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Polyacrylonitrile Single-Walled Carbon
Nanotube Composite Fibers**

By Thaliyil V. Sreekumar, Tao Liu, Byung G. Min,
Huina Guo, Satish Kumar,* Robert H. Hauge,
and Richard E. Smalley

Single-walled carbon nanotubes (SWNTs) have a high ten-
sile strength and modulus.! SWNT-reinforced pitch-based
carbon fibers have significantly improved mechanical proper-
ties as compared to the unmodified pitch-based fibers.?
Increased thermal stability, glass transition temperature,
and storage modulus with the incorporation of carbon nano-
tubes in various polymer matrices have been reported.”!
Poly(p-phenylene benzobisoxazole) (PBO)/SWNT composite
fibers containing 10 wt.-% SWNTs of greater than 99 % pur-
ity exhibited 50 % higher tensile strength as compared to the
control PBO fiber.!l Excellent evidence of load transfer using
Raman spectroscopy has been observed in poly(vinyl alco-
hol)/SWNT composite system.! Polyacrylonitrile (PAN) co-
polymers are commercially important,!’) and are used as
carbon fiber precursors,m as well as for developing porous
and activated carbon for a variety of applications, including
catalysis, electrochemistry, separation processes, energy stor-
age devices, etc.”® Films have been made from PAN/MWNT
(MWNT =multi-walled carbon nanotube) homogeneous
dispersions.”) SWNTs can be dispersed in solvents such as
dimethylformamide =~ (DMF) and  dimethylacetamide
(DMACc).'Y Carbonized and activated PAN/SWNT films are
very promising for supercapacitor electrode application.[u]
In this work solution spun PAN/SWNT fibers containing
10 wt.-% nanotubes exhibit a 100 % increase in tensile modu-
lus at room temperature and an order of magnitude increase
at 150 °C (Table 1 and Fig. 1), significant reduction in thermal
shrinkage as well as polymer solubility, and a 40 °C increase in
the glass transition temperature (Fig. 1) as compared to the
control PAN fiber. These observations provide evidence of in-
teraction between PAN and SWNTs. SWNTs exhibit higher
orientation than PAN, as determined by Raman and X-ray

[¥] Prof. S. Kumar, Dr. T. V. Sreekumar, Dr. T. Liu, Prof. B. G. Min,!*
H. Guo

School of Polymer, Textile and Fiber Engineering

Georgia Institute of Technology, Atlanta, GA 30332 (USA)

E-mail: satish.kumar@ptfe.gatech.edu

Dr. R. H. Hauge, Prof. R. E. Smalley

Center for Nanoscale Science and Technology

Rice University, Houston, TX 77005 (USA)

Permanent address: School of Advanced Materials and System En-
gineering, Kumoh Institute of Technology, Kumi 730-701, Korea.

[**] This work was supported by the Office of Naval Research (N00014—
01-1-0657), Carbon Nanotechnologies, Inc., and the Air Force Of-
fice of Scientific Research (F49620-00-1-0147 and F49620-03-1—
0124). Support at Rice University for developing the HiPco process
from NASA, the Office of Naval Research, the Texas Advanced Tech-
nology Program, and the Robert A. Welch Foundation is also ac-
knowledged.

[+

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI: 10.1002/adma.200305456

Table 1. Properties of PAN and PAN/SWNT composite fibers.

SWNT  Fiber cross-sectional Tensile Tensile Elongation T,
[wt.-%] area [cm?] modulus [GPa] strength [GPa] at break [%] [°C]
0 4.4x10° 79104 0.23 £0.03 11.6+1.4 103
5 3.9x10° 14.2+0.6 0.36 £ 0.02 11.9+13 114
10 49x10° 16.2+0.8 0.33+0.02 9.7%£1.6 143
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Figure 1. a) Tand and b) storage modulus as a function of temperature
for PAN and PAN/SWNT composite fibers.

diffraction, respectively. SWNT anisotropy in the composite
fiber has also been studied using infrared spectroscopy. The
observed modulus of the composite fiber is consistent with
theoretical predictions.

The glass transition temperature (tanod peak position) in-
creased from ~103°C for the control PAN fiber to above
143 °C for the PAN/SWNT (90:10) fiber, the magnitude of the
tan o peak decreased significantly, and the tan d peak broad-
ened towards higher temperatures (Fig. 1a). The motion of
PAN molecules closer to the SWNT would be more con-
strained than those farther away from it. The broadening of
the tan ¢ peak to higher temperatures is attributed to this vari-
ation in interaction between PAN and SWNTs. The room-
temperature modulus of PAN/SWNT (90:10) fiber is nearly
twice that of the control PAN fiber, while the modulus reten-
tion at 150 °C is improved by more than an order of magni-
tude (Fig. 1b).

