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ABSTRACT:  The present study describes the use of an epoxy functional fatty acid, 9,10-epoxy-18-hydroxyoctadecanoic acid 
(EFA), extracted from birch (Betula pendula) outer bark to produce thermosets. The purifi ed epoxy fatty acid 
was polymerized by enzyme-catalyzed polycondensation utilizing Candida antarctica lipase B (CalB) to form 
oligomers with targeted degrees of polymerization (DP) of 3, 6, and 9 and obtained DPs of 2.3, 5.9 and 7.3, 
respectively. It was determined that it is possible to fi rst enzymatically polymerize and aliphatically endcap 
the epoxy functional fatty acid resulting in controlled oligomer lengths while also maintaining the epoxy 
functionality for further reaction by main-chain homo-epoxy cationic photopolymerization. The enzymatic 
polymerized oligomers were characterized in terms of conversion of the residual epoxy groups (FT-IR), the 
thermal properties (DSC, TGA) and the purity by MALDI-TOF and 1H-NMR. The amorphous thermoset 
fi lms with varying degrees of crosslinking resulting from the cationically photopolymerized oligomers, were 
characterized in terms of their thermal properties and residual epoxy content (FT-IR ATR). The crosslinked 
polyesters formed insoluble, amorphous, and transparent fi lms. This work demonstrates that thermoset fi lms 
with designed properties can be effectively made with the use of forest products to reduce the petroleum-
based plastics market.

KEYWORDS:  Suberin, natural epoxidized oils, enzyme-catalyzed polymerization, cationic photopolymerization

1 INTRODUCTION 

Large resources and efforts have been put forth in 

recent history in a concerted drive to replace a large 

amount of petroleum-based plastics with building 

blocks that are derived from natural and renewable 

resources. This is evident from the range of natural 

products-based plastics that are now entering the 

market, and the number of government recommen-

dations and reports being published, which target 

potential renewable monomers as plastic building 

blocks [1, 2]. What is more, examples of polymers 

with designed and tailored properties derived from 

plant oils are now abundant in the literature [3–12]. 

The waste streams from the facilities of the pulp and 

paper industry present a rich source of renewable 

chemicals [13]. The birch tree (Betula pendula) is used 

in the paper and pulp industry as a raw material, 

meaning that there is a large amount of residual outer 

birch bark that is currently burned for the extraction 

of energy. The birch tree is an important raw material 

for pulp and paper production in the Nordic coun-

tries, with a pulp production of 400,000 tons per year 

that generates about 28,000 tons per year of outer birch 

bark [14, 15]. As an alternative for use in biofuel, the 

possibility of extracting renewable monomers from 

outer birch bark and producing plastics is beginning 

to be investigated in order to raise the value of this 

commodity. The extractives include a broad range of 

functional fatty acids, or approximately 27 wt% of the 

dried outer birch bark, with functionalities including 

mid-chain epoxy and hydroxyl groups, along with 

dicarboxylic and hydroxyl end-chain reactive groups 

[16–18]. The second most abundant fatty acid in birch 

bark, 9,10-epoxy-18-hydroxyoctadecanoic acid (EFA), 

amounting to 9.9 wt% of dried outer birch bark, has 

previously been used for polyester synthesis, by fi rst 

extracting with a mild alkaline hydrolysis to leave the 
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mid-chain epoxide group intact [19]. These reactive 

monomers from suberin have been further reacted to 

form polyesters by various methods [20–24].

Enzyme-catalyzed polymerizations represent an 
attractive method to obtain desired polyester poly-
mers that would otherwise be impossible or extremely 
laborious under conventional synthesis methods. This 
has become a well-developed fi eld due to the posi-
tive aspects and endless possibilities regarding this 
type of polymerization [25–29]. Enzymes are highly 
selective and include chemo-, enantio- and regiose-
lectivity, and often catalyze only one substrate or one 
specifi c reaction. Although this concept is found to 
have exceptions, the so-called “enzyme promiscu-
ity” that scientists are fi nding can be a for further 
optimization for use in designing new materials [30]. 
In vitro enzyme-catalyzed polymerizations are typi-
cally less toxic than conventional metal catalysts and 
operate under mild thermal conditions, reducing the 
required reaction energy. This in combination with 
enzyme regioselectivity, enables the preservation of 
functional groups [31]. In nature, Candida antarctica 
lipase B (CalB) catalyzes the hydrolysis of fatty acid 
glycerol esters. However, by working in nonaqueous 
media and by constantly removing condensation by-
products, CalB catalyzes polycondensations. It is also 
capable of catalyzing reactions at high temperatures 
(stable at temperatures of 90–100°C) and in organic 
solvents [17, 32]. Previous studies done by Olsson et 
al. report successful enzyme-catalyzed polymeriza-
tions of 9,10-epoxy-18-hydroxyoctadecanoic acid to 
high molecular weights of around 40 kDa with the 
use of CalB [13].

