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True solutions of single-walled carbon nanotubes
for assembly into macroscopic materials

Virginia A. Davis'??, A. Nicholas G. Parra-Vasquez'?#, Micah J. Green'?'#, Pradeep K. Rai?%,
Natnael Behabtu'?, Valentin Prieto'?, Richard D. Booker', Judith Schmidt?, Ellina Kesselman?,
Wei Zhou’, Hua Fan', W. Wade Adams’, Robert H. Hauge'3, John E. Fischer>, Yachin Cohen?,
Yeshayahu Talmon#, Richard E. Smalley'3s and Matteo Pasquali>3*

Translating the unique characteristics of individual single-
walled carbon nanotubes into macroscopic materials such as
fibres and sheets has been hindered by ineffective assembly.
Fluid-phase assembly is particularly attractive, but the ability
to dissolve nanotubes in solvents has eluded researchers for
over a decade. Here, we show that single-walled nanotubes
form true thermodynamic solutions in superacids, and report
the full phase diagram, allowing the rational design of fluid-
phase assembly processes. Single-walled nanotubes dissolve
spontaneously in chlorosulphonic acid at weight concentrations
of up to 0.5wt%, 1,000 times higher than previously reported
in other acids. At higher concentrations, they form liquid-
crystal phases that can be readily processed into fibres and
sheets of controlled morphology. These results lay the foun-
dation for bottom-up assembly of nanotubes and nanorods
into functional materials.

The lack of scalable assembly methods has been a key block in
the manufacture of functional nanomaterials. Fluid-phase assembly
is the most promising method for producing large, ordered struc-
tures of nano-objects'%. Single-walled carbon nanotubes (SWNTs)
are a particularly important and challenging case, and are a
model system for nanorods. Based on single-object data, the
thermal, electrical and mechanical properties of SWNTs are
unique?® and could be of use in numerous breakthrough applications
such as multifunctional high-strength fibres, coatings and transpar-
ent conducting films. However, macroscopic SWNT materials
demonstrate only a small fraction of the possible single-object prop-
erties, largely because of their ineffective assembly, for example, into
fibres and sheets* !1. Successful assembly begins with control of dis-
persion and phase behaviour and requires a scientific understanding
of flow, colloidal interactions and solvent removal. (Note that an
SWNT ‘dispersion” comprises a homogeneous suspension or dissol-
ution of SWNTs and/or small SWNT aggregates, and SWNT ‘phase
behaviour’ refers to the various liquid microstructures that can form
as a function of SWNT and solvent parameters.) The dispersion and
phase behaviour properties of SWNTs in liquids are particularly
complex compared with those of other anisotropic nanomaterials
and rod-like polymers. Inorganic nanorods such as TiO, and
CdSe (ref. 12) can be synthesized to have uniform size and electronic
properties and are readily dispersed in organic solvents. In contrast,
SWNTs have a broad distribution of length and electronic

properties, and their high aspect ratio (greater than ~500) and
strong van der Waals attraction'® make dispersion exceedingly dif-
ficult. Most SWNT fluids are surfactant-stabilized suspensions
achieved through sonication!?, although SWNTs can also be dis-
persed via sidewall functionalization'* or reduction using alkali
metals'®. The dissolution of a few parts per million of pristine
SWNTs in N-methylpyrrolodine (NMP) is a recent major achieve-
ment!S. Liquid-crystalline solutions of carbon nanotubes (CNTs)
have been achieved in a few cases by inducing repulsion between
the CNTs. Sidewall-functionalized multiwalled nanotubes
(MWNTs) form liquid crystals in water'”!%, and pristine SWNTs
form liquid crystals in superacids'® and in water when stabilized
by acids containing hydrophobic groups®, or when trapped in
temperature-sensitive crosslinked hydrogels?!. Stabilization and
functionalization techniques are not optimal for materials proces-
sing because functionalization disrupts the electronic properties of
SWNTs and stabilization introduces non-SWNT material into the
final product. Phase transitions have been determined semi-quanti-
tatively by cross-polarized optical microscopy, but the effect of
solvent quality on phase transitions has not been studied. Based
on initial observations'®*>?, the phase diagram describing the
liquid-crystalline behaviour of carbon nanotubes is very complex
and requires the control and understanding of nanotube-
solvent interactions.

Here, we present a complete experimental phase diagram of
SWNTs in superacids. We also compare it with our recent theory
of polydisperse rods and competing short-range repulsion and
long-range attraction?*.

The centre panel of Figure 1 shows the first phase diagram of a
dispersion of nanorods, presenting the effects of both solvent
quality and concentration. The phase diagram portrays purified
SWNTs in mixtures of sulphuric and chlorosulphonic acid of
varying acidity, that is, solvent quality, measured by SWNT proto-
nation (Supplementary Fig. S1).

