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A phthalonitrile-containing monomer derived from a plant oil (anethole) has been successfully synthesized by a
facile two-step reaction in an overall yield of 84%. Upon high temperature, this monomer is converted to a cured
phthalocyanine resin in the presence of a catalyst, 4,4’-bis(3-aminophenoxy)diphenyl sulfone (m-BAPS). Such a
cured resin displays good thermostability including high glass transition temperature (T > 450 °C), low thermal
expansion coefficient (CTE, near 62.99 ppm °C~! from 25 to 400 °C) and high char yield (>72% at 1000 °C).

These data are comparable to those of the most of the common phthalocyanine resins derived from the fossil
resource, suggesting that the phthalonitrile-containing monomer is a suitable precursor for the preparation of the
ablation-resistant materials used on the surface of the spacecrafts.

1. Introduction

Phthalocyanine resins are a class of high-performance thermosetting
materials [1,2]. Because of their outstanding properties including high
thermostability, low water uptake and high char yield, phthalocyanine
resins have been widely applied in the fields of aerospace, marine, ad-
hesives and microelectronics [3-7]. The high thermostability of cured
phthalocyanine resins can be attributed to the addition polymerization
of monomers containing the aromatic skeletons [8], most of which
derived from non-renewable fossil resources, e.g. bisphenol A [9],
resorcin [10]. These petroleum-based phthalocyanine resins possess
attractive heat-resistance properties [6], however, the backbone rigidity
and strong intermolecular interaction often results in poor solubility or a
high melting point [11,12], which leads to the difficulty in process-
ability for fabricating composites [13]. On the other hand, with the
rapidly depleting of fossil resources and rising of environment concerns,
it becomes increasingly important to use the renewable feedstocks to
prepare polymer materials instead of petroleum-based chemicals
[14,15]. Therefore, developing phthalocyanine resins from biomass has
attracted great attention. Recently, several bio-based phthalocyanine
resins have been synthesized from renewable phenols, such as resvera-
trol [13], vanillin [16], eugenol [17], and guaiacol [18]. Although some
of them show desirable heat-resistant property, the examples of phtha-
locyanine resin monomers with good processability that can be easily
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prepared are still limited [19]. Hence, it is significant to explore simple
methods to convert biomass feedstocks to phthalocyanine resins.

Anethole is an aromatic vegetable oil that can be easily extracted
from fennel and star anise plants growing in southwest China with the
yearly output of about 3000 tons [20]. Because of its abundant and
renewable characteristics, anethole is an ideal feedstock to develop bio-
based materials. Moreover, its bifunctional chemical structure with ar-
omatic skeletons enables it to prepare polymer materials via few
chemical modifications [21,22]. The propenyl group of anethole is taken
as a naturally cross-linkable group, which can be used to develop high-
performance thermosetting resins.

In this work, a bio-based phthalocyanine resin was developed with
anethole as starting material. Firstly, the monomer (called as A-PN) is
synthesized through a two-step reaction procedure (see Scheme 1) with
a high overall yield. The monomer shows a low melting point of 97 °C
and the good solubility in common organic solvents, indicating its good
processability. In the presence of a catalysis, 4,4'-bis(3-aminophenoxy)
diphenyl sulfone (m-BAPS), A-PN is transformed at high temperature
into an insoluble and infusible phthalocyanine-like resin (called as PA-
PN, see Scheme 2). PA-PN displays high thermostability with a 5%
weight loss temperature (Tsq) of 483 °C and a char yield of up to 72% at
1000 °C. Especially, the glass transition temperature (T;) of PA-PN is
over 450 °C. These results demonstrate that the new anethole-based
phthalocyanine resin is comparable to the petroleum-based
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Scheme 1. The synthesis of the monomer.

phthalocyanine resins, implying that this resin has potential application
as the ablation-resistant coating on the spacecrafts. Among the bio-based
phthalocyanine resins, vanillin-based phthalocyanine resins developed
recently showed the most desirable heat-resistant properties [16,23].
Relative to them, PA-PN also displayed comparable thermostability.
Considering of the abundant and easy-access of anethole, developing
anethole-based phthalocyanine resins can provide a promising approach
to obtain the high heat-resistant material. Here, we report the details.

2. Experimental section
2.1. Reagents and instruments

Anethole was acquired from Nanjing Chemlin Chemical Industry Co.,
China. 4-nitrophthalonitrile was purchased from Zhengyuan Pharma-
ceutical Technology Co., Ltd., Pinghu City, Zhejiang Province, China.
4,4'-Bis(3-aminophenoxy)diphenyl sulfone (m-BAPS) was purchased
from Ark Pharm. All solvents were used as received without further
purification.

