
effect of epoxy polymer characteristics on the performance of epoxy 
resins is still unknown. We anticipate that by tuning the epoxy group 
density and the chain rigidity of plant oil-derived epoxy polymers, 
relevant plant oil-based thermosets with controllable mechanical prop-
erties could be acquired. 

Two strategies were developed to tune the characteristics of plant oil- 
derived epoxy polymers and control the mechanical properties of their 
thermosets. In strategy 1, high oleic sunflower oil (HOSO)-derived 
epoxy polymers (EPs) with varied epoxy group densities were prepared. 
Thermosets with controllable epoxy network densities and mechanical 
properties were then prepared via curing with anhydride. In strategy 2, 
rigid components were introduced into epoxy polymers to improve their 
Tg values and mechanical performance of epoxy resins. Vanillin is a kind 
of small molecule biomass derived from lignin, which can act as rigid 
segments to manufacture high performance epoxy thermosets [45]. To 
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improve the sustainability, vanillin-derived methacrylate monomer 
(VM) was used as rigid monomer and copolymerized with sunflower 
oil-based monomer (SFMA). After epoxidation, high Tg sunflower 
oil-based epoxy copolymers EP(SFMA-co-VM)s were obtained. The DMA 
and tensile results showed that epoxy thermosets with increasing me-
chanical performance were obtained. Moreover, the existence of a 
well-defined network endows these plant oil-derived epoxy resins with 
unique shape memory properties. 

2. Experimental 

2.1. Materials 

Sunflower oil was purchased from supermarket. 2-(Methylamino) 
ethanol (99%, Aladdin), sodium methoxide (5.4 M, TCI), methacrylic 
anhydride (94%, Aladdin), 4-dimethylaminopyridine (DMAP, 99%, 
Aladdin), 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU, 99%, Aladdin), 3- 
chloroperoxybenzoic acid (m-CPBA, 75%, Aladdin), 4-methycyclo-
hexan-1,2-dicarboxylic anhydride (MCHAn, 98%, Aladdin), methyl 
methacrylate (MMA, 99%, Aladdin), vanillin (99%, Aladdin), and all 
other chemicals were used as received. 2,20-Azobis (2-methylpropioni-
trile) (AIBN, 98%, Aldrich) was recrystallized before use. 

2.2. Synthesis of sunflower oil-derived epoxy polymers 

As shown in Scheme S1, sunflower oil amide (SFM), sunflower oil 
methyl methacrylate (SFMA), and sunflower oil based polymers 
(PSFMA) were prepared according to our previous work [46]. Epoxy 
polymers with varied degree of epoxidation were then obtained via 
epoxidation of PSFMA with m-CPBA (Scheme 1). The molar ratios of 
double bonds (PSFMA) to peroxide were set as 10:1, 5:1, 2:1, 4:3, and 
1:1, and defined as EP1, EP2, EP3, EP4, and EP5, respectively. A typical 
procedure for the preparation of EP5 is shown as follows: PSFMA 
(2.00 g, 5.00 mol), m-CPBA (1.26 g, 5.00 mol), and DCM (20 mL) were 
placed into a 50 mL bottle. The mixture was stirred at room temperature 
for 24 h. Pure EP5 was obtained by precipitating the polymer solution 
(THF as solvent) into methanol for three times and drying under vacuum 
at room temperature for 12 h. 

2.3. Curing of EPs with anhydride 

MCHAn was used as the curing agent, DBU was used as the catalyst, 
and the obtained thermosets were defined as EPs-An. The molar ratio of 
epoxy to anhydride was 1:0.5. The preparation of EP4-An thermoset is as 
follows: EP4 (2.8 g), MCHAn (0.44 g, 2.6 mmol), and DBU (2.6 mg, 
1.44 mmol) were dissolved in 25 mL THF. The homogenous solution was 
then cast in a Teflon mold. The solution was dried at room temperature 
for 48 h and under vacuum for 12 h. Curing reaction was conducted at 
100 �C under vacuum for 12 h. The obtained films were cut into dog- 
bone samples with length of 20 mm, width of 2 mm, and thickness of 

0.3 mm. 