Cationic photopolymerization is one of the fast-
est growing areas in the UV-cure industry, with large 
application in printing [33]. Advantages include com-
paratively low cure shrinkage, energy effi cient cure, 
solvent-free synthesis, and mild cure temperatures. 
Epoxy-based polymers are best known for their adhe-
sion and chemical resistance [34, 35]. In addition, 
diaryliodonium salt photoinitiators have provided 
a further advantage as they are benzene free and 
thermally stable at room temperature, while provid-
ing solubility with a broad range of systems [36–38]. 
Although epoxide groups located in the main chain 
are less reactive than pendant epoxide groups, they 
can still be incorporated into thermosets in an effec-
tive way [39, 40]. 

The purpose of this work is to demonstrate the 
possibility for using the epoxy functional fatty acid 
extractive derived from outer birch bark as a renew-
able resource in designing controlled and functional 
oligomers. Another purpose is to demonstrate the 
versatility of making oligomers, while ensuring that 
the epoxy groups remain intact on the main chain, 

enabling further reaction at a later time. This is not 
easily done by conventional polymerization methods. 
At the same time, the oligomers are endcapped, in this 
case chosen to be nonfunctional, in order to produce 
main-chain epoxy functional oligomers of controlled 
length. The functional oligomers are then further 
reacted by cationic photopolymerization to produce 
thermoset fi lms with properties being a result of the 
oligomer size. 

2 EXPERIMENTAL

2.1 Materials

All chemicals were purchased from Sigma-Aldrich 

unless otherwise noted. Novozyme 435 (Immobilized 

lipase B from Candida antarctica) was dried under 

vacuum (5 mbar at 21°C for 48 h). Hexyl octanoate 

and EFA reactant mixtures were dried over acti-

vated molecular sieves. The photoinitiator phenyl-

p-octyloxyphenyl-iodonium hexafl uoroantimonate 

(Uvacure 1600) was obtained from Cytec. Outer birch 

bark of Betula pendula was gathered from the forest 

in the local Stockholm region. The bark was dried at 

room temperature for 72 h then fi nely ground using a 

ZM 200 (Retsch) grinder. 

2.2 Methods

2.2.1 Removal of Extractives

The isolation of the product was performed according 

to the literature [13, 41]. Outer birch bark extractives 

were removed by Soxhlet extraction using n-heptane 

as the solvent so that they would not interfere with 

the subsequent alkaline hydrolysis. Soxhlet extrac-

tion was conducted with 170 g of outer birch bark 

that was fi nely ground and placed in a cotton con-

tainer, and 2.5 L n-heptane that was refl uxed for 8 h at 

a time. The n-heptane was left to cool overnight, and 

starting the next morning the precipitate in the room 

temperature n-heptane was vacuum fi ltered daily. The 

extraction was repeated daily, for 5 days, until a negli-

gible amount of precipitates occurred. Filtration of the 

precipitates yielded a white powder (47 g, 28 wt% of 

outer birch bark) with a light-yellow glimmer that was 

characterized by NMR to be betulin and was not used 

in this study. The remaining outer birch bark was air 

dried for further processing.

2.3 Hydrolysis Process

The extracted birch bark was then subjected to alka-

line hydrolysis to depolymerize the 3D structure of 

suberin; 100 g was placed in a 2 L round-bottom fl ask 
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containing a magnetic stirrer. Isopropanol (1150  mL, 

96 vol% of the solution) and an aqueous NaOH solu-

tion (50 mL, 11 M) were added to the fl ask. The solu-

tion was refl uxed with continuous stirring for 1 h. 

