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A B S T R A C T   

We synthesized the new pyrene-functionalized tetraphenylethylene benzoxazine monomer (TPEP-BZ) through 
1,1,2,2-tetra(3-formyl-4-hydroxyphenyl)ethylene with 1-aminopyrene through Schiff base reaction, reduction 
with NaBH4 and then ring-closing with paraformaldehyde in a mixture of 1,4-dioxane and absolute EtOH. DSC, 
TGA, and FTIR spectroscopy were performed to understand the ring-opening polymerization and its corre-
sponding thermal stability of this new TPEP-BZ monomer and then blending with different weight ratios of 
single-walled carbon nanotubes (SWCNT) before and after thermal treatments. More interestingly, the TPEP-BZ/ 
SWCNT nanocomposites display lower curing temperature (262 �C), but significantly higher Td value (475 �C) 
and char yield (74 wt%) compared with typical Pa type benzoxazine. In addition, the poly (TPEP-BZ)/SWCNT 
nanocomposites also display high specific capacitance (84 F g� 1) at a current density of 0.5 A g� 1 and excellent 
cycling stability (98.3% capacitance retention over 2000 cycles).   

1. Introduction 

Polybenzoxazines (PBZs) are a class of new thermosetting resin, 
which has aroused scientific research interest and industrial attention 
[1–8]. The preparation of PBZs can be achieved through the thermal 
ring-opening polymerization of their benzoxazine rings, which is pre-
pared from the Mannich condensation of aromatic phenols with the 
aromatic or aliphatic amine in the presence of formaldehyde or para-
formaldehyde without using strong bases or acids and no releasing any 
side products [9–18]. They possess attractive characteristics compared 
to other typical thermosetting resins, like catalyst-free polymerization, 
high thermal stability, low flammability, flame retardance, high char 
yield, dimensional stability, low surface free energy, excellent me-
chanical and physical properties, flexible molecular design capability, 
low coefficient of thermal expansion, and low dielectric constant 
[19–24]. The improvement of thermal or mechanical properties of pol-
ybenzoxazines can be achieved through incorporation of nanofillers into 
benzoxazine matrix, such as clay, polyhedral oligomeric silsesquioxane, 
barium titanate nanoparticles, SiC whisker, and sol� gel nanoparticles 
into benzoxazine matrix, blending with different polymers (e.g. poly-
urethane, poly (N-vinyl-2-pyrrolidione), polyimide and epoxy resins) or 

copolymerization of benzoxazine with other monomers and introduc-
tion some functional groups including hydroxyl nitrile, allyl, phenyl-
ethynyl, ethynyl, propargyl, and alkyne group into benzoxazine 
monomers [25–33]. 

Carbon nanotubes (CNTs) have been also widely studied to create 
huge activity in the most areas of material science because of they have 
unique exceptional morphological structure, high stiffness, mechanical 
durability, electrical conductivity, chemical and physical properties and 
outstanding thermal conductivity due to the graphitic structure of 
nanotube lattice [34–41]. As reported in several literature reviews, all 
these unique properties make CNTs have a wide range of applications 
including field emission, conducting plastics, thermal conductors, 
conductive adhesives, thermal interface materials, catalyst supports, 
energy storage, fibers, ceramics, air and water filtrations [42,43]. 
Depending on the graphene layer number that presents in the CNT’s 
wall, CNTs structure can be classified single-walled or multi-walled 
carbon nanotubes (SWCNT or MWCNT) [44,45]. They have already 
been successfully dispersed into benzoxazine matrices by two main ap-
proaches. The first one is covalent functionalization and the second one 
is non-covalent supramolecular adsorption of functional molecules onto 
CNT surfaces. The first one by the addition reactions of reagents to the 

* Corresponding author. Department of Materials and Optoelectronic Science, Center of Crystal Research, National Sun Yat-Sen University, Kaohsiung, 80424, 
Taiwan. 

E-mail address: kuosw@faculty.nsysu.edu.tw (S.-W. Kuo).  