2.4. Synthesis of P(SFMA-co-VM) copolymers 

VM was prepared according to the literature [47]. As illustrated in 
Scheme 3, AIBN was used as initiator, P(SFMA-co-VM) copolymers were 
synthesized via copolymerization of SFMA with VM, and defined as CPs. 
The feed ratio between SFMA and VM were 9.5:0.5, 9:1, 8.5:1.5, 8:2 and 
7.5:2.5. A typical procedure is as follows: SFMA (1.72 g, 4.50 mmol), VM 
(11.3 g, 0.50 mmol), AIBN (8.2 mg, 0.05 mmol), and THF (2 mL) were 
introduced into a 10 mL round bottle and purged with nitrogen for 
15 min. The flask was immersed in an oil bath set at 65 �C. After 12 h, the 
reaction solution was precipitated into methanol. The obtained co-
polymers were dried under vacuum at 40 �C for 12 h. 

2.5. Epoxidation of P(SFMA-co-VM) copolymers 

The epoxidation of P(SFMA-co-VM) copolymers was similar to that 
of EPs. For epoxy copolymers, the degree of epoxidation was maintained 
at 50%. Take ECP1 as an example, CP1 (2.3 g) and m-CPBA (0.71 g) were 
dissolved in DCM (23 mL). The reaction was stirred at room temperature 
for 24 h. The solution was dropped into methanol to precipitate the 
polymer for three times. EPs were then obtained by drying at room 
temperature under vacuum for 12 h. 

2.6. Curing of epoxy copolymers with anhydride 

The preparation procedure of ECP-An was similar to that of EP-An, a 
typical procedure was described follows: ECP2 (1.88 g), MCHAn 
(0.21 g), and DBU (19 mg) were dissolved in 19 mL THF. The solution 
was transferred into a cleaned Teflon mold. The solution was dried at 
room temperature for 48 h and dried under vacuum for 12 h. Subse-
quently, curing reaction was conducted at 100 �C under vacuum for 
12 h. The films were cut into dog-bone specimens with length of 20 mm, 
width of 2 mm, and thickness of 0.3 mm. 

2.7. Characterizations 

1H NMR spectroscopy were recorded on an Agilent DD2 600 MHz 
spectrometer (Agilent Technologies, America) using CDCl3 as solvent 
with tetramethylsilane (TMS) as an internal reference at 25 �C. Fourier 
transform infrared spectra (FT-IR) were obtained on a Bruker Tensor 27 
FT-IR spectrophotometer (Bruker, Ettlingen, Germany) using the KBr 
pellet method. Molecular weight and the molecular weight distribution 
(Đ) of the polymers were measured by size exclusion chromatograph 
(SEC), which equipped with a PLgel column (MIXED-A in the effective 
molecular weight range of 200–2,000,000) and using THF (1.0 mL/min) 
as the eluent. Samples were passed through microporous filtration 
membrane with average pore size of 0.2 μm before testing. Glass tran-
sition temperature (Tg) was characterized through differential scanning 

Scheme 1. (a) Synthesis of sunflower oil-derived epoxy polymers (EP1-EP5) via epoxidation of PSFMA with m-CPBA; (b) Microstructure models of EP1-EP5 with 
varied epoxy group densities. 
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calorimetry (DSC) conducted on a DSC 200 F3 Maia® instrument 
(METZSCH Instruments) under a nitrogen atmosphere. Firstly, samples 
were heated from room temperature to 150 �C at a heating rate of 20 �C/ 
min, then cooled down to � 100 �C. The second heating and cooling 
cycle was executed at a rate of 20 �C/min. Dynamic mechanical prop-
erties were measured using a DMA 242 E/1/G (METZSCH Instruments). 
The measurements were conducted at a heating rate of 3 �C/min and a 
frequency of 10 Hz. Tensile testing was carried out on Suns UTM2502 
testing instrument (Suns, China) with the crosshead speed of 20 mm/ 
min at room temperature. The fracture surface morphologies were 
evaluated by a Hitachi S4800 Scanning Electron Microscope (SEM) and 
the surfaces were coated with a layer of platinum before testing. Shape 
memory properties were characterized using a dynamic mechanical 
analyzer (DMA Q800) by programmed thermomechanical procedure. At 
low load of 0.001 N, the samples with dimension of 10 mm (length) x 
2 mm (width) x 0.6 mm (thickness) was heated to 80 �C and kept for 
10 min. Then, the specimen was stretched to 8.6% strain under 0.3 N 
loading. Next, at a constant loading, the sample was cooled down to 
20 �C and kept for 5 min, removal of stress at constant temperature. 
Finally, the sample was reheated to 80 �C and kept for 5 min. The 
heating and cooling rate at each cycle was 5 �C/min. 

