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Abstract

In the pursuit of environmentally friendly building blocks in polymer chemistry the utilization of
bio-based monomers is highly desired. In the present study has the bio-based monomer 2,5-
furandicarboxylic acid (FDCA) been extended into epoxy thermosets. The study presents the
synthesis of diallyl furan-2,5-dicarboxylate (DAFDC) followed by an epoxidation of the allyls to
form diglycidyl furan-2,5-dicarboxylate (DGFDC). DGFDC was then co-polymerized in both
stoichiometric and oft-stoichiometric ratios with epoxidized fatty methyl esters to form a range of
thermosets. The cross-linking reaction was either thermally or UV-induced cationic polymerization
utilizing onium salt initiators where the reactivity was studied by DSC and real-time FTIR.
Furthermore, the structure-property relationships of the final thermosets were determined by DMTA
revealing a possibility to tune the properties over a wide range. In addition thermosets were made
from diglycidyl Bisphenol-A (DGEBA) with epoxidized fatty methyl esters made for comparative

purposes.
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Introduction

The inevitable exhaustion of fossil resources leads to a necessity for development of bio-based
alternatives to previously petrol-based industries. An example of this is the plastics industry, where
the most widely used commodity plastics have been oil-based.! In addition, the discussion of
depleting fossil oil reserves together with environmentally hazardous emissions of gases has caused
the need for development of an array of new environmentally benign routes towards bio-based
monomers and polymers. With a vast amount of different bio-feedstocks becoming available from

bio-refineries,” the development of new methods for the utilization of these are highly desired.

An interesting source of bio-based raw materials is fatty acids due to their abundance, low cost and
versatility.” Fatty acids are available both from annual crops, e.g. vegetable oils, or conifers, e.g. tall
oil fatty acid, in a wide variety with the common feature that they contain an acyl group and a long
hydrocarbon chain. Furthermore, many fatty acids have additional functionalities such as alkenes,
hydroxyls, or epoxides.*” One example of plant oil utilized for material applications is linseed oil
(LO) used for alkyd paints already developed in the 1920s.>” LO is a triglyceride composed of
glycerol and fatty acids with a high average number of unsaturations in Cg fatty acids.** From a
chemist point of view LO is highly interesting due to its intrinsic functionalities. The unsaturations
can either be used directly in an oxidative radical polymerization e.g. autoxidation® or be oxidized
by a peracid to form an epoxide.” Epoxidized vegetable oils are already established in several
applications such as printing inks, e.g. epoxidized soy bean oil. These resins are however limited to
applications without high demands on the mechanical performance.” Several routes to overcome
this issue have been tested and amongst the most successful is the combination of epoxidized fatty
acids with sucrose as a rigid component in fatty acid sucrose esters.'”'' In addition, epoxy-
functional fatty acids are also found directly as synthesized in natural systems e.g. vernolic acid in
Vernonia species'> and Euphorbia lagascae® or cis-9,10-epoxy-18-hydroxyoctadecanoic acid in

birch bark'* (betula pendula), leaf cutin'® (camelina) and in tea leaves'® (camellia sinensis).
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Figure 1: Chemical structures of the monomers used
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Another type of monomer which has received great attention through the latest years is the bio-
based 2,5-furandicarboxylic acid (FDCA), which can be produced from sugars with hydroxyl
methylfurfural (HMF) as an intermediate.>''® The reason for the attention is due to that FDCA
share similar properties with the petrol-based terephthalic acid,'® produced from xylene, which finds
broad application in the polymer industry.”” Terephthalic acid constitutes the major building block
of poly ethylene terephthalate (PET), the plastic used for the production of plastic bottles, food
containers as well as fibers in cloth fiber applications. In addition, FDCA is one of the twelve
building block chemicals that is considered to be a platform for synthesis of high-value bio-based
chemicals or materials.” FDCA has not only been considered as a building block for thermoplastics
such as PET but also as a building block in various other polyesters used for thermosets.'®
Moreover, FDCA has been functionalized with allyl groups using allyl alcohol?' or allyl bromide®
which in turn would pave the way for FDCA to be used in thiol-ene thermosets®' and as epoxy
monomers in 2K-systems®*. The production of FDCA has also recently been scaled up and is now

available in larger quantities on the market by companies e.g. BASF, Avantium and Corbion.

