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ABSTRACT: A new fully biobased trioxazine benzoxazine is synthesized by
reacting resveratrol, furfurylamine, and paraformaldehyde via the Mannich
condensation reaction. The chemical structure of this biobenzoxazine is
characterized by 1H and 13C nuclear magnetic resonance and Fourier transform
infrared (FT-IR) spectroscopies. 1H−1H nuclear Overhauser effect spectroscopy is
utilized to unambiguously identify the isomer obtained. Monomer polymerization is
investigated by differential scanning calorimetry and in situ FT-IR. Thermal stability
of the fully polymerized polybenzoxazine is evaluated by thermogravimetric analysis,
and flammability is assessed by microscale combustion calorimetry. The
biothermoset obtained shows high thermal stability and low flammability, Td10 of
403 °C and char yield of 64%, respectively, low heat release capacity (54 J/gK), and
low total heat release (9.3 KJ/g), thus exhibiting self-extinguishing and nonignitable
properties. Consequently, this new fully biobased trioxazine benzoxazine and its
corresponding polybenzoxazine possess excellent processability and thermal
properties, suggesting great potential toward high-performance and fire-resistant materials.
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■ INTRODUCTION

Benzoxazine, as a class of relatively new thermosetting resin,
can be readily prepared by using phenols, amines, and
formaldehyde as starting raw materials carrying out the
Mannich condensation reaction.1−4 The complex chemical
structure of benzoxazines and the vast existence of rich
phenolic and amino derivatives in nature allow researchers to
obtain these resins with very high molecular design flexibility.
This might be one of the main reasons why the field of
benzoxazines has constantly been attracting attention from
both academia and industry due to their attractive character-
istics, including catalyst-free polymerization,5,6 high thermal
stability,7,8 good mechanical properties,9,10 low dielectric
constant,10,11 and low surface free energy.12−14 Intrinsic good
compatibility with other traditional polymers is another
beneficial feature of benzoxazines. Thus, benzoxazine resins
are widely utilized to enhance specific properties of aimed
materials by blending or copolymerization.15,16 All of the
above-mentioned advantages make benzoxazine resins attrac-
tive candidates for high-performance applications.
As many other commercialized polymers, benzoxazine resins

are facing the same challenges in terms of availability of raw
materials from petrochemistry and the associated costs. The
massive use of petroleum-based polymeric materials has led to
potential toxic wastes, causing the subsequent environmental
pollution.17 Therefore, exploring the use of chemicals from

renewable resources to synthesize biobased polymers is
necessary in order to meet the requirements for sustainable
development.18−22 In the past decade, much effort has been
paid toward the generation of biobased polymers capable of
competing with petroleum-based materials.23,24 Anastas and
Warner have provided guidance, summarizing the relevance of
using renewable biobased raw materials.25 Recent efforts for
developing biobased polymers by polymerizing fully or
partially biobased benzoxazine resins have been synthesized
by using alternative phenolic and amine compounds. Thus,
cardanol,26 urushiol,27 vanillin,28 guaiacol,29 eugenol,30 and
coumarin31,32 are examples of phenolic −OH sources, whereas
stearylamine,29 furfurylamine,32,33 and dehydroabietylamine34

have been reported as amine sources to synthesize benzoxazine
resins.
Resveratrol is a triphenol compound that is extracted from

grapes, pines, legumes, and other plants and has been
extensively studied since 1940 when it was isolated for the
first time from white hellebore.35 Given its simple chemical
structure, resveratrol is straightforwardly synthesized through a
variety of different synthetic approches.36−38 As each
resveratrol molecule contains three phenolic hydroxyl groups,
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it appears to be an ideal compound for producing
thermosetting resins. A series of biobased epoxy resins were
synthesized via resveratrol derived from tannins.39 The
resveratrol-based epoxy resins exhibited good thermal stability
and excellent mechanical properties, making them a promising
alternative to petroleum-based epoxy resins. In addition, Cash
et al. reported the synthesis of tricyanate esters from resveratrol
and dihydroresveratrol.40 Although these resveratrol-based
cyanate esters showed excellent thermal properties, a relative
high polymerization temperature (350 °C) had to be applied
to achieve fully polymerized thermosets. Clearly, the previously
mentioned studies indicate the possibility for obtaining
resveratrol-containing high-performance thermosets.
In the current study, we report a novel fully biobased