After leaving the solution to cool to approximately 

50–60°C, the solute was separated from the bark 

residues by warm vacuum fi ltration. The bark resi-

dues were then refl uxed again in 500 mL of isopro-

panol for 20 min. The bark was separated from the 

solution as previously described. Both isopropanol 

solutions were combined and condensed at 40°C 

using a rotary evaporator to reduce the volume of 

the solution by about 50% (900 mL isopropanol was 

evaporated). The precipitate was mixed with 650 mL 

water and stirred for 2 h at room temperature. The 

precipitate was then separated from the solution of 

isopropanol/water by centrifuge, resulting in a clay-

like precipitate.

This precipitate (with the solute fraction further 
processed to result in Fraction 2) centrifuged from 
the 650 mL of water and 250 mL of isopropanol, was 
mixed with 200 mL water and acidifi ed to pH 4.7 using 
dilute hydrochloric acid (5%). The precipitate was sep-
arated by centrifuge and freeze-dried. This fraction 
(Fraction 1) was characterized as 22-hydroxydocosa-
noic acid and was not used in this study (yield: 13.4 g, 
9.7 wt% of dried outer birch bark).

The solute obtained (with the precipitate of Fraction 
1 processed as described above) was acidifi ed to pH 
5.0 using HCl (5%), resulting in precipitates. These 
precipitates were separated from the solution by cen-
trifuging and freeze-drying. This fraction (Fraction 2) 
was identifi ed as 9,10-epoxy-18-hydroxyoctadecanoic 
acid by 1H NMR (10.3 g, 7.4 wt% of dried outer birch 
bark) and was light yellow in color. This yield is sim-
ilar to reported values [17]. Fraction 2 was found to 
contain a small degree of impurities as determined 
by thin-layer chromatography with EFA having an Rf 
value of 0.28 and the impurity an Rf value of 0.42 in 
60/40 (vol%) ethyl acetate/n-heptane. 

2.3.1  Purifi cation via Column 
Chromatography

Fraction 2 was purifi ed via column chromatography. 

Column chromatographs were performed with 2 g of 

EFA using a conventional column having a diameter 

of 2.5 cm (fi lled with 20 cm silica). Due to the mod-

erate solubility of the samples in the starting eluent 

mixture, the samples were dissolved in chloroform 

and mixed with 20 g of silica, the solvent was evapo-

rated and the solid mixture was added to the top of 

the column. A polarity gradient was used as eluent 

to provide better separation. The starting eluent was 

a mixture of ethyl acetate and n-heptane at a ratio of 

50/50 (vol%). The polarity was increased up to pure 

ethyl acetate in increments of ten (60/40 (vol%), 

70/30 (vol%), etc.). To provide good separation 100 

mL of each mixture was used with the exception of 

pure ethyl acetate (250 mL). 

2.3.2  Enzyme-Catalyzed Synthesis of 
EFA Oligoesters

The immobilized Candida antarctica lipase B catalyst 

Novozym 435, was utilized as the catalyst for the 

polyesterifi cation reactions. EFA was combined with 

the enzyme and hexyl octanoate as the endcapper 

with targeted degrees of polymerization (DP) of 3, 6, 

and 9 (Figure 1).

Capped reaction vials were charged with EFA (DP 
3: 100.4 mg, 0.33 mmol; DP 6: 126.4 mg, 0.40 mmol; 
DP 9: 135.4 mg, 0.43 mmol) and hexyl octanoate (DP 
3: 24.2 mg, 0.11 mmol; DP 6: 15.3 mg, 0.07 mmol; DP 9: 
10.9 mg, 0.05 mmol). Molecular sieves (50 mg) and tol-
uene (1 mL) were added to each mixture. The addition 
of Novozym 435 (DP 3, 6, and 9: 25 mg) initiated the 
reactions, which were carried out for 72 h at 60°C using 
a HLC PROGR (DITABIS) thermomixer. The reaction 
vials were constantly shaken during reaction time. The 
reactions were stopped by fi ltering off the enzyme. 

5

5

Novozym 435
72 h, 60°C

-n H2O

5

55

5
7

7

OHHO

O

O

O

O

O O

O
n

O

O

+

Figure 1  Enzyme-catalyzed polycondensation of endcapped oligoesters.
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Table 1 Amounts and yields of enzyme-catalyzed polymerizations.