Contents lists available at ScienceDirect 

Composites Science and Technology 

journal homepage: http://www.elsevier.com/locate/compscitech 

https://doi.org/10.1016/j.compscitech.2020.108360 
Received 15 May 2020; Received in revised form 10 July 2020; Accepted 14 July 2020   

mailto:kuosw@faculty.nsysu.edu.tw
www.sciencedirect.com/science/journal/02663538
https://http://www.elsevier.com/locate/compscitech
https://doi.org/10.1016/j.compscitech.2020.108360
https://doi.org/10.1016/j.compscitech.2020.108360
https://doi.org/10.1016/j.compscitech.2020.108360
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compscitech.2020.108360&domain=pdf


Composites Science and Technology 199 (2020) 108360

2

sidewalls or by modifying the CNT surfaces with molecules or reactive 
groups such as OH, COOH to promote their dispersion in solvents or 
polymer matrices [46–50]. Furthermore, Chen et al. proposed that the 
curing temperature of benzoxazine monomers decreased and the 
ring-opening process catalyzed due to the surface carboxyl units of CNTs 
[36]. The limitations of this approach are the disruption of graphitic 
skeleton and loss of electronic properties. The noncovalent approach is a 
method for tuning the interfacial properties of CNTs. The difference 
between this method and the covalent one involves π-π stacking in-
teractions between the CNT surface and the polymer chains [36–39]. 
Also, the noncovalent approach of CNTs does not change the nanotubes 
structure and electronic network, which can enhance dispersibility, 
thus, the physical properties of CNTs should retain unaffected [34,37, 
39]. Indeed, the preparation and fabrication polymers with these 
nanofillers [CNTs] can be used in many potential applications such as 
energy storage and nanoelectronic [34,39,51]. CNTs are considered as 
amazing materials in energy storage applications and widely used in the 

electrode fabrication for supercapacitors (SCs) and lithium batteries 
(LIBs) as a supporter and an active material due to their excellent 
electrical conductivity, higher ion accessibility and interesting unique 
morphology compared to other conductive additives such as graphite, 
carbon black and carbon nanofibers. Some groups found that the power 
density of both supercapacitors (SCs) and lithium batteries (LIBs) 
significantly enhanced and improved after incorporation CNTs into the 
electrodes of LIBs and SCs [52,53]. According to Dumas et al. result, the 
π-π stacking interaction between p-phenylenediamine benzoxazine and 
CNTs led to form the reinforced network with excellent mechanical and 
thermal properties of PBZ structure and enhanced the dispersion of the 
CNTs in PBZ matrix [54]. We found that the bifunctional (Coumarin-Py 
BZ) monomer with pyrene and coumarin moieties could be improved the 
SWCNT dispersion inside the polybenzoxazine matrix by π-π stacking 
between SWCNT and pyrene units, and formation of nanohybrids. 
Furthermore, these composites exhibiting high char yield and glass 
transition temperature of the polybenzoxazine matrix after 

Scheme 2. The formation of TPEP-BZ/SWCNT hybrid complex to form poly (TPEP-BZ)/SWCNT nanocomposites after thermal treatment.  

Scheme 1. Synthesis of (e) TPEP-BZ from (a) TPE-4OH, (b) TPE-4OH–CHO, (c) TPEP Schiff base, (d) TPEP-hydroxybenzylamine, and to form (f) poly (TPEP-BZ) after 
thermal curing. 
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photo-dimerization of coumarin units through [2π þ 2π] cycloaddition 
[55]. In addition, we also synthesized multifunctional (Azo–COOH–Py 
BZ) benzoxazine monomer possessing the azobenzene unit, pyrene 
moiety, and carboxylic acid group. We revealed that when the content of 
SWCNTs (5 wt%), the exothermic curing peak of Azo–COOH–Py BZ 
(226 �C) was lowered to (194 �C), which indicated that CNTs worked as 
initiator and catalysts for the ring-opening polymerization of oxazine 
unit [56]. Liu et al. prepared PBz-MWCNT using both a thermally acti-
vated radical and addition reactions [24]. They found that these mate-
rials showed good homogeneous dispersion inside PBZ matrix, high 
interfacial compatibility, and anticorrosion property compared with 
that the neat crosslinked PBz. Also, Dumas et al. prepared P-pPDA/CF 
laminate composites with 0.5 wt% of CNTs and they revealed that these 
composites possess excellent thermomechanical stability (above 300 
�C), flexural strength (700 MPa), flexural modulus (59 Gpa) and fire 
resistance improved significantly [57]. 

