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ABSTRACT: We demonstrate that the length of carbon nanotubes (CNTs) can be determined simply and accurately from
extensional viscosity measurements of semidilute CNT solutions. The method is based on measuring the extensional viscosity of
CNT solutions in chlorosulfonic acid with a customized capillary thinning rheometer and determining CNT aspect ratio from the
theoretical relation between extensional viscosity and aspect ratio in semidilute solutions of rigid rods. We measure CNT
diameter d by transmission electron microscopy (TEM) and arrive at CNT length L. By studying samples grown by different
methods, we show that the method works well for CNT lengths ranging from 0.4 to at least 20 μm, a wider range than for
previous techniques. Moreover, we measure the isotropic-to-nematic transition concentration (i.e., isotropic cloud point) φiso of
CNT solutions and show that this transition follows Onsager-like scaling φiso ∼ d/L. We characterize the length distributions of
CNT samples by combining the measurements of extensional viscosity and transition concentration and show that the resulting
length distributions closely match distributions obtained by cryo-TEM measurements. Interestingly, CNTs appear to have
relatively low polydispersity compared to polymers and high polydispersity compared to colloidal particles.

Carbon nanotubes (CNTs) are perhaps the ultimate class
of polymers.1 At the molecular scale, they display

exceptional mechanical strength and electrical and thermal
conductivity.2,3 This unique combination of properties makes
CNTs promising for biomedical, consumer electronics, and
industrial applications, e.g., sensory fibers,4 touch screens,5−7

field emission tips,8 and multifunctional cables.9 Even though
the properties of macroscopic CNT assemblies still fall short of
their exceptional single molecule values, macroscopic CNT
fibers already display a record combination of mechanical and
transport properties,9 while CNT films and coatings are being
used for transparent conductive electrodes10 and electro-
magnetic interference shielding.11

In CNT fibers and films, the main hurdles to attaining the
desired properties include difficult processing and insufficient
CNT length and quality. Theoretical calculations and
experimental evidence indicate that fiber strength scales with
CNT aspect ratio9,12−14 and that fiber and film conductiv-
ity5,9,15 scale with CNT length.
Theory also predicts that the isotropic cloud point φiso, i.e.,

the transition concentration of CNTs in solution from an
isotropic to a nematic liquid crystalline phase, scales with CNT
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aspect ratio.16 While experiments have studied how this
transition concentration depends on solvent quality,17 up to
now the effect of aspect ratio on CNT liquid crystalline phase
behavior has not been studied experimentally. Studying this
effect is important for developing both fundamental under-
standing and engineering technology for processing of CNT
solutions, yet such a study requires accurate measurements of
CNT length.
Despite the importance of accurate CNT length determi-

nation, existing measurement methods have limited reliability
and can be applied only in restricted length ranges.18 These
methods include atomic force microscopy (AFM),19,20

cryogenic-temperature transmission electron microscopy
(cryo-TEM),21 dynamic light scattering (DLS),22 length
analysis by nanotube diffusion (LAND),23 scanning electron
microscopy (SEM),24 and shear viscosity.25 While all of these
techniques give a reasonable estimate of CNT length, each has
its own drawbacks.
AFM and cryo-TEM rely on small sample size (typically

hundreds of CNTs) and have a potential imaging bias toward
longer CNTs.26 Typically, AFM, DLS, and LAND require
sonication to ensure complete CNT dispersion, which cuts
CNTs and consequently changes their length distribution.
Because sonication preferentially cuts the longest CNTs,27−29

AFM, DLS, and LAND are less accurate for CNT samples with
higher average lengths. In addition, LAND is limited to probing
semiconducting SWNTs because it is a fluorescence-based
method. SEM is not limited to any specific range of CNT
lengths, but it cannot be applied to bulk-grown CNTs and is
primarily used to measure the length of carpet-grown CNTs,
which grow perpendicularly to the substrate; even in the case of
carpet-grown CNTs, SEM imaging relies on the underlying
assumption of monodisperse length, which may not always be
valid.24

