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New insights into the curing of epoxidized linseed oil with 

dicarboxylic acids† 

Cheng Ding,
a
 Peter S. Shuttleworth,

b
 Sarah Makin,

a
 James H. Clark

a
 and Avtar S. Matharu*a 

The effect of systematically increasing chain length of a series of linear α, ω-dicarboxylic acids (DCAs) from C6 to C18 diacids 

and a cyclic diacid, Pripol 1009F, on thermal and mechanical properties of the resultant epoxy thermosets derived from 

epoxidized linseed oil (ELO) are reported. Different techniques including differential scanning calorimetry (DSC), solvent 

extraction, FT-IR, NMR, dynamic mechanical analysis (DMA), tensile tests and thermogravimetric analysis (TGA) are used in 

this study. The results indicated that the obtained epoxy resins were highly crosslinked polymers with only a small fraction 

of low molecular weight soluble materials. The glass transition temperature (Tg), tensile strength, Young’s modulus, 

elongation at break and toughness decreased while the thermal stability increased with respect to increasing chain length 

of DCAs. Interestingly, strain hardening was only observed for adipic acid (C6) sample for which the best mechanical 

properties observed.

 Introduction 

In an era of declining petroleum resources and increasing 

environmental concerns associated with continued 

manufacturing of petroleum-derived products, new 

developments in biobased products are gaining significant or 

renewed interest in order to help mitigate such concerns.
1-3

 

Biobased- or bioderived-polymers, i.e., those derived from 

(bio)renewable feedstocks, represent a significant opportunity 

for development as there are less than 1% of such polymers 

available on the market globally.
4
 Importantly, as policy and 

legislative initiatives come to the fore, such as Lead Market 

Initiative (European Union)
5
 and BioPreferred (USA),

6
 the 

demand for bio-based polymers will increase tremendously. 

Compared to the rapid development of thermoplastic 

polymers from renewable resources which have a market 

share of over 80%, research on bio-based thermosetting 

materials has received much less recent attention.
7
  

Epoxy resins are an important class thermosets due to their 

excellent dimensional and thermal stability, and ease of 

processability.
8
 Auvergne et al.

9
 recently reviewed various 

renewable materials that were exploited to develop bio-based 

epoxy prepolymer and hardeners (curing agents) including 

polyphenols, lignin, starch, sugar, vegetable oils, terpenes and 

resin acids. Among these, vegetable oils are of great 

importance in producing bio-based epoxy resins due to their 

availability and inherent unsaturation which can be chemically 

exploited. For example, linseed- and soybean-oil may be 

epoxidized across their double bonds; epoxidized linseed oil 

(ELO) has higher oxirane content than epoxidized soybean oil 

(ESBO) due to a higher degree of unsaturation. 

Carboxylic acids or polyesters and anhydrides are the 

second most important class of epoxy curing agents after 

amines. Short-chain dicarboxylic acids (DCAs) may be obtained 

either by fermentation or chemical transformation of 

carbohydrates whilst long-chain DCAs could be obtained either 

by chemical or enzymatic modification of fatty acids. In 2004, 

the US Department of Energy (DOE) proposed 15 target 

chemicals derived from biomass (platform molecules) worthy 

of industrial exploitation, eight of which are DCAs accessible by 

fermentation of sugars, mostly glucose.
10-16

 With an increased 

availability of bio-derived carboxylic acids, for example, adipic 

acid, sebacic acid and dodecanoic acid produced by Verdezyne, 

coupled with ready availability of vegetable plant oils merits a 

re-investigation of a full systematic study of the properties of 

the resultant biobased epoxy thermosets. Shimbo et al.
17

 have 

reported the effect of different DCAs on the fatigue behavior 

of epoxy resins but the latter were derived from petroleum-

based epoxy prepolymer diglycidyl ether of bisphenol A 

(DGEBA). There are relatively few comprehensive literature 

reports with respect to bioderived or platform molecule DCAs 

(citric acid, succinic acid, adipic acid and sebacic acid) as curing 

agents with epoxy systems acids. For example, Shogren et al.
18

 

reported sebacic acid to crosslink DGEBA or diglycidyl ether of 

4, 4’-dihydroxybiphenol (DGE-DHBP) to develop liquid-crystal 

elastomers with exchangeable links. Plant oil-derived dimer 

acid Pripol 1009 and trimer acid Pripol 1040 have also been 

studied with ELO to make flexible thermoset resins
19

 or with 

DGEBA to make “vitrimers”, i.e. strong organic glass covalent 
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formers that able to change their topology through 

thermoactivated bond exchange reactions.
20-22

 

 
Fig. 1 DSC thermograms of ELO with different DCAs at a heating rate of  

10 oC min-1. 

