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ABSTRACT: Dispersion and exfoliation of single wall car-
bon nanotubes (SWNTs) have been studied in poly(acrylo-
nitrile) (PAN), poly(p-phenylene benzobisoxazole) (PBO) so-
lutions, and composite fibers using transmission electron
microscopy. As a result of polymer assisted dispersion and
exfoliation, the average SWNT bundle diameter in SWNT/
PAN (5/95) was 11 nm, while the average diameter for the
pristine SWNT bundles was about 30 nm. High resolution
TEM of SWNT/PBO (10/90) composite fibers did not reveal
the presence of SWNT aggregates or bundles, suggesting
SWNT exfoliation as individuals. On the other hand, both
oriented and unoriented nanotube bundles have been ob-

served in SWNT/PBO samples containing 15 wt % nano-
tubes. Carbon nanotubes are 105 times more radiation resis-
tant than flexible polymers such as polyethylene, and 103

times more resistant than highly radiation resistant poly-
mers such as PBO. Therefore in the high resolution TEM
study of nanotube/polymer composites, nanotubes can be
observed long after the polymer has been damaged by elec-
tron radiation. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 98:
985–989, 2005
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INTRODUCTION

The discovery of single wall carbon nanotubes1,2 is
inspiring the development of new high performance
materials. SWNTs possess a unique combination of
mechanical, electrical, and thermal properties, and
density.3–7 The carbon nanotube aspect ratio can typ-
ically be in the range of 104–105 and have high tensile
strength (37 GPa), tensile modulus (640 GPa to 1
TPa),8–11 and low density (as low as 1.3 g/cm3). How-
ever, there are many obstacles to processing carbon
nanotube based polymer composites. Metal catalyst
particles of about 4 nm in diameter can typically be 30
to 40 wt % of the total weight in the carbon nanotube
as an impurity, and it must be removed12–14 for most
applications. For composite applications, purified
tubes should be dispersed in polymer and other type
matrices. Exfoliation15 of nanotubes as individuals in
the matrix is important for maximizing the translation
of nanotube properties in the composite.

Significant research efforts are being devoted to-
wards dispersing and exfoliating nanotubes in various
matrices.16 Sonication and in situ polymerization have
been effectively used for nanotube dispersion and ex-
foliation.17,18 High resolution transmission electron

microscopy study of SWNT dispersion and exfoliation
in polyacrylonitrile (PAN) and in poly(p-phenylene
benzobisoxazole) (PBO) have been carried out and are
reported in this paper.

EXPERIMENTAL

HiPCO SWNTs (average diameter about 1 nm)19 were
purified by heating at 250°C in moist air to convert the
iron clusters to iron oxides, followed by their removal
by continuous (soxhlet) extraction in HCl. The resid-
ual iron content of the purified SWNTs dispersed in
PBO was about 1 wt %, while the residual iron content
of SWNTs used in PAN was about 7 wt %. The resid-
ual iron content is based on thermogravimetric anal-
ysis (TGA) when the nanotubes were heated in air at
10°C/min in a TA instruments thermogravimetric an-
alyzer, TGA 2950.

The polyacrylonitrile-co-methyl acrylate (copolymer
molar ratio 90 : 10, molecular weight 100,000 g/mol)
was obtained from Sigma Aldrich and used as re-
ceived. SWNT/PAN composite fibers were prepared
by solution processing in dimethyl formamide
(DMF).17 Properties of the control PAN and SWNT/
PAN composite fibers are listed in Table I. The
SWNT/PBO composite dope was prepared by in situ
polycondensation of bis(aminophenol) and terepthalic
acid, and the fibers spun using dry-jet wet spinning.18

Spun fibers were continuously washed in water for 1
week, vacuum dried at 80°C for 12 h, and subse-
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quently heat-treated in nitrogen under tension (40
MPa) for 2 min at 400°C. Mechanical properties of
SWNT/PBO fibers are listed in Table II. All tensile
testing was done on 2.54 cm gauge length single fila-
ments. Typically, 25 fibers were tested in each case.

