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ARTICLE INFO ABSTRACT

Keywords: Development of sustainable bio-based epoxy resins having better comprehensive properties than available
Magnolol petroleum-based epoxy resins is of paramount importance for alleviation of energy pressure and enrichment of
Biomass the potent category of high-performance epoxy resins. In this study, a fully bio-based epoxy resin precursor

Epoxy resin
Intrinsic flame retardancy
High performance

(DGEM) was synthesized from a naturally occurring magnolol through a highly efficient one step process. The
bio-based epoxy resin obtained was then cured with 4, 4’-diaminodiphenyl sulfone (DDS) and compared to the
petroleum-based commercial diglycidylether of bisphenol A (DGEBA). After curing with DDS, DGEM/DDS
showed higher glass transition temperature than DGEBA/DDS which was 279 °C and 231 °C, respectively. The
char yield (in N,), storage modulus and flexural modulus of the former were 1.9-fold, 47.5%, and 41.3% higher
than those of the latter, respectively. Interestingly, bio-based epoxy resin of DGEM exhibited excellent proces-
sability with extremely low viscosity of 0.155 Pa's at room temperature and a broader processing window than
DGEBA/DDS as well. To exhibit such an excellent processability is very rare for high-performance epoxy resins.
In addition, the cured DGEM/DDS also showed outstanding intrinsic flame retardancy, which passed the V-0 rate
of UL-94 test. This study offers an opportunity to prepare bio-based epoxy resins with better properties than
DGEBA and exhibits great promise in cutting-edge applications.

1. Introduction but it is a serious issue that they are limited. The increasing con-
sumption of the petroleum resources in modern life has caused these

Petroleum resources have played an important role in the progress resources to be exhausted and caused climate changes as well as severe

of human society and are considered as indispensable in modern life, environmental pollution. Thus, development of renewable biomass
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resources is an efficient and necessary solution, which can replace the
petroleum resources especially in polymer area to alleviate energy and
environmental pressure [1].

Epoxy resins, as one of the most important polymers, have been
widely used in numerous fields such as coatings, adhesives, high-per-
formance composites, electronic encapsulants, and so forth, because of
their excellent properties of adhesion, mechanical, processability, and
electrical insulation [2-4]. On the other hand, it is very unfortunate
that almost all of the commercially accessible epoxy resins are syn-
thesized from non-renewable resources like petroleum, of which more
than 90% of epoxy resins are made up of diglycidyl ether of bisphenol A
(DGEBA) [4]. The two main reactants of DGEBA are bisphenol A (BPA)
and epichlorohydrin. Epichlorohydrin can be commercially produced
using bio-based glycerol [5], while BPA can only be produced from
petroleum resources, which account for more than 67% of the total
molar mass for DGEBA [6]. Moreover, BPA is also an endocrine dis-
ruptor and has been classified as a reprotoxic R2 substance, which
could bring great threat to human health [7,8]. Based on the above
energy and health concerns, there is a growing interest in the devel-
opment of sustainable and nontoxic biomass resources for preparation
of bio-based epoxy resins instead of BPA. Until now, lots of work has
been done on the synthesis of bio-based epoxy resins, but their com-
prehensive properties are not comparable with DGEBA. Most of the bio-
based monomers contain long flexible aliphatic chains or alicyclic
structures such as various vegetable oils [9], cardanol [10,11] and
isosorbide [12,13], etc. These groups can alleviate the thermal stability
and mechanical properties of the corresponding bio-based epoxy resins
significantly. There are also many rigid bio-based monomers, which
contain aromatic structures such as vanillin [14,15], salicylic acid [16],
eugenol [17,18], etc. When they are used to synthesize epoxy resins, the
glass transition temperature and mechanical properties of the corre-
sponding bio-based epoxy resins are effectively enhanced. For instance,
Wang et al. [19] synthesized a mono-functional epoxy precursor based
on vanillin. When it was cured with 4,4’-methylenebiscyclohex-
anamine, a Schiff based epoxy thermoset was obtained, which showed
similar T, of 173 °C as compared to DGEBA. Xu et al.[20] also used
vanillin for the synthesis of a Schiff base epoxy thermoset, whose T,
tensile modulus and tensile strength were 196 °C, 2196 MPa and
93 MPa, respectively, which were all higher than those of DGEBA. Even
though, further development is still needed in bio-based epoxy resin
having higher T, and mechanical properties. In order to further enhance
the properties of bio-based epoxy resins, some rigid petroleum-based
monomers, which include terephthaloyl chloride [21], a,a'-dichloro-p-
xylene [22], p-phenylenediamine [3], etc., are introduced. However,
these compounds may decrease the bio-based content and their high
melting temperature may bring some difficulties in processing. Actu-
ally, polymers, which have high thermal and mechanical properties as
well as good processability have always been a dilemma [23]. There-
fore, development of new bio-based epoxy resins, which have com-
prised better properties and simpler processing than DGEBA is still a
huge challenge.

Another drawback of epoxy resins is their high flammability, which
have limited their applications in electronics, aerospace, and other
cutting-edge areas, where flame retardancy is required [24]. Introduc-
tion of halogen elements can remarkably decrease the flammability of
epoxy resins. However, these systems release highly toxic gases during
the combustion process, which conflicts with sustainable and green
chemistry regulations [25]. Other retardant elements and additives
such as phosphorus [26], silicon [27], layered double hydroxides [28],
grapheme [29] are more environmental friendly and have shown sa-
tisfactory flame retardancy effects, but they exploit poor compatibility
with the matrix resins and can deteriorate the glass transition tem-
perature and mechanical properties of the systems [30]. Development
of epoxy resins with intrinsic flame retardancy without sacrificing other
properties is an important strategy to extend the applications of epoxy
resins in various fields, but very few studies have been done so far in
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this regard, especially for bio-based epoxy resins [31].

On the basis of the above evidences from literature, we concluded
that the development of such a bio-based epoxy resins is much needed
which can surpass DGEBA, and provide better thermal stability, good
mechanical properties and excellent flame retardancy without sacrifi-
cing the processability. One of the most effective solutions is designing
suitable bio-based platform monomers. Recently, a pyridazine-based
compound was synthesized from bio-based guaiacol and succinic an-
hydride by our group, where the epoxy-resin, based on this aromatic N-
heterocycle showed better comprehensive properties than DGEBA [32].
Magnolol is a kind of bioactive compound, which is extracted from the
bark of magnolia officinalis. It is usually used as herbal medicine and in
cosmetics and has been demonstrated as a safe compound, which shows
few adverse effects [33,34]. Moreover, it is also a fascinating and
multifunctional bio-based monomer and inherently contains a symme-
trical bisphenol and diallyl, which is very suitable for synthesis of
various bio-based polymers. Allyl is an active group, which has been
widely introduced into various polymers for increasing their crosslink
density and improvement of processability [23,35]. Moreover, the bi-
phenyl structure in magnolol belongs to a group of a highly aromatic
compound, when incorporated in polymers not only enhances the
thermal stability but also forms a highly pyrolysis-resistant carbonac-
eous during combustion, thus, improving the flame retardancy of
polymers [36,37]. The bisphenols in magnolol facilitate the preparation
of bio-based epoxy resins. Whereas, until now, there are no literature
evidences, which have shown the uses of magnolol as a raw material for
production of bio-based epoxy resins.

