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Abstract:

Single-walled carbon nanotubes (SWNTs) show great promise for use in a wide

range of applications. One of the most promising avenues for attaining these applications is the
dispersion of SWNTs at high concentrations in superacids, and their processing into macro-
scopic articles such as fibres or films. Fibres spun from SWNT/superacid dispersions indicate
that the morphology of the starting SWNT material is reflected in the final morphology of the
as-spun fibre. Here, we describe a method (termed disentanglement) of dispersing SWNTs in
superacids and treating them using a high-shear, rotor/stator homogenizer, followed by coa-
gulation to recover the solid SWNT material for use in fibre spinning. Several lines of experi-
mental evidence (rheology and optical microscopy of the SWNTs in solution, scanning electron
microscopy (SEM) of the coagulated material, and SEM of fibres spun from the coagulated
material) show that this treatment radically improves the degree of alignment in the SWNTs’
morphology, which in turn improves the dispersibility and processability. Raman microscopy
and thermogravimetric analysis (TGA) before and after homogenization show that the treat-
ment does not damage the SWNTs. Although this technique is particularly useful as a pre-
processing step for fibre spinning of neat SWNT fibres, it is also useful for neat SWNT films,

SWNT/polymer composites, and surfactant- or polymer-stabilized SWNT dispersions.
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1 INTRODUCTION

Individual single-walled carbon nanotubes (SWNTs)
possess remarkable properties, with a Young’s mod-
ulus of 1000 GPa [1], tensile strength above 30 GPa
[2, 3], electrical conductivity better than copper (in
the case of armchair SWNTs) [4-6], and thermal
conductivity comparable to that of diamond (7, 8].
Potential SWNT applications span a wide range, from
transistors [9] to chemical sensors [10] and, notably,
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mechanical reinforcement as neat materials [11-13]
or polymer composites [14-16]. The properties of
individual nanotubes have not yet been fully realized
in neat SWNT materials as well as polymer-SWNT
composites, primarily owing to inadequate control of
the SWNT structure in terms of alignhment and
packing (for neat materials) or dispersion (for com-
posites), which in turn affect stress transfer in the
material [13]. To fully exploit SWNTs’ microscopic
properties in neat macroscopic articles, the SWNTs
must be processed into a dense, aligned state with
good contact between SWNTs; in composites, the
SWNTs must be dispersed individually (or nearly
so). Here, we describe a pre-processing treat-
ment, termed disentanglement, that facilitates sub-
sequent dispersion of SWNTs into fluid phases. This
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processing step yields improved and more consis-
tent alignment in acid-spun neat SWNT fibres. The
disentanglement process is useful for pre-treating
SWNTs for any process involving dispersion in
acids (such as dispersion in polymer composites).
Disentanglement is also a critical step in the
formation of uniformly cut ‘ultra-short’” SWNTs for
dispersion in polymer composites [17] and may be
useful for SWNT films [18], dispersion in surfactants
[19], or even dispersion via polymer wrapping
[20-22].

Due to their high aspect ratio and the strong van
der Waals attractions between them, individual
SWNTs tend to aggregate into dense, robust, entan-
gled networks of ropes [23], usually 10-20nm in
diameter and several microns in length, limiting their
solubility and alignment. As such, SWNTs cannot be
easily dispersed without some kind of chemical or
physical surface modification to prevent this aggre-
gation. Surfactants have been used to help separate
and disperse individual SWNTs [24], but their use
requires sonication and centrifugation at highly
dilute concentrations (below 100mg/L); moreover,
fully removing surfactants from the final solid SWNT
material is difficult. Superacids such as fuming sul-
phuric acid and chlorosulphonic acid have been
used to disperse SWNTs at high concentrations (over
10wt%). This technique is successful because the
SWNTs become protonated and form charge-transfer
complexes of individual nanotubes surrounded by
sulphuric acid [25]. At low concentration, SWNT-acid
mixtures are biphasic mixtures of a dilute isotropic
phase of well-dispersed SWNTs in equilibrium with
liquid crystalline domains with spaghetti-like mor-

phology [26, 27]. At sufficiently high SWNT con-
centration, these mixtures are liquid crystalline [27]
and can be spun into continuous fibres [13, 28, 29]
and cast into films [30].

