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1T INTRODUCTION

It is well known that a carbon atom has six protons in its
nucleus and six electrons in its outer shell and that its elec-
tronic configuration occupies the 1s%, 2s% and 2p* atomic
orbital. There are many types of carbon bonded materials,
such as graphene, fullerenes, and carbon nanotubes (CNTs)
[1-4], which have attracted industrial and academic interests
because of their unique mechanical and thermophysical prop-
erties. CNTs are defined as hollow cylinders consisting of a
single or multiple sheets of graphene wrapped into a cylinder
stabilized and held together through nt-stacking force. There
are two popular kinds of CNTs: single-walled carbon nano-
tubes (SWCNTs) and multi-walled-carbon nanotubes
(MWCNTs) [5]. SWCNTs consist of a single sheet of gra-
phene rolled seamlessly to a form a cylinder with a diameter
of 1 nm. MWCNTs consist of an array of cylinders formed
and separated by 0.35nm with diameters from 2 to
100 nm. The advantages of sp” carbon atoms include the
ability to build layers with strong van der Waals interactions
between those layers [6-9]. Many methods have been
developed for the preparation and fabrication of CNTs,
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including chemical vapor deposition (CVD) [10,11], the laser
ablation [12], and the carbon arc discharge techniques [13,14].

CNTs were discovered in 1991 by lijima. Nowadays, it
is difficult to find a material that exhibits balanced prop-
erties in all mechanical, thermal, and electrical areas such
as CNTs. Pristine CNTs possess densities around 100
MA/cm? and also high carrier mobilities of 105 cm?/Vs,
which ascribe to their homogeneous structure and their
charge carriers that can easily move through nanotubes
[15-18]. In addition, CNTs show mechanical properties
analogous to graphite (such as elastic modulus and stiffness)
because graphite structure and CNTs possess a Young’s
modulus at approximately 1.06 TPa. Furthermore, Young’s
modulus is strongly independent of diameter and CNT type.
On the other hand, MWCNTs possess a Young’s modulus of
200-4000 GPa, an axial flexural strength of 14 GPa, and an
axial compression strength of 100 GPa [19-25]. Although
CNTs have attracted much attention in many areas because
of their high potential for application, the insolubility and
difficulty in the dispersion of CNTs in organic solvents have
thus far limited real-life uses of CNTs. Two approaches can
enhance the dispersion of CNTs in many organic solvents
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and can improve the properties of CNTs. They include func-
tionalization through (1) covalent bonding [26-29] and (2)
physical bonding [30-33] at the CNT surface.

As just mentioned, there are two approaches to enhance
the homogeneous dispersion of CNTs into a polymer
matrix. The first approach, the modification and functiona-
lization of CNTs through a covalent bond, allows a func-
tional group to be connected at the ends of the sidewalls
of the CNTs to enhance their dispersion and solubility in
organic solvents and polymeric matrices. The chemical
modification of CNT surfaces has been performed by an
oxidation process (HNOj3). This oxidative treatment leads
to open tubes with the functionalized sidewall and tube
ending with a carboxyl group (COOH). The covalent func-
tionalization of the CNT will alter the hybridization of
carbon atoms from sp” to sp’, thereby disrupting or
destroying their electrical conductivity. The strategies for
the covalent grafting of polymer chains to CNTs can be
divided into “grafting from” and “grafting to” methods
[34,35]. The grafting from method places the covalently
bonded initiators on the CNT’s tube surface, followed by
polymerization of monomers to form polymer chains that
are bound to the tubes. The advantage of this method is that
it gives the surface-grafted CNT a high grafting density. The
grafting to approach is based on the already polymerized
chain that has reactive chain ends that attach the CNT
surface. The disadvantage of the grafting to method is that
the primary linking of the polymer chains sterically hinders
the diffusion of additional molecules to the surface, which
leads to low grafting density. The second physical inter-
action approach typically involves van der Waals and n-nt
interactions between organic molecules/polymers and
CNT without any influence on the electronic network of
the CNT.

