
Contents lists available at ScienceDirect

European Polymer Journal

journal homepage: www.elsevier.com/locate/europolj

Inspiration from a new lignin-derived phthalonitrile resin: Unique curing
behavior, and thermal properties
Yang Liu, Zheng-zhou Liu, Wei-feng Peng, Zheng Lu, Jiang-huai Hu, Ke Zeng⁎, Gang Yang⁎

State Key Laboratory of Polymer Materials Engineering, College of Polymer Science and Engineering, Sichuan University, Chengdu 610065, PR China

A R T I C L E I N F O

Keywords:
Biomass
High performance polymer
Phthalonitrile resin
Curing mechanism
Thermal properties

A B S T R A C T

In this paper, a novel lignin-based phthalonitrile monomer (BPN) was synthesized with a biomass content of
54%. Its structure was confirmed by infrared spectroscopy (IR), 1H NMR spectroscopy and elemental analysis.
The curing behavior of BPN was studied by rheological analysis. The thermal polymerization mechanism was
discussed by bisphenol A based phthalonitrile (BAPh) control experiment, in situ IR and solid-state 13C NMR. We
proposed the curing mechanism of “methyne-activated phthalonitrile thermal polymerization”. The thermo-
mechanical and thermal properties of the cured product were characterized by dynamic mechanical analysis
(DMA) and thermogravimetric analysis (TGA), respectively. The results show that the cured BPN has a com-
parable glass transition temperature (Tg=400 °C) and better thermal stability than petroleum-based BAPh. On
the other hand, compared with previous bio-based phthalonitrile resins, the cured BPN exhibits comparable or
superior thermal properties and a higher biomass content.

1. Introduction

Recent concerns about the decreasing fossil feedstock and the in-
creasing environmental pollution have resulted in a worldwide in-
itiative toward the development of polymers derived from renewable
resources [1–5]. The development and utilization of biomass resources
is considered as an effective way to save fossil fuels and protect our
living environment. Up to now, a large number of bio-based high-per-
formance polymers have been synthesized based on renewable biomass,
such as bio-based polyesters derived from furan [6], bio-based epoxy
resins synthesized from plant oils [7], bio-based polyurethanes [8] and
bio-based cyanate esters [9,10] prepared from lignin, etc. The raw
materials of these bio-based polymers are green and sustainable, and
even show better performance than petroleum-based polymers in some
aspects [11,12]. Thus, it is very promising to develop bio-based poly-
mers as alternatives to petroleum-based polymers.

Among the numerous biomass resources, lignin, as the second
abundant biopolymers on earth extracted from wood or annual plant, is
a low-cost sustainable resource with an annual production of about
40–50 million tons and has attracted increasing attentions of re-
searchers [13–15]. Nowadays, lignin and its derivatives have been in-
vestigated as agricultural additives, petroleum extraction active agents,
building materials additives, water pollution treatment agents, and so
on [9,14]. In these applications, the preparation of sustainable polymer

resins or composites has always been an important approach in the
development and utilization of lignin. Although there are high thermal
stability aromatic rings and phenolic hydroxyl groups that can offer
various chemical modification in lignin, the complexity of their struc-
tures and low functional ratio (hydroxyl to aromatic ring) have long
restricted the high value-added and efficient utilization of lignin
[9,16–18]. Currently, more than 90% of lignin is merely used as a re-
latively low value-added fuel [14,19,20]. One significant way to cir-
cumvent these problems is to use well-defined phenolic compounds
derived from lignin [17]. Among the candidate phenols, the most re-
presentative phenols are creosol and vanillin [9,17,21]. In recent years,
vanillin-based epoxy resins [16,18], unsaturated polyesters, benzox-
azine resins [21–23] and creosol-based cyanate esters [9] have been
reported successively.

Phthalonitrile resin is a classical thermosetting resin with high
performance. During thermal polymerization process, phthalonitrile
monomers can form densely cross-linked polymers through the addition
reaction mechanism of nitrile groups, thus exhibiting excellent thermal
and thermo-oxidative stability, high glass transition temperature and
outstanding flame resistance [24–29]. These excellent properties pro-
vide a variety of applications for phthalonitrile resins, such as aero-
space, submarine and microelectronics [26,30–33]. Recently, the
synthesis and preparation of bio-based phthalonitrile resins have re-
ceived much attention. In 2016, Keller et al. first reported the bio-based
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phthalonitrile resins prepared from resveratrol and its derivatives [34];
subsequently, the catechin-based phthalonitrile resins have been in-
vestigated by Jian and coworkers [35], and the result suggest that this
bio-based resin has higher thermal performance than bisphenol A based
phthalonitrile (BAPh); Liu et al. reported the bio-based phthalonitrile
prepared from biomass cloves [12], and the experimental data again
illustrated the bio-based phthalonitrile resins have comparable perfor-
mance to traditional petroleum-based phthalonitrile resin.

However, the polymerization of neat phthalonitrile resin is ex-
tremely slow, and curing agent containing active hydrogen is often
needed to accelerate the curing rate of nitrile groups by ionic addition
[29,36–38]. Therefore, the majority of phthalonitrile resins, including
the bio-based equivalents, are required to add curing agents or curing
components containing active hydrogen, such as organic amines, or-
ganic acids, phenols, etc. [26–27]. Lately, our group found that alicyclic
imide compounds without active hydrogen moiety could also effec-
tively accelerate the polymerization of phthalonitrile and provided
phthalonitrile thermosets with excellent comprehensive properties. The
reaction process is likely to involve free radicals reactive sites [39–41].

