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Recent advances in epoxy resins have been forward to achieving high mechanical performance, thermal
stability, and flame retardancy. However, seeking sustainable bio-based epoxy precursors and avoiding
introduction of additional flame-retardant agents are still of increasing demand. Here we report the syn-
thesis of p-hydroxycinnamic acid-derived epoxy monomer (HCA-EP) via a simple one-step reaction, and
the HCA-EP can be cured with 4,4’-diaminodiphenylmethane (DDM) to prepare epoxy resins. Compared
with the typical petroleum-based epoxy resin, bisphenol A epoxy resin, the HCA-EP-DDM shows a rela-
tively high glass transition temperature (192.9°C) and impressive mechanical properties (tensile strength
of 98.3 MPa and flexural strength of 158.9 MPa). Furthermore, the HCA-EP-DDM passes the V-1 flamma-
bility rating in UL-94 test and presents the limiting oxygen index of 32.6%. Notably, its char yield is as
high as 31.6% under N, and the peak heat rate release is 60% lower than that of bisphenol A epoxy resin.
Such findings provide a simple way of using p-hydroxycinnamic acid instead of bisphenol A to construct

high-performance bio-based thermosets.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Epoxy resins are one of the most important thermosets that
have been widely used for coatings, adhesives, and electronic
packaging due to outstanding mechanical properties, dimensional
stability, chemical resistance, adhesion, and electrical insulation.
Nowadays, most commercialized epoxy resins are still developed
from diglycidyl ether of bisphenol A (DGEBA) [1]. DGEBA can be
synthesized by using epichlorohydrin (ECH) and bisphenol A (BPA).
ECH has been produced from bio-based glycerol [2], however, BPA
can be merely synthesized from non-renewable chemicals. More
seriously, BPA has been acknowledged as an endocrine disruptor
and reprotoxic substance [3-5]; this makes restriction of the appli-
cation of DGEBA in food contact materials [6]. Hence, recent inter-
ests have been particularly gained for seeking sustainable and safe
alternatives to replace DGEBA.

During the past decade, some biomass feedstocks have been
explored to prepare bio-based epoxy resin with high glass transi-
tion temperature (Tg) and mechanical properties [7-14]. For exam-
ple, Wan et al. [7] reported a bio-based epoxy resin prepared from
eugenol and 4,4’-diaminodiphenyl sulfone. The cured epoxy resin
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showed a high Tg of 207°C. Liu et al. [9] synthesized a bio-based
epoxy monomer based on vanillin and guaiacol. The obtained
epoxy resin exhibited a higher T; of 187°C and higher tensile
strength, as compared to that of DGEBA-based epoxy resin. Xu et
al. [11] used vanillin to prepare a bio-based epoxy monomer, which
was cured with 4,4’-diaminodiphenylmethane (DDM) to prepare an
epoxy resin with a high Tg of 206°C and high tensile strength of
122 MPa. Fache et al. [12] prepared a new vanillin-derived diepoxy
monomer and the cured epoxy resin showed a comparable T and
higher storage modulus than that of DGEBA-based epoxy resin.
Despite the remarkable progress in bio-based epoxy resins, the
shortages of high flammability, similar to petroleum-based ones,
are still difficult to overcome. This greatly limits their applica-
tions with strong requirement of fire safety [15]. Recently, regard-
ing the concerns on environmental and human health, halogen-
free flame-retardants generally containing phosphorus [16], silicon
[17], or other halogen-free flame-retardant elements [18,19] have
attracted much attention. Although exhibiting satisfactory flame
retardant effects, the poor compatibility of these flame retardants
with substrates is still the main obstacle that inevitably deterio-
rates mechanical performances of resulting epoxy resins [20]. De-
veloping epoxy resins with intrinsic flame retardancy has therefore
become a trend to resolve the contradictions. Many researchers
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Fig. 1. (a) "H NMR and (b) 3C NMR spectra of HCA, ECH and HCA-EP. (c) FTIR spectra of HCA and HCA-EP. (d) Viscosity of HCA-EP and E51 determined from 0.1s~! to