SWNTs are wet spun by homogeneously mixing a
high concentration of SWNT into a strong acid,
extruding this viscous mixture (termed ‘dope’)
through a needle-like orifice into a non-solvent (or
‘coagulant’) where the solvent is removed and the
SWNT dope solidifies into a fibre. A similar technique
is used to process rod-like polymers such as poly
(p-phenylene terephthalamide) PPTA in sulphuric
acid into Kevlar fibres [31]. Ericson et al. [13] mixed
8wt% SWNTs in 102 per cent sulphuric acid (2wt%
excess SO3), extruded the SWNT/acid dope through
a needle (125-250 pm diameter), and coagulated the
dope in water to arrive at a solid neat SWNT fibre.
That article and related work [32] reported that the
morphology of the starting SWNT material affects the
morphology of the as-spun fibre (Fig. 1). Specifically,
if the starting SWNT ropes are highly entangled prior
to mixing in acid and spinning, the spun fibres typi-
cally do not attain a well-aligned, packed morphol-
ogy. SWNTs packed into entangled ropes have little
mobility, and this hinders their mixing into super-
acids — possibly yielding a non-equilibrium entangled
gel of swollen SWNT ropes rather than a liquid crys-
tal. This structure can hamper reorientation and
alignment during fibre spinning. Here we present a
scalable disentanglement process that promotes
alignment of the SWNTs at the microscale and
improves the properties of the resulting macroscopic
fibre.

Fig.1 Scanning electron microscopy (SEM) images of (a) purified HiPco SWNT and (b) the fibre that was
wet-spun from the purified material using the method of reference [13]. The spinning utilized
SWNTs from purified HiPco batch 120.2 at 10 wt% on 21 April 2004. The fibre reported in Fig. 2(b)
of reference [13] showed very good alignment of individual SWNTs; this morphology was repro-
ducible but was not typical. Most fibres produced directly from purified SWNT have less ordered
morphology (b), depending on HiPco batch type and preprocessing methods. The scale bar at the
bottom images (a) and (b) is 100 nm, and the inset scale bar is 100 pm
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2 EXPERIMENTAL SECTION

SWNTs were produced by the HiPco process [33] and
purified by multistep gas-phase oxidation in the
presence of SFg. The material was then washed in
6M HCI to remove catalyst and non-SWNT carbon
[34]. This purification method essentially removes
all non-SWNT carbon and lowers the metal
content of the sample to less than 3 wt%. The purified
SWNTs were dispersed at 0.25wt% in 520 mL of
120 per cent H,SO, (Alfa Aesar, 20 per cent SOs,
density 1.925g/mlL) in a tri-neck round bottom flask
and homogenized at high speed (3500 r/min) with a
rotor/stator immersion blender for 72h. To prevent
possible shear-induced heating of the SWNTs and
potential high-temperature reactions with the acid,
the entire mixing apparatus was wrapped with a
cooling system that kept the solution at room tem-
perature or below. The system was sealed to prevent
SO; from escaping, with the exception of one flask
port connected to a bubbler to release any pressure
build-up. After 72h of homogenization, the SWNTs
were precipitated by coagulating the SWNT/acid
solution into ice in a 4L Erlenmeyer flask. This aqu-
eous acidic mixture was thoroughly washed with
deionized water and vacuum filtered onto a 5pum
Millipore Durapore® membrane until neutral, to
remove residual acid. Care was taken to remove all
residual acid in the system to prevent potential SWNT
oxidation during the subsequent high-temperature
vacuum drying. After the filtration, the neutralized
SWNTs were immersed in methanol and then diethyl
ether in order to remove any residual water from
the material; this water-removal step is critical for
successful mixing and fibre spinning, since residual
water could compromise SWNT protonation and
dispersion. The SWNTs were then removed from the
filtration apparatus and further dried in a vacuum
oven at 85°C.

