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Abstract

Shearing of poly(vinyl alcohol) (PVA)/single wall carbon nanotube (SWNT) dispersions result in the formation of self-assembled oriented
PVA/SWNT fibers or ribbons, while PV A solution results in the formation of unoriented fibers. Diameter/width and length of these self-assembled
fibers was 5-45 um and 0.5-3 mm, respectively. High-resolution transmission electron micrographs showed well resolved PVA (200) lattice with
molecules oriented parallel to the nanotube axis. Nanotube orientation in the self-assembled fibers was also determined from Raman spectroscopy.
PVA fibers exhibited about 48% crystallinity, while crystallinity in PVA/SWNT fibers was 84% as determined by wide angle X-ray diffraction.
PVA and carbon nanotubes were at an angle of 25-40° to the self-assembled fiber axis. In comparison to PVA, PVA/SWNT samples exhibited
significantly enhanced electron beam radiation resistance. This study shows that single wall carbon nanotubes not only nucleate polymer

crystallization, but also act as a template for polymer orientation.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Self-assembly and crystallization of polymers from stirred/
sheared polymer solutions was first reported in 1960s [1-7]. The
observation of the shish-kebab structure with extended core in
polyethylene from such crystals may be credited for the ultimate
development, and commercialization of extended chain poly-
ethylene fiber in 1980s [8]—an important milestone in the
processing of high performance fibers from flexible polymers.
After over 60 years of development in fiber processing
technology, the basic morphological structure of commodity
polymeric fibers such as nylon 6, nylon 66, polypropylene, and
poly(ethylene terephthalate) (PET), has not changed signifi-
cantly over the years. A number of recent studies demonstrate
that single wall carbon nanotubes act as a nucleating agent for
polymer crystallization [9—17]. Oriented crystallization of small
molecules such as sulfuric acid can also occur on SWNT surface
[18]. Poly(vinyl alcohol) (PVA) has played a critical role in
single wall carbon nanotube processing [10,19-23]. Macro-
scopic fibers from SWNTs were for the first time processed in
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PV A solutions [24]. Super tough fibers have also been processed
from PVA/SWNT composites [25]. In this study, we report that
stirred and sheared solutions of PVA result in the formation of
isotropic fibers with low crystallinity, while under comparable
conditions PVA/SWNT dispersions result in oriented fibers with
high crystallinity.

2. Experimental

Atactic poly(vinyl alcohol) (PVA) (from Kuraray Co. Ltd,
lot no. 636837, degree of polymerization: 18,000, and 98.4%
hydrolyzed) was dissolved in an 80:20 volume ratio of
dimethyl sulfoxide (DMSO) (from J.T Baker Cas. No. 67-
68-5) and distilled water, respectively, in a 1 L three-necked
round-bottomed flask equipped with a magnetic stir bar and
Liebig condenser assembled for reflux and heated to 110 °C
to obtain a 1 wt% PVA solution (80 ml DMSO, 20 ml water,
and 1.1 g PVA). SWNT (obtained from CNI, lot no. P0247,
purity >98%) (10 mg/ml) dispersion was obtained in DMSO
by sonicating (using a Fisher FS30 bath sonicator, frequency
43 kHz, power 150 W) for 12h at 55°C and subsequently
added to the PVA solution to obtain PVA:SWNT weight
ratio of 99:1. The mixture was stirred with an overhead
mechanical stirrer (Caframo high shear mixer, model no.
BDC1850) at shear speeds between 500 and 800 rpm
continuously for 72 h. Dispersion was periodically sonicated
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Fig. 1. Scanning electron micrographs of self-assembled (a) PVA and (b) PVA/SWNT fibers. (a;) and (b,) fiber surface, (a,, a;) and (b,, b3) internal surface obtained

by fiber splitting.

for about 10 min after every 2h while stirring. The same
procedure was carried out for PVA solution without
nanotubes. Macroscopic fibers formed in each solution
within 2 h of stirring, and no change was observed after

