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Synthesis of a Sustainable and Bisphenol A-Free Epoxy
Resin Based on Sorbic Acid and Characterization of the

Cured Thermoset

Jonas M. Breitsameter, Nikita Reinhardt, Matthias Feigel, Olaf Hinrichsen,

Klaus Drechsler, and Bernhard Rieger*

In the present study, an epoxy compound,

1,2-epoxy-6-methyl-triglycidyl-3,4,5-cyclohexanetricarboxylate (EGCHC)
synthesized from sorbic acid, maleic anhydride, and allyl alcohol is proposed.
Using commodity chemicals, a bio-based carbon content of 68.4 % for the
EGCHOC resin is achieved. When cured with amine hardeners, the high oxirane
content of EGCHC forms stiff cross-linked networks with strong mechanical
and thermal properties. The characterization of the epoxy specimens showed
that EGCHC can compete with conventional epoxy resins such as DGEBA. A
maximum stiffness of 3965 MPa, tensile strength of 76 MPa, and T, of 130 °C
can be obtained by curing EGCHC with isophorone diamine (IPD). The cured
resin showed to be decomposable under mild conditions due to the ester
bonds. The solid material properties of EGCHC expose its potential as a
promising bisphenol A, and epichlorohydrine free alternative to conventional
petroleum-based epoxies with an overall high bio-based carbon content.

1. Introduction

By discovering the oxidation of unsaturated compounds in 1909,
Prilezhaev also initiated the development of epoxy resins.!]
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Over the years they became more and more
important: because of their versatile ap-
plication in coatings for electronics, floor
coverings, multi-component adhesives, or
as a matrix in fiber reinforced compos-
ite materials, epoxy resins are of industrial
interest.>] About 90% of the epoxy ther-
moset is derived from diglycidyl ether of
bisphenol A (DGEBA).I) DGEBA shows af-
ter curing with a suitable curing agent ex-
cellent mechanical properties and high re-
sistances against chemicals or heat due to
the aromatic structure and the interactions
resulting from this.>”#] However, there are
concerns linked with bisphenol A including
the classification as endocrine disruptor!® 4]
and the toxicity of reagents which are used
to produce DGEBA such as epichlorohy-
drine (ECH).I"! As a result, there is a great
motivation to find alternative materials.
Research mostly concentrated on finding bio-based building
blocks for epoxy resins. Consequently, biomolecules of all kinds
were identified as possible precursors. As can be seen in Table 1,
most promising candidates are phenolic structures such as
eugenol, cinnamic acid, vanillin or lignin fragments because
of their structural similarity to BPA and high aromaticity.!¢2¢]
These biomolecules usually are reacted with ECH to form the gly-
cidyl ether.[?-31l The same etherification reaction can be applied
on bio-based alliphatic polyols like sugars, pentaerythritol, or
glycerin.3235] The biggest drawback of this approach is the need
of ECH for the introduction of epoxy groups and the concerns
coming with it discussed earlier. To decrease the environmental
impact of ECH the traditional synthesis starting from mineral oil
nowadays is more and more substituted by glycerin as renewable
feedstock. ECH is readily available in an industrial scale as a bio-
based product with a share of 20% in the European market of
bio-based platform chemicals (2020).%) This surely diminishes
the carbon footprint of the chemical but not the environmental
impact.37%8] Compared with phenolic structures, aliphatic het-
erocycles such as sugars can not compete with the thermal and
mechanical properties of aromatic compounds in most cases due
to structural disadvantages. As an example, triglycidyl eugenol
derivative cured with isophorone diamine (IPD) shows a glass
transistion temperature (T,) of 174 °Cl*’I while the sugar-based
isosorbide epoxy reaches a T, of 73 °C.1** A chemically different
approach is pursued with unsaturated vegetable oils. Here, the
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Figure 1. Synthesis route toward the epoxy monomer compound EGCHC (5) starting from the allylation of sorbic acid (1) which is then reacted with
maleic anhydride in a Diels—Alder cycloaddition. After the allylation of the anhydride mojety of (4) the double bonds are epoxidized by the use of mCPBA

or OXOH€®.

Table 1. A selection of biobased epoxy thermoset from the literature based
on the given biomolecule. Besides of ELO (epoxidized linseed oil) are all
resins the glycidyl ether of the biomolecule. Abbreviations of hardeners:
MNA = methyl nadic anhydride, DETDA = diethylene toluene tetramine
(aromatic), D230 = Jeffamine D230 linear polyetheramine, TETA = tri-
ethylenetetramine, MTHPA = methyltetrahydrophtalic anhydride, TA =
tannic acid (aromatic).

Category Based on Hardener T, °C!
Cycloaliphatic Isosorbide IPD 731331
Cycloaliphatic Glucofuranoside DETDA 178321
Aliphatic Glycerol DETDA 650321
Aliphatic Pentaerythritol DETA 98132]
Aromatic Eugenol IPD 1741271
Aromatic Cinnamic acid MNA 1171291
Aromatic Vanillin D230 106161
Aromatic Lignin anhydride 94128]
EVO Linseed oil (ELO) TETA 54146]
EVO Linseed oil (ELO) MTHPA 1451461
EVO Linseed oil (ELO) TA 146[43]

double bonds embedded in long hydrocarbon chains can be eas-
ily epoxidized by peracids but show less reactivity during the cur-
ing process and the cured resins only show relatively low T,.***]

In this study, we report a synthetic route toward a multifunc-
tional epoxy resin whose components are directly bio-available
or can be synthesized from biomolecules. As shown in Figure 1,
the synthesis starts from bio-available sorbic acid. Allyl alcohol
used in condensation reactions twice can be derived from glyc-
erin and obviates the use of ECH. Maleic anhydride as well can
be obtained indirectly from carbohydrates. Taking a conservative
approach, a bio-based carbon content of 68.4% can be reached for
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EGCHC resin as described in Section 3.7. Therefore, a largely bio-
based, and BPA and ECH-free alternative to the traditional and
petroleum-based DGEBA could be found.