At 200 °C, shrinkage in the PAN/SWNT (90:10) composite
fiber is nearly half of the shrinkage in the control PAN fiber
(Figure 2). The shrinkage in the PAN fiber up to about 200 °C
is mostly entropic. PAN molecules interacting with the
SWNTs are not as free to shrink as in the absence of nano-
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Figure 2. Thermal shrinkage in a) PAN, b) PAN/SWNT (95:5), and
c) PAN/SWNT (90:10) composite fibers as a function of temperature.

tubes. The shrinkage behavior of the composite fibers is con-
sistent with the dynamic mechanical properties data in the
sense that both results suggest good interaction between PAN
and SWNT. The reduced shrinkage in PAN/SWNT fibers may
also be important for carbon fiber processing. Stabilization of
the PAN precursor fiber in oxidative environments, typically
in the 200 to 300 °C temperature range, is an important step
for the processing of carbon fibers. To obtain high-modulus
carbon fibers, stabilization is carried out under tension to
minimize shrinkage. PAN/SWNT fibers, which exhibit inher-
ently reduced shrinkage, may either reduce the tension re-
quirement or result in fibers with higher orientation and ulti-
mately higher modulus. Reduced thermal shrinkage has also
been observed in poly(methyl methacrylate)/carbon nanofiber
composite fibers.'?!

Fiber tensile fracture results in significant fibrillation in the
control PAN fiber, while the composite fiber exhibited no fi-
brillation but showed longitudinal splitting. A PAN fiber read-
ily dissolves in DMF and DMAc, while a PAN/SWNT com-
posite fiber did not dissolve even after several days at room
temperature. Rather, it disintegrated into millimeter- and sub-
millimeter-sized particles. The filtered (Fisherbrand Filter Pa-
per, P5) solvent was colorless, suggesting that no nanotubes
dissolved. Fourier transform infrared (FTIR) analysis con-
firmed the presence of PAN in the solvent. Based on the re-
sidual weight analysis, it was estimated that only about 50 %
of the PAN in a PAN/SWNT (95:5) composite fiber dissolved.
PAN-SWNT interaction prevents its complete dissolution.
However, the chemical or morphological nature of this inter-
action has not yet been investigated.

SWNT Herman’s orientation factors (f), which are given by

_ 3<cos?>-1

! 2

(1)
where 6 is the angle between the SWNT and the fiber axis, de-

termined from Raman spectroscopy with 1, 5, and 10 wt.-%
SWNTs, were 0.90, 0.94, and 0.92, respectively. The SWNT
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anisotropy was also observed using infrared spectroscopy
(Fig. 3). PAN fiber spectra for the two polarization directions
are comparable, while the composite fiber spectra with
1 wt.-% nanotubes show significant difference in the two

100 At
PAN (|| and 1) w
80 —=—PAN 0-degree
—+—PAN 90-degree
:\o‘ —o— PAN/ 1% SWNT 0-degree
S 60 | ——PAN /1% SWNT 90-degree
k7]
2
€
7]
% 40 -
= PAN/SWNT (L)
20 A
PAN/SWNT ([])
0 T T T T 1
2000 2100 2200 2300 2400 2500

Wavenumber (cm ™)

Figure 3. Polarized infrared spectra of PAN and PAN/SWNT (99:1) com-
posite fibers.

polarization directions. For the 5 wt.-% nanotube fiber, ab-
sorption even for the perpendicularly polarized beam was
very high and no transmitted beam could be observed. The
SWNTs show much higher absorption when the electric field
of the incident wave is parallel to the tube axis. This absorp-
tion behavior of SWNTs can be used to develop polymer/
SWNTs composites with tailored absorption characteristics
for the electromagnetic waves, particularly at low SWNT con-
centration (<1 wt.-%).

Wide-angle X-ray diffraction (WAXD) showed no diffrac-
tion peaks corresponding to SWNTs. The crystallite size from
(1,0) PAN equatorial peak, determined using the Scherrer
equation,® was 5.6 nm for PAN as well as for the 5 and
10 wt.-% composite fibers. From the azimuthal scans (at
260=16.8°), the Herman’s orientation factors for the (1,0) dif-
fraction peak were determined to be —0.29, —0.34, and -0.33
for the PAN, and 5 and 10 wt.-% composite fibers, respective-
ly. Based on this,[”] the PAN orientation factor along the
chain axis can be estimated to be 0.58, 0.68, and 0.66 for the
PAN, 5 and 10 % PAN/SWNT fibers, respectively. A compari-
son of orientation factors show that in the composite fiber,
SWNTs have higher orientation than PAN. This is attributed
to higher rigidity and lower relaxation times for SWNTs as
compared to PAN.