Herein, we report a timely comprehensive study of the 

effect on systematically extending the chain length of a series 

of α, ω- 

DCAs (even carbon number DCAs from C6 to C18 and a bio-

derived C36 diacid Pripol 1009F) on the physical and 

mechanical properties of the resultant biobased ELO 

crosslinked systems in order to enhance knowledge that leads 

to a future need for more biobased products.  

Results and discussion 

In this study, ELO-based thermoset resins were prepared by 

crosslinking ELO with different DCAs in the presence of DMAP 

as accelerator. 

DSC analysis 

Dynamic DSC analysis was used to study the cure process and 

to determine the activation energy (Eα). 

Fig. 1 shows the DSC thermograms of the epoxy mixtures 

(obtained after premixing) at heating rate of 10 
o
C min

-1
.The 

first endotherm at around 100 to 125
 o

C is attributed to the 

melting of the DCAs before the exothermic transition which is 

associated with the curing process. This curing process in most 

cases starts immediately after the DCAs have melted. For the 

C6 sample, the melting transition of adipic acid was not as 

obvious as the others probably due to its higher initial 

reactivity during the premixing stage. 

The total enthalpy of curing ΔHT and peak temperature of 

the exothermic curing peak TP at different heating rates are 

listed in Table 1 and Table S1. It can be seen that TP increases 

with heating rate and DCA chain length. The higher TP with 

increased heating rate is attributed to the thermal lag caused 

by higher heating rate as reported by Haines.
23

 The total 

enthalpy released during the curing reaction decreased with 

the increase of chain length. Chiu et al.
24

 also showed a similar 

trend for the curing process of sulfone epoxy monomers with 

different amine curing agents, i.e., amine curing agents with 

longer chain lengths generated lower ΔHT whilst TP shifted to 

higher values. The increased TP and decreased ΔHT is probably 

due to a higher probability of entanglement of the polymeric 

or oligomeric chains with increasing chain length which would 

increase the steric hindrance of the curing reaction and thus 

decrease curing reactivity. 

The activation energy (Eα) of the curing process was 

determined using the Kissinger method (eq. (1)) 

𝑑[𝑙𝑛⁡(𝑞 𝑇𝑃
2)⁄

𝑑(1 𝑇𝑃⁄ )
= −

𝐸𝑎

𝑅
            (1) 

where R is the universal gas constant, 

by plotting of ln⁡(q 𝑇P
2)⁄  versus 1/TP as shown in Fig. 2 

(Kissinger plot), whereby the gradient corresponds to Eα. The 

Kissinger plots show good linearity for all DCAs studied with Eα 

in the range 70 to 85 kJ mol
-1

. Adipic acid (C6) gave the lowest 

Eα which further suggests its fast reactivity with ELO in the 

presence of DMAP as an accelerator. Ghodsieh et al.
25

 

reported the curing kinetics of epoxy resin mixtures based on 

DGEBA and ESBO with C10 sebacic acid. The activation energies 

recalculated based on the Kissinger method ranged from 50-64 

kJ mol
-1

 which were lower compared with our results probably 

due the fact that the glycidyl groups in DGEBA are disposed 

terminally rather than internally as is the case for our 

epoxidized vegetable oils, thus are more reactive due to the 

less steric hindrance. 

Fig. 3 shows the Tg of films obtained by curing ELO with 

different DCAs at 160 
o
C for 1 h. With increasing DCA chain 

length, Tg decreased from 7.0
 o

C for C6 to -15.1 
o
C of C36 

probably due to the decrease in crosslink density. Shorter 

crosslinkers lack flexibility and form tighter or closer 

crosslinked networks.  
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Table 1. Thermal properties of ELO-DCAs systems and data related to the extracted soluble substances from their polymers. 