Benzoxazine resins, a new class of phenolic resins, were
developed recently and attracted academic and industrial
interest because of their low cost, ease of processing, and
high performance. All monomer-containing oxazine rings
undergo ring-opening polymerization simply through
heating without an added initiator and/or catalyst. Polyben-
zoxazines also possess many unique properties: low water
uptake, low surface-free energies, and high glass-transition
temperatures. The improvements in the properties of poly-
benzoxazines were required; so it is necessary to prepare
polybenzoxazines-CNTs nanocomposites and to combine
the attractive properties of polybenzoxazines and CNTs
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[36-39]. In this chapter, we focus on the preparation of
polybenzoxazine/(MWCNT or SWCNT) nanocomposites
through covalent functionalization and noncovalent inter-
action through m-m stacking interactions.

2 CHARACTERIZATION OF MODIFIED
MWCNT AND SWCNT THROUGH
COVALENT INTERACTION

From the purification studies of CNT, we know that the
yield of CNT depends strongly on the oxidation or reduction
time, the oxidation or reduction agent, and temperature. Yu
et al. modified the MWCNT through a covalent approach
with nitric acid, after which the acid-treated MWCNT
was filtered and washed several times with deionized water.
Finally, the crude product was added to a mixture of toluene
diisocyanate (TDI) and Sn(Oct), as a catalyst, as shown in
Scheme 1 [40]. In addition, Yu et al. provided many
examples of modified polybenzoxazines/CNT nanocompo-
sites using the covalent interaction approach [41].

2.1 Characterization of the Modified
MWCNT by HNOj; and After Modified
With TDI

The MWCNT modified by HNO3; and TDI was charac-
terized by Fourier transform infrared spectroscopy
(FTIR). The main characteristic absorption bands appeared
at 3400, 2700, 1705, and 1173 cm_l, which corresponded
with the OH, COOH, C=0, and C—O groups, respectively.
In addition, the band at 3300 cm~ ! was assigned to the sec-
ondary amine from the amide group; the band at 2272 cm ™'
was due to the isocyanate group, —N=C=0; and the band
at 1705 cm™ ! appeared because of the C=O0 stretching
mode of carboxyl group, indicating that the successful mod-
ification of the CNT’s surface took place. To confirm the
proposed chemical structure of the modified MWCNT
surface, as shown in Scheme 1, the modified CNT was also
investigated by "H-NMR analysis. The "H NMR spectra of
the HNOs-treated MWCNT and the TDI-treated MWCNT
show the signals at 2.02 and 7.70 ppm for OH and COOH
protons, respectively. In addition, the characteristic signals
of the aromatic protons, CONH and CHj3, were detected at
7.02-7.17, 6.38, and 2.23 ppm, respectively.

o SCHEME 1 The modified MWCNT with
o—“—NH HNO; and TDI. Reprinted with permission
from Q. Chen, RW. Xu, D. Yu. Multiwalled
carbon nanotubelpolybenzoxazine nanocompo-
sites: preparation, characterization and prop-
erties, Polymer 47 (2006) 7711—7719.
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3 PREPARATION OF POLYBENZOXAZINE-
CNT NANOCOMPOSITES THROUGH
COVALENT INTERACTION

In this section, we focus on the preparation of polyben-
zoxazine/CNT composites through a covalent bond form-
ation at the polymer matrix/CNT interface. For example,
Yu et al. first proposed the modification of a MWCNT
surface by a HNO; and TDI treatment and prepared the
poly(BA-a)/MWCNT nanocomposites via a solvent method
[40]. They found highly homogeneous dispersion and
adhesion of MWCNTs in a polybenzoxazine matrix, pos-
sibly because of a reaction between the isocyanate groups
and the hydroxyl group after ring-opening of benzoxazine,
as shown in Scheme 2. After polymerization at an elevated
temperature, the 2275, 1231, and 945 cm ! bands that cor-
responded to the N=C=O stretching, asymmetric
C—O0O—C, and tri-substituted benzene ring stretching disap-
peared, and two new bands formed at 1619 and 1480 cm ™'
were due to the NHCO group from the reaction between
N=C=0 and phenolic OH of polybenzoxazine and the

tetrasubstituted benzene ring appeared as a result of
covalent bond formation at the interface and polymerization
of the benzoxazine resin.