Shear viscosity can be used to determine the aspect ratio of
CNTs more quickly and reliably than AFM or cryo-TEM
because it is a bulk measurement that probes ∼1010 CNTs.25,30
Moreover, it can be performed on pristine CNTs dissolved in
superacids, thereby avoiding sonication.31 Length determina-
tion by shear rheology is based on the relation between the
viscosity of a dilute suspension of isotropically oriented rods
(i.e., their zero-shear viscosity) and the rods’ concentration and
aspect ratio. Because shearing aligns rods, which in turn reduces
the rods’ contribution to the suspension viscosity, the
measurements must be carried out at very low shear rates,
such that the viscous torque on the rods does not exceed the
Brownian torque; in practice, direct rotational diffusivity
measurements on individualized CNTs32 indicate that the
shear rheology method is limited to CNTs of lengths below ∼1
μm (see section S1 for details).
Here we introduce a length determination method based on

extensional viscosity measurement; this method is applicable to
a wider range of CNT length than AFM, DLS, LAND, or shear
viscosity, while retaining all the advantages of the shear
viscosity method. Our work extends the experimental studies
that have been performed on CNT extensional rheology33,34 by
determining CNT aspect ratio from extensional viscosity
measurements on solutions of CNTs dissolved in chlorosul-
fonic acid, a true thermodynamic solvent for CNTs.17,35 CNT
length is determined by combining the aspect ratio measure-
ments with the average CNT diameter measured by TEM. We
also study the dependence of the isotropic cloud point on
aspect ratio and combine these data with our length

measurements to fully characterize the length distributions of
CNT samples produced by various manufacturers.

■ THEORETICAL BASIS
When a liquid drop is stretched into a filament beyond a critical
threshold, the capillary pressure at the mid-filament pumps the
liquid toward the filament’s ends, inducing a strong extensional
flow.36,37 The filament thinning dynamics are controlled by the
balance of surface tension, inertia, gravity, and viscosity. Inertia
is negligible when viscous forces are dominant over inertial
forces (i.e., when the Ohnesorge number Oh > 1). For
semidilute CNT solutions in chlorosulfonic acid, the
Ohnesorge number is

η

ρ γ
= ≈ =

( ) ( )
Oh

(1 Pa s)

1750 (0.6 mm) 38
5

D
0

s 2
kg
m

mN
m

0
3

(1)

where ρs is the solvent density, D0 is the initial filament
diameter, γ is the surface tension, and η0 is the zero-shear
viscosity. The effects of gravity are negligible when the Bond
number Bo, which represents the ratio of gravitational to
surface tension forces, is small (e.g., Bo ≪ 1). This is the case
for our experiments, for which the Bond number is
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where g is the gravitational acceleration.
If the surface tension is known, the extensional viscosity can

be determined by monitoring the time evolution of the filament
midpoint diameter.38 Like in shear flow, rods align in
extensional flow when the viscous torque exceeds the Brownian
torque (Figure 1). Unlike in shear, the rods’ contribution ηr to

the suspension viscosity grows as the rods become aligned
(Figure 1) and reaches a plateau whose value is determined by
the rods’ concentration and aspect ratio.39,40 Therefore, length
measurement by extensional viscosity does not suffer from an
intrinsic limitation on rods length. Moreover, it is expected to
be more accurate in systems of longer rods, where alignment
can be induced readily by flow. Thus, such a length

Figure 1. Schematic showing that rods in dilute and semidilute
solutions align with increasing shear and extension rate (Peclet or
Weissenberg number). Relative increases in ηr for the low and high
shear/extension rate limits are indicated on the plot.
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measurement method is appropriate in principle for measuring
the length of CNTs dissolved in chlorosulfonic acid, which
behave as rigid rods in a true solvent.41

The uniaxial extensional viscosity ηE is defined as the
difference of the axial τzz and radial τrr normal stresses divided
by the extensional strain rate ε̇

τ τ
η

ε
=

−
̇

zz rr
E (3)

The difference of the normal stresses can be approximated from
a force balance on a thinning filament by lumping the effects of
inertia, gravity, and axial curvature into an effective parameter
X.38 By approximating ε̇ as the midplane extension rate42,43 ε̇mid
based on the decay rate of the midfilament diameter Dmid
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where t is time, the apparent extensional viscosity ηE,app is
44
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Both simulations45 and experiments38 show that X = 0.7127 is
an appropriate value for viscous Newtonian fluid filaments with
negligible inertia and smoothly necked profiles. Smoothly
necked profiles typically form only toward the later stages of
filament thinning for Newtonian fluids.38 In extension,
solutions of fully aligned rods behave as Newtonian fluids;
therefore, we use the value X = 0.7127 to extract the extensional
viscosity from our experiments. Neglecting the effect of
Brownian stresses, the total stress τ in a liquid dispersion of
rigid cylindrical rods is46