During homogenization, samples were taken at
progressive time increments (i.e. 5min, 1h, 3h, etc.)
up to 72h, and rheological measurements, optical
microscopy, and scanning electron microscopy
(SEM) were performed to characterize each sample.
Rheological characterization was performed on an
ARES (TA Instruments) strain-controlled rotational
rheometer [27]. Parallel plate fixtures (50 mm dia-
meter) made of Hastelloy C were used to prevent
corrosion. An anhydrous environment was main-
tained by blanketing the sample with a continuous
flow of argon in addition to covering the sample
surface with an inert, low-viscosity fluid, 25 mPa-s
silicon oil. Optical microscopy was performed on a
Zeiss Axioplan optical microscope. The SEM samples
were water coagulated, neutralized, and placed in a
vacuum oven at 85°C. SEM measurements were
performed on a JEOL 6500F thermal field emission
electron microscope.

3 RESULTS AND DISCUSSION

Figure2 shows the effects of the disentanglement
process. As-produced (raw) HiPco SWNTs consist of
entangled networks (Fig.2(a)) of fine, randomly
oriented ‘primordial’ ropes 10-20nm in diameter.
This randomly entangled network persists in the
purified SWNTs (Fig.2(b)) but in a more compact
morphology. After disentanglement and coagulation,
the SWNTs are locally aligned in ‘super ropes’ of
50 nm or more in diameter (Fig.2(c)).

After disentanglement, the SWNTs are readily dis-
persed into fuming sulphuric acid without the aid of
sonication. Figure 3 shows a side-by-side comparison
of experiments where raw, purified, and disentangled
SWNT powders are dusted into 120% sulfuric acid
with minimal mixing in an anhydrous atmosphere.
After 18h, the raw and purified SWNTs aggregate,

Fig.2 SEM images of HiPco batch 188.3 showing the evolution of raw SWNTs into disentangled
SWNTs. (a) Entangled network of raw HiPco SWNTs. (b) Tightly entangled network of purified
HiPco SWNTs. (c) Aligned super ropes of 50 nm or more in diameter after 72 h of the rotor stator
disentanglement process and subsequent coagulation. The scale bar at the bottom of each image

is 100 nm
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Immediately After 18 h

Fig.3 Two photographs of 70 ppm of (a) raw, (b) purified,
and (c) disentangled HiPco SWNTs immediately
after immersion in 120 per cent sulphuric acid (left)
and the same vials after 18 h (right). Both the raw
and purified SWNTs aggregate whereas the disen-
tangled SWNTs show uniform dispersion

whereas the disentangled does not. The presence of
iron catalyst particles and fullerenes in the raw sam-
ple explains the difference in colour between raw and
purified. Although the disentangled sample appears
lighter in colour, it contains the same amount of
SWNTs as the other samples.

The effects of the rotor/stator disentanglement
process are compared to a control mixing method
where the SWNTs are dispersed at the same con-
centration and simply stirred with a stir bar rather
than being homogenized by the rotor/stator. The
difference in morphology between samples disen-
tangled by these two methods is shown in Fig.4,
which shows SEM images of the coagulated solution.
Purified SWNTs are dispersed in 120 per cent H,SO,4
and homogenized at high speed with a rotor/stator
immersion blender for 5 m (Fig. 4(a)), an hour (Fig. 4(b)),
and 24 h (Fig. 4(c)). After 5min (Fig.4(a)), the SWNT

Y 4

100nm WD 9.9mm

Fig.4 SEM images of coagulated solution samples showing the dramatic change in morphology during
disentanglement using the high-speed rotor/stator between (a) the first 5min and (b) 1 h later. Within
the first few minutes of disentanglement, larger rope structures are forming but are still entangled.
After an hour, the SWNTs form larger, less entangled, continuous ropes. (c) After 24 h, these large
rope structures show local alignment. (d) For comparison, instead of the rotor stator, the present
authors performed the same experiment with mixing via stir bar for 24 h. The simple stir-bar method
does not adequately break up the tightly entangled SWNT aggregates, nor create larger ropes,
whereas the rotor/stator method does. The scale bar at the bottom of each image is 100 nm
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morphology resembles the morphology of purified
SWNT presented in Fig.2(b), but the SWNTs are
beginning to form larger ‘super ropes’. After 1h, dis-
entangled super ropes dominate and start to form
aligned regions. After 24h, the images show large
regions of aligned ropes. This is in stark contrast to
the simple stir-bar method which results in a mor-
phology (Fig. 4(d)) that still resembles purified SWNT
(Fig. 2(b)) even after 24 h of stirring.