3. Results and discussion 

3.1. Synthesis of sunflower oil-derived epoxy polymers (EPs) with 
different epoxy group densities 

In our previous work, epoxy polymers derived from plant oil and 
their high performance thermosets were prepared [44]. Herein, one of 
our strategies was to tune the epoxy group density in EPs and mechan-
ical properties of thermosets. As shown in Scheme S1, three steps were 
applied to prepare sunflower oil-derived polymers. Sunflower oil amide 
(SFM) was prepared by amidation of sunflower oil with 2-(methyl-
amino)ethanol. Sunflower oil-based monomer (SFMA) was achieved by 
esterification with methacrylic anhydride. Polymers were then obtained 
via free radical polymerization of SFMA. The chemical structures of 
sunflower oil, SFM, SFMA, and PSFMA were confirmed by FT-IR 
(Fig. S1) and 1H NMR spectra (Fig. S2). 

As shown in Scheme 1, sunflower oil-derived polymers were con-
verted to epoxy polymers (EPs) simply via reacting with m-CPBA. By 
controlling the molar ratios of m-CPBA/double bond at 1:10, 1:5, 1:2, 
3:4, and 1:1, epoxy polymers with varied epoxy group densities were 
obtained and defined as EP1, EP2, EP3, EP4, and EP5, respectively 
(Table S1). 1H NMR spectra of PSFMA and EP5 were shown in Fig. 1a, 
which demonstrated that double bonds of PSFMA were totally converted 
to epoxy groups. The peak intensity of double bond at 5.32 ppm 
(CH––CH) gradually decreased and peak intensity at 2.88 ppm (–CH– 
(O)–CH-) synchronously increased with increasing m-CPBA/double 
bond molar ratio. The degree of epoxidation (Table S1) was calculated 

according to the following eq (1). 

Degreeofesterification¼ 1 �
I5:32

I2:32
⋅100% (1)  

where I2.32 and I5.32 are the integrated peak intensity at δ ¼ 2.32 and 
δ ¼ 5.32 ppm corresponding to methylene protons adjacent to the ester 
and double bond of the protons, respectively. As shown in Table S1, the 
epoxy group densities of EPs were basically consistent with the feed ratio 
of m-CPBA to double bond. SEC curves of PSFMA and EP1-EP5 were 
shown in Fig. 1b, which indicated that molecular weight did not change 
obviously. Molecular weights and molecular weight distributions of 
PSFMA and EPs were summarized in Table S1. 

3.2. Mechanical properties of EP-An epoxy resins 

To study the effect of epoxy group density on mechanical properties 
of plant oil-based epoxy resins, EPs were cured to afford EPs-An ac-
cording to our previous method (Scheme 2a) [44]. The epoxy/anhydride 
molar ratio was set as 1:0.5. Fig. 2a and b showed storage modulus (E0) 
and loss tangent (tan δ) as a function of temperature for EPs-An. The E’ at 
room temperature were 151.9, 336.0, 576.6, 823.1, and 1406.6 MPa, Tg 
values were 42.8, 45.6, 47.6, 53.3, and 56.5 �C for EP1-An, EP2-An, 
EP3-An, EP4-An, and EP5-An, respectively (Table S2). The results indi-
cated that the storage modulus and Tgs of epoxy resins increased with 
increasing epoxy group density. The probable reason is that higher 
epoxy group densities lead to higher crosslinking density. The cross-
linking density (ρ) of EP-An were calculated according to the rubber 
elasticity theory in eq (2) [18,48]. 

ρ ¼ E
ϕRT

(2)  

where E is the storage modulus (E0) at Tgþ30 �C, ϕ is the front factor 
(approximated to 1 in the Flory theory [49]), R is the gas constant, and T 
is the absolute temperature at Tgþ30 �C. The calculated crosslinking 
densities are arranged in sequence of ρ(EP5-An) > ρ(EP4-An) >
ρ(EP3-An) > ρ(EP2-An) > ρ(EP1-An) (Table S2). The corresponding 
microstructure models of EPs-An were shown in insets of Scheme 2b. 
Finally, we can conclude that higher epoxy group density will lead to 
higher crosslinking density, therefore having higher storage moduli and 
Tgs. 