Now we consider the reinforcement efficiency of SWNTs.
Mechanical properties of a two-phase composite, in which
both the matrix and the reinforcement have different orienta-
tion,!>) requires a full set of elastic constants for the aniso-
tropic matrix, which are currently not available for PAN.
Therefore the composite fiber modulus (E.) was estimated
using the equation,
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E.=VNtEnT + VpanEPAN )

where Enxtand Epay are the nanotube and PAN moduli along
the fiber axis, and Vnt and Vpan are their volume fractions,
respectively. Based on the SWNT orientation factors for 5 and
10 wt.-% composite fibers, and the orientation dependence of
the SWNT modulus, Ent values obtained from the litera-
turel'®! for two different rope diameters are listed in Table 2,
along with values of Epan, VN1, and Vpan. Table 2 shows that
the experimental values are well within the predicted modulus

Table 2. Physical and mechanical properties of SWNT/PAN composite
fibers.

PAN PAN/SWNT PAN/SWNT
(95:5 wt.-%) (90:10 wt.-%)

Vi [a] 0 4.6 9.2
fean (X-ray) 0.58 0.68 0.66
fut (Raman) - 0.94 0.92
Epan [GPa] [b] 79 94 9.1
Ent [GPa] (SWNT rope diameter >20 nm) [c] - 28.2 22.2
Ent [GPa] (SWNT rope diameter ~4.5 nm) [c] - 149.1 122.6
E. [GPa] (SWNT rope diameter > 20 nm) - 10.3 10.3
E. [GPa] (SWNT rope diameter ~ 4.5 nm) - 15.8 19.5
Eexp [GPa] 79 142 16.2

[a] Vi calculated assuming PAN and SWNT densities of 1.18 gcm™ and
1.30 gecm™, respectively. [b] Epay for the composite fibers was calculated
from the control PAN fiber modulus to account for the difference in ori-
entation. [c] Obtained from the literature [16] for the given fyr and rope
diameter.

range for the two rope diameters. The rope diameter for the
SWNT powder used in this study was measured to be
37+8 nm from scanning electron microscopy.''!! However, the
measured modulus is closer to the predictions based on smal-
ler diameter ropes. This suggests that some SWNT rope exfo-
liation has occurred during mixing, fiber processing, and fiber
drawing. Based on high-resolution transmission electron mi-
croscopy study, the average single-walled nanotube bundle
diameter in a PAN/SWNT (95:5) fiber was measured to be
11 nm, confirming partial exfoliation.!"”’ Further improve-
ment in nanotube exfoliation and orientation is expected to
result in further modulus increase.!"®!

In summary, SWNTs have been well dispersed in PAN solu-
tion in DMF as well as in DMAc. PAN/SWNT composite fi-
bers exhibiting good interaction between PAN and SWNTs
have been solution spun. The evidence of interaction has been
obtained from increased modulus and glass transition temper-
ature, as well as from decreased shrinkage and solubility.

Experimental

Purified high-pressure carbon monoxide (HiPco) SWNTs [18] ex-
hibiting 7 wt.-% residue at 800 °C in air produced at Rice University,
and DMF, DMAc, and polyacrylonitrile-co-methyl acrylate (P(AN/
MA)) copolymers obtained from Sigma-Aldrich were used as
received. The P(AN/MA) copolymer ratio is 90:10 and the polymer
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molecular weight is ~ 100000 g mol™. SWNTs, vacuum dried at 110 °C
for 5 h, were mixed with excess solvent (DMF or DMAc) and soni-
cated at room temperature for 2 h using a bath sonicator (Cole-Par-
mer 8891R-DTH). During the sonication, the SWNT/solvent mixture
was stirred periodically using a bio-homogenizer (Biospec Products
Inc. M133/1281-0). The solution/dispersion was then transferred to a
round bottom flask, and the excess solvent was boiled off to obtain
the desired final SWNT/solvent volume, to which P(AN/MA) copoly-
mer was added while stirring at ~5 °C. To obtain a 99:1 PAN/SWNT
weight ratio, 0.15 g of purified HiPco SWNTs were mixed with
250 mL DMAc. Excess solvent was boiled off at 166 °C, to obtain a
final SWNT/DMAc volume of about 107 mL, which weighs nearly
100 g. This SWNT/DMACc dispersion did not settle for several days;
however, optical microscopy showed that this mixture was not homo-
genous. To this dispersion, 14.85 g P(AN/MA) copolymer was added
while stirring at ~5 °C. As compared to the SWNT/DMAc dispersion,
this P(AN/MA)/SWNT/DMAc dispersion was optically homoge-
neous; however, a few hard SWNT particles still remained that could
not be dispersed. Solutions containing P(AN/MA)/SWNT in the ratio
95:5 and 90:10 were also prepared using the same approach. P(AN/
MA) copolymer has been referred to as PAN.