In this study, a full bio-based epoxy precursor of DGEM was pre-
pared through a highly efficient one step process in which magnolol and
epichlorohydrin were used as raw materials. The DGEM obtained was
then cured with 4,4’-diaminodiphenyl sulfone (DDS) and compared to
the commercial petroleum counterpart of DGEBA. The cured bio-based
epoxy resin showed better properties than DGEBA/DDS, which in-
cluded their higher thermal stability, better mechanical properties,
flame retardancy and better processability. Furthermore, the highest
glass transition temperature was observed for this system among all
other reported bio-based epoxy resins to the best of our knowledge. Our
study provides an opportunity for preparation of high-performance bio-
based epoxy resin which can be substituted with DGEBA.

2. Experimental section
2.1. Materials

Magnolol and benzyltriethylammonium chloride was supplied by
Saen chemical technology Co., Ltd., Shanghai, China. Epichlorohydrin
was purchased from Aladdin-reagent Co., Ltd., Shanghai, China. 4,4-
diaminodiphenyl sulfone was obtained from Macklin biochemical Co.,
Ltd., Shanghai, China. Sodium hydroxide and sodium sulfate anhydrous
was obtained from Damao chemical reagent factory, Tianjin, China.
Epoxy resin (DGEBA, trade name E51, epoxy value 0.51 mol/100 g)
was supplied by Nantong Xingchen synthetic materials Co., Ltd, China.
All chemicals were used directly without further purification.

2.2. Synthesis of diglycidyl ether of magnolol (DGEM)

Magnolol (27.96 g, 105 mmol), epichlorohydrin (485.73 g,
5.25 mol) and benzyltriethylammonium chloride (BTEAC, 2.39 g,
10.5 mmol) as the catalyst were added successively to the three-necked
round-bottomed flask. The mixture was vigorously stirred at 80 °C for
3 h under nitrogen atmosphere. Afterwards, 40 %w/w aqueous sodium
hydroxide (10.5 g, 262.5 mmol) was added dropwise to the reaction
system and stirred for another 1 h at 80 °C. After completion of the
reaction, the mixture was filtered to remove the generated salt, then the
filtrate was poured into the separatory funnel, and washed several times
with distilled water. After that, the combined organic layer was
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Fig. 1. Synthetic route of DGEM. (a) and (b) are the photographs of magnolol and DGEM.

separated and dried with anhydrous Na,SO,4 overnight. Followed by
concentration of the dried organic layer under vacuum to remove ex-
cess epichlorohydrin and dried at 50 °C for 24 h in a vacuum oven to
obtain the target product DGEM as yellow liquid (35.37 g, yield 89%).
'H NMR (500 MHz, CDCl,, ppm): § = 7.13-7.08 (m, 2H), 6.90 (d, 1H),
5.99 (ddt, 1H), 5.08 (ddd, 2H), 4.17 (dt, 1H), 3.97-3.90 (m, 1H), 3.37
(d, 2H), 3.22-3.16 (m, 1H), 2.77-2.71 (m, 1H), 2.58 (ddd, 1H). °C
NMR (101 MHz, CDCls, ppm): § = 154.47, 137.81, 132.51, 131.84,
128.47, 128.25, 115.58, 112.85, 69.35, 50.39, 44.52, 39.43. FT-IR
(ATR, cm ™ 1): 1637 (C=C), 995 (=C—H), 914(=C—H and epoxy).

2.3. Thermal curing of epoxy resin

The common high-temperature curing agent 4,4’-diaminodiphenyl
sulfone (DDS), was employed in this system. Firstly, DDS was added
into DGEM according to the stoichiometry ratios (the molar ration of
epoxy groups to N-H was 1:1). The system was stirred vigorously at
120 °C until DDS dissolved into the system completely to get a homo-
genous mixture. Then the mixture was degassed in a vacuum oven at
120 °C to remove the entrapped air. After that, the gas free mixture was
poured into a preheated stainless steel mould and cured at 135 °C for
2h, 180 °C for 2 h, 210 °C for 2 h, 230 °C for 2 h and 250 °C for 2 h in a
muffle furnace to get a completely cured resin, named as DGEM/DDS.
For comparison, DGEBA with DDS was cured at the same procedure to
obtain the cured DGEBA/DDS resin.

2.4. Characterization

'H NMR and '*C NMR spectra were performed on the Bruker
AdvancellI500 MHz nuclear magnetic resonance spectrometer at room
temperature using deuteron chloroform (CDCl3) as solvent and tetra-
methylsilane as the internal standard. Fourier transform infrared (FT-
IR) spectra were performed on a Thermo Nicolet Nexus 470 FT-IR
spectrometer through attenuated total reflectance (ATR) method with
the wavelength range of 650-4000 cm ~'. Electrospray ionization mass
spectrometry (ESI-MS) was performed on a LTQ Orbitrap XL mass
spectrometer with an ESI positive ion mode. The curing behaviors of the
epoxy resin systems were investigated on a Mettler DSC 1 differential
scanning calorimeter under a nitrogen atmosphere with the flow rate of
50 mL/min. Thermal gravimetric analysis (TGA) was carried out on a
Mettler TGA 1 instrument with a heating rate of 20 °C/min. Dynamic
mechanical analysis was studied through a Mettler DMA/SDTA861e
dynamic mechanical analyzer in a single cantilever mode. All the
samples with the dimensions of 35 mm x 5.3 mm X 3.0 mm, heating
rate of 3 °C/min and frequency of 1 Hz.

Flexural properties were tested according to Chinese standard GB/T
9341-2000, performed on a WSM-50KN electric universal testing ma-
chine with the crosshead rates of 2 mm/min. The dimension of each test
specimen was 80 mm X 10 mm X 4 mm, and the results were averaged
from at least five measurements. Viscosity and dynamic rheological
behavior of the epoxy resin systems were both investigated on a TA
AR2000 rheometer, using a 25 mm diameter parallel plate geometry
with 1000 um gap. Viscosity of epoxy resins were measured under
steady state flow mode with the shear rates from 1 to 100 s~ * at 25 °C.
The dynamic rheological behaviors of the epoxy resin systems were

