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A B S T R A C T

Main-chain benzoxazine oligomers can be phenol-capped now. In this article, cardanol, a re-
newable phenol extracted from agricultural byproduct, is designed as the capping agent for the
oligomers. Benefiting from the long alkyl chain of cardanol, the oligomers possess good pro-
cessability to satisfy resin transfer molding without adding any diluents. The structures of the
oligomers are verified by Fourier transform infrared spectroscopy, 1H and 13C nuclear magnetic
resonance spectroscopy. The molecular weight and distribution have been measured by size
exclusion chromatography. The thermal properties, including glass transition temperature,
coefficient of thermal expansion, thermal stability and char yield, are characterized and dis-
cussed in this study.

1. Introduction

Cashew nut shell liquid (CNSL) is an abundant byproduct (450 kiloton/year) of cashew nut agriculture [1]. It is a non-edible oil,
thus will not suffer food supply when used as a raw chemical. Cardanol is the main component of the technical CNSL [2] which has
already been used to produce epoxy curing agents [3], frictional materials [4], and rigid polyurethane [5]. With its long alkyl chain,
cardanol can efficiently enhance the processability of the resin during molding.

Resin transfer molding (RTM) is capable to make large complex 3D structures with good dimensional tolerance, fine surface finish
and confined void fraction with low facility investment [6]. Thus, it has been widely applied in industry nowadays. Typically, the
resin used for RTM should have a low viscosity (< 1 Pa s), low curing shrinkage and not release small molecules during poly-
merization [6,7]. Epoxy and phenolic resin are the conventional resins for RTM [6,8]. However, epoxy resin shows poor reliability
under hot-humid condition, while phenolic resin would release small volatile molecules during condensation reaction. Thus, de-
veloping new resin for RTM is carrying out continuously [9].

Polybenzoxazine constitutes a new generation of thermosets, which combines the advantages of both phenolic and epoxy resins
[10–12]. Since its unique properties fit to various applications, such as aviation composites and electronic packaging, it becomes one
of the rare new polymers which has been industrialized during the last 30 years [10,13,14]. However, cured benzoxazine monomers
are usually brittle, which is similar to many other thermosets [12,15]. Besides, the intramolecular hydrogen bonding leads to many
branched structures and end groups, thus decreases the thermal stability [16]. Preparation of benzoxazine monomers with the
constituents of CNSL (cardanol, cardol and methylcardol) is a way to enhance ductility and processability [17], but still requires
further improvement on the thermal properties [7,18,19]. Thermosets prepared by main-chain benzoxazine polymers (MCBP) can
address the brittleness, but their high viscosity and reactivity are drawbacks to preparation [15,20,21]. Main-chain benzoxazine
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oligomer (MCBO) has been purposed to overcome the challenges [8]. However, without using diluents, the viscosity of the resin
remains large. Till now, there is only very few works on this topic [8,22] and these works mainly focus on amine-capped MCBO.
Phenol-capped MCBO has long been ignored.

To address the difficulties mentioned above and study phenol-capped MCBO, this manuscript reports the synthesis of new MCBO
materials with phenol and cardanol as capping reagents. Herein, the function of the bio-based cardanol is to enhance the proces-
sability of the petroleum-based main-chain. On the other hand, although preparation of cardanol-containing benzoxazine monomers
[7,23,24] and asymmetric benzoxazine monomers have been reported before [25,26], research on asymmetric MCBO structure has
not been conducted yet. In this study, three MCBOs with different capping agents are synthesized. Their chemical structures are
characterized by FT-IR and NMR. Their processability and curing profiles are evaluated through rheometer and DSC. The material
properties, especially the thermal performances after curing are investigated as well.

2. Experimental

2.1. Materials

Cardanol is purchased from Jinin Baiyi Chemical Co., Ltd., Jinan, China. Phenol (99%), 4,4′-dihydroxyldiphenyl isopropane (BPA,
99%) and paraformaldehyde (96%) are obtained from Aladdin Reagent Co., Ltd., Shanghai, China. 4,4′-diaminodiphenyl methane
(DDM, 97%), sodium carbonate anhydrous (Na2CO3), sodium sulfate anhydrous (Na2SO4) and deuterated chloroform (CHCl3-d) are
achieved from Sigma-Aldrich, St. Louis, US with tetramethylsilane (TMS) as standard. Toluene is acquired from VWR, Radnor, US. All
chemicals are directly used without further purification.