τ μ νζ= + ⟨ ⟩D uuuu :D2 str (6)

where μ is the solvent viscosity, D is the strain rate tensor, ν is
the number concentration of rods in solution, and u is a unit
vector describing the orientation of a rod. In a semidilute
solution of rods, the expression of the viscous drag coefficient
ζstr can be derived by extending Bachelor’s theory47 to account
for multiparticle hydrodynamic interactions40
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+ +
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where L is rod length, A = 0.1585 is the shape parameter for
fully aligned rods, and φ is rod volume fraction. Equation 6
assumes that the Brownian contribution to the total stress is
negligible. This is true when the rotational Peclet number Pe≫
1, where Pe is defined as

ε
=

̇
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D
mid
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and the rotational diffusivity Dr for rigid rods is

ζ
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where kB is Boltzmann’s constant and T is temperature. For low
CNT volume fraction (0.005% < φ < 0.5%) in chlorosulfonic
acid (μ = 2.8 mPa·s) at room temperature, Dr < 10 s−1 for
CNTs longer than ∼1 μm (according to eqs 7 and 9). Since the
capillary thinning rheometer is operated at initial strain rates of
at least 100 s−1 to ensure fully aligned CNTs, this means that

from eq 8 we get Pe > 10 and Brownian stresses are negligible
as long as CNTs are ∼1 μm or longer. For shorter CNTs, we
can still neglect rotational Brownian motion by operating the
rheometer at strain rates higher than 100 s−1. However, even
for the shortest CNTs that were tested (∼0.3 μm average
length), there was no statistically significant change in
extensional viscosity when the initial step strain rate was
increased from 100 to 200 s−1, indicating that an initial strain
rate of 100 s−1 was high enough for all the samples tested in this
work. Assuming that the rods are fully aligned (i.e., u = ez in eq
6, where ez is the direction of uniaxial stretching), eqs 3 and 6
yield the uniaxial extensional viscosity

η μ νζ= +3E str (10)

In a system of cylindrical rods, the number density ν is related
to the volume fraction by

ν φ
π

=
d L
4

2 (11)

Equations 7, 10, and 11 yield the dependence of the extensional
viscosity on rod aspect ratio for semidilute solutions of fully
aligned, length and diameter monodisperse rigid rods
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However, CNTs are typically polydisperse in both diameter and
length. Because CNT diameters vary by less than a factor of 3
for the samples tested in this work, hereafter we consider CNT
diameter to be effectively monodisperse. AFM and LAND
length measurements indicate that most CNT length
distributions are described well by the log-normal distribu-
tion,23,30 for which the probability density function P(L) is
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= − −⎡
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where m is the mean and S2 is the variance of the natural
logarithm of L. Truncating the log-normal distribution at the
shortest and longest lengths of CNTs in solution, the moments
of the length distribution are defined over the interval Lmin < L
< Lmax
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where the approximate equalities are valid in the limit of Lmin →
0 and Lmax → ∞. To characterize the length distribution of
CNTs from extensional viscosity measurements, a viscosity
average length Lv is introduced analogously to the viscosity
average molecular weight used to compare molar mass
distributions for polymers:48
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where a is an exponent that relates L to the intrinsic extensional
viscosity [ηE]
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from which it is clear that a = 2 for solutions of fully aligned
rods in a uniaxial extensional flow; thus, Lv is defined in terms
of the third and first moments of the length distribution
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We replace L by Lv in eq 12, so that eq 12 can be applied to
length polydisperse samples. Thus, we can extract Lv from
extensional viscosity measurements of CNT solutions. Since Lv
is a ratio of two moments, an additional measurement is needed
to obtain the value of both moments independently.
We obtain the first and third moments by measuring

isotropic cloud point, in addition to extensional viscosity. For
polydisperse hard rods, the dependence of the isotropic cloud
point φiso on the moments of the rod length distribution has
been described by Wensink and Vroege49