trioxazine benzoxazine resin using resveratrol as the phenolic
compound and furfurylamine as the amine, both being
obtained from natural renewable resources. It is noteworthy
to mention that the amine used in this investigation,
furfurylamine, is easily obtained from furfural, which has
been listed as a top 10 value-added biobased chemical by the
US Department of Energy.41 To the best of our knowledge,
this is the first report showing the synthesis of a trioxazine
benzoxazine using natural renewable resources. In addition, the
chemical structure of the obtained benzoxazine monomer has
been characterized by Fourier transform infrared (FT-IR) as
well as 1H and 13C nuclear magnetic resonance (NMR)
spectroscopies and two-dimensional 1H−1H nuclear Over-
hauser effect spectroscopy (2D NOESY). The ring-opening
polymerization behavior has been studied by differential
scanning calorimetry (DSC) and in situ FT-IR. Moreover,
the thermal properties and flame-retardant performance of the
corresponding polybenzoxazine have also been evaluated.
These results suggest the high possibility of obtaining by
design high performance as well as fire resistant thermosets via
fully biobased benzoxazines using resveratrol and furfurylamine
as natural renewable resources in addition to the traditional
resins coming from petrochemistry.

■ EXPERIMENTAL SECTION
Materials. Resveratrol (99%) was purchased from Aladdin

Reagent, China, and used as received. Furfuryalmine (99%),
paraformaldehyde (96%), toluene, and sodium hydroxide (NaOH)
were obtained from Energy Reagent, China, and used as received.
Characterization Methods. Fourier transform infrared (FT-IR)

spectra of benzoxazine monomer and polymerized samples were all
recorded using an FT-IR spectrophotometer (Bomem, model
Michelson MB 110). One dimensional (1D) 1H nuclear magnetic
resonance (NMR) spectra were acquired on a Bruker AVANCE II
400 MHz NMR spectrometer. DMSO-d6 was used as the solvent,
while tetramethylsilane was used as an internal standard. 1H NMR
spectra were on average 64 transients. Elemental analysis was carried
out on an Elementar Vario EL-III analyzer. 2D 1H−1H nuclear

Overhauser effect spectroscopy (NOESY) was utilized as well to
elucidate the chemical structure. Differential scanning calorimetry
(DSC) was carried out on a NETZSCH DSC equipment (Model
204f1). The temperature ramp rate was 10 °C/min under N2
atmosphere, with 60 mL/min of N2 flow rate. Thermomechanical
analysis (TMA) was carried out on a NETZSCH TMA/402F4 with 5
°C/min of heating rate. The coefficient of thermal expansion (CTE)
was calculated between 50 and 300 °C. Thermogravimetric analysis
(TGA) was carried out on a NETZSCH STA449-C equipment, from
room temperature to 850 °C, at a heating rate of 10 °C/min and
under N2. For activation energy study, heating rates of 5, 15, 20, and
25 °C/min were also conducted in TGA measurements. A microscale
combustion calorimeter (MCC; Fire Testing Technology), taking
into consideration the ASTM 7309-2007a standard, was used to study
the specific heat release rate (HRR, W/g) and the total heat release
(THR, kJ/g). The MCC thermograms were recorded from 100 to
750 °C, at 1 °C/s as heating rate, under 80 mL/min of N2 flow rate. A
stream of O2 (20 mL/min) was mixed into the anaerobic thermal
degradation products as the N2 gas stream prior to entering the
combustion furnace. The combustion furnace temperature was set at
900 °C.