DP
EFA, mg 
(mmol)

hexyl  octanoate, 
mg (mmol)

Novozym 435 
(mg)

Yield 
(%)

3 100.4 (0.33) 24.2 (0.11) 24.9 70

6 126.4 (0.40) 15.3 (0.07) 25.5 69

9 135.4 (0.43) 10.9 (0.05) 25.2 85
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Figure 2 Cationic photopolymerization of main-chain epoxy functional oligomers [36].

Subsequently toluene was evaporated under reduced 
pressure and the residue was dried in a vacuum oven 
at 50°C to give wax-like products (DP 3: 87 mg, 70%; 
DP 6: 98 mg, 69%; DP 9: 125 mg, 85%). Table 1 sum-
marizes the used amounts of compounds and yields.

2.3.3  Cationic Photopolymerization of 
Oligomers

The synthesized polyesters were crosslinked without 

any further purifi cation steps using Uvacure 1600 as 

the cationic initiator (Figure 2.). Vials were charged 

with each DP of the synthesized polyesters (25 mg 

of DP 3, DP 6 and DP 9, respectively), Uvacure 1600 

(1 mg) and chloroform (100 mg). The homogenous 

mixtures were applied to a Tefl on mold and heated 

in an oven at 70°C for 5 min to evaporate the solvent 

and heat the polymers to above their Tm in order to 

react in the liquid state. Afterwards, the prepoly-

meric mixtures were covered with a quartz micro-

scope slide. Films were cured under a UV Fusion 

Conveyor MC6R. The samples were passed under the 

light 5 times with a dose of 150 mJ cm−2 per passage, 

to give an overall dose of 750 mJ cm−2 and then left at 

room temperature to cool down. Transparent fi lms 

were obtained, which were insoluble in chloroform. 
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The names of the samples are summarized accord-

ing to Table 2.

3 ANALYTICAL METHODS

3.1 1H-NMR 
1H- and 13C-NMR analyses were performed on a Bruker 

Avance 400 at a resonance frequency of 400 MHz 

using deuterated chloroform as solvent. NMR spectra 

were used for characterization of the monomer and 

oligoesters.

NMR data of 9,10-epoxy-18-hydroxyoctadecanoic 
acid obtained from fraction 2:

1H-NMR (CDCl3), δ (ppm): 1.3-1.7 (26H, m, -CH2-),
 2.4 (2H, t, J=7.4Hz, -COCH2-), 2.9 (2H, s, 
-CH-epoxide), 3.7 (2H, t, J=6.6Hz, -CH2OH).

13C-NMR (CDCl3), δ (ppm): 24.65-33.83 (14C, -CH2-),
 57.27-57.30 (2C, -CH- epoxide, C-9 and C-10), 
63.04 (1C, -CH2OH, C-18), 178.39 (1C, C=O, C-1).

3.2  Matrix-Assisted Laser Desorption/
Ionization – Time of Flight Mass 
Spectroscopy (MALDI-TOF-MS)

Measurements were conducted on a Bruker UltraFlex 

MALDI-TOF MS with a SCOUT-MTP Ion Source 

(Bruker Daltonics) equipped with a nitrogen laser (337 

nm). Measurements were used to analyze the synthe-

sized polyesters in regards to the repeating unit and 

the distribution of polymer lengths. As for the samples, 

1 mg of each DP was dissolved in 1 mL chloroform. 

The matrix solution utilized was 1,8,9-antracenotriol 

(10 mg/mL) dissolved in THF, and the salt solution used 

was trifl uoro acetic acid (1 mg/mL) in THF. The sam-

ples were prepared by mixing 5 μL of each with 20 μL of 

matrix solution and 5 μL of salt solution. Subsequently 

0.5 μL were added to the MALDI target plate and left at 

room temperature to evaporate the solvent.

3.3 Size Exclusion Chromatography (SEC)

SEC was conducted at 35°C using THF (10 mL/min) 

as the mobile phase using a Viscotek TDA model 301 

equipped with two T5000 columns containing porous 

styrene divinylbenzene copolymer, a VE 2500 GPC 

autosampler, a VE 1121 GPC solvent pump and a 

VE 5710 GPC degasser. A conventional calibration 

method was created using narrow linear poly(methyl 

methacrylate) standards (MW ranging from 

805– 400.000 Da). Measurements were performed with 

the oligoesters to analyze molecular weight distri-

butions. For the measurements a sample of each oli-

goester dissolved in THF was prepared (DP 3: 2.6 mg/

mL; DP 6: 2.9 mg/mL; DP 9: 2.9 mg/mL).