φ σ σ= d
L

c( ) ( )L Liso
0

iso
(20)

where L0 is an arbitrary characteristic length, ciso is the rod
number density at the isotropic cloud point for a specific length
distribution, and σL is a length polydispersity index. We define
σL analogously to the molecular weight polydispersity index
used for polymer samples
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2
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Thus, by measuring Lv, φiso, and d for each CNT sample and
using the analysis of Wensink and Vroege,49 it is possible to
determine the statistical parameters of each sample’s length
distribution.
For the log-normal distribution, the function ciso can only be

obtained by truncating the distribution at finite minimum and
maximum lengths, representing the shortest and longest rods in
the sample.49 The value of ciso is insensitive to the minimum
cutoff length in a reasonable range but quite sensitive to the
maximum cutoff length. We define a dimensionless maximum
cutoff length lmax = Lmax/L0. Wensink and Vroege compute ciso
for lmax = 10 and lmax = 100. While the value of lmax is not
generally known for a given CNT sample, CNTs with lmax > 20
have been identified via near-infrared microscopy.50 Therefore,
we use the estimate lmax = 100 for evaluating the dependence of
ciso on φiso for CNT length distributions.
Combining eqs 14−16 and eqs 19−21 yields a system of 6

equations in 6 unknowns. To simplify integration, we define L0
in terms of m and S

= +L em S
0

2

(22)

Integrating eqs 14−16 from Lmin = 0.01L0 to Lmax = 100L0 and
determining ciso from Wensink and Vroege’s isotropic cloud
point data for a log-normal length distribution49 (see Figure
S2), we solve the system of eqs 14−16 and eqs 19−21

numerically and obtain the values of the m and S parameters as
well as all moments of the length distribution. We can then
compare length distributions of CNT samples determined by
our method to CNT length distributions determined by other
length measurement techniques.

■ EXPERIMENTAL METHODS
High-purity single-walled (SWNT) and double-walled (DWNT)
carbon nanotubes were obtained from different manufacturers: high
pressure carbon monoxide (HiPco) reactor at Rice University,
UniDym Inc., Continental Carbon Nanotechnologies Inc. (CCNI),
SouthWest NanoTechnologies Inc. (SWeNT), Meijo Nano Carbon
Co. Ltd., Samsung Cheil Industries Inc., Teijin Aramid BV (TABV),
and Linde Electronics. Raman spectra were acquired with a Renishaw
InVia Confocal Raman microscope at 514, 633, and 785 nm excitation
wavelengths. The spectra showed that all the CNT samples had
relatively few defects (Raman G/D ratio at 633 nm >10). CNT
diameters were measured from high-resolution TEM images of CNT
samples taken with a JEOL 2010 TEM. Precise external wall
boundaries were determined with ImageJ software.

CNTs were mixed with chlorosulfonic acid at concentrations in the
range of 0.003% (30 ppm) to 0.5% (5000 ppm) by volume. CNT mass
was measured on a mass balance, and chlorosulfonic acid volume was
measured with a graduated cylinder. CNT mass fraction in acid was
converted to volume fraction by multiplying the mass fraction M of
CNTs in solution by the ratio of the solvent density ρs to the
individual CNT density ρCNT

φ
ρ

ρ
= M s

CNT (23)

We use the individual CNT density rather than the density for
hexagonally close-packed CNTs because the CNTs dissolve as
individuals in chlorosulfonic acid. Accounting for the contribution of
electron density to the external CNT diameter d gives the appropriate
expression for CNT density51
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where AS = 1315 m2/g is the specific surface area for one side of a
graphene sheet, n is the number of walls in the CNT, and δvdW = 0.34
nm is the interlayer distance between two CNT walls. The CNTs were
mixed in glass vials sealed with PTFE-lined silicone caps to prevent
degradation of the cap by acid vapor. All solutions were speedmixed
(FlackTek, Inc. DAC 150.1 speedmixer) for 10 min at 3500 rpm
followed by 12 h of mixing with a magnetic stir bar on a Fischer
Scientific stir plate.

The surface tension of pure chlorosulfonic acid with nitrogen was
measured by the pendant drop method (CAM 2000 software) in a
nitrogen environment, resulting in a value of γ = 38 mN/m. The shear
viscosity of chlorosulfonic acid at 25 °C was measured at a shear rate
of 10 s−1 with a TA Instruments AR 2000 rheometer enclosed in a
drybox purged with dry air, resulting in a value of μ = 2.8 mPa·s,
consistent with literature values.52

