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Abstract

Polyacrylonitrile (PAN)/single wall carbon nanotube (SWNT) composite films have been processed with unique combination of tensile
strength (103 MPa), modulus (10.9 GPa), electrical conductivity (1.5X 10* S/m), dimensional stability (coefficient of thermal expansion
1.7X1075/°C), low density (1.08 g/cm®), solvent resistance, and thermal stability. PAN molecular motion above the glass transition
temperature (7) in the composite film is significantly suppressed, resulting in high PAN/SWNT storage modulus above T, (40 times the PAN
storage modulus). Rope diameter in the SWNT powder was 26 nm, while in 60/40 PAN/SWNT film, the rope diameter was 40 nm. PAN
crystallite size from (110) plane in PAN and PAN/SWNT films was 5.3 and 2.9 nm, respectively. This study suggests good interaction

between PAN and SWNT.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

SWNTs possess high intrinsic strength, stiffness, and
electrical conductivity [1,2], and are being incorporate in
polymers to obtain composites with unique properties.
Various matrix systems that have been studied for this
purpose include: poly(vinyl alcohol) (PVA) [3-5], poly
(methyl methacrylate) [6-9], poly(m-phenylenevinylene-
co-2, 5-dioctoxy p-phenylenevinylene) [10], polypropylene
[11], epoxy [12,13], poly(3-octylthiophene) [14,15], poly-
imide [16,17], polycarbonate [18], polystyrene (PS) [19,20],
polyaniline [21], polypyrrole [22], alkoxysilane terminated
amide acid (ASTAA) [23], PAN [24,25], and poly(p-
phenylene benzobisoxazole) [26]. Most of these studies
have been carried out at nanotube loadings generally below
10 wt%. However, several studies at high nanotube loadings
have been reported. For example, exceptionally tough PVA
fibers with 60 wt% SWNTs have been processed [27].
Polyelectrolyte film with 50 wt% SWNT resulted in a
tensile strength of 220 MPa [28]. Improvements in modulus,
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strength, and toughness of SWNT films have been reported
with PVA or PS infiltration [29]. PAN, a commercially
important polymer and carbon precursor [30], is generally
processed from solution [31]. Carbonized PAN/SWNT
films are good candidates for electrochemical supercapa-
citor electrodes [32]. Here, we report PAN/SWNT films
with unique combination of tensile, electrical, and thermo-
mechanical properties, low density, and solvent resistance.

2. Experimental

Unpurified HIPCO SWNTs (catalytic impurity based on
the thermogravemetric analysis was about 30 wt%)
obtained from Carbon Nanotechnologies Inc. were used as
received. Dimethyl formamide (DMF) and polyacrylonitrile
containing 10% methyl acrylate (random copolymer,
molecular weight 100,000 g/mol) were purchased from
Sigma-Aldrich and were also used as received. Vacuum
dried 0.137 g SWNTs were dispersed in 50 ml DMF by a
combination of sonication (Cole-Parmer 8891 bath soni-
cator) and homogenization using a bio-homogenizer
(Biospec products Inc. M133/1281-0). To this SWNT/DMF
dispersion, 0.2055 g PAN was added and dissolved by
stirring. The PAN/SWNT/DMF solution was cast onto a hot
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glass substrate (at 60 °C) to form 15-30 um thick films. The
resulting film was washed repeatedly with distilled water
and dried under vacuum at 60 °C. Control PAN and SWNT
(buckypaper) films were also made using the same process.

RSA III (Rheometrics Scientific) was used to measure
the tensile and dynamic mechanical properties. The gauge
length, film width, and strain rate for the tensile test was
25.4, 5 mm and 10%/min, respectively. Dynamic mechan-
ical tests were carried out at 1 Hz at 1 °C/min heating rate.
Coefficient of thermal expansion (CTE) was determined
using a thermo-mechanical analyzer (TA Instruments TMA
2940) at 0.05 MPa pre-stress on 10 mm long and 2 mm wide
films during the second heating cycle when heated at
5 °C/min. In plane dc electrical conductivity was measured
by four-probe method. SEM imaging was done on gold-
coated films using Leo 1530 Scanning Electron Microscope.
X-Ray diffraction studies were conducted on Rigaku R-
AXIS IV*™" equipped with an image plate. The nickel
filtered Cu K, radiation (wavelength=0.15418 nm) was
used and data analysis was done using jade software.

