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g r a p h i c a l a b s t r a c t
� New bio-based thermosetting resins
were prepared from eugenol.

� The structure of pyrolyzed allyl-
etherified eugenol derivatives was
characterized.

� The cured resins showed glass tran-
sition temperatures higher than
350 �C.

� The cured resins showed 5% weight
loss temperatures higher than 450 �C.

� The cured resins showed superior
mechanical properties.
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a b s t r a c t

In this study, eugenol (EG) and bieugenol (BEG) were reacted with allyl bromide in the presence of
sodium hydroxide to produce allyl-etherified EG and BEG (AEG and ABEG), respectively. The AEG and
ABEG were prepolymerized with 4,40-bismaleimidodiphenylmethane (BMI) at 160e200 �C and then
compression-molded at 250 �C for 5 h to produce cured AEG/BMI (EB) and ABEG/BMI (BB) resins with
allyl/maleimide unit ratios of 1/1, 1/2 and 1/3. FT-IR analysis of the cured resins showed that the original
allyl and maleimide groups were almost completely consumed during the process and that hydroxy
groups were newly formed upon polymerization. Pyrolysis of AEG and ABEG revealed the hydroxy group
formation to be caused by the Claisen rearrangement of AEG and out-of-ring Claisen rearrangement of
ABEG. Both types of cured resins showed superior glass transition temperatures and 5% weight loss
temperatures higher than 350 �C and 450 �C, which are much higher than those of already reported EG/
BMI and BEG/BMI cured resins with the same allyl/maleimide ratios. The flexural moduli (2.6e3.1 GPa) of
the cured resins were also higher than those of the already reported materials (0.78e2.8 GPa).

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Bismaleimide resins are an important class of high-performance
thermosetting polymers that are used as matrices for advanced
: þ81 47 478 0439.
ai.jp, shibata@sky.it-chiba.ac.
composites in the aerospace and electronics industries. Cured BMI
resins have excellent thermal stability, are flame retardant, and
possess electronic properties that are relatively constant over a
wide range of temperatures [1]. However, the aromatic nature and
the high crosslink density of the cured networks make these ma-
terials brittle. Researchers have investigated a range of methods
aimed at improving the ductility of BMIs, from blending themwith
elastomers [2] and engineering thermoplastics [3e5], to co-
reacting bismaleimide with multifunctional allyl [6e10], amino
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Fig. 1. Synthetic scheme of AEG and ABEG, and structure of BMI.
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[11,12] and cyanate [13,14] compounds. Among the techniques
investigated, the co-reaction of bismaleimide with polyallyl com-
pounds has become the most reliable method for decreasing brit-
tleness without deteriorating the inherent heat resistance and good
processing characteristics of BMI resins. The most popular allyl-
compound-modified bismaleimide resin to date is Matrimid 5292
(CibaeGeigy, Basel, Switzerland), which is composed of a 2,20-
diallylbisphenol A (DABA)/4,40-bismaleimidodiphenylmethane
(BMI) mixture [6]. FT-IR analysis of cured DABA/BMI resin has
shown its formation to proceed by an ene reaction followed by
chain polymerization [15,16].

In recent years, renewable resource-derived (bio-based) ther-
mosetting resins have attracted a great deal of attention not only as
a viable alternative to polymers derived from limited petroleum
sources but also because of their unique functional groups and
framework characteristics, low cost and possible biodegradability
[17e19]. Eugenol (EG, 4-allyl-2-methoxyphenol) is the main
component (80 wt%) of clove oil [20]. The fact that EG is relatively
cheap (ca. $5 kg�1) makes it an economically feasible feedstock for
the synthesis of bio-based alternatives to DABA [21]. Recently, we
reported new bio-based thermosetting bismaleimide resins made
with eugenol (EG) and bieugenol (BEG: 3,30-dimethoxy-5,50-diallyl-
1,10-biphenyl-2,20-diol) [22]. The cured EG/BMI and BEG/BMI resins
showed higher glass transition temperatures (Tg) and significantly
lower flexural strengths and moduli than cured DABA/BMI. It is
thought that the higher concentration of allyl functionalities within
the eugenol structure, compared to DABA, leads to a higher cross-
linking density when reacted with BMI, thereby improving the
resin's thermal andmechanical properties. In past studies, Luo et al.
reported an improvement of the thermal properties of a cured resin
made from allyl-etherified phenol novolac and BMI and attributed
it to an increase in the degree of allylation [23]. Gu et al. also re-
ported that cured materials made from allyl-etherified polyaralkyl-
phenolic resin (Xylok) and BMI exhibit superior thermal and me-
chanical properties [24]. Allyl chloride, which is generally used for
allyl-etherification, is industrially produced by the free-radical
halogenation of petroleum-based propylene with chlorine.
Currently, several strategies, including the fermentation of bio-
ethanol and bio-butanol, gasification of biomass to form syngas
as a precursor, and the cracking of biomass are being pursued to
produce propylene via a renewable and sustainable pathway
[25,26]. Therefore, in the near future, it will be possible to utilize
allyl halides generated from biologically derived propylene sources
in the formation of cured resins. For this reason, the reaction
products of EG and BEG with allyl halide, which offer an
improvement in the material properties of resins formed from
them, also have the potential to be synthesized exclusively using
bio-derived reagents.