Synthesis of Resveratrol-Based Benzoxazine Monomer
(RES-fa). Resveratrol (1.14 g, 0.005 mol), furfurylamine (1.46 g,
0.015 mol), paraformaldehyde (0.99 g, 0.033 mol), and 35 mL of
toluene were added into a 100 mL round-bottom flask equipped with
a magnetic stirrer and a condenser. The mixture was stirred at 100 °C
for 5 h. After being cooled to room temperature, the reaction solution
was washed three times with 3 N NaOH aqueous solution and
distilled water. The product was recrystallized from mixed solvents,
acetone/toluene in a 1:1 ratio. After that, needle-like crystals of
resveratrol-based benzoxazine were obtained (yield ca. 75%). 1H
NMR (400 MHz, DMSO-d6), ppm: δ = 3.79, 3.84, 3.85 (t, 6H, RN-
CH2-Fur), 3.86, 3.95, 4.02 (t, 6H, Ar-CH2-N, oxazine), 4.78, 4,79,
4.86 (t, 6H, O-CH2-N, oxazine), 6.29−6.30 (m, 3H, RCCH-CHR),
6.40−6.43 (m, 3H, CHR-CHCHO), 6.68 (s, 1H, Ar), 6.75−6.77
(d, 1H, CHCH-Ar), 6.88−6.92 (d, 1H, Ar), 6.92−6.95 (d, 1H, Ar),
7.29 (s, 1H, Ar), 7.34−7.36 (d, 1H, Ar-CHCH), 7.60−7.63 (m,
3H, −OCH-CH). FT-IR spectra (KBr), cm−1: 1608 (CC
stretching), 1501 (CC stretching of furfural ring), 1227 (C−O−
C antisymmetric stretching), 920 (benzoxazine related band).
Elemental Analysis Calcd for C35H33N3O6: C, 71.05; H, 5.62; N,
7.10. Found: C, 71.01; H, 5.66; N, 7.06.

Polymerization of RES-fa. Polymerization of RES-fa to obtain
poly(RES-fa) was performed following a stepwise process. Specifi-
cally, RES-fa was polymerized in a glass mold by carrying out five
polymerizations steps of 1 h each at the following temperatures: 160,
180, 200, 220, and 240 °C.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Synthetic
protocols for obtaining furfurylamine-containing benzoxazines
have been widely reported.32,33 However, the synthesis of
benzoxazines using resveratrol as the phenolic moiety to be
reacted in combination with furfurylamine has never been
investigated. As described in the Experimental Section, the

Scheme 1. Synthesis of the Biobased Trioxazine Benzoxazine Monomer (RES-fa)
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newly obtained biobased trioxazine benzoxazine monomer,
RES-fa, was synthesized using resveratrol, furfurylamine, and
paraformaldehyde (Scheme 1). The chemical structure of RES-
fa was characterized by FT-IR and 1H NMR analyses.
A number of infrared absorption bands are highlighted in

Figure 1 and used to verify the presence of the oxazine rings

and the resveratrol and furan moieties in the molecular
structure of the product. Thus, the characteristic band at 1608
cm−1 is due to the strong CC stretching vibration of the
vinyl group of resveratrol, while the presence of the oxazine
ring in the monomers is indicated by the band centered at
1227 cm−1 due to the asymmetric aromatic−aliphatic ether
(C−O−C) antisymmetric stretching modes.42 The typical
absorption mode for oxazine ring is observed at 920 cm−1.43

The successful incorporation of the furan group as a
constitutive moiety of the benzoxazine structure is indicated
by the characteristic bands observed at 1501, 1081, and 738
cm−1, which are assigned to CC stretching, C−O
antisymmetric stretching, and C−H out-of-plane in-phase

wagging, respectively. Moreover, the absence of any typical
signal related to hydrogen bonding indicates that no free −OH
remained after the synthesis procedure, thus strongly
indicating a full reaction toward trioxazine benzoxazine
formation.
The FT-IR analysis suggests a successful synthesis of the

targeted benzoxazine. However, as shown in Scheme 1, the
oxazine ring formation reaction starting from resveratrol might
generate two different isomers. Since all of the assigned peaks
have a correct aspect ratio, and no extra overlapping or
noticeable overbroadening of any band were observed in FT-
IR spectrum, it seems that only one of the two possible isomers
of RES-fa was formed following the synthetic procedure
carried out in the present work. Nevertheless, FT-IR results are
not conclusive or detailed enough concerning the information
on which of the two possible isomer was in fact obtained.