4 PROPERTIES OF POLYBENZOXAZINE-
CNT NANOCOMPOSITES THROUGH
COVALENT INTERACTION

4.1 Properties of Poly(BA-a)-CNT
Nanocomposites

Fig. 1 shows the dispersion of MWCNT within the BA-a
matrix was investigated by scanning electron microscopy
(SEM). The fracture surface and uniform dispersion of
1 or 2wt% of MWCNT in the polybenzoxazine matrix
with a small area of the extended white structures are
shown in Fig. 1A and B. Fig. 1C and D shows the SEM
images of various concentrations of MWCNT inside the
polybenzoxazine matrix, where homogeneous dispersion
of MWCNT on a nanoscale is observed. Fig. 1C and D
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SCHEME 2 The possible curing reaction of BA-a monomer with the presence of modified MWCNT. Reprinted with permission from Q. Chen, R.W. Xu,
D. Yu. Multiwalled carbon nanotube/polybenzoxazine nanocomposites: preparation, characterization and properties, Polymer 47 (2006) 7711—7719.
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FIG. 1

SEM micrographs of the fracture surface of BA-a/MWCNT nanocomposites: (A) and (B) 1 wt% MWCNT; (C) and (D) 2 wt% MWCNT. Rep-

rinted with permission from Q. Chen, RW. Xu, D. Yu. Multiwalled carbon nanotubelpolybenzoxazine nanocomposites: preparation, characterization and

properties, Polymer 47 (2006) 7711—7719.

illustrates that the distribution of 1 wt% MWCNT was more
homogeneous in the polybenzoxazine matrix than the one in
2 wt% MWCNT, where aggregation of MWCNT in poly-
benzoxazine matrix is possible.

The influence of MWCNT concentrations on the
storage modulus (E") of poly(BA-a)/MWCNT nanocom-
posites was studied by dynamic mechanical analyzer
(DMA). Adding 1 wt% MWCNT to polybenzoxazine
increased the storage modulus because of the dispersion
of the MWCNT in the polymer matrix. However, the
storage modulus decreased for 2 wt% MWCNT into a
polybenzoxazine matrix because of the aggregation of
MWCNT. Interestingly, the glass-transition temperatures
(Ty) of poly(BA-a))MWCNT nanocomposites increased
with increasing MWCNT concentrations because of the
nano-reinforcement effect of MWCNT, restricting the
motion of the polymer chain. Similarly, the T, of poly
(BA-2)/MWCNT nanocomposites decreased with higher
concentrations of MWCNT because of the aggregation
of the MWCNT, and the concentration of the polymer
molecules that were in contact with the CNT’s surface
decreased, thus the fraction of the polymer that increased
the T, decreased for the aggregated sample [40].