EGCHC resin was cured with two different hardeners, T403
and IPD in order to investigate the impact of the chemical struc-
ture of the curing agent on the properties of the EGCHC-based
epoxy. T403 and IPD are common amine-based curing agents
that are used industrially in high-performance epoxy systems.
Their use in common DGEBA-based epoxies are well-described
in the literature.[*->11 Reference samples were also prepared
with DGEBA cured with T403 and IPD in order to compare the
thermo-mechanical properties, mechanical properties and the
thermal stability of EGCHC with DGEBA, one of the most used
epoxy resin.

2. Experimental Section

2.1. Materials

All chemicals were purchased from Sigma-Aldrich unless other-
wise noted and were used as received: Sorbic acid (> 99.0%), al-
Iyl alcohol (> 98.5 %), maleic anhydride (> 99.0 %), sulfuric acid
(ACS reagent, 95.0-98.0 %), toluene (ACS reagent, > 99.5 %),
diethyl ether (> 99.9 %, suitable for HPLC, inhibitor free) 3-
chloroperbenzoic acid (mCPBA, > 77 %), oxone (>4.0 % active
oxygen basis), methylene chloride (suitable for HPLC, > 99.8 %,
contains 40-150 ppm amylene as stabilizer), potassium car-
bonate (Griissing, K,CO;, > 99.5 %), sodium sulfate (Griiss-
ing, Na,SO,, 99 %, anhydrous), sodium bicarbonate (Griiss-
ing, NaHCO;, > 99.5 %), sodium hydroxide (Fischer scientific,
NaOH, > 98.0 % Baker analyzed), bisphenol A-diglycidyl-ether
(Epoxide equivalent weight: 172-176), Jeffamine T403 (Hunts-
man Holland B.V.), isophoron diamine (mixed isomers, > 99 %).
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2.2. Synthesis of EGCHC Epoxy Monomer
2.2.1. Allylation of Sorbic Acid

Sorbic acid (50 g, 445.9 mmol) was dissolved in allyl alcohol
(200 mL). After the addition of a catalytic amount of H,SO,
(0.5 vol.%, 1.0 mL) the mixture was stirred under reflux for 24 h.
After the reaction had cooled to room temperature it was neu-
tralized by the addition of saturated sodium bicarbonate solution
and the product was extracted with diethyl ether (3 x 200 mL).
The combined organic layers were washed with saturated sodium
chloride (200 mL) and dried with anhydrous sodium sulfate. Af-
ter filtration, the solvent was removed in vacuo and the crude
product was purified by distillation (82 °C, 8 mbar). The prod-
uct allylsorbate (2) was obtained in form of a colorless liquid
(55.6 g, 82 %). "H-NMR (400 MHz, chloroform-d, ppm): § 7.27
(m, H4), 6.17 (m, H3), 5.95 (m, HS8), 5.80 (d, ] = 15.4 Hz, H2),
5.27 (m, H5/H9), 4.65 (m, H7), 1.86 (d, J = 5.7 Hz, H1). BC-
NMR (100 MHz, chloroform-d, ppm): 167.00 (C6), 145.46 (C4),
139.65 (C2), 132.54 (C8), 129.88 (C3), 118.37 (C5), 118.07 (C9),
64.99 (C7), 18.75 (C1).

2.2.2. Diels—Alder Reaction of Allyl Sorbate and Maleic Anhydride

Maleic anhydride (26.3 g, 268.08 mmol, 1.02 eq.) was dissolved in
toluene (26 mL, 10 M solution) and heated to reflux. Allyl sorbate
(40 g, 262.82 mmol, 1.0 eq.) was added under vigorous stirring.
Since the reaction was strongly exothermal, heating of the mix-
ture was interrupted for several minutes when exceeding 140 °C
in the vessel. Reaction progress was monitored by 'H-NMR and
stopped after full conversion which was reached within 2.5 h.
The crude product crystallizes by cooling down the reaction mix-
ture to 0 °C and the solid was washed with cold methanol. After
drying in vacuo, the product allyl 7-methyl-1,3-dioxo-1,3,3a,4,7,7a-
hexahydroisobenzofuran-4-carboxylate (AHIBC, 3) was obtained
as a white, crystalline solid (56.4 g, 84 %). 'H-NMR (400 MHz,
chloroform-d, ppm): § 6.47 (1H, dt, ] = 9.49, 3.32 Hz, H3), 5.98
(1H, m, ] = 16.61, 10.38, 5.98 Hz, H12), 5.86 (1H, dt, ] = 9.40,
3.24 Hz, H2), 5.4 -5.2 (2H, m, H13), 4.76 (2H, dt, ] = 6.09, 1.32
Hz, H11), 4.02 (1H, dd, ] = 9.78, 5.55 Hz, H5), 3.39 (1H, dd, ] =
9.79,7.82 Hz, H6), 3.19 (1H, m, H4), 2.47 (1H, m, H1), 1.43 (3H,
d, J = 7.34 Hz, H9). 3C-NMR (100 MHz, chloroform-d, ppm):
171.3 (C7), 170.3 (C8), 169.2 (C10), 134.8 (C2), 131.7 (C12), 127.0
(C3), 119.1 (C13), 66.4 (C11), 44.6 and 44.5 (C5 and C6), 40.1
(C4), 30.8 (C3), 16.4 (C9). ATR-IR ¥, 2975, 2938, 2881, 1846,
1768, 1716, 1648, 1455, 1426, 1391, 1363, 1329, 1302, 1260, 1227,
1196, 1141, 1084, 1066, 1052, 1030, 950, 922, 904, 884, 817, 781,
747,712 cm~!. EA Found: C, 62.08; H, 5.63. C;3H,,0; requires
C, 62.39; H, 5.64 %. HRMS (ESI) calculated C,,H,,0, [M + H*]
251.0914, found 251.0912. M.p. 88.6 °C.