Traversing the phase diagram from left to right (low concen-
tration to high concentration of rods, constant solvent quality)
results in a transition from an isotropic (I) phase (randomly
oriented rods) to a biphasic system in which the isotropic phase is
in equilibrium with a liquid-crystalline (LC) phase, and then to a
single liquid-crystalline phase composed of domains randomly
oriented with respect to each other. The concentration ¢, of the
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Figure 1| Phase diagram of SWNTs in superacids and cross-polarized light micrographs showing the effect of solvent quality and SWNT

concentration on microstructure. Phases include isotropic (1), liquid-crystalline (LC), crystal solvate (CS) and solid (S). Solvent quality is quantified by
fractional charge per carbon, measured by the shift dG of the Raman G peak of SWNTs (514 nm laser). Black symbols denote experimental results and

red symbols refer to model predictions?. Circles designate the isotropic concentration ¢, from experiment (filled circles) and model (open circles). Black
and red diamonds indicate the initial system concentration before phase separation. Open red triangles indicate ¢ and ¢, in a system of monodisperse
hard-rods (Onsager). Red lines are the model predictions of the isotropic and liquid-crystalline stability limits, that is, cloud curves. Black dotted lines connect
the experimental data points to denote experimental phase boundaries such as the LC/LC + S vertical boundary, the LC +S/CS + S horizontal boundary,
and the | 4 LC/I + CS diagonal boundary. An LC + CS regime may also exist within the shaded region, as suggested by Papkov3. a-d, Light microscopy
shows morphology just inside the biphasic region at 1.21 vol% in CISO5H (a), 0.132 vol% in 120% H,SO, (c), and in the liquid-crystalline phase at 12.1 vol%
in CISO3H (b) and 10.6 vol% in 120% H,SO, (d). Liquid-crystalline domains are larger, defect density is lower, and domain orientation changes more

gradually in CISO;H (b) than in 120% H,SO, (d). Scale bars: 50 um (a) and 20 pm (b-d). Errors in measurements of ¢, are +5%. Errors in measurement
for ¢, are +2%.
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Figure 2 | Cryo-TEM image of SWNTs (0.134 vol%) in chlorosulphonic
acid. The SWNTs are individually dispersed and form an isotropic phase.
Dark, black dots are left-over catalyst particles.

isotropic phase in equilibrium with the aligned phase grows with
increasing fractional charge (better solvent quality), in accordance
with classical theories®. In chlorosulphonic acid (the highest frac-
tional charge on SWNTs), ¢; was measured to be ~0.61 vol%,
which is the highest reported solubility of pristine SWNTs to date,
equivalent to ~1,000x their solubility in NMP (Supplementary
Movie S1). Cryo-transmission electron microscopy (cryo-TEM) of
0.134 vol% SWNTs in chlorosulphonic acid (Fig. 2) reveals individ-
ual SWNTSs (Supplementary Fig. S3) forming an isotropic concen-
trated phase. This is the first image of pristine SWNTs
individually dissolved in a single-component fluid, as well as the
first cryo-TEM imaging of a superacid solution. In contrast to clas-
sical systems such as rod-like polymers or tobacco mosaic virus in
water, SWNTs display a new feature in the phase diagram: in
poor solvents, the dilute isotropic phase, that is, non-interacting
SWNTs in solution, coexists with a concentrated liquid-crystalline
phase rather than with a solid phase as described by Flory’s lattice
theory?® and Khokhlov’s extension of Onsager theory?. Moreover,
the liquid-crystalline domains show a peculiar ‘endless strand’
(spaghetti-like) morphology in the biphasic region. Below a critical
solvent quality (Raman shift, dG, of less than ~17 cm™!, corre-
sponding to ~100% H,SO,), the liquid-crystalline phase is lost as
a result of attractive interactions, yielding an isotropic phase with
a minuscule rod concentration in equilibrium with a high-concen-
tration solid phase (probably a crystal solvate, labelled ‘CS’ in the
phase diagram).

The LC phase consists of seemingly endless birefringent strands
that can flow and coalesce into larger domains. In contrast, the solid
phase consists of aligned SWNTs intercalated by a minimal amount
of acid. As in many colloidal systems, the morphology of the CS
phase depends on the order and rate of the addition of the com-
ponents. Adding water slowly to a dispersion of SWNTs in
fuming sulphuric acid lowers the acidity and destabilizes the
SWNTs, which aggregate into discrete tactoids (elongated particles
termed ‘alewives’); these structures do not form when SWNTs are
mixed directly with aqueous acid?2.