Recently, our group is devoted to the research on green and sus-
tainable development of high performance polymers, through in-
troducing bio-based building block such as adenine and L-tyrosine
[42–46]. As a continuous work of this motivation, as well as an effective
utilization of biomass resources, we aim to prepare a new bio-based
phthalonitrile monomer (BPN) derived from creosol that is one of the
representative derivative phenols in lignin, and try to investigate
whether alkyl unit can directly promote the thermal polymerization of
nitrile groups. The thermal polymerization behavior and curing me-
chanism of BPN monomer, and the thermomechanical properties of the
cured product were investigated. The results suggest that the cured
resin has a high glass transition temperature, good thermal properties,
and exhibits excellent thermal stability comparable to that of typical
petroleum-based phthalonitrile resins; BPN also has a higher biomass
content relative to previously reported bio-based phthalonitrile resins.
More importantly, this study indicates that aliphatic alkyl groups can
significantly accelerate the thermal polymerization of phthalonitrile
resin under certain conditions, showing a chemical behavior of “alkyl-
activated phthalonitrile thermal polymerization”. Considering the
widespread presence of alkyl units in biomass resources [14], a sig-
nificant inspiration is that this chemistry will provide an alternative
modification method for high value-added utilization of biomass. In the
future, we will further explore the mechanism of “alkyl-activation
phthalonitrile thermal polymerization” and the relationship between
alkyl structure and polymerization behavior; using commercial mac-
romolecular lignin (e.g. kraft lignin) as a case, by this unique chemical
behavior, we will continue to seek straightforward approach on the
high value-added utilization of biofeedstocks.

2. Experimental

2.1. Materials

2-methoxy-4-methylphenol (98 wt%) and acetaldehyde were ob-
tained from Chengdu Best Reagent Co., Ltd. 4-nitrophthalonitrile was
obtained from Taixing Shengming Fine Chemical Co., Ltd. Concentrated
HCl, potassium carbonate, Dimethyl sulfoxide (DMSO), bisphenol A,
ether, n-hexane were purchased from Chengdu Kelong Chemical Co.,
Ltd. All above materials were of reagent grade and used without further
purification.

2.2. Synthesis of lignin-derived phthalonitrile monomer (BPN) and
bisphenol a based phthalonitrile monomer (BAPh)

2.2.1. Lignin-derived phthalonitrile monomer (BPN)
The intermediate product bisphenol was prepared according to the

previous report [9]. Then bisphenols (0.01mol), 4-nitrophthalonitrile
(0.02mol) and 60mL DMSO were added to a 100mL three-neck round-
bottom flask. And ground K2CO3 (0.03mol) was added in three portions
at an interval of 20min during the course of the reaction. The mixture
was heated at 40 °C for 12 h under nitrogen. Then the product was
washed with a large amount of water and the light white filtrate was
collected by suction filtration, dried under vacuum. The white powder
was obtained in 90 wt% yield; m. p. 200 °C; FTIR (KBr, cm−1): 2968
(eCH3), 2850 (eOeCH3), 2228 (eCN), 1502 (aromatic), 1246
(CeOeC); 1H NMR (400MHz, CDCl3, δ ppm): 7.68 (m, 2H; Ar H), 7.17
(dd, 2H; Ar H), 7.02 (t, 2H; Ar H), 6.85 (s, 2H; Ar H), 6.76 (s, 2H; Ar H),
4.29 (q, 1H; alicyclic eCHe), 3.74 (s, 6H; eOCH3), 2.29 (d, 6H;
AreCH3), 1.46 (t, 3H; alicyclic eCH3). Anal. calcd for C34H26N4O4: C
73.63, H 4.73, N 10.10; found: C 73.34, H 4.46, N 10.26.

2.2.2. Bisphenol A based phthalonitrile monomer (BAPh)
The phthalonitrile monomer BAPh was synthesized according to our

previous report [47]. M. p. 195 °C; FTIR (KBr, cm−1): 2970 (eCH3),
2231 (eC^N), 1502 (aromatic), 1281 (AreOeAr); 1H NMR (400MHz,
DMSO‑d6): 8.14–8.07 (d, 2H; Ar H), 7.80 (d, 2H; Ar H), 7.36 (dd, 6H; Ar
H), 7.13 (d, 4H; Ar H), 1.69 (s, 6H; eCH3) (see Scheme 1).

2.3. The preparation of phthalonitrile polymer

The cured resin was fabricated by degassing in a flask (−0.04MPa)
at 220 °C about 15min with vigorous stirring, and then the melted BPN
was quickly poured into the preheated mould, subsequently placed in
an oven and heated with N2 flow rate of 500mL/min at 290 °C for 6 h,
310 °C for 6 h.

Scheme 1. The synthesis of BPN and BAPh.
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2.4. Characterization

The rheological behaviors of lignin-derived phthalonitrile monomer
(BPN) and bisphenol A based phthalonitrile (BAPh) were studied by
dynamic oscillation employing a TA Instruments AR-2000ex rheometer
in conjunction with an environmental testing chamber for temperature
control. Different dynamic curing experiments with a heating rate of
5 °C/min between 30 °C and the specified temperature were performed
as well. For the time sweep test, and the measurements were carried out
during isothermal cure at temperatures of 290 °C and 310 °C. All
rheological measurements were carried out at low strain values
(2.5× 10−4) and at the frequency of 1 Hz using 25mm-diameter par-
allel plates. Normal force control (1.0× 10−4 N) was utilized
throughout the tests to keep the samples taut. 1H NMR was obtained
with a Bruker Avance III HD 400MHz NMR spectrometer with CDCl3 as
the solvent and tetramethylsilane (TMS) as the internal standard. Solid-
state cross polarization-magic angle spinning (CP-MAS) 13C nuclear
magnetic resonance (NMR) spectra were obtained with a Bruker
AVANCE III 500MHz NMR spectrometer operating at a frequency of
125.75MHz equipped with a chemimagnetics solid probe. BPN and the
cured resin were packed into a 2.5mm zirconia rotor. The spectra were
carried out with the acquisition time of 0.041 s and relaxation delay of
2.0 s, and the number of scan was 2046. Elemental analyses (EA) were
performed on a Flash EA 1112 Organic Element Analyzer. Fourier-
Transform Infrared Spectroscopy spectra of monomer and the cured
samples were recorded with a Nicolet FTIR-380 Fourier transform in-
frared spectrometer by a KBr pellet from 4000 to 600 cm−1 at a re-
solution of 4 cm−1 by 32 scans. In situ IR spectra were measured by a
KBr pellet using a Nicolet FTIR-380 Fourier transform infrared spec-
trometer by KBr pellet from 4000 to 600 cm−1 at a resolution of 4 cm−1