500s! at 25°C.

have prepared bio-based epoxy resins with good intrinsic flame
retardancy by using different curing agents [21-23]. Particularly,
DDM is considered as one of the most common curing agents be-
cause of low price and good overall performance. Up to now, many
researchers have prepared bio-based epoxy resins cured by DDM
with good flame retardancy [24-30]. Qi et al. [26] designed a bio-
based monomer with aromatic N-heterocycle. After curing with
DDM, the resulting epoxy resin showed a Ty of 187°C and peak of
heat rate release (PHRR) of 184.5W/g. Similarly, Liu et al. [30] syn-
thesized a bio-based epoxy monomer containing 9,10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide unit from vanillin and gua-
iacol, with which the prepared epoxy resin exhibited a Tg (176.4°C)
and preferable flame retardancy with a PHRR around 300Wj/g.
However, the tensile and flexural strengths of the epoxy resins are
relatively low compared with that of DGEBA-based epoxy resin.
Dai et al. [27] used renewable genistein to synthesize an epoxy
monomer and found that the obtained epoxy resins had high me-
chanical properties. Nevertheless, a limited reduction in the PHRR,
as compared with DGEBA-DDM, was realized. Hence, it remains
necessary but challenging to develop bio-based epoxy resins with
balanced high intrinsic flame retardancy and mechanical proper-
ties.

Here, considering the positive contribution of rigid conjugate
structure to char forming capacity, we propose to synthesize a new
bio-based epoxy monomer (Scheme 1), for the first time, from p-
hydroxycinnamic acid (HCA) that widely exists in various vegeta-
bles and fruits, such as carrot, tomato, strawberry, and pineapple.
The curing of epoxy monomer with DDM is conducted, as com-
pared with the DGEBA epoxy counterpart. After curing, the ther-
momechanical and mechanical properties, thermal stability and
flame retardancy of the resulting epoxy resin are investigated, and
corresponding flame retardant mechanism is disclosed.

HCA-EP is synthesized by using ECH to react with the hydroxy
and carboxyl groups of HCA (Scheme 1). Chemical structures of
HCA, ECH and HCA-EP are characterized by 'H NMR, 13C NMR
and FTIR measurements (Fig. 1). The characteristic proton peaks at
11.96 and 9.99 ppm attributing to the hydroxyl and carboxyl groups
of HCA are not observed in the 'TH NMR spectrum of HCA-EP; the
characteristic proton peaks (2.68, 2.75, 2.88, 3.27 and 3.35 ppm) of
TH NMR and carbon peaks (49.96, 49.53, 44.73 and 44.62 ppm) of
13C NMR spectra belonging to the epoxy group of HCA-EP are de-
tected. Furthermore, the HCA-EP presents no characteristic peaks
of ECH in the 'H NMR and 3C NMR spectra. The chemical shifts of
H and C atoms in the spectra are in accordance with the theoreti-
cal values of the HCA-EP structure. Besides, from the FTIR spectra,
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Fig. 2. Non-isothermal curves obtained from DSC (a) HCA-EP-DDM and (b) E51-
DDM via heating rates of 5, 10, 15 and 20 °C/min. Linear fitting curves of In (8/T,?)
versus 1/T, according to Kissinger’s equation for (c) HCA-EP-DDM and (d) E51-DDM
curing systems.

a characteristic absorption peak attributing to epoxy group [31] is
observed at 911cm~!, while the peak around 1630cm~!, corre-
sponding to CH=CH [32] is detected. The results suggest the suc-
cessful introduction of epoxy group as well as the maintenance of
vinyl group for HCA. It should be noted that, moreover, HCA-EP has
a much lower viscosity than that of E51 (one of the most important
representative commercialized epoxy resins [29]) at a shear rate of
0.1-100s"1, indicating a good processibility for further preparation
of epoxy resin