Based on those previous results, the functionality of pyrene into the 
benzoxazine monomer is usually a mono-functional unit [54–56]. To 
improve the π-π stacking between SWCNT and pyrene units, in this 
report, we have been successfully prepared a tetra-functionalized ben-
zoxazine monomer (TPEP-BZ) containing tetraphenylethylene and pyr-
ene units. The reaction of 1,1,2,2-Tetra (3-formyl-4-hydroxyphenyl) 
ethylene (TPE-4OH–CHO, Scheme 1(a)) with 1-aminopyrene in absolute 
EtOH to form TPEP Schiff base compound (Scheme 1(b)). The reaction 
of TPEP hydroxybenzylamine (Scheme 1(c)) from the reduction of TPEP 
Schiff base with paraformaldehyde in a mixture of 1,4-dioxane and 
absolute EtOH could form TPEP-BZ (Scheme 1(d)). Then, we blended 
TPEP-BZ monomer with different amounts of SWCNT to form stable poly 
(TPEP-BZ)/SWCNT nanocomposites through strong π–π interactions 
between SWCNT and pyrene unit in TPEP-BZ, as depicted in Scheme 2. 
Thermogravimetric analysis (TGA), Fourier transform infrared (FTIR) 
spectroscopy, and differential scanning calorimetry (DSC) were per-
formed to examine the thermal stability and thermal curing behavior of 
TPEP-BZ in the presence and absence of SWCNT. In addition, the 
dispersion SWCNT in the TPEP-BZ matrix after thermal curing was 
confirmed by using transmission electron microscopy (TEM) and pho-
toluminescence spectroscopy. The electrochemical analyses were done 
to investigate the potential application of poly (TPEP-BZ)/SWCNT 
nanocomposites as electrode materials for energy storage performance. 
To the best of our knowledge, this is the first report to study and present 
the electrochemical performance of poly (TPEP-BZ)/SWCNTs nano-
composites based on tetraphenylethylene and pyrene units. 

2. Experimental 

2.1. Materials 

4,40-Dihydroxybenzophenone, dimethylacetamide (DMAc), MeOH, 
absolute EtOH (99.99%), tetrahydrofuran (THF), aniline, zinc powder, 
potassium carbonate (K2CO3), titanium tetrachloride (TiCl4), sodium 
borohydride (NaBH4), hexamethylenetetramine, sodium bicarbonate 
(NaHCO3) and trifluoroacetic acid (TFA) were purchased from Sigma-
–Aldrich. Paraformaldehyde, 1,4-dioxane and acetone were purchased 
from Acros. SWCNTs were obtained from Center Biochemistry Tech-
nology. Tetra (p-hydroxyphenyl)ethylene (TPE-4OH), (1,1,2,2-tetra(3- 
formyl-4-hydroxyphenyl)ethylene) (TPE-4OH–CHO) and 1-aminopyr-
ene (Py-NH2), were synthesized using the previously reported proced-
ures [58–61]. 

2.2. 4,4’-((1Z)-1,2-bis(4-hydroxy-3-((pyren-1-ylimino)methyl)phenyl) 
ethene-1,2diyl)bis(2-((pyren-4-ylimino)methyl)phenol) (TPEP schiff 
base) 

TPE-4OH–CHO (0.70 g, 1.37 mmol) and 1-aminopyrene (1.19 g, 
5.47 mmol) in absolute EtOH (50 mL) were refluxed at 70 �C for 24 h. 
The yellow product formed was filtered off, washed several times with 

MeOH and finally dried to give the powder (1.20 g, 70%). FT-IR (KBr, 
cm� 1): 3448 (OH), 3038 (aromatic C–H), 1620 (C––N). 1H and 13C NMR 
analyses are not done because of its poor solubility. 

2.3. (Z)-4,4’-(1,2-bis(4-hydroxy-3-((pyren-1-ylamino)methyl)phenyl) 
ethene-1,2-diyl)bis(2-((pyren-4-ylamino)methyl)phenol) (TPEP 
hydroxybenzylamine) 

