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ABSTRACT: We describe a fast, reproducible method to accurately measure the length of single-walled carbon
nanotubes (SWNTs). The method is based on measuring the viscosity of a macroscopic sample of dilute suspended
SWNTs. The average length is determined from the difference between the zero-shear viscosity of the suspension
and that of the solvent. Using the relationship between viscosity and length, the average length of HiPco SWNTs
is found to range from 400 to 700 nm, in agreement with atomic force microscopy (AFM) measurements. Compared
to AFM, length determination by viscosity is faster and appears more reproducible.

Introduction

Single-walled carbon nanotubes (SWNTs) have unique me-
chanical, thermal, and electrical properties;1 if retained on a
macroscopic level, these could be exploited in industrial,
biological, and scientific applications, e.g., reinforcing composite
materials,2,3 nanoscopic tunable field effect transistors4 (semi-
conducting SWNTs), and nanoscale quantum wires for elec-
tronic devices5,6 as well as macroscopic cables of metallic
SWNTs for long-distance power transmission.7 For these and
various other applications, the length of the SWNTs is an
important variable.

One example of the importance of length can be shown in
fiber spinning. Many techniques have been used to produce
fibers containing SWNTs, from composite8-10 to neat fibers.11-15

Length of nanotubes is an important variable for solution fiber
spinning of neat SWNT fibers in terms of processability of the
liquid dispersion as well as the final mechanical, thermal, and
electrical properties of the solid fiber. Phase transitions and flow
properties of rigid-rod dispersions are affected by length, and
SWNTs are no exception.16-21 SWNT length is believed to play
a role in other applications such as the formation of sheets and
coatings22-26 and may affect the interaction of SWNTs with
living organisms.27-30

Techniques to obtain the molecular weight (or length)
of polymers include dynamic31 and static light scattering,31

ultracentrifugation,32 gel permeation chromatography or size
exclusion chromatography,33 matrix-assisted laser desorption/
ionization,34,35membrane and vapor pressure osmometry,36 and
intrinsic viscosity measurements37-39 by capillary viscometers.
Until recently, none of these methods have been applied

successfully to determine the average length of individual
SWNTs. The average length and diameter of bundles of SWNTs
have been measured by a dynamic light scattering technique.40

This technique shows great promise; however, it is complicated
by the need of making assumptions on effect of light absorption
by SWNTs. The length distribution of a suspension of SWNTs
was measured by dynamic light scattering in combination with
zeta potential measurements.41 In this case, however, the model
used to interpret the measurements assumes that the SWNT
length is much smaller than the wavelength of light.

The most common method of obtaining both average length
and length distribution of SWNTs has been atomic force
microscopy (AFM). This technique, however, is time-consum-
ing, is preparation sensitive, has small sample sizes (200-2000
SWNTs), and relies on subjective height thresholding (human
or computer-aided) to identify SWNTs42-45sof course, sample
preparation and image analysis are faster if individual SWNTs
and bundles are not differentiated. A faster, preparation-
insensitive, objective method for measuring SWNT length is
preferable.

This paper describes a quick method for measuring the
average length of SWNT sample through viscosity measure-
ments on a dilute dispersion of individual SWNTs.

Theory

The zero-shear viscosityη0 is the limiting value of the ratio
of measured shear stressσ to imposed shear rateκ as the shear
rate tends to zero. In a solution or suspension,η0 is the sum of
the solvent viscosityηs and a contribution due to the suspended
objects. When such solution or suspension is dilute, molecules
or particles do not interact with each other; therefore, the change
in viscosity of such dilute fluids depends linearly on the
concentration of the suspended objects.

In a dilute suspension of rods, the zero-shear viscosity can
be expressed as46,47
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For monodisperse rods, the number of rods per unit volumeν
is the ratio of the volume fractionφ of rods in solution to the
volume of one rod

whereR andL denote the rod radius and length, respectively.
In a SWNT,R should be identified with the distance between
the SWNT axis and a carbon atom plus the van der Waals radius
of a carbon atom. The rotational friction coefficientςr can be
related to the dimensions of the rod by assuming that the rod is
slender, the flow is laminar, and the fluid sticks to the surface
of the rod. Under these assumptions48,49

where

and

whereLs and Rs refer to the axial and radial locations where
the fluid adheres to the rod. In a SWNT-surfactant complex,
L ≈ Ls because any surfactant adsorbed at the SWNT ends (few
nanometers length) does not affect considerably the overall
length of the SWNT-surfactant complex (hundreds of nanom-
eters). Conversely, the effect of the surfactant sizea must be
considered in estimating the effective radius of the SWNT-
surfactant complex asRs ) R + a.