Extensional viscosity of CNT solutions was measured with a
Trimaster capillary thinning rheometer,53 custom designed and built at
Cambridge University. The rheometer consists of two pistons (1.2 mm
diameter) that are moved apart axially from an initial separation of 0.6
mm. A stainless steel spatula was used to uniformly load solutions
between the two pistons. The stretching rate was 25 mm/s (each
piston moves at 12.5 mm/s), and the stretching distance was 1.0 mm
for all samples. A Fastec Troubleshooter HR high-speed camera (1000
frames/s) was used to record videos of the capillary thinning tests. The
filament profile was analyzed with Matlab software to determine the
midplane diameter of the thinning fluid filament as a function of time.
Because of the hygroscopic nature of chlorosulfonic acid, sample
preparation and filament stretching were performed in a drybox
continuously purged with dry air to keep the relative humidity level
below 10%.
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To determine the isotropic cloud point, CNT solutions were flame-
sealed in square capillaries from VitroTubes (0.1 mm height, 1 mm
width) and observed with a polarized microscope (Zeiss Axioplan
optical light microscope), as in earlier work on aqueous oxidized
CNTs.54 CNTs are known to form nematic liquid crystalline phases in
chlorosulfonic acid,17,31 enabling the detection of the isotropic cloud
point by optical birefringence measurements on a series of CNT
solutions. Solutions were initially prepared at concentrations above the
isotropic cloud point (typically ∼0.1 vol %) and then diluted until
birefringence was no longer visible, indicating that the CNTs in
solution had transitioned from a mixture of isotropic and nematic
phases to a single isotropic phase.
Direct cryo-TEM imaging to measure CNT length was performed

with a FEI T12 G2 transmission electron microscope. Cryo-TEM
samples were prepared with the procedure described by Davis et al.,17

and CNT length was measured by tracing the end-to-end distance of
individual CNTs in the TEM images as described by Behabtu et al.9

We used this method to determine length with cryo-TEM in lieu of a
faster, recently developed statistical method21 because the statistical
method only gives the average CNT length ⟨L⟩, whereas the tracing
method yields the CNT length distribution.

■ RESULTS AND DISCUSSION

Extensional flows orient rigid molecules much more efficiently
than shear flows. In shear flows, the vorticity always rotates the
fluid’s microstructure away from the principal axes of stretching.
Therefore, the alignment of suspended particles under shear
flow scales linearly with strain and time. Because of the
irrotational nature of extensional flow, rod alignment can be
reached at much smaller strain and time.37 Processes such as
fiber spinning take advantage of strong extensional flows to
align rodlike molecules in solution prior to removing the
solvent and solidifying the fibers. Similarly, we capitalize on the
ability of extensional flows to ensure complete alignment of
CNTs in solutions that have been stretched to form unstable
filaments, prior to observing the capillary breakup of the
filaments.

Extensional Viscosity. Filament profiles from capillary
thinning experiments of CNT solutions made with Linde SEER
and Samsung Cheil CNTs are displayed in Figure 2A,B. The
filament profiles give no indication of fluid inhomogeneities,
and all the profiles are symmetric about the midfilament. Time
is measured starting when the pistons stop moving (t = 0).
Figure 2C shows that initially Dmid decreases linearly with time,
but the slope changes during the later stages of necking for
both CNT samples. The linear decrease in diameter during the
later stages is Newtonian-like behavior (i.e., the viscosity does
not change with strain), indicating that the CNTs in solution
are not experiencing (volume averaged) orientational changes
during that period. We calculate ηE using the thinning rate
dDmid/dt during the later stages of necking because the
assumption of a slender filament with negligible gravity, inertia,
and axial curvature is only appropriate in the thinning regime
closest to filament breakup.38

The fits to the diameter evolution curves used to determine
ηE for Linde SEER and Samsung Cheil CNT solutions are
shown in Figure 2C, and the filament profile images
corresponding to the fits are highlighted in Figure 2A,B. Figure
2D shows that the measured aspect ratios are independent of
concentration (for solutions with breakup times <50 ms) even
when some nematic phase is present, as long as φ < 3 φiso. In
principle, the model used to relate extensional viscosity to
length requires that the CNTs should be in the isotropic phase;
however, the viscosity of isotropic CNT solutions was too low
for self-thinning fluid filaments to form. Therefore, CNTs were
mixed at concentrations slightly above φiso, resulting in filament
breakup times between 10 and 50 ms after the cessation of
piston motion. Solutions with breakup times greater than 50 ms
were not used for calculating aspect ratio because they
exhibited thinning dynamics inconsistent with Newtonian
dynamics. Although some amount of nematic phase is present
in the CNT samples used in capillary thinning experiments, we