Optical microscopy of the two samples (stir-bar
method versus rotor/stator method) after 24h is
compared in Fig.5. The stir-bar method (Fig.5(a))
leaves undispersed material and large aggregates (up
to 5pm) whereas the rotor/stator breaks up all
aggregates and helps to align and coalesce the SWNT
domains (Fig.5(b)). Birefringence of the rotor/stator
sample (Fig.5(d)) clearly illustrates large regions of
aligned domains as compared to the stir-bar method
(Fig.5(c)), which shows very little alignment.

Rheological measurements confirm a rapid drop in
viscosity of the SWNT/acid dispersion associated
with the rotor/stator method as compared to that
associated with the stir-bar method. After 12h, the
rotor/stator-mixed sample reached a steady state
whereas the viscosity of the stir-bar-mixed sample
was four times that of the rotor/stator-mixed sample
(Fig. 6) and remained so even after ten days. The inset
of Fig.6 illustrates the shear rate in relation to visc-
osity for the 12 h sample. This representative sample
illustrates SWNT shear thinning, a result of the indi-
vidual SWNT’s high aspect ratio and their arrange-
ment into thread-like, aligned, liquid-crystalline
domains (dubbed ‘spaghetti’ [27]).

Figure 7 depicts SEM of fibres spun from the stir-
bar sample and rotor/stator sample. Again, the mor-
phology of the fibre spun from the disentangled
SWNT material shows a substructure composed of
much larger SWNT ropes.

Fig.5 Optical microscopy images of HiPco batch 188.3 after 24 h of disentanglement using (a) a stir bar
and (b) a high-speed rotor/stator. The sample homogenized by the stir bar appears dispersed but
is still entangled, containing visible aggregates and undispersed material. The sample homo-
genized by the rotor/stator contains aligned thread-like liquid-crystalline ‘spaghetti’ domains and
no aggregates. Images (c) and (d) are images under cross polars of (a) and (b) respectively. The

scale bar at the bottom of each image is 20 pm
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Raman spectra are obtained on a Renishaw
RamaScope with 785nm diode laser for the raw,
purified, and disentangled SWNTs and are shown in
Fig. 8. The results show that these are undoubtedly
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Fig.6 Rheological data (viscosity at a shear rate of 1/s as a
function of total disentanglement time) comparing
the two disentanglement methods (rotor/
stator versus stir bar). The viscosity of the solution
homogenized by the rotor/stator method (red)
quickly decreases and reaches a steady state after
12 h. The inset illustrates shear thinning of the 12h
sample. Because of their high aspect ratio, SWNTs
exhibit shear thinning at all measured shear rates.
The viscosity of the solution homogenized by
the stir-bar method (blue) is four times higher,
decreases at a much slower rate, and never achieves
the same low viscosity as that of the sample
homogenized by the rotor/stator method. The inset
shows the shear-thinning behaviour of the solution
homogenized by the rotor/stator method, and this
is consistent with the formation of liquid-crystalline
domains which align with increasing shear rate

000 100nm WD 9.9mm

pristine single-walled carbon nanotubes with the
SWNT-unique radial breathing mode (RBM at
100-300 cm '), the disorder mode (D-band at around
1300cm '), and the characteristic tangential mode
(G-band at 1590cm™'). For all the samples, the
intensity ratio (D/G ratio) was less than 1/20, indi-
cating that the SWNT sidewalls were pristine. This
suggests that the disentangled SWNTs were neither
damaged nor functionalized during the high-shear
disentanglement process. (The G-band shifts in
the presence of acid; this process is reversible if the
acid is removed because the acid imparts a delocalized
positive charge rather than covalent functionaliza-
tion.) Thermogravimetric analysis (TGA) also shows
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Fig.8 Raman spectra (785 nm laser) of raw, purified, and
disentangled HiPco batch 188.3 showing that the
use of fuming sulphuric acid does not functionalize
the nanotubes. Spectra are normalized to the
graphite band (G-band at 1590 cm™"). If the SWNTs
were functionalized, the defect band (D-band at
1300 cm ™) would increase relative to the graphite
band. The D/G ratios are less than 1/20, indicating
that the SWNT sidewalls are pristine (raw 0.028;
purified 0.038; and disentangled 0.024)