4.2 Properties of Polybenzoxazine-Epoxy-
CNT Nanocomposites

Alagar et al. studied the polybenzoxazine-epoxy-MWCNT
nanocomposites, which were prepared via the reaction of
1,1-bis(3-methyl-4-hydroxyphenyl)cyclohexane, paraform-
aldehyde, and 4,4-diaminodiphenylmethane (BHC-ddm) as
well as the reaction of N-(4-hydroxyphenyl)maleimide, 4,
4-diaminodiphenylmethane, and paraformaldehyde (BHM-
ddm). They found that the tensile strength and flexural strength
were increased by adding MWCNT. In addition, the strong
interaction between benzoxazine-modified epoxy and
MWCNT-reinforced systems led to increased T, based on dif-
ferential scanning calorimeter (DSC) analyses. According to
thermogravimetric analyzer (TGA) analyses, blending 10 wt
% benzoxazine with MWCNT-reinforced epoxy led to
improved flame retardance (a high limiting oxygen index)
and enhanced thermal stability. TEM micrographs of
MWCNT-reinforced benzoxazine-modified (BHC-ddm and
BHM-ddm) diglycidyl ether of bisphenol (DGEBA) epoxy
nanocomposites showed self-nanoaggregations of MWCNT
in the polymer matrix and in the hybrid nanocomposites,
which looked like the dark sections shown in Fig. 2 [42].
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FIG.2 TEM images of dispersion of (A) 0.5 wt% MWCNT in 10 wt% BHC-ddm-modified DGEBA epoxy nanocomposites, and (B) 0.5 wt% MWCNT
in 10 wt% BHM-ddm-modified DGEBA epoxy nanocomposites. Reprinted with permission from C K. Chozhan, A. Chandramohan, M. Alagar. Influence
of multiwalled carbon nanotubes on mechanical, thermal and electrical behavior of polybenzoxazine-epoxy nanocomposites, Polym. Plast. Technol. Eng.

54 (2015) 68—80.

4.3 Properties of BA-fa and Poly(BA-fa)-
Functionalized MWCNT Nanocomposites
Through Diels-Alder Reaction

Liu et al. prepared benzoxazine monomer-functionalized
MWCNTs that could self-polymerize or copolymerize
with benzoxazine and maleimide compounds to afford bis
(3-furfuryl-3,4-dihydro-2H-1,3-benzoxazinyl)isopropane
(BA-fa) and poly(BA-fa) after a Diels-Alder reaction with bis-
maleimide and MWCNT (MWCNTs-poly(BA-fa), as shown
in Scheme 3 [43]. Fig. 3 shows the TEM micrographs of
MWCNT-(BA-fa), MWCNT-poly(BA-fa), and pristine
MWCNT, indicating that the outer surfaces of the MWCNT
are covered with amorphous layers of their organic portions
with a thickness of c¢.3 nm. The thickness and performance
of the retro-Diels-Alder reaction (the DA-adduct linkages
between MWCNT and BA-fa in MWCNT-(BA-fa) could
break down through the thermally induced retro-DA reaction)
and the defunctionalization of MWCNT-(BA-fa) were inves-
tigated by FTIR analysis. As shown in Fig. 4, the disap-
pearance of the absorption bands of MWCNT-(BA-fa) after
heat treatment was observed, indicating the occurrence of a
retro-DA reaction and the removal of (BA-fa) groups from
the MWCNT-(BA-fa). As a result, the MWCNT-(BA-fa)
became insoluble in N-methylpyrrolidone after a retro-DA
reaction, as shown in Fig. 4B. Raman spectroscopy confirmed
the benzoxazine-functionalized MWCNT nanohybrids. The
characteristic tangential bands (G-bands) and a disorder band
(D-band) are centered at 1588 cem and 1333 cm ™!, respec-
tively, for pure MWCNTSs. The absorption intensities of the
D-band confirmed the occurrence of covalent reactions
between MWCNTs and the benzoxazine monomer. The
addition of 0.5 and 1.5 wt% of functionalized MWCNTs in

the polybenzoxazine matrix showed dispersion and no
agglomeration of MWCNTSs based on the TEM image. In
2013, based on dielectric constants and thermogravimetric
analysis, Alagar et al. demonstrated that dielectric constants
and the thermal stability of CNT-BS/BA-a increase along
with increasing weight ratios of CNT modified with
benzoxazine-functionalized silane (abbreviated as PH-pesa),
which was prepared through the reaction of phenol,
3-aminopropyltriethoxysilane and paraformaldehyde [44].

5 PREPARATION OF POLYBENZOXAZINE-
CNT THROUGH NONCOVALENT
INTERACTION

There are many types of noncovalent interactions, including
van der Waals forces, electrostatic, hydrophobic-hydrop-
hobic, hydrogen bonding, and m-m stacking interactions.
Here we report on several examples for dispersion of CNTs
in a polybenzoxazine matrix by adsorption or by the incor-
poration of polynuclear aromatic compounds (eg, pyrene,
porphyrin) into benzoxazine monomers, leading to m-w
stacking interactions between pyrene units and CNTs. This
approach did not affect the CNT structure, and as such did
not lead to changes in the electronic properties. In this part
of the chapter, we mainly investigate three kinds of synthe-
sized benzoxazines.