The mechanical properties of plant oil-based resins were then char-
acterized via tensile tests. Fig. 2c showed representative stress–strain 
curves of the EPs-An. EP1-An and EP2-An acted like elastomers, while 
EP3-An, EP4-An, and EP5-An acted like plastics. Typical parameters 
were summarized in Table 1. The ultimate tensile strengths, elongation 
at break, and Young’s modulus of EP1-An and EP2-An were 3.1 � 0.1 
and 6.6 � 0.2 MPa, 76.9 � 1.6% and 55.4 � 2.1%, 12.4 � 0.9 and 
49.1 � 2.4 MPa, respectively. For EP3-An, EP4-An, and EP5-An, the ul-
timate tensile strength increased from 11.6 � 0.7 to 28.8 � 1.6 MPa and 

Fig. 1. (a) 1H NMR spectra (CDCl3, 600 MHz) and (b) SEC curves of PSFMA and EP1-EP5.  
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Young’s modulus increased from 174.7 � 20.1 to 726.3 � 55.6 MPa due 
to increased epoxy group density. Overall, the mechanical strength of 
EPs-An thermosets increased with increasing epoxy density. Fig. 3S 
shows the stress-strain curves of bisphenol A based epoxy resin. The 
tensile strength was as high as 64.8 � 1.7 MPa, but the failure strain was 
6.4 � 0.4%. The toughness of plant oil based-epoxy resin was about 2.5 
times to that of bisphenol A epoxy resin (2.1 � 0.4 MJ/m3). 

The evolution of toughness as a function of epoxy group density was 
shown in Fig. 2d, where EP4-An showed highest toughness. As sum-
marized in Table 1, the toughness of EP4-An was 4 times higher than 

that of EP1-An. However, the toughness of EP5-An slightly decreased to 
3.9 � 0.4 MJ/m3. We can conclude that EPs with approximately degree 
of epoxidation of 75% lead to plant oil-based epoxy resins with highest 
toughness. Fig. 3a–e exhibit the SEM images of tensile fracture surface of 
the EPs-An. EP1-An showed relative smooth fracture surface, which is 
similar to that of rubber materials. While the fracture surface of other 
plant oil-based epoxy resins were rough, with particles or holes were 
observed. These particles were pulled out from the interface during 
stretching, which is a very efficient way of energy dissipation. The 
moderate size and maximum number of particles in the EP4-An lead to 
efficient energy dissipation during the stretching process, which bring 
about highest toughness. The average particle diameters were summa-
rized in Fig. 3f. The toughness of EPs-An was positively related to the 
particle diameters. The above results show that plant oil-based epoxy 
resins with desired mechanical properties could be acquired by regu-
lating the epoxy group density of plant oil-derived epoxy polymers. 

3.3. Synthesis and epoxidation of P(SFMA-co-VM) copolymers 

Low Tg of plant oil-derived polymers (Fig. S4, Supporting Informa-
tion) restricts the mechanical performance of their thermosets. We 

Scheme 2. (a) Schematic illustration on the curing of EPs with anhydride; (b) Microstructure models of EPs-An thermosets, which possess varied epoxy 
network density. 

Fig. 2. (a) Storage modulus, E0, and (b) loss tangent, Tan δ, as a function of temperature for EPs-An; (c) Stress� strain curves and (d) toughness of EPs-An.  

Table 1 
Mechanical parameters of EPs-An.  

Sample 
code 

Ultimate 
stress (MPa) 

Ultimate 
strain (%) 

Toughness 
(MJ/m3) 

Young’s 
modulus (MPa) 

EP1-An 3.1 � 0.1 76.9 � 1.6 1.1 � 0.1 12.4 � 0.9 
EP2-An 6.6 � 0.2 55.4 � 2.1 2.1 � 0.1 49.1 � 2.4 
EP3-An 11.6 � 0.7 46.5 � 3.4 3.9 � 0.4 174.7 � 20.1 
EP4-An 18.8 � 0.7 30.3 � 2.4 4.9 � 0.4 472.2 � 29.8 
EP5-An 28.8 � 1.6 17.5 � 1.0 3.9 � 0.4 726.3 � 55.6  