At sufficiently high acidity (dG > 17 cm™') and SWNT concen-
tration, the system becomes completely liquid crystalline. The criti-
cal concentration ¢, (indicated by black squares in the phase
diagram) was determined using information from light microscopy,
dynamic rheometry, steady shear rheometry and differential scan-
ning calorimetry (Supplementary Figs S4-S7, Movie S2). As long
as the solvent is sufficiently acidic, ¢, depends weakly on acid
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strength, in contrast to ¢b,. However, acidity controls the morphology
of the liquid crystal: higher acidity yields larger domains with
fewer defects (compare Fig. 1b and d), and therefore will yield
macroscopic materials with higher microstructural order and
better properties. The coexistence of a dilute isotropic phase with
a liquid-crystalline phase at low acidity (17 em™!<dG<
20 cm™ !, b, & 10%) is remarkably different from the behaviour of
rod-like polymers (described by Flory-like lattice theories®), in
which the dilute isotropic phase is in equilibrium with a solid
crystal solvate. Neither Onsager’s excluded-volume theory?” (open
triangles in Fig. 1) nor subsequent refinements that account for
solvent quality?® and polydispersity?®* can capture the observed
trends for ¢, and ¢,. The SWNT/superacid system consists of con-
centrated phases of rod-like molecules with competing short-range
repulsion (for example, electrostatic) and long-range attraction (for
example, van der Waals or depletion) between parallel rods; these
forces are often present in colloidal systems such as dilute electro-
lytes, which can be described in terms of Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory*3!. However, none of these theo-
ries describes concentrated phases of rod-like molecules with both
long-range attractive and repulsive interactions®.

Our recent study extends the Onsager model to include polydis-
persity (as in refs 28,29), long-range attraction (to model van der
Waals forces) and short-range repulsion (to capture electrostatic
forces)**. Interactions are modelled through a phenomenological
square-well potential. As acid strength decreases, protonation
drops such that van der Waals forces outweigh electrostatic forces,
yielding an effective long-range attraction. These results show that
the isotropic-biphasic stability limit (left red line in Fig. 1) drops
by several orders of magnitude as the acid strength decreases. To
the right of this line, the two phases coexist. The nematic-biphasic
limit (right red line) is unaffected by acid strength, in contrast with
the Flory prediction. Simply stated, long-range attraction pulls the
rods out of the isotropic phase, but electrostatic repulsion prevents
their collapse into a solid. A point-by-point comparison between
theory (red circles) and experiment (black circles) reveals a close
match for the isotropic concentration after phase separation (with
the starting concentration indicated by red and black diamonds).
This match between theory and experiment confirms that the be-
haviour of SWNT /superacid systems is caused by the solvent-
mediated competition of short-range repulsion and long-range
attraction. It is also notable that the isotropic concentration in chloro-
sulphonic acid matches the theoretical prediction for athermal sol-
vents from Wensink and Vroege?, indicating that van der Waals
interactions are fully counterbalanced and that chlorosulphonic
acid is indeed the elusive athermal solvent for SWNTs.

At still higher concentrations the system undergoes a transition
to a mixture of liquid-crystalline and solid (S, consisting of undis-
persed SWNT ropes) phases. This occurs at ¢ = 11 vol% in sulphu-
ric acid, but has not been observed in chlorosulphonic acid at
concentrations up to 17 vol%. Comparable values for the transition
to the LC + S region are suggested by experiments where solution-
spun SWNT fibres were placed in various super acids and swollen by
superacid intercalation’. Remarkably, immersing solid samples of
SWNTs (for example, spun fibres, cast films) in chlorosulphonic
acid resulted in complete, spontaneous dissolution of the SWNTs
(Supplementary Fig. S9, Movies S3-S5). The overall I/LC/CS/S
topology of the SWNT/acid phase diagram is similar to that
described by Papkov for rigid-chain polymers®. Papkov’s analysis
also suggests the existence of an LC 4 CS regime. Such a regime is
difficult to detect experimentally, and may well exist within the
shaded solid (S) region of the SWNT /acid phase diagram.

Controlling the liquid-crystalline phase behaviour of SWNTs in
superacids has significant practical importance. Fibres and films can
be formed readily by flow-processing liquid-crystalline SWNT acid
dopes (high SWNT concentration mixtures) and quenching the acid
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Figure 3 | Dispersions of SWNTSs (10.8 vol%) in sulphuric acid processed using different coagulation conditions. a, Straight fibre coagulated in water,
showing hierarchical microstructure of bundles (detail shown in inset). b, Film slowly evaporated in anhydrous air, showing a smooth microstructure.

¢, Coiled and pleated fibre coagulated in ether.

