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ABSTRACT: The unequivocal identification of lyotropic phases in carbon nanotube suspensions has
recently been announced (Science 2003, 302, 1363). Here one aspect of that study is explored in further
detail. The isotropic-nematic phase transition has been observed in an aqueous dispersion of multiwall
carbon nanotubes (MWNTs) using reflected polarized light microscopy. The coexistence of the two phases
over a significantly wide range of concentration is attributed to the polydispersity of nanotube dimensions
and straightness, the longer and thicker nanotubes packing preferentially in the anisotropic phase. Above
a critical concentration, a Schlieren texture characteristic of the nematic phase is apparent in the
dispersion. A sufficiently thin film of a nematic dispersion is transparent enough to enable examination
in transmitted polarized light. The characteristic features of the optical texture are related to the
corresponding direct FEGSEM images of the nanotubes in dried samples.

Introduction

Carbon nanotubes (CNTs), with their unique elec-
tronic and mechanical properties,2 are promising com-
ponents for a broad range of applications from molecular
electronics to strong, lightweight composites. However,
processing of nanotubes still remains a significant
challenge if their full potential is to be realized. Efforts
have been made within the past decade to achieve
nanotube alignment during growth by chemical vapor
deposition (CVD)3-5 and by postsynthesis fabrication
strategies,6-18 which are of particular interest as mass
production methods become available. Such strategies
include the cutting of a nanotube-polymer composite,7
wet- or dry-spinning,4,5,8,9 surface-rubbing and surface
assembly,11-13 electric or magnetic field orientation,14-16

polymer wrapping,17 and liquid crystal routes.18 It has
also been reported that composite fiber spun from a
dispersion of poly(vinyl alcohol) and surfactant contain-
ing 60% SWNTs are tougher than any natural or
synthetic organic fibers.10 A significantly increased
storage modulus (40 GPa) for SWNT/epoxy composites
has also been achieved by aligning nanotubes under a
high magnetic field (13.7 T)16 which is in line with
predictions.19 While this latest progress has proved that
the alignment of nanotubes plays a significant role in
high performance nanotube composites, the develop-
ment of practical alignment-control processing methods
still remains a challenge.

Processing of carbon nanotubes from a carbonaceous
mesophase precursor (a discotic liquid crystal) is well
established as a route to quality graphite materials.20

Carbon nanotubes can be considered as a type of highly
conjugated, rigid-rod macromolecules, and interesting
parallels drawn with “rigid rod” macromolecular sys-
tems, such as that used to make Kevlar fiber. The recent
announcement of the liquid crystalline phase of both
MWNT aqueous dispersions1 and SWNT in superacid

dispersions21 point to a novel route to large-scale align-
ment of the nanotubes during the processing. The
lyotropic aqueous system of MWNTs serves as a model
for further study of liquid crystalline behavior of nano-
particles, with the added advantage of the availability
of a range of MWNTs with different diameters and
lengths arising from improved control of synthesis and
acid treatment.22 The fact that the nanotubes are much
more electron beam resistant than other nanoscale rigid
rod systems, such as DNA23 and tobacco mosaic virus
(TMV),24,25opens up new opportunities to examine the
self-organizing behavior of liquid crystalline systems at
a resolution sufficient to identify the individual nano-
tubes.

Orientation-dependent repulsion forces between the
rod-shape molecules or particles are principally respon-
sible for the stabilization of lyotropic liquid crystalline
systems. However, carbon nanotubes, as synthesized,
are strongly hydrophobic and generally have very low
solubilities in all solvents. While various methods, such
as oxidation,26 grafting, wrapping, and surfactant ad-
dition,6 have been developed for dispersing and solubi-
lizing CNTs, the production of uniform and ordered
assemblies remains a challenge. Previous studies sug-
gest that a dilute carbon nanotube suspension is analo-
gous to a polymeric solution, with an abrupt increase
in gradient of the viscosity-concentration profile as the
gel point is approached at a concentration of ∼0.5 vol
%.27

Here we report the details of phase transition from
the isotropic phase to the lyotropic nematic phase in the
aqueous dispersion of carefully characterized MWNTs.

Experimental Methods
The starting materials are multiwall carbon nanotubes

synthesized in our laboratory by pyrolysis of a solution of
ferrocene in toluene.22 The injection CVD method in this
configuration gives good control of nanotube dimensions
through adjustment of ferrocene concentration, gas flow rate,
and injection time. The nanotubes produced are unentangled
and fairly straight with an outer diameter in a range of 10-
120 nm, an inner diameter of about 5-10 nm and a length
range from 20 µm to several hundres micrometers. The product
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was characterized using a JEOL 6340F field emission gun
scanning electron microscope (FEGSEM) and a Renishaw 1000
micro-Raman spectrometer with using a 514 nm excitation
laser.

