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Abstract

A novel nanocomposite composed of polybenzoxazine (PBZ) and multiwalled carbon nanotubes (MWNT) was prepared successfully. The
surface modification of MWNT, including nitric acid modification followed by toluene-2,4-diisocyanate (TDI) treatment, introduced hydroxyl,
carboxyl, and isocyanate groups on the MWNT surface. The surface carboxyl groups catalyzed the ring-opening reaction of benzoxazine and
thus decreased the curing temperature of the system. The isocyanate groups reacted with the phenolic hydroxyl groups generated by the ring
opening of benzoxazine resulting in the significant improvement of the adhesion between PBZ and MWNT. Dynamic mechanical analyses
indicated the increase of storage modulus as well as T, by the addition of MWNT into PBZ. A well dispersed modified-MWNT on nanoscale

level inside PBZ matrix was observed by TEM and SEM.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) are hexagonal array of rolled
carbon sheets with several microns in length and a few nano-
meters in diameter. Based on the number of carbon layers
through the wall, either singlewalled carbon nanotubes (SWNT)
or multiwalled carbon nanotubes (MWNT) could form [1,2].
CNTs exhibit remarkable stiffness, strength and conductivity
because of the graphitic nature of the nanotube lattice. Both
theoretical and experimental results suggest that the elastic
modulus of carbon nanotubes may exceed 1.0 TPa [3,4] and
the tensile strength is in the range of 10—50 GPa [5,6]. Owing
to its remarkable properties, CNTs have attracted extensive
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attention for its potential applications in various fields, espe-
cially as the reinforcement in composites consisted of polymers
[7—12]. The studies on CNTs-reinforced polymer materials
have been reported for various kinds of organic polymers
[13—40].

The key issue in the effective utilization of CNTs in nano-
composites is to control deaggregation and dispersion of CNTs
throughout the polymer matrices, which correlated with
mechanical properties [41] and conductivity [42]. It has been
reported that the strength, stiffness, and conductivity could
be greatly improved by the addition of CNTs with relatively
low concentration [43—46]. However, in most of the cases, ho-
mogeneous dispersion of CNTs is hindered by the “entangled”
and ‘“‘aggregated” structures of CNTs, due to the Van der Waals
interactions among tubes combined with their high surface area
and aspect ratio. Furthermore, the nonactive surface of the
CNTs also limits its application due to the lack of adhesion
between CNTs and polymer matrices. It has been suggested
that the chemical modification of CNTs surface, such as
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through acid treatment and the incorporation of functional
groups, improved the homogeneous dispersion of CNTs in
the matrices [13—17,44].

Polybenzoxazine, as a new kind of thermosetting phenolic
resin, has been known for its unique characteristics, such as
self-fire-extinguishing property, low moisture absorption,
better static and dynamic mechanic property as well as excel-
lent dimensional stability. Benzoxazine monomers as the
polybenzoxazine precursors can be easily prepared from in-
expensive raw materials like phenols, formaldehyde, and
primary amines. Accordingly, they have a tremendous flexibil-
ity in molecular design for monomers and consequently a
versatile performance for polymers. Furthermore, polybenzox-
azines can be obtained by polymerizing the corresponding
benzoxazine monomers at elevated temperatures through
heterocyclic ring opening, without using strong acid or basic
catalysts and releasing byproducts [47—55].

The improvement in the properties of polybenzoxazine has
been expected and required; so various studies have been car-
ried out. It has been shown that the mechanical property of
polybenzoxazine can be reinforced by the addition of glass-
fiber [56] or carbon fiber [57,58]. Introduction of organically
modified montmorillonite (OMMT) significantly decreased the
curing temperature of benzoxazine monomer while increased
storage modulus, T,, and thermal stability of the matrix
[59—64]. Lee et al. [65,66] reported the synthesis and proper-
ties of benzoxazine-containing polyhedral oligomeric silses-
quioxane (POSS) monomer, which can copolymerize with
other benzoxazine monomers through ring-opening polymeri-
zation. Thermal properties of these POSS-containing poly-
benzoxazine nanocomposites have been improved over the
pure resin.