In this study, allyl-etherified EG (AEG) and allyl-etherified BEG
(ABEG) were prepared by the reaction of allyl bromide with EG and
BEG, respectively, and the thermal andmechanical properties of the
cured resins that resulted from reaction with BMI (AEG/BMI and
ABEG/BMI) were investigated (Fig. 1). Several types of reactions,
including Claisen rearrangement, ene reaction, DielseAlder reac-
tion and addition polymerization, have been reported as contrib-
uting to the curing mechanism of allylated phenols andmaleimides
[15,16,22,27e32]. Regarding the Claisen rearrangement of allyl aryl
ethers during the curing reaction, it is known that the migrant allyl
group preferentially moves to the ortho-position or to the para-
position if both the ortho-positions are blocked; migration to a
meta-position, however, has not been observed [33,34]. The present
study also addresses the structural analysis of the pyrolyzed
products of AEG and ABEG to address the interesting question of
whether the two ortho- and one para-blocked ABEG undergoes
Claisen rearrangement during curing.
2. Experimental

2.1. Materials

Eugenol (EG, purity > 98.0% by gas chromatography) and 4,40-
bismaleimidodiphenylmethane (BMI) were purchased from Tokyo
Kasei Kogyo Co. Ltd. (Tokyo, Japan). Allyl bromide, sodium hy-
droxide and dimethyl sulfoxide (DMSO) were purchased from
Kanto Chemical Co., Inc. (Tokyo, Japan). BEG was synthesized by an
oxidative coupling reaction of EG using potassium hex-
acyanoferrate, as previously reported [22,35]. All commercially
available reagents were used without further purification.

2.2. Synthesis of 1-allyl-4-allyloxy-3-methoxybenzene (allyl-
etherified eugenol: AEG)

To a solution of EG (3.28 g, 20.0 mmol) in DMSO (10 mL), pul-
verized sodium hydroxide (0.880 g, 22.0 mmol) was added, and the
resulting mixture was stirred for 10 min. Allyl bromide (2.66 g,
22.0 mmol) was then added dropwise over a period of 1 h at 40 �C.
After the addition, the mixture was stirred at 40 �C for 3 h and then
at 70 �C for 30min. The reactionmixturewas poured intowater and
then extractedwith chloroform. The organic layer waswashedwith
water twice, dried over sodium sulfate and concentrated in vacuo to
yield AEG as a yellow liquid (3.92 g): Yield 96%; 1H NMR (CDCl3, d)
6.89 ppm (m, 1H, H-b), 6.78 (m, 2H, H-a, c), 6.17 (m, 1H, H-j), 6.02
(m,1H, H-e), 5.45 (m,1H, H-k), 5.30 (m,1H, H-l), 5.14 (m, 2H, H-f, g),
4.66 ppm (m, 2H, H-i), 3.95 (s 3H, H-h), 3.42 (m, 2H, H-d); FT-IR
(ATR) 3074, 3028, 2898, 2827, 1637, 1589, 1508, 1464, 1420, 1258,
1229, 1140, 1026, 993, 914, 802, 752 cm�1.