about 6 h. Continuous sonication results in dissolution of
these fibers. Fibers were placed on a glass slide and dried in
the hood for several days followed by drying under vacuum
at 30 °C for 72-96 h.
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Fig. 2. Peak fitted integrated X-ray diffraction intensity as a function of 26 of self-assembled PV A fiber. Inset-wide angle X-ray diffraction pattern with vertical fiber axis.
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Scanning electron microscopy was done on LEO 1530
thermally assisted field emission microscope (at 10 kV) on
samples sputtered coated with gold. To reveal the internal fiber
structure, both PVA and PVA/SWNT fibers were split using a
needle for SEM observation. Transmission electron
microscopy (TEM) was done on Hitachi HD-2000 Field
Emission Gun electron microscope (accelerating voltage
200 kV). TEM samples were prepared by taking a drop of
fibril containing dispersion using a pipette and dropping it on
lacey carbon coated 300 mesh copper grids (Electron
Microscopy Sciences Cat. no. 71140). This grid was dried
under hood for several days. Raman spectroscopy was done on
a Holoprobe Raman microscope by Kaiser Optical Systems
Inc., at an excitation wavelength of 785 nm and 1.5 MW beam
power. Leica DMRX Optical Microscope manufactured by
Leica Microsystems equipped with a Sony Digital Photo
Camera DKC-5000 was used to image the fibers and study their
birefringent behavior. Wide angle X-ray scattering was done
on the Rigaku Micro Max 002 X-ray generator operated at
45 kV and 0.66 mA and equipped with R-axis VI+ + detector.
For X-ray studies, single filaments were mounted on the tip of a
0.3 mm diameter glass fibers (Hamilton Research Cat. no.
HR8-030). Crystallinity and orientation from wide angle X-ray
diffraction were determined using the software MDI Jade 6.1.
AreaMax software was used for background subtraction and
integration. The area due to the crystalline and amorphous
contribution of the polymer was determined by peak fitting
analysis.

3. Results and discussion

Diameter/width of both the PVA and PVA/SWNT self-
assembled fibers/ribbons is in the range of 545 pm, and the
length is typically from 0.5 to 3 mm. Both the PVA and
PVA/SWNT fibers are composed of fibrils ranging from about
100 to 800 nm in diameter (Fig. 1). The PVA/SWNT fibrils
also appear to consist of nano fibrils ranging from 25 to about
100 nm in diameter, while the PVA fibrils did not show the
obvious presence of nano fibrils. Wide-angle X-ray scattering
and polarizing optical microscopy, both show that PVA fibers
are isotropic (Fig. 2) while PVA/SWNT fibers are oriented
(Figs. 3 and 4). For brevity optical micrograph of the isotropic
PVA fiber is not included.

Wide angle X-ray diffraction (WAXD) of the self-
assembled PVA fibers show strong intensity (101) peak
(Fig. 2), which is also the case for solution spun and drawn
PVA fibers [26,27]. In the self-assembled PVA/SWNT fibers,
medium intensity (101) reflection is observed as a four-point
pattern at 32.2° off the meridian. Strong intensity (200)
reflection is present on the equator, and the (102) plane is on
the meridian (Fig. 3(b)). Various crystal sizes determined from
WAXD data using Scherrer equation [28] (using K=0.9) as
well as d-spacing values in both PVA and PVA/SWNT fibers
are listed in Table 1. The crystallinity in self-assembled PVA
and PVA/SWNT fibers, determined using crystalline and
amorphous peak areas, was about 48 and 84%, respectively,
(Figs. 2 and 3). It is noted that crystallinity in gel spun
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Fig. 3. Wide angle X-ray diffraction of self-assembled PVA/SWNT fiber.
(a) Peak fitted integrated intensity as a function of 26. Inset-WAXD pattern
with vertical fiber axis. (b) Equatorial, meridional, and off-axis (from 32.2°
from the meridian) intensity as a function of 26. (c) Azimuthal intensity plot for
the (101) diffraction plane. 0° represents the meridional direction.

PVA/SWNT fiber (draw ratio 6), containing 3 wt% SWNT was
only ~53% [10]. It is also noteworthy that 84% crystallinity in
the current work is without annealing or drawing.

PVA orientation factor, f;,, was determined from (200) and
(001) diffraction planes using Wilchinsky’s equation [29]:

_ (1=2sin’py)(cos’; ) — (1 —2sin’p; )(cos’ ¢, )
sin?p; —sin’p,

COS20b—aXis =1

6]
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Fig. 4. Optical micrograph of self-assembled PVA/SWNT fiber under cross
polarizers. Fiber axis is at 45° to the polarization direction.

Table 1
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The subscripts, 1 and 2 refer to the two planes, (200) and
(001), used in the orientation characterization, and p is the
angle between the given plane normal and the a- or c-axis.
PVA unit cell parameters are [30]: a=7.81 /OX, b=2.52 10\,
c=5.51 A $=91.7°. Thus, p values for (200) and (001) are
calculated with respect to the a-axis to be 0 and 88.3°,
respectively. The (200) and (001) azimuthal intensity was used
to calculate cos?¢,, for the two planes. Using this approach
c08%0)_axis» and f;, in the PVA/SWNT fiber was calculated to be
0.82, and 0.72, respectively, giving PVA misorientation angle
of about 26° with respect to the fiber axis.