2.2.3. Allylation of AHIBC

AHIBC (40 g, 159.84 mmol) was dissolved in allyl alcohol
(190 mL). After the addition of a catalytic amount of H,SO,
(0.5 vol.%, 0.9 mL), the mixture was stirred under reflux and the
reaction progress was monitored by 'H-NMR. The reaction usu-
ally was complete within 24 h. After the mixture had cooled to
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room temperature it was neutralized by the addition of a satu-
rated sodium bicarbonate solution and the product was extracted
with diethyl ether (3 x 200 mL). The combined organic lay-
ers were washed with saturated sodium chloride (200 mL) and
dried over anhydrous sodium sulfate. After filtration, the solvent
was removed in vacuo. The crude product was purified by col-
umn chromatography (1:6 EtOAc/hexanes). The product triallyl-
6-methylcyclohex-4-ene-1,2,3-tricarboxylate (TACHC, 4) was ob-
tained as a colorless oil (45.2 g, 81 %). '"H-NMR (400 MHz,
chloroform-d, ppm): 6 6.09 (1H, m, H3), 5.90 (3H, m, H12, H12’,
H12"), 5.65 (1H, m, H2), 5.38 - 5.16 (6H, m, H13, H13’, H13"),
4.58 (6H, m, H11, H11’, H11"), 3.55 (1H, m, HS), 3.45 (1H,
m, H6), 3.11 (1H, m, H4), 2.64 (1H, m, H1), 1.06 (3H, d, | =
7.36 Hz, H9). 3C-NMR (100 MHz, chloroform-d, ppm): 6 171.8,
171.4 and 170.73 (C10, C7 and C8), 132.5, 132.4, 132.1, 132.0
(C12,C12,C12" and C2), 122.9 (C3), 118.5, 118.4 and 118.4 (C13,
C13’, C13"), 65.8, 65.7 and 65.3 (C11, C11’, C11"), 43.5 (C6), 42.3
and 42.1 (C4, C5), 32.2 (C1), 17.2 (C9). ATR-IR 7, 3455, 2940,
2882, 1730, 1649, 1454, 1379, 1310, 1169, 1094, 1061, 911, 927,
833,720cm™. EA Found: C, 65.22; H, 6.88. C,,H,, O requires C,
65.50; H, 6.94 %. HRMS (ESI) calculated C,oH,,O,Na [M + Na*]
371.1471, found 371.1451.

2.2.4. Epoxidation of TACHC with mCPBA

To obtain EGCHC (5), 40 g (114.81 mmol, 1.0 eq.) of the TACHC
(4) was reacted with 158.50 g mCPBA (918.5 mmol, 8 eq.) in DCM
(500 mL) at room temperature. Reaction progress was monitored
by 'H-NMR and was usually completed within 48 h. The reac-
tion mixture was then stirred over K,CO; (200 g) to deactivate
residual mCPBA and the resulting m-chlorobenzoic acid was sep-
arated by filtration. The organic phase was then washed with a
sodium thiosulfate solution (300 mL, 10 wt.%), H,0O (200 mL),
and brine (200 mL). After drying over sodium sulfate and re-
moving the solvent in vacuo 1,2-epoxy-6-methyl-triglycidyl-3,4,5-
cyclohexanetricarboxylate (EGCHC, 5) was obtained as a color-
less viscous oil (36.9 g, 78 %). 'H-NMR (400 MHz, chloroform-d,
ppm): 6 4.45 - 4.0 3H, m, H11, H11’, H11"), 3.93 (1H, m, H3),
3.76 (3H, m, H11, H11’, H11"), 3.35 (1H, m, H4), 3.28 (1H, m,
HS5), 3.13 (3H, m, H12, H12’, H12"), 2.97 (1H, m, H2), 2.93 (1H,
m, H6),2.80-2.73 (3H, m, H13, H13’, H13"), 2.60 - 2.54 (3H, m,
H13, H13’, H13"), 2.38 (1H, q, H1), 1.06 (3H, m, H9). 3C-NMR
(100 Mhz, chloroform-d, ppm): 6 172.6, 172.0 and 169.8 (C10, C7
and C8), 65.9 (C11, C11’, C11"), 56.8 (C3), 53.6 (C2), 49.2 — 48.9
(C12, C12', C12"), 44.8 — 44.5 (C13, C13’, C13"), 41.5 (C4), 40.9
(C6), 39.6 (C5), 30.9 (C1), 14.8 (C9). ATR-IR ¥,,,,,, 2950, 1729, 1434,
1385, 1348, 1304, 1256, 1199, 1179, 1078, 1045, 1012, 940, 905,
840, 762, 738 cm™!. EA Found: C, 55.12; H, 8.87. C;yH,,0,, re-
quires C, 55.12; H, 8.83 %. HRMS (ESI) calculated C,,H,,0,,Na
[M + Na*] 435.1267, found 435.1249.

2.2.5. Epoxidation of TACHC with Oxone

0.943 g (2.71 mmol, 1.0 eq.) of TACHC was dissolved in acetone
(200 mL). Sodiumbiscarbonate (37.5 g, 446.0 mmol, 165 eq.) was
added suspended in 90 mL of water and added to the acetone-
solution. The mixture was cooled in an ice bath and oxone (50.0 g,
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Table 2. Mixing ratios for the EGCHC and DGEBA-based samples.

Sample Resin [g]: Curing agent [g] Molar ratio
EGCHC-IPD 2:0.842 1.0
EGCHC-T403 2:1.571 1.0
DGEBA-IPD 2:0.499 1.0
DGEBA-T403 2:0.950 1.0

Table 3. Curing conditions for the EGCHC and DGEBA-based samples.