The curing behaviors of HCA-EP-DDM and E51-DDM are further
investigated in terms of non-isothermal curing kinetics at different
heating rates (Fig. 2). With the increase of heating rate, the curing
exothermic peak temperature (Tp) shifts to the high-temperature
direction, mainly due to a greater thermal effect but less time for
tracking the curing behavior. Additionally, the HCA-EP-DDM system
presents a lower T, compared with E51-DDM, which is possibly at-
tributed to a higher epoxy value of HCA-EP. To compare the curing
activities of two curing systems, Kissinger’s method [33] is used for
calculating the activation energy (E,).
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Table 1
E" at 30°C, Tg, E; and v, obtained by DMA.
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Sample E’ (103 MPa) at 30°C @ Ty (°C) P E; (MPa) © Ve (10° mol/m3) ¢
HCA-EP-DDM 3.21 192.9 37.52 3.23
E51-DDM 2.22 178.8 29.17 2.59

2 F’ (10% MPa) at 30°C: G’ at 30°C;

b T,: The peak temperature of the curve for tans;
¢ E;: G in the rubbery plateau region;

4 ve: Crosslinking density.
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Fig. 3. The curves of (a) storage modulus (G') and (b) tand versus temperature for
HCA-EP-DDM and E51-DDM obtained by DMA. The structure of crosslinking net-
works for (c) HCA-EP-DDM and (d) E51-DDM. (e) Tensile strength and Young’s mod-
ulus from tensile test and (f) flexural strength and modulus from flexural test of
HCA-EP-DDM and E51-DDM.

where § is the heating rate, T is the exothermic peak temper-
ature, E, is the activation energy of the curing reaction, R is the
gas constant (8.314 ] mol~! K-1), and A is the pre-exponential fac-
tor. The detailed data, including T, and E, of the two systems,
are shown in Table S1 (Supporting information). The E, of HCA-
EP-DDM is comparable to that of E51-DDM, suggesting their simi-
lar curing behaviors. Furthermore, the curing of the HCA-EP-DDM
system is determined by recording the FTIR spectra. As shown
in Fig. S1 (Supporting information), characteristic absorption of
epoxy group at 911 cm~! disappears while the characteristic band
at 1630cm~! corresponding to CH=CH still exists after the treat-
ment; the results indicate the curing reaction occurs on the oxi-
rane ring rather than the double carbon bond.

Fig. 3 shows storage modulus (G’) and loss factor (tand) of HCA-
EP-DDM and E51-DDM as a function of temperature. The corre-
sponding G’ at 30°C (E’ at 30°C), Tg, G’ in the rubbery plateau re-
gion (E;) and crosslinking density (ve) are demonstrated in Table
1. The E’ at 30°C and Ty of HCA-EP-DDM are 3.21 x 10> MPa and
192.9°C, which are higher than those of E51-DDM (2.22 x 103 MPa
and 178.8 °C). According to previous reports [24], G’ and T; are rel-
evant to segmental mobility and ve. The conjugate structure (-
structure of phenylethylene) of HCA-EP-DDM tends to preferably
restrict the segmental mobility, as compared with the bisphenol A
structure of E51-DDM (Figs. 3c and d) [34]. Besides, ve can be cal-
culated from the plateau of the elastic modus in the rubbery state
according to Eq. S1 (Supporting information) [24]. The ve of cured
HCA-EP-DDM and E51-DDM is calculated to be 3.23 x 103 mol/m?3
and 2.59 x 103 mol/m3, respectively; this can be explained by that
a higher epoxy value may form a higher-crosslinking network
(a higher ve) [28]. Mechanical properties of cured epoxy resins
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Fig. 4. (a) TGA and (b) DTG curves of HCA-EP-DDM and E51-DDM under N, atmo-
sphere.

