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Abstract Poly (p-phenylene benzobisoxazole) (PBO) fibers are some of the strongest
organic polymer fibers. However, the introduction of single-walled carbon nanotubes
(SWNT) into the PBO backbone might lead to improvements in their alignment and
physical properties. Therefore, SWNT was cut and functionalized by three oxidative
cutting methods. After cutting, three different types of SWNT were obtained. Further-
more, copolymerization of SWNTs with PBO polymer was successfully carried out in a
mixed solvent of polyphosphoric acid and methanesulfonic acid. The SWNTs were
homogeneously distributed throughout the films of copolymerized products, as deter-
mined by Raman spectroscopy. The benzoxazole moieties could be formed between the
carboxyl of SWNTs and o-aminophenol derivatives of PBO polymer. The length of
SWNTs affected the dispersion and reaction activity. Short SWNTs could react with
the PBO polymer more easily and form more covalent bonds.

Keywords Carbon nanotubes - Nanostructured materials - Composites -
Fiber technology

Introduction

Today’s polymeric fibers are up to ten times as strong as that available half a
century ago. Poly (p-phenylene benzobisoxazole) (PBO) is one of the polybenz-
oxazoles containing an aromatic heterocyclic ring. Fibers prepared with PBO have
superior mechanical properties, excellent thermal, thermo-oxidative stability, and
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good flame retardance. The tensile strength and the tensile modulus of as-spun PBO
fiber can reach up to 5.8 and 180 GPa, respectively. The tensile modulus, in
particular, is much higher than that of carbon, steel, Kevlar, and other super fibers.
However, even for commercial high modulus PBO fibers, there is still a large gap
between the actual tensile modulus and the theoretical tensile modulus. Improve-
ments in fiber orientation and molecular chain packing order have been suggested as
the main methods to overcome this gap [1].

Carbon nanotubes (CNTs) are a family of new materials with unique structure and
excellent mechanical, electrical, and optical properties. Theoretical and experimental
investigations have shown that CNTs possess remarkable mechanical properties.
CNTs can be ideal reinforcing agents for kinds of materials especially for polymers.
Since then, many efforts have been made to explore the potential usage of CNTs as
reinforcing agents [2-8]. In addition, CNTs can also act as a nucleating agent for
polymer crystallization and as a template for polymer orientation, enhancing the
physical properties of the formed materials [9]. No other nucleating agents are as
narrow and long as single-walled carbon nanotubes (SWNT). Experts working in this
field suggest that even stronger fibers can be made using carbon nanotubes. Thus, both
PBO and CNTs share some important properties. The opportunity to combine CNTSs
and PBO appears as a desirable way to develop nanocomposites provided with
properties that are inherent in both components.

To fully exploit these CNTs characteristics in macroscopic functional fibers or
composites, one must overcome the critical issue of limited dispersion that can affect
the performance of CNTs-infused materials. Due to their high aspect ratio and the
strong van der Waals attraction between them, full-length purified CNTs tend to
aggregate into a dense, robust network of ropes, usually 10-50 nm in diameter and
several micrometers in length. In addition to the dispersion problem, the presence of
rigid full-length CNTs increases the steric hindrance and decreases the reactivity [10].
It has been shown, however, that the solubility of SWNTs can be improved by
shortening their length and through chemical functionalization [11-15]. In this study,
we prepared a new block copolymer system wherein short functionalized SWNTs are
covalently bonded to acid-soluble polybenzazoles, a commercial family of materials
(PBO). The key concept is to synergistically combine the unprecedented properties of
short SWNTSs with the processibility of PBO. In addition, we expect that the SWNTs—
PBO copolymer will lead to better alignment of the polymer fibers, enhancing the
physical properties of the formed materials. In the previous studies [16, 17], the
covalent modification of PBO polymer with SWNT has not been reported. Moreover,
the effect of SWNTs length and functional degree on polymerization was not clear. In
this study, copolymerization of SWNTs (with different length and functional degree)
with PBO polymer was successfully carried out in a mixed solvent of polyphosphoric
acid and methanesulfonic acid (MSA) in the presence of P,O5 (Fig. 1).

Fig. 1 Preparation of SWNT/ Short SWNTs + PBO polymer MSA/PPA, Pz0s
PBO copolymer 150°C, 3d
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Experimental
Materials

1,4-Diaminoresorcinol dihydrochloride (DADHB) was synthesized in our labora-
tory from 1,2,3-trichlorobenzene by a modified method. The SWNT was provided
by Shenzhen NANO Tech. Port. Co. Ltd. and were fabricated by catalytic pyrolysis
of hydrocarbons. Terephthalic acid (TPA), phosphoric acid, and MSA were
purchased from Aldrich Chemical Company. MSA was distilled under vacuum in
the presence of P,Os before use.

Preparation of SWNT 1 (average length was 49 nm)

The SWNT was first disentangled in oleum (20% SO;) for 72 h by an immersion
blender to ensure complete superacid intercalation. Subsequently, a mixture of
oleum and 70% nitric acid was slowly added into the SWNT/oleum dispersion to
make a mixed solvent of oleum/nitric acid at volume ratio of 3:1. The SWNT
dispersion was stirred at 70 °C for 4 h to cut the SWNT.