One specific type of functionality that has obtained increased attention in the development of new
bio-based polymer systems is the epoxide group.’ The epoxy functional group has a suitable
reactivity due to its ring-strain it is a versatile functionality for a wide range of chemical
transformations. The epoxide opening can be catalyzed under both basic and acidic conditions
hence, providing a unique platform for different types of reactions.”> Epoxide chemistry is also well
established in numerous applications ranging from surface (protective) coatings, electronics, inks,
adhesive, to composites just to mention a few. Commonly used epoxy resins in thermosetting
applications are the diglycidyl ether of bisphenol-A (DGEBA) and the cycloaliphatic epoxy resin
3,4-epoxycyclohexylmethyl-3'4'-epoxycyclohexanecarboxylate (ECC).*** They have both been
studied in thermal or radiation induced curing reactions. The main advantage of using them are
predominantly due to their inherent ring structures which provide thermal stability i.e. high glass
transition temperature (Tg) to the final thermoset. However, they are derived from fossil fuels

. . . 26
hence, considered environmentally less benign.
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Scheme 1: Schematic illustration of the reaction between EMO and DGFDC forming a cross-linked thermoset.
Since the ground breaking work by Crivello and Lam*’*® in the synthesis of diaryliodonium and
triarylsulfonium salts, cationic polymerization of epoxides has gained popularity in both academia
and industry.”” Today cationic polymerization is a commonly used synthetic route for polymer
thermosets through cyclic ether monomers. The reaction follows a chain-growth mechanism and
can be triggered by e.g. UV light or temperature. In addition, cationic polymerization is considered
oxygen insensitive, fast, and has an inherent low shrinkage of the final material.” Triggered photo-
chemically or thermally, the initiator (a diaryliodonium or triarylsulfonium salt) dissociates to form
a strong acid that protonates the epoxy-ring which then leads to an event of chain-growth
propagation via the activated epoxy-ring.’' A key feature is that the counter ion needs to be non-
nucleophilic, which is the case for the most commonly used counter ions e.g. PF¢” and SbFs". Most
utilized epoxides in commercial systems are either glycidyl ethers, cycloaliphatic, or 1,2-

disubstituted aliphatic epoxides.

In this paper we expand the scope of FDCA-based monomers by using the diglycidyl ester of
FDCA, diglycidyl furan-2,5-dicarboxylate (DGFDC) as a rigid monomer structure in combination
with the aforementioned epoxidized fatty esters, from here on denoted EMX (Figure 1), in order to
produce new types of bio-based epoxy resins. The study also reveals details on the intrinsic
reactivities of the involved epoxides both by themselves and in co-polymerization reactions
revealing intrinsically different reactivity of glycidyl esters compared to more conventional
epoxides. It is demonstrated that both the final thermoset properties as well as the curing

performance can be adapted by a proper choice of monomer mixtures.
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Experimental

Materials

2,5-furandicarboxylic acid (FDCA) (97%), allyl alcohol (>99%), 3-Chloroperbenzoic acid (m-
CPBA) (<77%), acetone (HPLC grade, 99.8 %), and sulphuric acid (H,SO4) (95-97%) were
purchased from Sigma Aldrich. Epoxidized linseed oil (ELO) was provided by Ackros Chemicals.
The photoinitiator UVAcure 1600 was supplied by CYTEC. All materials were used as received,

unless otherwise noticed

Analytical methods

Nuclear Magnetic Resonance Spectroscopy (NMR)

In order to obtain "H-NMR a Bruker spectrometer (400 MHz) was used. The data for '"H-NMR and
BC-NMR were acquired by using 16-32 scans and 512 scans respectively and with 1 second
relaxation time. Deuterated chloroform (CDCls) containing tetramethylsilane (TMS) and DMSO-d6
were used to dissolve the samples. The residual solvent peaks were used as reference (CDCl3: 7.26
ppm ("H-NMR) and 77.16 ppm (*C-NMR) and DMSO-dé6: 2.50 ppm (‘H-NMR) and 39.52 ppm
(®C-NMR). The acquired spectra were analyzed using MestReNova v9.0.0-12821 (Mestrelab
Research S.L. 2013).