by 16 scans in air atmosphere. Measurement was conducted using a
home-made sample disk holder equipped with a microheater, at PT100
thermal resistance. Thermogravimetric analysis (TGA) was performed
on a Perkin Elmer instruments TGA Model 4000 at a heating rate of
10 °Cmin−1 from 40 °C to 800 °C under a air or nitrogen purge of
60mL/min. Dynamic Mechanical Analysis (DMA) were performed on a
TA instruments Q800 under three-point bending mode at a frequency of
1 Hz and a low strain value of 2.5×10−4 with a heating rate of 5 °C/
min from 40 to 430 °C, and the cured sample was sanded to rectangular
specimens of dimensions (29mm×12mm×2.5mm) before the test.

3. Result and discussion

3.1. Preparation and characterization of lignin-based phthalonitrile
monomer (BPN)

BPN was prepared from the reaction of 2-methoxy-4-methylphenol
with acetaldehyde in HCl solvent, followed by a simple nucleophilic
displacement reaction between 4-nitrophthalonitrile and intermediate
product bisphenol under basic conditions in DMSO. The BPN monomer
can be purified by recrystallization in acetonitrile and is soluble in
common organic solvents such as acetone, methylene chloride, and
chloroform. Its structure was confirmed by FTIR and 1H NMR, and
element analysis. As seen in Fig. 1, we can easily distinguish the final
product BPN. The most obvious feature is the absence of the phenol
eOH protons in bisphenol appearing about 8.5–8.6 ppm [9,34].
Meanwhile, the appearance of the terminal phthalonitrile protons in
BPN could be observed at 7.0 and 7.2, 7.7 ppm, respectively. In addi-
tion, the protons of the alkyl moiety in BPN appeared in the high field
4.29 (eCH), 3.74 (eOCH3), 2.29 (aromatic eCH3), 1.46 ppm (aliphatic
eCH3). In general, the obtained spectra agree well with the proposed
molecular structure.

3.2. Curing behavior evaluation

Rheological analysis was performed to evaluate the thermal

polymerization behavior of the BPN monomer. As shown in Fig. 2, in
the temperature ramping mode of rheological test, the monomer first
melted at about 200 °C; then the complex viscosity (0.01–0.1 Pa·s) re-
mained stable without any obvious increase within 330 °C, showing a
wide processing window. While in the isothermal rheological test, the
BPN exhibited significant viscosity growing behavior during the iso-
thermal process at 290 °C and 310 °C, exhibiting a significant thermal
polymerization behavior. The required time for BPN curing obviously
decreased with the increase of isothermal temperature. Interestingly,
there is no traditional active hydrogen moiety (such as amino, phenolic
hydroxyl groups) in BPN molecule. Therefore, our attention turned to
other potential activation sites. Zhou et al.'s research shows that
phthalonitrile containing-methoxy does not exhibit noticeable curing
behavior [48]. Based on previous researches on alicyclic imide com-
pounds/phthalonitrile system [40], we speculate that the reactive ra-
dicals generated from the alkyl (methyne or methyl) in BPN monomer
at high temperature may accelerate the polymerization of nitrile
groups. In order to analyze the possible reaction sites, bisphenol A
based phthalonitrile (BAPh) containing methyl unit was selected as a
comparison, and the isothermal rheological behavior of BAPh was in-
vestigated (in Fig. 2). The results show that there is no apparent visc-
osity growth at 310 °C under even longer isothermal time condition.

Based on above experimental data, we preliminarily proposed that
the free radicals generated by the methyne units in BPN monomer
under elevated temperature accelerated the polymerization of nitrile
groups, showing the mechanism of “methyne-activated phthalonitrile
thermal polymerization”. It is rational that the homolysis of covalent
bonds of methyne unit can occur at high temperature conditions, a
relatively stable tertiary carbon radical and a relatively high reactive
hydrogen radical are formed [49]. On the basis of this assumption,
hydrogen radicals or tertiary carbon radicals may promote the thermal
polymerization of BPN. The phenomenon of free radicals generated
from covalent bond homocleavage has been reported for lignin and
polymers containing tertiary carbon units, such as polystyrene, poly-
acrylonitrile, polyvinyl chloride [50–52]. Although the speculation
mentioned here is somewhat intuitive, at least it shows that the idea of
using alkyl moiety to accelerate the curing of phthalonitrile is feasible.

3.3. Curing mechanism discussion

3.3.1. Infrared analysis
For understanding the curing reaction mechanism of this system,

FTIR was conducted to qualitatively analyze the structural evolution of
BPN monomer and the cured product. As shown in Fig. 3, there is a
strong absorption peak of nitrile group (2229 cm−1) in BPN monomer,

Fig. 1. 1H NMR spectra of the BPN monomer.
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and no obvious hydroxyl absorption peaks are observed in the wave-
number range of 3500 to 3100 cm−1. The IR result shows once again
that there is no residual phenolic hydroxyl group in BPN, which is
consistent with the result of the monomer’s 1H NMR spectra. Normally,
the curing mechanism of traditional phthalonitrile resins involves
phthalocyanine, isoindoline and triazine formation (shown in
Supplementary material). While for BPN polymer, the nitrile peak was
significantly decreased. Meanwhile, new peaks at 1010 and 1090 cm−1

appeared, which were attributed to phthalocyanine ring and isoindoline
absorptions, respectively. However, the characteristic peaks of triazine
at 1360 and 1520 cm−1 cannot be observed. This result is in complete
agreement with the structure of the cured products in our previous
studies on alicyclic imide compounds/phthalonitrile curing systems
[39,40], suggesting that the curing mechanisms of these two systems
may have common characteristics.