3.4  Differential Scanning Calorimetry 
(DSC)

Thermal properties of the monomer, polyesters and 

crosslinked polyesters were analyzed by DSC meas-

urements. Experiments were performed on a DSC 

820 equipped with a sample robot and a cryocooler 

(Mettler-Toledo). The DSC runs were carried out in 

closed sample pans sealed in air using the following 

temperature program: heating from 25°C to 100°C 

(50 °C/min), cooling from 100°C to −30°C (10°C/min) 

and then heating up to 100°C (10°C/min). Isothermal 

segments of 5 min were performed at the close of each 

dynamic segment.

3.5 Thermal Gravimetric Analysis (TGA)

TGA measurements were performed to determine 

degradation temperatures and weight losses due to 

volatilization and degradation of the monomer, poly-

esters and crosslinked polyesters. The experiments 

were conducted on a TGA/SDTA 851e (Mettler-Toledo) 

with a sample robot. The TGA runs were carried out in 

nitrogen atmosphere (20 mL/min) heating the sample 

from 25°C up to 700°C (10°C/min).

Table 2 Naming scheme.

Abbreviation used
 in text Explanation

EFA 9,10-epoxy-18-hydroxyoctadecanoic acid (monomer)

EFA-DP3 oligoester of DP3 

fi lm-DP3 thermoset after photopolymerization of EFA-DP3

EFA-DP6 oligoester of DP6 

fi lm-DP6 thermoset after photopolymerization of EFA-DP6

EFA-DP9 oligoester of DP9 

fi lm-DP9 thermoset after photopolymerization of EFA-DP9
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3.6 FT-IR Spectroscopy

FT-IR spectra were obtained for EFA, the oligoesters, 

and the crosslinked fi lms to determine the availability 

of the epoxy groups. Measurements were performed 

on a Perkin-Elmer Spectrum 2000 FT-IR equipped 

with a heat controlled single refl ection attenuated 

total refl ection (ATR) accessory (Golden Gate heat 

controlled). Each spectrum was based on 32 scans in 

refl ection mode.

4 RESULTS AND DISCUSSION 

4.1 The Extraction Process 

Outer birch bark extractives were removed by Soxhlet 

extraction, and the remaining bark was hydrolyzed 

and EFA was extracted according to Kratusky et al. [17]. 

After removal of Fraction 1, it was of upmost impor-

tance to keep the pH above 5 in order to preserve the 

epoxy ring in the main chain of the fatty acid. When 

the pH dropped below 5, the epoxy ring was opened 

to form two hydroxyl groups on adjacent carbons on 

the main chain. In this case, the pH was kept above 5 

to receive Fraction 2, and this was further purifi ed by 

fl ash chromatography. The yield of EFA was slightly 

lower than the reported values of Kratusky et al., and 

this could be a combination of many factors such as 

source, type of birch bark, and equipment used for the 

extraction process. The optimization of this process 

was outside the scope of this work.

4.1.1 Purifi cation of the Epoxy Fatty Acid

After column chromatography a much smaller yield 

was received than expected, with 64.5% weight loss of 

9,10-epoxy-18-hydroxyoctadecanoic acid obtained and 

a yield of 35.5 wt%. This is suspected to be due to the 

fact that acid functionalities have been documented to 

adhere strongly to the column, and a common solu-

tion is the addition of an acid to the eluent. However, 

this would negatively result in the ring-opening of the 

epoxy group on the monomer and so could not be tried 

in this case. Therefore, there is a need for further optimi-

zation of separation by chromatography, with the pos-

sible use of different types of column packing materials 

or optimization of purifi cation by crystallization.

The original yellow color of the powder was observed 
to be left on the column, which was assumed to be aro-
matics, based on NMR analysis in which the peak at 
2.1 ppm attributed to phenol groups was signifi cantly 
decreased, and the fi nal product was white. The follow-
ing fi gure shows the 1H NMR spectrum of the isolated 
and purifi ed epoxy fatty acid from Fraction 2 (Figure 3).