The method of acid treatment described in28,29 was used to
oxidize the multiwall carbon nanotubes to ensure compatibility
with water as the suspending medium. The nanotubes (1 g)
were suspended in a mixture (250 mL) of concentrated sulfuric
acid and nitric acid (3:1 volume ratio) and sonicated in a water
bath at 50 °C for 24 h (dispersion A) or 12 h (dispersion B).
The resultant suspension was then diluted with 400 mL of
deionized water and filtered with water over a 400 nm pore
membrane (PTFE) until the water passing through the filter
had a pH of between 6 and 7. The dispersions were stable over
long periods (>1 year) and could be filtered or diluted to the
desired concentration. They had a pH of 3-3.5 at 24 °C.

The weight concentration of the dispersion was determined
by pipetting a known volume (V) of the dispersion, followed
by weighing before and after drying, the volume fractions being
calculated on the basis of a multiwall nanotube density of 1.8
g/cm3. The diameter and length of the oxidized nanotubes were
measured by using SEM, where the sample was prepared by
casting a 0.01-0.04 vol % dispersion on a polished SEM stub
and drying at room temperature. The dimensions quoted for
each sample were the average of measurements on over100
individual nanotubes.

Samples for optical microscopy were prepared by placing a
drop of the nanotube dispersion into a cavity in a glass slide,
and covering it immediately with a thin glass coverslip to form
a sandwich cell which was subsequently sealed using wax or
epoxy adhesive. For transmission microscopy, the cells were
made very thin to enable sufficient light transmission through
the very black samples. Optical microscopy was carried out
using a polarized light reflection/transmission microscope
(Olympus BX-50). The optical anisotropy was imaged in

reflection as “bireflection” , and in transmission as birefrin-
gence.

Results and Discussion

Polydispersity of the Acid Treated MWNTs. The
acid treatment introduces oxygen-containing functional
groups onto the surface to give a negatively charged
surface, particularly through the ionization of the acidic
surface groups. The resulting electrostatic repulsive
forces enhance the dispersibility and stability of the
colloidal suspension in water. The nanotubes after acid
treatment are shortened and thinned simultaneously
into a certain range, dependent on the temperature of
the water bath and the time of ultrasonication, as shown
in the histograms of Figure 1. This change is the result
of a degree of exfoliation of the outer layers. The data
of Figure 1 are summarized in Table 1. The nanotubes
in dispersion A, which received the longer treatment (24
h as compared with 12 h for sample B) are shorter,

Figure 1. Diameter, length and aspect ratio distribution plots of oxidized multiwall carbon nanotubes of dispersions A and B.

Table 1. Number/Weight Average Values of the Diameter,
Length, and Aspect Ratio and Polydispersity of

Dispersions A and B

samples
dispersion A dispersion B

diameter, d, nm no. average 31 67
weight average 35 102
polydispersity 1.14 1.53

length, L, nm no. average 739 1860
weight average 976 3065
polydispersity 1.32 1.65

aspect ratio no. average 30 40
weight average 36 67
polydispersity 1.19 1.67
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thinner and more uniform. than those in the dispersion
B.

Isotropic)Nematic Phase Transition as a Func-
tion of Concentration. The two samples with different
dimensional distribution characteristics gave rise to
recognizably different phase transition behavior from
isotropic to nematic via an extensive biphasic region.

Sample A. Figure 2 shows suspensions of carbon
nanotube dispersion A in reflected light with crossed
polars. As concentrations below about 1 vol %, there was
very little bireflecting contrast, indicating the isotropic
phase. As the concentration was increased above 1 vol
%, weak bireflection contrast started to become appar-
ent as discrete bright spots, as shown in Figure 2a. It
would appear that some nanotubes were beginning to
aggregate to forming local ordered nuclei or “swarms”.30

It should be noted that the visibility in this case (they
are not generally seen optically in small-molecule liquid
crystalline systems) may be associated with the larger
size of the multiwall nanotube entities compared with
individual molecules and also, their slower and thus eye-
resolvable Brownian motion. As the concentration of the
dispersion was increased, the size and volume fraction
of the discrete bireflecting regions increased, as shown
in Figure 2b, which is a 2.7 vol % sample. At a higher
concentration of 4.0 vol %, (Figure 2c) the nematic