2.2. Synthesis of cardanol-capped main-chain benzoxazine oligomer MCBO(BPA-ddm)C

Based on the nomenclature rule of benzoxazine [10], the MCBO with BPA and DDM in the main-chain and cardanol-capping is
named as MCBO(BPA-ddm)C. Specifically, BPA (0.025 mol, 5.7 g), DDM (0.05 mol, 9.9 g) and cardanol (0.05 mol, 15.2 g) are dis-
solved in 100 mL toluene in a 250 mL round-bottom flask before adding paraformaldehyde (0.22 mol, 6.6 g). The mixture is then
heated up. An insoluble triazine gel forms after 10 min’s refluxing and disappears after 4 h’s reaction, results in a transparent maroon
solution. After refluxing for 24 h, the solution is cooled down, washed by 1 N Na2CO3 solution and DI water until the solution
becomes neutral. It is then dried by Na2SO4 and put into vacuum to remove the solvent at 80 °C. A brown solid is obtained after
sufficient drying (Yield = 65%).

FT-IR (KBr, cm−1): 3009 (AreH), 2962 (eCH3), 2924, 2851 (eCH2e), 1510 (Ar), 1232, 1036 (CeOeC), 1192 (CeNeC), 945
(Ox).

Scheme 1. Synthesis of MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P based on BPA, DDM, phenol and cardanol.

Fig. 1. FT-IR spectra of MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P.
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Fig. 2. 1H NMR spectra of MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P.

Fig. 3. 13C NMR spectra of MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P.
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1H NMR (CHCl3-d, ppm): 6.60–7.05 (AreH), 5.42, 5.34 (eCH]Ce), 5.29, 5.27 (NeCH2eO), 4.54, 4.52 (NeCH2eAr), 3.79
(AreCH2eAr), 2.78, 2.49, 2.02, 1.58 (eCH2e), 1.55 (AreCeCH3), 1.29 (eCH2e), 0.88 (eCH3).

13C NMR (CHCl3-d, ppm): 79.63, 79.39 (NeCH2eO), 50.77, 50.37 (NeCH2eAr).

2.3. Synthesis of cardanol and phenol-capped main-chain benzoxazine oligomer MCBO(BPA-ddm)C-P

The preparation method of MCBO(BPA-ddm)C-P is similar to MCBO(BPA-ddm)C instead of using phenol (0.025 mol, 2.35 g) to
replace the same molar amount of cardanol. A dark-orange solid is obtained after sufficient drying. (Yield = 73%).

FT-IR (KBr, cm−1): 3007 (AreH), 2962 (eCH3), 2924, 2851 (eCH2e), 1512, 1499 (Ar), 1231, 1034, 1016 (CeOeC), 1186
(CeNeC), 945 (Ox), 752 (Ar).

1H NMR (CHCl3-d, ppm): 6.60–7.25 (AreH), 5.42, 5.34 (eCH]Ce), 5.30, 5.28, 5.26 (NeCH2eO), 4.56, 4.53, 4.51 (NeCH2eAr),
3.78 (AreCH2eAr), 2.78, 2.49, 2.02, 1.58 (eCH2e), 1.55 (AreCeCH3), 1.29 (eCH2e), 0.88 (eCH3).

13C NMR (CHCl3-d, ppm): 79.75, 79.64, 79.39 (NeCH2eO), 50.77, 50.55, 50.38 (NeCH2eAr).

2.4. Synthesis of phenol-capped main-chain benzoxazine oligomer MCBO(BPA-ddm)P

The preparation method of MCBO(BPA-ddm)P is similar to MCBO(BPA-ddm)C instead of using phenol to completely replace
cardanol. An orange powder is obtained after sufficient drying. (Yield = 33%).

FT-IR (KBr, cm−1): 3025 (AreH), 2963 (eCH3), 1512, 1498 (Ar), 1228, 1035 (CeOeC), 941 (Ox), 818, 752 (Ar).
1H NMR (CHCl3-d, ppm): 6.60–7.10 (AreH), 5.31, 5.27 (NeCH2eO), 4.57, 4.52 (NeCH2eAr), 3.79 (AreCH2eAr), 1.57, 1.55

(AreCeCH3).
13C NMR (CHCl3-d, ppm): 79.71, 79.38 (NeCH2eO), 50.74 50.52 (NeCH2eAr).