1H NMR analysis was carried out to obtain further structural
information. Herein, the most important information used to
identify the isomer obtained is provided by the signals related
to the methylene protons in the oxazine rings. Generally, the
characteristic 1H NMR resonance pair for O-CH2-N and the
Ar-CH2-N in typical benzoxazine compounds consists of two
singlets with a frequency separation of around 0.8−0.9 ppm in
the spectral region between 3.0 and 5.5 ppm.3,4 However, as
seen in Figure 2, the characteristic proton resonances
associated to the O-CH2-N and Ar-CH2-N groups from the
oxazine rings of RES-fa are observedat 4.86, 4,79 and 4.78 ppm
and 4.02, 3.95, and 3.86 ppm, respectively. There is a clear
overlapping observed between a signal associated to one of the
Ar-CH2-N groups and two of the RN-CH2-Fur, specifically
3.86, 3.85, and 3.84, respectively. Furthermore, one more
signal related to a typical resonance of a methylene group
belonging to the RN-CH2-Fur from the furfurylamine moieties
located at 3.79 ppm is seen in the spectrum. The integration
ratio for these sets of protons perfectly corresponds to 2
hydrogen atoms per signal, thus totalizing 6. It is important to
mention that no other signal is observed in this spectral region
associated to any other proton. Thus, the presence of these
three sets of characteristic methylene proton resonances
exhibiting the right integration ratio strongly supports the
existence of only one of the possible isomers of RES-fa bearing
the asymmetric chemical structure shown in Scheme 1. If, on

Figure 1. FT-IR spectrum of RES-fa.

Figure 2. 1H NMR spectrum of RES-fa in DMSO-d6. The expanded region between 3.6 and 5.0 ppm shows the three types of characteristic
resonances for the methylene groups, OC-H2-N, Ar-CH2-N, and RN-CH2-Fur.
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the contrary, the two oxazine rings formed in the same benzene
ring would have formed a symmetric structure, only two sets of
methylene signals would have been observed in the 1H NMR
spectrum. Moreover, a mixture of both sets of signals for the
oxazine ring protons would have been observed if both isomers
would have been formed, with an integration ratio correspond-
ing to the percentage in which the isomers would have been
present. Thus, this 1H NMR analysis shows that only one
isomer has been obtained upon the herein reported
experimental reaction conditions and supports the chemical
structure proposed for RES-fa as shown in Scheme 1.
A complementary spectroscopic study was then performed

to assign the three sets of methylene protons from the oxazine
rings. Figure 3 shows the 2D 1H−1H NOESY spectrum of
RES-fa. NOE interactions can be seen in various manners
following different orders. Nevertheless, one important signal is
clearly observed showing NOE interaction generated for Hg.
The signal related to Hg is seen as a doublet in the 1H NMR
spectrum since it is a characteristic vinylic proton, Figure 2.
Only one interaction for Hg is detected with an aliphatic
proton, specifically Ha3. At the same time, another NOE
interaction is observed between protons Hh and Ha1.
Simultaneously, the signal from Hi observed as an aromatic
singlet exhibits an interaction with proton Hb2. Therefore, this
combined set of observed NOE interactions for these proton
signals are used to unambiguously demonstrate the correct
chemical structure of RES-fa as shown in Scheme 1.
Thermal Behavior and Polymerization of Benzox-