150KV X50000 100nm WD 10.2mm

Fig.7 SEM images of HiPco batch 188.3 after spinning into a fibre [13] using SWNT from the (a) stir-bar-
mixed sample and (b) rotor/stator-mixed sample. Alignment measurements from Raman spec-
troscopy show a ratio of 5:1 for the stir bar and 13:1 for the rotor/stator. The scale bar at the bottom
images (a) and (b) is 100 nm, and the inset scale bar is 30 pm
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typical weight loss associated with purified and
disentangled nanotubes. There were negligible
amounts of water (100 °C) and sulphuric acid (290 °C)
as indicated by no significant weight loss at the
temperatures associated with these compounds. As
stated before, the presence of water hinders proto-
nation of the SWNT and successful fibre spinning, so
the elimination of water is critical.

The mechanism of the disentanglement process
works as follows. As the rotor spins (Fig.9), it draws
the SWNTs axially into the dispersion head and cre-
ates radial flow through the slots of the rotor/stator
arrangement. It is this extensional force, along with
the cross forces in the shear gap, that progressively
eliminate SWNT entanglements and promote the
alignment and coalescence of SWNT domains into
larger, aligned structures. This occurs for the follow-
ing reasons: when SWNT material is placed in fuming
sulphuric acid, the acid rapidly diffuses into the rope-
like structures, intercalates between the SWNTS,
and creates threadlike ‘spaghetti’ liquid-crystalline
domains [27]; this rapid diffusion process has pre-
viously been observed in fibre-swelling experiments
[13]. The motion of the nanotubes is mainly restrict-
ed to the lengthwise direction of these domains. In
the case of purified SWNT samples dispersed in
fuming sulphuric acid, these domains are highly
restricted in their relative motion owing to the
entanglements, so there is little chance for the
domains to disentangle, disperse, align, or coalesce.
Thus, little to no change in morphology is observed
(as in Fig. 4(d)). In the case of SWNT samples that are
disentangled using the rotor/stator set-up, the
kinetics of the liquid-crystalline domains are no
longer hindered because the strong viscous forces
pull on the spaghetti domains, facilitating the break-
up of entanglement points. This not only aids in
dispersion, but it also allows the liquid-crystalline
domains to reorient, flow-align, and coalesce.
When this disentangled sample is coagulated, the
morphology shows super ropes that are much larger
in diameter than the ropes observed in the starting

2
< mp
7

W

Fig.9 The high-speed rotation of the rotor automatically
draws the SWNTs axially into the dispersion head,
forcing them radially through the slots of the rotor/
stator arrangement. The flow in the small gap
between the rotor and the stator produces strong
shearing forces that promote dispersion and align-
ment of the SWNTs

material, as shown in Fig.4. Also, in the purified
SWNT material dispersed without disentanglement,
optical microscopy shows the presence of densely
packed SWNT aggregates; the viscous forces of the
disentanglement process breaks these aggregates
apart and allows acid to intercalate and disperse the
SWNTs. These aggregates are caused by the pur-
ification process and can lead to major problems in
fibre spinning, so their elimination is essential.

4 CONCLUSIONS

We have developed a treatment method for SWNT
material in which the SWNTs are dispersed in
superacid and homogenized using a high-shear
rotor/stator. Our results show significant changes in
the sample morphology without damage to the
SWNTs. The high-shear forces align the SWNT liquid
crystalline domains in the local direction of flow,
allowing for domain coalescence. When coalesced
and quenched, the solid SWNT morphology consists
of large SWNT ropes; this morphology is reflected in
better order and coalescence in fibres spun from the
homogenized material. This change in morphology
is beneficial for SWNT fibres because improved
alignment and improved frictional contact between
the constituent SWNTs improve the mechanical
properties of the fibre. This technique can also be
used to pre-treat SWNTs for processing of SWNT/
superacid dopes into aligned films and to aid in
the production of ultra-short SWNTs [17]. It may
also prove useful for the production of surfactant- or
polymer-stabilized SWNT dispersions and SWNT/
polymer composites.
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