Fig. 3(c) shows the (101) intensity as a function of
azimuthal angle. The angle between (101) plane normal and
the self-assembled fiber axis («) was calculated using the
following equation [31]

2

where ¢ is the azimuthal angle between the diffraction
maximum and the meridian direction as measured from the
X-ray, and 6 is the (101) Bragg angle. The values for ¢ and 0
measured from WAXD were 32.2 and 10.2°. From these
parameters, « was calculated to be 33.6°, while the theoretical
value based on above listed unit cell parameters would be

X-ray determination of d-spacing and crystal size for predominant planes in both self-assembled PVA and PVA/SWNT fiber diffraction patterns

Diffraction plane Self-assembled PVA/SWNT fiber

Self-assembled PVA fiber

26 (°) d-spacing (nm) Crystal size (nm) 260 (°) d-spacing (nm) Crystal size (nm)
(100) - - - 11.3 0.785 4.2
(001) 15.5 0.571 3.1 15.8 0.559 2.2
(101) 20.4 0.434 6.3 19.5 0.453 6.6
(200) 229 0.387 6.2 22.7 0.390 5.8
(102) 34.5 0.259 9.7 - - -
(111) - - - 40.3 0.201 4.3
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Fig. 5. Raman spectra of (a) SWNT powder and (b) self-assembled PVA/SWNT fiber. (c) Polarized tangential mode (G-band) Raman intensity for the self-assembled
PVA/SWNT fibers as a function of angle between polarization direction and the fiber axis.
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35.2°. Peak-fitting analysis of the equatorial WAXD scan of the
self-assembled PVA/SWNT fiber also shows a low intensity
(101) peak on the equator (Fig. 3(b)), suggesting two distinctly
different orientations of the PVA molecules in the self-
assembled fiber.

The presence of SWNTs in fibers assembled from
PVA/SWNT dispersion was confirmed by Raman spectroscopy
(Fig. 5(a)), where the Raman spectrum of the self-assembled
fiber is compared to the spectrum of the SWNT powder. Due to
resonance enhanced Raman scattering, SWNT intensity
dominates and no PVA peaks were observed in the Raman
spectra even at this low SWNT concentration. As can be seen
in Fig. 5a and b, Raman spectrum of the PVA/SWNT fiber is
nearly identical to the SWNT powder spectra. Polarized
G-band Raman intensity as a function of the angle between
the polarization direction and fiber axis is given in Fig. 5(c).
The average SWNT orientation with respect to the fiber axis
was calculated using a previously described method [32,33]
from the polarized Raman G-band intensity as a function of
polarization angle. SWNT orientation factor was determined to
be 0.44, which yields an approximate SWNT orientation angle
of about 38° from the self-assembled fiber axis.

High-resolution transmission electron micrograph in
Fig. 6(a) shows a PVA/SWNT nano fibril of about 120 nm
diameter. Higher magnification lattice images of this nano
fibril (Fig. 6(b) and (c)) show well resolved (200) lattice
planes as well as the presence of SWNT. (200) plane and
hence the b-axis (the PVA chain axis) is parallel to the
SWNT axis and both are in turn perpendicular to the nano
fibril axis. Moire [34] patterns can also be seen in Fig. 6(b)
(indicated by arrow). Fig. 6 shows significantly larger crystal
sizes, both along and perpendicular to the b-axis direction,
than the average crystal sizes observed from X-ray. It is also
noted that PVA/SWNT fibrils were highly resistant to the
electron beam. Under comparable electron beam irradiation
conditions, PVA samples without nanotubes could not be
lattice imaged. Similarly, polyacrylonitrile/SWNT compo-
sites were found to be more radiation resistant than
polyacrylonitrile [33].

WAXD and Raman spectroscopy show PVA and SWNT
orientation. However, the two orientation values were some-
what different. High-resolution transmission electron micro-
graph (Fig. 6), provided unequivocal evidence that PVA
molecules are oriented parallel to the nanotube axis. In
summary, we conclude that the presence of SWNTs, results
in significantly enhanced polymer crystallinity, and that
SWNTs act as a template for polymer orientation. While
there are a number of previous studies in the literature reporting
enhanced crystallinity [11,14,15] and crystallization [13,35]
rate in polymers in the presence of carbon nanotubes and
particularly single wall carbon nanotubes, here we show
SWNT templated polymer orientation in solutions. SWNT
templated polymer orientation has also been reported recently
during melt processing [36]. Polymer orientation facilitated by
the presence of fully exfoliated SWNTs may have implications
for polymer processing.

Fig. 6. Transmission electron micrographs of self-assembled PVA/SWNT nano
fibril. (b) is a higher magnification image of the boxed region in (a). (c) is a
higher magnification image of the boxed region in (b). Nano fibril diameter is
about 120 nm. SWNT and PVA (200) lattice planes (d-spacing ~0.385 nm)
parallel to SWNT axis can be clearly seen in (b) and (c).
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