Rearranging (1) and combining (2) and (3) gives the intrinsic
viscosity [η] of a dilute Brownian dispersion of rods (mono-
disperse in lengthL and diameterD, with the aspect ratioA )
L/D):

The effect of the surfactant on the radiusRs is in the correction
factor ε. Equation 6 shows that the length of rods of known
diameter in a suspension can be determined from a zero-shear
viscosity measurement.

SWNT samples are polydisperse in both length and diameter;
therefore, eq 6 should be extended to polydisperse systems.
There is no information on whether SWNT diameter and length
are correlated; hereafter, they are assumed to be uncorrelated.
The diameter distribution of HiPco SWNTs is so narrow (D )
0.98 ( 0.21 nm for an estimate50) that treating the sample as
monodisperse in diameter introduces minimal approximation
(e.g.,〈D〉2 and〈D2〉 differ by about 5%); therefore, the SWNTs
are considered monodisperse in diameter hereafter. Equation 6
holds for a sample of rods monodisperse in diameter and
polydisperse in length if the lengthL is replaced by defining a
“viscosity average length’’:

where〈L〉 and〈L3〉 are the first and third moments of the length
distribution, respectively, defined for a finite population of rods
as

whereN is the total number of rods andn is the moment of
interest. Therefore, in a polydisperse sample the intrinsic
viscosity measures the ratio of the third and first moments of
the length distribution.

Experimental Procedures

Surfactant-stabilized SWNT dispersions (from HiPco produced
SWNTs at Rice University, HPR 120.3) were prepared by sonication
and centrifugation followed by decanting.51,52 By combining the
average carbon-carbon diameter of HiPco material, 0.93 nm,53 to
twice the van der Waals radius of carbon, 0.17 nm, we estimate
that the average external diameter of the SWNTs in our sample is
D ) 1.27 nm.

The two surfactants used were pluronics F-68 (BASF): a poly-
(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
(PEO80-PPO30-PEO80) triblock surfactant with an average mo-
lecular weight of 8400 g/mol and sodium dodecyl sulfate (SDS,
from Sigma Aldrich), a small surfactant with a molecular weight
of 288 g/mol. A 2 wt % solution of pluronic F-68 and a 1 wt %
solution of SDS in water were used to suspend SWNTs. This is
the ideal range suggested by Wang et al. to minimize potential
depletion effects.54 The size of the PEO chain protruding from the
surface is highly dependent on the curvature of the surface;55

because of the high curvature of SWNTs, the protrusion can be
estimated by its Flory radius oflN3/5 ) (0.24 nm )(76)3/5 ≈ 3.2
nm, wherel is the size of a monomer andN is the number of
monomers. The size of SDS micelles56 is similar to the size of SDS
protruding from the surface of SWNTs,57 giving a protrusion of
2.25 ( 0.25 nm.

The concentrations of the solutions were measured by UV-vis
spectroscopy using the extinction coefficient 0.043 L/(mg cm) at
763 nm.58 The concentrations were converted to volume fraction,
which was used to calculate number density, by using a SWNT
tube density of 1.45 g/cm3 (close-packed density for (7,8) SWNTs).
Low concentrations were tested to ensure that measurements were
in the dilute regime; this occurs for dispersions with viscosities
roughly below twice the solvent viscosity.47 The dispersion with
the highest concentration was diluted to make several different
concentrations. Dispersions at low concentrations with viscosities
within 5% of the solvent were not used because of the large
subtraction error when calculating the reduced viscosity,ηred ≡ (η
- ηs)/ηsφ. Raman spectroscopy was done using 785 nm excitation
wavelength and 1.5 mW beam power (on Holoprobe Research
Raman microscope, Kaiser Optical Systems Inc.). Raman on the
most concentrated dispersion (Figure 1) showed that the dispersions
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Figure 1. A fluorescence signal (seen at Raman shifts greater than
2000 cm-1) stronger than the G peak (1593 cm-1) and the absence of
the roping peak (265-267 cm-1) show that the dispersion consists
almost exclusively of individual SWNTs. The excitation wavelength
used was 785 nm.
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contained at least 90% individuals, evidenced by a strong fluores-
cence peak (greater than the G peak, 1593 cm-1)51 and the absence
of the roping peak (265-267 cm-1).59

Each diluted sample was tested (on an ARES strain-controlled
rheometer, Rheometrics Scientific, now TA Instruments) at shear
ratesγ̆ from 1 to 100 s-1 in a Couette fixture (height 34 mm, cup
diameter 34 mm, bob diameter 32 mm, 1 mm gap, torque sensitivity
∼ 0.1µN‚m, corresponding to a minimum measurable shear stress
of 1.83 mPa). A vapor trap was used to maintain a moisture-
saturated environment preventing solvent evaporation.