Sample Curing time Post-curing time
+ temperature + temperature
EGCHC-IPD 30 min at 45 °C 30 min at 120 °C
EGCHC-T403 2hat60°C 2 hat 100 °C
DGEBA-IPD 2hat60°C 2 hat 160 °C
DGEBA-T403 3hat80°C 2hat120°C

81.2 mmol, 30 eq.) in H,0 (170 mL) was added drop wise over
a period of 30 min. The reaction mixture was then stirred for
three days at room temperature. After extraction with ethyl ac-
etate (3 X 100 mL) the combined organic phases were washed
with a saturated sodium chloride solution, dried over sodium sul-
fate, and the solvent was removed in vacuo. EGCHC (5) was ob-
tained as a colorless viscous oil (0.338 g, 30.2 %). Spectral data as
described for the epoxidation with mCPBA. The EEW was deter-
mined to be 107.7 g mol~! by titration following the procedure of
EN ISO 3001 : 9000.

2.3. Preparation of Epoxy Samples

EGCHC and DGEBA-based epoxy samples were prepared as fol-
low: 2 g of EGCHC or DGEBA and the according amount of cur-
ing agent (Table 2) were mixed in 20 mL screw cap vials with sep-
tum with a Classic Advanced Vortex Mixer (Velp Scientifica, Italy)
at a speed of 30000 rpm for 1 min. The mixtures were degassed
with vacuum for 3 min to remove air inclusions. The EGCHC-
IPD mixture was degassed for 30 s only as it already sets after
4 min at room temperature. Then, the mixture was poured into
the cavities of of a silicone mold. For Dynamic Mechanical Anal-
ysis (DMA), the silicone mold had cavities with the dimensions
30mm x 5 mm X 1 mm. For tensile testing, the silicone mold had
cavities with the dimensions of the dogbone sample geometry
1BB from ISO 527-2 with a thickness of 1 mm and a total length
of 30 mm. A glass plate coated with release agent was put on the
silicone mold in order to ensure a flat surface of the epoxy sam-
ples. Finally, the mold was placed in an oven for curing (Table 3).
After curing, the edges of the samples were wet-polished with
sandpaper (grid size 500) for a smooth finish.

2.4. Nuclear Magnetic Resonance (NMR) Spectroscopy

'H (400 MHz) and *C (100 MHz) nuclear magnetic resonance
experiments were conducted on a Bruker AV400 instrument in
deuterated chloroform (Sigma—Aldrich, CDCl;, 99.8 atom% D) or
methylene chloride (Sigma—Aldrich, CD,Cl,, 99.9 atom% D) as
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the solvent at a temperature of 294 K. Chemical shifts were refer-
enced to the solvent proton resonance (CDCl;: 7.26 ppm for 'H-
NMR, 77.2 ppm for *C-NMR; CD,Cl,: 5.32 ppm for 'H-NMR,
53.84 ppm for *C-NMR).

2.5. Differential Scanning Calorimetry (DSC)

DSC measurements were conducted with a TA Instruments
Q2000 differential scanning calorimeter under 25 mL min~! he-
lium flow. 5 to 9 mg of of the resin/curing agent mixtures were
loaded inside a TZero aluminum pan from TA Instruments.
Samples were cooled down at -50 °C and subjected to a heating
rate of 10 K min~'. The onset temperature of the curing enthalpy
and the temperature of the maximum of the exothermic peak
were determined with the software Universal Analysis.

2.6. Dynamic Mechanical Analysis (DMA)

DMA measurements were performed using a DMA Q800 (TA
Instruments, US) under a nitrogen atmosphere with a film ten-
sion clamp. After mounting on the clamp, the specimens had
a free length of about 18 mm. The samples were subjected to
an oscillating tensile load with a frequency of 2 Hz, a static pre-
load of 0.01 N, and a force profile of 125 %.The amplitude for
the specimens cured with IPD was 3 and 2 pm for the samples
cured with T403. During loading, the samples were first equili-
brated at -20 °C for 5 min, then a temperature ramp of 2K min~!
was applied. Three specimens were characterized for each epoxy
system. The glass transition temperature T, was identified as the
temperature of the peak of the tan § curve using the software Uni-
versal Analysis.

2.7. Tensile Testing

The dogbone samples where painted using an airbrush and a
matte acrylic-based paint. A white base coat was applied to the
region of interest and then a black speckle pattern was sprayed
on top. The amount of paint applied was carefully minimized
in order not to smear the underlying stress field. Tensile test-
ing was performed with a universal testing machine Inspekt 100
(Hegewald & Peschke, Germany) equipped with screw clamps.
The force was measured using a 500 N load cell. The Dogbones
samples were tested at a constant loading speed of 0.125 mm
min’. Five specimens were tested for each epoxy system. The av-
erage laboratory temperature and humidity during testing were
21.8 °C and 33 %. A VCXU-124M camera (Baumer, Germany)
mounted on a telecentric lens VS-TCM1-130/S (VS Technology,
Japan) captured the deformation on the specimens surface dur-
ing testing. The recorded pictures were transferred to the Soft-
ware GOM Correlate Professional 2020 and the tensile modu-
lus was evaluated from the stress/strain curves in the elongation
range between 0.05 and 0.25 %. Tensile strength was also eval-
uated. For more information regarding basics of Digital Image
Correlation-technique, please refer to further literature.l?]
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2.8. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis experiments were conducted using
aTA Instruments Q5000 analyzer. The samples were heated from
30 to 600 °C at a rate of 10 K min™ in an argon atmosphere.

2.9. Attenuated Total Reflection Fourier Transformed Infrared
Spectroscopy (ATR-FTIR)

ATR-FTIR measurements were performed on a Bruker Vertex70v
ATR-IR spectrometer at room temperature in absorption mode.