However, an examination of literatures indicated that no
study has been done on CNTs/polybenzoxazine nanocompo-
site. In the present studies, a novel MWNT/polybenzoxazine
nanocomposite was prepared via a solvent method for the first
time. The nitric acid modification followed by toluene-2,4-di-
isocyanate (TDI) treatment of MWNT and an ultra-sonic
vibration were used to achieve homogeneous dispersion of
MWNT throughout polybenzoxazine matrix. The effects of the
MWNT concentration on curing temperature of the benzoxa-
zine monomer as well as dynamic mechanical properties of
the matrix were investigated; the curing behavior of benzoxa-
zine monomer in the presence of MWNT was also discussed.

2. Experimental
2.1. Materials

Bisphenol A was purchased from Haidian Xingxing Re-
agent Plant Beijing; paraformaldehyde and aniline from
Chemical Reagent Institute Tianjin; nitric acid (65%), tetrahy-
drofuran (THF) and acetone from Beijing Chemical Reagent
Co. Ltd. Toluene-2,4-diisocyanate (TDI) was obtained from
Shanghai Chemical Reagent Plant. Stannous octoate was
purchased from Beijing Hanfeng Polyurethane Co. MWNT
(95%), which was chemical vapor deposition materials with

a diameter of 10—30 nm and length 5—15 um, was supplied
by Shenzhen Nanotech Port Co. Ltd, and the transmission
electron microscope photo of the MWNT is shown in Fig. 1.
All reagents were used as received without further purification.

2.2. Preparation of samples

The modified-MWNT was obtained by first treating with
nitric acid followed by excess TDI. The acid treatment of
MWNT was carried out by mixing 5 g MWNT with 200 ml
concentrated nitric acid (65%). The mixture was stirred for
1h at 120 °C, and then the MWNT was filtered and washed
with distilled water until the pH of the filtrate reaches 7.
The solid product was dried under vacuum (25 mmHg) at
50 °C for 24 h. Dried acid-treated MWNT (0.5 g) was added
to the mixture containing 10 g TDI and 0.1 ml stannous
octoate. The resulting mixture was then stirred under N, for
4h at 80 °C. The final product was filtered, washed three
times with acetone, and dried under 25 mmHg vacuum at
50 °C for 24 h.

Bis(3-phenyl-3,4-dihydro-2H-1,3-benzoxazine)isopropane
monomer (BZ) was prepared from aniline, paraformaldehyde,
and bisphenol A by using solvent method as described in pre-
vious paper [47]. The structure of the BZ and polybenzoxazine
therefore, abbreviated as PBZ, is shown in Scheme 1.

The PBZ/MWNT nanocomposites were prepared via a sol-
vent method. Certain amount of modified-MWNT was added
into the system composed of 5.0 g BZ monomer and 10 ml
THF. The weight ratios of BZ to MWNT were between
99.8/0.2 and 98/2. In order to achieve homogeneous dispersion
of the modified-MWNT into PBZ, the resulting mixtures of
MWNT and BZ were stirred for 10 h at room temperature
and sonicated for 2 h at 40 °C. After treating the mixtures at
80 °C for 5 h to evaporate the portion of THF, they were put
into the steel molds and melt at 100 °C. The molds were heated
with the following step cure cycles: 160 °C for 1 h, 180 °C for
2 h, 200 °C for 1h, and 220 °C for 1 h in an air-circulating
oven. The size of the molded samples was 25 X 5 X 1 mm.

Fig. 1. TEM image of the as-received MWNT.
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Scheme 1. Preparation of polybenzoxazine from typical benzoxazine monomer.