conducted under a dynamic oscillation mode. The temperature range
was 25-250 °C, with a heating rate of 3 °C/min, under a frequency of
1 Hz and a stress of 10 Pa. Microscale combustion calorimeter (MCC)
was carried according to ASTM D7309-13 on a FTTO001 microscale
combustion calorimeter (UK). About 5 mg samples were heated from 70
—700 °C at a heating rate of 1 °C/s, under a nitrogen flow of 80 cm®/
min. Then the obtained volatile products were mixed with a stream
flow of 20 cm®/min including 80% nitrogen and 20% oxygen prior to
being put into a 900 °C combustion furnace. Vertical burning test (UL-
94 test) was performed according to ASTM D3801-10 on a M607B type
instrument. The sample dimensions were 125 mm X 13 mm X 3 mm.
The morphology of the char residues after UL-94 test was observed
through scanning electron microscopy (SEM) on a FEI QUANTA 450
SEM instruments. Each specimen was sputter coated with gold before
testing. X-ray photoelectron spectroscopy (XPS) was recorded on an
ESCALAB 250 apparatus with an Al Ka X-ray source under a base
pressure of 1 x 10~ ° mbar. Raman spectra were carried on a RENIS-
HAW inVia Ram Microscope. Thermogravimetric analyses-infrared
spectra (TG-IR) were conducted on STA 409 PC/PG (NETZSH,
Germany). About 15 mg of each sample was enclosed in an alumina
crucible, and heated from 40 to 800 °C, with a heating rated of 10 °C/
min under an argon atmosphere. Pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS) was performed on a CDS 5200 pyrolyzer
combined with an Agilent 7890/5975 GC/MS. The cracker temperature
was set at 500 °C and held on 20 s under helium atmosphere.

3. Results and discussion
3.1. Synthesis and characterization of DGEM

The process of synthesis for DGEM involved an easy and highly
efficient one step process. As shown in Fig. 1, DGEM was obtained
through a glycidylation reaction of magnolol with excess of epi-
chlorohydrin (which was produced via bio-based glycerol chlorination
[5]) in alkaline conditions in which BTEAC was used as a phase transfer
catalyst. The product obtained was purified easily without column
chromatography. Moreover, the yield of the product obtained was as
high as 89%, which showed that this method had a great potential for
production on industrial scale. The structure of the DGEM obtained was
well characterized by various methods as shown in Fig. 2 and Figs. S1
and S2. The FT-IR spectrum of DGEM (Fig. 2(b)) showed characteristic
absorptions at 1637 cm ~* and 3075 c¢m ™! which were attributed to the
stretching vibrations of —C=CH, and =C—H, respectively [23]. Ad-
ditionally, the characteristic bands which were shown at 995 cm ™! and
914 cm ! were due to the out of plane bending vibration of olefin [38].
These findings suggested that allyl groups could be presented in DGEM.
In the FT-IR spectrum of magnolol, the broad peaks around 3160 cm ™!
were attributed to the stretching vibration of —OH. This peak was dis-
appeared in the spectrum of DGEM, which indicated that the hydroxyl
group had been completely glycidylated. Although, the characteristic
peaks of epoxy were overlapped with the olefin peak at 914 cm ™! in the
DGEM spectrum, it could be predicted that the epoxy group had been
successfully introduced. Furthermore, the characteristic peaks of pro-
tons at 2.58 ppm, 2.73 ppm and 3.19 ppm in the 'H NMR spectrum also
confirmed that the epoxy group was produced. In addition, the
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Fig. 2. Structure characterization of DGEM. (a) 'H NMR spectrum of DGEM; (b) FT-IR spectra of magnolol and DGEM.

chemical shifts and integral area of all the mentioned peaks were in
excellent agreement with the target product. Moreover, the 1*C NMR
spectrum, as shown in Fig. S1, showed that the carbon resonances were
well-matched with the expected structure. The ESI-MS, which is shown
in Fig. S2 also confirmed that DGEM had the designed molecular weight
of 378.47 (experimental results [M-+NH,"] 396.25, [M
+Na*] = 401.24), and the epoxy value of DGEM was titrated to be
0.51 mol/100 g according to the ASTM D 1652, which was very close to
the theoretical epoxy value of 0.53 mol/100 g. From all the above re-
sults, it was concluded that the bio-based epoxy resin precursor of
DGEM was successfully synthesized having a precise structure.

3.2. Curing behavior of DGEM/DDS

DGEM possessed interesting structural characteristics having two
kinds of active functional groups. The epoxy groups in DGEM could
form polymerization of epoxy ring opening with DDS. Besides this, the
allyl groups in DGEM were also active groups and could handle high-
temperature thermal addition polymerization. Therefore, it was hy-
pothesized that DGEM/DDS might show some special curing behaviors,
which urged further studies on the curing behaviors of DGEM/DDS.
First, non-isothermal DSC test was conducted to analyze the curing
behavior of DGEM/DDS. For comparison, DGEBA/DDS was also ana-
lyzed under same conditions. The corresponding DSC curves are pre-
sented in Fig. 3(a-b). Similar to DGEBA/DDS, the DSC curves of DGEM/
DDS also showed only one exothermic peak. As reported in many stu-
dies [39-41], usually the allyl groups could recognize thermal addition
polymerization at 170-250 °C, which fell exactly within the tempera-
ture range of opening reaction of amine-epoxy ring. Therefore, the
widened exothermic peak of DGEM/DDS may be attributed to the su-
perposition of the amine-epoxy ring opening reaction and allyl addition
polymerization. The key data of non-isothermal DSC tests (summarized
in Table S1) was used to calculate the Cure Index (CI), which is a simple
criterion to evaluate qualitatively the crosslinked situation of thermoset
systems [42]. The CI equation and detailed calculations were elucidated
in Eq. (S1) and Table S1. After calculations, the CI value of DGEBA/DDS
revealed that its curing state was “Excellent Cure”. Then the curing
activation energy of the two resin systems were calculated according to
isoconversional Kissinger-Akahira-Sunose (KAS) methods [43], which
are provided in Eq. (S2). As shown in Fig. S3(a) and (b), both DGEM/
DDS and DGEBA/DDS showed sigmoidal shapes in the plots of con-
version versus temperature curves, which suggested that both the sys-
tems showed autocatalytic behavior during the process of curing. The
activation energy (E,) versus conversation curves obtained are shown in
Fig. 3(c). The average E, for DGEM/DDS and DGEBA/DDS were cal-
culated to be 64.5 kJ/mol and 69.1 kJ/mol, respectively. The lower E,
of DGEM/DDS indicated that it had higher curing reactivity than that of
DGEBA/DDS. This higher curing reactivity was attributed to the

presence of allyl groups in DGEM, which led to improve the motion of
molecules and enhanced the collisions probability of the epoxy groups
and curing agent. Moreover, as reported in the literature, additional
polymerization of allyl groups could produce active hydrogen [44],
which promoted the epoxy ring-opening polymerization. Therefore, it
was concluded that DGEM/DDS showed higher curing reactivity.