Thin specimens for transmission electron micros-
copy were prepared directly from the spinning dope
as well as from the composite fibers. SWNT/PAN/
DMF spinning dope was directly spread on the holey
carbon grid, and then the solvent was evaporated at
room temperature. Thin specimens from the compos-
ite fibers were prepared using the detachment meth-
od.20,21 The composite fibers were placed on the ad-
hesive collodion surface. After coagulation of the col-
lodion film, the fibers were detached, and
consequently thin split sections of fiber remained on
the collodion surface. The collodion film containing
thin fiber sections was placed on the holly carbon grid
and rinsed with amyl acetate, resulting in thin speci-
mens without collodion on the TEM grid. SWNT/PBO
spinning dope coagulated in water was used to make
thin specimens in a manner similar to the SWNT/PBO
fiber. Bright field images were recorded on Kodak
Microscope Film (SO163) using a high-resolution
transmission electron microscope (JEM 4000EX) oper-
ated at 300 kV.

RESULTS AND DISCUSSION

Transmission electron micrographs show SWNT bun-
dles as well as metal particles in the unpurified sample
[Fig. 1(a)]. A comparison of Figure 1(a–b) also shows
that most metal particles have been removed in the
purification process. This TEM observation is consis-
tent with the TGA analysis (Fig. 2), which shows that
the residual weight of the purified samples on heating
to above 800°C in air is much less than the residual

weight for the unpurified sample. The weight gain in
the 200 to 350°C range [Fig. 2(a)] in the unpurified
samples is a result of oxidation of the catalytic impu-
rity (Fe). The residual weight in Figure 2 represents
the weight of iron oxide. In the case of the composite
fiber made with the unpurified SWNTs, metallic par-
ticles remain in the SWNT bundles, as confirmed by
high resolution transmission electron microscopy (Fig.
3); and the tensile strength of the SWNT/PBZT com-
posite fiber containing SWNT catalytic impurity did
not show significant improvement over the control
fiber.22 Therefore, the purified SWNTs were used for
the following study. The average diameter of the bun-
dle of purified SWNTs based on extensive TEM stud-
ies was determined to be 30 � 15 nm. High resolution
electron micrographs [Fig. 1(c)] and X-ray diffraction

TABLE I
Mechanical Properties of PAN and SWNT/PAN

Composite Fibers17

SWNT (wt %)
Tensile modulus

(GPa)
Tensile strength

(GPa)

0 7.9 � 0.4 0.23 � 0.03
5 14.2 � 0.6 0.36 � 0.02

TABLE II
Mechanical Properties of PBO and SWNT/PBO

Composite Fibers

SWNT (wt %)
Tensile modulus

(GPa)
Tensile strength

(GPa)

0 138 � 20 2.6 � 0.3
10 167 � 15 4.2 � 0.5
15 108 � 10 2.0 � 0.5

Figure 1 Transmission electron micrographs of (a) unpu-
rified, and (b and c) purified SWNT bundles.

Figure 2 Thermogravimetric analysis of (a) unpurified, (b)
purified, and (c) ultra-purified SWNTs in air at a heating rate
of 10°C/min.
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of the purified SWNT bundle show the lattice image
and diffraction peaks, indicating order in the SWNT
bundle.23,24 The data in Table III show that the thresh-
old energy for ballistic damage in SWNTs is at least
105 times the total end-point dose for radiation sensi-
tive polymers such as polyethylene and more than
three orders of magnitude the end-point dose for most
radiation resistant polymers such as PBO.25–27 Due to
this difference between the electron beam sensitivities
of carbon nanotubes and polymers, under TEM obser-
vation the SWNT structure is more stable than the
polymer matrix and, therefore, lattice image of SWNT
bundles can be observed long after the lattice image of
the polymer matrix has been damaged due to radia-
tion.

Mechanical properties of the SWNT/PAN compos-
ite fibers are higher than those of the control PAN fiber
(Table I). Lattice images of SWNT bundles can be
observed in the PAN matrix [Fig. 4(a)]. Individual
SWNTs have also been occasionally observed in the
PAN matrix [Figs. 4(a) and 4(c)]. Based on TEM ob-
servations, the diameter distribution of SWNT bun-
dles in the SWNT/PAN (5/95) composite measured
from many images is given in Figure 5 and has been
compared to the diameter distribution of the purified
SWNT bundles. In the SWNT/PAN composite, the
average rope diameter was 11 � 6 nm. By comparison,
the average diameter of purified SWNT bundles son-

icated in methanol for 10 min was 30 � 15 nm. This is
a result of polymer assisted dispersion and partial
exfoliation. Calculated tensile modulus of the compos-
ite fiber was found to be consistent with these SWNT
bundle diameter measurements.17 The average rope
diameter in the spun and drawn fiber may be lower
than in the dope, as the fiber spinning and drawing
process may further exfoliate the nanotube bundles.