2.3. Sample analysis

A Thermo Electron Corporation-ESCALAB 250 X-ray
photoelectron spectrometer (XPS) equipped with Al Ka
200 W was used to analyze elemental compositions of MWNT
surface. A Nicolet-60SXB infrared spectrometer (IR) was used
to characterize the surface of modified-MWNT and monitor
the curing behavior of the BZ monomer in the presence of
MWNT. All the samples were analyzed in the form of KBr
disc. The functional groups attached to the modified-MWNT
were verified by a Bruker Avance 600 MHZ nuclear magnetic
resonance (NMR) spectrometer in CDCl;. The curing tem-
perature of BZ monomer was measured by a Perkin—FElmer
differential scanning calorimetry (DSC) at a heating rate of
10 °C/min under nitrogen. The distribution of the MWNT
inside the PBZ was examined by a Hitachi H-800-1 transmis-
sion electron microscope (TEM) using an acceleration voltage
of 200 kV and a FEI XL-30 field emission scanning electron
microscope (SEM). The TEM sample was prepared by ultra-
microtome and placed in 200 mesh copper grids for analysis.
SEM was performed on fractured surfaces of block samples.
Dynamic mechanical analyses (DMA) were conducted on
Rheometric Scientific™ DMTA V at 1 Hz at a heating rate of
3 °C/min. The DMA samples were the molded ones.

3. Results and discussions
3.1. Characterization of modified-MWNT

The elemental compositions of modified-MWNT were char-
acterized by XPS. Fig. 2 shows C, Oy, and N4 XPS spectra
of the MWNT treated by nitric acid and TDI. The C;4 spec-
trum of pure MWNT exhibited a peak at 284.3 eV, which
was assigned to an sp> carbon. The Oy spectrum showed a
peak at 533.7 eV, which was corresponding to the ether-type
group with oxygen singly bonded to carbon [37,38]. Compar-
ing Fig. 2(A) and (B), the acid treatment not only resulted in
the broadening and asymmetry of C; peak, but also increased
the intensity of O;¢ peak. Thus, both the carbon and oxygen
atoms on the MWNT surface had higher binding energies.
The TDI modification hardly affected O;; peak while made
C, peak broadening further because of the more diverse envi-
ronment of the carbon atoms, and increased the intensity of
N, peak significantly, as shown in Fig. 2(C).
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Fig. 2. XPS (A) Cy,, (B) Oy and (C) Ny core-level scan spectra of MWNT,
(a) pure MWNT, (b) treated with nitric acid and (c) modified by TDI.

The chemical compositions of the modified-MWNT as well
as atomic molar ratios of O/C and N/C for each sample are
summarized in Table 1. Nitric acid treatment caused the
decrease of the carbon relative concentration while increased
oxygen relative concentration, which suggested the presence
of oxygen containing groups. TDI modification resulted in
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Table 1
Chemical composition of the MWNT

Sample Atomic relative Atomic molar
concentration (%) ratio (%)
C O N o/C N/C
Pure MWNT 92.86 7.14 0 5.77 0
Treated by nitric acid 85.1 13.43 1.46 11.84 1.47
Modified by TDI 81.72 13.53 4.75 12.42 4.98

the increasing nitrogen relative atomic concentration, which
indicated the introduction of nitrogen containing structures
on the MWNT surface.