5.1 Synthesis and Properties of Poly(PH-py)/
SWCNT Nanocomposites

We synthesized a new class of pyrene-functional benzoxa-
zines (P-py) through a Mannich condensation reaction
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SCHEME 3 Preparation of MWCNTs functionalized with benzoxazine containing BA-fa and poly(BA-fa) through Diels-Alder reaction. Reprinted with
permission fromY.H. Wang, C.M. Chang, Y.L. Liu. Benzoxazine-functionalized multi-walled carbon nanotubes for preparation of electrically-conductive

polybenzoxazines, Polymer 53 (2012) 106—112.

between phenol, paraformaldehyde, and 1-aminopyrene
in toluene-ethanol mixture, as shown in Scheme 4A [45].
Then we investigated the polymerization of P-py/SWCNTs
nanocomposites before and after thermal curing and
dispersion of CNTs inside the poly(P-py) matrix, as
depicted in Scheme 4B. We performed TEM and photolu-
minescence spectroscopic analyses to investigate the inter-
action between pyrene moieties and SWCNTs through n-7t
stacking. As shown in Fig. 5, the dispersion of SWCNTs in a
tetrahydrofuran (THF) solution with P-py as a clear brown
solution was observed and was maintained for seven days,
indicating that soluble hybrid complex nanocomposites
were formed. The uniform dispersion of the SWCNTs
within a P-py matrix without aggregation or clusters of
SWCNTs was studied by TEM, as shown in Fig. 5. In
addition, after the formation of a P-py/SWNCTs hybrid
complex, the emission intensity of pyrene was quenched,
which is ascribed to the n-n stacking interaction.

The thermal behavior of the P-py/SWCNT’s hybrid
complex was measured by DSC. Fig. 6 shows that both

curing temperature and enthalpy decreased with the
increase of the SWCNT’s content, because of the CNT’s
ability to act as the catalyst and also hinder the mobility
of the polymer chain to decrease the cross-linking reaction
of polybenzoxazines after ring-opening. Also, we investi-
gated the effect of various amounts of SWCNTSs on the T,
of poly(P-py) by DSC and DMA analyses. The results indi-
cated that the T, of poly(P-py) increased with the increase of
SWCNT contents at lower than 3 wt%. On the other hand,
the decreased T, of 5 wt% SWCNTSs was attributed to the
decrease in the cross-linking density of the nanocomposites.
DMA analyses indicated that the T, of pure poly(P-py) and
the poly(P-py)/SWCNT (3 wt%) hybrid after curing are
130°C and 156°C, respectively. Interestingly, based on
the TGA results, blending 5 wt% of SWCNT content with
P-py and its thermal polymerization, the values of thermal
degradation temperature (74) and char yield of the poly(P-
PY)/SWCNTs nanocomposites increased, which blocked
the premature evaporation of the decomposed molecular
fragments via CNTs.
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FIG. 3 TEM images of MWCNT-(BA-fa),
MWCNT-poly(BA-fa), and MWCNT. Reprinted
with permission from Y.H. Wang, C.M. Chang,
Y.L. Liu. Benzoxazine-functionalized multi-walled
carbon nanotubes for preparation of electrically-
conductive polybenzoxazines, Polymer 53 (2012)
106—112.