azine Monomer RES-fa. The DSC thermogram of RES-fa is
shown in Figure 4, where two thermal events are seen. The first
one is an endothermic process with its minimum located at
126 °C, which is assigned to the melting of the benzoxazine
monomer crystals. The sharpness of this endothermic peak
puts in evidence the high purity of RES-fa, as confirmed by the
elemental analysis results; see the Experimental Section. The
second thermal event is exothermic and attributed to the ring-
opening polymerization, with onset at 193 °C and maximum at
229 °C. The polymerization temperature observed for RES-fa
is much lower than those of other benzoxazine monomers
without incorporating any special functionalities.5 In addition,
RES-fa shows a heat of polymerization value of 324 J/g. It is
worth noticing that this value is significantly higher than for
many other reported benzoxazines.44 This difference might be
caused by the complex, tensioned, and multifunctional

chemical structure of RES-fa, which bears three oxazine rings
into the same molecule having two of them in fact fused to the
same aromatic benzene ring.
The polymerization of RES-fa was carried out following a

five-step process as specified in the Experimental Section. With
an interest in evaluating the efficiency of each polymerization
step as well as the polymerization process as a whole, different
samples were prepared and studied. The results are presented
in Figure 5.
As can be seen in Figure 5, after the first polymerization step

(isothermal heating at 160 °C for 1 h) the endothermic peak of
RES-fa disappeared completely, the exothermic peak max-
imum shifted to a lower temperature (222 °C), and the heat of
polymerization decreased (257 J/g). Conversely, a systematic
increase of the polymerization temperature is observed in the
thermograms of the second, third, and forth polymerization
steps, 237, 245, and 264 °C, respectively. This shifting of the
polymerization temperature was accompanied by a marked
reduction of the heat of polymerization measured after each
polymerization step carried out. Finally, no thermal events are
detected in the thermogram corresponding to the fifth
polymerization step.

Figure 3. 2D 1H−1H NOESY NMR spectrum of RES-fa, region between 3.5 and 5.2 ppm for f1 and 6.0 and 7.8 ppm for f2, showing NOE
interactions that helped to identify the isomer obtained.

Figure 4. DSC thermogram of the trioxazine benzoxazine monomer
RES-fa.
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These DSC results indicate that the ring-opening polymer-
ization reaction is completed after the fifth polymerization step.
Furthermore, it is important to highlight that RES-fa can easily
be transformed into a more practical and better processing-
friendly state by applying just the first thermal treatments,
where no more crystals are present and a so-called prepolymer
is obtained. This extremely straightforward approach can be
performed with the pure compound as well as in the
production of composite materials needing post-thermal
treatments.
To gain deeper understanding on the ring-opening polymer-

ization of RES-fa at the molecular level, an in situ FT-IR
qualitative analysis was carried out as seen in Figure 6. The

typical absorption bands at 1227 and 920 cm−1 are utilized to
investigate the ring-opening polymerization of the oxazine
rings of RES-fa. The gradual intensity decrease of these bands
as a function of the temperature applied in each polymerization
step followed by their complete disappearance, after the fifth
thermal treatment, strongly suggests full reaction of the oxazine
rings. In addition, there is a simultaneous gradual appearance

of broad bands associated to phenolic −OH groups around
3400 cm−1. The characteristic band with broad background
observed between 3400 to 2200 cm−1 is originated by the
chelated phenolic groups involved in intramolecular six-
membered hydrogen bonds with the nitrogen atoms belonging
to the polymer backbone.4

Combination of the information obtained from the previous
results by DSC and in situ FT-IR analyses, in addition to
having worked with an extremely pure sample as evidenced by
DSC and elemental analysis, leads to the proposed thermal
ring-opening polymerization mechanism depicted in Scheme 2.