Sample ΔHT [J g
-1] Eα [kJ mol-1] Tg [

oC] ΔHR [J g-1] Degree of cure (%)a Soluble [wt%] Mw 

C6 254.9±4.9 

235.6±6.2 

251.6±4.8 

260.9±14.4 

235.9±16.1 

232.4±7.0 

235.3±12.2 

172.9±2.6 

70.7±0.7 7.0 23.7 90.7 1.85±0.05 2935 

C8 78.9±1.8 3.7 30.4 87.1 1.96±0.05 2271 

C10 82.9±3.9 0.4 25.5 89.9 1.87±0.04 2288 

C12 79.2±1.0 -2.2 22.2 91.5 1.78±0.06 2396 

C14 81.3±0.5 -3.6 11.3 95.2 1.74±0.01 2460 

C16 78.6±7.7 -5.0 11.2 95.8 1.53±0.06 2436 

C18 75.3±4.3 -5.5 13.7 94.2 1.74±0.04 2638 

C36 78.9±4.4 -15.1 13.2 92.3 3.05±0.01 2487 

a Degree of cure or conversion = (ΔHT-ΔHR) / ΔHT 

 
Fig. 2 Kissinger plot to determine activation energy (Eα). 

 
Fig. 3 DSC thermograms of cured ELO-DCAs films at 160 oC for 1 h. 

With the increase of crosslink density, the free volume 

within the resin system decreased thus the motion of the 

network segments in samples with high crosslink density was 

restricted, which was responsible for the increase of Tg.  

A similar trend was observed by Shimbo et al.
17,26

 who 

studied properties of epoxy networks of DGEBA cured with 

different DCAs (C4, C6, C10, C12)
17

 and different aliphatic α,ω-

diamines (C2, C4, C6, C12).
26

 Though, the reported Tg values 

were much higher and attributed to the ‘hard’ aromatic groups 

of DGEBA, ranging from 51 
o
C (C12) to 101 

o
C (C4) and from 89 

o
C (C12) to 96 

o
C (C2) for the diamines. However, all samples 

showed residual cure, which was also found by Xiao et al. in 

epoxidized sucrose esters-anhydride thermosets.
27

 After 1 h of 

curing, all samples achieved 87-95% curing.  

Polymer leaching study 

 
Scheme 1 Summary of possible interactions between ELO, DCAs and DMAP. 

The weight percentage of the extracted soluble parts and their 

weight average molecular weight (Mw) from films subjected to  

dissolution in CH2Cl2 for 7 days are shown in Table 1. All the 

samples showed good solvent stability and the gel content was 

less than 2% for all the samples except C36 sample which was 

3%. The molecular weight of the soluble substances was about 
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2500 which indicated that the leachates were small molecules 

of the ring-opening products of ELO. 

FT-IR analysis 

The reactions between epoxy and carboxyl groups are quite 

complex and esterification, etherification, condensation 

esterification and hydrolysis are all possible reactions.
28

 Based 

on previous studies,
29-32

 the possible interactions between 

ELO, DCAs and DMAP are proposed as shown in Scheme 1.  

The infrared spectra of ELO, extracted soluble (leachate) and 

insoluble part (residue) of C6 film are shown in Fig. 4. ELO 

clearly showed characteristic bands of the epoxy groups, 

oxirane C-O twin bands at 823 cm
-1

 and 842 cm
-1

.
33, 34

 The 

ester stretching band was observed at 1742 cm
-1

. The other 

bands observed were: 723 cm
-1

 (methylene in-phase rocking), 

959 cm
-1

, 1010 cm 
-1

, 1102 cm
-1

 (ether, antisymmetric stretch), 

1155 cm
-1

, 1240 cm
-1

 (ester, antisymmetric stretch), 1379 cm
-1

 

(methyl symmetric deformation), 1463 cm
-1

 (methyl 

antisymmetric deformation) and 2854 cm
-1

, 2923 cm
-1

 