In order to study the curing reaction of DGEM/DDS further, FT-IR
was carried out. Fig. 3(d) represents the FT-IR spectra of DGEM/DDS at
different curing stages. The IR characteristic bands attributed to the
allyl groups at 1637 cm™?, 955 cm™! and 914 cm ™! (the band at
914 cm ™! was overlapped with epoxy groups) started decreasing gra-
dually with increase in the curing stages and almost disappeared
completely in the final curing stage. These findings demonstrated that
the allyl groups in DGEM/DDS could be polymerized when the tem-
perature got inclined. It also suggested that post-curing temperature of
250 °C was required for DGEM/DDS systems to guarantee the complete
curing of the allyl groups. Thus, after the final curing stages, the sys-
tems realized sufficient curing. According to the FT-IR results, it was
concluded that the DGEM/DDS system mainly contained two types of
reactions during the curing process. The first type of reactions was the
reaction of the amine-epoxy ring opening, which are shown in Fig. 4
(a). First, the primary amine opened the epoxy ring, which formed a
secondary amine and an alkanol. Then the secondary amine obtained
reacted with another epoxy ring and formed a tertiary amine and an
alkanol. The second type of reaction was allyl thermal addition poly-
merization reaction (Fig. 4(b)). The allyls in DGEM recognized the
addition polymerization at high temperature, which finally formed the
polyolefin structure. After the final curing stage as mentioned in FT-IR
test, the above two types of reaction reacted almost completely and
formed a highly cross-linked network as shown in Fig. 4 (II).

3.3. Thermomechanical and mechanical properties of the cured resins

In terms of the DSC and FT-IR results, the two curing conditions for
DGEM/DDS were applied which were 135 °C, 2 h + 180 °C,
2h + 230 °C, 2 h, and 135 °C, 2 h + 180 °C, 2 h + 210 °C,
2h + 230 °C,2h + 250 °C, 2 h. DGEM/DDS was cured according to
the above conditions and named as DGEM/DDS-1 and DGEM/DDS-2,
respectively. For comparison, DGEBA/DDS was also cured under the
same conditions which were applied to DGEM/DDS-2. The thermo-
mechanical properties of these cured resins were characterized by
DMA, which is shown in Fig. 5(a). DGEM/DDS-1 showed two tand
peaks, in which the main peak was attributed to its T at 172 °C. The
small and weak peak might be resulted due to the insufficient curing of
the system. According to the FT-IR results, which are shown in
Fig. 3(d), it was suggested that in the cured DGEM/DDS-1, unreacted
allyl groups and some residual epoxy groups were still here. As reported
in a previous study [40], the addition polymerization of allyl groups
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Fig. 3. Curing behavior of DGEM/DDS and DGEBA/DDS. (a) Non-isothermal DSC thermographs of DGEM/DDS with various heating rates. (b) Non-isothermal DSC
thermographs of DGEBA/DDS with various heating rates. (c) Activation energy versus conversion curves for DGEM/DDS and DGEBA/DDS. (d) FT-IR spectra for
DGEM/DDS system at different curing stages. I: uncured; II: 135 °C for 2 h;III: 135 °C for 2 h and 180 °C for 2 h; V: 135 °C for 2 h, 180 °C for 2 h and 210 °C for 2 h;VIL:
135 °C for 2 h, 180 °C for 2 h, 210 °C for 2 h and 230 °C for 2 h;VII: 135 °C for 2 h, 180 °C for 2 h, 210 °C for 2 h, 230 °C for 2 h and 250 °C for 2 h.

was a slow process, which needed high temperature and long duration.
Therefore, the curing condition which was used for DGEM/DDS-1 was
not enough for allyl groups to recognize sufficient reaction. The prob-
able structure of the cured DGEM/DDS-1 is illustrated in Fig. 4(I). It
could be seen that only partial allyl groups recognized addition poly-
merization, because the crosslink density of the DGEM/DDS-1 was
867 mol/m?>, which was calculated on the basis of the famous rubber
elasticity theory [45,46] (explained in Eq. (S3)), which ultimately re-
sulted in a low T, for DGEM/DDS-1. With increase in the temperature
during the DMA test, the residual allyl groups and epoxy groups con-
tinued to react and the cross-linking density of the system was further
increased, which led to the appearance of another T, at 240 °C. The
DGEM/DDS-2 showed the highest T (279 °C) among all the three epoxy
systems, which was calculated to be 48 °C higher than that of DGEBA/
DDS. Generally, T, can be determined along with the molecular chain
rigidness and crosslink density of the system. The allyl groups in DGEM
provided extra crosslink sites for DGEM/DDS systems. Furthermore, the
allyl groups and epoxy groups in DGEM/DDS-2 were cured almost
completely, which had been confirmed already by FT-IR, as shown in
Fig. 3(d). The curing condition which was used for DGEM/DDS-2 took
long curing duration of 10 h, and added 250 °C post curing tempera-
ture, which could accelerate the reaction further towards completion.
The probable structure of the cured DGEM/DDS-2 is shown in Fig. 4(II).
The allyl groups recognized sufficient polymerization which made the
system to form highly cross-linked network structure. Therefore,
DGEM/DDS-2 possessed considerably high crosslink density of
3176 mol/m?, which was much higher than DGEBA/DDS (2335 mol/

m?) as shown in Table 1. On the other hand, the biphenyl moiety
presented in the main chain of DGEM made the systems to have higher
rigidness. All of these properties resulted in the enhancement of T, of
DGEM/DDS-2. As far as it is known, 279 °C was the highest T, among
all the previously reported bio-based epoxy resins, whose corre-
sponding properties are compared in Fig. 7. Since the storage modulus
reflects the rigidness of the systems, both the DGEM/DDS-1 and DGEM/
DDS-2 showed higher storage modulus than DGEBA/DDS. These high
storage modules were attributed to the diphenyl moiety in DGEM,
which endowed these systems with higher rigidness. In our study, the
curing condition used for DGEM/DDS-2 was chosen as the final protocol
for DGEM/DDS system. All the other properties of cured DGEM/DDS
studied and mentioned in the following parts of this article were based
on this chosen curing protocol.

Fig. 5(b) shows the flexural properties of the cured resins, which are
summarized and listed in Table 1. DGEM/DDS displayed the ultra-high
flexural modulus of 3455 MPa, which was calculated to be 41.3%
higher than DGEBA/DDS (2446 MPa), and could be attributed to the
high rigidness and high crosslink density of DGEM/DDS systems.
Moreover, the flexural strength of DGEM/DDS was also calculated to be
higher than that of DGEBA/DDS (108.1 vs. 106.6 MPa). Thus, the
DGEM/DDS possessed a high T of 279 °C, along with high strength and
modulus, which proved that it has great potential in high-performance
application fields.
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3.4. Thermal stability of the cured epoxy resins