5.2 Synthesis and Properties of Poly
(COH-py) and Poly(DI-COH-py)/SWCNT
Nanocomposites

We also designed a new class of multifunctional benzox-
azine monomer containing coumarin units as photore-
sponsive material and pyrene as m-m stacking through
Mannich condensation of 4-methyl-7-hydroxycoumarin,
paraformaldehyde, and 1-aminopyrene in 1,4-dioxane
(COH-py) and after photodimerization of the coumarin units
through [2r+2n] cycloaddition (abbreviated as DI-COH-
py), as shown in Scheme 5 [46-48]. Then we prepared
poly(COH-py) and poly(DI-COH-py)/SWCNT nanocom-
posites. Similarly, the emission intensity of poly(COH-py)

MWCNT-(BA-fa)

MWCNT-(BA-fa)

decreased or reduced after the resin was blended with the
SWCNTs. The TEM image shows that the dispersion of
SWCNTs was homogeneous, without any aggregation, and
less entangled in the poly(COH-py) matrix.

DSC and TGA analyses were used to examine the char-
acteristics of poly(COH-py) and poly(COH-py)/SWCNT
nanocomposites after thermal curing. Because of lower
cross-linking densities after blending poly(COH-py) with
different SWCNTSs contents (1, 3, and 5 wt%), the T, of nano-
composites decreased compared to that of poly(COH-py).
DSC analysis showed increased T, of pure poly(DI-COH-
py). Furthermore, the T, (205°C) of poly(DI-COH-py)/
SWCNT (3 wt%) was even higher than those (200°C) of pure
poly(COH-py) and poly(COH-py)/SWCNT (3 wt%), which
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FIG. 4 (A) FTIR spectra of MWCNT-(BA-fa) and after retro-DA
reaction, and (B) photographs of MWCNT-(BA-fa) after retro-DA reaction.
Reprinted with permission from Y.H. Wang, C.M. Chang, Y.L. Liu.
Benzoxazine-functionalized multi-walled carbon nanotubes for prepa-
ration of electrically-conductive polybenzoxazines, Polymer 53 (2012)
106—112.

was attributed to an increase in the cross-linking density after
photodimerization of the coumarin moieties. Fig. 7 shows
that the T4 and char yield of poly(DI-COH-py)/SWCNT
(3 wt%) are greater when compared to the coumarin con-
taining polybenzoxazine without UV irradiation, which
caused an increase in the cross-linking density and the
nano-reinforcement effect.

5.3 Synthesis and Properties of
Poly(Azo-COOH-py)/CNT Nanocomposites

We also prepared a new trifunctional Azo-COOH-py that
contained a azobenzene group, a carboxylic acid unit, and
pyrene moiety via the condensation reaction between
Azo-COOH, 1-aminopyrene, and paraformaldehyde, which
enhanced the formation of highly dispersible Azo-COOH-
py/CNT nanocomposites through m-m stacking interactions
of pyrene and CNT units, as shown in Scheme 6 [49].
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As shown in the TEM image (Fig. 8), both SWCNTs and
MWCNTS could be dispersed in the Azo-COOH-Py ben-
zoxazine matrix before and after thermal curing. The
DSC thermogram showed that the maximum exothermic
peak for oxazine ring-opening of the Azo-COOH-py
monomer shifted to a lower temperature in the presence
of SWCNTSs, compared to poly(Azo-COOH-py), which
was attributed to the presence of the carboxyl group and
the catalytic effect of SWCNTs. More interestingly in this
study, SWCNTs acted as stronger catalysts to initiate
ring-opening of the oxazine ring than MWCNTs did and
also increased the enthalpy of polymerization for SWCNTs.
In order to compare the effect of the SWCNTs and
MWCNTs on the thermal stability of Azo-COOH-py
after thermal polymerization, the thermal stability was
monitored by TGA analyses. Fig. 9 shows that the presence
of SWCNTs increased the char yield and the T4 of
poly(Azo-COOH-py) more than those in the presence
of MWCNTs, probably because the SWCNTSs had a greater
thermal conductivity than the SWCNTs in the polybenzox-
azine matrix.