(methylene symmetric and antisymmetric stretch).
33 

 

Compared with ELO, the characteristic oxirane absorption 

bands at 823 cm
-1

 and 842 cm
-1

 were not present in both cured 

products soluble and insoluble fractions. The carbonyl stretch 

band shifted from 1742 cm
-1

 in ELO to 1738 cm
-1

 for the 

extracted soluble sample and further shifted to 1732 cm
-1

 in 

the 

 
Fig. 4 FT-IR spectra of ELO, leachate and insoluble residue after extraction from cured C6 film. 

insoluble substances. Instead of a single band at 1155 cm
-1

 in 

ELO, the ester C-O antisymmetric stretch band split into two 

bands (1168 cm
-1

, 1145 cm
-1

) in the insoluble samples and a 

band (1168 cm
-1

) and a shoulder (1145 cm
-1

) for the soluble 

samples. In addition, new ether group signals were found at 

1073 and 979 cm
-1

 in both the soluble and insoluble samples. 

These findings indicated that new ester and ether groups were 

formed between the acid group of DCAs and the epoxy groups 

of ELO. The DCM soluble substances are most likely low 

molecular weight ring-opening products of ELO, which have 

also been reported by Liu et al.
35

  

The two bands at 1649 and 1570 cm
-1

 in the insoluble 

product that remained after extraction have been attributed 

to the signals of protonated DMAP which, is linked to the 

carboxylate anion of these DCAs.
19

 Interestingly, these two 

bands were not observed in the leachate, indicating that 

DMAP was not homogeneously dispersed in the resin system 

and therefore within these regions curing was not as effective 

and only smaller molecular DCM soluble clusters were formed.  

NMR analysis 

The 
1
H and 

13
C NMR spectra of ELO and the cured extracted 

soluble fraction are shown in Fig. S1 and Fig. S2, respectively.
 

1
H NMR measurement on ELO indicated that the epoxy group 

was present from the signal in the δ 3.0-3.2 ppm region. The 

ELO base sample also showed signals at δ 5.1-5.3 ppm and 4.0-

4.4 ppm which correlate to the methine proton of -CH2-CH-

CH2- and methylene proton of -CH2-CH-CH2- of glycerol’s 

backbone, respectively. Other signals include CH2 proton 

adjacent to two epoxy group at δ 2.8-3.0 ppm, α-CH2 to 

carbonyl group at δ 2.2-2.4 ppm, α-CH2 to epoxy ring at δ1.7-

1.9 ppm, β-CH2 to carbonyl group at δ 1.55-1.7 ppm, β-CH2 to 

epoxy ring at δ1.4-1.55 ppm, saturated methylene group at δ 

1.1-1.4 ppm and terminal -CH3 groups at δ 0.8-1.0 ppm.
36

 

Compared with ELO, the characteristic epoxy signals at δ 3.0-

3.2 were absent in the leachate sample suggesting no 

unreacted ELO was present post curing and verifying the 

findings from the FT-IR analysis. The peak at δ 2.8-3.0 ppm 

changed from a multiple peak to a single peak which further 

confirmed the ring-opening reaction. The disappearance of 

peak at δ 0.9-1.0 ppm was attributed to the CH3 of the linoleic 

acid.
37

 
 

13
C NMR measurement on ELO indicated that the epoxy 

group is present in the δ 54-58 ppm region. The presence of 
13

C NMR peak at 173.1 ppm was due to carbonyl carbon of 

triacylglycerol and peaks at 68.9 ppm and 62.1 ppm, 

respectively, assigned to methine carbon of -CH2-CH-CH2- and 

methylene carbon of -CH2-CH-CH2- backbone. Again, compared 

with ELO the extracted soluble substances did not show the 

characteristic epoxy peaks in the δ 54-58 ppm region. Solid 

state 
13

C-NMR of the insoluble substances clearly showed the 

existence of carbonyl/ester groups at 174 ppm, which was also 
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complemented by presence of C=O str of an ester as shown in 

the FTIR spectrum (Fig. 4) 

Mechanical properties 

Fig. 5 shows the relationship between stress and strain of the 

cured ELO-DCAs products. Except for the sample cured with 

adipic acid (C6), all others show a linear relationship between 

stress and strain. In this case, strain hardening can be observed 

helping to account for its much higher mechanical properties.   