Thermal stabilities of the cured DGEM/DDS and DGEBA/DDS were
studied using TGA under N, and air atmosphere. Fig. 6 shows the
corresponding TGA and derivative thermogravimetry (DTG) curves in
Ns. The related curves in air and the key data are presented in Fig. S4
and Table S2, respectively. The DGEM/DDS showed extremely high
thermal stability as shown in Fig. 6. In both the N5 or air atmosphere,
DGEM/DDS exhibited an ultra-high initial degradation temperature,
with 5 wt% mass-loss temperature (Tgso,) up to 402 °C, even higher
than that of DGEBA (399 °C in N, and 395 °C in air). Until now, 402 °C
is the highest T4s0, among all the bio-based epoxy resins reported in the
literature, which has been summarized in Fig. 7 and Table S6. That is
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because most of the bio-based epoxy resins containing one or more
labile groups such as methoxy groups [21,47,48], aliphatic bonds
[49,50], ester bonds [6,51], phosphate esters [3,17], etc., which can get
readily decomposed at lower temperatures. However, in the case of
DGEM, there were no labile groups. Moreover, the rigid rod-like bi-
phenyl moiety inherent in DGEM, further enhanced the thermal stabi-
lity of the resin system. On the other hand, the allyl groups in DGEM got
crosslinked almost completely after the process of curing, which re-
sulted in higher crosslink density for DGEM/DDS system. According to
the literature, increasing the crosslink density of the resin systems leads
to enhance their initial degradation temperature [3]. Therefore, the
highly crosslinked DGEM/DDS also led to enhance the Tyse, of this
system. In N, atmosphere, both the DGEM/DDS and DGEBA/DDS
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Fig. 5. Thermomechanical and mechanical properties of the cured resins. (a) DMA spectra for the storage modulus and Tand against temperature of DGEM/DDS-1,
DGEM/DDS-2 and DGEBA/DDS. (b) Flexural properties comparison between DGEBA/DDS and DGEM/DDS.
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Table 1
Comparison of properties from DMA and flexural testing for cured resins.
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Tg" (°C) E’ (30 °C)" (MPa)

V& (mol'm ™)

Flexural modulus (MPa) Flexural strength (MPa)

DGEM/DDS-1 172, 240
DGEM/DDS-2 279
DGEBA/DDS 231

3433
3678
2493

867
3176
2335

3455 39 108.1
2446 66 106.6

6.7
4.9

=+
*

@ Ty Glass transition temperature defined by the peak value temperature of tand against temperature curve.

b E (30 °C): Storage modulus at 30 °C measured by DMA.
¢ V. Cross-linked density.

showed a one-step process of pyrolysis. As shown in Fig. 6(b), the
maximum degradation rate of DGEM/DDS was much lower than
DGEBA/DDS, with a 65% reduction. This finding indicated that the
decomposition process of DGEM/DDS was more sluggish than that of
DGEBA/DDS. Notably, the DGEM/DDS showed an extremely high char
yield, which was calculated to be 42.8% at 700 °C, showing that it was
1.9-folds higher than that of DGEBA/DDS which was 14.6%. This high
char yield of DGEM/DDS is usually very rare in the epoxy resin systems
without any flame-retarding additives or elements. These findings were
attributed to the presence of biphenyl structure in DGEM and higher
crosslinked density of the system. The aromatic-rich structure endowed
the systems with a higher char yield. In the previous studies [52,53],
char residues were increased sufficiently due to introduction of the
biphenyl moieties into the backbone of resin systems. The high ar-
omaticity of biphenyl promoted the systems to form a highly pyrolysis-
resistant carbonaceous during the thermal pyrolysis [36,37]. Besides
the high aromaticity, enhancement of the crosslinked density of resin
systems also increased their char yields [54]. The presence of allyl
groups in DGEM provided extra crosslinked sites and caused DGEM/
DDS systems to exhibit higher crosslinked density, which increased the
char yield of the systems further.

In summary, DGEM/DDS presented an excellent thermal stability
along with ultra-high Tyse, and high char residues. In general, the
higher char yield also reflects the better flame retardancy of the resin.
Because, they could serve as a protective layer which plays an im-
portant role in the inhibition of heat and oxygen transformation and
protects the resin matrix from further pyrolysis. The flame retardancy
of DGEM/DDS will be discussed further in this paper.

Then, T, and Tgsy, of DGEM/DDS were compared with other bio-
based epoxy resins reported in the literature
[3,6,17,20-22,47-51,55-60]. The data of this comparative analysis are
presented in Fig. 7 and Table S6. The comparative analysis showed that
most of the bio-based epoxy resins had T, and Tgse, below 200 °C and
350 °C, respectively. The bio-based epoxy resins which have T, above
200 °C are very rare. The DGEM/DDS system reported in this study, is
therefore the first bio-based epoxy resin which simultaneously showed
T, and Tgso, above 250 °C and 350 °C, respectively and suggested its
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Fig. 7. Comparison of this work with other bio-based epoxy resins reported in
the literature in terms of T and Tyse.

excellent advantage of high thermal stability.

3.5. Processability of the epoxy systems

Viscosity plays an important role in determining the processability
of polymers. For example, the viscosity of polymer is required to be less
than 1 Pa's during the processing window, when they are used for fiber-
reinforced composites or resin transfer molding (RTM)[61]. However,
in general, polymers which have excellent T, and mechanical properties
are difficult to be processed, because of the presence of rigid structures
in these systems which can enhance their viscosity. For instance, the
divanillin-based epoxy resin [55], DIGEDVA, exhibits high viscosity of
1300 Pass at 40 °C and has become difficult to be blended with any
curing agent. Wan [21] reported a partial bio-based high-performance
epoxy resin of TPEU-EP, which has an ultra-high melting point of
174 °C, due to its full aromatic ester structures, and encountered en-
ormous difficulties in processing. The processability of this polymer has
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Fig. 6. Thermal stability of the cured resins. (a) TGA and (b) DTG curves of cured DGEM/DDS and DGEBA/DDS with heating rate of 20 K/min under N, atmosphere.
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not been reported yet. In contrast, DGEM in this study possessed ex-
traordinary thermal and mechanical properties as well outstanding
processability. Since DGEM was liquid at room temperature (the phy-
sical state of DGEM is shown Fig. 1(b)), the viscosities of neat DGEM
and DGEBA were compared using rotational rheology approach at
25 °C. As shown in Fig. 8(a), both the resins behaved as Newtonian
fluids, because their viscosities were stable during the shear rate ran-
ging from 1 to 100 s~ . Interestingly, even at 25 °C, DGEM still had an
extremely low viscosity of 0.155 Pas, which was much lower than that
of DGEBA (8.913 Pas). This low viscosity of DGEM was attributed to
the presence of flexible allyl moieties in DGEM, which ultimately en-
hanced the mobility of rigid biphenyl backbone and effectively reduced
the melting viscosity of the system. As reported in the literature
[23,35], allyl group is a flexible aliphatic group, which has been widely
applied in various resin systems in order to decrease the viscosity and
broaden the processing window. Processing window is also considered
an important feature of resins processing which has been evaluated
efficiently by dynamic rheology. The complex viscosities of both the
curing systems of DGEM/DDS and DGEBA/DDS are shown in Fig. 8(b).
At 25 °C, DGEM/DDS system showed much lower viscosity than
DGEBA/DDS system which was 1.5 Pa's and 31.3 Pass, respectively.
Furthermore, DGEM/DDS system kept viscosity below 1 Pass in tem-
perature range of 29 °C to 225 °C, exhibiting a wide processing widow
of 196 °C, which was even wider than that of DGEBA/DDS whose value
was 162 °C. These results demonstrated that DGEM/DDS possessed a
desirable processability, which was very favorable to RTM process.