2.3. Synthesis of 3,30-diallyl-6,60-diallyloxy-5,50-dimethoxy-1,10-
biphenyl (allyl-etherified bieugenol: ABEG)

To a solution of BEG (6.52 g, 20.0 mmol) in DMSO (300 mL),
pulverized sodium hydroxide (1.76 g, 44.0 mmol) was added, and
the mixture was stirred for 10 min. Allyl bromide (5.32 g,
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44.0 mmol) was then added dropwise over a period of 1 h at 40 �C.
After the addition, the mixture was stirred at 40 �C for 3 h and
then at 70 �C for 15 min. The reaction mixture was poured into
water and then extracted with chloroform. The organic layer was
washed with water two times, dried over sodium sulfate and
concentrated in vacuo to give ABEG as a yellow liquid (6.18 g):
Yield 76%; 1H NMR (CDCl3, d) 6.89 ppm (m, 4H, H-b, c), 6.10 (m, 2H,
H-e), 5.91 (m, 2H, H-j), 5.20 (m, 8H, H-f, g, k, l), 4.43 (m, 4H, H-i),
4.00 (s, 6H, H-h), 3.48 (m, 4H, H-d); FT-IR (ATR) 3076, 3001, 2932,
2899, 2831, 1687, 1637, 1580, 1450, 1418, 1265, 1217, 1142, 1047,
989, 914, 750 cm�1.

2.4. Pyrolysis of AEG

AEG (0.910 g, 4.45 mmol) was stirred at 200 �C for 3 h using a Q-
Tube pressure reactor (SigmaeAldrich Corp., St Louis, MO) to give
rearranged AEG (rAEG: 2,4-diallyl-6-methoxyphenol) as a yellow
oil in a quantitative yield. 1H NMR (CDCl3, d) 6.60 ppm (s,1H, H-b, c),
6.02 (m, 2H, H-e, j), 5.60 (s, 1H, OH), 5.09 (m, 4H, H-f, g, k, l), 3.89 (s
3H, H-h), 3.44 and 3.33 (m, 4H, H-d, i); FT-IR (ATR) 3514, 3072, 3001,
2978, 2903, 2843, 1637, 1602, 1495, 1435, 1285, 1230, 1213, 1148,
1074, 995, 908, 843, 756 cm�1.

2.5. Pyrolysis of ABEG

ABEG (0.905 g, 2.23 mmol) was stirred at 200 �C for 3 h in a 30-
mL beaker to give rearranged ABEG (rABEG) as a viscous dark
brown oil. FT-IR (ATR) 3504, 3444, 3074, 2995, 2931, 2840, 1724,
1637, 1582, 1489, 1460, 1421, 1254, 1219, 1142, 1047, 991, 912, 842,
746 cm�1.
Fig. 2. 1H NMR spectra of A
2.6. Preparation of cured resin from AEG and BMI

A mixture of AEG (18.2 g, 89.0 mmol) and BMI (31.9 g,
89.0 mmol) was stirred at 160 �C for 1 h,180 �C for 1 h, and finally at
200 �C for 1 h to produce a gelatinous material. The pre-polymer
that was obtained was compression-molded at 210 �C/8 MPa for
1 h, 220 �C/8 MPa for 2 h, and finally 250 �C/8 MPa for 5 h using a
Mini Test Press-10 (Toyo Seiki Co., Ltd, Tokyo, Japan) to produce a
cured AEG/BMI with allyl/maleimide ratio of 1/1 (EB11). In a
manner similar to the preparation of EB11, the cured resins of AEG/
BMI with allyl/maleimide ratios of 1/2 and 1/3 (EB12 and EB13)
were also prepared.

2.7. Preparation of cured resins from ABEG and BMI

A mixture of ABEG (18.1 g, 44.5 mmol) and BMI (31.9 g,
89.0 mmol) was melt-mixed at 170 �C and then gradually heated to
200 �C over 1 h to produce a gelatinous material. The pre-polymer
that was obtained was compression-molded at 210 �C/8 MPa for
1 h, 220 �C/8 MPa for 2 h, and finally 250 �C/8 MPa for 5 h using a
Mini Test Press-10 to produce cured ABEG/BMI with an allyl/mal-
eimide ratio of 1/1 (BB11). Cured resins of ABEG/BMI with allyl/
maleimide ratios of 1/2 and 1/3 (BB12 and BB13) were prepared in
the same manner.

2.8. Measurements

Proton nuclear magnetic resonance (1H NMR) spectra were
recorded on a Bruker AV-400 (400 MHz) NMR (Madison, WI) using
CDCl3 as a solvent. FT-IR spectra were measured on an FTIR 8100
EG and rAEG in CDCl3.