2.10. Mass Spectrometry (GC-MS, ES| HRMS)

Gas chromatographic/mass spectroscopic analyses (GC-MS)
were measured in DCM solutions using an Agilent GC 7890B
equipped with HP-5MS UI columns (0.25 mm, 0.25 pm) and
an MS 5977A single quadrupole mass detector. Samples were
present at a concentration of 0.5 mg mL™!. The temperature
range of the chromatography was between 45 and 325 °C.

Electron-Spray High Resolution Ionization Mass Spectrome-
try (ESI HRMS) was measured on a Thermo Fisher Scientific Ex-
active Plus in negative mode in HPLC acetonitrile at a sample
concentration of 1 ng mL™1.

3. Results and Discussion

3.1. Epoxy Monomer Synthesis

EGCHC (5) epoxy monomer was prepared following the four-
step synthesis shown in Figure 1 starting from sorbic acid (1).
In an acid-catalyzed esterification reaction of sorbic acid (1) with
allyl alcohol, allyl sorbate (2) was obtained. (2) is literature known
but usually approached either by a reduction of the correspond-
ing allyl 2-hexynoate with triphenylphosphine,**>* an esterifica-
tion reaction of allyl alcohol with the corresponding sorbic acid
chloridel>*] or sorbic acid and allyl bromide or chloride.*! All of
these reactions have drawbacks regarding their ecological foot-
print and toxicity because of the utilization of phosphines, bro-
mides, or chlorides. The acid-mediated esterification used in this
work in contrast is more favorable since it allows to use allyl sor-
bate and allyl alcohol as starting materials and sulfuric acid is
only used as a catalyst in low concentrations. An additional advan-
tage is the formation of water as a condensation product during
the reaction instead of corrosive gases such as hydrogen chloride
making additional scavenging steps unnecessary. Another ben-
efit are comparable high yields up to 82 % in the esterification
which can compete or outperform mentioned alternatives. A side
reaction could be identified in an intramolecular Diels—Alder re-
action of the vinyl- and allyl-group which is also described by Mar-
tin et al. but usually occurs at far higher temperatures than used
in this work.1>* Sorbic acid as starting material is a bio-molecule
occurring in rowanberry oil and its very low mammalian toxicity
makes its utilization as a food preservative possible.l”>8! Allyl al-
cohol on the other hand is also bio-available by treating glycerin
with formic acid or using catalytic synthesis methods.[>>% Suc-
cessful preparation of allyl sorbate could be confirmed by NMR-
spectroscopy (Figure S1; Figure S2, Supporting Information) and
the spectral data were in agreement with those reported.>!
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The next reaction step following the pathway in Figure 1 in-
cludes a Diels—Alder reaction between allyl sorbate and maleic
anhydride forming the basic framework of the later epoxy com-
pound. The high atom efficiency, reaction speed, and the access
to complex molecular structures make the [4+2]-cycloaddition an
appealing candidate for a greener approach toward epoxy resins.
Maleic anhydride is a basic chemical with high industrial impor-
tance and it is known as a highly reactive dienophile while show-
ing a relatively low environmental risk potential.[*'-63] Typically,
itis produced by catalytic oxidation of hydrocarbons such as ben-
zene in the gas phase.[®* Recent publications though are focus-
ing on renewable feedstocks such as furfural and its derivatives
which can be gained out of carbohydrates.[®>-%8] The Diels—Alder
reaction can be performed in high concentrations (10 M referred
to allyl sorbate) only requiring minimal amounts of solvent. As a
further improvement, a solvent-free method utilizing microwave
radiation as Moreno et al. proposed is conceivable.l®!] Success-
ful synthesis of AHIBC (3) could be confirmed after crystalliza-
tion and washing of the crude product by 'H- and 1*C-NMR spec-
troscopy (Figure 2A; Figure S3, Supporting Information, GC-MS
Figure S4, Supporting Information) and elemental analysis.

The second allylation reaction leading to TACHC (4) is per-
formed analog to the allylation of sorbic acid using H,SO, as a
catalyst. In this step, two allyl ester bonds are formed opening
the anhydride introduced during the Diels—Alder cycloaddition.
Full conversion could be confirmed by *H- and 3C-NMR spec-
troscopy (Figure 2B; Figure S5, Supporting Information), GC-MS
(Figure S6, Supporting Information), and elemental analysis.

Finally, the oxidation of TACHC (4) was accomplished
by a Prilezhaev reaction with meta-chloroperoxybenzoid acid
(mCPBA) in dichloromethane at room temperature to yield 78 %
within 48 h. Reaction progress can be easily monitored by the
vanishing signals of the double bonds by 'H-NMR. The amount
of mCPBA seems to be high with 8 equivalents but considering
the purity of the peroxy acid only being 77 % results in 1.5 equiv-
alents per double bond. The ratios could be further improved by
using hydrogen peroxide to regenerate the active species during
the epoxidation reaction. An attractive alternative to substitute
mCPBA could be found in the use of Oxone as the oxidizing agent
in combination with acetone which reacts in situ to dimethyloxi-
rane. Oxone refers to the triple salt 2KHSO; - KHSO, - K,SO,
and is widely used as an oxidizing agent in literature and is de-
scribed as rather green, highly selective and catalyst free while
being cheep and easy for storage.[®*72] Here, the reaction pro-
ceeds much slower and usually takes up to three days to show
full conversion in NMR which was the reason why the mCPBA
path was the preferred synthesis route. Another green method
to epoxidize allylic compounds which could possibly be trans-
ferred to the substrate produced in this work was reported by
Aouf et al. using a chemo-enzymatic method.l”*! The success-
ful synthesis of EGCHC (5) could be confirmed by 'H- and *C-
NMR spectroscopy (Figure 2C; Figure S7, Supporting Informa-
tion), and HRMS.

3.2. Curing of EGCHC

The curing conditions for EGCHC-based samples were chosen
after DSC investigations. The onset temperature of the curing
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Table 4. Onset temperature of the curing enthalpy and temperature at the
maximum of the exothermic peak.