swarms are beginning to join up into regions of similar
optical anisotropy, and thus orientation, although these
regions do not propagate continuously through the
sample. We suggest that at 4% the anisotropic phase is
on the point of becoming continuous, even though there
are regions in which the orientation of the swarms is
not at all correlated, i.e., regions which are still isotropic.
Interestingly, the orientational percolation of isolated
anisotropic regions into a continuous anisotropic ne-
matic phase is reminiscent of the predictions of the
Lebwohl-Lasher model,31 where “orientational percola-
tion” of nematic nuclei appears to be the critical point
of the phase transition.32 Figure 2d shows the structure
at 5.3% where all the phase is anisotropic, with the
different regions changing contrast between bright and
dark on rotation of the crossed polars. This structure is
a typical Schlieren texture characteristic of nematic
liquid crystalline phases. The texture contains a number
of distinctive brushlike regions of contrast which ema-
nate from singularities known as disclinations. The
brushes seen here rotate at twice the angular velocity
of the crossed polars, indicating that the disclinations
at their centers are of strength (1/2.33 Some of the
brushes rotated in the same sense as the polars, others
in the opposite sense, indicating singularities of strength
+1/2 and strength -1/2, respectively. Figure 3 shows

Figure 2. Micrographs of MWNT dispersions A at different aqueous concentrations respectively, imaged in reflected light with
crossed polars: (a) 1.3 vol % dispersion, showing weak bireflection contrast from nematic nuclei; (b) 2.7 vol % dispersion, where
the discrete entities appear larger and appear to represent growing nematic nuclei; (c) 4.0 vol % dispersion, where the nematic
nuclei are beginning to “join up” in some regions; (d) 5.3 vol % dispersion, showing the Schlieren texture of nematic liquid crystals.
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brushes rotating with the crossed polars for a single +1/2
disclination.

On the basis of the polarized light microscopy we
estimate a biphasic range between 1% and 4% for
sample A. While Onsager34 and Flory35 have predicted
a biphase for monodisperse lyotropic liquid crystals, the
region is narrow compared with our observation here,
covering typically a 1% concentration range (the so-
called “Flory chimney”). The comparatively large range
of the biphasic region is presumably associated with
polydispersivity in terms of length, diameter, and
straightness of the nanotubes, and the possibility of
segregation of the more nematogenic tubes to the
growing liquid crystalline phase.35 This fractionation
effect has also been observed for polydisperse solutions
of TMV,36 polybenzamides,37 and poly(phenylenetereph-
thalamines).38

Sample B. This sample had a shorter acid treatment
than Sample A, showing a wider distribution of nano-
tube lengths and a greater average length. An equiva-
lent set of optical bireflection micrographs to Figure 2
are shown for Sample B in Figure 4. In this case, the
biphasic region requires a somewhat larger field of view
to give a proper representation of the structure and thus
the micrographs in Figure 4 are presented at a some-
what lower magnification than those in Figure 2. In the
case of specimen B, the biphasic region is yet wider.
Parts a-c of Figure 4 show that as the concentration is
increased, the nematic-rich nuclei grow and coagulate
into large nematic domains which coexist with isotropic
regions which remain dark irrespective of the rotation
setting of the crossed polars. By 6.5% the structure is
largely nematic, the darker and lighter regions of Figure
4d changing contrast on rotation of the crossed polars.,
as with the Schlieren texture. We suggest that the
enhanced segregation effects seen in sample B as
compared with A and the larger compositional range of
the biphasic region are directly the consequence of the
greater polydispersivity of sample B (cf. Figure 1 and
Table 1)

Scintillation. The bireflection of nematic domains
were always accompanied by visible scintillation under
crossed polarized light, which was different from that
of small mass liquid crystals and liquid crystalline
polymers. The scintillating effect became more obvious
in dispersion B with its wider range of nanotube
dimensions, particularly at the lower end of the con-
centration range where the nematic nuclei were isolated
in the continuous isotropic phase (Figure 4a). In fact,
rapid, incessant and irregular Brownian motion of