4.1.2  Enzymatic Polymerization of the Epoxy 
Fatty Acid

Purifi ed EFA obtained from Fraction 2 was used for 

enzyme-catalyzed polymerizations with degrees of 

polymerization of DP 3, DP 6 and DP 9 utilizing CalB as 

the enzyme catalyst and hexyl octanoate as the endcap-

per. The endcapper ensured control of the length of the 
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Figure 3 1H-NMR spectrum Fraction 2 after column chromatography.
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oligomers along with the stoichiometry. This method 

also allowed for end groups to undergo polycondensa-

tion while the epoxy group was left unmodifi ed on the 

main chain as a result of the selectivity of CalB along 

with the mild temperatures. The aim of this was to link 

together the monofunctional epoxy EFA in chains of 

3, 6, and 9, leaving the epoxy group intact, to provide 

oligomers with a corresponding average number of 

epoxy functionalities on the main chain of 3, 6, and 9. 

No problems with solubility were observed as the oli-

gomers were formed. This was expected as the reaction 

was performed in toluene, as previous studies have 

shown this to be a favorable solvent for the reaction. 

4.1.3 Characterization of Oligoesters

The synthesized polyesters (hereafter named as EFA-

DPX, where the value of X is dependent on the DP) 

were analyzed by NMR, SEC and MALDI-TOF meas-

urements to determine their molecular structures and 

molecular weight distributions. All three analytical 

methods confi rm successful polymerizations resulting 

in polyesters with varying DPs. The yields of 70, 69 and 

85% for DP 3, 6, and 9 are lower than expected, and this 

was attributed to losses of material during processing 

steps. No optimization with respect to product recovery 

was performed. The DPs of the synthesized polyesters 

were calculated from acquired NMR spectra. Figure 3 

shows the NMR spectrum belonging to EFA-DP6, with 

the majority of the product represented by the fi rst 

structure 1, with structures 2 and 3 illustrating minor 

fractions. The α-protons to the carbonyl groups of the 

oligomers that have not been capped (structure 3, Figure 

4) are observed by the shoulder of peak e (Figure 4). 

However the exact hydroxyl content is also diffi cult to 

quantify because it is combined with a small impurity, 

but is still observed to a small extent, by the proton of 

the methylene group neighboring the hydroxyl group 

(peak g). The NMR spectrum further confi rms that the 

epoxy groups at 2.9 ppm are still intact. 

The synthesized DP was calculated by normalizing 
all integrals to the methyl groups i of the endcapper at 
0.9 ppm and multiplying by 2 (to give the value of 6 pro-
tons), assuming 100% endcapped oligomers. This is then 
divided into the integral of h (4.1 ppm), indicating the 2 
protons by the ester, multiplied by 6 and subtracting 1 to 
account for the proton of the alcohol endcapper (Eq. 1).
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Figure 4. 1H-NMR spectrum and structural formula of EFA-DP6.
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Additional 1H NMR spectra corresponding to 
EFA-DP3 and EFA-DP9 are represented in the supple-
mentary information. The resulting DPs determined 
by NMR measurements are DP 2.3 (3), DP 5.9 (6) and 
DP 7.3 (9), respectively (theoretical values in brackets). 
Furthermore, the calculated integrals of the acquired 
NMR spectra show that the obtained polyesters are 
not completely endcapped. The SEC measurements 
further confi rm successful enzyme-catalyzed oligo-
merization of EFA to different DPs (Table 3). 

Differences between the DP data as determined by 
SEC and NMR can be attributed to the fact that the 
molecular weights obtained from the SEC measure-
ments are in regards to poly(methyl methacrylate) 
standards and thus could have a systematic error. 

MALDI-TOF MS spectra were acquired for the syn-
thesized polyesters larger than 500 Da since the range 
below was dominated by peaks from the matrix. 

Figure 4 shows the spectrum of EFA-DP9, with Table 4 
describing the marked peaks.

In addition to the NMR and SEC results, the MALDI-
TOF MS measurements confi rm a successful enzyme-
catalyzed polymerization of EFA resulting in different 
DPs. The repetitive pattern verifi es the molecular weight 
of the repeating unit of 296 Da (see the difference of 
molecular weights between peak d and h in Figure 5). 

The MALDI-TOF MS results also confi rm that 
some of the synthesized oligomers are not completely 
endcapped, since the spectra show both cyclic struc-
tures and one type of partially endcapped oligomer 
(Structure 2, in Figure 3). It should be noted that this is 
not a quantitative analysis method, and thus the sizes 
of the peaks do not indicate quantities, only how effec-
tively different fragments ionize.