2.5. Polymerization of the MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P

Curing carries out by placing the MCBO in a mold and stepwise heating at 125 °C/1 h, 140 °C/1 h, 160 °C/1 h, 180 °C/2 h and
200 °C/2 h, successively.

2.6. Characterization methods

A Fourier transform infrared spectrometer (FT-IR) Bruker Tensor 27 is used to record the FT-IR spectra with 16 scans at a 4 cm−1

resolution in 500–4000 cm−1 range. The molecular structure is verified by a Varian Mercury VX300 nuclear magnetic resonance
spectroscopy (NMR). The molecular weight of the oligomers is determined by size exclusion chromatography (SEC) using a Waters
1515 gel permeation chromatography (GPC) system. The samples are dissolved in N,N-dimethylformamide and measured under room
temperature. The polymerization behavior and the glass transition temperature (Tg) is examined using differential scanning ca-
lorimetry (DSC) by a Q200 TA Instrument. The heating and cooling rates are maintained at 10 °C/min. The thermal stability and char
yield are evaluated through a thermogravimetric analyzer (TGA), TA Instrument Q5000. The tests are carried out under nitrogen
atmosphere at a heating rate of 10 °C/min. The Tg and coefficient of thermal expansion (CTE) are characterized on a thermal
mechanical analyzer (TMA), Mettler SDTA840 with a heating rate of 10 °C/min. The viscosity of the MCBO is recorded by a TA
Instrument, AR2000ex rheometer. The test is conducted under steady shear mode with a shear rate of 1 s−1 and a heating rate of
2 °C/min.

3. Results and discussion

3.1. Preparation of MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P

Cardanol-capped MCBO(BPA-ddm)C is synthesized from BPA, DDM, cardanol and paraformaldehyde (Scheme 1). To evaluate the
contribution of cardanol on the processability and thermal properties, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P are prepared in a
similar way, except using phenol as a co-capping agent. The chemical structures of the obtained oligomers are verified by FT-IR, 1H
NMR and 13C NMR. Fig. 1 shows the FT-IR spectra of the oligomers. The peak at 2962 cm−1 is assigned to the methyl group in BPA
and cardanol. The high absorbance peaks at 2924 and 2851 cm−1 imply the long alkyl chain of cardanol in the oligomer. These peaks
are smaller in MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P due to less cardanol amount. The oxazine ring is supported by the

Table 1
Molecular weight and polydispersity index of the oligomers.

Oligomer Mn (Daltons) Mw (Daltons) PDI

MCBO(BPA-ddm)C 11370 21050 1.85
MCBO(BPA-ddm)C-P 4396 6536 1.49
MCBO(BPA-ddm)P 7732 23570 3.05
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Fig. 4. Viscosity of MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P.
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absorbance peaks around 1230 cm−1, which indicates the asymmetric stretching mode of CeOeC bond. The characteristic peak of
oxazine ring attached benzene appears near 945 cm−1. The absorbance peak at 1510 cm−1 represents the tri-substituted benzene
ring due to the attached oxazine ring on the benzene of BPA and cardanol. The incorporation of the phenol is proved by the shoulder
peak at 1499 cm−1 and the peak at 752 cm−1, which indicates the 1,2-bi-substituted benzene ring of the phenol attached by oxazine
ring.

The structures of the three oligomers are further verified by 1H NMR (Fig. 2). The multiplets in 6.60–7.10 ppm are assigned to the
protons of the aromatic ring. The peaks at 5.34–6.00 ppm are assigned to the protons of vinyl group, which are consistent with the
results of pristine cardanol [7,19]. The resonance peak at 3.79 ppm is attributed to the eCH2e structure in DDM. The peaks within
the range of 1.00–3.00 ppm are assigned to the protons of eCH2e in the alkyl chain. The high peak at 1.55 ppm is corresponding to
the proton of eCH3 in BPA. The main differences between the three oligomers are the peaks imply the characteristic oxazine rings. As
shown in the enlarged spectra in Fig. 2, the resonance peaks at 5.29 ppm (a), 5.27 ppm (b) and 4.54 ppm (a′), 4.52 ppm (b′) are
assigned to the OeCH2eN and AreCH2eN of the oxazine rings in MCBO(BPA-ddm)C. Among them, the peaks at 5.29 ppm (a) and
4.54 ppm (a′) signify the oxazine ring formed by cardanol and DDM while the other two peaks belong to the oxazine ring generated
by BPA and DDM. Other than the four peaks mentioned above, additional two peaks appear at 5.30 ppm (c) and 4.56 ppm (c′) in the
spectrum of MCBO(BPA-ddm)C-P are corresponding to the oxazine ring generated by phenol and DDM. These two peaks appear in the
spectrum of MCBO(BPA-ddm)P as well. Furthermore, 13C NMR is applied to characterize the oligomers, which is especially useful to
distinguish the oxazine rings (Fig. 3). The oxazine rings of MCBO(BPA-ddm)C formed by cardanol and DDM are evidenced by the