are studied using the tensile and flexural measurements (Fig. 3
and Table S2 in Supporting information). The tensile and flexu-
ral strengths of HCA-EP-DDM are 98.3 and 158.9 MPa, which are
higher than those of E51-DDM (70.3 and 138.8 MPa). Moreover,
HCA-EP-DDM exhibits 32% and 41% higher Young’s and flexural
modulus (2.00 x 103 MPa and 3.22 x 103 MPa) than those of E51-
DDM (1.51 x 103 and 2.29 x 103 MPa). As reported before [25], me-
chanical strength and modulus depends closely on the molecu-
lar rigidity and crosslinking density. Internal rotation is difficult
to occur for conjugate structure of benzene ring and double bond,
thus HCA-EP-DDM with the conjugated -7 structure and high ve
presents stronger mechanical performances over E51-DDM.

The TGA and differential thermogravimetry (DTG) curves of
HCA-EP-DDM and E51-DDM under N, atmosphere are shown in
Fig. 4. The corresponding data, including the temperature where 5
wt% weight is lost (Ts%), maximum weight loss temperature (Trax)
and the residual weight at 700°C (Cy7q0), are marked. Under N, at-
mosphere, E51-DDM shows a single-step degradation process, pre-
senting the Tsy of 385.4°C and Tmax of 399.3°C. A high maxi-
mum degradation rate of 2.07 wt%/°C is detected within 380 to
550°C. Similarly, HCA-EP-DDM also presents a one-step degrada-
tion process under N, atmosphere. HCA-EP-DDM exhibits the Tsy
of 319.0°C and Tpax of 392.1°C. The lower Tsy of HCA-EP-DDM can
be explained by the easy fracture of the unsaturated C=C double
bond as well as the C-C single bond between benzene ring and
double bond [25]. However, its thermostability still meets the re-
quirement for electrical epoxy resins according to the standard IPC-
TM-650. In addition, it should be noted that, the maximum degra-
dation rate of HCA-EP-DDM is 0.38 wt%/°C, which is 82% lower
than that of E51-DDM, indicating that HCA-EP-DDM has gentle
thermal degradation performance. Besides, HCA-EP-DDM exhibits
a much higher char residue amount of 31.6% than that of E51-
DDM (16.6%); this can be due to the high cross-linking density and
the presence of conjugate structure (-7 structure of phenylethy-
lene) that provide stronger carbonization [21,35]. Thermal stabil-
ity of cured epoxy resins under air atmosphere is shown in Fig.
S2 (Supporting information). Different from the results under N,
atmosphere, both HCA-EP-DDM and E51-DDM present two-stage
degradation. For the first degradation process, HCA-EP-DDM shows
a lower Tsy and Ty than those of E51-DDM, due to the presence
of C=C double bond and C-C single bond between benzene ring
and double bond which accounts for the similar behaviors under
N, atmosphere [25]. However, the maximum degradation rate of



X. Song, Z.-P. Deng, C.-B. Li et al.

Table 2
LOI and UL-94 rating of HCA-EP-DDM and E51-DDM.
Samples UL-94 LOI
t t; Rating
HCA-EP-DDM 45s 6.5s V1 32.6%
E51-DDM >30s NA NR 26.5%
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Fig. 5. (a) HRR, (b) THR, (c) SPR and (d) TSP curves of HCA-EP-DDM and E51-DDM
tested by cone calorimeter test.

HCA-EP-DDM is only 0.27 wt%/°C, which is 90% lower than that of
E51-DDM (2.75 wt%/°C). In the second step, HCA-EP-DDM shows
a Thaxe Of 601.9°C, which is close to that of E51-DDM (606.0 °C).
Besides, the char residue amount of HCA-EP-DDM is higher than
that of E51-DDM above 403.7 °C, indicating HCA-EP-DDM possesses
stronger carbonization performance. A possible decomposition pro-
cess of HCA-EP-DDM under air atmosphere is summarized: (1)
Sluggish degradation from 300 to 520°C corresponding to the first
degradation process with formation of some char layers; (2) The
oxidized decomposition of unstable char layer.