NaBH4 (0.09 g, 2.37 mmol) and TPEP Schiff base (0.55 g, 0.42 mmol) 
were dissolved in DMAc (10 mL) and the solution mixture was stirred at 
25 �C for 1 day. Then, the solution mixture was poured onto 500 mL of 
cold water to afford a black powder (0.45 g, 82%). FTIR (KBr, cm� 1): 
3410 (O–H), 3326 (N–H). 1H NMR (500 MHz, DMSO‑d6, δ (ppm)): 9.45 
(OH), 9.15 (NH), 8.31–6.56 (ArH), 4.17 (NCH2). 13C NMR (125 MHz, 
DMSO‑d6, δ (ppm)): 154.14, 145.07, 143.36, 138.56, 135.79, 132.02, 
132.04, 131.45, 130.629, 127.73, 127.35, 126.55, 125.91, 125.26, 
125.08, 124.15, 123.00, 122.94, 122.15, 121.77, 121.14, 115.36, 42.55. 
FTMS: calcd. for C94H64N4O4, m/z 1312.49; found 1311.48 (Fig. S1). 

2.4. 1, 1, 2, 2-tetrakis(3-(pyren-1-yl)-3,4-dihydro-2H-benzo[e][1,3] 
oxazin-6-yl)ethane (TPEP-BZ) 

In a 250 mL two-neck flask, TPEP hydroxybenzylamine (0.45 g, 0.34 
mmol) and paraformaldehyde (0.05 g, 16.66 mmol) were dissolved in a 
mixture of absolute EtOH and 1, 4-dioxane (60 mL). After that, the so-
lution mixture was heated at 90 �C for 1 day and then we evaporated the 
solvents. The brown residue was extracted three times by EtOAc (100 
mL) and aqueous NaHCO3 (1 wt%, 100 mL). After that, the EtOAc so-
lution was dried over anhydrous MgSO4 and evaporated under pressure 
to give a yellow solid (0.40 g, 87%). FTIR (KBr, cm� 1): 1236 (asym-
metric C–O–C stretching), 1027 (symmetric C–O–C stretching), 934 
(vibration of the oxazine ring). 1H NMR 1H NMR (500 MHz, DMSO‑d6, δ 
(ppm)): 8.28–6.61 (ArH), 5.19 (s, OCH2N), 4.37 (s, NCH2Ar). 13C NMR 
(125 MHz, DMSO‑d6, δ (ppm)): 152.83, 143.52, 138.92, 136.80, 131.80, 
129.88, 127.78, 127.32, 126.98, 126.29, 125.79, 125.12, 125.05, 
124.89, 124.62, 123.62, 122.48, 120.10, 119.13, 115.64, 82.00 
(OCH2N), 51.62 (Ar- CH2N). FTMS: calcd. for C98H64N4O4, m/z 1361.61; 
found 1361.49 (Fig. S2). 

2.5. Poly(TPEP-BZ)/SWCNTs nanocomposites 

TPEP-BZ monomer with different amounts of SWCNT were both 
dissolved in THF. Then, the THF solution was stirred at room tempera-
ture for 8 h and then the THF was evaporated at 50 �C for 24 h in the 
oven. Each sample was thermally cured at 110, 150, 180, 210 and 250 
�C for 2 h at each temperature to form pure poly (TPEP-BZ), poly (TPEP- 
BZ)/SWCNT-1 (1 wt% SWCNT) and poly (TPEP-BZ)/SWCNT-5 (5 wt% 
SWCNT) nanocomposites [Scheme 2]. 

3. Results and discussion 

3.1. Synthesis of TPEP-BZ monomer 

In this study, we prepared TPEP-BZ monomer through the three-step 
procedure. First, from the condensation reaction of TPE-4OH–CHO with 
Py-NH2 in absolute ethanol. Next, TPEP hydroxybenzylamine was syn-
thesized through NaBH4-mediated reduction of the TPEP Schiff base. 
Finally, we obtained the TPEP-BZ monomer through a ring-closing be-
tween TPEP hydroxybenzylamine and paraformaldehyde in a mixture of 
1, 4-dioxane and EtOH at 100 �C (Scheme 1). Fig. 1 displays 1H and 13C 
NMR spectra of TPEP hydroxybenzylamine, and TPEP-BZ monomer, 
respectively. The 1H spectrum of TPEP hydroxybenzylamine [Fig. 1(a)] 
features the proton signals at 4.17, 9.15, and 9.45 ppm corresponding to 
its N–CH2, OH, and NH groups, respectively. The oxazine ring of TPEP- 
BZ [Fig. 1(b)] was featured by two signals at 4.37 (Ar-CH2N) and 5.19 
(OCH2N) ppm, indicating the successful preparation of TPEP-BZ 
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monomer [62–66]. Fig. 1(c) and (d) represent 13C NMR spectra of TPEP 
hydroxybenzylamine and TPEP-BZ monomer in DMSO‑d6. The charac-
teristic carbon signals for the NHCH2 and aromatic carbon attached to 
OH in TPEP hydroxybenzylamine centered at 42.55 and 153.59 ppm, 
respectively [Fig. 1(c)]. In the profile of TPEP-BZ monomer [Fig. 1(d)], 
the characteristic signals of TPEP-BZ appeared at 51.62 and 82.00 ppm 
for the Ar-CH2N and OCH2N units [62–66]. 