In summary, the performed NMR, SEC and 
MALDI-TOF MS measurements all indicate that the 

Table 4 Description of marked MALDI-TOF MS peaks; a molecular weight of repeating unit is 296.5 Da.

Peak abbrev. a b c d e f g h i

m/z 548 616 718 844 1140 1436 1733 2030 2920

No.  repeating units 1 2 2 2 3 4 5 6 9

Structure Full
(str. 1, fi g. 3)

 (cyclic) Partial
(str. 2, fi g.3)

full full full full full full

Table 3 Molecular weights of the synthe sized oligoesters. 

Polyester DPa Mn
a in g/mol Mn

b in g/mol PDIb

EFA-DP3 2.3 (3) 860 (1118) 1647 1.8

EFA-DP6 5.9 (6) 1970 (2007) 2159 1.9

EFA-DP9 7.3 (9) 2350 (2896) 2305 2.1

a Determined with NMR (theoretical value within brackets).
b Determined with SEC.

Figure 5 MALDI-TOF MS spectrum of EFA-DP9.
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experimental lengths of the oligoesters are close to the 
targeted DPs. It is possible that the synthesis can be 
further optimized in an attempt to gain greater control 
and more accurate lengths in terms of the targeted DP 
by determining the ideal length of the reaction. Further, 
it is proposed that water is building up with time and 
thus the reaction is not able to proceed to completion. 

4.1.4 Cationic Photopolymerization

The synthesized polyesters with varying DPs were 

crosslinked using Uvacure 1600 as the cationic initia-

tor and UV radiation as the inducing energy source. 

The crosslinking process resulted in transparent fi lms. 

The obtained fi lms were insoluble in chloroform, 
which indicated a successful crosslinking. Moreover, 
because of high conversion of the epoxy groups with 
a chain functionality of 3–9, the crosslinking reaction 
is further confi rmed (Figure 6). The spectra indicate 

successful crosslinking to very high conversion due 
to the complete disappearance of the ring vibration 
signal of the epoxy group at 845 cm−1 (Figure 6b). 
Corresponding spectra were also obtained for DP3 
and DP9 (see supplementary information). It is also 
observed that the hydroxyl stretching band from 3500–
3700 cm−1 is  present for EFA, but is no longer observed 
in the oligomer or fi lm, confi rming successful endcap-
ping with hexyl octanoate (Figure 6b). 

This further illustrates that the epoxy groups 
remain available for further epoxy homopolymer-
ization. In addition, the oxirane conversion does not 
appear to decrease with increasing chain length, or 
higher oligoester DPs, as the reaction proceeds and 
the chains become less mobile and locked into place 
as was expected.

4.1.5 Thermal Properties

The thermal properties of the monomer, synthesized 

polyesters and crosslinked fi lms were determined by 

DSC and TGA measurements. Figure 7 shows a DSC 

diagram comparing the thermal character of EFA, DP9-

EFA, and the resulting thermoset fi lm. The thermal char-

acteristics obtained by DSC are also reported in Table 5.

The DSC diagrams for DP 3 and DP 6 are shown 
in the appendix. The performed DSC measurements 
show that the monomer has the highest melting point 
and the highest degree of crystallization compared 
to the obtained products. The polyesters obtained by 
enzyme-catalyzed polymerizations show two melt-
ing points. The origin of the presence of these two 
melting points could be due to two different crys-
tal forms that have been observed in previous CalB 
catalyzed polymers [17, 18], and is a point for future 
investigation. As noted in Figure 7, the monomer 
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ring vibration appearing at 845 cm-1.
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Table 5 Thermal properties of the monomer and oligomers.

Resin Td (°C) Tg  (°C) Tm (°C) ΔHm (J g-1)

EFA 346 /a 82 151

EFA-DP3 390 /a 31 25

fi lm-DP3 371 -19c /a /a

EFA-DP6 385 /a 27 (35)b 42 (24)b

fi lm-DP6 379 -13c /a /a

EFA-DP9 390 /a 28 (36)b 42 (21)b

fi lm-DP9 383 6° /a /a

a non- detectable. 
b second melting point in brackets.
c Tg midpoint with a fi nal temperature ramp of 20°C/min.