Fig. 3. 1H NMR spectra of ABEG and rABEG in CDCl3.
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spectrometer (Shimadzu Co. Ltd., Kyoto, Japan) by KBr or attenu-
ated total reflectance (ATR) methods. The temperature at which 5%
weight loss occurred (T5) was measured on a TGA7 thermogravi-
metric analyzer (PerkinElmer Japan Co. Ltd., Yokohama, Japan) in a
nitrogen atmosphere at a heating rate of 20 �C min�1. Dynamic
mechanical analysis (DMA) of the rectangular plates (length
30 mm, width 5 mm, thickness 0.5 mm) was performed on a
Rheolograph Solid instrument (Toyo Seiki Co., Ltd, Tokyo, Japan)
under an atmosphere of air with a chuck distance of 20 mm, a
frequency of 1 Hz and a heating rate of 2 �C min�1, based on ISO
6721-4:1994 (Plastics e Determination of dynamic mechanical
properties, Part 4: Tensile vibration e Non-resonance method). The
glass transition temperature (Tg) was determined from the tan d

peak temperature. Flexural testing of the rectangular specimens
(50 � 10 � 2 mm3) was performed using an Autograph AG-1
(Shimadzu Co., Ltd.) using the standard method for testing the
flexural properties of plastics (JIS K7171:2008 (ISO 178:2001)). The
span length was 30 mm, and the testing speed was 10 mm min�1.
Five specimens were tested for each set of samples, and mean
values were calculated for each set.
Fig. 4. Pyrolysis reactions of AEG and ABEG.
3. Results and discussion

3.1. Synthesis and characterization of AEG and ABEG

AEG and ABEG were synthesized by the reactions of allyl bro-
mide with EG and BEG in the presence of sodium hydroxide in
DMSO, respectively (Fig.1). The use of excess sodium hydroxide and
a prolonged reaction time at 70 �C resulted in the transformation of
the formed allyl (2-propenyl) ether to 1-propenyl ether. Similar
rearrangement under basic conditions has been reported in the
past [36]. Therefore, we found the use of a small excess of sodium
hydroxide and the termination of the reaction at 70 �C within an
hour to be important for achieving a high-purity allyl ether. Figs. 2



Fig. 5. Examples of Claisen and out-of-ring Claisen rearrangements reported in pre-
vious studies.
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and 3 show the 1H NMR spectra of AEG and ABEG in CDCl3,
respectively. The 1H signals at 6.02 (m, 1H), 5.14 (m, 2H) and
3.42 ppm (m, 2H) for AEG are assigned to the protons H-e, H-f, g and
H-d of the allyl group to which the benzene ring is attached, based
on the corresponding 1H signals of EG. The 1H signals at 6.17 (m,
1H), 5.45 (m, 1H), 5.30 (m, 1H) and 4.60 ppm (m, 2H) for AEG are
assigned to the H-j, H-k, H-l and H-i protons of the allyloxy group.
The 1H signals of the allyloxy group of ABEG, on the other hand,
were observed at a slightly higher magnetic field region than those
of AEG. The protons of the allyloxy groups, which are located on the
Fig. 6. FT-IR spectra of AEG, E
benzene ring of ABEG, may have signals that are shifted due to
interaction with the aromatic ring current. IR analysis of the com-
pounds before and after allylation revealed an absorption band at
3400e3500 cm�1 on the spectrum of EG due to the stretching vi-
bration of phenolic OeH. The corresponding bands on the spectra
of AEG and ABEG almost completely disappeared (see Figs. 6 and 7),
indicating that the allyl-etherification reaction in both cases pro-
ceeded quantitatively.