Fig. 2 presents the FTIR spectra of TPE-4OH–CHO, TPEP Schiff base, 
TPEP hydroxybenzylamine, and TPEP-BZ. The spectrum of TPE-4OH–-
CHO features absorption band at 1650 cm� 1 for the C––O unit and 
characteristics absorptions bands for aliphatic C–H stretching of the 
CHO group at 2859 and 2740 cm� 1 [Fig. 2(a)]. While the FTIR profile of 
the TPEP Schiff base shows a broad peak for OH group at 3448 cm� 1 and 

a sharp peak for C––N stretching appears at 1620 cm� 1 [Fig. 2(b)]. After 
reduction of the TPEP Schiff base, we observed the characteristic ab-
sorption peaks of the TPEP hydroxybenzylamine [Fig. 2(c)] appeared at 
2929, 3326 and 3410 cm� 1 for C–H aliphatic groups, N–H and phenolic 
O–H, respectively, indicative the complete reduction of the TPEP Schiff 
base. In the spectrum of TPEP-BZ monomer [Fig. 2(d)], the absorption 
bands for the OH and NH groups completely disappeared and there is 
new characteristic absorption bands of a benzoxazine structure for 
stretching vibrations of oxazine ring (934 cm� 1), symmetric C–O–C 
stretching (1027 cm� 1), and asymmetric C–O–C stretching (1236 cm� 1). 
Also, the spectrum of TPEP-BZ monomer displayed the characteristic 
absorption bands at 3032 and 1614 cm� 1 for its aromatic rings and C––C 
stretching. Furthermore, we recorded FT mass spectra to confirm the 
chemical structure and synthesis of the TPEP hydroxybenzylamine and 

Fig. 1. 1H and 13C NMR spectra of TPEP hydroxybenzylamine (a, c) and TPEP-BZ monomer (b, d) at room temperature.  

Fig. 2. FTIR spectra of (a) TPE-4OH–CHO, (b) TPEP Schiff base, (c) TPEP 
hydroxybenzylamine, and (d) TPEP-BZ monomer at room temperature. 

Fig. 3. (A) DSC and (B) FTIR analyses of TPEP-BZ after curing at various 
temperatures. 
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TPEP-BZ monomer. Figs. S1 and S2 display that the molecular weights of 
the TPEP hydroxybenzylamine and TPEP-BZ monomer were m/z of 
1311.48 and 1361.48, which are consistent with their calculated values 
(m/z of 1312.49 and 1361.61 respectively). From the data above results, 
NMR, FTIR, and mass spectroscopic results were confirmed the suc-
cessful synthesis of TPEP-BZ monomer in this study. 

3.2. Thermal polymerization of TPEP-BZ monomer 

DSC and FTIR analyses were used to investigate the thermal ring- 
opening polymerization of the TPEP-BZ monomer. Fig. 3(A) represents 
the DSC profile of TPEP-BZ after each curing temperature. As shown in 
Fig. 3 (A), the uncured TPEP-BZ monomer reveals a curing temperature 
of 274 �C with a reaction heat of 103 J/g. The exothermic curing tem-
perature of uncured TPEP-BZ monomer from an amino-pyrene unit is 
higher than TPE-BZ from aniline unit (250 �C), indicating that the bulk 