3.6. Flame retardancy and the mechanism of cured epoxy resins

Microscale combustion calorimetry (MCC), which is a quantitative
and rapid method, was used for comparison of the flammability of the
cured DGEM/DDS and DGEBA/DDS. As illustrated in Fig. 9, the DGEM/
DDS showed lower peak heat release rate (PHRR) and total heat release
(THR) than that of DGEBA/DDS, which were reduced up to 70% and
26%, respectively. This reduction indicated that the DGEM/DDS re-
leased much fewer combustible substances during the process of pyr-
olysis, which suggested that it exhibited lower flammability than
DGEBA/DDS. The obtained PHRR, THR and time-to-ignition (TTI)
(summarized in Table S3) were used to calculate the Flame Retardancy
Index (FRI), which is a universal dimensionless criterion for evaluation
of the flame retardancy of resin systems [62,63]. The FRI was calcu-
lated according to Eq. (1).
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Fig. 9. Heat release rate versus temperature curves form MCC tests for cured
DGEM/DDS and DGEBA/DDS.

The FRI value for DGEM/DDS system was calculated to be 4.4.
According to the literature [62], the FRI values between 1 and 10 are
considered as “Good” flame retardancy performance. On the basis of
this, it was concluded that DGEM/DDS showed a remarkable im-
provement in the flame retardancy as compared to DGEBA/DDS. That
was correlated to the Cure Index of DGEM/DDS, which was considered
as “Excellent Cure”. The better curing state for thermoset was beneficial
for enhancement of its flame retardancy. Therefore, the Cure Index for
DGEM/DDS which showed “Excellent cure” was in great agreement
with the Flame Retardancy Index that showed “Good” flame re-
tardancy.

The vertical burning test (UL-94) is an efficient method for eva-
luation of the flame retardancy of polymer systems. In order to compare
the flame behaviors of DGEM/DDS and DGEBA/DDS with more precise,
the representative digital photos were taken during the combustion
process, as presented in Fig. 10(a). After it was ignited in the beginning,
DGEBA/DDS burned down continuously without self-extinguishing.
Even after 120 s, it was still burning vigorously and a serious melt-
dripping was observed, which resulted in its high flammability, and
failed to qualify the UL-94 test. While in case of DGEM/DDS, it got
extinguished spontaneously after ignition in the beginning in a short
time duration of 2.3 s. Moreover, it again got self-extinguished about 5 s
after the second ignition without any melt-dripping during the whole
combustion process. These results demonstrated that DGEM/DDS had
great flame retardancy and passed the V-0 rates of UL-94 tests. After
these tests were analyzed, the residual test bar of DGEBA/DDS was very
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Fig. 10. Flame retardancy of DGEBA/DDS and DGEM/DDS. (a) Digital photos taken from the representative moments of UL-94 tests for DGEBA/DDS and DGEM/
DDS. (b) Digital photos of UL-94 test bar before and after test for DGEBA/DDS and DGEM/DDS. (c) Digital photos of cured epoxy resins before and after calcination at

600 °C in N, atmosphere for DGEBA/DDS and DGEM/DDS.

short and little char residues were left on its surface due to its poor
charring ability, as shown in Fig. 10(b). Whereas, the residual test bar
of DGEM/DDS was still long and only a little at the bottom was burned,
which was covered with compact char residues. These findings sug-
gested that DGEM/DDS had better flame retardancy and charring
ability than DGEBA/DDS.

For detailed comparison of the char residues formed from both the
epoxy resin systems, the cube-like epoxy resins which comprised of
10 mm X 10 mm X 3 mm were heated from room temperature to
600 °C at a heating rate of 10 °C/min in a tube furnace under N, at-
mosphere. The morphology of the cured resins after calcination was
recorded by a digital camera, which is shown in Fig. 10(c). After cal-
cination, DGEBA/DDS showed bits of char residue with a fragmented
and collapsed structure and led to inferior flame retardancy. In contrast,
DGEM/DDS had retained its cubic-like structure after calcination and
showed a compact and integrated charred layer having a little in-
tumescent. These results further suggested that DGEM/DDS possessed
better charring ability and more stable char layer than DGEBA/DDS,

which was beneficial for enhancement of the flame retardancy.

In general, the quality of charred residues which is formed during
combustion process plays an important role in determination of the
flame retardancy of polymers. The mechanism of flame retardancy can
be revealed by studying the physical morphology and chemical struc-
ture of the charred residues [3]. Therefore, the morphology of materials
which were obtained from the UL-94 test was studied by SEM, which is
illustrated in Fig. 11. When studied, the outer layer of residual chars
which were collected from DGEBA/DDS (Fig. 11(a-b)) was found to be
cracked, loosed and discontinuous, so they could not protect the matrix
effectively. Therefore, the inner char layers (Fig. 11(c)) also possessed
cracked structures, suggesting the inferior flame retardancy. However,
the outer char residues of DGEM/DDS (Fig. 11(d and e)) were found to
be integral, compact and continuous, which served as a high quality
insulation layer and prevented the transfer of heat and gases to protect
the inside matrix. Interestingly, the inner charred layer of the char re-
sidues which were collected from DGEM/DDS (Fig. 11(f)) contained a
honeycomb-like cavity structure, which accumulated the pyrolytic
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Fig. 11. SEM images of the residual chars collected from the test bars after vertical burning tests. (a, b): Outer layer of residual chars collected from DGEBA/DDS; (d,
e): Outer layer of residual chars collected from DGEM/DDS. (c): Inner layer of the residual chars collected from DGEBA/DDS; (f): Inner layer of the residual chars

collected from DGEM/DDS.

gases and promoted the formation of an intumescent char layer struc-
ture. Therefore, it was concluded that DGEM/DDS exhibited excellent
flame retardancy and showed a condensed phase mechanism for flame
retardancy.