AEG and ABEG were pyrolyzed at 200 �C to clarify whether
Claisen rearrangement occurs during the thermal curing with BMI.
In the case of AEG, the pyrolysis was performed at 200 �C for 3 h in a
sealed tube because no reaction occurred at 150 �C for 5 h in the
atmosphere and the weight loss by vaporization of AEG started to
occur at approximately 170 �C. The 1H-signals of H-a on the ben-
zene ring and H-i on the allyloxy group observed for AEG
completely disappeared, and the olefinic 1H-signals of two allyl
group were conjointly observed at 6.02 ppm (m, 2H, H-e, j) and
5.09 ppm (m, 4H, H-f, g, k, l) in the 1H NMR spectrum of the rAEG in
CDCl3 (Fig. 2). The 1H-signal at 5.60 ppm was assigned to the
generated hydroxy proton, as this signal disappeared in the 1H NMR
spectrum in CD3OD. The absorption band due to the OeH stretching
vibration was observed at 3514 cm�1 on the FT-IR spectrum of the
pyrolyzed sample. These observations indicate that AEG was con-
verted to 2,4-diallyl-6-methoxyphenol by Claisen rearrangement of
the phenol moiety to the ortho-position (Fig. 4). Similarly, 1-
allyloxy-2-methoxybenzene thermally rearranges to give 2-allyl-
6-methoxyphenol in an 80e90% yield, as shown in Fig. 5 [37].
When ABEG was heated at 200 �C in the atmosphere, the viscosity
of the sample gradually increased. Although the 1H NMR spectrum
of the sample after 0.5 h was only slightly changed compared with
that of ABEG, a considerable decrease in the intensities of the 1H
signals of H-b, c of the benzene ring and H-j, i of the allyloxy group
was observed, in addition to the appearance of some weak un-
identified 1H signals in the spectrum of rABEG (Fig. 3). Additionally,
B11, EB12, EB13 and BMI.
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in the FT-IR analysis of rABEG, a new absorption band of OeH
stretching vibration was observed. When the pyrolysis of ABEG at
200 �C was carried out for longer than 3 h, it resulted in the for-
mation of polymerized solid product. For ortho- and para-blocked
allyl aryl ethers, the following reactions have been reported in the
past: pyrolysis of 2-allyloxy-3,5-dimethylbiphenyl at 220 �C for 5 h
gave the parent phenol (2-hydroxy-3,5-dimethylbiphenyl) in
76e77% yield, and pyrolysis of 1-allyloxy-2,4-dimethyl-6-(1-
propenyl)benzene gave a compound whose allyl group migrated
to b-position of the propenyl group (an out-of-ring Claisen rear-
rangement); both reaction schemes are shown in Fig. 5 [38]. From
these previous observations and our 1H and FT-IR analyses for
rABEG, the presence of 3-allyl-6-allyloxy-5-methoxyphenyl (I), 3,4-
diallyl-6-hydroxy-5-methoxyphenyl (II), and 3-allyl-6-hydroxy-5-
methoxyphenyl (III) moieties have all been identified in the struc-
ture of rABEG (Fig. 3). From the integral ratio of the 1H-signals, the
ratio of (I):(II):(III) present after pyrolysis was estimated to be
35:18:47. The (III) moiety is likely generated by allyl rearrangement
to the ortho-position of the adjacent phenyl group, considering the
out-of-ring Claisen rearrangement mentioned above. It is inter-
esting to note that the (III) moiety is also the structure formed
when Claisen rearrangement formally occurs at the meta-position
of the allyloxyphenyl moiety.

3.2. Curing reactions of AEG/BMI and ABEG/BMI

AEG was prepolymerized with BMI at 160 �C for 1 h, 180 �C for
1 h and 200 �C for 1 h to give a gelatinous material. If the mixture is
rapidly heated to 200 �C, a considerable amount of AEG vaporizes.
In the case of ABEG/BMI, the mixture was melt-mixed at 170 �C and
then gradually heated to 200 �C over 1 h to produce a gelatinous
material. The obtained prepolymers of AEG/BMI and ABEG/BMI
with allyl/maleimide ratios of 1/1, 1/2 and 1/3 were hot-pressed
210 �C for 1 h, 220 �C for 2 h and finally at 250 �C for 8 h to form
Fig. 7. FT-IR spectra of ABEG, B
cured AEG/BMI and ABEG/BMI resins. Figs. 6 and 7 show the FT-IR
spectra of the EB11,12,13 and BB11,12,13 resins, respectively. In the
spectra of AEG and ABEG, the absorption bands due to allyl C]C
stretching and ]CH out-of-plane bending vibrations were
observed at 1637 cm-1 and 993e989, 914 cm�1. In the spectra of
BMI, absorption bands due to ]CH out-of-plane bending of the
maleimide group and maleimide framework vibration were
observed at 837 cm�1 and 717 cm�1. The bands related to allyl and
maleimide groups almost disappeared for all of the cured resins,
although small bands characteristic of maleimide were present for
EB13 and BB13. If the ene reaction of allyl (2-propenyl) and mal-
eimide groups occurs, a 1-propenyl group substituted by succini-
mide at the 3-position should be produced. The absorption band of
a 1-propenyl ]CH out-of-plane bending vibration of trans-iso-
eugenol is observed at 963 cm�1. However, no clear absorption
band related to the 1-propenyl ]CH out-of-plane bending vibra-
tion at approximately 960e970 cm�1 appeared on the spectra of
the EBs and BBs, suggesting that the propenyl group formed by the
ene reaction of allyl group and maleimide group further reacted
withmaleimide group after curing at 250 �C. All of the cured EB and
BB resins exhibited a broad absorption band at approximately
3470 cm�1 due to an OeH stretching vibration, suggesting that, to
some extent, Claisen rearrangement of AEG and out-of-ring Claisen
rearrangement of ABEG occurred. Consequently, the curing re-
actions of AEG/BMI and ABEG/BMI are thought to proceed as fol-
lows: for AEG/BMI, a fraction of AEG is converted to rAEG, and the
rAEG as well as the residual AEG react with BMI through a
sequential ene reaction, DielseAlder reaction and addition copo-
lymerization process. In the case of ABEG/BMI, a portion of ABEG is
converted to rABEG, which reacts along with the residual ABEG
with BMI by a combination of an ene reaction and addition copo-
lymerization to form the cured resin. Both mechanisms presented
here are similar to the analogous curing reactions of EG and BEG
with BMI, reported previously [22].
B11, BB12, BB13 and BMI.
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3.3. Properties of the cured AEG/BMI and ABEG/BMI resins