pyrene unit is difficult to ring-opening the oxazine ring as expected. 
However, this value is lower than that (286 �C) of pyrene-functionalized 
benzoxazine (Py–BZ) without the TPE unit [61]. Interestingly, our new 
TPEP-BZ monomer (274 �C) exhibited the similar exothermic curing 
temperature like furan with tetrafunctional fluorene benzoxazine 
(t-BF-f, 279 �C) and the cardanol with tetrafunctional fluorene benzox-
azine m (t-BF-a-c, 276 �C) [67,68]. After thermal treatment of the 
TPEP-BZ at 110, 150, 180 and 210 �C, the exothermic curing tempera-
ture peak of TPEP-BZ decreased and disappeared totally after thermal 
curing temperature at 250 �C, suggesting that the ring-opening poly-
merization of TPEP-BZ was completed at 250 �C. Fig. 3(B) represents 
FTIR spectra of TPEP-BZ after each curing step (from 110 to 250 �C), to 
investigate its polymerization behavior. The intensities of the absorption 
bands of the BZ structure at 1236 (asymmetric COC stretching) and 934 
cm� 1 (oxazine ring) gradually decreased and disappeared completely 
with raising the curing temperature. 

Based on TGA analysis [Fig. 4 and Table S1], the thermal decom-
position temperature (Td5 or Td10), and weight residue at 800 �C (char 

Fig. 4. TGA analyses of TPEP-BZ monomer determined after each curing 
temperature. 

Fig. 5. (A) Dynamic DSC exothermic curve for TPEP-BZ monomer, recorded at various heating rates, (B) Kissinger plots, for the determination of the value of Ea, of 
TPEP-BZ. 

Fig. 6. PL spectra of (a) Py-NH2, (b)TPEP-BZ, monomer and (c) TPEP-BZ/ 
SWCNT-5 in THF solution (λex ¼ 365 nm). 
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yield) of the poly (TPEP-BZ) were increased upon increasing the curing 
temperature, probably due to the increase of crosslinking density after 
thermal curing of the TPEP-BZ monomer. In addition, we found that 
after thermal treatment at 250 �C, the (Td5, d10) and the char yield 
increased significantly to 398, 455 �C and 67 wt%, respectively. When 

compared with the thermal stability of typical model Pa-BZ, Py-BZ, and 
TPE-BZ, their char yield was only 43, 26 and 64 wt%, thus our new poly 
(TPEP-BZ) displayed much higher value than those of the model ben-
zoxazines [60,61,68]. 

Furthermore, the curing kinetics of the TPEP-BZ monomer was 
investigated by using the Kissinger method. In this method, the activa-
tion energy (Ea) of the TPEP-BZ monomer could be calculated according 
to equation (1) [69]: 

ln

 
β

T2
p

!

¼ ln
�

AR
Ea

�

�
Ea

RT
(1)  

where A is the frequency factor; β is the constant heating rate, R is the 
gas constant, and Tp is the exothermic curing peak. From Fig. 5(A), we 
observed that the curing peak was increased upon increasing heating 
rate due to the delay thermal curing reaction. Based on Fig. 5(B), we 
found that the calculated activation energy for the polymerization re-
action of TPEP-BZ was 262 kJ mol� 1, which is higher than TPE-BZ 
monomer (141 kJ mol� 1) [60], also indicating that the bulk pyrene 
unit is difficult to ring-opening the oxazine ring. 

3.3. Thermal behavior of TPEP-BZ/SWCNT nanocomposites 

Fig. 6 exhibits the PL spectra of Py–NH2, TPEP-BZ, and TPEP-BZ/ 
SWCNT-5 in THF solution at the excitation wavelength (365 nm). 
From PL spectra we observed a fluorescence signal due to pyrene unit of 
Py–NH2 and a broad signal due to of TPEP-BZ but we observed a very 

Fig. 7. Photographs of (a) TPEP-BZ, (b) SWCNT, and (c) TPEP-BZ/SWCNTs hybrid complex in THF. TEM images of (d) pure SWCNT and (e) poly (TPEP-BZ)/SWCNT- 
5 after thermal curing at 250 �C. 

Fig. 8. DSC analyses of (a) TPEP-BZ, (b) TPEP-BZ/SWCNT-1, and (c) TPEP-BZ/ 
SWCNT-5 hybrid complex before thermal curing. 

Fig. 9. (A) DSC and (B) TGA analyses of TPEP-BZ/SWCNT-5 before and after 
thermal curing. 

Fig. 10. TGA analyses of (a) poly (TPEP-BZ), (b) poly (TPEP-BZ)/SWCNT-1, 
and (c) poly (TPEP-BZ)/SWCNT-5 hybrid complexes after thermal curing at 
250 �C. 
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weak emission of TPEP-BZ/SWCNT-5 and the quenched fluorescence of 
pyrene unit completely, indicating the presence of strong π–π stacking 
interactions between the TPEP-BZ monomer and SWCNT and occur-
rence energy transfer between the light-emitted pyrene unit and the 
SWCNTs [55,56,61]. 