 
Fig. 5 Strain-stress curves of cured films with different DCAs. 

The reason for strain hardening is possibly related to the 

orientation effects during tensile strain. The longer DCAs 

chains could prevent this orientation effect and hence, 

explaining their  

marked decrease in mechanical properties. Strain hardening 

has also been observed in adipate polyurethane elastomers  

which was explained by the crystallization/orientation of the 

amorphous polyol chains during the applied strain.
38

  

Fig. 6 shows the effect of different DCAs on the mechanical 

properties of the obtained thermosetting resins. The film 

derived from adipic acid (C6) has the best mechanical 

properties 

with elongation at break of 55%, tensile strength of 8.8 MPa, 

Young’s modulus of 22.0 MPa and toughness of 3.1 MJ m
-3

. 

The mechanical properties after C6 as mentioned previously 

can be seen to dramatically decrease initially, and then 

gradually decrease with increasing chain length. The 

elongation properties of the materials however, after a DCA 

chain length of C10, remained constant around 30%. Compared 

with the C6 film that derived from Pripol 1009F (C36) had the 

poorest tensile strength (1.1 MPa), Young’s modulus (4.70 

MPa) and toughness (0.2 MJ m
-3

) due to longer chain of Pripol 

increasing the free volume of the polymer, plasticising the 

network.  

Additional differences in the mechanical properties of these 

materials with DCA chain length could be related to the films 

cured with shorter DCAs having a Tg close to RT and still within 

the leathery material zone (Tg 10 ± ºC), and as such, will show 

better mechanical properties than those in the rubbery state.
39

 

Though, tensile strength and elongation of DGEBA cured with 

various DCAs in the absence of accelerators were reported by 

Shimbo et al.,
17

 which showed that tensile strength and 

elongation decreased with increase of chain length except for 

C6 adipic acid that gave the worst elongation. Shimbo et al. 

also showed that the tensile strength and elongation were 62 

MPa and 5.1%, respectively. The much higher tensile strength 

and lower elongation properties were attributed to the 

aromatic structure and the higher crosslink density caused by 

the end epoxy groups with in DGEBA molecules. Yang et al.
40

 

reported that epoxy resins cured with shorter diamines 

(Jeffamine D-230) had better tensile strength and modulus but 

poorer elongation at break compared with longer diamines 

(Jeffamine D-400). 

DMA analysis 

DMA tests were undertaken at five different frequencies 1, 3, 

7, 10 and 20 Hz. Table 2 and Table S2 compares the 

dependencies of storage modulus and loss modulus on 

temperature for the epoxy cured with different DCAs, and the 

Tg was defined as the peak temperature of loss modulus. Due 

to the large change in the storage modulus after the Tg and the 

sample thickness limitations the values generated after this 

point were deemed invalid and beyond the test limit of the 

instrument. However, similar to the tests carried out at RT on 

the Instron the storage modulus below the Tg decreased with 

increasing DCA chain 
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Fig. 6 Mechanical properties of films with different DCAs, (a) tensile strength; (b) elongation at break; (c) Young’s modulus; and (d) toughness.

Table 2. Storage modulus and Tg of samples tested at 1 Hz and calculated activation energy Eβ. 

Sample 
Storage modulus [MPa] 

Tg [
oC] Eβ [kJ·mol-1] 

-100 oC -80 oC -60 oC -40 oC -20 oC 0 oC 

C6 4348 3673 3219 2889 2482 1228 1.5 67.1 

C8 3231 2732 2416 2182 1872 568 -2.9 54.5 

C10 2387 1976 1735 1582 1390 302 -3.8 53.5 

C12 1634 1339 1180 1090 969 115 -7.5 49.4 

C14 2386 2060 1869 1726 1497 62 -8.2 43.7 

C16 2856 2395 2128 1986 1686 173 -9.0 48.0 

C18 2179 1902 1750 1675 1468 30 -10.9 57.3 

C36 2195 1929 1722 1492 664 5 -19.0 59.9 

 

length due to decreased crosslink density, with the C6 sample 

showing the highest storage modulus over the analysed range 

of -100 to 0 
o
C. 