Figs. 8 and 9 show the DMA curves of the EBs and BBs, respec-
tively. The Tg's measured from the tan d peak temperature for all of
the cured resins increased with increasing BMI content, and those
of EB13 and BB13 were over 400 �C (Table 1). The Tg's of the EBs and
BBs were higher than those of the cured EG/BMI (1/1: 256.4 �C, 1/2:
345.8 �C and 1/3: 377.0 �C) and BEG/BMI (1/1: 201.2 �C, 1/2:
285.8 �C and 1/3: 336.1 �C) resins with the same allyl/maleimide
ratios [22], respectively. Although the temperatures where the
storagemodulus (E0) starts to decline for all of the cured resins were
also over 300 �C, that of BB11 (310 �C) was the lowest among the
cured resins. This result may be attributed to the fact that the actual
allyl/maleimide ratio was lower than 1/1 due to the elimination of
the allyl group in BB11.

Fig. 10 shows the TGA curves of the EB and BB resins. The T5
values for all of the cured resins increased with increasing BMI
content. All of the cured resins displayed excellent T5 values that
were higher than 450 �C (Table 1). The BB resins consistently
possessed lower T5 values than the EB resins containing the same
allyl/maleimide ratio. This result is also attributable to the elimi-
nation of the allyl group for the BBs.

Fig. 11 shows the flexural properties of the EBs and BBs. The
flexural strength of the EBs and BBs decreased with increasing BMI
content. Conversely, the flexural moduli were found to increase
with increasing BMI content for all of the cured resins except for
EB13. These results are related to the brittle character of the cured
bismaleimides. The fact that the flexural modulus of EB13 was
Fig. 9. DMA curves of BBs.

Fig. 8. DMA curves of EBs.
lower than those of EB11 and EB12 may be attributed to the
quantity of unreacted maleimide group remaining in the resin, as
observed in the FT-IR spectrum (Fig. 6). The highest flexural moduli
(observed for EB12 at 3.11 GPa and BB13 at 3.10 GPa) amongst the
EBs and BBs were higher than the already reported highest values
(cured EG/BMI13: 2.80 GPa and BEG/BMI: 2.70 GPa) among the
cured EG/BMI and BEG/BMI resins, respectively [22]. Similarly, the
highest flexural strength among the BBs (BB11: 68.2 MPa) was
higher than the highest value (cured BEG/BMI 1/2: 55.9 MPa)
among the cured BEG/BMI resins. However, the highest flexural
strength (EB11: 59.1 MPa) among the EB resins was lower than
those of cured EG/BMI 1/1, 1/2 and 1/3 resins (73.2, 84.5 and
71.0 MPa). In general, an increase in allyl functionality fostered by
allyl etherification of the phenolic hydroxy groups of EG and BEG
formed cured resins with a higher crosslink density and resulted in
the improvement of the heat resistances (Tg and T5) and flexural
moduli of EBs and BBs than cured resins formed without an allyl
etherification step.
Table 1
Tg's measured by DMA and T5's measured by TGA for EBs and BBs.

Sample Tg (�C) T5 (�C)

EB11 357.6 475.9
EB12 373.1 486.3
EB13 >400 494.7
BB11 352.8 453.2
BB12 387.9 475.4
BB13 >400 481.4



Fig. 11. Flexural properties of EBs and BBs.

Fig. 10. TGA curves of EBs and BBs.