Fig. 7(a–e) represent photographs of pure TPEP-BZ monomer, pure 
SWCNT, and the TPEP-BZ/SWCNT hybrid nanocomposite in THF solu-
tions, respectively. The TPEP-BZ displayed clear solution (Fig. 7(a)), 
while the SWCNT formed a precipitate (Fig. 7(b)), which as confirmed in 
TEM image [Fig. 7(d)], but the addition of TPEP-BZ in SWCNTs sus-
pension lead to a dispersion [Fig. 7(c)], suggesting that dissolving 
complexes formed due to noncovalent interactions (π-π stacking), then 
we examined the dispersion of SWCNT (5 wt %) in the TPEP-BZ 
monomer by TEM (Fig. 7(e)) exhibits the uniform dispersion of 
SWCNT within the TPEP-BZ matrix. 

By DSC profile we investigated the thermal curing behavior of TPEP- 
BZ monomer using different weight percentages of SWCNT, as displayed 
in Fig. 8. We observed that the addition of SWCNT was decreased the 
thermal curing peak of TPEP-BZ. The curing temperature of the exo-
therm peak for TPEP-BZ shifted from 274 to 268 and 262 �C after 
blending with 1 and 5 wt% of SWCNT, respectively. According to pre-
vious studies [70,71], this decrease in the curing temperatures after 
blending with CNTs attributable to it could act as the catalyst for initi-
ating the opening of the benzoxazine ring. 

We also investigated the curing behavior and thermal stabilities of 
TPEP-BZ/SWCNT-5 hybrid complexes before and after thermal treat-
ments as shown in Fig. 9. Based on DSC analysis [Fig. 9(A)], we found 
that the maximum exotherm curing peak decreased with raising the 
curing temperature as noted above until reaching zero at the curing 

temperature of 250 �C. Also, the exotherm curing peak of the TPEP-BZ/ 
SWCNT-5 was increased by increasing the curing temperature. TGA 
thermograms [Fig. 9(B)], showed the decomposition temperatures 
(Td10) of the TPEP-BZ/SWCNT-5 were 250, 300, 365, 404, 426 and 475 
�C after thermal treatments at 25, 110, 150, 180, 210 and 250 �C. We 
also check DMA analysis of poly (TPEP-BZ) and poly (TPEP-BZ)/ 
SWCNT-1, after thermal treatment at 250 �C for 2 h, as presented in 
Fig. S3. As shown in Fig. S3, the Tg values of poly (TPE-BZ) and poly 
(TPEP-BZ)/SWCNT-1 were observed both at ca. 279 �C. As expected, the 
Tg value of poly (TPEP-BZ) does not seem to be affected after the 
addition of the SWCNTs into the TPEP-BZ matrix [55,61,72]. 

Fig. 10 showed the TGA profile of the poly (TPEP-BZ)/SWCNT 
nanocomposites after thermal curing at 250 �C under a N2 atmosphere. 
The values of the decomposition temperatures (Td10) of poly (TPEP-BZ)/ 
SWCNT-1 (456 �C) and poly (TPEP-BZ)/SWCNT-5 (475 �C) were higher 
than the pure poly (TPEP-BZ) (455 �C). Furthermore, the weight residue 
of poly (TPEP-BZ) was increased upon increasing of the SWCNT con-
tents. This is due to the introduction of SWCNTs into the PBZ matrix 
would block the premature evaporation from the decomposed molecular 
fragments and leads to the network structure formation after incorpo-
rating inorganic CNTs [55,56,61]. More interestingly, the 
TPEP-BZ/SWCNT-5 displays lower curing temperature (262 �C) 
compared with the typical model Pa-BZ monomer (263 �C); however, it 
displays significantly higher Td value (475 �C vs. 391 �C) and char yield 
(74 wt% vs. 43 wt%). Furthermore, our thermally cured poly 
(TPEP-BZ)/SWCNT-5 displays the highest thermal stability compared 
with any other reported PBZ with a CNT system based on our knowledge 
as shown in Table S2. 