massive individual nanotubes in the isotropic regions
could be directly observed under the normal light
microscope under normal illumination. At the same
time, the translational motion of the swarms was not
marked. The visible Brownian movement in the aqueous
dispersion may imply that nanotubes behave particle-
like characteristic features. The length of oxidized
MWNTs in the dispersion A and B (0.5-2 µm in Figure
1 and Table 1) are much shorter than the estimated
persistence length of single wall carbon nanotubes (some
tens of micrometers21,39), let alone that of MWNTs, and
therefore those tubes are logically assumed to ap-
proximate to rigid rods. These straight tubes can be
considered as analogous to tobacco mosaic virus (TMV)
which consists of “Brownian particles” of length 300 nm
and diameter 18 nm.24 Table 2 lists the estimation of
rotary diffusivity, the rotational relaxation times of
MWNT dispersions in the dilute and semidilute regime
on the basis of theoretical analysis of rigid-rod par-
ticles40-42 (see Appendix). Obviously, the rotational
relaxation times of dispersions A and B in a semidilute
regime fall into the range of the human eye’s response
rate (> 42 ms, a reciprocal of 24 frame per second for
eliminating perceptible flicker by eyes). Taking into
account the crowding effect of neighboring tubes in the
more concentrated regime, the actual rotational relax-
ation time of the nanotubes of dispersion A and B in
the biphase and nematic phase should be longer than
that estimated in semidilute regime. The visible scintil-
lating movement led to some smearing of the images
shown in Figures 2-4 (exposure time of ∼ 20 s), but
this was not extensive as the motion was essentially
rotational, not translational. From eq 3 (appendix) and
Table 2, it is apparent that both the length of the
nanotubes and their mutual interaction has significant
influence in slowing their random rotary motion. For
example, Brownian rotation of longer nanotubes in
dispersion B occurs an estimated one and one-half
orders of magnitude more slowly than those in disper-
sion A, although their length is only around twice as
much. This prediction is consistent with the observation
that scintillation in dispersion B appeared considerably
slower and hence was more easily noticeable than in
dispersion A.

Thin Films of Sample A. Reflected microscopy is
an appropriate technique for determining the optical
properties of generally opaque carbon materials.20 How-
ever, it is possible to make observations in transmitted
light in sufficiently thin samples, remembering that the
fraction of light transmitted scales as exp[-At], where

Figure 3. Series of optical micrographs show the effect of a clockwise rotation of the crossed polars on the contrast surrounding
a +1/2 strength disclination. The region is that delineated by a superimposed box in Figure 2d. Note how the two-bladed “brush”
rotates at twice the angular velocity and in the same sense as the crossed polars.
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t is the thickness.44 It was found that despite the high
optical absorbency of suspensions of carbon nanotubes,
the nematic dispersion could become sufficient trans-
parent for transmission polarizing microscopy at thick-
nesses below 20-10 µm. Figure 5a is a thin sample of
sample A of concentration 5.3 vol %, between crossed
polars. The texture in Figure 5a appears different from
that observed under reflection light which is more
typically Schlieren (e.g., Figure 2d); it is finer and much
more similar to that seen from liquid crystalline poly-
mers where it has been known as a tight texture.45 The
presence of two surfaces encasing a very thin sample is
thought here to pin the topological structure preventing

it relaxing to a typical Schlieren texture. (In the case of
liquid crystalline polymers, it may be restrictions on
internal kinetic mobility, which provides the constraint.)

Toward the edges of the thin, liquid sample (Figure
5b), the orientation tends much more to a monodomain
with line features giving rise to birefringent contrast.
For conventional liquid crystals such textures are often
induced in electrical or magnetic fields or by shearing
flow.30 In this case, it is possible that the surface tension
may be responsible for the higher degree of alignment
at the edge of the thin layer of the dispersion, an
indication that nanotubes in liquid crystalline disper-
sions may also be oriented by external fields.

Figure 4. Micrographs of MWNT dispersions B show broadening and phase separation of pre-transitional effects at different
aqueous concentrations respectively, imaged in reflected light with crossed polars. (a) 2.3 vol % dispersion, the early stage of
nematic nuclei; (b) 4.1 vol % dispersion, the discrete stronger bireflecting domains appearing to represent a nematic-rich biphase;
(c) 5.6 vol % dispersion, more nematic-rich domains throughout the specimen; (d) 6.5 vol % dispersion, quasi continuous anisotropic
texture.

Table 2. Estimation of the Rotary Diffusivity, the Rotational Relaxation Times in the Dilute and Semidilute regime of
MWNT Dispersions (See Appendix)

samples dispersion
A

dispersion
B

Hyperiona

MWNT
dispersion27

TMVa

aqueous
dispersion23

dilute regime rotary diffusivity, Dr0, s-1 18.67 1.19 72 233
rotational relaxation, τ0 ≈ 1/(6Dr0), ms 9 140 2 0.7

critical concentration from the dilute to semidilute regime, ν0, vol % 0.04 0.03 0.002 0.09
semidilute regime rotational relaxation time, τs ≈ 1/Dr0, ms 54 840 10 4