Fourier-Transform Infrared Spectroscopy (FTIR) and Real-Time FTIR (RT-FTIR)

FTIR and RT-FTIR were recorded on a Perkin-Elmer Spectrum 100 equipped with a triglycine
sulphate (TGS) detector. The instrument was equipped with a single reflection (ATR: attenuated
total reflection) accessory unit Golden gate from Graseby Specac LTD (Kent, England). The
Golden gate was equipped with a temperature control (Specac, Heated Golden Gate Controller).
The FTIR spectra were recorded using 8 scans with a 4.0 cm™ resolution and a range from 600-
4000 cm™. The data was analyzed using Spectrum software v. 10.5.1 from Perkin-Elmer. For RT-
FTIR the data were recorded at 1 scan per 5.7 seconds with a resolution of 4.0 cm™. The software
used for RT-FTIR was TimeBase® from Perkin-Elmer. The results from the RT-FTIR experiments
were evaluated from conversion towards end of the reaction i.e. when changes in the spectra
occurred, why the traces can be seen as comparative rates between the different reactions. Absolute
values of epoxy conversion could not be obtained due overlapping peaks. The conversion was
calculated as the relative change between the initial and final states of the curing reaction i.e. setting
the initial state to 0 and the final state to 1. For comparative purposes the point in time for 95 %

conversion and maximum rate (in %/s) was determined at the maximal slope throughout the
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reaction. Initiation time was estimated from the tangent at the steepest slope, with the initiation time

being determined as the intersection of the tangent with the x-axis

Differential Scanning Calorimetry (DSC)

The thermal analyses were obtained by a Mettler Toledo DSC-1 equipped with Gas Controller
GC100. Approx. 5-10 mg of sample was weighed into 100 puLL aluminum crucible. The data were
collected using heating/cooling cycles from 30 °C to 300 °C for DSC kinetics and -50 to 200 °C for
the Tg of the EMX:DGFDC/DGEBA thermosets. The temperature gradient rate was set to 10 °C
min™ with 5 min of isotherms at the highest/lowest temperature value for all DSC measurements.
The analyses were carried out in inert atmosphere using 10 mL of N, gas. The Tg was obtained
from the second heating cycle and was reported as the midpoint value of the heat capacity change.
Determination of kinetic parameters from DSC scans were achieved using Borchardt and Daniels

. . 3233
kinetics™”

in which the reaction rates, constants and orders are determined from the enthalpy
obtained by integration of the reaction peak from a single DSC run. The Borchardt and Daniels
method utilizes equation (1)-(3) in order to construct an Arrhenius plot. For these equation a is the
fractional conversion, AH is the total enthalpy for the reaction, AH is the enthalpy of the reaction
left to proceed at time, t, n is the reaction order and K(T) is the temperature dependent rate constant.
The data points for these calculations are obtained by dividing the integral of the DSC exothermal
reaction peak into 20 evenly spaced areas from the temperature at 10 % of the peak height until 50

% of the reaction has occurred (at AHy = 0.5). This limitation was introduced in order to

circumvent the decrease in reaction rate from the increase in cross-linking density.

1—a=AHT/AH (1)

da dH AH
-’ (2)
lni—f = ln(K(T)) +n*xIn(1—a) (3)

Dynamical Mechanical Thermal Analysis (DMTA)

DMTA was conducted to obtain the physical properties of the synthesized thermosets. A Q800
DMTA (TA instruments was used. The instrument was equipped with a clamp for tensile testing.
The data were collected using a temperature ramp from -50 °C to 200 °C using a heating rate of 3
°C min™". The frequency was set to 1 Hz. The Tg of each sample was obtained from the maximum

of the tan 6 peak.
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UV-light source

The UV-light was generated from a Hamamatsu L5662 with a standard medium-pressure 200 W
L6722-01 Hg-Xe lamp. The intensity of the UV-light was measured by a Hamamatsu power meter
(model C6080-03) calibrated for 365 nm. The intensity was measured to 80-90 mW cm? for all

UV-curing reactions in this study.