5.4 Synthesis and Properties of Poly(BA-a)
and Poly(MDP-a)/MWCNT Nanocomposites

Doubis et al. designed and synthesized two different kinds
of benzoxazine monomers, BA-a and MDP-a (methyl-4,4-
bis-[6-(3-phenyl-3,4-dihydro-2H-1,3-benzoxazine)]pentan-
oate), through a Mannich reaction, and then they blended
the resins with different MWCNT concentrations to afford
polybenzoxazine/MWCNT nanocomposites [50]. They
investigated the dispersion of MWCNTs in both benzox-
azine resins via a rheological approach, revealing the
enhancement of network connectivity through the inter-
action of the MWCNT particles based on rubbery plateau
measurements. DSC analysis showed that both monomers
with MWCNT contents had a single curing temperature
with a slight shift to lower a temperature, as compared to
the exothermic peak of pure benzoxazine monomers,
because of the improvement in the thermal conductivity
of the system via MWCNTs. Furthermore, the addition of
MWNCTs improved the T4 and char yield for both benzox-
azine monomers based on TGA analysis under N, and air
atmospheres. Doubis et al. also synthesized a P-dmm ben-
zoxazine monomer through a Mannich reaction of 1,
4-phenylene diamine, phenol, and paraformaldehyde
(abbreviated as PH-dmm) [51]. Poly(PH-dmm)/MWCNTs
exhibited excellent thermomechanical stability, a higher
T4, and strong natural interactions with CNTs. In 2013
Doubis et al. synthesized two kinds of benzoxazine
monomers, BA-a and P-dmm. They observed that the ther-
momechanical behavior of poly(P-dmm)/0.5 wt% MWC-
NTs was much higher than that of poly(BA-a)/0.5 wt%
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SCHEME 4 (A) The synthesis of P-py monomer

and (B) proposed the formation of poly(P-py)/

SWCNT hybrid complexes, stabilized through a )I\
m-nt stacking interaction. Reprinted with per- NIENILILO

mission from C.C. Yang, Y.C. Lin, P.I. Wang, ‘ tFolicnciEihano]
D.J. Liaw, SW. Kuo. Polybenzoxazinel

single-walled carbon nanotube nanocomposites
stabilized through noncovalent bonding inter- Pyrene(Py) 1-Nitropyrene (Py-NO,) Pyren-1-amine (Py-NH,)

actions, Polymer 55 (2014) 2044—2050.
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(B) Poly(P-py)/SWCNTs

MWCNTs, based on the thermomechanical profile. Addi- modified with diglycidyl ether [DGEBBA] epoxy). This
tionally, both polybenzoxazine’s nanocomposite matrices system showed that, based on electrical conductivity
showed a uniform and random dispersion with small analysis, the electrical conductivity values are much higher
clusters, as presented in TEM images [52]. Chapartequi than those of traditional CNT/polymer nanocomposites,
et al. also successfully fabricated MWCNT buckypaper/ and they also exhibited a higher glass-transition tempera-
benzoxazine nanocomposites (abbreviated as BA-a ture [53].

FIG. 5 Photograph of (A) pure PH-py; (B) SWCNT; (C) P-py/SWCNT nanocomposites in tetrahydrofuran (THF) solution; and (D, E) TEM image of
sample after thermal curing. Reprinted with permission from C.C.Yang,Y.C. Lin, P.1. Wang, D.J. Liaw, S.W. Kuo. Polybenzoxazinelsingle-walled carbon
nanotube nanocomposites stabilized through noncovalent bonding interactions, Polymer 55 (2014) 2044—2050.
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FIG. 6 DSC profile of the thermal curing
behavior of P-py mixtures with various
SWCNT contents. Reprinted with permission
fromC.C.Yang,Y.C.Lin, P1.Wang,D.J. Liaw,
SW. Kuo. Polybenzoxazinel/single-walled
carbon nanotube nanocomposites stabilized
through noncovalent bonding interactions,
Polymer 55 (2014) 2044—2050.
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FIG. 7 TGA analyses of (A) COH-py monomer,
(B)  poly(COH-py), (C) poly(DI-COH-py),
(D)  poly(COH-py)/SWCNT (3 wt%), and
(E) poly- (DI-COH-py)/SWCNT (3 wt%). Rep-
rinted with permission from M.G. Mohamed, K.C.
Hsu, S.W. Kuo. Bifunctional polybenzoxazine nano-
composites containing photo-crosslinkable cou-
marin units and pyrene units capable of
dispersing single-walled carbon nanotubes, Polym.
Chem. 6 (2015) 2423—2433.
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FIG. 8 (A-C) Photographs of (A) Azo-COOH-py, (B) pristine SWCNTs, and (C) Azo-COOH-py/SWCNTs (5 wt%) in THF; (D-H) TEM images of