Fig. 5. DSC curves of MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P.

Fig. 6. FT-IR spectra of the polymers prepared by MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P.
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resonances at 79.63 ppm (a) and 50.37 ppm (a′). The resonances at 79.39 ppm (b) and 50.77 ppm (b′) prove the reaction between
BPA and DDM. In the spectrum of MCBO(BPA-ddm)C-P, the reaction between phenol and DDM results in the appearance of two
additional resonances at 79.75 ppm (c) and 50.55 ppm (c′). These two peaks are also found in the spectrum of MCBO(BPA-ddm)P.
Meanwhile, the peaks of oxazine ring generated by cardanol (a and a′) is not found since cardanol is not applied in this oligomer.

The molecular weights of the oligomers are measured through SEC and the results are presented in Table 1. The number average
molecular weights (Mn) of MCBO(BPA-ddm)C,MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P are 11,370 Da, 4396 Da and 7732 Da,
respectively. The corresponding polydispersity indexes (PDI) are 1.85, 1.49 and 3.05. These results imply that the prepared oligomers
are a groups of chain mixtures with long repeating units.

3.2. Properties of MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P

The viscosity of the oligomers is critical for RTM technology. Generally, the processing window refers to the temperature range
between the liquefying temperature and gel temperature [27]. Herein, the liquefying and gel temperatures define the temperature at
a viscosity right below and above 100 Pa s. As shown in Fig. 4, the liquefying temperature of MCBO(BPA-ddm)C is 76 °C while the gel
temperature is 211 °C. Thus, the corresponding processing window is 135 °C. For MCBO(BPA-ddm)C-P, due to less cardanol content,
the liquefying temperature becomes higher (87 °C). The corresponding processing window is 123 °C. Importantly, for both of them,
the liquefying temperature are much lower than conventional MCBP [28] and MCBO [8]. Meanwhile, to clarify the contribution of
cardanol to the processability, the viscosity of MCBO(BPA-ddm)P is measured as well. The MCBO starts to melt at a temperature
around 140 °C and the detected minimum viscosity is above 1000 Pa s. Therefore, cardanol-capping is proved to facilitate processing
at a lower temperature. Besides the processing window, RTM also prefers the resin to have a viscosity below 1 Pa s during soaking
[8]. By plotting the viscosity in a logarithmic axis (small figures in Fig. 4), it is clear that both MCBO(BPA-ddm)C and MCBO(BPA-
ddm)C-P satisfy the requirement at a temperature higher than 135 °C and 150 °C, respectively, without blending with diluents.

The curing profiles of the benzoxazine oligomers are plotted in Fig. 5. Regarding MCBO(BPA-ddm)C, the curing peak appears at
261 °C, together with an exothermic curing enthalpy change of 180 J/g. The peak temperature is similar to conventional cardanol
based benzoxazine monomer, while the exothermic curing enthalpy is much larger [7,14,19]. This can be explained by the less
diluent effect caused by less cardanol amount and enhancement in oxazine ring concentration generated by the main-chain structure.
Meanwhile, by replacing cardanol with phenol, higher curing enthalpy change can be achieved in MCBO(BPA-ddm)C-P (253 J/g) and
MCBO(BPA-ddm)P (301 J/g). The peak curing temperature of MCBO(BPA-ddm)P is lower than the others, which is corresponding to
the lower ring-opening temperature of phenol-ended benzoxazine [29].