Automated column purification

The fatty acid methyl esters were separated by Isolera 4 advanced automated flash purification from
Biotage equipped with UV detector. A 50 g KP-Sil column packed with silica was used to separate
the FAME mixture. The column was packed with approx. 10 wt. % of sample relative to the weight

amount of silica in the column

Synthesis procedures and polymerization procedures

Synthesis of diallyl furan-2,5-dicarboxylate (DAFDC)

Following literature procedure,”’ FDCA (50.0 g, 0.32 mol) was added allyl alcohol (500 mL) and
concentrated H,SO4 (1 mL). The suspension was heated to 115 °C (mildly refluxing) for 72 hours.
The obtained solution was cooled to room temperature and the reaction mixture was concentrated
until almost fully dry, yielding a black residue, which was diluted with diethyl ether (500 mL), and
washed twice with a saturated sodium bicarbonate solution (1000 mL in total). The organic phase
was concentrated yielding a yellow solid, which upon distillation (b.p. 140 °C at 15 mbar. Corrected
b.p. 276 °C) yielded diallyl furan-2,5-dicarboxylate (56.2 g, 74.2 %). "H NMR (400 MHz, DMSO-
d6) o6: 7.47 (d, J =2.3 Hz, 1H), 6.02 (ddt, J = 17.4, 10.7, 5.5 Hz, 1H), 5.45 — 5.25 (m, 2H), 4.82 (dt,
J=15.6, 1.4 Hz, 2H). ®C NMR (101 MHz, DMSO-d6) &: 157.0, 146.0, 132.0, 119.3, 118.7, 65.6.

Synthesis of diglycidyl furan-2,5dicarboxylate (DGFDC)

Following modified literature procedure,22 DAFDC (4.98 g, 21.08 mmol) and m-CPBA (77 wt. %
pure, 11.84 g, 52.83 mmol) was suspended in dichloromethane (40 mL) and heated to 40 °C for 72
hours. The resulting suspension was filtered and rinsed with dichloromethane (30 mL). The organic
phase was washed with a 10 % aqueous solution of Na,SO4 (50 mL), followed by a 10 % aqueous
solution of Na,COs (50 mL) and lastly demineralized water (50 mL). The organic phase was dried
with MgSO4 and concentrated to yield diglycidyl furan-2,5-dicarboxylate (DGFDC) (5.11 g, 90.0
%) as a white crystalline solid. '"H-NMR (400 MHz, DMSO-d6) & 7.49 (s, 2H), 4.68 (dd, J = 12.4,
2.7 Hz, 2H), 4.10 (dd, J = 12.3, 6.6 Hz, 2H), 3.33 (d, ] = 4.8 Hz, 2H), 2.84 (t, ] = 4.6 Hz, 2H), 2.73

7

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

(dd, 7=15.0, 2.6 Hz, 2H). *C-NMR (101 MHz, DMSO-d6) & 157.06, 145.91, 119.51, 66.03, 48.80,
43.90.

Transesterification of Epoxidized Linseed Oil (ELO)

Following literature procedure®® the different fatty acid methyl esters EMO, EMLO and EMLEN
were retrieved by methanolysis procedure. ELO (20 g) was weighed into a round bottom flask
equipped with a magnetic stirrer. To the round bottom flask was NaOH dissolved in methanol (0.02
M, 250 mL) added under stirring. The round bottom flask was then equipped with a condenser and
was then heated to 68 °C for 1 hour. The reaction mixture was then cooled to room temperature and
the fatty acids were extracted in n-heptane to remove the glycerol. The n-heptane was rotary
evaporated resulting in a fatty acid mixture (15 g, 75 %). Automated column chromatography
(Isolera 4) was then used to separate the different monomers. Silica was used as a stationary phase
and a gradient of n-heptane:ethyl acetate as mobile phase. The pure fractions of each monomer were
collected and the solvents were rotary evaporated. To completely dry the monomers from residual
solvent the monomers were put in vacuum oven at 50 °C overnight. The pure monomers EMO (2 g,
10 %), EMLO (2 g, 10 %) and EMLEN (5 g, 25 %) were then stored in glass vials at room.
temperature. 'H-NMR and "*C-NMR (Figure S5-10) and FTIR (Figure S12) of the monomers can

be found in supporting information.