'H NMR and '3C NMR spectra were obtained on a Bruker 400
spectrometer. High resolution mass spectra (HRMS) were measured by a
Waters Premier GC-TOF mass spectrometer. Elemental analysis was
determined by an elementar vario EL III analyzer. Fourier transform
infrared spectra (FT-IR) spectra were detected on a Nicolet spectrometer
with KBr pellets. Differential scanning calorimetry (DSC) curves were
collected by a TA Instrument of DSC Q200 at a heating rate of 10 °C
min~! under a nitrogen flow. Dynamic mechanical analysis (DMA) was
tested with a heating rate of 5 °C min~! in a nitrogen atmosphere on the
DMA 800 instruments. Coefficient of thermal expansion (CTE) was
detected on a NETZSCH DIL 402 expedis instrument in a nitrogen at-
mosphere with a heating rate of 5 °C min~!. Thermo-gravimetric anal-
ysis (TGA) was measured by a NETZSCH TG 209 apparatus in a nitrogen
atmosphere at a heating rate of 10 °C min~! from room temperature to
1000 °C.
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2.2. Synthesis of (E)-4-propenyl phenol (M)

The (E)-4-propenyl phenol (M) was synthesized by a route previously
reported in a quantitative yield.[24]

'H NMR (400 MHz, DMSO-dg, ppm): 9.36 (s, 1H), 7.17 (d, J = 8.5
Hz, 2H), 6.69 (d, J = 8.5 Hz, 2H), 6.28 (dd, J = 15.8, 2.0 Hz, 1H), 6.09 —
5.97 (m, 1H), 1.79 (dd, J = 6.7, 1.8 Hz, 3H). '*C NMR (101 MHz,
DMSO-dg, ppm): 161.64, 135.79, 133.71, 132.02(2C), 126.87, 120.47
(20), 23.34. HRMS-EI (m/z): Caled CoH;p0O [M]" 134.0732; Found
134.0723.

2.3. Synthesis of monomer A-PN

The (E)-4-propenyl phenol (4.02 g, 30 mmol) was added into the
mixture of 4-nitrophthalonitrile (5.19 g, 30 mmol), anhydrous K»COg3
(12.44 g, 90 mmol) and DMSO (50 mL) in a 100 mL round-bottom flask
with magnetic stirring. The resulting solution was stirred at room tem-
perature for 72 h. Then the reaction mixture was poured into water to
precipitate. The off-white residue was filtered, washed with deionized
water to neutrality and dried. The crude product was dissolved with
ethyl acetate and purified by column chromatography using a mixture of
petroleum ether and ethyl acetate (30:1, v/v) as the eluent. A-PN was
obtained as a white solid in a yield of 84%. H NMR (400 MHz, CDCl3,
ppm): 7.72 (d, J = 8.6 Hz, 1H), 7.42 (d, J = 8.5 Hz, 2H), 7.29 - 7.21 (m,
2H), 7.01 (d, J = 8.5 Hz, 2H), 6.40 (dd, J = 15.9, 1.8 Hz ,1H), 6.30 - 6.20
(m, 1H), 1.92 (dd, J = 6.5, 1.7 Hz, 3H). '3C NMR (101 MHz, CDCls,
ppm): 161.89, 152.10, 136.31, 135.36, 129.57, 127.81 (2C), 126.89,
121.37, 121.30, 120.66, 117.60, 115.39 (2C), 114.93, 108.68, 18.48.
HRMS-EI (m/z): Caled C17H;7N20 [M]T 260. 0950; Found 260.0949.
Anal. Caled C17H17N30: C, 78.44; H, 4.65; N, 10.76; Found: C, 78.14; H,
4.93; N, 10.67.

2.4. Preparation of cured sample

A-PN monomer (2 g) and 4 wt% m-BAPS was placed in a flat-bottom
glass tube, which was maintained at 100 °C in a vacuum for 2 h to
remove residual solvent. Then the tube was sealed and the temperature
was then increased and kept at 260 °C for 1 h, 270 °C for 2 h, 300 °C for
0.5 h, and 323 °C for 1 h, 380 °C for 4 h, respectively. Therefore, a fully
cured sample was obtained.