EFA has a high degree of crystallization and a melt 
temperature of approximately 80oC, while after oligo-
merization it has a large reduction in the melt tem-
perature to approximately 30oC and a decrease in the 
degree of crystallization (about 70–85% reduction 
according to the enthalpy of melt values found in 
Table 5). This lower degree of crystallinity and melt-
ing point are likely an effect of the addition of the 
aliphatic end-capping chains where there were previ-
ously carbonyl and hydroxyl groups. These aliphatic 
chain ends could create more free volume, and the 
reduction in hydroxyl and carbonyl groups would 
reduce H-bonding. This effect was also observed by 
Luciani et al. when dendrimer hydroxyl end groups 
were replaced with aliphatic chains causing a marked 
decrease in the thermal transitions [25]. Furthermore, 
no melting points could be observed for the cross-
linked polyesters indicating amorphous fi lms, due 
to the restricted chains between crosslinks that most 
likely do not have enough mobility to form crystalline 
lamella. It was diffi cult to detect a Tg of the fi lms at a 
temperature ramp of 10oC/min, however at a faster 
temperature rate (20°C/min) the Tg transition became 
visible. It is observed that the Tg increases from −26 
to −8°C as the DP increases, due to the higher degree 
of crosslinking relative to chain ends. Further, it was 
not possible to detect the Tg by DSC of the polyester 
oligomers, most likely due to their high crystallinity, 
and thus low degree of amorphous content, provid-
ing a weaker signal. 

Figure 8 shows the TGA diagram for DP6 monomer, 
oligoester, and thermoset fi lm.

Additional TGA diagrams corresponding to DP3 
and DP9 are presented in the supporting informa-
tion. The performed TGA measurements reveal 
the degradation temperatures of the monomer and 
the obtained products. The monomer has the high-
est stability until reaching the main degradation 
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Figure 8. TGA diagram of EFA, EFA-DP6, and fi lm-DP6.

temperature of about 350°C. The reason for the dif-
ferences can be several, but we propose that the end 
groups present in the oligomers are slightly less sta-
ble because the oligomers start to degrade to some 
extent at lower temperatures. In comparison to this, 
the thermoset polyesters exhibit less mass decrease 
due to the presence of a polymeric network based on 
covalent bonds. 

A summary of the thermal properties of the mono-
mer, the polyester oligomers and the crosslinked fi lms 
is presented in Table 5.

5 CONCLUSIONS

Described in this study is the one-step controlled syn-

thesis of select oligomer lengths with additional end 

capping using CalB to produce main-chain epoxy 
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functional oligomers. The oligomers are then further 

reacted in the absence of side reactions by cationic pho-

topolymerization with the use of an iodium salt pho-

toinitiator to produce thermoset fi lms having a wide 

range of properties. EFA represents a promising mono-

mer for the design of novel polyesters, which are suit-

able for further applications due to their versatile epoxy 

groups.

With respect to the large degree of weight loss after 
the purifi cation via column chromatography, more 
effi cient eluent mixtures should be investigated to 
enhance the yield of purifi ed monomers. Furthermore, 
the synthesized polyester oligomers were not entirely 
endcapped, which is likely the result of water in the 
system prohibiting complete reaction. The obtained 
fi lms after cationically crosslinking the polyester 
oligomers demonstrated the feasibility of designing 
amorphous thermoset fi lms with a range of thermal 
properties depending on the length of the oligoester 
precursor.
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SUPPLEMENTARY INFORMATION

1 NMR Spectra:
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Figure 5 FT-IR spectrum of EFA, EFA-DP3, and the 

thermoset fi lm-DP3.
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Figure 6 FT-IR spectrum of EFA, EFA-DP6, and the 

thermoset fi lm-DP6.
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Figure 7 FT-IR spectrum of EFA, EFA-DP9, and the 

thermoset fi lm-DP9.
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Dynamic Scanning Calorimetry plots: 
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Thermogravimetric Analysis Plots:
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Figure 12 TGA plot of EFA, EFA-DP3, and the thermoset 

fi lm-DP3.

100 200 300 400 500

Temperature (°C)

0

20

40

60

80

100

M
as

s 
(%

)  EFA
 EFA-DP6
 Film-DP6

Figure 13 TGA plot of EFA, EFA-DP6, and the thermoset 

fi lm-DP6.
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Figure 14 TGA plot of EFA, EFA-DP9, and the thermoset 

fi lm-DP9.