Figure 2. Filament profiles from capillary thinning experiments for (A) 0.014% Linde SEER and (B) 0.010% Samsung Cheil CNTs. (C) Plots of
diameter evolution with time for both the Linde SEER and Samsung Cheil CNT solutions. Linear fits are shown for the portion of the filament
thinning curves used to evaluate ηE. (D) Plot of Lv/d vs φ for Samsung Cheil, CCNI X647H, and CCNI XBC1001. Empty black symbols indicate the
experimentally measured φiso for each sample.
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find that the presence of such a small amount of nematic phase
does not appear to affect the estimation of CNT aspect ratio
through extensional viscosity measurements. This behavior is
not unexpected because CNTs flow-align under extensional
flow, and hence the nematic and isotropic phases merge into a
single aligned phase during capillary thinning.
A high degree of CNT alignment in the stretching direction

during capillary thinning is necessary to extract CNT aspect
ratios from extensional viscosity measurements. Increasing
strain during self-thinning should result in strain hardening (i.e.,
increasing extensional viscosity) if the degree of CNT
alignment is still changing after the relatively high initial strain
rate (100 s−1) imposed on the CNT solution during the initial
stretching by the rheometer pistons. The absence of strain
hardening throughout self-thinning implies that the average
orientation of CNTs does not change after the initial step
strain, but this does not prove that the CNTs are fully aligned
during capillary thinning.
However, previously reported capillary thinning experiments

on CNT dispersions in epoxy indicated that 97−99% of CNTs
were aligned in the stretching direction immediately after the
initial step strain was imposed by the rheometer.33 Moreover,
extensional viscosity measurements performed with a filament
stretching extensional rheometer (FiSER) on surfactant
stabilized HiPco SWNT dispersions suggest that imposing a
Hencky strain of ∼1 is sufficient to fully align CNTs in
solution.55 Hencky strain ε is given by

ε =
⎛
⎝⎜

⎞
⎠⎟

D

D
2 ln 0,mid

mid (25)

where D0,mid is the initial diameter of the fluid filament before
stretching. When Hencky strain exceeded 1, Nguyen et al.
observed an extensional viscosity plateau, along with no
evidence of extension rate dependence; both were strong
indications that CNTs had become completely aligned in their
solutions. Therefore, extensional viscosity from capillary

thinning experiments in this work is only calculated at Hencky
strains above 1, when the CNTs in the acid solutions are
expected to be fully aligned and the solutions have the flow-
independent (Newtonian-like) extensional viscosity shown in
the high extension rate plateau region of Figure 1.

Isotropic Cloud Point. We measure φiso for each CNT
sample to assess how CNT aspect ratio and length
polydispersity affect CNT liquid crystalline phase behavior.
Figure 3 shows cross-polarized light microscopy images of
CNT solutions in flame-sealed capillaries ranging from φ =
0.003% (30 ppm) to φ = 0.333% (3330 ppm) for three
different CNT samples. Isotropic CNT solutions appear dark,
while solutions containing a nematic liquid crystalline phase are
birefringent. We define φiso as the concentration at the
midpoint between the most concentrated not birefringent
solution and the least concentrated birefringent solution. TABV
AC 299 CNTs had the lowest value of φiso of any of the tested
samples (0.004%); this value is more than 1 order of magnitude
lower than φiso of f-actin solutions56 (∼0.1%), and it is
significantly lower than previously reported values of φiso of
CNT liquid crystalline solutions57 (∼0.007%). The extremely
low φiso values for some of our CNT samples are indicative of
the high aspect ratios of the CNTs as well as of the presence of
polydispersity in the samples.
Onsager’s theory16 predicts that in solutions of monodisperse

rigid rods, φiso = 3.34(L/d)−1. According to theory,49 the
scaling of φiso ∼ (L/d)−1 should still hold for samples of
polydisperse rods, as long as the rods’ polydispersities are
comparable. We characterize the length polydispersity of CNT
samples later in this report. Figure 4 shows that φiso of CNT
samples indeed follows Onsager scaling (best fit exponent (Lv/
d)−1.07), while length polydispersity lowers φiso by an order of
magnitude compared to Onsager’s predicted isotropic cloud
point φOnsager for monodisperse rods with L = Lv. Length
polydispersity leads to a decrease in φiso because the longest
CNTs in solution preferentially form a nematic phase at lower
concentrations than the shorter CNTs.49 The excellent