However, similar to the mechanical testing (Fig. 6) there was 

a considerable decrease (33% ± 1, not including 0 
o
C to limit 

transition effects) in the storage modulus changing from the C6 

sample to the C8, though not as significant as the decline 

(132%) observed in tensile strength. This further supports that 

the C6 sample was analysed while partially in the leathery 

region and/ or additional orientation effects occurred during 

the RT (Instron) testing. 

Tg of these samples tested by DMA were in the same trend 

with DSC results and the shorter chain sample had the higher 

Tg. The activation energy of the beta transition, Eβ, was 

obtained by applying the Arrhenius law (equation 2).
41

  

𝐸𝛽 = −R [
d(ln𝑓)

d(1/Tβ)
]     (2) 

by plotting of lnf versus 1/Tβ as shown in Fig. S3 whereby the 

gradient corresponds to Eβ. 

Table 2 shows that the activation energy for the β transition, 

i.e., approximately 55 kJ mol
-1

 is similar to that reported by 

Boquilon et al.,
42

 of 63 kJ mol
-1

 for a ELO-THPA (cis-1,2,3,6-

tetrahydrophthalic anhydride) system. The presence of a β 

transition can be seen for all samples with those prepared with 

a shorter DCAs having a higher intensity than those prepared 

from the longer DCAs as can be seen in the ESI, Fig. S4. For 
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some materials it has been shown that there is an 

interrelationship with its proportion and to the general 

mechanical properties (toughness) of the materials tested. In 

this case, there is a broad correlation with the shorter chain 

length DCAs having a higher tan δ intensity, and the longer 

DCAs a weaker intensity and poorer storage modulus. For 

these types of materials the β the motion of the diester 

segments formed between two crosslinks.
43

 

Thermal stability 

The thermal stability profiles as determined by 

thermogravimetric analysis (TGA) of the obtained epoxy resins 

are shown in Fig. 7 and summarised in Table 3. 

All films showed similar degradation behaviour in both N2 

and air with good thermal stability, i.e., T5 (5% weight loss 

temperature) ranging from 347 
o
C to 369 

o
C in N2 and 337 

o
C to 

348 
o
C in air. A weight loss of 94%-99% was obtained at 

temperatures up to 600 
o
C. From Table 3, it’s shown that the 

decomposition temperatures and residue at 450 
o
C increased 

with the increase of chain length. Resins cured with longer 

chain length of DCAs had better thermal stability due to the 

more bonds to absorb and dissipate energy for internal re-

ordering. Vilela et al.
44

 studied the thermal stability of 

polyesters prepared from C26 dicarboxylic acid with different 

chain length of diols (C4, C12, C26) and their study confirmed 

that better thermal stability was obtained with higher chain 

length of polyesters. 

 

Table 3 Thermal stability of the cured epoxy resins in N2 and air (Italics). 

Sample 
T5 

[oC] 

T10 

[oC] 

T50 

[oC] 

Tmax 

[oC] 

R300 

[%] 

R450 

[%] 

R600 

[%] 

C6 347.4 363.7 403.2 391.8 98.5 17.8 6.0 

 337.5 360.1 406.3 400.4 98.1 19.8 1.0 

C8 357.1 368.6 403.0 391.3 99.6 17.6 3.6 

 334.9 359.0 406.2 401.1 97.6 21.7 2.4 

C10 356.1 368.5 405.6 391.7 99.0 20.4 5.1 

 332.2 360.1 404.3 401.4 97.1 19.6 1.0 

C12 359.6 371.4 406.3 390.5 99.5 19.2 1.3 

 337.0 363.8 405.0 404.6 97.6 18.9 1.9 

C14 357.1 370.6 408.8 401.8 99.0 24.7 5.1 

 337.2 363.8 406.1 404.9 98.0 20.0 1.1 

C16 357.4 371.3 410.3 395.1 99.0 25.6 6.8 

 337.4 366.7 414.6 404.3 97.8 26.6 2.4 

C18 362.7 374.9 412.5 397.4 99.6 27.1 5.3 

 337.9 365.0 417.3 400.5 97.7 29.4 3.9 

C36 368.8 380.0 423.5 402.7 99.5 31.4 3.3 

 348.4 378.3 412.1 404.2 98.9 28.6 2.3 

 