The fibers were dry-jet wet spun, on a small-scale spinning machine
manufactured by Bradford University Research Ltd, using a single
hole spinneret of 500 um diameter. A 635 mesh (20 um) stainless steel
filter pack (from TWP Inc.) was used in the spinning process. The
dope temperature was maintained at 80 °C, and the air gap (distance
between the spinneret orifice and the liquid surface in the first coagu-
lation bath) was about 5 cm. The volumetric throughput rate was
0.27 mLmin™ per hole to obtain a linear jet velocity <V> of
1.38 mmin~'. The first take up roller speed, V, was 1.40 mmin™ to
give a jet stretch, <V>/V, of approximately 1. The DM Ac/water ratios
for baths I, II, and III were 60:40, 10:90, and 0:100, respectively. Baths
I and II were maintained at 30 °C, while bath III was maintained at
90 °C. No fiber drawing took place in baths I and II, while fibers were
drawn 4.6 times in bath III and allowed to relax (0.94 times) in the
subsequent drying process, which was carried out on a hot plate at
120°C. The maximum achievable draw ratio for pure PAN fiber was
4.3, while fibers containing 5 and 10 wt.-% SWNTs could be drawn to
a higher draw ratio. However, for a meaningful structure and proper-
ties comparison, all fibers were drawn to a draw ratio of 4.3. PAN and
PAN/SWNT fibers were also prepared using DMF giving comparable
results.

Fiber tensile and dynamic mechanical properties were determined
using Rheometrics Scientific’s solids analyzer (RSA III). The gauge
length and crosshead speed for the tensile tests were 25 mm and
10 mm min™', respectively. Dynamic mechanical tests were conducted
at a frequency of 10 Hz at a heating rate of 5°C min™". Fiber shrinkage
was determined using TA Instruments thermo-mechanical analyzer
(TMA 2940) at 0.38 MPa pre-stress. For orientation determination,
Raman spectra were collected in the back scattering geometry using a
Holoprobe Research 785 Raman Microscope made by Kaiser Optical
System using 785 nm excitation laser. Spectra were collected in VV
configuration, where the polarizer and the analyzer are parallel to
each other, and at 0, 5, 15, 30, 45, 60, 75, and 90° to the fiber axis. The
SWNT orientation [19] was determined from the peak intensity of the
tangential mode at ~1592 cm™ assuming Gaussian distribution for the
nanotubes, though a more rigorous method for determining SWNT
orientation has now been developed [20]. The polarized infrared
transmission spectra were recorded on a Perkin Elmer FTIR micro-
scope (Autoimage system) with the polarization direction of the inci-
dent IR beam parallel and perpendicular to the fiber axis. In order to
reduce the surface scattering, a single filament was pressed in KBr
powder, to form a pellet for IR spectra collection. WAXD was ob-
tained on a multifilament bundle on a Rigaku 2D SAXS/WAXS Dif-
fraction System (Rigaku Micromax-007, 45 kV, 66 mA, 1=1.54 A)
using a Rigaku R-Axis IV++ detection system. The diffraction pat-
terns were analyzed using AreaMax V.1.00 and MDI Jade 6.1.
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Efficient Organic Blue-Light-Emitting
Devices with Double Confinement

on Terfluorenes with Ambipolar
Carrier Transport Properties**

By Chung-Chih Wu,* Yu-Ting Lin, Ken-Tsung Wong,*
Ruei-Tang Chen, and Yuh-Yih Chien

Organic light-emitting devices (OLEDs) have been the sub-
ject of intense investigation in recent years due to their appli-
cations in displays and lighting.'*! In all these applications,
good blue-emitting materials and devices have been essential
and therefore there have been continual efforts towards ex-
ploring blue-emitting materials and devices with improved
characteristics.[*"!

Among various blue-emitting materials reported, fluorene-
based polymers or compounds have attracted wide interest in
recent years as efficient blue emitters."*?! In our previous
studies we have found that ter(9,9-diarylfluorene)s (TDAFs)
1 and 2 (Fig. 1) exhibit some intriguing properties that are
promising for blue-light-emitting devices.*'*?! The C9-aryl

TPB

Figure 1. Chemical structures of various compounds used: TDAF 1 and
2, TCTA, TPBI, BCP.
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