In order to further understand the polymerization process, the
curing mechanism of BPN was discussed quantitatively by in situ in-
frared measurement. A two-steps in situ infrared test was used. The first
stage is a temperature ramping, in which the temperature rises from
room temperature to 310 °C. The second stage is an isothermal test, and
the duration time is 70min. For avoiding the influence of physical
factors, such as phase transformation, on the infrared data in the

system, we mainly focus on the structural changes after monomer
melting.

As shown in Fig. 4, there are five alkyl absorption peaks between
3000 cm−1 and 2800 cm−1, which are assigned to the asymmetric
stretching vibration peak of the methyl group at 2965 cm−1 and the
symmetric stretching vibration peak at 2872 cm−1, the asymmetric
stretching vibration peak of the methoxy group at 2934 cm−1 and the
symmetric stretching vibration peak at 2850 cm−1, as well as the me-
thyne stretching vibration peak at 2907 cm−1, respectively. With the
increase of temperature, the absorption peak of nitrile group at
2228 cm−1 gradually decreased, and new peaks at 1090 and
1010 cm−1 attributed to isoindoline and phthalocyanine absorptions
could be observed, which indicated that the curing reaction has oc-
curred [40]. On the other hand, we also noticed that the methyne ab-
sorption peak at 2907 cm−1 gradually weakened. During the isothermal
process (in Fig. 5), it could be observed clearly that the phthalocyanine
absorption peak gradually increased and the nitrile absorption peak
continued to weaken, indicating that the curing reaction was in pro-
gress. We also failed to observe the characteristic peak of triazine ring
at 1520 and 1360 cm−1 throughout the whole process [34], which is
consistent with the infrared result mentioned-above.

To directly discuss the relationship between alkyl and nitrile

Fig. 2. Complex viscosity as a function of temperature (a) and time (b) of BPN and BAPh at 290 and 310 °C.

Fig. 3. FTIR spectra of BPN monomer and BPN polymer.
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reactions, the in situ IR data of two stages were normalized (shown in
Supplementary material) by using the characteristic peak of benzene
ring (around 1500 cm−1) as the internal standard, and peak-fitting
method was adopted (in Fig. 6). As shown in Fig. 7a, the conversion of
methyl and methoxy groups remained almost unchanged (less than 5%)
during the stage of temperature ramping, indicating that these units
remained relatively stable and had little contributions to the poly-
merization during the heating process. While nitrile groups showed a
clear polymerization conversion, and methyne groups also exhibited
obvious conversion behavior that enhances significantly with in-
creasing temperature and then tends to be level-off, implying that there
is a close correlation between them. During the isothermal process (in
Fig. 7b), the conversion of methyne and nitrile groups continued to
increase over time; and the conversions of other alkyls still remained
below 5%. Again, these data indicated that methyne may be associated
with the reaction of nitrile groups.

3.3.2. Solid-state 13C NMR analysis
Solid-state 13C NMR analysis of the BPN monomer and the cured

product was performed to investigate the reaction sites during the
curing process. For the BPN, the main 13C NMR signals were ascribed as
follows (in Fig. 8): (1) methyl carbon (aromatic-CH3, labeled as i)
connecting aromatic ring signals at 23 ppm; (2) methyl carbon (ali-
phatic-CH3, labeled as j) connecting methyne signal at 28 ppm; (3) The
prominent signal appears at 40 ppm, attributed to methyne carbon
(labeled as k) [9]; (4) methoxy carbon signal at 60 ppm (labeled as h);
(5) nitrile carbon signals appear at 117 ppm (labeled as g) [9,29]; other
aromatic carbon signals occur between 100 ppm and 170 ppm.

Despite limitations of the testing method itself, such as the problem

of spectral line broadening, some useful chemical information from the
cured BPN solid-state 13C spectra can be derived [53]. Compared to
BPN monomer, the signals at 40 ppm of the cured sample decreased
significantly, and the conversion calculated from the change in me-
thyne peak area was around 85%; while there were no obvious changes
in methyl and methoxy signal peaks. Additionally, other new alkyl
signals were not observed. Nitrile carbon signals were overlapped by
aromatic ring signals of the cured BPN, and it is difficult to accurately
determine whether nitrile groups are completely consumed. The results
of solid-state 13C NMR provide more evidence for the curing mechanism
of “methyne-activated phthalonitrile thermal polymerization” and are
consistent with the results of in situ IR test.

In summary, we proposed the curing reaction mechanism of BPN as
shown in Scheme 2. The homolysis of covalent bonds of methyne unit in
BPN monomer forms a relatively stable tertiary carbon radical and a
relatively high reactive hydrogen radical at elevated temperature. The
radicals attack the active sites (nitrile groups) of the monomer, thereby
promoting the polymerization reaction of phthalonitrile.

3.4. Dynamic mechanical analysis

DMA was used to estimate the thermomechanical properties of the
cured BPN. As shown in Fig. 9, the storage modulus values for the cured
polymer gradually varied from 2278MPa to 1091MPa when heated
from 35 to 300 °C. Further heating of the thermoset to 430 °C resulted in
an obvious decrease in the storage modulus with a subsequent peaking
(about 400 °C) in the tan δ indicating an viscoelastic transition assigned
to the Tg [9]. These results suggest that the bio-based polymer has ex-
cellent thermomechanical performance, which is important for

Fig. 4. In situ FTIR of BPN monomer heated from 230 to 310 °C, a: the stretching vibration of CeH in methyl (eCH3) and methyne (eCH); b: the stretching vibration
of nitrile (eCN); c: the stretching vibration of N-H in phthalocyanine and isoindoline; d: the typical stretching vibration eC]N in polytriazine.
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expanding the applications scope of lignin in the field of high perfor-
mance polymer [34].