J. Zhou et al.                                                                                                                                                                                                                                    



Composites Part B 173 (2019) 106885

5

predict that by copolymerizing with rigid monomers, the mechanical 
performance of plant oil-derived epoxy polymers and their epoxy ther-
mosets could be improved greatly. Poly (vanillin methacrylate) (PVM) 
derived from lignin showed high Tg value of 130.2 �C (Fig. S5, Sup-
porting Information). To develop sustainable epoxy polymers with 
higher Tgs, SFMA were copolymerized with VM to afford P(SFMA-co- 
VM) (CPs, Scheme 3). 1H NMR spectra of polymer CP1-CP5 were shown 
in Fig. 4a. The molar fraction (MF) of VM in CPs was calculated via the 
following eq (3). 

MFVM ¼
I9:92

I9:92 þ I2:30=2
� 100% (3) 

I9.92 represents the integral value of aldehyde proton peak at 
δ ¼ 9.92. I2.30 is the integration values of methylene protons adjacent to 
the ester group at δ ¼ 2.30 ppm. The molecular weights and molecular 
weight distributions (Đ) of CPs were characterized by SEC (Fig. S7b) and 
summarized in Table S3. DSC curves of CP1-CP5 were shown in Fig. 4b. 
It can be seen that the Tgs of copolymers gradually increased from 2.9 �C 

to 23.1 �C with the increase of VM contents. 

3.4. Mechanical properties of biomass-based ECP-An epoxy resins 

CPs were then epoxidized to obtain ECPs with degrees of epoxidation 
of about 50%. ECP-An with similar network density but varied VM 
contents were then obtained via curing with MCHAn (Scheme 4). The 
effect of VM content on mechanical properties of ECP-An was studied via 
DMA and tensile tests and typical parameters were summarized in 
Table 2. As predicted, the introduction of VM segments can significantly 
enhance the mechanical performance of plant oil based epoxy resins. 
Fig. 5a and b shows the change of storage modulus and tan δ as a 
function of temperature for ECP-An. Due to the increased VM contents, 
storage modulus at room temperature dramatically increased from 
256.2 MPa, to 452.9 MPa, 623.0 MPa, 2099.9 MPa and 2578.5 MPa for 
ECP1-An, ECP2-An, ECP3-An, ECP4-An, and ECP5-An, respectively. Tg 
values for ECP1-An, ECP2-An, ECP3-An, ECP4-An, and ECP5-An were 
42.8 �C, 45.6 �C, 47.6 �C, 53.3 �C, and 56.5 �C, respectively. This 

Fig. 3. SEM images of the fracture surface of (a) EP1-An, (b) EP2-An, (c) EP3-An, (d) EP4-An, (e) EP5-An; (f) Diameters of particles on the fracture surface of EPs-An. 
The scale bar for e was 50 μm and applied to other images. 

Scheme 3. (a) Synthesis of P(SFMA-co-VM) copolymers via free radical copolymerization; (b) Microstructure models of copolymers CPs with varied VM contents.  

J. Zhou et al.                                                                                                                                                                                                                                    



Composites Part B 173 (2019) 106885

6

indicated that the raise of polymer backbone rigidity led to increased Tg 
values of the final thermosets. 

Stress� strain curves of ECP-An epoxy resins were shown in Fig. 5c. 
With the increase of VM contents, the ultimate tensile stress of the ECP- 
An was significantly improved, which increased from 9.3 � 0.2 MPa to 
10.3 � 0.5 MPa, 12.7 � 0.5 MPa, 15.6 � 1.9 MPa, and 24.5 � 2.9 MPa 
for ECP-An (Table 2). Meanwhile, the ultimate tensile strain decreased 
from 76.7 � 2.7 to 32.4 � 6.0 as the result of the increasing rigid 
biomass contents. Compared with ECP1-An without rigid components, 
the toughness of ECP5-An increased 64.1% (Fig. 5d). Therefore, we can 
conclude that the introduction of rigid biomass component into plant 
oil-derived epoxy polymer could enhance the mechanical strength and 

toughness of plant oil-derived epoxy resins. To demonstrate the uni-
versality of this strategy, methyl methacrylate (MMA) introduced to 
improve the performance of plant oil-based epoxy resin (see supporting 
information). The enhanced performance of epoxy resin confirms the 
universality, feasibility and efficiency of the strategy. 