3.3. Properties of polymers cured from the oligomers

The prepared oligomers are thermally cured through the curing steps mentioned in the experimental section. The obtained
polymers are characterized by FT-IR (Fig. 6). In the spectra of all polymers, the disappearance of the peaks at around 945 cm−1

signify the complete consumption of oxazine ring. The elimination of absorbance at 1231 cm−1, corresponding to the cleavage of
CeOeC bond, also verifies the ring-opening process. On the other hand, tetra-substituted benzene ring generated after poly-
merization results in a new peak at 1484 cm−1. The intensive broad absorbance peak at 3450 cm−1 indicates the generation of
phenol structure after benzoxazine ring-opening.

The glass transition temperature (Tg) of the thermosets prepared from the oligomers is first determined by DSC through a second

Fig. 7. Tg of the polymers prepared by MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P.
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Fig. 8. Thermal mechanical analysis of MCBO(BPA-ddm)C and MCBO(BPA-ddm)C-P.

Fig. 9. TG and DTG results of the polymers obtained from MCBO(BPA-ddm)C, MCBO(BPA-ddm)C-P and MCBO(BPA-ddm)P after thermal polymerization.
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heating (Fig. 7). It is identified by the change in thermal capacity, performs as a stage on the curve. The obtained Tg of cured
materials are 113 °C (MCBO(BPA-ddm)C) and 164 °C (MCBO(BPA-ddm)C-P), respectively. The achieved Tg of the material prepared
by MCBO(BPA-ddm)C is at least 25 °C higher than the cured cardanol-based monomers and precursors. Moreover, with a little
sacrifice in processability, a further enhancement of more than 50 °C in Tg can be achieved by partially replacing cardanol with
phenol. In both cases, the enhancement in Tg can be explained based on the viewpoint of chain rigidity. Other than DSC, the Tg of the
materials is also characterized based on thermal mechanical analysis (Fig. 8). The cured MCBO(BPA-ddm)C and MCBO(BPA-ddm)C-P
have a Tg at 103 °C and 152 °C, which are similar to the DSC results. The CTE below Tg are measured as well. Specifically, MCBO
(BPA-ddm)C-P exhibits a CTE of 69 ppm, which is comparable to conventional polybenzoxazines. Meanwhile, MCBO(BPA-ddm)C has
a CTE at 94 ppm. The high CTE value is probably due to the larger alkyl chain amount. Unfortunately, due to the poor processability
of MCBO(BPA-ddm)P (Fig. 4), preparation of cured shaped sample fails.

The thermal stability and char yield of the cured polymers are evaluated by TGA, which are presented in Fig. 9. In general,
thermal degradation of polybenzoxazines includes chain-end degradation, Mannich bridge cleavage and char formation, successively
[30]. For cured amine-ended benzoxazines, the related DTG peaks appears at 300 °C, 410 °C and 520 °C. Regarding the thermal
stability, the cured MCBO oligomers show the 5% weight loss at 362 °C and 375 °C and 335 °C, which are better than traditional
polybenzoxazines obtained from amine-ended benzoxazines. This is because the two oligomers are capped by phenols, the capping
phenol can participate the reaction and incorporate in the chain structure, rather than exists as a dangling group. Besides, there is less
chain-end in the MCBO than monomers. As expected, the first degradation peak (near 300 °C) is almost ignorable in the DTG curves.
The maximum DTG peaks of the three cured oligomers appear at 449 °C (MCBO(BPA-ddm)C), 447 °C (MCBO(BPA-ddm)C-P) and
418 °C (MCBO(BPA-ddm)P), respectively. The char yield is obtained by heating the cured materials to 800 °C under nitrogen at-
mosphere. The char yield of cured MCBO(BPA-ddm)C at 800 °C is 19%. When phenol is applied to replace cardanol partially, the
obtained polymer shows a 5% enhancement in char yield. Meanwhile, complete replacing cardanol with phenol results in significant
improvement in char yield (43%). Apparently, decrease in alkyl chain amount facilitates the formation of compact char structure,
which enhances char generation.

4. Conclusion

This manuscript reports the synthesis of three phenol-capped MCBO. Among them, two oligomers which are completely or
partially capped by cardanol show very large processing window as well as low viscosity. Attractively, without adding diluents, they
can satisfy the viscosity requirement of RTM. The main-chain type structure enhances the Tg of the cardanol-based polybenzoxazines
while the phenol-capping structure benefits their thermal properties and processability. In sum, this study proposes a new idea to
fabricate MCBO materials with good processability and material performance by introducing cardanol as capping agent.
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