The chemical composition and states of the char residues after UL-
94 test were further analyzed by XPS. Fig. S5 and Table S4 show the
corresponding XPS spectra and elemental composition, respectively.
The elemental compositions of the char residues were almost the same
for both the DGEM/DDS and DGEBA/DDS, while their chemical states
were different. The C1s spectrum of the charred residues collected from
DGEM/DDS were split into more peaks than that of DGEBA/DDS. The
peaks at 284.1 eV were ascribed to C-C and C-H in aliphatic and aro-
matic groups, while the peaks at 285.4 eV and 291.0 eV were attributed
to C-N [64] and the shake-up satellite of I1-IT* transition, respectively.
The above mentioned three peaks were found in both the DGEM/DDS
and DGEBA/DDS spectra. However, the peak which was centered at
286.5 eV was attributed to both the C=C and C=N [64] groups, and
observed only in the Cls spectrum of DGEM/DDS. These findings sug-
gested that more chars having steady cross-linked structures were
composed of C=C and C=N, which were formed by aromatization at
high temperature in DGEM/DDS system. In general, aromatic structures
formed during the degradation process played a vital role in self-ex-
tinguishing and flame retardancy during the combustion process
[64,65]. The N1s spectrum of DGEBA/DDS were split into pyrrole ni-
trogen and oxidized nitrogen, which was centered at 399.0 eV and
405.8 eV, respectively, as shown in Fig. S5(b). In case of DGEM/DDS,
besides these peaks, the N1s were split into another peak as well, which
was centered at 398.1 eV and attributed to pyridine nitrogen [66]. It
was considered to be more thermally stable, and have benefits to form
more stable carbon layer [67,68]. These findings indicated that the char
residues of DGEM/DDS contained more stable structures than that of
DGEBA/DDS, which further confirmed that the char residue of DGEM/
DDS is much more stable and stronger than that of DGEBA/DDS, ben-
eficial to protect the matrix and enhance the flame retardancy of
DGEM/DDS.

Raman spectroscopy has also been used as an effective method to
investigate the structures of the carbonaceous materials. The external
chars of DGEM/DDS and DGEBA/DDS after UL-94 tests were
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characterized by Raman spectroscopy (as shown in Fig. S6). Both the
samples exhibited two peaks at 1360 cm ~ 1 (D bond) and 1600 cm ™ (G
bond), which indicated the presence of the disordered graphite or
glassy carbons and ordered graphite carbons, respectively. In general,
the graphitization degree of the char residues is calculated by the ratio
of integral intensities of the D and G bonds (Ip/Ig). The lower value of
Ip/1g indicates the higher graphitization degree of the char residues
[69]. As shown in Fig. S6, the Ip/Ig ratio of DGEM/DDS was calculated
to be 2.58, which was lower than that of DGEBA/DDS (2.95). This
demonstrated that the char residues in DGEM/DDS exhibited more
graphitic structures than that of DGEBA/DDS, which was also beneficial
for DGEM/DDS to form stable and compact char layers.

For further understanding of the flame retardancy mechanism, TG-
IR technology was used, which monitored the pyrolysis components in
the gaseous phase directly. Fig. S7 shows the total absorbance of the
gas-phase products for both the resin systems. Both the resins had si-
milar weights, therefore, intensities of the absorbance peaks directly
reflected the amount of the pyrolysis products [56]. It can be seen from
Fig. S7 that the DGEM/DDS had lower absorbance peak intensities than
DGEBA/DDS, which indicated that the cured DGEM/DDS resin released
fewer pyrolysis products than DGEBA/DDS. Fig. 12(a) and (b) shows
the FT-IR spectra of the products volatilized from DGEM/DDS and
DGEBA/DDS at their respective pyrolysis temperatures during the TG-
IR test. In Fig. 12 (b), the major absorption peaks observed at the initial
pyrolysis temperature of 399 °C for DGEBA/DDS were attributed to
various hydrocarbons (3185-2800 cm™ '), CO, (2390-2260 cm™’,
670 cm 1), CO (2188-2035 cm ™ 1), carbonyl compounds (1755 cm ™ 1),
aromatic ring compounds (1510 cm™ 1), SO, (1342 em™ 1Y) and Ar-N
(1310 em™1) [70,71]. When the temperature was increased to the
maximum pyrolysis temperature of 427 °C for DGEBA/DDS, additional
pyrolysis products, such as aromatic compounds (1603 cm™?,
1510 cm ™ 1), Ar-O (1260 cm ™ 1), phenolic compounds (3654 cm ™~ 1) and
aliphatic ethers (1179 cm ™Y, 1098 cm ™) were detected. The absor-
bance peak intensities of these pyrolysis compounds were increased
when the temperature was increased to 450 °C. This observation de-
monstrated that the backbone of DGEBA/DDS system broke down
during the pyrolysis process and lots of aromatic structures were es-
caped from the system, which accounted for its poor charring ability.
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Fig. 12. TG-IR test results of DGEBA/DDS and DGEM/DDS. (a) FT-IR spectra of the pyrolysis products for DGEM/DDS system at the representative pyrolysis
temperature; (b) FT-IR spectra of the pyrolysis products for DGEBA/DDS system at the representative pyrolysis temperature.

These aromatic and ether compounds were sustained released until
700 °C. At 700 °C, the absorbance peaks intensities of these compounds
got weakened, which suggested the complete pyrolysis of the DGEBA/
DDS system. In case of DGEM/DDS as shown in Fig. 12(a), some similar
pyrolysis products were detected at 402-500 °C, such as hydrocarbons
(3185-2800 cm™'), CO, (2390-2260 cm~!, 670 cm™'), CO
(2188-2035 cm ™ 1), carbonyl compounds (1755 cm ™), aromatic ring
compounds (1510 cm™Y), SO, (1342 cm™ 1) and Ar-N (1310 cm ™ b).
However, the absorbance peaks of the flammable carbonyl compounds
were much weaker than those in DGEBA/DDS system, which indicated
that the DGEM/DDS systems released fewer flammable carbonyl com-
ponents, which resulted in reduction of the flammable fuels supply and
enhancement of its flame retardancy. On the other hand, only trace
aromatic products were detected in the DGEM/DDS system, which in-
dicated that most of the aromatic structures remained in the condensed
phase during the process of pyrolysis and formed stable rich aromatic
char layer, which further enhanced the flame retardancy. When the
temperature was increased to 550 °C, the absorbance peak of CO, was
observed to be enhanced clearly. While, at 700 °C, almost no other
pyrolysis products were detected except CO, and H)0
(3760-3490 cm™1). These observations suggested that the aromatic
carbonaceous layer was formed during this temperature range through
dehydration, decarboxylation and aromatization [72]. A large number
of nonflammable CO, took away the heat and diluted the concentration
of oxygen and other flammable gases, which enhanced the flame re-
tardancy of this system.

To understand the charring mechanism and its contribution to the
flame retardancy of the DGEM/DDS system, the Py-GC/MS test was
performed. Fig. 13 shows the total ion chromatograms of both the
DGEM/DDS and DGEBA/DDS systems while the products assigned to
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Fig. 13. Total ion chromatograms of Py-GC/MS for DGEM/DDS and DGEBA/
DDS.