The infrared spectra of the modified-MWNT are shown
in Fig. 3. The bands at 1705 and 1173 cm ™" were due to the
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Fig. 3. IR of modified-MWNT treated with (a) nitric acid and (b) TDI.
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—C=0 and —C—O-— stretching, respectively; the bands at
3300 and 3400 cm™' were assigned to secondary amine
group and —OH stretching vibration, respectively. Amido
group gave a band at 1513 cm™'. The band at 2275 cm™'
was due to isocyanate group, —N=C=0. The presence of
bands at 1705, 1173, and 3400 cm_l, as shown in Fig. 3(a),
indicated that the acid treatment introduced the —OH and
—COOH groups on the surface of the MWNT. Fig. 3(b) shows
the IR spectrum of the TDI modified-MWNT. Both the dis-
appearance of the bands at 1173 and 3400 cm ™' and the ap-
pearance of the new bands at 3300 and 1513 cm ™" indicated
that the —OH on the MWNT surface could react with TDI
to form —CO—NH—. Because of the excess of TDI, some iso-
cyanate groups could be introduced on the MWNT surface,
which resulted in the appearance of a band at 2275 cm™ .
The proposed surface modification reactions of MWNT
are shown in Scheme 2. Furthermore, the absorption at
1705 cm ™" due to the structure of —C=0 was still observed
indicating the existence of carboxyl groups on the CNTs
surface.

In order to verify the proposed formulas in Scheme 2, the
functional groups attached to the nitric acid and TDI-treated
MWNT were determined by NMR analysis. In the "H NMR
of the nitric acid-treated MWNT (Fig. 4(A)), the characteristic
protons of —OH and —COOH were detected at 2.02 and
7.70 ppm, respectively. Fig. 4(B) shows the '"H NMR of the
TDI modified-MWNT. With the comparison of Fig. 4(A)
and (B), it was found that after the further modification of
TDI, the phenyl groups, —CO—NH— and —CHj; were identi-
fied as peaks at 7.02—7.17 ppm as multiple, 6.38 ppm and
2.28 ppm, respectively. The hydroxyl peak was hardly detect-
able in the corresponding '"H NMR spectrum, but the protons
of carboxyl groups could still be detected, which were in
agreement with the result of IR.
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Scheme 2. The modification of MWNT.
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Fig. 4. '"H NMR spectra of (A) the nitric acid-treated MWNT in CDCl; and (B) the TDI-treated MWNT in CDCls.
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3.2. Curing behavior of BZIMWNT mixture

The curing behavior of BZ monomer in the presence of
modified-MWNT was monitored by DSC and IR. Fig. 5 shows
the DSC curves of pure BZ monomer and BZ/MWNT mixture
(ratio of 98/2) after each cure cycle. Comparing to the pure
BZ monomer, with the addition of modified-MWNT, the exo-
therm of mixture shifted to the lower temperature range. For
BZ/MWNT shown in Fig. 5(b)—(e), both the exotherm and

Enthalpy / (J/g)
309

Heat Flow Endo Up / mW

T T T T T T T T T T T T T T T T 1
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Temperature / °C
Fig. 5. DSC of (a) pure BZ monomer; (b) BZMWNT mixture (98/2) and the
mixture after treatment at (c) 160 °C/1 h; (d) 160 °C/1 h and 180 °C/2 h; (e)

160 °C/1 h, 180 °C/2h and 200 °C/1 h; (f) 160 °C/1 h, 180 °C/2 h, 200 °C/
1 h and 220 °C/1 h.
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enthalpy of the mixture gradually decreased along the curing
process and finally disappeared or reached zero, which indi-
cated that the curing reaction was completed after the 220 °C
cure cycle.