Coagulant

Coagulant bre

Coagulant

SWNT/acid dope

Figure 4 | Fibre spun from 8.5 vol% SWNTSs in pure chlorosulphonic acid and coagulated in 96% aqueous sulphuric acid. a-d, The SWNT /acid dope is
extruded into a coagulant flowing faster than the dope (a); this provides tension and draws the coagulating fibre, yielding thin fibres with a smooth surface
(b). The uniform microstructure of the aligned fibrils (¢,d) is the result of the large liquid-crystalline domains in the fluid dope.

in a process that is very similar to those used in the commercial
spinning of high-performance aramidic fibres out of strong acids
(DuPont’s Kevlar™ and Teijin’s Twaron™; refs 7,9). The resulting
materials inherit order and alignment from the parent liquid-
crystalline phase. The viscosity of the dopes is at a minimum at
¢~ ¢, (due to pre-existing alignment in the fluid phase), which
facilitates flow processing. Moreover, solvent removal and the
associated potential formation of voids and defects are minimized
by working at high SWNT concentrations. Processing biphasic
dispersions (I + LC) yields poorly ordered materials.

The phase diagram guides identification of the optimal starting
fluid composition, and also provides insight into the solvent
removal process (coagulation). Coagulation plays a key role in deter-
mining micro- and macrostructure of fibres and films. For example,
fibres that are solution-spun from SWNTs in 102-123% H,SO, and
coagulated with water (a rapid coagulation path from a marginally
good solvent to a poor solvent) display a hierarchical microstruc-
ture, in which small bundles (tens to hundreds of nanometres
thick) of nanotubes combine into larger bundles (about a micro-
metre thick) to form the macroscopic fibre (Fig. 3a). This wet-spin-
ning technique can easily produce tens of metres of continuous fibre
in a matter of minutes, including the coiled structure in Fig. 3c.
When the same dope is instead sandwiched between glass slides
and the acid is evaporated (a slow coagulation process that occurs
at constant solvent quality), the resultant film has a smooth,
dense microstructure of coalesced bundles (Fig. 3b). The slinky-
like fibre with a pleated structure (Fig. 3¢c) was produced by coagu-
lating rapidly into ether (which forms a solid skin and allows coagu-
lant to enter the proto-fibre), followed by drying the residual liquid
slowly (which causes capillary compression). Pleated fibres are of
interest for applications requiring high surface areas such as hydro-
gen storage and absorption-based sensors®. Straight fibres are of
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interest for structural reinforcement, and smooth, dense films for
electrical applications such as electrically conductive thin films.

Solution-spun fibres from 8.5 vol% SWNTs in pure chlorosul-
phonic acid display similar behaviour. Spinning the dope into a
stagnant viscous coagulation bath of 96% sulphuric acid yields
fibres uniformly composed of fine fibrils, with fewer small-scale
defects than fibres spun from sulphuric acid; this is due to the
more regular microstructure of the liquid-crystalline phase.
Viscous forces at the coagulant-proto-fibre interface can cause
surface buckling-like irregularities (Supplementary Fig. S10),
which can be prevented by using a low-viscosity coagulant such
as chloroform or dichloromethane or by co-flowing (as in ref. 5)
the coagulant with the coagulating proto-fibre (Fig. 4) to yield
fibres that combine a uniform microstructure with a regular,
aligned macrostructure. Acid-spun fibres are well aligned, the
typical ratio of parallel to perpendicular Raman intensity being
~15, with some fibres reaching a value of 28. Typical strength
ranges from 50 to 150 MPa, with some spinning tests yielding a
strength in excess of 320 MPa. The typical modulus is 120 GPa,
and electrical resistivity is as low as 120 p£) cm. All properties are
probably limited because of the relatively short length (~500 pm)
of the constituent SWNTs. These results highlight the combined
importance of phase behaviour, flow and solvent removal in the
assembly of macroscopic SWNT materials.

In conclusion, we now understand quantitatively the phase
diagram of SWNTs in strong acids. The behaviour in chlorosulpho-
nic acid dispels the deep-seated notion that SWNT's are essentially
insoluble in any solvent: cryo-TEM shows the spontaneous for-
mation of isotropic concentrated phases of individual SWNTs,
and the isotropic-nematic phase boundaries are match predictions
for length-polydisperse athermal rods®. Comparison against our
recent extension of this model includes the competition of van der
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Waals attraction and electrostatic repulsion in weaker acids and is
able to capture the whole phase diagram. We have established that
the microstructure of the liquid-crystalline phase as well as
ensuing macroscopic fibres and films is directly linked to solvent
quality. Stronger acids yield larger liquid-crystalline domains and
more uniform fibres and films. Flow processing and coagulation
also affect the final material morphology. These combined results
place SWNT processing onto a solid scientific ground and are
likely to encourage further the engineering of macroscopic nanotube
materials. They will also have an impact on the numerous ongoing
efforts for the combined bottom-up/top-down assembly of other
cylindrical nanomaterials.

Received 13 July 2009; accepted 14 September 2009;
published online 1 November 2009
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