3.5. Thermal and thermo-oxidative properties

The thermal and thermo-oxidative properties were evaluated by
TGA analysis between 40 °C and 800 °C at a heating rate of 10 °Cmin−1.
Fig. 10 shows the thermogravimetric curve and derivative weight curve
of the cured resin BPN in N2 and air atmosphere, respectively. The
temperature of 95% weight retention (T5%), and char yield percentage
(Yc) at 800 °C for the cured BPN resin are collected in Table 1.

The cured polymer showed 95% weight retention at 417 °C and char
yield of about 72.5% after heating to 800 °C in a nitrogen atmosphere.

When heated under an air atmosphere, the thermoset exhibited 95%
weight retention at 422 °C with catastrophic decomposition occurring
between 500 and 800 °C. In addition, DTG curves showed a rapid
weight decrease with increasing temperature and reached a maximum
rate at around 422 °C in both nitrogen and air, attributable to the de-
composition of alkyl groups [29] and low cross-linked parts [24] in BPN
thermoset under high temperature conditions. Unlike in the inertial
atmosphere, the cured products were decomposed dramatically at
higher temperatures in air, indicating that the thermoset was strongly
oxidized [46]. To sum up, the cured BPN exhibits excellent thermal and
thermo-oxidative stabilities comparable to that of the petroleum-based
BAPh [47].

What's more, according to the study of Van Krevelen [55], there is a

Fig. 5. In situ FTIR of BPN monomer isothermal temperature at 310 °C as a function of time.

Fig. 6. In situ FTIR peak fits at different stages (fitting degree R2≥ 0.998).
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linear relationship between limiting oxygen index (LOI) and char re-
sidue for halogen-free polymers, as follows,

= +LOI Yc17.5 0.4

where Yc is the char yield in nitrogen; LOI is defined as the minimum
fraction of oxygen in an oxygen-nitrogen mixture just sufficient to
maintain combustion of the specimen after ignition [55]. On the basis
of the char yield at 800 °C in nitrogen, the calculated LOI value of the
cured BPN polymer is 46.5. It is well known that the LOI value of 26 or
higher can be considered as a flame-retardant material [54,55]. Thus, it
is obvious that the BPN polymer has excellent flame resistance and is
promising for improving the flame retardancy of lignin.

Recent works on bio-based thermosets are compared with this work

in terms of biomass content, glass transition temperature (Tg) and char
yield percentage. As shown in Fig. 11, lignin-based BPN has higher char
yield and superior thermomechanical properties relative to bio-based
epoxy resins and benzoxazine resins and cyanate esters; Compared to
other bio-based phthalonitrile resins, it still exhibits comparable or
even better thermal properties and has higher biomass content.

4. Conclusion

In this paper, a novel bio-based phthalonitrile monomer derived
from lignin was synthesized, and its curing behavior, mechanism and
the thermal properties of the cured resin were investigated. The

Fig. 7. The conversion of different groups as a function of (a) Temperature and (b) Time measured by in situ IR (black–methoxy/aromatic ring; red–methyl/aromatic
ring; blue–methyne/aromatic ring; pink–nitrile/aromatic ring).

Fig. 8. Solid-state CP-MAS 13C NMR spectra of BPN monomer and polymer.

Scheme 2. The proposed reaction mechanism of BPN.

Fig. 9. Dynamic mechanical properties of BPN resin.
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rheological and IR results show that the resin can undergo obviously
thermal polymerization without the addition of traditional curing
agents. By comparing with the rheological behavior of BAPh, we pro-
posed the mechanism of “methyne-activated phthalonitrile thermal
polymerization”, and provide strong evidences for the reaction me-
chanism by in situ IR and solid-state 13C NMR. The DMA and TGA data
show that the cured product has a high glass transition temperature
(Tg=400 °C), good thermal properties with weight retention of 95% at
around 420 °C both in N2 and air, exhibiting excellent performance
comparable to traditional petroleum-based phthalonitrile resins; it also
has a high biomass content (more than 50%).

Due to the wide existence of alkyl units in biomass, the results of
this study are expected to provide an alternative approach for high
value-added utilization of lignin or other renewable resources. In the

near future, we will systematically study the relationship between dif-
ferent alkyl structures and phthalonitrile thermal polymerization be-
havior, and further discuss the curing mechanism. By taking commer-
cial lignin as an example, continuous study will be performed on the
high value-added utilization of biomass with a straightforward route,
through this unique chemistry of “alkyl-activated phthalonitrile
thermal polymerization”.

Data availability
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be shared at this time as the data also forms part of an ongoing study.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.eurpolymj.2019.109351.

References

[1] R. Auvergne, S. Caillol, G. David, B. Boutevin, J.P. Pascault, Biobased thermosetting
epoxy: present and future, Chem. Rev. 114 (2) (2013) 1082–1115.

[2] J.M. Raquez, M. Deleglise, M.F. Lacrampe, P. Krawczak, Thermosetting (bio) ma-
terials derived from renewable resources: a critical review, Prog. Polym. Sci. 35 (4)
(2010) 487–509.

[3] C. Ding, A.S. Matharu, Recent developments on biobased curing agents: a review of
their preparation and use, ACS Sustain. Chem. Eng. 2 (10) (2014) 2217–2236.

[4] J. Podschun, B. Saake, R. Lehnen, Reactivity enhancement of organosolv lignin by
phenolation for improved bio-based thermosets, Eur. Polym. J. 67 (2015) 1–11.