Figure 3. Polarized light microscopy images for the determination of φiso for Teijin AC 299, SWeNT PXD1-1549, and HiPco 188.3 CNTs. The
arrows at the top left indicate the relative orientation of the polarizer to the analyzer for all of the above images. Scale bars are 200 μm.
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agreement with Onsager’s scaling provides a consistency check
that Lv/d is indeed capturing the relative length of different
CNT samples. Moreover, combining φiso with Lv/d provides an
avenue for estimating the length distribution of the CNT
samples.
Length Distribution Results. We calculate the m and S

parameters as well as the moments of the length distribution for
each CNT sample after determining Lv/d from extensional
viscosity, d from TEM, and φiso from polarized light
microscopy. We find that CNT samples ranged in length
from Lv = 0.39 μm for HiPco 188.3 CNTs to Lv = 20.17 μm for
Teijin AC 299 CNTs. Table 1 shows the aspect ratio, CNT
solution concentration, extensional viscosity, diameter, viscosity
average length, isotropic cloud point, polydispersity index, and
average length of all tested CNT samples from various
suppliers. The σL of the samples ranged from 1.19 to 1.69,
which is higher than typical polydispersities for colloidal
spheres (1.0 < σL < 1.2)58 but surprisingly low by polymeric
sample standards (typically polymeric samples are considered
narrowly disperse when σL ≲ 2). It is noteworthy that CNT
growth methods that are quite different yield CNT samples
with relatively comparable polydispersities. While the specific
growth mechanism that determines CNT length polydispersity

is unknown, the range of polydispersities observed in this work
is consistent with polydispersities of CNT samples measured
with direct imaging techniques9,23,54 and suggests that
termination of growth may have a strong degree of
commonality across different reaction methods that include
supported as well as unsupported catalyst.
In principle, the difference between measured φiso and

φOnsager should be greater for samples with higher σL. Figure 5

confirms that this is indeed the case for the CNT samples
tested in this study as it shows that the ratio of φiso to φOnsager
decreases for samples with higher σL. These results confirm the
prediction that increasing σL will lower the isotropic cloud
point of CNT solutions.41 Therefore, we deem that σL values
estimated from our inferred length distributions for the various
CNT samples are reasonable.

Comparison to Cryo-TEM Length Measurements. To
check the quantitative accuracy of our inferred CNT length
distributions, we compare the relevant length moments from
our inferred log-normal length distribution for CCNI XBC1001
to one measured directly by cryo-TEM imaging.9,57 Cryo-TEM
of CNT solutions in CSA is currently the only direct
measurement technique that can measure CNT length
distributions without sonication, thereby avoiding breaking of

Figure 4. Isotropic cloud point as a function of CNT aspect ratio for
all the SWNT (red) and DWNT (blue) samples tested in this work.
The black line is a power law fit to the experimental data. The orange
line shows Onsager’s prediction for solutions of monodisperse rigid
rods.16

Table 1. Length Distribution Data for CNT Samples from Different Manufacturers Listed in Descending Order of Aspect Ratio

sample Lv/d φ (ppm) ηE (Pa·s) d (nm) Lv (μm) φiso (ppm) σL ⟨L⟩ (μm)