Figure 3 Transmission electron micrographs of unpurified
SWNT/PBZT composite fiber.

TABLE III
Critical Electron Dose for SWNT, PBO, and polyethylene

(e� nm�2)

SWNT at 200kV 1[27] 3.5 � 108

PBO at 200kV 2[26] 5.0 � 104

Polyethylene at 200kV 2[26] 9.0 � 102

1Threshold energy for ballistic damage in SWNTs.
2Total end-point dose (TEPD).

Figure 4 Transmission electron micrographs of SWNT
bundles (a) and individual SWNTs (b and c) in the SWNT/
PAN (5/95) composite. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

Figure 5 Diameter distributions of pristine SWNT bundles
and SWNT bundles in SWNT/PAN (5/95). [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Individual SWNTs or SWNT bundles were not ob-
served in the SWNT/PBO (10/90) fiber (Fig. 6); how-
ever, the PBO lattice image could be observed. This
suggests that experimental conditions and the electron
irradiation dosage level were quite low, and therefore
SWNTs should not be damaged under these condi-
tions. The question is why SWNTs could not be ob-
served in the SWNT/PBO (10/90) composite fiber.
The average diameter of SWNTs used in this study is
about 1 nm. On the other hand, from the imaging
contrast, we can say that the thickness of the SWNT/
PBO (10/90) fiber specimen used for TEM observation
is at least several tens of nanometers. Therefore, the
TEM image is dominated by the polymer matrix, mak-
ing the observation of individual SWNTs difficult.
Further support for this argument comes from Figure
4(b) and 4(c), where individual SWNTs covered by the
PAN matrix cannot be observed under these TEM
observation conditions, and only that part of the
SWNT not covered by the polymer matrix could be
observed and imaged. We conclude that SWNTs in the
SWNT/PBO (10/90) composite fiber exist as individ-
ual tubes in the PBO matrix. The presence of SWNT in
this fiber was indeed confirmed by Raman spectros-
copy.18 Unoriented and oriented SWNT bundles were
observed in PBO containing 15 wt % carbon nanotubes
and exhibiting low tensile strength. Nanotube aggre-
gates, of several hundred nanometer dimension, were
randomly dispersed in SWNT/PBO (15/85) dope [Fig.
7(a)]. Figure 7(b) shows the presence of SWNT bun-
dles of 20–50 nm diameter aligned nearly parallel to
the fiber axis. Improved tensile strength PBO fibers
were made with ultra-pure nanotubes (catalytic impu-
rity less than 1 wt %, Fig. 2(c) fully exfoliated in the
PBO matrix. Improvements in tensile strength were
not observed when the nanotube impurity level was
10 wt % or when nanotubes were not fully exfoliated
in the matrix.

CONCLUSIONS

The SWNT bundle diameter in the SWNT/PAN (5/
95) composite was about 11 nm, while the average

diameter of the pristine SWNT bundles was about 30
nm. Some individual SWNTs were also observed in
the SWNT/PAN composite. SWNT bundles were not
observed in the SWNT/PBO (10/90) composite fiber
exhibiting high tensile strength, while SWNT/PBO
(15/85) dope as well as fibers showed the presence of
nanotube bundles and did not result in improved
strength PBO fiber. In highly ordered fibers such as
PBO, catalyst particles are detrimental to tensile
strength. Current production methods yield SWNTs
with a diameter distribution, for example, in the typ-
ical HiPCO run, more than 90% of the tubes are in the
0.7 to 1.4 nm diameter range. Such a broad diameter
distribution results in low shear modulus, making
exfoliation necessary. Production of uniform diameter
tubes of a given chirality is expected to result in higher
shear modulus, making the SWNT bundle exfoliation
requirement less critical.
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