General procedure for photo-curing followed by RT-FTIR

The desired amounts of DGFDC and EMX monomers (see Table 1 for monomer ratios) were added
to in a small vial and dissolved using a 10 mg mL™" solution of UVAcure 1600 in acetone, resulting
in a dry mixture containing 2 wt. % UVAcure 1600. For high DGFDC ratios, additional acetone
was required for a fully homogenous solution, and the amount of acetone was doubled in these
cases. The crystal located on the Golden gate accessory unit was preheated to 85 °C and a
background scan was recorded before a 10 puL of the solution (or 20 pL for samples containing
additional acetone) was applied to the crystal. The mixture was left at 85 °C for two minutes for all
acetone to evaporate. This was followed by irradiation with UV-light and RT-FTIR measurements

for 30 minutes for EMO and EMLO systems and 60 min for EMLEN system and pure DGFDC.

General procedure for curing of films for DMTA
The desired amounts of DGFDC or DGEBA and EMX monomers were weighed in a vial with a
magnetic stir bar and UVAcure 1600 was added amounting to 2 wt. % of the total monomer weight.

The vial was closed and heated to 85 °C in an oil bath while stirring, yielding a homogenous liquid.
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The hot solution was added to a silicone mold which already was preheated using a heating plate set
at 100 °C. The sample was irradiated with UV-light at this temperature for one hour resulting in
fully cured films usable for DMTA measurements. The resulting dimensions of the prepared films

were 20-30 mm in length, 0.2-0.3 mm in thickness and 4-5 mm in width.

Results and Discussions

Synthesis of monomers

The DGFDC monomer was synthesized using a green esterification of FDCA and allyl alcohol
using a catalytic amount of sulfuric acid, forming diallyl furan-2,5-dicarboxylate as shown in
previous works,”! followed by epoxidation with m-CPBA in high yield as illustrated in Scheme 2.
The synthesis procedure was confirmed both by NMR (Figure S1-4) and FTIR (Figure S11). The
obtained DGFDC was white crystalline solid with a melting point of 83 °C confirmed by DSC
(Figure S22).

o}
? OH A N T AL
HO o 0 A~ o] l0 O m-CPBA, DCM N O/\g
| ) Cat. H,SO, / 90 % o
OH 742 % 0=
DAFDC DGFDC

Scheme 2: Synthesis of DAFDC and DGFDC monomers

3336 16 allow well-

This synthesis route was chosen over the alternative route using epichlorohydrin
defined and pure monomers to be made which in turn allow for a more detailed structure-property

relationship to be determined.

Curing performance

In order to evaluate the activation energies of the utilized monomers reactive DSC runs of all
systems were carried out using the intended UV-initiator as a thermal initiator. Because this type of
activation requires higher amount of energy compared to UV-initiation the absolute activation
energies obtained are unrepresentative of the UV-initiated system. However, assuming thermal
activation follows the same polymerization mechanism the relative activation energies would be
comparable to those of the UV-initiated system. For this setup the pure monomers were run in a
DSC scan with 2 wt. % of UVAcure 1600, yielding an exothermal curing peak (Figure 2A), which
upon integration gives the enthalpy of the curing reaction. Using Borchardt and Daniels kinetics it is
hereby possible to obtain activation energies for the monomers. This type of kinetic calculation

could not be applied to the tri-functional epoxide EMLEN due to multiple curing peaks as a result
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of the different reactivity of the epoxides. However, activation energies were obtained for DGFDC,
EMO and EMLO, showing much lower activation energies for the fatty-acid based epoxides. The
relative activation energies being 1.00, 1.09 and 2.00 for EMO, EMLO and DGFDC respectively.
Details on these calculations, including Arrhenius plots and reaction order refinements are available

in the supporting information (Figure S13-25).

404 —EMO N 50
——EMLO [
404 [——EMO-DGFDC

g w0 \ g ——EMLO-DGFDC
E \ E —— EMLEN-DGFDC
3 | g
20 =
3 3
T T 204

T T 7 T ¥ T T t ) T T T T T 1
120 140 160 180 200 220 240 260 280 140 160 180 200 220 240 260
Temperature [°C) Temperature [°C)

Figure 2: Reactive DSC thermograms of A: pure monomers EMO, EMLO, EMLEN and DGFDC; and B: mixtures of 1:1 epoxy
molar ratio of EMO:DGFDC, EMLO:DGFDC and EMLEN:DGFDC. In both A and B the reactions were thermally initiated by
using UVAcure 1600.