Fig. 6 shows the IR spectra of BZ/MWNT mixture after
different stages of curing. The initial BZ/MWNT mixture
gave the —N=C=O0 band at 2275 cm ' and BZ bands of
asymmetric C—O—C stretching at 1231 cm™', CH, wagging
at 1326 cm ', and tri-substituted benzene ring stretching at
945 and 1496 cm™'. As the curing processes occurred, both
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Fig. 6. IR spectra of (a) BZ/MWNT mixture (98/2) and the mixture after treat-
ment at (b) 160 °C/1 h; (c) 160 °C/1 h and 180 °C/2 h; (d) 160 °C/1 h, 180 °C/
2 h and 200 °C/1 h; (e) 160 °C/1 h, 180 °C/2 h, 200 °C/1 h and 220 °C/1 h.
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Scheme 3. Curing reaction of BZ monomer with the presence of modified-MWNT.
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—N=C=0 band and BZ bands decreased while two new
bands at 1480 and 1619 cm ' emerged. It was reported
[67,68] that the peak at 1480 cm ™' appeared due to the tetra-
substituted benzene ring mode after the curing cycle of
160 °C/1 h suggesting that the ring opening of BZ monomer
afforded polybenzoxazine, which resulted in the generation of
phenolic hydroxyl groups. The band at 1619 cm™', which
appeared after 180 °C cure stage, was considered as amido
group, i.e., —CO—NH-—. The fact that the depletion of both
—N=C=0 and BZ bands was in contrast with the increment
of —CO—NH— that could suggest the reaction between —N=
C=0 and —OH. The proposed reaction pathway is elaborated
in Scheme 3. At the beginning of the curing process, the ring-
opening reaction of some oxazine rings afforded the oligomer
containing phenolic hydroxyl groups (i.e., —OH), and with
the increase of the temperature, the reaction between —N=
C=0 and —OH and the cure of BZ occurred simultaneously
and formed cross-linked polymer. Owing to such reaction, the
adhesion between PBZ and MWNT could be improved.

The concentration effect of MWNT on the BZ curing
temperature is summarized in Table 2. Increasing the MWNT

Table 2
The effect of MWNT concentration on the BZ curing temperature

MWNT Exotherm

Content (Wt%) Onset (°C) Maximum (°C) Enthalpy (J/g)
BZ - 252 258 309
BZ/MWNT 0.2 248 252 295

0.5 245 250 293

1 240 248 286

1.5 238 247 298

2 239 247 297

R N — A L)

AccV Spot Magn

concentration decreased the onset and the maximum curing
temperature of BZ. This could attribute to the catalytic effect
of MWNT surface —COOH groups on the BZ ring-opening
reaction [69]. Increase of the concentration of modified-
MWNT was equal to the introduction of high concentration
of carboxyl group, which accelerated the BZ monomer curing
occurred at the lower temperature.

3.3. Dispersion of MWNT in PBZ matrix

The distribution of MWNT inside the PBZ matrix was
examined by SEM and TEM. The SEM images of the fracture
surface of nanocomposites are shown in Fig. 7. The uniform
dispersion of MWNT (white dots as the black arrows indi-
cated) inside the PBZ polymer matrix was observed regardless
of the concentration of MWNT at 1 or 2 wt%. Some small
areas of the extended white structures could be observed which
were likely as the results of the amorphous carbon parts in the
nanotube material, the impurities in the matrix or the frag-
ments of the sample. The TEM images of the composites with
various concentrations of MWNT are shown in Fig. 8. The
homogenous dispersion of MWNT (black tubes) on the nano-
scale level was noticed. The tubes were found as single ones
and were less entangled than in the masterbatch, without any
serious agglomeration or clusters. Moreover the random orien-
tation of MWNT was observed inside the PBZ matrix. The
slightly cloudy appearance could arise from small thickness
differences within the thin sections. With the comparison of
Fig. 8(a) and (b), it could be found that the distribution of
MWNT was slightly more homogeneous in the nanocomposite
with lower MWNT content. Increasing the concentration
of MWNT to above 2 wt% could result in the aggregation of

A - -
AccV SpotMagn  Det WD F——— 1m

Fig. 7. SEM micrographs of the fracture surface of PBZ/MWNT nanocomposites: (a) and (b) 1 wt% MWNT; (c¢) and (d) 2 wt% MWNT.
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Fig. 8. TEM photos of PBZ/MWNT nanocomposites (a) 1 wt% MWNT and (b) 2 wt% MWNT.

it. This behavior should attribute to the high aspect ratio of the
nanotube material and the hydrophilic groups (carboxyl
groups) on MWNT surface, which were introduced during
the process of the acid treatment.