[5] A. Gandini, Polymers from renewable resources: a challenge for the future of
macromolecular materials, Macromolecules 41 (24) (2008) 37–59.

[6] G.Z. Papageorgiou, D.G. Papageorgiou, Z. Terzopoulou, D.N. Bikiaris, Production of
bio-based 2,5-furan dicarboxylate polyesters: recent progress and critical aspects in
their synthesis and thermal properties, Eur. Polym. J. 83 (2016) 202–229.

[7] M. Stemmelen, F. Pessel, V. Lapinte, S. Caillol, J.P. Habas, J.J. Robin, A fully bio-
based epoxy resin from vegetable oils: From the synthesis of the precursors by thiol-
ene reaction to the study of the final material, J. Polym. Sci. Pol. Chem. 49 (11)
(2011) 2434–2444.

[8] G. Griffini, V. Passoni, R. Suriano, M. Levi, S. Turri, Polyurethane coatings based on
chemically unmodified fractionated lignin, ACS Sustain. Chem. Eng. 3 (6) (2015)
1145–1154.

[9] H.A. Meylemans, B.G. Harvey, J.T. Reams, A.J. Guenthner, L.R. Cambrea,
T.J. Groshens, L.C. Baldwin, M.D. Garrison, J.M. Mabry, Synthesis, characteriza-
tion, and cure chemistry of renewable bis(cyanate) esters derived from 2-methoxy-
4-methylphenol, Biomacromolecules 14 (3) (2013) 771–780.

[10] B.G. Harvey, A.J. Guenthner, W.W. Lai, H.A. Meylemans, M.C. Davis, L.R. Cambrea,
J.T. Reams, K.R. Lamison, Effects of o-methoxy groups on the properties and
thermal stability of renewable high-temperature cyanate ester resins,
Macromolecules 48 (10) (2015) 3173–3179.

Fig. 10. The TGA and DTG curves of BPN polymer in atmospheres of N2 (left) and air (right).

Table 1
Comparisons of thermal properties of BPN resin with BAPh resin.

Atomosphere BPN resin BAPh resin

T5% (°C) Yc (800 °C, %) LOI T5% (°C) Yc (800 °C, %) LOI

N2 417 72.5 46.5 391 65 43.5
Air 422 2.9 402 9.6

Fig. 11. A comparison of this work to recent works about bio-based thermosets
in terms of biomass content, glass transition temperature (Tg), and char yield
percentage (the size of the ball represents the relative biomass content; pur-
ple–epoxy resins [18], blue–benzoxazine resins [22,56], green–cyanate esters
[9], yellow–other phthalonitrile resins [12,34], red–this work). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Y. Liu, et al. European Polymer Journal xxx (xxxx) xxxx

8

https://doi.org/10.1016/j.eurpolymj.2019.109351
https://doi.org/10.1016/j.eurpolymj.2019.109351
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0005
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0005
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0010
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0010
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0010
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0015
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0015
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0020
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0020
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0025
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0025
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0030
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0030
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0030
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0035
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0035
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0035
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0035
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0040
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0040
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0040
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0045
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0045
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0045
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0045
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0050
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0050
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0050
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0050


[11] C.F. Wang, C.H. Zhao, J.Q. Sun, S.Q. Huang, X.D. Liu, T. Endo, Synthesis and
thermal properties of a bio-based polybenzoxazine with curing promoter, J. Polym.
Sci. Part A Polym. Chem. 51 (9) (2013) 2016–2023.

[12] A.R. Wang, A.Q. Dayo, L.W. Zu, D. Lv, S. Song, T. Tang, W.B. Liu, J. Wang, B.C. Gao,
Bio-based phthalonitrile compounds: synthesis, curing behavior, thermomechanical
and thermal properties, React. Funct. Polym. 127 (2018) 1–9.

[13] A. Naseem, S. Tabasum, K.M. Zia, M. Zuber, M. Ali, A. Noreen, Lignin-derivatives
based polymers, blends and composites: a review, Int. J. Biol. Macromol. 93 (2016)
296–313.

[14] M.N. Belgacem, G. Alessandro (Eds.), Monomers, Polymers and Composites from
Renewable Resources, Elsevier, 2008.

[15] S. Laurichesse, L. Avérous, Chemical modification of lignins: towards biobased
polymers, Prog. Polym. Sci. 39 (7) (2014) 1266–1290.

[16] S. Zhao, M.M. Abu-Omar, Biobased epoxy nanocomposites derived from lignin-
based monomers, Biomacromolecules 16 (7) (2015) 2025–2031.

[17] S. Wang, S.Q. Ma, C.X. Xu, Y. Liu, J.Y. Dai, Z.B. Wang, X.Q. Liu, J. Chen, X.B. Shen,
J.J. Wei, J. Zhu, Vanillin-derived high-performance flame retardant epoxy resins:
facile synthesis and properties, Macromolecules 50 (5) (2017) 1892–1901.

[18] S. Zhao, M.M. Abu-Omar, Renewable epoxy networks derived from lignin-based
monomers: effect of cross-linking density, ACS Sustain. Chem. Eng. 4 (11) (2016)
6082–6089.

[19] B.M. Upton, A.M. Kasko, Strategies for the conversion of lignin to high-value
polymeric materials: review and perspective, Chem. Rev. 116 (4) (2015)
2275–2306.

[20] D. Stewart, Lignin as a base material for materials applications: chemistry, appli-
cation and economics, Ind. Crop. Prod. 27 (2) (2008) 202–207.

[21] A. Llevot, E. Grau, S. Carlotti, S. Grelier, H. Cramail, From lignin-derived aromatic
compounds to novel biobased polymers, Macromol. Rapid Comm. 37 (1) (2016)
9–28.