 

Fig. 7 (a) clearly shows that the resins experienced a two-

stage decomposition process in N2. Since these two stages 

show the same decomposition profile in both N2 and air, they 

were caused by the scission of ester linkages.
45

 The first stage 

from 350 
o
C to 430 

o
C resulted from chain scission in the 

linseed oil ester groups which was confirmed by the 

decomposition process of pure ELO.
29, 46

 While the second 

stage beyond 430 
o
C resulted from the ester groups formed by 

the ring-opening reactions between DCAs and epoxy groups. 

With the increase of chain length, the second stage became 

more apparent. Under oxidative conditions, the decomposition 

process is more complex with an additional higher 

temperature main stage of the decomposition occurring 

beyond 500 
o
C, which corresponds to the further oxidation of 

the residual char.
47

 

Conclusions 
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Fig. 7 TGA and DTG of ELO-DCAs films in (a) N2 and (b) air at 10 oC min-1 heating rate.

In conclusion biobased thermoset resins were obtained from 

ELO and bio-derived dicarboxylic acids. The effects of chain 

length on the properties of thermoset resins were studied by 

various methods, DSC, FT-IR, NMR, DMA, mechanical test and 

TGA. All resins were flexible and transparent with good 

thermal stability and solvent stability. The results showed that 

shorter chain diacid had better reactivity towards epoxide 

groups. Resins with shorter chain length DCAs showed higher 

Tg and better mechanical properties including tensile strength, 

tensile strain, modulus and toughness but poorer thermal 

stability. More interestingly, strain hardening was observed in 

samples prepared with adipic acid that helped account for the  

much higher RT mechanical properties compared to other 

samples. 

Experimental 

Materials 

ELO (Lankroflex® L, oxirane content = 9.0%) was obtained from 

Akcros Chemicals, Eccles, England.  The C6-C16 diacids were 

purchased from Sigma Aldrich: C6 adipic acid (99.5%), C8 

suberic acid (98%), C10 sebacic acid (99%), C12 dodecanedioic 

acid (99%), C14 tetradecanedioic acid (98%), C16 

hexadecanedioic acid (96%). Octadecanedioic acid (95%) was 

purchased from Fluorochem and bio-derived C36 diacid (Pripol 

1009F, acid value 194 mg KOH/g) was kindly supplied by 

Croda. Oxalic acid (C2) and succinic acid (C4) were not used due 

to their high melting point, i.e., 189.5 
o
C and 185

 o
C, 

respectively. 4-N,N-Dimethylaminopyridine (DMAP) was 

purchased from Sigma Aldrich. All chemicals were used as 

received without further purification. 

Film preparation 

All samples were prepared with a stoichiometric relationship, 

R, of 0.7 (R = acid groups/epoxy groups).
19

 For each 

formulation, the amount of DMAP added was calculated based 

on 1 mol% of epoxy functional groups. The mixture was stirred 

at 150 °C for 5 min, poured into a hot aluminum pan (internal 

diameter, 70 mm) and cured in a fan-assisted oven at 160
 
°C 

for 1 h. 

DSC analysis 

The DSC analyses were performed with a TA Instruments 

Q2000 DSC. Premixed samples (7-10 mg), obtained after 

stirring at 150 °C for 5 min, were hermetically-sealed in Tzero 

aluminum DSC pans. Thermal runs were performed under a 

constant flow of dry nitrogen (50 mL min
-1

). Dynamic runs 

were performed under four different heating rates, 5, 10, 15 

and 20 °C min
-1

, over a temperature range of 25 °C to 320 °C. 

The results reported are the averages of the three 

measurements. Glass transition temperature Tg was obtained 

by heat-cool cycling (10 °C min
-1

) of the cured resins (7-10 mg) 

sealed in Tzero aluminum hermetic DSC pans.  