TABV AC 299 9610 ± 470 49 1.36 ± 0.13 2.1 ± 0.7 20.17 39 ± 10 1.42 11.86
Meijo EC1.5 6430 ± 290 130 1.78 ± 0.16 1.5 ± 0.2 9.65 55 ± 10 1.69 4.41
Samsung Cheil 6310 ± 440 100 1.29 ± 0.07 2.2 ± 0.5 13.89 62 ± 12 1.35 8.87
Samsung 98P 5150 ± 130 100 0.86 ± 0.04 2.2 ± 0.5 11.32 87 ± 12 1.25 8.11
SWeNT 1555 4900 ± 260 117 0.93 ± 0.10 0.8 ± 0.1 3.92 82 ± 12 1.33 2.56
SWeNT 1549 4440 ± 310 93 0.60 ± 0.08 0.8 ± 0.1 3.55 84 ± 9 1.43 2.07
SWeNT 1167 4330 ± 270 140 0.88 ± 0.11 0.8 ± 0.1 3.46 117 ± 23 1.19 2.66
UniDym UA 4010 ± 80 146 0.79 ± 0.03 2.1 ± 0.6 7.81 90 ± 12 1.52 4.50
CCNI X647H 3600 ± 160 207 0.93 ± 0.08 2.3 ± 0.5 8.41 103 ± 26 1.45 4.82
Linde SEER 3520 ± 20 141 0.59 ± 0.01 1.7 ± 0.3 5.98 123 ± 18 1.27 4.18
CCNI XBC1101 2810 ± 60 378 1.11 ± 0.04 3.2 ± 1.0 8.98 151 ± 25 1.28 6.17
CCNI X647H3 2610 ± 90 207 0.50 ± 0.04 2.3 ± 0.5 6.11 194 ± 13 1.19 4.69
CCNI XBC1001 2470 ± 30 190 0.39 ± 0.01 1.9 ± 0.6 4.68 162 ± 23 1.34 3.03
UniDym OE 2210 ± 80 461 0.86 ± 0.11 1.9 ± 0.6 4.16 161 ± 23 1.67 1.92
SWeNT 1392 2130 ± 50 467 0.81 ± 0.04 0.8 ± 0.1 1.71 210 ± 23 1.25 1.23
HiPco 183.6 1780 ± 190 555 0.69 ± 0.14 1.1 ± 0.2 2.04 280 ± 60 1.21 1.51
SWeNT CG300 1250 ± 60 467 0.29 ± 0.03 0.8 ± 0.1 1.00 350 ± 120 1.26 0.71
HiPco 188.3 340 ± 10 5000 0.31 ± 0.02 1.1 ± 0.2 0.39 1390 ± 280 1.23 0.29

Figure 5. Ratio of φiso to φOnsager as a function of σL for all the SWNT
(red) and DWNT (blue) samples tested in this work.
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CNTs. A total of 23 individual CCNI XBC1001 CNTs were
measured with direct cryo-TEM imaging by tracing the entire
length of each CNT. Figure 6 shows that the probability density

function and cumulative distribution function of the cryo-TEM
data agree well with the distribution that we calculate from our
measurements of Lv/d and φiso. The average length measured
by cryo-TEM for CCNI XBC1001, ⟨L⟩ = 2.91 μm, is within 4%
of the value calculated from Lv/d and φiso measurements, ⟨L⟩ =
3.03 μm. The close agreement between the inferred length
distribution and the distribution measured by cryo-TEM
validates the accuracy of length distributions inferred from
Lv/d and φiso measurements. Moreover, measuring Lv/d and
φiso is significantly faster than using the direct imaging cryo-
TEM method to characterize a CNT length distribution. In
addition, direct imaging of CNTs longer than ∼5 μm can result
in underestimation of the average CNT length because it is
difficult to follow CNTs longer than 5 μm from end to end
these issues can be partially circumvented by applying a
statistical method.21

■ CONCLUSIONS
This study shows that average CNT aspect ratio can be
accurately determined from capillary thinning extensional
viscosity measurements of semidilute CNT solutions in
chlorosulfonic acid by applying Shaqfeh and Fredrickson’s
equation for semidilute suspensions of rigid rods.40 The
method is applicable to CNT dispersions in other solvents as
long as CNTs are dispersed as individuals. Determining the
aspect ratio from extensional viscosity measurements is faster
and more reliable than cryo-TEM, and it also circumvents the
issues that plague AFM, such as small sample size, use of
sonication, and a bias toward measuring longer CNTs. Most
importantly, the extensional viscosity technique makes it
possible to accurately measure aspect ratio for CNTs over a
wider range of lengths than previously possible (few hundred
nanometers to tens of micrometers). Optical birefringence
measurements of the isotropic cloud point for the highest
aspect ratio CNT sample result in an isotropic cloud point of
∼40 ppm, an astonishingly low concentration that is well below
published experimental results for liquid crystalline solutions of
rodlike molecules. Manufacturers of CNTs without access to an
extensional rheometer could use isotropic cloud point measure-
ments as a simple length indexing method for comparing
different batches of CNTs. Coupled with the aspect ratio and
TEM diameter measurements, the isotropic cloud point
measurements are used to determine the parameters of each
CNT sample’s length distribution. The dependence of the
isotropic cloud point on CNT aspect ratio is consistent with

Onsager-like scaling due to the relatively narrow range of length
polydispersities across the CNT samples. Because properties of
CNT materials are highly dependent on the length of
constituent CNTs, the ability to accurately measure length
distributions for very long CNTs is critical for developing
superior CNT fibers and films.
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