3. Results and discussion
3.1. Synthesis and characterization of A-PN

The new monomer A-PN was converted from anethole by a two-step
route as shown in Scheme 1. The intermediate product (E)-4-

PA-PN \
o

Scheme 2. The produce for the synthesis of PA-PN.
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Fig. 1. The 'H NMR and 'C NMR spectra of monomer A-PN.
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Fig. 2. DSC traces of A-PN with 4 wt% m-BAPS under N, with a heating rate of
10 °C min~ .

propenylphenol (M) was obtained from demethylation of anethole, and
then M reacts with 4-nitrophthalonitrile to obtain the target monomer.
A-PN was prepared in a high overall yield of 84%. The chemical struc-
ture of A-PN was characterized by the 'H NMR, 3C NMR spectroscopy
(see Fig. 1), HR-MS and elemental analysis. The obtained A-PN mono-
mer is a white solid and soluble in most common organic solvents, such
as acetone, ethyl acetate, chloroform and toluene. As shown in 'H NMR
spectrum of A-PN (Fig. 1), the characteristic peaks at the range from
7.01 to 7.72 ppm are assigned to the hydrogen in benzene ring. The
peaks appear at the range from 6.20 to 6.40 ppm are ascribed to the
hydrogen at the vinyl group. The peak at 1.92 ppm is attributed to
hydrogen in methyl group. 13C NMR spectrum also indicates that the
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Fig. 3. FT-IR spectra of A-PN before and after curing.

carbon signal peaks are in accordance with the proposed structure.

3.2. Curing behavior of A-PN

The monomer A-PN can be cross-linked in the presence of a catalysis
(m-BAPS) under high temperature. Thermal cross-linking behavior of A-
PN was monitored by DSC. As shown in Fig. 2, at the first scan from 40 to
400 °C, A-PN displays a melting point of 97 °C, an onset curing tem-
perature of 304 °C and a maximum peak temperature at 380 °C. No
obvious exothermic peak is observed at the second scan, indicating the
curing reaction of A-PN has completed.
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Fig. 4. TGA curves of PA-PN in N, with a heating rate of 10 °C min~1.

The degree of the thermal cross-linking reaction of A-PN was char-
acterized by FT-IR, and the results are depicted in Fig. 3. As can be seen
from Fig. 3, the characteristic absorption peak of the -C=N group at
2228 cm™! disappears after thermal curing, and the absorption peaks at
1600 cm ™! and 745 cm ™! appear, indicating the formation of isoindoline
units. The absorption peak at 1013 cm ™! can be observed in PA-PN,
which is assigned to the vibration of phthalocyanine units.[25,26] The
appearance of the absorption peaks at 1340 cm ™! and 1503 cm ™! rep-
resents the formation of triazine units.[27] In addition, the character-
istic peaks attributed to alkene = C-H at 975 em ! and 1680 cm ™! also
disappear, suggesting the alkene units involved in the polymerization.
[23]

It is noted that the characteristic absorption peaks of double bond in
A-PN completely disappear after the monomer is cured at near 350 °C
(see Figure S1 in Supporting Information), indicating that both the
double bond and the cyano groups participate the curing reaction. In
order to ascertain when the polymerization of propylene double bond
occurs in A-PN, the relevant experiments were carried out on DSC and
FT-IR. Firstly, the curing behaviors of anethole with and without catalyst
were investigated, and the results indicated that no exothermic peaks
were observed in the DSC traces (see Figure S2 in Supporting Informa-
tion), implying that anethole does not occur thermal polymerization,
even in the presence of a catalyst (the endothermic peaks at about
240 °C are attributed to the evaporation of anethole). Considering that
the ease of volatilization of anethole at high temperature, the mea-
surement of the curing behavior of anethole needs to be improved. Thus,
a derivative of anethole was synthesized to further study the curing
behavior of anethole. As can be seen from Figure S2 in the Supporting
Information, the derivative (8F-A) only shows an endothermic peak of
melting at 112 °C and does not give an exothermic peak in its DSC trace,
clearly confirming that the double bond does not polymerize at high
temperature. The FT-IR spectrum of A-PN after curing at high temper-
ature in the absence of a catalyst (Fig. 3) indicates that the characteristic
peaks attributed to propylene group at 975 cm~! and 1680 cm !
disappear and the peak belonged to -C=N group at 2228 cm ™! becomes
weak, meaning that the double bond reacts with the -C=N in A-PN. Such
a result is similar to the reaction between a cyanate ester and a bisma-
leimide, forming a cyclic product.[28] To know the effect of the tem-
perature on the reaction degree between the propylene group and the
-C=N group, the curing behavior of A-PN with 4 wt% catalyst at
different temperatures was also studied, and the results are displayed in
Figure S1. As can be seen from Figure S1 in Supporting Information,
complete curing of A-PN with m-BAPS occurs at 380 °C.
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Table 1
The thermostability of PN-based resins.
Resins Feedstock Tsq Tg Residual Ref
“C) (§®) mass(%)
PA-PN anethole 483 >450 72 This
work
Poly lignin 417 400 72 [31]
(BPN)
Poly eugenol 465 394 78 (800 [18]
(EPN) °QC)
Poly guaiacol 484 392 75 (800 [18]
(GPN) °C)
TBHQPh 1,3,5-benzen- 536 >500 74 [32]
etricarbonyltrichloride
PIPN 4,4'-oxydiphthalic 518 - 69 (800 [33]
anhydride °C)
HPPN bisphenol A(PPO) 391 351 65 (800 [34]
Q)
TPN L-Tyrosine 450 455 71 (800 [35]
°Q)
Poly(BA- bisphenol A 439 300 66 (800 [36]
ph) °0)
4a resveratrol 510 >400 65 [13]
4b resveratrol 500 >400 62 [13]
BA-ph/ bisphenol A (BPA) 443 299 65 (800 [37]
BPA °C)
Bis- Bisphenol A 478 >400 62 (800 [38]
ADPN/ °C)
DDS
Cured-3a Vanillin 482 >500 78 [23]
Cured-3b Vanillin 477 >500 76 [23]
V-PN Vanillin 486 >400 76 [16]
HBPPN 4-hydroxybenzoic acid 452 >329 66 (900 [39]
Q)
BDS bis-(4-hydroxyphenyl) 436 322 57 [40]
sulfone
Cured 5d 1,6- 551 >500 66.5 [41]
dihydroxynaphthalene
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Fig. 5. DMA curves of PA-PN at a heating rate of 5 °C min~".