a The oxidized Hyperion MWNTs were 1.1 µm in length and 10 nm in diameter;27 TMV, 300 nm in length and 18 nm in diameter.24
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When thin films were dried by evaporation from a
single substrate, the basic topological structure was
retained. This observation is in accord with liquid
crystalline polymers which, when solidified either by
solvent removal or cooling in the case of thermotropic
materials, the texture typical of the liquid crystal state
remains, although there may be localized areas of higher
(crystalline type) order.45-48 Figure 6 (sample A original
dispersion of 5.3 vol %) shows that the bireflection
Schlieren texture is still retained after the water has
been evaporated slowly at the room temperature. How-
ever, in addition to the retained texture, the drying
process appears in this example to have introduced an
additional array of fine periodic stripes, which were
apparent with or without crossed polars and did not
change their orientation when rotating the crossed
polars. These stripes are thought to be the result of
drying a thin film adhering to, and thus constrained by
a substrate. (The drying process will reduce the volume
of the sample by a factor of ∼ 20) It is straightforward
to analyze the texture on rotation of the polars and
recognize the sign and the structure of the disclinations
in the nematic phase, such as a -1/2 disclination

example of Figure 6. The optical analysis also confirms
that the optical stripes, which became apparent on
drying, lie parallel to the long axis of nanotubes.

Scanning Electron Microscopy of Dried Film
Specimens. It has already been explained that the
texture seen in the liquid crystalline dispersion is
retained on drying. However, such specimens addition-
ally provide a unique opportunity for study of the
detailed structure by FEGSEM at a resolution sufficient
to resolve the individual nanotubes. Such an opportu-
nity is not available for conventional or polymeric liquid
crystals, where the essential organizing elements, the
molecules, are not only smaller but would be subject to
severe beam damage at the high magnification neces-
sary. The detailed structure of a plus/minus disclination
pair is clearly seen in Figure 7a. The nanotubes are
constrained to lie in the plane of the film so that
disclinations have a wedge character and only the bend
and the splay distortions are apparent. Furthermore,
the stripes parallel to the axes of the nanotubes, appear
to be identifiable with fissures left between the nano-
tubes on drying. Figure 7b is a FEGSEM image of a
dried film, but in this case close to the edge of the
specimen, from a region similar to that which gave the
transmission optical image of Figure 5b before evapora-
tion of the water. The more uniform orientation together
with the wavelike disturbances is clearly visible.

Summary
Multiwall carbon nanotubes, when in stable disper-

sion, show long-range nematic orientational order, and
the isotropic/nematic phase change (as a function of
concentration) shows many similarities to lyotropic
dispersions of rodlike molecules. The width of biphasic
region is held to be a consequence of the considerable
polydispersity of the nanotube samples used. It is
certainly wider in the sample with a greater range of
nanotube lengths and diameters. The details of the
Schlieren texture in the nematic phase have been
examined using both reflected and transmitted light
microscopy. The optical anisotropy of the texture indi-

Figure 5. (a) Birefringence texture of a thin layer of the
nematic dispersion A (5.3 vol %), imaged in transmitted light
with crossed polars. (b) Wall texture at the edge of a thin layer
of the nematic dispersion A (5.3 vol %), imaged in transmitted
light with crossed polars.

Figure 6. Bireflection texture of the dried nematic CNT film
under crossed polarized light. Considerable detail of nanotube
orientation is visible through the almost periodical stripes,
revealing the structures of disclinations with topological
strength -1/2 (a).
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cates the multidomain alignment with a number of
singularities. In carefully dried samples, the topological
texture is retained, and the detailed nature of the
disclination singularities becomes amenable to high-
resolution scanning electron microscopy. The resultant
resolution of the individual carbon nanotubes offers a
unique opportunity to view the disclination core struc-
ture, a study that will feature in a future paper.
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Appendix
In the dilute region of rodlike particle dispersions, the

coefficient ú is a viscous drag coefficient, which for long,
slender fibers is given by Batchelor42

with ε ≡ [ln(2L/d)]-1, and

where d is the rod diameter, L is the length of the rod,
kB is Boltzmann’s constant, ηs is the solvent viscosity,
and T is temperature. Thus, the rotary diffusivity of the
rods in the dilute solution works out to be

In the dilute regime, the rotational relaxation time
of the rod can be estimated via τ0 ≈ 1/(6Dr0). The
transition from dilute to semidilute regime should occur
when ν1 ≈ 24(d/L)2, where ν1 is the volume fraction of
the rod particles, d and L are the diameter and length
of the nanotube.40 As the dispersion is made more
concentrated and transferred into to the semidilute
regime, the rotational time of the rod is impeded, and
approximated to τs ≈ 1/Dr0.

40 Table 2 gives the list of
the estimated values of the rotational diffusivity and
relaxation times in these two regimes. For comparison,
estimated values of the rotational diffusivity and relax-
ation times for Hyperion multiwall nanotubes27 and the
tobacco mosaic virus (TMV) are also listed in Table 2.
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