3. Results and discussion

The initial modulus of the composite film is four times
the modulus of PAN and an order of magnitude higher than
that of the SWNT bucky paper, while the tensile strength of
the composite is twice the PAN strength, and 13 times the
strength of the bucky paper (Table 1). In this work, bucky
paper was made from unpurified tubes. By comparison, in
the earlier work we reported bucky paper made from
purified tubes exhibiting substantially higher strain to
failure (~5%) [33]. Bucky paper strain to failure observed
in this work is in better agreement with the value reported by
Malik et al. [34]. The storage modulus of PAN/SWNT
composite in the plateau region above the glass transition
temperature is 40 times the PAN modulus at that
temperature (Fig. 1). Based on the tan 6 peak position,
glass transition temperature of the composite film is 103 °C,
while that of the control PAN film it is 91 °C. The decrease
in the tan 6 magnitude suggests suppression of the PAN
molecular motion above the glass transition temperature.
The thermal expansion of PAN shows the typical polymer
behavior, with coefficient of thermal expansion (CTE) value
being much higher above T, than its value below T, (Fig. 2,
Table 2), while the composite film exhibits only one CTE in
the entire temperature range. These properties clearly

Table 1
Properties of PAN, PAN/SWNT and SWNT composite films

Table 2
Coefficient of thermal expansion of PAN and PAN/SWNT composite films

Sample CTE (107%°C)

35-91°C (T,) 91 (T,)-150°C
PAN 57 108
PAN/SWNT (60/40) 1.7 0.6
SWNT [44] -15 —-15

demonstrate the reinforcing effect of PAN in SWNT and
vice-versa.

The CTE of the two-dimensionally isotropic composite is
given by the equation [35]:
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v, and vyt are the Poisson’s ratio for the PAN and SWNT
and are taken to be 0.07 [36] and 0.17 [37], respectively.
Vit 18 the volume fraction of SWNT in the PAN/SWNT
(60/40) film and is equal to 0.38. The axial modulus of the
SWNT (Ent) is 640 GPa [1]. oy, and apnt are the CTEs of
PAN and SWNT, respectively, and take the values listed in
Table 2. E,,, is the modulus of the PAN matrix. In a film with
a random nanotube orientation in a plane, E;; and E,, are
related to the composite modulus (E.) by the equations [35]:
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Sample SWNT (wt%) Tensile modulus Tensile strength (MPa)  Elongation at break Density (g/cm®)
(GPa) (%)

PAN 0 27104 57+4 22.3+6.5 1.01

PAN/SWNT (60/40) 40 10.94+0.3 103 +18 1.61+0.6 1.08

SWNT bucky paper 100 1.1£0.1 7.6£15 0.6+0.1 0.80
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Fig. 1. Storage modulus (E') and tan 6 behavior of PAN and PAN/SWNT (60/40) films as a function of temperature.

where Iyt and dyt are the length and diameter of nanotube
ropes, respectively. Using E. and E,, values in Table 1, It/
dnt, Eq1, Esn, were calculated. Using these values in Egs.
(1)—(4), in plane CTE of the composite film was determined
to be 1.8 X107 5/°C, which is in excellent agreement with
the experimental value of 1.7 X 10~ °C.

The electrical conductivity of PAN/SWNT (60/40)
composite is 1.5X10* S/m. By comparison, electrically
conductivity of PVA/MWNT composite film (40/60) was
reported to be 10> S/m>. The conductivity of PAN/SWNT
film of the order of 10* S/m is comparable to those of the
electrically conducting polymers such as polypyrrole
(10* S/m) [38], polythiophene (10* S/m) [39], and polyani-
line (10° S/m) [40].