3.3. Thermostability

Thermostability of the PA-PN was measured by TGA, and the results
are exhibited in Fig. 4. It is seen that PA-PN displays a Tsq of about
483 °C and a maximum peak weight loss temperature of 513 °C in Nj,
respectively. It is noted that PA-PN has a char yield of 72.11 % in N at
1000 °C, indicating that this resin possesses high heat-resistance. For
comparison, the thermostability of petroleum-based PN resins and some
reported bio-mass PN resins are summarized in Table 1. These data
demonstrate that PA-PN has higher Tsq and char yield than most of the
bifunctional phthalocyanine resins (Table 1). Moreover, PA-PN also
displays better thermostability than the phthalocyanine resins derived
from lignin and guaiacol. Compared with vanillin-based phthalocyanine
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Fig. 6. CTE curves of PA-PN at a heating rate of 5 °C min .

resins and other heat-resistant polymers, PA-PN also has excellent
thermostability [16,23,29,30]. These results reveal that PA-PN can be
used as heat-resistant materials in aerospace field.

The thermomechanical properties of PA-PN were evaluated by DMA.
T can be obtained from the maximum value of tan § in the DMA curve.
As shown in Fig. 5, the tan & value of PA-PN does not change signifi-
cantly at around 450 °C. Thus, it can be estimated that Ty of PA-PN is
more than 450 °C, which is higher than most phthalocyanine resins
derived from biomass or petroleum feedstock. At the temperature range
from 25 to 400 °C, the storage modulus (E’) of PA-PN resin changes from
2.1 GPato 1.0 GPa, indicating the mechanical properties are stable even
in high temperature condition. The high Ty and storage modulus of the
resin are attributed to the formation of phthalocyanine rings with cross-
linked structures in the cured product. Furthermore, the dimensional
stability is conducted by thermal dilatometer. As shown in Fig. 6, the
cured polymer exhibits a CTE of 62.99 ppm °C ! at the range from 25 to
400 °C. The low CTE demonstrates that PA-PN has outstanding
dimensional stability at a wide temperature range.

4. Conclusions

A bio-based phthalonitrile-containing monomer based on a plant oil
(anethole) was facilely synthesized. This monomer was cured using a
commercial curing agent (m-BAPS) at high temperature to form a highly
cross-linked network with the phthalocyanine structure (PA-PN), dis-
playing good thermostability with a Tsq of 483 °C, a T, of over 450 °C
and a char yield of 72% at 1000 °C. Moreover, PA-PN also exhibits high
dimensional stability with a CTE of 62.99 ppm °C™! at the ranges of
temperatures varying from 25 to 400 °C. In comparison with the com-
mon petroleum-based phthalocyanine resins, bio-based PA-PN possesses
comparable thermostability and dimensional stability. This work pro-
vides a new way to develop the bio-based phthalocyanine resins. The
obtained resins are suitable as an alternative of the petroleum-based
phthalocyanine resins.
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