Fig. 11. CV curves of (a) poly (TPEP-BZ)/SWCNT-1 and (b) poly (TPEP-BZ)/SWCNT-5. (c, d) GCD curves of (c) poly (TPEP-BZ)/SWCNT-1 and (d) poly (TPEP-BZ)/ 
SWCNT-5, recorded at various currents. (e) Specific capacitance of poly (TPEP-BZ)/SWCNT-1 and poly (TPEP-BZ)/SWCNT-5, recorded at current densities from 0.5 
to 20 A/g. (f) Cycling stabilities of poly (TPEP-BZ)/SWCNT-1 and poly (TPEP-BZ)/SWCNT-5, electrodes, recorded at current density of 10 A/g over 2000 cycle. 
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3.4. Electrochemical performance 

To investigate the electrochemical performance of the poly (TPEP- 
BZ)/SWCNT nanocomposites, we measured cyclic voltammetry (CV) 
with different scan rates of the assembled supercapacitor (5–200 mV 
s� 1) in 1 M aqueous KOH [Fig. 11(a) and (b)]. As seen in Fig. 11(a) and 
(b), the poly (TPEP-BZ)/SWCNT-1 and poly (TPEP-BZ)/SWCNT-5 had a 
quasi-rectangular voltammogram shape with the redox peaks [73–75], 
suggesting that the combination of electric double-layer capacitance and 
pseudocapacitance characteristics. Fig. 11(c) and (d) display the gal-
vanostatic charge/discharge (GCD) profiles of the poly 
(TPEP-BZ)/SWCNT-1 and poly (TPEP-BZ)/SWCNT-5 recorded at various 
current density ranges from 0.5 to 20 A/g. The shape of the GCD curves 
of both two PBZ nanocomposites materials had triangular shapes, which 
also suggested that the main energy storage mechanism of the electrode 
was EDLC and pseudocapacitance. Furthermore, the poly 
(TPEP-BZ)/SWCNT-5 had a longer discharge time than that of poly 
(TPEP-BZ)/SWCNT-1 at all current densities, which indicated that the 
poly (TPEP-BZ)/SWCNT-5 was suitable for rapid charge-discharge 
operation as an electrode material. Notably, the poly 
(TPEP-BZ)/SWCNT-5 electrode [Fig. 11 (e)] exhibits the highest specific 
capacitance value (84 F g� 1) compared to the poly (TPEP-BZ)/SWCNT-1 
(61 F g� 1) at the current density of 0.5 A/g, which presumably arising 
from the higher content of SWCNTs in poly (TPEP-BZ)/SWCNT (5 wt%). 
Fig. 11(f) shows the cycling stability of the poly (TPEP-BZ)/SWCNT-1 
and the poly (TPEP-BZ)/SWCNT-5 electrodes at the current density of 10 
A/g. After 2000 cycles of charge and discharge, the capacitance reten-
tion rate values were 96.30% and 98.33% for poly (TPEP-BZ)/SWCNT-1 
and poly (TPEP-BZ)/SWCNT-5, respectively, suggested that these ma-
terials had excellent cycling stability and were suitable for use in 
supercapacitors application. Thus, the combination of TPEP-BZ with 
SWCNTs nanocomposites could be opened and offers an attractive route 
to enhance the performance of the electrode. 

4. Conclusions 

We have synthesized the tetrafunctional benzoxazine monomer 
(TPEP-BZ) containing tetraphenylethylene and pyrene groups that 
enhance the dispersity of SWCNTs in THF solution and lead to the for-
mation of highly soluble TPEP-BZ/SWCNT organic/inorganic nano-
composites. From DSC and TGA analyses, we found that after blending 
TPEP-BZ with various content of SWCNTs, the exothermic curing peak 
is decreased; confirming that the addition of the SWCNTs into the TPEP- 
BZ matrix can catalyze the thermal curing process and also display 
excellent thermal properties of poly (TPEP-BZ) compared with other 
PBZ systems. More interestingly, the electrochemical performances of 
poly (TPEP-BZ)/SWCNT-5 was highly stable and efficient, with the 
capacitance of 84 F g� 1 at 0.5 mV s� 1 and long-term cycling stability of 
98.33% capacitance retention rate after 2000 cycle. Finally, the com-
bination of PBZ with SWCNTs nanocomposites could be acted as the 
promising alternative route for the high-performance electrode mate-
rials in energy storage applications. 
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