M. Neda et al. / Materials Chemistry and Physics 148 (2014) 319e327326
4. Conclusions

AEG and ABEG were synthesized by reacting EG and BEG with
allyl bromide in the presence of sodium hydroxide. The pyrolysis of
AEG at 200 �C produced 2,4-diallyl-6-methoxyphenol by a Claisen
rearrangement. In the case of the pyrolysis of ABEG, the allyl group
of the allyloxy moiety was either eliminated or rearranged to the
ortho-position of the adjacent phenyl group by an out-of-ring
Claisen rearrangement. The AEG and ABEG were prepolymerized
with BMI at 160e200 �C and then compression-molded at 250 �C
for 5 h to produce EBs and BBs with allyl/maleimide unit ratios of 1/
1, 1/2 and 1/3, respectively. FT-IR analysis of the cured resins
showed that the original allyl and maleimide groups were almost
entirely consumed and that the hydroxy group was newly formed
by the pyrolysis of AEG and ABEG. In every case, the Tg and T5 values
of the EB and BB resins increasedwith increasing BMI content. All of
the cured resins exhibited superior Tg and T5 values that were
higher than 350 �C and 450 �C, respectively, and were much higher
than those of the already reported EG/BMI and BEG/BMI 1/1e1/3
cured resins. Furthermore, the flexural moduli (2.6e3.1 GPa) of the
cured resins were also higher than those of the EG/BMI and BEG/
BMI resins (0.78e2.8 GPa). In conclusion, the EB and BB resins
described in this study hold promise as bio-based thermosetting
resins with superior thermal stability and mechanical properties.
Acknowledgment

We thank Dr. Naozumi Teramoto and Dr. Toshiaki Shimasaki of
our department for their helpful suggestions.
References

[1] H.D. Stenzenberger, in: P.M. Hergenrother (Ed.), High Performance Polymers,
Advances in Polymer Science, vol. 117, Springer, Berlin, 1994, pp. 165e220.

[2] S. Takeda, H. Kakiuchi, J. Appl. Polym. Sci. 35 (1988) 1351e1366.
[3] T. Iijima, T. Nishina, W. Fukuda, M. Tomoi, J. Appl. Polym. Sci. 67 (1998)

769e780.
[4] S.P. Wilkinson, T.C. Ward, J.E. McGrath, Polymer 34 (1993) 870e884.
[5] T. Iijima, N. Hayashi, T. Oyama, M. Tomoi, Polym. Int. 53 (2004) 1417e1425.
[6] J.J. King, M. Chaudhari, S. Zahir, in: 29th SAMPE Symposium, vol. 29, 1984, pp.

392e403.
[7] Y. Yan, X. Shi, J. Liu, T. Zhao, Y. Yu, J. Appl. Polym. Sci. 83 (2002) 1651e1657.
[8] G. Lu, Y. Huag, Y. Yan, T. Zhao, Y. Yu, J. Appl. Polym. Sci. 102 (2006) 76e83.
[9] H. Qin, P.T. Mather, J.-B. Baek, L.-S. Tan, Polymer 47 (2006) 2813e2821.

[10] H.D. Stenzenberger, Br. Polym. J. 20 (1988) 383e396.
[11] J.L. Hopewell, G.A. George, D.J.T. Hill, Polymer 41 (2000) 8221e8229.
[12] F. Liu, Z. Wang, C. Lü, L. Gao, M. Ding, Macromol. Mater. Eng. 290 (2005)

726e732.
[13] A. Chaplin, I. Hamerton, H. Herman, A.K. Mudhar, S.J. Shaw, Polymer 41 (2000)

3945e3956.
[14] X. Liu, Y. Yu, S. Li, Polymer 47 (2006) 3767e3773.
[15] R.J. Morgan, E.E. Shin, B. Rosenberg, A. Jurek, Polymer 38 (1997) 639e646.
[16] B.A. Rozenberg, E.A. Dzhavadyan, R. Morgan, E. Shin, Polym. Adv. Technol. 13

(2002) 837e844.
[17] J.C. Ronda, G. Lligadas, M. Gali�a, V. C�adiz, React. Funct. Polym. 73 (2013)

381e395.
[18] C. Aouf, H. Nouaihas, M. Fache, S. Caillol, B. Boutevin, H. Fulcrand, Eur. Polym. J.

49 (2013) 1185e1195.
[19] J.M. Sadler, F.R. Toulan, A.P.T. Nguyen, R.V.K. Kayea III, S. Ziaee, G.R. Palmese,

J.J.L. Scala, Carbohydr. Polym. 100 (2014) 97e106.
[20] M.W. Sabaa, R.R. Mohamed, Polym. Degrad. Stab. 92 (2007) 587e595.
[21] N.J. Walton, A. Narbad, C.B. Faulds, G. Williamson, Curr. Opin. Biotechnol. 11

(2000) 490e496.
[22] M. Shibata, N. Teramoto, A. Imada, M. Neda, S. Sugimoto, React. Funct. Polym.