(D) pure SWCNTs, (E and F) Azo-COOH-py/SWCNTs (5 wt%), (E) before and (F) after thermal curing; and (G and H) Azo-COOH-py/MWCNTSs
(5 wt%), (G) before and (H) after thermal curing. Reprinted with permission from M.G. Mohamed, C.H. Hsiao, F. Luo, L. Dai, S.W. Kuo, Multifunctional

polybenzoxazine nanocomposites containing photoresponsive azobenzene units, catalytic carboxylic acid groups, and pyrene units capable of dispersing
carbon nanotubes, RSC Adv. 5 (2015) 45201-45212.
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FIG.9 TGA analyses of (A) Azo-COOH-py and (B-E) its nano-
composites with (B) 1 wt% MWCNTs, (C) 5 wt% MWCNTs,
(D) 1 wt% SWCNTs, and (E) 5 wt% SWCNTSs after thermal
curing. Reprinted with permission from M.G. Mohamed, C.H.
Hsiao, F. Luo, L. Dai, S.W. Kuo, Multifunctional polybenzoxazine
nanocomposites containing photoresponsive azobenzene units,
catalytic carboxylic acid groups, and pyrene units capable of dis-
persing carbon nanotubes, RSC Adv. 5 (2015) 45201-45212.
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6 CONCLUSION

Cylindrical CNTs’ structure possesses unusual properties,
such as high electrical conductivity and excellent mechanical
properties, which are valuable for many applications,
including the nanotechnology, optics, supercapacitor, paper
batteries, and solar cell industries. In this chapter, we
explained the two methods used for modifying and
enhancing the dispersion of CNTs in a polybenzoxazine
matrix through covalent bonding and noncovalent interac-
tions. The modification of MWCNTSs by chemical reaction
with nitric acid combined with a large amount of TDI was
achieved. This chemical reaction increased the concentration
of carboxyl groups, COOH, on the CNTs’ surfaces, which
can act as a catalyst for accelerating the ring-opening poly-
merization of benzoxazine. Furthermore, the isocyanate
units can react with the phenolic hydroxyl groups, which
are generated as a result of polymerization of the benzox-
azine monomer. The formation of such interfacial covalent
bonding improved the uniform dispersion of CNTs through
the adhesion force between the polybenzoxazine matrix and
the MWCNTs. The poly(BA-a)/MWCNT nanocomposites
showed good dispersion and a high glass-transition temper-
ature based on dynamic mechanical analysis. The glass-
transition temperature of the poly(BA-a)/MWCNT nano-
composites decreased as concentrations of the MWCNTS’
contents increased, which is explained by the aggregation
of MWCNTs in the polybenzoxazine matrix. Functionali-
zation of MWCNTs by nitric acid changed the chemical
structure of the MWCNTs from sp” to sp> hybridization
and led to a loss of the unique electrical and mechanical prop-
erties. We used a noncovalent interaction (n-w stacking inter-
action) to prepare polybenzoxazines/CNT nanocomposites
via the interaction between pyrene units and the CNTs with-
out changing the hybridization of carbon atoms from sp* to
sp> and influencing the electrical properties of the CNT.
Interestingly, (1) three kinds of polybenzoxazine/CNT nano-
composites displayed a uniform dispersion of CNTs in those
matrices before and after the thermal curing lowered
the curing temperature and increased the glass-transition
temperature, which is attributed to an increase in the cross-
linking density; and (2) SWCNTs can act as effective
catalysts to accelerate ring-opening polymerization of benz-
oxazine better than MWCNTs can.
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