Preparation of SWNT 2 (average length was 124 nm)

Piranha solutions (v/v 96% H,S04:30% H,O, = 4:1) were prepared immediately
before use to maintain their activity. The SWNT was then added to the solution
(1 mL piranha: 1 mg of SWNT) for 12 h once the solution was heated to the 70 °C.

Preparation of SWNT 3 (average length was 192 nm)

Ammonium persulfate solutions were prepared by dissolving 4 g salt in 50 mL of
96% H,SO,4. The SWNT was then added to the persulfate solution (1 mL solution:
1 mg of SWNT) for 12 h at 70 °C.

Synthesis of PBO polymer

NaOH (0.4 mol) was dissolved in 500 mL distilled water, and then 0.2 mol TPA
was added. DADHB (0.2 mol) and a small mount SnCl, were dissolved in 250 mL
distilled water. Mixed the above aqueous solutions with stirring, and heated up to
80 °C for 30 min under the nitrogen atmosphere, then cooling to room temperature
and filter. The DADHB/TPA complex salt was obtained after vacuum drying. PBO
polymer was prepared from DADHB/TPA complex salt in polyphosphoric acid
using solution polycondensation in kneader.

Copolymerization of PBO polymer with SWNTs
In a typical procedure, PBO (4.75 g) polymer was dissolved with stirring in 100 mL

of MSA. P,Os (193.34 g) was added to the phosphoric acid (145.55 g, 85%) to
generate polyphosphoric acid (83.5% P,0s5). And then 0.25 g SWNT was
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homogeneously dispersed with sonication in polyphosphoric acid at 150 °C for 3 h.
Mixed the above solutions with stirring and the copolymerization was carried out at
150 °C for 3 days.

Characterization

The transmission electron microscopy (TEM) sample was prepared by sonicating
SWNTs in methanol. The length distribution of SWNTs was obtained by the
dynamic light scattering. Light scattering experiments were performed on a Horiba
DLS particle-size analyzer LB550. Raman spectra were recorded on a Renishaw
Raman microscope. ATR-IR spectra were collected on thin films. A powder was
pressed onto 0.5 mm thick soft indium foil, and X-ray photon-electron spectrum
(XPS) data were collected on a PHI Quantera SXM Scanning X-ray Microscope
with monochromatic Al KR X radiation (1486.6 ¢V). The film of SWNT/PBO
copolymer mounted on a metal sample board were coated with gold using an ion
sputter and then observed by SEM (Netherlands Philips FEI Sirion). TG analyses
were performed with a thermo gravimetric analyzer (Netzsch STA449C) from room
temperature to 1000 °C in air atmosphere at a heating rate of 10 °C/min.

Results and discussion
Preparation and characterization of functionalized SWNTs

The block copolymerization is a condensation reaction between carboxylic acid
moieties at the ends and defect sites of SWNTs and the o-aminophenol end groups
of PBO polymer. The preparation scheme is shown in Fig. 1. It has been reported
that block copolymerizations of PBO oligomer with aromatic oligomers can be
carried out in a mixed solvent of PPA and MSA with P,Os [17]. In this study,
purified SWNTs were cut into short lengths and carboxylated by oxidation of the
defect sites. Figure 2a, b, and ¢ shows TEM images of SWNTs. Similar to prior
studies, the rough edges of the SWNTs in the TEM images were indications of the
high level of functionalization at the ends of the SWNTs. Figure 2d shows the
corresponding length distributions of the SWNTSs after oxidation. After oxidation,
the histograms showed a decrease in the number of longer nanotubes and an
increase in the number of shorter nanotubes. The average size of SWNT 1, 2, and 3
was 49, 124, and 192 nm, respectively.

The Raman spectra of the SWNTSs were obtained on a Renishaw Ramascope with
785 cm ™" diode laser (Fig. 3a). Compared with the pristine SWNT, the D/G ratio of
the disorder mode (D band at around 1350 cm™ ") and the tangential mode (G band
at 1580 cm™') had increased. This indicated that there was a high level of
functionalization after oxidation. Moreover, the D/G ratio of SWNTs was in the
order of SWNT 1 > SWNT 2 > SWNT 3, which indicated SWNT 1 had the highest
level of functionalization. The XPS (Fig. 3b) indicated a high concentration of
covalently bonded carboxylic acid groups (-COOH, binding energy 288 eV) on the
surface and ends of these SWNTs [18, 19]. Elemental analysis based on the XPS
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Fig. 2 TEM images of a SWNTIL, b SWNT 2, and ¢ SWNT 3. d Length distribution of functionalized
SWNTs

data supported the findings that the functional degree of SWNTs was in the order of
SWNT 1 > SWNT 2 > SWNT 3.