Furthermore, reactive DSC runs of the reactive mixtures were used to investigate the co-
polymerization of DGFDC and EMX monomers. The monomers were mixed using a 1:1 epoxy
molar ratio and 2 wt. % UVAcure 1600 was added as initiator. The DSC thermograms showed a
combined curing peak much below the curing temperature of pure DGFDC. Even though the curing
reactions were occurring simultaneously the observed peaks did not show as a bell-shaped curve
making the Borchardt and Daniels kinetics method inadequate for determining kinetic parameters
for the combined reaction. The curing peaks for the three mixed EMX-DGFDC systems are shown
in Figure 2B. Though kinetic parameters for these reactions could not be estimated with Borchardt
and Daniels kinetics the combined peaks did however show that co-polymerization of the DGFDC
and EMX monomers takes place with the reaction occurring at lower temperatures compared to

pure DGFDC.

All EMX-DGFDC UV-curing reactions were followed using RT-FTIR, allowing close following of
the disappearance of epoxy peaks (820 — 900 cm™) as well as the formation of ether bonds (1050 —

1100 cm™). The conversions of the various systems are presented in Figure 3.
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Figure 3: RT-FTIR measurements A: pure monomers; B: EMO-DGFDC; C: EMLO-DGFDC and D: EMLEN-DGFDC. In all cases
Jollowing the formation of ether bonds at 1050 — 1100 cm™

From the RT-FTIR results some pseudo-kinetic parameters could be determined. The main obstacle
using this measurement was the lack of clearly isolated peaks for either the epoxides or the ethers.
Therefore all results are relative between initial and final states of the curing system meaning 100 %
conversion correlates to point in time when the reaction stalls and no change in the traces from the
ether region were observed. From these results it was possible to determine initial rates in %/s,
initiation time as well as the time elapsed until no change occurred. All these values are summed in
Table 1. For all EMX-DGFDC systems maximal rate and initiation time occurred within the first
few scans (0-15 seconds), making the obtained values highly unprecise with the current resolution.
This however still proves the efficiency of the applied polymerization method on this system with
almost no initiation phase affecting the curing reaction. The measurements of maximal reaction
rates showed the general trend of highest rates present at lower concentration of DGFDC as
expected. Experiments with feeds containing only pure EMX monomers were also carried out in
general showing that both EMO and EMLO were faster than EMLEN. However, DGFDC in its
pure form had much slower reaction rates than the EMX monomers. The RT-FTIR traces for pure
DGFDC showed that the ether region never levelled of most likely due to vitrification effect hence,

the data was not comparable to data from pure EMX monomers. The respective order of the pure
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monomer reaction rates being EMO>EMLO>EMLEN>>DGFDC, -corroborating the trends
observed by DSC (Figure 2A).

From the data presented in Table 1 no clear correlation of kinetic parameters to stoichiometry of
feed could be observed except for the general trend of higher conversion times in EMLO and
EMLEN systems when increasing the amount of DGFDC. It was expected that increased amounts
of DGFDC would cause a direct correlation to decreasing reaction rate, assuming the free
movement of the molecules (e.g. in a solution). However, the different molecular structures of the
monomers the overall macromolecular dynamics of the bulk changes significantly when adjusting

the stoichiometric ratios. Therefore, direct kinetic correlations were not observed.