Sample Onset temperature Maximum of the

in °C exothermic peak in °C

EGCHC-IPD
EGCHC-T403
DGEBA-IPD
DGEBA-T403

43+3 78+1
53+3
87+3
103+1

94+2
12141
140+1

Table 5. Gel-contents of the cured samples determined by Soxhlet-
extraction with acetone as solvent. Extraction time: 24 h.

Sample Gel-content in %

80 70 6.0 50

40 30 20 10 00
o/ ppm

B)

11, 11°,
13,13, 11" 13

12, 18—~

-

— e T R T

0.96 2.96 0.97 6.03 5.950.98 0.99 0.97 1.00 3.01

SR SRS R

2.99 1.64 2.46 2.04 3.13 1.99 3.12 3.14 1.00  3.00

40 30 20 10 00
o/ ppm

Figure 2. "H-NMR of the products: A) the Diels—Alder reaction (3), B) the
allylation (4), and C) the epoxidation (5).
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EGCHC-IPD
EGCHC-T403

97.90+0.95
97.59+0.15

enthalpy was set as the curing temperature. A temperature
higher than the temperature of the maximum of the exothermic
peak was chosen as the post-curing temperature. (Table 4) For
the DGEBA-based samples, curing procedures similar to those
described in the literature were used.[**#°] The completion of
the curing reaction was investigated with non-isothermal DSC
measurements. Cured samples were subjected to a heating
ramp (10 K min™) from -20 to 180°C. The cured EGCHC
and DGEBA-based samples didn’t show any residual exother-
mic reaction. Furthermore, the obtained Soxhlet gel-contents
(Table 5) for EGCHC samples where high and justifies the
curing conditions applied. The completion of the curing reaction
could also be confirmed by ATR-IR measurements as no resid-
ual IR-bands of the C-O epoxide vibration at a wavelength of
820 cm™! could be found (Figure S8, Supporting Information).
Generally, the EGCHC thermograms show a higher reactivity
than DGEBA as the onset temperature of the curing enthalpy
and the temperature of the maximum of the exothermic peak
are lower when curing with T403 and IPD (Figure 3). This could
be confirmed by the lower activation energy found for EGCHC
compared to DGEBA (see Table S1). An explanation for this
can be found in the structure of the epoxy function in close
distance to the ester. Due to inductive effects the ring-opening
of the oxirane is facilitated and needs less energy to initiate the
curing reaction. Jeffamine T403 itself can be considered as less
reactive compared to IPD because of the sterical hindrance of the
methyl groups in a position to the amine.[”* The high reactivity
of EGCHC allows a rapid completion of curing with moderate
curing temperatures, which can be beneficial for saving energy.

3.3. Thermo-Mechanical Properties

Dynamic mechanical analysis (DMA) is an excellent method to
determine the T, of epoxy materials as it is a very sensitive
technique.[””! It also allows to compare the stiffness of the mate-
rial at various temperatures. Figure 4 compares the storage mod-
ulus and tan é curves obtained with EGCHC and DGEBA cured
with IPD and T403. As expected, the samples cured with IPD
are stiffer and T, is higher than the samples cured with T403.
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Figure 3. DSC scans of EGCHC/DGEBA-IPD A) and EGCHC/DGEBA-
T403 B) with the onset temperature of the curing enthalpy and the tem-
perature of the maximum of the exothermic peak.

The cycloaliphatic structure of IPD allows the creation of a more
rigid network. Hence, IPD is better suited than T403 for applica-
tions that requires high stiffness at high temperatures. Between
-20 °C and approximately 38 °C, EGCHC-T403 has a higher stiff-
ness than DGEBA-T403. EGCHC-IPD has a higher stiffness than
DGEBA-IPD between -20 °C and approximately 100 °C. Due to
the large amount of oxirane rings in its structure, EGCHC has the
ability to create a more dense crosslinked structure than DGEBA.
However, the T, of the EGCHC-based systems is lower than
their DGEBA counterparts (Table 6). This can be explained by
the structural differences of the resins. In contrast to EGCHC,
DGEBA has aromatic substructures which can form the relatively
strong intermolecular = — x interactions. As a result, the glassy
region for the EGCHC systems ends at lower temperatures than
for the DGEBA systems and a rapid loss of stiffness is observed
at lower temperatures. Nevertheless, EGCHC can still be used
in applications that requires high temperatures as EGCHC-IPD
shows a T, of 130 °C and no significant decrease of stiffness is
observed between -20 and 100 °C.

Macromol. Mater. Eng. 2023, 308, 2300068 2300068 (7 of 12)
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Table 6. Ty obtained from DMA for the EGCHC and DGEBA-based sam-
ples.

Sample Ty in°C
EGCHC-IPD 129.8+6.2
EGCHC-T403 56.5+1.3
DGEBA-IPD 161.7+0.4
DGEBA-T403 82.0+1.2

3.4. Mechanical Properties

Figures 5 and 6 depict the tensile strength and tensile Modulus
obtained for the DGEBA and EGCHC samples. As for DGEBA,
EGCHC shows better mechanical properties when cured with
IPD. A maximum average tensile modulus of 3965 MPa and a
maximum average tensile strength of 76 MPa were found for the
EGCHC-IPD specimens.