Copolymerization of short SWNTs and PBO polymer

Cutting of SWNTs was carried out to increase the dispersion in PPA and improve
the reactivity with PBO polymer. The precipitate of SWNTs/PBO copolymer did
not dissolve in DMF and NMP, while the SWNTs were dispersed well in both
solvents [20, 21]. The change in solubility of the nanotubes before and after the
copolymerization indicated covalent bonding of the PBO polymer to the SWNTSs.
After copolymerization, a thin film was made by press-forming the product. Various
areas of the films were examined by the focused beam of a 633 nm laser of the
Raman spectroscope as shown in Fig. 4a. Raman spectra of the copolymerized
products were almost the same in all of the 50 examined areas of the film for SWNT
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Fig. 3 a Raman spectra of functionalized SWNTs. b XPS spectra of functionalized SWNTSs

1 and 2. These results indicated that SWNT 1 and 2 with the characteristic RBM, D
band, and G band were homogeneously distributed throughout the films. It has
been reported that SWNT aggregates or bundles were not observed in SWNT/PBO
(10/90) composite fibers, suggesting SWNTSs exfoliation as individuals [22]. For the
control experiment, Raman spectra of the SWNT 3/PBO film showed the presence
of RBM, D band, and G band in almost 80% of the 50 examined areas. The other
areas exhibited fluorescence from PBO. This result indicated that a certain amount
of SWNT 3 aggregated or bundled in the copolymer. The Raman spectroscopy
results indicated that the length of the SWNT influenced its dispersion, the shorter
the length of SWNT, the better dispersion in the copolymer.

The XPS spectra are shown in Fig. 4b. In the XPS spectra of SWNT 1/PBO and
SWNT 2/PBO, the peak of the carboxylic acid moiety O=C-O at 288 eV
disappeared after the copolymerization, which was indicative of the covalent
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Fig. 4 a Representative Raman spectra of copolymerized products. b XPS spectra of copolymerized
products
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Fig. 5 ATR-IR spectra of (@) SWNT 1/PBO, (b) SWNT 2/PBO, and (c¢) SWNT 3/PBO copolymerized
products

bonding between short SWNTs and PBO polymer. In comparison, the XPS
spectrum of SWNT 3/PBO copolymer remained the O=C-O peak. The result
indicated that the long length nanotubes reduced the reactivity of SWNT 3, which
makes low rate conversion of the carboxyl. ATR-IR spectra of the copolymerized
products showed the presence of peaks characteristic of PBO as shown in Fig. 5.
A C=N stretch at ~1620 cm_l, =C-O-C stretch at ~1050 cm™! and an aromatic
C—H stretch at ~3050 cm ™" were observed in all three spectrum. In the IR spectra
of SWNT 1/PBO and SWNT 2/PBO, the peak of the —OH at ~3600 cm™!
disappeared after the copolymerization, which was indicative of the covalent
bonding between short SWNTs and PBO polymer. On the other hand, the IR
spectrum of SWNT 3/PBO copolymer remained the —OH peak. These data
supported the findings concluded from XPS spectra. IR spectra showed that

copolymerization did not change the properties of PBO and generated SWNT/PBO
copolymer.
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Fig. 6 a Representative SEM photograph of SWNT/PBO copolyme and b TG curves of PBO and
SWNT/PBO copolymer in air

Because the SEM photos and TG curves of the three copolymers were almost the
same, we gave the representative SEM photo and TG spectrum in Fig. 6. Figure 6a
showed the representative SEM photo of PBO/SWNT copolymer films. It could be
observed from Fig. 6a that the outer surface of the copolymer was smooth. The
SWNT dispersed well in the PBO polymer matrix. Thermal degradation behavior of
PBO/SWNT in air atmosphere (Fig. 6b) was compared with the pure PBO. It can be
seen from Fig. 6b that the TG curve of PBO decreased slightly in the initial stages,
the thermal degradation occurred at 615 °C and the significant changes happened
between 620 and 750 °C. On the other hand, for SWNT/PBO copolymer, the
thermal degradation happened at about 640 °C, and finally left about 6 mass%
residues at 900 °C with significant changes between 650 and 820 °C. It can be
found that PBO/SWNT copolymer had better heat resistance in the atmosphere of
air.

Conclusions

In this study, SWNT was cut and functionalized by three oxidative cutting methods.
After cutting, three different types of SWNT were obtained. Copolymerization of
SWNTs with PBO polymer was successfully carried out in a mixed solvent. The
study tested the reaction activity of the PBO polymer with oxidative SWNTs.
The covalent bonds could be formed between the carboxyl of SWNTs and
o-aminophenol derivatives of PBO polymer. After copolymerization, the SWNTs
were homogeneously distributed in the films of copolymerized products. Further-
more, the length of SWNTs affected the dispersion and reaction activity. Short
SWNTs had better dispersion, which could react with the PBO polymer more easily
and form more covalent bonds. SWNT dispersed well in the PBO matrix. The
thermal resistance of the SWNT/PBO copolymer was better than PBO. Moreover,
this study will provide a new way to prepare novel PBO/SWNT super performance
fibers.
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