In order to cure mixtures of EMX-DGFDC using UV-light some heating had to be applied. Though
all EMX monomers are liquids, a DSC analysis of pure DGFDC revealed a melting point of 83 °C,
which was gradually lowered in mixtures with EMX monomers. Therefore all curing reactions for
RT-FTIR experiments were carried out at 85 °C in order to keep the feed liquid. To evaluate the
effect of the stoichiometry of the feed mixture curing reactions were carried out with DGFDC and
each of the three EMX monomers in various epoxy molar ratios, namely EMX:DGFDC ratios of
5:1, 2:1, 3:2, 1:1, 2:3, 1:2 and 1:5 (Table 1). All systems were cured using 2 wt. % of the UVAcure
1600 initiator.
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EMXDGFDC  T,* o tof
Entry EMX Epoxy molar ratio ‘c s s e
Y%ls
1 EMO 1:0 N/A 20.9 4.1 11.1
2 EMLO 1:0 N/A 31.7 4.2 8.3
3 EMLEN 1:0 -1 168.8 3.8 4.0
4 - 0:1 N/A N/A 473 0.5
5 EMO 5:1 N/A 31.7 4.0 8.3
6 EMO 2:1 N/A 57.8 59 54
7 EMO 3:2 N/A 89.7 5.0 3.5
8 EMO 1:1 N/A 73.8 3.8 5.7
9 EMO 2:3 N/A 3323 4.2 7.1
10 EMO 1:2 N/A 532.8 4.1 1.5
11 EMO 1:5 N/A 342.7 5.5 2.4
12 EMLO 5:1 -23 105.6 5.8 4.0
13 EMLO 2:1 -8 295.6 6.0 2.4
14 EMLO 3:2 1 4222 12.0 1.4
15 EMLO 1:1 20 380.1 5.0 2.1
16 EMLO 2:3 31 417.0 49 23
17 EMLO 1:2 49 886.6 10.9 1.2
18 EMLO 1:5 65 1071.3 7.3 1.1
19 EMLEN 5:1 24 4272 4.0 33
20 EMLEN 2:1 41 917.9 5.6 1.9
21 EMLEN 3:2 44 1197.6 72 1.4
22 EMLEN 1:1 56 1441.8 11.3 1.3
23 EMLEN 2:3 65 1466.8 7.1 1.3
24 EMLEN 1:2 67 1545.8 13.2 0.8
25 EMLEN 1:5 66 1540.6 6.0 1.2
26 EMO 1:1 DGEBA -23 N/A N/A N/A
27 EMLO 1:1 DGEBA 29 N/A N/A N/A
28 EMLEN 1:1 DGEBA 71 N/A N/A N/A

* Determined by second heat cycle from DSC

® tond represents the time where no change occurred in the traces of the ether
region during RT-FTIR experiments

¢ tim represents the intersection between the tangent slope at max rate and the
x-axis

Table 1: The different monomer mixtures studied and their respective Tg obtained from DSC. The table also shows results from the
RT-FTIR measurements

The products of the RT-FTIR UV-curing reactions were all analyzed using DSC, giving their
respective Tg presented in Table 1. It was observed that all thermosets containing EMO-DGFDC
yielded products with Tg below -50 °C and was undetectable by the applied instrument. Due to the
low Tg’s the EMO-DGFDC system were deemed not suitable for DMTA analysis. DSC analyses of
the EMLO-DGFDC and EMLEN-DGFDC system however showed varied Tg’s in ranges of -25 °C

to 70 °C, with increases corresponding to the increase in the amount of DGFDC (Figure 4). It
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should also be noted that all samples were fully cured since no post-curing was seen on the first

DSC scan (Figure S29-31).

80
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| |
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Figure 4: Tg’s of the different thermoset systems EMLO-DGFDC and EMLEN-DGFDC determined by DSC. The Tg increases with
increasing amount of DGFDC in both thermoset systems. DGE;?gA,Sl/zernzosels with EMX (1:1) equivalents yielding slightly higher
Curing of only pure monomers were also carried out for the 4 applied reagents. Here only a glass
transition of cross-linked EMLEN could be observed (following the trend in Tg’s of the mixed
systems). However, the Tg of cross-linked EMO and EMLO could not be observed most likely due
to these temperature being below -50 °C and therefore below the detection limit of the applied
instrument. Cured DGFDC on the other hand yielded an irregular DSC curve, which hinted that the
system could not cross-link properly. RT-FTIR experiments confirmed that the reaction of pure
DGFDC was too slow to finish within the time window of the reaction. In order to evaluate the
usability of DGFDC as a replacement for petrol-based monomers, a comparison to the widely used
diglycidyl ether of bisphenol-A (DGEBA) was made. This was done by curing 1:1 epoxy molar
ratio systems with the three EMX monomers (Table 1 Entry 26-28). These results showed
comparable results with DGEBA system yielding Tg’s of 9 °C and 15 °C higher than their DGFDC
analogues for EMLO and EMLEN systems respectively. This increased temperature most likely
stems from DGEBA containing two aromatic rings compared to the furan in DGFDC thus

providing more rigidity to the system.