The results of tensile modulus are in accordance with the DMA
results shown in Figure 4. EGCHC systems show a higher stiff-
ness than the DGEBA-based epoxies and the samples cured with
IPD are also stiffer than samples cured with T403. DGEBA is
the most known epoxy resin and finds application in various do-
mains. The higher E-modulus obtained with EGCHC underlines
the capacity of EGCHC being able to have the required stiffness
for high-performance applications. As an example, the product
Biresin CR80 from SIKA is a epoxy system suitable for high-
performance applications such as fibre reinforced composites
parts for the marine, wind turbine and general industrial com-
posite areas and reaches a tensile modulus of 2900-3000 MPa
after curing .81 The tensile strength found for the DGEBA speci-
mens are close to values reported in literature.[**] EGCHC cured
with IPD presents a high uncertainty on the tensile strength. As
EGCHC-IPD sets within minutes at room temperature, the mix-
ture could only be degassed for 30 s and not all the air inclu-
sions could be removed. The presence of voids in the material
after curing strongly affects the tensile strength. However, the
average tensile strength of EGCHC-IPD is still higher than for
DGEBA-IPD. EGCHC-T403 presents a similar tensile strength
than DGEBA-T403. Thus, the results show that EGCHC can com-
pete with the mechanical properties of DGEBA.

3.5. Thermal Stability

Thermal degradation of EGCHC-samples starts at temperatures
0f 203 °C (IPD) and 222 °C (T403) (Figure S9, Supporting Infor-
mation). Even though the thermal stability of EGCHC is lower
than DGEBA (around 340 °C), the Ts,, of both EGCHC-IPD and
EGCHC-T403 is high enough to not degrade the material un-
der usage in standard applications. The lower thermal stability
of EGCHC samples can be attributed to the ester bonds which
are more prone to pyrolysis compared to ether bonds present in
DGEBA and to the absence of aromatic substructures.

3.6. Solvolysis of EGCHC-Based Thermosets

The dissolving of polymers in solvents is of high interest in var-
ious domains.[”’] For example, in the fiber-reinforced polymers
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Figure 4. A) Storage modulus and B) tan § of DGEBA/EGCHC cured with IPD, C) Storage modulus and D) tan § of DGEBA/EGCHC cured with T403.

Determined by DMA.

industry, being able to dissolve the polymer matrix would allow
an easy recovery of the fibers. Fibers, especially carbon fibers are
costly materials due to the complex and energy-intensive pro-
duction process. In contrast to DGEBA, the resin presented in
this paper contain ester groups which can undergo basic hydrol-
ysis. Normally, dense crosslinked thermosets are only dissolv-
able by applying harsh conditions such as high temperatures
or pressure.””7%! In order to investigate the solvolysis behaviour
of EGCHC-based epoxy resins samples were placed into a 1 M
NaOH solution and the degradation at 80 °C and room temper-
ature were evaluated. At 80 °C, both samples cured with IPD
and Jeffamine T403 dissolved within 30 min. At room temper-
ature, the sample EGCHC+T403 decomposed completely over
the time of 17 h (Figure S10, Supporting Information) The sam-
ple EGCHC+IPD was more persistent and lost 17 % of its origi-
nal weight. It takes about 4 d until complete solvolysis (Figure 7).
This different behaviour can be explained with the density of the
3D-network. Jeffamine T403 is build of repeating oxypropylene

Macromol. Mater. Eng. 2023, 308, 2300068 2300068 (8 of 12)

units in its backbone which results in larger gaps in the cured
structure. This then allows the solvent deeper penetration and
attacking the ester bonds. Compared to this the network formed
by curing with IPD is more dense allowing less degrees of free-
dom hindering the solvent to diffuse into the thermoset.

3.7. Ecological Assessment

The assessment of the ecology of the complete reaction synthesis
is evaluated using the bio-based fraction of the product. There-
fore, each component is analyzed with regard to the bio-based
content of substances available in industrial scale. Furthermore,
different scenarios are displayed showing the development of the
bio-based content using published routes to synthesize the differ-
ent educts with renewable resources. Hence, both a conservative
approach and an optimistic development of the availability of re-
newable chemicals is looked at for the epoxy EGCHC. Further-
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Figure 6. Tensile modulus of EGCHC-IPD, EGCHC-T403, DGEBA-IPD,
and DGEBA-T403.

more, a comparison is drawn with the industry standard DGEBA
both pure and cured with standard curing agents. Bio-based frac-
tions are calculated according to the structural information of the
molecules and their change throughout the reaction as reported
in the standard DIN EN 16785-1.2% This method thoroughly de-
termines the bio-based fraction with radiocarbon and elemental
analysis by taking the total content of bio-originating H, C, O,
and N atoms into consideration. The bio-based content wy, rep-
resents the mass fraction of the bio-based mass myoy (total H,
C, O, N mass) in relation to the total sample mass m. Addition-
ally, the bio-based carbon content is reported according to norm
ASTM D6866.181]

3.7.1. Synthesis Route

As stated previously, allyl alcohol is readily bio-available.[>>¢°] Al-
lyl sorbate which is synthesized from sorbic acid and allyl alcohol

Macromol. Mater. Eng. 2023, 308, 2300068 2300068 (9 of 12)
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Figure 7. Decomposition of EGCHC-IPD in T M NaOH at room tempera-
ture, 30 and 40 °C.

is calculated to contain a bio-based fraction of wy, = 0.753. Sor-
bic acid is in theory available as a natural resource from rowan
berries.[”#2] Though, the current industrial relevant route is the
condensation of malonic acid (fossil) and crotonaldehyde (100 %
bio-based),®>#5] described by Doebner.l®] Therefore, a conserva-
tive fraction of wy,, = 0.667 is assumed for sorbic acid. The sec-
ond reaction step involving allyl sorbate and maleic anhydride
reduces the bio-based content of the intermediate to 45.8 %.
Maleic anhydride is produced in large amounts mostly from bu-
tane oxidation.[*#%7:#8] Due to the importance of maleic anhydride
as a building block in the chemical industry more and more green
synthesis routes are published,[%#92] though none has yet been
implemented in an industrial scale. TACHC which is formed via
an addition and condensation of two allyl alcohol molecules in-
creases the bio-based fraction again to wy, = 0.630. For the fi-
nal epoxidation step the reaction pathway using mCPBA is taken
as the underlying synthesis route. The peroxycarboxylic acid is a
commercially available oxidizing agent which is industrially pre-
pared using fossil resources.®] Hence, three oxygen atoms are
inserted into TACHC forming the final product EGCHC with a
bio-based content of wy,, = 0.532. Applying the same methodol-
ogy with the standard ASTM D6866 results in a bio-based fraction
of 68.4 % as only carbon atoms are tracked with this method.!®!]
Substituting some of the conventional produced chemical com-
ponents with bio-based alternatives could further increase the to-
tal bio-based content.