Thermal Properties of Polybenzoxazine poly(RES-fa).
TMA was used to study the thermomechanical property of
poly(RSE-fa). Figure 7 shows the graphic generated by
plotting the expansion ratio as a function of the temperature.
The coefficient of thermal expansion (CTE) obtained by
analyzing the graphic is 36.2 ppm/°C. This CTE value
obtained for poly(RES-fa) is much lower compared with the
70 ppm/°C reported for a typical bisphenol A epoxy resin
thermoset.45 In addition, a crossing point is observed at 122
°C, by connecting the straight lines extrapolated from 30 to 80
°C with the one extrapolated from 300 to 160 °C, which might
be due to a β transition of poly(RES-fa). Moreover, TMA
curves are also used to calculate the Tg of the studied samples.
Thus, the Tg value found for poly(RES-fa) is 312 °C as shown
in Figure 7, indicating a good adaptability of this polymer
toward high performance applications.
Thermogravimetric analysis (TGA) was used to quantita-

tively evaluate the thermal stability of poly(RES-fa), and the
results are shown in Figure 8. The temperatures at which a
weight loss of 5% and 10% are defined as Td5 and Td10 and
were measured from the TGA thermogram of poly(RES-fa)
showing values of 346 and 403 °C, respectively. As expected,
the incorporation of three oxazine rings as part of the very
same compound (RES-fa) significantly improved the thermal
stability of its corresponding thermosets (poly(RES-fa)) when
compared with that of typical bis-benzoxazines, such as BA-a
resin.46 This might be explained by a higher crosslinking
density. To complement these results, the char yield (Yc) of
poly(RES-fa) was also calculated from the TGA thermogram,
exhibiting the high value of 64% at 800 °C.
Because of the intention of generating biobased polybenzox-

azines to develop high-performance materials, it was necessary
to quantify the activation energy (Ea) for the thermal
degradation reaction of poly(RES-fa). To achieve this goal,
it was first necessary to investigate the TGA profiles of a series
of thermograms of poly(RES-fa) carried out at different
heating rates. Figure 9 shows the TGA thermograms obtained
at heating rates of 5, 10, 15, 20, and 25 °C/min.
The apparent activation energy for the degradation reaction

was determined using the well-known Flynn−Wall−Ozawa
methods.47,48 Thus, the Ea can be calculated by eq 1 as follows

T
E
R

d(log )
d(1/ )

0.4567 aβ
= −

(1)

where the heating rate is represented by β, T is the
temperature at a given conversion α, and R is the gas constant.
Figure 10 shows the plot of ln(β) against 1/T for poly(RES-

fa) according to the Flynn−Wall−Ozawa method. The
calculated Ea values are summarized in Table 1. As can be
seen in Table 1, the activation energy slightly increases as the
conversion (degradation reaction) increases from 5% to 25%,

Figure 5. DSC thermograms of RES-fa during the step-by-step
polymerization reaction.

Figure 6. In situ FT-IR spectra of RES-fa after each polymerization
step.
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suggesting that poly(RES-fa) becomes more difficult to
degrade as the degradation proceeds. The result of this
activation energy study might be rationalized as if a more
thermally stable crosslinked network might be formed via
molecular rearrangement side reactions accompanying the
degradation process of poly(RES-fa). It is worth highlighting
at this point that the furan groups have been demonstrated to
participate in chemical reaction increasing the crosslinking
density of other polybenzoxazine systems.29

Microscale combustion calorimetry (MCC) was used to
quantitatively evaluate properties related to the flammability of
poly(RES-fa), such as the heat release rate (HRR), heat

release capacity (HRC), and total heat release (THR).
Typically, the specific HRR is obtained dividing dQ/dt at
each time interval by the initial sample mass. Knowing the
HRR is very important because the heat release capacity
(HRC) is straightforwardly calculated dividing the HRR
maximum by the heating rate. In a general manner, HRC is
utilized as an effective standard for evaluating thermal
combustion, which is regarded as a powerful predictor for

Scheme 2. Proposed Thermal Ring-Opening Polymerization of RES-fa

Figure 7. Thermomechanical analysis of thermoset film of poly(RES-
fa).

Figure 8. TGA (―) and DTG (···) thermograms of poly(RES-fa).

Figure 9. TGA thermograms of poly(RES-fa) at different heating
rates.