3.4. Dynamic mechanical analysis of MWNT/PBZ
nanocomposites

Fig. 9 shows the MWNT concentration effect on the storage
modulus (E') of MWNT/PBZ nanocomposites obtained from
dynamic mechanical analysis. Addition of MWNT into PBZ
matrix caused the increase of E’. When the concentration of
MWNT was 1 wt%, the E' of the nanocomposite at 50 °C
reached 3.11 GPa, which was nearly three times higher than
that of the pristine PBZ (1.09 GPa). It was generally accepted
that the maximum adhesion effect between the polymer matrix
and MWNT could occur due to the nanosize of CNTs. Thus,
an immobilized PBZ layer could form around MWNT, which

e /d
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172}

1E7 . ; . ; . ; . ;

50 100 150 200 250

Temperature / °C

Fig. 9. MWNT concentration effect on the storage modulus (E’) of nanocom-
posites: (a) 0, (b) 0.2 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 1.5 wt% and (f) 2 wt%.

restricted the segmental motion of the polymer and resulted in
the higher E'. The other reason for this result might be the aug-
mentation of cross-link density compared with the matrix,
which was caused by the reaction between the isocyanate
groups on the MWNT surface and the phenolic hydroxyl
groups generated by the ring opening of benzoxazine. In addi-
tion, the composites also exhibited significantly higher modu-
lus above 200 °C, this behavior could attribute to the existence
of stiff CNTs in PBZ resin and the chemical bonds between
the MWNT and the PBZ matrix. With the increase of
MWNT concentration, however, the aggregation of nanotubes
took place and resulted in the decrease of E' at 50 °C for
2 wt% nanocomposite as compared with 1 wt% one.

The MWNT concentration effect on the glass transition
temperature (T,) of nanocomposites is shown in Fig. 10. The
T, was obtained from both the maximum of loss modulus
(E") and tan 6. Although tan 6 calculation gave higher results
than E”, the similar tendency of T, was observed. When the
MWNT concentration was less than 1.5 wt%, the glass transi-
tion of nanocomposite shifted towards higher temperature with

195 tand
190 o
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T,/°C

180

175

170

0.0 0.5 1.0 1.5 2.0
Modified-MWNT content / wt.%

Fig. 10. MWNT concentration effect on the T, of nanocomposites.
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the increase of the MWNT concentration. However, further in-
creasing the MWNT concentration to 2.0 wt% decreased the
T, of nanocomposite. The reasons for the increase of T, should
be, as mentioned above, significant nanoreinforcement effect
of the MWNT and augmentation of cross-link density due to
the reaction between isocyanate and phenolic hydroxyl
groups, which could restrict the motion of the macromolecular
chains and thus higher temperatures were required to provide
the requisite thermal energy for the occurrence of a glass tran-
sition in nanocomposite [12,70]. The decrease of T, was con-
sidered to be associated with the aggregation of the MWNT
with higher concentration, which could weaken the stiffening
effect of MWNT.

4. Conclusion

A novel nanocomposite consisted of uniformly dispersed
MWNT in PBZ matrix was successfully prepared. The surface
modification of MWNT, including nitric acid modification
followed by toluene-2,4-diisocyanate (TDI) treatment, intro-
duced hydroxyl, carboxyl, and isocyanate groups on the
MWNT surface. Due to the catalytic effect of MWNT surface
—COOH groups on the ring opening of benzoxazine, the
curing temperature of BZ is lowered by the MWNT loading.
The isocyanate groups reacted with the phenolic hydroxyl
groups generated by the ring opening of benzoxazine, which
resulted in the significant improvement of the adhesion be-
tween PBZ and MWNT. A well dispersed modified-MWNT
on the nanoscale level inside PBZ matrix was observed by
TEM and SEM. Dynamic mechanical analyses indicated the
increase of storage modulus as well as T, by the addition of
MWNT into PBZ.
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