[22] M. Comí, G. Lligadas, J.C. Ronda, M. Galià, V. Cádiz, Renewable benzoxazine
monomers from “lignin-like” naturally occurring phenolic derivatives, J. Polym.
Sci. Part A Polym. Chem. 51 (22) (2013) 4894–4903.

[23] J.F. Stanzione III, J.M. Sadler, J.J. La Scala, K.H. Reno, R.P. Wool, Vanillin-based
resin for use in composite applications, Green Chem. 14 (8) (2012) 2346–2352.

[24] K. Zeng, K. Zhou, S.H. Zhou, H.B. Hong, H.F. Zhou, Y.P. Wang, P.K. Miao, G. Yang,
Studies on self-promoted cure behaviors of hydroxy-containing phthalonitrile
model compounds, Eur. Polym. J. 45 (4) (2009) 1328–1335.

[25] D.M. Wu, Y.C. Zhao, K. Zeng, G. Yang, A novel benzimidazole-containing phtha-
lonitrile monomer with unique polymerization behavior, J. Polym. Sci. Part A
Polym. Chem. 50 (23) (2012) 4977–4982.

[26] J.H. Hu, Y.C. Liu, Y. Jiao, S.C. Ji, R. Sun, P. Yuan, K. Zeng, X.M. Pu, G. Yang, Self-
promoted phthalimide-containing phthalonitrile resins with sluggish curing process
and excellent thermal stability, RSC Adv. 5 (21) (2015) 16199–16206.

[27] K. Cheng, J.B. Lv, J.Z. Ma, J.H. Hu, C. Chen, K. Zeng, G. Yang, The curing behavior
and properties of phthalonitrile resins using ionic liquids as a new class of curing
agents, Exp. Polym. Lett. 11 (11) (2017) 924–934.

[28] D.D. Dominguez, T.M. Keller, Low-melting phthalonitrile oligomers: preparation,
polymerization and polymer properties, High Perform. Polym. 18 (3) (2006)
283–304.

[29] M. Laskoski, A. Neal, T.M. Keller, D.D. Dominguez, C.A. Klug, A.P. Saab, Improved
synthesis of oligomeric phthalonitriles and studies designed for low temperature
cure, J. Polym. Sci. Part A Polym. Chem. 52 (12) (2014) 1662–1668.

[30] J.B. Wang, J.H. Hu, K. Zeng, G. Yang, Preparation of self-promoted hydroxy-con-
taining phthalonitrile resins by an in situ reaction, RSC Adv. 5 (127) (2015)
105038–105046.

[31] M. Laskoski, T.M. Keller, H.L. Ricks-Laskoski, C.B. Giller, J. Hervey, Improved
synthesis of oligomeric sulfone-based phthalonitriles, Macromol. Chem. Phys. 216
(17) (2015) 1808–1815.

[32] H.F. Wang, J. Wang, H.M. Guo, X.G. Chen, X.Y. Yu, Y.H. Ma, P.G. Ji, K. Natio,
Z.J. Zhang, Q.X. Zhang, A novel high temperature vinylpyridine-based phthaloni-
trile polymer with a low melting point and good mechanical properties, Polym.
Chem. 9 (8) (2018) 976–983.

[33] L.S. Zong, C. Liu, S.H. Zhang, J.Y. Wang, X.G. Jian, Enhanced thermal properties of
phthalonitrile networks by cooperating phenyl-s-triazine moieties in backbones,
Polymer 77 (2015) 177–188.

[34] M. Laskoski, J.S. Clarke, A. Neal, B.G. Harvey, H.L. Ricks-Laskoski, W.J. Hervey,
M.N. Daftary, A.R. Shepherd, T.M. Keller, Sustainable high-temperature phthalo-
nitrile resins derived from resveratrol and dihydroresveratrol, ChemistrySelect 1
(13) (2016) 3423–3427.

[35] Y. Qi, Z.H. Weng, J.Y. Wang, S.H. Zhang, L.S. Zong, C. Liu, X.G. Jian, A novel bio-
based phthalonitrile resin derived from catechin: synthesis and comparison of
curing behavior with petroleum-based counterpart, Polym. Int. 67 (3) (2018)
322–329.

[36] Y.M. Huang, Y.S. Luo, M.Z. Xu, Y.X. Lei, X.B. Liu, Studied on mechanical, thermal
and dielectric properties of BPh/PEN-OH copolymer, Compos. Pt. B-Eng. 106
(2016) 294–299.

[37] S.B. Sastri, T.M. Keller, Phthalonitrile cure reaction with aromatic diamines, J.
Polym. Sci. Part A Polym. Chem. 36 (11) (1998) 1885–1890.

[38] G.P. Yu, C. Liu, X.P. Li, J.Y. Wang, X.G. Jian, C.Y. Pan, Highly thermostable rigid-
rod networks constructed from an unsymmetrical bisphthalonitrile bearing phtha-
lazinone moieties, Polym. Chem. 3 (4) (2012) 1024.

[39] S.C. Ji, P. Yuan, J.H. Hu, R. Sun, K. Zeng, G. Yang, A novel curing agent for
phthalonitrile monomers: curing behaviors and properties of the polymer network,
Polymer 84 (2016) 365–370.

[40] P. Yuan, S.C. Ji, J.H. Hu, X.P. Hu, K. Zeng, G. Yang, Systematic study on highly
efficient thermal synergistic polymerization effect between alicyclic imide moiety
and phthalonitrile: scope, properties and mechanism, Polymer 102 (2016) 266–280.

[41] Y. Liu, Z.Z. Liu, W.F. Peng, Z. Lu, J.H. Hu, K. Zeng, G. Yang, Copolymerization
modification: improving the processability and thermal properties of phthalonitrile
resins with novel comonomers, Polym. Int. 68 (4) (2019) 724–734.

[42] C. Chen, J.H. Hu, Z.P. Wang, J.Z. Ma, K. Cheng, J.B. Lv, K. Zeng, G. Yang, Synthesis
and characterization of novel polyamides containing purine moiety, Polym-Plast.
Technol. Eng. 57 (13) (2018) 1325–1333.