Figure 10. Plots generated by the Flynn−Wall−Ozawa method to
determine the activation energy for the degradation reaction of
poly(RES-fa).
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the flammability of any given materials.49 As shown in Figure
11, poly(RES-fa) samples were measured at 1 K/s of heating
rate at the temperature range between 100 and 750 °C.

Figure 11a shows the graphic of HRR as a function of the
temperature, where the HRR maximum is observed to be at
489 °C. Figure 11b shows that the plateau of the THR is
reached at the temperature of 623 °C. Thus, using this
information obtained from the MCC studies allowed us to
calculate the HRC and THR of poly(RES-fa), which were
found to be 54 J g1−K−1 and 9.3 KJ g−1, respectively. The HRC
value for poly(RES-fa) is even lower than those of
polybenzoxazines obtained upon polymerization of o-amide
and o-imide functional benzoxazine monomers.9,44 Typically,

lower values of HRC or THR reveal a higher flame resistance.
For instance, materials exhibiting HRC values lower than 300 J
g−1 K−1 are regarded as self-extinguishing, whereas those with
HRC values below 100 J g−1 K−1 are recognized as
nonignitable.50 The data collected in this work related
to thermal and fire properties of poly(RES-fa) are summarized
in Table 2, which demonstrates the high thermal stability and

low flammability of this new polybenzoxazine derived from
fully biobased trioxazine benzoxazine monomer. Therefore, the
combination of natural renewable resources, resveratrol and
furfurylamine, contributes to the generation of a high-
performance thermoset, thus making this material very
attractive for applications requiring high thermal stability.
It is worth mentioning that the MCC results are in full

agreement with those from the activation energy of the thermal
degradation of poly(RES-fa). The fact that poly(RES-fa)
becomes more and more difficult to degrade as the thermal
degradation reaction proceeds is fully consistent with having
obtained a self-extinguishing and even a nonignitable
thermoset. These results are also in line with the TGA results
previously discussed, which showed the high thermal stability
of the synthesized poly(RES-fa), as observed by their high
values of Td5, Td10, and Yc. Therefore, the combination of all
obtained results puts in evidence the very high potential of this
thermoset not only toward high-performance materials but also
toward fire resistant applications.

■ CONCLUSION
A new trioxazine benzoxazine monomer, RES-fa, was
successfully synthesized using resveratrol, furfurylamine, and
formaldehyde as raw materials, making this resin fully
biobased. RES-fa possess a relatively low melting temperature
(126 °C) and low ring-opening polymerization temperature
(229 °C), which might be advantageous for its processability.
In addition, the polybenzoxazine obtained, poly(RES-fa), from
the herein synthesized fully biobased benzoxazine monomer
exhibited high thermal stability, Tg of 312 °C, Td5 and Td10 of
346 and 403 °C, respectively, and a char yield of 64%.
Moreover, poly(RES-fa) was also shown to be a self-
extinguishing and nonignitable material given the low heat
release capacity (HRC of 54 J g−1 K−1) as well as low total heat
release (THR of 9.3 KJ g−1). The thermal properties of this
fully biobased benzoxazine resin as well as those of the
resulting thermoset are comparable with many petroleum-
based conventional benzoxazines and polybenzoxazines.
Therefore, the results of this study put in evidence that
compounds coming from natural renewable resources can
indeed be successfully applied as efficient raw materials for
developing high-performance and fire-resistant materials.
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Table 1. Activation Energy Values for the Degradation
Reaction of poly(RES-fa) at Different Conversions

conversion (α) (wt %) Ea (kJ/mol)

5 32.4
10 33.7
15 34.2
20 34.7
25 36.6

Figure 11. Microscale combustion calorimetric (MCC) analysis of
poly(RES-fa). Plots of (a) heat release rate and (b) total heat release
as a function of the temperature in both cases.

Table 2. Thermal- and Fire-Related Properties of poly(RES-
fa)

sample
Tg
(°C)

Td5
(°C)

Td10
(°C)

Yc
(wt %)

HRC
(J g1− K−1)

THR
(KJ g−1)

poly(RES-
fa)

312 346 403 64 54 9.3
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