The flame retardance of cured epoxy resins is investigated with
limiting oxygen index (LOI), vertical burning (UL-94) and cone
calorimeter measurements. As shown in Fig. S3 (Supporting infor-
mation) and Table 2, E51-DDM presents a UL-94 rating of NR and
LOI of 26.5%. In contrast, HCA-EP-DDM shows stronger flame re-
sistance with a UL-94 rating of V1 and LOI of 32.6%. Fig. 5 ex-
hibits the curves of heat release rate (HRR), total heat release
(THR), smoke production release (SPR) and total smoke produc-
tion (TSP) of cured epoxy resins. The corresponding data, including
time to ignition (TTI), THR, the peak of heat release rate (PHRR),
calculated fire growth rate (FIGRA), TSP and char residue yield
are shown in Table S3 (Supporting information). The TTI of HCA-
EP-DDM is lower than that of E51-DDM, which is in accordance
with the TGA result. HCA-EP-DDM exhibits a PHRR of 437 kW/m?2,
with an obvious reduction of 60% compared with that of E51-DDM
(1088 kW/m?). Similarly, the THR and TSP of HCA-EP-DDM is re-
duced by 34% and 30%, respectively, compared with those of E51-
DDM. Besides, based on the HRR curves, FIGRA of HCA-EP-DDM is
relatively low, indicating HCA-EP-DDM has higher fire safety. The
char residue amount of HCA-EP-DDM after combustion is 29.7 wt%,
which is much higher than that of E51-DDM (7.3 wt%). Therefore,
it can be concluded that HCA-EP-DDM exhibits a high flame retar-
dance with a UL-94 rating of V1, LOI of 32.6%, and PHHR as low as
437 kW/m2.

To understand the flame retardant mechanism of HCA-EP-DDM,
SEM, Raman, XPS and TG-FTIR measurements are conducted. As
shown in Fig. 6, E51-DDM cannot retain its original structure

4915

Chinese Chemical Letters 33 (2022) 4912-4917

HCA-EP-DDM

E51-DDM

Fig. 6. Digital photos and SEM morphologies of char residues after cone calorimeter
test for (a;-a3) HCA-EP-DDM and (b;-bs) E51-DDM.