AFM (NanoScope R IIIa, Veeco Instruments) samples were
prepared by dip-coating the dispersions on aminated silicon wafers.
The amination process began with a series consisting of a
hydrofluoric acid cleaning step (15 min) and an ozonation step (30
min) to oxidize the surface for better functionalization. The silicon
wafer was then soaked in a solution of 4-6 drops of 3-aminopro-
pyltriethoxysilane in 15 mL of chloroform for 15 min and rinsed;
during the whole process the top surface of the silicon wafer
remained face-up to prevent contamination. The SWNTs were
deposited onto the wafer by dip-coating and then rinsed with
isopropanol and dried with pure nitrogen for imaging.

Results and Discussion

The aspect ratio of SWNTs was determined by measuring
the zero-shear viscosity of dilute suspensions of individual
SWNTs stabilized in water with surfactants. Length distributions
were also measured by AFM to estimate the relative merit of
the two measurements.

Viscosity. In the first study, a pluronic F-68 dispersion at a
concentration of 51 ppm vol (74 mg/L) was diluted to two lower
concentrations, as low as 19 ppm vol (28 mg/L). Figure 2a
shows the specific viscosity,ηsp ≡ (η - ηs)/ηs, of these
dispersions increases with concentration and shear thins at higher
shear rates.

In the dilute regime, the viscosity is expected to increase
linearly with concentration. The rotational relaxation timeτrot

should not depend on concentration because the SWNTs in a
dilute solution are not interacting; in rods,τrot scales roughly
with the third power of the rod length,47 as confirmed recently
by measurements on individual SWNTs,60 as defined below:

Therefore, the reduced viscosityηredof dilute suspensions should
overlay at all shear rates. Figure 2b shows that this is indeed
the case for suspensions of pluronic-stabilized SWNTs below
51 ppm vol. Importantly, Figure 2b shows that all the suspen-
sions transition at the same shear rate (roughly 10 s-1) from a
regime where the viscosity is independent of shear rate to a
regime where the viscosity decreases with shear rate. Theory
dictates that the transition should occur whenγ̆τrot g1, i.e., when
the hydrodynamic drag torque on the rods exceeds the Brownian
torque due to the fluctuating momentum exchange between the
rod and the liquid. Therefore, the various samples are dilute,
and the SWNTs in the samples are not bundledsotherwise, this
would alter the length distribution, which in turn would alter
the shear rate where this transition occurs. The intrinsic viscosity
is extracted from the data in Figure 2 by averaging all the
viscosity measurements belowγ̆ ≈ 10 s-1. This yields [η] )
7735( 500, corresponding to a viscosity average lengthLvisc

) 500 ( 40 nm.
In a second study, SDS was used to stabilize the SWNTs.

The most concentrated dispersion, 25 ppm vol (36 mg/L), was
diluted to three different concentrations, as low as 13 ppm vol
(19 mg/L). As shown in Figure 2c, the reduced viscosities

overlay at all shear rates, resulting in an intrinsic viscosity of
7350( 550, corresponding to a viscosity average length of 505
( 35 nm.

Rigid-rod theory predicts that the reduced viscosity of dilute
suspensions should only be a function of the rod’s radius and
average length. Because the experiments described above were
performed with the same HiPco batch of SWNTs, the rods
remained the same; therefore, the reduced viscosity should be
independent of concentration and surfactant used. Figure 2d
shows that the reduced viscosities of both the pluronics and
SDS dispersions overlay with excellent agreement, within
experimental error, at all Weissenberg numbers, Wi≡ τrotγ̆,
yielding the viscosity average lengths of 500 and 505 nm for
pluronic and SDS dispersions, respectively. The Weissenberg
number is a dimensionless number scaling the shear ratesγ̆ by
the rotational relaxation timeτrot calculated forL ) Lviscs
equivalently, the rotary Peclet number can be used, Per ≡ (γ̆/
Drot), whereDrot is the rotational diffusion coefficient,47 Drot ≡

τrot ≡
πηsL

3

18kBT
εf (ε) (9)

Figure 2. (a) Specific viscosity,ηsp≡ (η - ηs)/ηs, of SWNTs dispersed
in Pluronic F68 show that the viscosity increases with concentration
and begins to shear thin at high shear rates. (b) Reduced viscosity,ηred

≡ ηsp/φ, of SWNTs dispersed in Pluronic F68 overlay at all shear rates
and plateau to the zero-shear reduced viscosity, giving a viscosity
average aspect ratio of 500( 40. (c) Reduced viscosity of SWNTs
dispersed in SDS overlay at all shear rates and plateau to the zero-
shear reduced viscosity, giving a viscosity average aspect ratio of 505
( 35. (d) Reduced viscosity for both surfactants overlay at all
Weissenberg numbers as predicted by the theory of dilute suspensions
of Brownian rods.
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1/(6τrot). The experimental data at lower shear rates are noisy
due to the sensitivity limit of the torque transducer.