3.7.2. Comparison of EGCHC and DGEBA

Figure 8 shows the conservative calculation of the bio-based
content of EGCHC with currently available green chemicals
using both aforementioned standard in comparison with the
standard epoxy DGEBA. Depending on the underlying norm, dif-
ferent bio-based fractions can be determined, whereby EGCHC
scores largely improved bio-based contents as its conventional
competitor. For DGEBA the best case scenario is applied, which
assumes a synthesis of BPA and 100 % green epichlorohydrin.

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 8. Bio-based content of EGCHC in comparison with DGEBA cal-
culated using the standard DIN EN 16785-118" and ASTM D6866.132] De-
velopment of the bio-based content with substitution of fossil-based com-
ponents for EGCHC. Bio-based content of DGEBA sytems from assumed
100 % green epichlorohydrine.

Nevertheless, due to its small molecular weight, the bio-based
content of DGEBA can thereby only be increased to wy, = 0.335.
Furthermore, the problems arising with the toxicity of the used
chemicals, as stated in the introductory section, are still present.

3.7.3. Scenarios for Increasing Bio-Based Fraction of EGCHC

Figure 8 also depicts different scenarios which illustrate the de-
velopment of the bio-based fraction by using green alternatives
in the here proposed production of EGCHC. As it can clearly be
seen, a vast improvement in greenness can be achieved without
changing the synthesis route. Feasible options for producing bio-
based sorbic acid and maleic anhydride are known and reported
in literature which are as in most cases hindered by the more
cost effective conventional processes. Though, with increasing
demands for bio-based products this could change in the near
future. Hence, steps to 61.9 %, 75.8 %, and 84.5 % can easily be
achieved in the scenario of 100 % bio-based sorbic acid, maleic
anhydride or both, respectively.

The epoxidation step is more challenging to replace as
there are to our knowledge no reported routes for bio-based
mCPBA. Therefore, the logic consequence would be to take an-
other epoxidation method into consideration as stated in sec-
tion 3.1. Further green alternatives to mCPBA comprise hydro-
gen peroxide in combination with different catalysts ranging
from polyoxometalates,[***] Pt %l methyltrioxorhenium!*’! or
enzymes.!”>%81%] Testing various alternative reactions showed to
Dbe either very slow or the terminal double bonds could not be
epoxidized at all. Nevertheless, an alternative route comprising
bio-based educts, for example, with enzymes, would increase the
total bio-based content by 15.5 % to 68.7 % taking the initial value
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EGCHC in comparison with DGEBA calculated using the standard ASTM
D6866.132] Bio-based content of DGEBA stems from assumed 100 % green
epichlorohydrine.

of wy, = 0.532 as a base. It is to be noted that for ASTM D6866
the epoxidation step does not influence the bio-based fraction as
oxygen atoms are not included in the determination.

3.7.4. Curing of EGCHC and DGEBA

The synthesized epoxy EGCHC which was cured with both IPD
and T403 will also be compared with the industrial relevant com-
petitor DGEBA. Figure 9 illustrates the different achievable bio-
based contents for the four resin systems calculated with stan-
dard ASTM D6866. For IPD two cases are considered. Either us-
ing conventional fossil-based IPD or readily available green IPD
(VESTAMIN IPD eCO), available with a 90 % bio-based carbon
content.'?) Due to the different required mixing ratios, the in-
fluence of the epoxy is more or less pronounced. Nevertheless,
for all studied samples an increased bio-based fraction can be ob-
served which has no impact on the material strength as shown
before. For the sampled cured with IPD a total bio-based content
of wy, = 0.268 and wy;, = 0.377 can be calculated for DGEBA and
EGCHC, respectively. Substituting IPD with IPD eCO leads to
the highest bio-based contents. Considering a current standard
system of DGEBA cured with IPD, a maximum bio-based carbon
amount can be achieved by using both green ECH (w;, = 1) in
combination with ECO IPD (wy, = 0.9). As a result an epoxy resin
with a total bio-based carbon content of 40.9 % can be synthesized
which, however, still relays on the use of BPA. In contrast to that,
a resin produced with EGCHC and IPD eCO outperforms the
state of the art DGEBA-system by more than 33 % adding up to
Wy, = 0.747. This sets a new benchmark in the green epoxy resin
market in the field of low-temperature applications.
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4. Conclusion

Bio-based epoxy resins often suffer from the comparison with
petrochemical-based epoxies as their mechanical properties are
rather poor. However, the values of the tensile E-modulus and
tensile strength found for the EGCHC-specimens show that the
mechanical properties of EGCHC can compete with DGEBA.
With its high amount of oxirane groups, EGCHC can form, when
cured with conventional amine hardeners, cross-linked networks
which exhibit high stiffness and high strength. Better mechan-
ical properties and higher T, were found when EGCHC was
cured with IPD. Furthermore, the presence of ester bonds allows
EGCHC solvolysis in NaOH in very mild conditions which makes
it a particular interesting material for the composite industry as
it would allow an easy recovery of the fibers at the end-of-life of a
composite component. A significant bio-based content of 68.4 %
is readily achieved for EGCHC resin and can reach 74.7 % when
cured with green IPD. The high bio-based content of EGCHC
additionally with its BPA and ECH-free nature, makes EGCHC a
promising alternative to conventional epoxy thermosets.
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Supporting Information is available from the Wiley Online Library or from
the author.
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