PAN/SWNT composite film retained its shape after
being immersed in DMF for three days at room temperature,
and only 27% of the PAN in PAN/ SWNT (60/40)
composite film dissolved in DMF. From the SEM images

(Fig. 3), the rope diameters in the SWNT powder and in the
PAN/ SWNT (60/40) films were estimated to be 26 +3 nm
and 40+2 nm, respectively. In other work, SWNT rope
diameters of 30 [41] and 35 nm [32] have been estimated.
We attribute these variations in SWNT rope diameter to
differences in different batches of nanotubes. Assuming that
all PAN is adsorbed on the SWNT rope, the diameter of the
PAN wrapped SWNT bundle can be calculated using the
following equation:

(d* + 2dRswnr)ppan _ MpaN

2
RSWNTP SWNT

MswNT

where Rswnr 18 the radius of the SWNT bundle, d is the
thickness of PAN coating on SWNT bundle, mpan and
mswnr are the weight fractions, and ppan and pswr are the
densities of PAN and SWNTs, respectively. The measured
density of PAN film (1.01 g/cm®) is lower than the typical
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Fig. 2. Thermal expansion of PAN and PAN/SWNT (60/40) films as a function of temperature.

PAN polymer density of 1.18 g/cm®. During PAN film
formation, pore structure forms due to solvent evaporation,
resulting in reduced PAN density. Using the measured PAN
and SWNT densities (Table 1), and the 26 nm diameter of
SWNT bundle, the diameter of the PAN wrapped SWNT
bundle is calculated to be 39 nm for the PAN/SWNT (60/

Fig. 3. Scanning electron micrographs of (a) SWNT powder (b)
PAN/SWNT (60/40) film.

40) composite. Using PAN and SWNT theoretical densities
of 1.18 and 1.30 g/cm’, respectively, rope diameter for the
composite film was calculated to be 42 nm. Composite rope
diameter calculated values of 39 and 42 nm are in excellent
agreement with the measured value of ~40 nm (Fig. 3(b)).
This suggests that almost all the PAN is adsorbed on the
SWNT bundle. The fact that 73% of the total PAN is not
accessible to the solvent and cannot be re-dissolved in DMF,
further confirms the strong PAN association to SWNT.
PAN and PAN/SWNT films exhibit the characteristic
PAN X-ray diffraction peaks at 16.7-16.9, 24.7-26.4 and
28.3-29.6° (Fig. 4) [42]. PAN crystallite size [43] (without
instrumental broadening correction) calculated using Scher-
rer equation from the 110 peak at 16.8° 20 and PAN X-ray
crystallinity [42] values are given in Table 3. The crystal
size perpendicular to (110) plane in the composite film is
nearly half of the crystal size in the control PAN film. The
suppressed motion of the PAN molecule, reduced thermal
expansion particularly above the glass transition

(a) PAN

(b) PAN/SWNT (60/40)

(c) PAN/SWNT (60/40) after
dissolving in DMF

@

Intensity (a.u.)

(b)
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Fig. 4. Wide-angle X-ray diffraction radial scans.
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Table 3
WAXD results for the PAN and PAN/SWNT composite films

Sample Crystal size (nm) Crystallinity (%)
PAN 53 53

PAN/SWNT (60/40) 29 45

PAN/SWNT (60/40) 2.6 53

after dissolving in

DMF

temperature, and decreased PAN solubility in DMF in the
composite film, all point to good interaction between PAN
and SWNT.

4. Conclusions

SWNTs have been incorporated into PAN to form
PAN/SWNT composite films with unique properties.
Tensile strength and modulus of the composite films are
higher than that of the control PAN or that of the control
SWNT bucky paper. The electrical conductivity of the
PAN/SWNT composite film in the (60/40) weight ratio is of
the order of 10* S/m. The PAN/SWNT modulus above glass
transition temperature is 40 times the PAN modulus at that
temperature. Composite films also show significantly
reduced thermal extension at high temperature as compared
to PAN film. SEM image of PAN/SWNT film indicates that
there is good interaction between PAN and SWNT. Due to
PAN adsorption on SWNT, SWNT bundle diameter
increased from 26 to 40 nm with 60% PAN. The crystal
size in the composite film is significantly smaller than in the
control PAN film.
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