AFM. Up to now, SWNT length has been measured mostly
by atomic force microscopy (AFM). However, in order to
produce reliable images with AFM, individual SWNTs must
be deposited, dried, and washed onto an ultraflat surface; all
can induce artifacts. The length scales of importance are in the
1-3 nm range, where the height is used to distinguish
individuals from bundles. The AFM samples were prepared from
the same pluronic-stabilized dispersions.

Figure 3 shows that most of the nanotubes deposited are
individuals; the height image (Figure 3a) was used to ensure
that individuals and not bundles of SWNTs were measured.
Translating AFM images into length distributions requires
choosing a cutoff height that distinguishes between individual
SWNTs and bundles (presumably formed during the drying of
the sample). The height cutoff is not well-defined because
SWNTs are coated by surfactant, and the height of the dried
surfactant layer is unknown. For example, an image with height
of 5 nm could represent one SWNT with a thick pluronic
coating, or two SWNTs with less surfactant (see, e.g., the oval
in Figure 3). Here, images with a height between 1 and 3 nm
were taken to represent individuals; sampling heights along the
tube as well as computer-aided software (Nanotube Length
Analysis package of SIMAGIS software, Smart Imaging
Technologies, Houston, TX) were used to determine individual
SWNTs. For the pluronic-stabilized dispersion, ten 10× 10
µm2 areas on an AFM sample were imaged to accumulate
lengths of 188 individual SWNTs ranging from 50 to 1180 nm.
The distribution of length is shown in Figure 4.

The viscosity method measures the viscosity average length
defined in eq 7; to compare viscosity and AFM, the same
average length must be calculated from the AFM length
distribution. The viscosity average length determined from the

AFM distribution is 457 nm, 10% below the value measured
by viscosity (500 nm).

AFM vs Viscosity. To check reproducibility, a second
pluronic-stabilized sample was prepared by sonication and
ultracentrifugation from the same HiPco batch. Length was
measured by both viscosity and AFM (792 SWNTs), yielding
average lengths of 680 and 953 nm, respectively (33% differ-
ence). Table 1 summarizes the values ofLvisc measured by
viscosity and AFM on two samples. The two viscosity measure-
ments differ by about 30%, while the two AFM measurements
are off by more than a factor of 2.

Instrument sensitivity can only account for 5-10% of the
difference in viscosity measurements. The remaining 20-25%
must be due to dispersion preparation (e.g., sonication can
shorten SWNTs). The AFM measurements will have this same
20-25% difference due to dispersion preparation; the remaining
difference is due to the poor reproducibility of AFM sample
preparation and analysis. Typically, AFM sample preparation
results in differences as high as 30% arising from the number
of dips, the difference in sample sizes, and the differences in
the wafer surfaces. To assess subjectivity of AFM analysis, two
of us (A.N.G.P.V. and E.H.H.) independently analyzed the same
AFM images using the same acceptance criterion (1-3 nm in
height) and reported results that differed by 13%. As a second
test, one long tube of length 1640 nm was artificially added to
the sample with the viscosity average length of 457 nm; its
viscosity average length increased by 16%. The preparation of
a surfactant-stabilized suspension of individual SWNTs typically
takes 5 h. The viscosity method requires 2-3 h; AFM requires
about 8-10 h to deposit SWNTs on surfaces and acquire
sufficient images (200-2000 SWNTs) and about 8 h toanalyze
the data by computer software. In AFM, a small number of
tubes (200-2000) are imaged and viewed as representative of
the bulk sample, while in the viscosity measurements roughly
1015 tubes are used. Therefore, we believe that viscosity is a
more objective, reproducible, and effective way of measuring
the average length of SWNTs and as future work will show
length distribution.

Conclusion

The zero-shear viscosity of dilute dispersions of SWNTs can
be used to quantify the average length of SWNTs. This
measurement agrees within 10-30% with the viscosity average
length measured by AFM. A repeat test suggests that AFM
results have a higher variability than viscosity measurements.
The difference is believed to be due to poor reproducibility of
AFM analysis because of small sample sizes, sample preparation
technique, and image analysis. A better understanding of the
relative merits of various techniques (AFM, light scattering,
viscosity, etc.) for measuring SWNT length could be achieved
by comparing the results of such techniques on well-controlled,
standardized samples.
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Figure 4. Histogram of lengths obtained through AFM yielding a
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