[43] J.H. Hu, C. Chen, F. Yang, B. He, Z. Lu, R.K. Li, G. Yang, K. Zeng, High performance
polyimides containing bio-molecule adenine building block from DNA, Polymer 146
(2018) 407–419.

[44] J.H. Hu, Z.P. Wang, Z. Lu, C. Chen, M. Shi, J.B. Wang, E.J. Zhao, K. Zeng, G. Yang,
Bio-based adenine-containing high performance polyimide, Polymer 119 (2017)
59–65.

[45] Z. Lu, J.H. Hu, C. Chen, W.F. Peng, Z.Z. Liu, Y. Liu, K. Zeng, G. Yang, Preparation
and characterization of adenine-based polyimide/nano-silica hybrid films, Eur.
Polym. J. 102 (2018) 209–218.

[46] W.F. Peng, F. Yao, J.H. Hu, Y. Liu, Z. Lu, Y. Liu, Z.Z. Liu, K. Zeng, G. Yang,
Renewable protein-based monomer for thermosets: a case study on phthalonitrile
resin, Green Chem. 20 (22) (2018) 5158–5168.

[47] J.Z. Ma, K. Cheng, J.B. Lv, C. Chen, J.H. Hu, K. Zeng, G. Yang, Phthalonitrile-PPO
blends: cure behavior and properties, Chinese J. Polym. Sci. 36 (4) (2018) 497–504.

[48] Y. Han, D.H. Tang, G.X. Wang, Y. Guo, H. Zhou, W.F. Qiu, T. Zhao, Low melting
phthalonitrile resins containing methoxyl and/or allyl moieties: synthesis, curing
behavior, thermal and mechanical properties, Eur. Polym. J. 111 (2019) 104–113.

[49] H. Fischer, The persistent radical effect: a principle for selective radical reactions
and living radical polymerizations, Chem. Rev. 101 (12) (2001) 3581–3610.

[50] J. Kim, Y.C. Kim, W. Ahn, C.Y. Kim, Reaction mechanisms of polyacrylonitrile on
thermal treatment, Polym. Eng. Sci. 33 (22) (1993) 1452–1457.

[51] S. Moulay, Chemical modification of poly (vinyl chloride)—still on the run, Prog.
Polym. Sci. 35 (3) (2010) 303–331.

[52] W.R. Waldman, M.A. De Paoli, Photodegradation of polypropylene/polystyrene
blends: styrene-butadiene-styrene compatibilisation effect, Polym. Degrad. Stabil.
93 (1) (2008) 273–280.

[53] M.H. Levitt, Spin Dynamics: Basics of Nuclear Magnetic Resonance, John Wiley &
Sons, 2001.

[54] C.S. Wu, Y.L. Liu, Y.S. Chiu, Epoxy resins possessing flame retardant elements from
silicon incorporated epoxy compounds cured with phosphorus or nitrogen con-
taining curing agents, Polymer 43 (15) (2002) 4277–4284.

[55] D.W. Van Krevelen, Some basic aspects of flame resistance of polymeric materials,
Polymer 16 (8) (1975) 615–620.

[56] C.F. Wang, J.Q. Sun, X.D. Liu, A. Sudo, T. Endo, Synthesis and copolymerization of
fully bio-based benzoxazines from guaiacol, furfurylamine and stearylamine, Green
Chem. 14 (10) (2012) 2799–2806.

Y. Liu, et al. European Polymer Journal xxx (xxxx) xxxx

9

http://refhub.elsevier.com/S0014-3057(19)31425-9/h0055
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0055
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0055
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0060
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0060
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0060
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0065
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0065
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0065
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0070
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0070
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0075
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0075
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0080
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0080
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0085
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0085
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0085
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0090
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0090
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0090
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0095
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0095
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0095
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0100
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0100
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0105
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0105
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0105
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0110
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0110
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0110
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0115
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0115
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0120
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0120
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0120
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0125
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0125
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0125
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0130
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0130
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0130
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0135
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0135
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0135
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0140
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0140
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0140
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0145
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0145
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0145
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0150
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0150
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0150
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0155
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0155
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0155
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0160
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0160
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0160
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0160
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0165
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0165
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0165
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0170
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0170
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0170
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0170
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0175
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0175
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0175
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0175
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0180
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0180
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0180
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0185
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0185
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0190
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0190
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0190
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0195
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0195
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0195
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0200
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0200
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0200
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0205
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0205
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0205
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0210
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0210
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0210
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0215
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0215
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0215
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0220
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0220
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0220
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0225
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0225
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0225
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0230
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0230
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0230
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0235
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0235
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0240
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0240
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0240
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0245
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0245
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0250
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0250
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0255
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0255
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0260
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0260
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0260
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0265
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0265
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0270
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0270
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0270
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0275
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0275
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0280
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0280
http://refhub.elsevier.com/S0014-3057(19)31425-9/h0280

	Inspiration from a new lignin-derived phthalonitrile resin: Unique curing behavior, and thermal properties
	Introduction
	Experimental
	Materials
	Synthesis of lignin-derived phthalonitrile monomer (BPN) and bisphenol a based phthalonitrile monomer (BAPh)
	Lignin-derived phthalonitrile monomer (BPN)
	Bisphenol A based phthalonitrile monomer (BAPh)

	The preparation of phthalonitrile polymer
	Characterization

	Result and discussion
	Preparation and characterization of lignin-based phthalonitrile monomer (BPN)
	Curing behavior evaluation
	Curing mechanism discussion
	Infrared analysis
	Solid-state 13C NMR analysis

	Dynamic mechanical analysis
	Thermal and thermo-oxidative properties

	Conclusion
	mk:H1_18
	Supplementary material
	References