Polymer leaching study 

Approximately 2 g cured sample was subjected to leaching in 

dichloromethane (DCM, 20 mL) at room temperature for 7 

days. Thereafter, the leachate was concentrated in vacuo and 

both leachate and residue were dried overnight at room 

temperature under vacuum. The leachate was analysed by 

GPC, FT-IR and NMR whereas residues were characterized by 

FT-IR and solid state 
13

C NMR only. The sol content (%) was 

Page 8 of 11Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  

Please do not adjust margins 

Please do not adjust margins 

determined as the average of two measurements using the 

equation below 

% sol content=100× (
wt-wgel

wt
) =100×

wsol

wt
 

where wt is the total weight of thermoset sample, wgel is the 

weight of residue after extraction (gel fraction) and wsol is the 

weight of loss during extraction (sol fraction). 

ATR-IR analysis 

ATR-IR (attenuated total reflection infrared) spectra were 

recorded on a Bruker Vertex 70 Spectrometer equipped with a 

diamond golden gate ATR cell over a scanning range of 600-

4000 cm
-1

 for 32 scans at a spectral resolution of 2 cm
-1

. 

NMR analysis 
1
H and 

13
C NMR spectra for starting materials and extracted 

soluble materials were recorded on a JEOL JNM-ECS 400 MHz 

spectrometer. Solid state 
13

C NMR (CPMAS) spectra for 

insoluble parts were acquired using a 400 MHz Bruker Avance 

III HD spectrometer equipped with a Bruker 4mm H(F)/X/Y 

triple resonance probe and 9.4T Ascend® superconducting 

magnet. The experiment employed a 1.0 ms linearly-ramped 

contact pulse, spinning rate of 10000 ± 2 Hz, optimized recycle 

delay of 7 seconds, spinal-64 heteronuclear decoupling (at 

νrf=85 kHz) and is a sum of 600 co-added transients. Chemical 

shifts are reported with respect to tetramethylsilane (TMS) 

and were referenced using adamantane (29.5 ppm) as an 

external secondary reference.  

GPC analysis 

GPC was performed at 40 °C in tetrahydrofuran (THF) 

stabilised with 0.025% tert-butylated hydroxytoluene (BHT) 

with eluent pumped at the constant flow rate of 1.0 mL min
-1

. 

The samples were analysed using a PL-GPC 50 system 

equipped with PLGel column guard and 3x PLGel 5µm mixed 

bed-C columns (300 x 7.5 mm). Before injecting the samples, 

the system was calibrated by performing Universal Calibration 

with single PL-polystyrene standard and a set of PL-EasyVial 

PS-H polystyrene standards of molecular known molecular 

weights. Viscometry (PL-BV 400RT viscometer) and 

refractometry (PL-RI differential refractometer) were used as 

detectors and the resultant data was processed by Varian 

‘Cirrus Multi detector’ software. 

DMA analysis 

Thermal relaxations of the cross-linked bioplastics were carried 

out on a dynamic mechanical analyser (DMA Q800, TA 

Instruments) using a 3-point bending mode accessory at 1, 3, 

7, 10 and 20 Hz. Samples with dimensions of 20×10 mm with a 

film thickness ranging from 1 – 1.5 mm (thinner than 

recommended due to sample preparation constraints) were 

heated from -120 to 50 °C at a heating rate of 1 °C min
-1

. 

Mechanical properties 

Standard dumb-bell shapes (60 mm × 10 mm) were cut with 

film thickness in the region of 1–1.5 mm. Tensile tests were 

conducted using an Instron 3367 universal testing machine 

fitted with 1000 N capacity load cell. The initial grip separation 

was set at 35 mm and the crosshead speed was 20 mm min
-1

. 

The results reported were the average of the three 

measurements. 

Thermal stability 

The thermal stability of the cured resins was analyzed using 

simultaneous thermal analyser (Stanton Redcroft STA 625). 

Approximately 10 mg of the sample was heated from room 

temperature to 600 °C at a heating rate of 10 °C min
-1

 under 

nitrogen and air atmospheres, respectively. 
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