Structure-Property relationship of the final thermosets
In order to understand the influence of the thermo-mechanical behavior of the cured EMX-DGFDC
systems, films for DMTA were made. Figure 5 shows the DMTA results.
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Figure 5: DMTA measurements on photo-cured thermosets A-B shows the EMLO-DGFDC system and C-D shows comparison
between EMLO and EMLEN thermosets and E-F shows the comparison between DGFDC and DGEBA thermosets.

The results strengthen the hypothesis that the reaction between EMX-DGFDC leads to a cross-
linked network. This can be observed in Figure SA and C which shows that the rubbery plateau
showed no flow behavior in any case. The difference in cross-linking density is clearly seen as an
increase in modulus in the rubbery region. Increased amount of DGFDC as well as increased
functionality of the fatty methyl ester both leads to increased cross-linking density. The glassy
region however, showed small differences in the value of storage modulus (E’) ranging from 1.0 —
2.7 GPa (-50°C). The highest value was obtained from the sample with most DGFDC (1:5
EMLO:DGFDC) which is comparable to common commercial plastics such as PET analyzed by

DMTA.?’
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The Tg can also be detected by DMTA however, this transition usually shows higher values than Tg
measured by DSC due to frequency effects.*® The Tg results from DMTA showed similar trend to
the DSC results. This was the expected results due to the increased amount of rigidity stemming
from the furan rings of DGFDC. Furthermore, only one Tg was observed in all EMLO-DGFDC

monomer ratios indicating that the reaction between EMLO and DGFDC is not phase separated.

The different epoxy fatty methyl esters had a clear impact on the Tg. Both DMTA (Figure 5C-D)
and DSC (Figure 4) results showed that EMLEN-DGFDC system exhibited higher Tg’s compared
to the corresponding EMLO system. This may be attributed to the amount of linear aliphatic chain-
ends in the cross-linked network. The chain-end of EMLO is based on 5 carbon atoms while the
EMLEN only have 2 carbon atoms. Longer chain-ends gave rise to higher degree of movement in
the network which in turn resulted in a lower Tg observed (1:1 EMLO:DGFDC) and vice versa. It
was also observed that an increased epoxy functionality provide a broader Tg i.e. a less

homogeneous thermoset.

Moreover, thermosets containing EMLO and DGEBA was also made and analyzed with DMTA,
Figure SE-F and Figure S32-33. The data shows that similar trend to the results obtained from DSC,
a higher Tg was obtained when using DGEBA instead of DGFDC. As aforementioned, DGEBA
contains two aromatic rings which could be one reason for the increase in Tg. In addition, higher

cross-linking degree was also obtained for the DGEBA system.

Conclusions

In the pursuit of utilizing bio-feedstocks as building blocks in polymers the application area of
FDCA-based monomers has been extended into epoxy thermosets. In this study we aimed to
address the influence of stoichiometry ratios on structure-property relationship. The study shows
that it was possible to make thermosets by combining the diglycidyl ester of FDCA (DGFDC) with
free epoxidized fatty methyl esters (EMX) retrieved from epoxidized linseed oil. The combination
of the bio-based monomers showed that it was possible to have structure-property control due to the
vastly different attributes of the monomers. EMX monomers provided flexible, hydrophobic
structures and the furans of the DGFDC provided rigidity and mechanical stability. Moreover, it
was also shown that UV-curing of the pure DGFDC showed very slow reaction speed. However,
the reaction speed was significantly increased when DGFDC was mixed with any of the fatty acids.
The thermo-mechanical properties was also assessed which showed that the bio-based DGFDC had

promising results in comparison to the commercially available and petrol-based diglycidyl ether of
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bisphenol-A (DGEBA) regarding Tg properties. In addition, the storage modulus was in the range

of 1.0 — 2.7 GPa which is comparable to common plastics such as PET.

Supporting Information

NMR and FTIR spectra of monomers DAFDC, DGFDC, EMO, EMLO and EMLEN; Reactive
DSC scans and Borchardt and Daniels kinetics of pure monomers and EMX-DGFDC systems; DSC
of UV-cured thermosets from EMX-DGFDC and EMX-DGEBA; DMTA of EMLO/EMLEN-
DGFDC and EMLO-DGEBA thermosets.
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Synopsis:

This work utilizes renewable building blocks and radiation curing to form bio-based epoxy
thermosets.
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