11

these chromatograms listed in Table S5. In case of the DGEBA/DDS, the
major pyrolysis components were numerous aromatic compounds, such
as styrene (peak 3’), phenol (peak 5’), phenol, 4-(1-methylethyl)- (peak
9’) and phenol, 4-(1-methylethenyl)- (peak 10). All these components
were produced from the pyrolysis process of the bisphenol A fragments,
which were presented in the backbone of DGEBA/DDS. Other products,
which were observed were benzenamine (peak 4’), benzenamine, N-
methyl- (peak 6), benzenamine, N, N-dimethyl- (peak 7’), which were
produced during the pyrolysis process of the 4, 4’-diaminodiphenyl
sulfone fragments. On the basis of these observations, the pyrolysis
route for DGEBA/DDS has been presented in Scheme 1 (a). With in-
crease in the temperature, the backbone of DGEBA/DDS got broken
down. The segments of the bisphenol A and 4, 4’-diaminodiphenyl
sulfone were cleaved from the main chain and then pyrolyzed to form
numerous low molecular weight aromatic compounds. These low mo-
lecular weight aromatic compounds were the major products of the
pyrolysis process which were mostly released into the gaseous phase.
The release of these compounds in gaseous phase ultimately resulted in
formation of low char residues, which was in accordance with TGA
results. In the pyrolysis process of DGEM/DDS system, some aromatic
components were also released, which were similar to that of DGEBA/
DDS system. These aromatic compounds included benzenamine (peak
7), benzenamine, N-methyl- (peak 9), benzenamine, N, N-dimethyl-
(peak 10), which indicated that 4, 4’-diaminodiphenyl sulfone segments
were cleaved from the main chain and then pyrolyzed to form low
molecular aromatic compounds, which then escaped from the system.
However, the major pyrolysis peaks of DGEM/DDS system were dif-
ferent from those of DGEBA/DDS, which indicated that its pyrolysis
route was different. The major pyrolysis products from DGEM/DDS
system were various aliphatic chain products and alicyclic products,
which included 5-tridecene, (5E)- (peak 12), spiro [5.5] undec-1-ene
(peak 13), 1, 13-tetradecadiene (peak 14), cyclododecene, (Z)- (peak
15), 5-tetradecene, (E)- (peak 16), spiro [5.6] dodecane (peak 17), 1H-
fluorene, dodecahydro- (peak 18) and 1-tridecene (peak 19). These
products were derived from the random chain degradation of the
polyolefin structures in DGEM/DDS system, which were followed by
dehydrogenization and cyclization to form the corresponding products.
Even so, the total ion peak intensities, especially those for aromatic
structures of DGEM/DDS system were much lower than those of
DGEBA/DDS system. Considering that equal amount of the two resin
samples were used for tests, it was concluded that DGEM/DDS released
fewer volatile products during the pyrolysis process and more aromatic
components were remained in the condensed phase, which led to its
high char yield. Notably, more different kinds of aromatic N-hetero-
cyclic compounds were detected in the pyrolysis process of DGEM/DDS,
which included pyridine, 3-methyl- (peak 4), pyridine, 4-methyl- (peak
8), quinoline (peak 11), 2,3,7-trimethylindole (peak 20), 1,6-maph-
thyridine, 2-methyl- (peak 22), 1H-indole, 1-(phenylmethyl)- (peak 24)
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Scheme 1. Proposed pyrolysis routes for (a) DGEBA/DDS; (b) DGEM/DDS.

and 2(1H)-quinolinone, 4,8-dimethyl- (peak 25). These observations
suggested that nitrogen presented in DGEM/DDS system was combined
with aromatic ring compounds and hydrocarbon chains and then went
through cyclization, rearrangement and dehydrogenation reaction and
finally produced these aromatic N-heterocyclic compounds. The for-
mation of aromatic N-heterocyclic compounds participated in charring,
which enhanced the char residues of this system. In general, more
aromatic and aromatic N-heterocyclic structures make contribution to
form stable char layers [73]. The probable charring mechanism of
DGEM/DDS system has been depicted in Scheme 1(b). When the tem-
perature was increased, the polyolefin and Ar-O bonds were cleaved,
which led to the formation the biphenyl radical intermediates. There-
after, the biphenyl radical intermediates were combined randomly,
which underwent cross-linking, arrangement and dehydrogenation re-
action. Meanwhile, these biphenyl radical intermediates also reacted
with the produced aromatic N-heterocyclic compounds, which finally
formed the stable rich aromatic/graphitic char layer containing the
pyrrole and pyridine structures. The stable char layer effectively ob-
structed the heat and flammable gas transfer, and protected the internal
resin matrix from further degradation, which endowed the system with

12

higher flame retardancy.

On the basis of analysis results from SEM, XPS, Raman, TG-IR and
Py-GC/MS tests, it was concluded that DGEM/DDS exhibited the gas-
eous phase and condensed phase synergy flame retardant mechanism.
In the condensed phase, the presence of the biphenyl structure in
DGEM/DDS system effectively enhanced the char yield of this system.
Moreover, the production of biphenyl radicals and their reaction to
form stable and compact char layer resulted in protection of the inside
resins from further degradation. In the gaseous phase, DGEM/DDS
system released lots of nonflammable gases, which included CO,, SO,
and H,0. The nonflammable gases took away the heat and diluted the
oxygen and other flammable gases. Therefore, the effective synergy of
both the gaseous phase and condensed phase made the DGEM/DDS
system having better flame retardancy.

4. Conclusion
In this work, a fully bio-based epoxy resin precursor of DGEM was

prepared from a biomass raw material of magnolol, through a highly
efficient one step process. The special structural characteristics of
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magnolol imparted DGEM with a series of excellent properties. With
DDS as a curing agent, DGEM/DDS system showed higher curing ac-
tivity than DGEBA/DDS. After cured, DGEM/DDS revealed an ex-
tremely high glass-transition temperature of 279 °C, which is at the
highest level among the bio-based epoxy resins reported so far, and
much higher than the petroleum-based counterpart of DGEBA/DDS
(231 °C). The char yield of DGEM/DDS was as high as 42.8% (in N5),
which is 1.9-fold higher than that of DGEBA/DDS. DGEM/DDS also
presented satisfying mechanical properties, with storage modulus of
3678 MPa, and flexural modulus of 3455 MPa. Surprisingly, DGEM
possessed an ultra-low viscosity of 0.155 Pa's at room temperature.
Meanwhile, DGEM/DDS system showed a broader processing window
than DGEBA/DDS, very suitable for RTM process. Such excellent pro-
cessability is very rare in the high-performance epoxy resins.
Additionally, DGEM/DDS also presented outstanding intrinsic flame
retardancy. MCC test signified that DGEM/DDS had shown a 70% and
26% reduction of peak heat release rate and total heat release, re-
spectively, compared to DGEBA/DDS. Furthermore, DGEM/DDS could
pass the V-0 rate of the UL-94 test, exerting the gas phase and con-
densed phase synergy flame retardant mechanism. Thus, magnolol is a
fascinating bio-based monomer, which is very suitable to prepare epoxy
resins. This work offers an opportunity for the preparation of bio-based
epoxy resins substitutable for DGEBA, showing a great potential in
cutting-edge areas.
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