73 (2013) 1086e1095.
[23] Z. Luo, L. Wei, F. Liu, T. Zhao, J. Appl. Polym. Sci. 104 (2007) 2822e2829.
[24] A. Gu, G. Liang, L. Lan, J. Appl. Polym. Sci. 59 (1996) 975e979.
[25] R.T. Mathers, J. Polym. Sci. Part A Polym. Chem. 50 (2012) 1e15.
[26] K. Yao, C. Tang, Macromolecules 46 (2013) 1689e1712.
[27] X. Xiong, P. Chen, Z. Zhang, Q. Yu, B. Wang, Thermochim. Acta 514 (2011)

44e50.
[28] C.P.R. Nair, Prog. Polym. Sci. 29 (2004) 401e498.
[29] S. Shibahara, T. Yamamoto, T. Yamaji, J. Motoyoshiya, S. Hayashi, Polym. J. 30

(1998) 404e409.

http://refhub.elsevier.com/S0254-0584(14)00490-8/sref1
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref1
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref1
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref2
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref2
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref3
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref3
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref3
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref4
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref4
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref5
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref5
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref6
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref6
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref6
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref7
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref7
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref8
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref8
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref9
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref9
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref10
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref10
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref11
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref11
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref12
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref12
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref12
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref13
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref13
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref13
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref14
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref14
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref15
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref15
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref16
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref16
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref16
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref17
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref17
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref17
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref17
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref17
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref18
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref18
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref18
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref19
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref19
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref19
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref20
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref20
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref21
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref21
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref21
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref22
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref22
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref22
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref23
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref23
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref24
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref24
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref25
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref25
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref26
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref26
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref27
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref27
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref27
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref28
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref28
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref29
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref29
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref29


M. Neda et al. / Materials Chemistry and Physics 148 (2014) 319e327 327
[30] I.D. Cunningham, A. Brownhill, B.J. Howlin, Tetrahedron 39 (1997)
13473e13494.

[31] D. Reyx, I. Campistron, C. Cailaud, Macromol. Chem. Phys. 196 (1995)
775e785.

[32] T. Enoki, T. Takeda, K. Ishii, High Perform. Polym. 7 (1995) 399e410.
[33] R. Gurdeep, in: M. Chhatwal (Ed.), Organic Name Reactions, Reagents and

Molecular Rearrangements, Krishna Parakashan Media, Meerut, 2008, p. A-87.
[34] D.S. Tarbell, Chem. Rev. 27 (1940) 495e546.
[35] R. Bortolomeazzi, G. Verardo, A. Liessi, A. Callea, Food Chem. 118 (2010)

256e265.
[36] T.J. Prosser, J. Am. Chem. Soc. 83 (1961) 1701e1704.
[37] R. Gurdeep, in: M. Chhatwal (Ed.), Organic Name Reactions, Reagents and

Molecular Rearrangements, Krishna Parakashan Media, Meerut, 2008, p. A-92.
[38] A. Nickon, B.R. Aaronoff, J. Org. Chem. 29 (1964) 2014e3024.

http://refhub.elsevier.com/S0254-0584(14)00490-8/sref30
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref30
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref30
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref31
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref31
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref31
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref32
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref32
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref33
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref33
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref34
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref34
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref35
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref35
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref35
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref36
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref36
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref37
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref37
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref38
http://refhub.elsevier.com/S0254-0584(14)00490-8/sref38

	High-performance bio-based thermosetting resins based on bismaleimide and allyl-etherified eugenol derivatives
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of 1-allyl-4-allyloxy-3-methoxybenzene (allyl-etherified eugenol: AEG)
	2.3 Synthesis of 3,3′-diallyl-6,6′-diallyloxy-5,5′-dimethoxy-1,1′-biphenyl (allyl-etherified bieugenol: ABEG)
	2.4 Pyrolysis of AEG
	2.5 Pyrolysis of ABEG
	2.6 Preparation of cured resin from AEG and BMI
	2.7 Preparation of cured resins from ABEG and BMI
	2.8 Measurements

	3 Results and discussion
	3.1 Synthesis and characterization of AEG and ABEG
	3.2 Curing reactions of AEG/BMI and ABEG/BMI
	3.3 Properties of the cured AEG/BMI and ABEG/BMI resins

	4 Conclusions
	Acknowledgment
	References