but shows fragile and discrete char residue; in contrast, HCA-EP-
DDM maintains the shape with consecutive and intumescent char
residues. From the Raman results shown in Fig. 7, two characteris-
tic peaks at 1350cm~! (corresponding to D bond) and 1590 cm™~!
(corresponding to G bond) are detected for cured epoxy resins af-
ter burning. The ratio of D and G bonds (Ip/I;) represents the de-
gree of graphitization. A lower Ip/I; means a more regular struc-
ture. The Ip/I; of HCA-EP-DDM (2.65) is lower than that of E51-
DDM, indicating that HCA-EP-DDM forms more regular char layer
during combustion. From the XPS survey for the char residues af-
ter cone calorimeter test (Fig. 8 and Fig. S4 in Supporting infor-
mation), both HCA-EP-DDM and E51-DDM have three characteris-
tic peaks of C 1s and N 1s. For the C 1s spectrum, peaks at 284.6,
285.2 and 288.9eV are associated with C-C, C-N and C=C/C=N
bonds [36]; for the N 1s spectrum, peaks at 398.5, 400.3 and
403.2eV are attributed to pyridine, pyrrole and pyridine-N-oxide
[37]. As reported before [38], the pyridine structure is more stable
than the pyrrole structure, benefitting for forming stable char layer.
The above results indicate that HCA-EP-DDM possesses more sta-
ble char residues after burning due to formation of more pyridine
(Table S4 in Supporting information). From the 3D TG-FTIR results
shown in Figs. 9a and b, the gas phase products are determined for
HCA-EP-DDM and E51-DDM during the total thermal-degradation
process. HCA-EP-DDM shows lower absorbance than that of E51-
DDM, indicating less gaseous products formed from HCA-EP-DDM.
Figs. 9c and d exhibits the FTIR spectra of the gaseous products
at the maximum decomposition rate, from which CO, (2358 cm~!
and 2309cm~1) and NH; (3800-3700cm~1) [25] are detected for
the HCA-EP-DDM system while aromatic alcohols (3651cm™1),
hydrocarbons (3140-2650cm~'), aromatic compounds (1611 cm~!
and 1511 cm~1) [25,35,39] are observed for the E51-DDM system.
The results indicate the breakage of backbone of E51-DDM during
thermal-degradation process, generating flammable aromatic com-
pounds, thus causing poor charring ability and promoted combus-
tion. In comparison, the gaseous products of HCA-EP-DDM contain
much less flammable gasses as well as more nonflammable CO,
and NH;. Besides, aromatic compounds and aromatic alcohols are
hardly detected in the gaseous products of HCA-EP-DDM, indicat-
ing the well preservation of aromatic compounds in the condensed
phase that contributes to forming stable char residues. Thus, based
on the SEM, Raman, XPS and TG-FTIR results, HCA-EP-DDM follows
both synergic condensed-phase and gaseous-phase flame retardant
mechanism. For the condensed phase, the presence of conjugate
structure and high crosslinking density enhances the formation of
char residues as a protective layer to block oxygen and heat. For
the gaseous phase, mainly nonflammable gasses (CO, and NH3) are
released, which could take away the heat and dilute the flammable
gaseous products.
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Fig. 9. The 3D TG-IR spectra of the gas phase products during the total thermal
degradation process for (a) HCA-EP-DDM and (b) E51-DDM. The FTIR spectra of the
gaseous products at temperature of the maximum decomposition rate of (¢) HCA-
EP-DDM and (d) E51-DDM.

As we know, high mechanical properties, Tg and flame retar-
dance should be particularly noted for epoxy resins. Thus, ten-
sile strength, flexural strength, T; and PHRR (%) (decrease percent-
age of PHRR compared with E51-DDM) of recently reported bio-
based epoxy resins cured with DDM are summarized in Fig. 10
[24-30]. Our work exhibits relatively high comprehensive perfor-
mances among bio-based epoxy resins. Specifically, HCA-EP-DDM
exhibits a relatively high PHRR (%) in this work, indicating high
flame retardancy among relevant works. Furthermore, the mechan-
ical properties (tensile and flexural strengths) and Ty of HCA-EP-
DDM are comparable to or even higher than the bio-based epoxy
resin counterparts.

In conclusion, we synthesized a bio-based epoxy monomer
(HCA-EP) derived from p-hydroxycinnamic acid. The obtained
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Fig. 10. Performance comparison of mechanical properties, T; and PHRR (%) data
for different bio-based epoxy resins cured by DDM.
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Scheme 1. Synthesis route of HCA-EP.

biomass-carbon-containing aromatic compound can be used to
prepare high-performance epoxy resin with DDM as a curing
agent. The HCA-EP-DDM system has higher curing reactivity and
processability, because of the much low viscosity of HCA-EP as
low as 0.75Pa s (25°C), as compared to that of a widely used
precursor (E51, 12.85Pa s). After curing, HCA-EP-DDM presents a
higher Ty (192.9°C) than that of E51-DDM. Additionally, the cured
HCA-EP-DDM displays high mechanical properties with the tensile
strength of 98.3MPa and flexural strength of 158.9 MPa. Particu-
larly, the HCA-EP-DDM system exhibits a high char yield of 31.6%
(in N,), a peak heat rate release (PHRR) as low as 437 kW/m?, a
high limiting oxygen index (LOI) of 32.6% as well as passes the
flammability rating of V-1. These results offer the bio-based epoxy
monomer great potential for developing sustainable epoxy resins
with high mechanical and flame retardant performance to replace
toxic petroleum-derived DGEBA counterparts.
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