3.5. Shape memory properties of EPs-An epoxy resins 

Due to the high chain entanglement molecular weight and low 
intermolecular friction, elastomers derived from plant oils polymers 
exhibited high elasticity [50,51]. In this case, the prepared plant 
oil-derived epoxy resins were expected to exhibit excellent shape 
memory properties. As presented in Fig. 6a, representative photos of the 
shape recovery process of EP5-An, which indicated a fast and thorough 
shape recovery. Spiral shaped samples were prepared at 150 �C and 
cooled to room temperature to obtain permanent shape. Then a straight 
strip shape was made at 80 �C and cooled to room temperature to fix the 
temporary shape. The straight strip was reheated to 80 �C, and photos 
during shape recovery were taken. The straight strip was recovered to 
spiral shape within 15 s. 

The shape memory behavior of EP5-An was quantitatively charac-
terized via stress-controlled DMA testing (Fig. 6b). Sample was heated to 
80 �C and then a constant stress of 0.4 MPa was applied. After cooled to 

Fig. 4. (a) 1H NMR spectra (CDCl3, 600 MHz) and (b) DSC curves of CP1-CP5.  

Scheme 4. (a) Schematic illustration for the DBU catalyzed ECP-An curing; (b) Microstructure models of ECP-An with varied VM contents.  

Table 2 
Mechanical properties of ECP-An thermosets.  

Epoxy 
resins 

Ultimate 
stress (MPa) 

Ultimate 
strain (%) 

Toughness 
(MJ/m3) 

Young’s 
modulus (MPa) 

ECP1-An 9.3 � 0.2 76.7 � 2.7 3.9 � 0.1 73.6 � 11.5 
ECP2-An 10.3 � 0.5 66.9 � 3.1 4.6 � 0.4 138.6 � 21.1 
ECP3-An 12.7 � 0.5 59.1 � 1.5 5.5 � 0.5 188.3 � 36.2 
ECP4-An 15.6 � 1.9 48.5 � 3.7 5.9 � 0.7 330.4 � 26.1 
ECP5-An 24.5 � 2.9 32.4 � 6.0 6.4 � 0.8 532.3 � 66.1  
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room temperature, a temporary shape with 8.6% strain was obtained. 
Shape fixity (Rf) reflects the ability of materials to retain temporary 
shape. Shape recovery (Rr) indicates the ability of materials to recover to 
permanent shape after stimulation. As shown in equations (4) and (5), 

Rf ¼
εc � εa

εb � εa
� 100% (4)  

Rr ¼
εd � εa

εc � εa
� 100% (5)  

where εa, εb, εc, and εd represent the strain before applying stress, strain 
after removal of stress, strain after shape fixing, and strain after shape 
recovery, respectively. The shape fixity and the shape recovery were 
calculated to be 97.7% and 93.1%, respectively. These results demon-
strated that the EPs-An derived from plant oil have very good thermally 
induced shape memory properties. The excellent shape memory prop-
erties of EPs-An originated from well-defined chemical networks, flex-
ible polymer backbone, and low intermolecular friction at elevated 

temperatures. 

4. Conclusion 

Sunflower oil-based epoxy resins with high mechanical perfor-
mances were prepared. Two strategies were then developed to precisely 
tune the mechanical properties of epoxy resins. By tuning the epoxy 
group density, the crosslinking density of epoxy resins was well 
controlled, which impressively controlled the mechanical properties. 
The introduction of rigid components into plant oil-derived epoxy 
polymers also helps to increase the Tgs and mechanical properties of 
their thermosets significantly. Lignin-derived vanillin was used as rigid 
components to fabricate fully bio-based epoxy resins with high tough-
ness. By using these two strategies, bio-based thermoset resins from 
elastomers to plastics could be obtained. Moreover, these plant oil-based 
epoxy resins show excellent thermally induced shape memory proper-
ties. Our strategies provide novel insights in the design of high- 
performance bio-based thermosets. 

Fig. 5. (a) Storage modulus and (b) tan δ as a function of temperature; (c) Stress-strain curves and (d) toughness for ECP-An epoxy resins.  

Fig. 6. (a) Representative photos about the shape recovery process of EP5-An at 80 �C; (b) Shape memory programming for EP5-An.  
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