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ABSTRACT

The microscopic network structure of surfactant-stabilized single-wall carbon nanotubes (SWNTs) in water was investigated as a function of
SWNT concentration in the semidilute (overlapping) regime using small-angle neutron scattering (SANS). Most of the samples exhibit rigid rod
behavior (i.e., Q-1 intensity variation) at large scattering wavevector, Q, and a crossover to network behavior (i.e., ∼Q-2 intensity variation)
at low Q. The mesh size, ê, of the network was determined from the crossover of rigid rod to network behavior in the SANS intensity profile
and was found to decrease with increasing SWNT concentration. When the dispersion quality of these associating rigid rods was degraded,
only ∼Q-2 intensity variation was observed at both high and low Q. Small-angle X-ray scattering measurements of the same stable dispersions
were relatively insensitive to network structure because of poor contrast between SWNTs and surfactant.

Many potential applications1-9 of the unique physical proper-
ties of single-wall carbon nanotubes (SWNTs) employ these
novel macromolecules at semidilute concentrations. Since
individual SWNTs are stiff,10 possessing a persistence length
roughly 100 times the average SWNT length of∼200 nm,11,12

semidilute suspensions of SWNTs are essentially cross-linked
rigid rod networks whose cross-link density depends on
SWNT volume fraction. Measurement of the microscopic
structure of these materials is of potential importance for
nanotube materials processing and for investigation of the
relationship between the microscopic structure and macro-
scopic viscoelastic12-14 properties of rigid rod networks. To
date, however, the microscopic structure ofsemidiluteSWNT
suspensions remains largely unexplored.

Thus far, a few experimental investigations of the micro-
scopic structure of SWNT suspensions have been carried out
in thedilute regime (i.e., SWNT concentratione0.1 wt%),
using various scattering techniques.15-21 SWNTs are rigid
rods, and although the scattering intensity of isolated rigid
rods is expected to exhibit aQ-1 variation, recent scattering
measurements in the dilute regime have sometimes been
contradictory, presumably due to dispersion quality.15-21

For example, scattering from poorly dispersed SWNT

suspensions containing branched, ropelike SWNT bundles
exhibitedQ-2 intensity variation15-19 and appeared flexible
in cryo-TEM (transmission electron microscopy) images.22

On the other hand, stable SWNT dispersions containing
isolated nanotubes have shown the expectedQ-1 intensity
variations,15-17,20,21 and appeared straight in cryo-TEM
images.22

In this paper, we report small-angle neutron scattering
(SANS) measurements of the microscopic network structure
of SWNT suspensions and gels in thesemidiluteregime. The
samples were aqueous suspensions of sodium dodecylben-
zenesulfonate (NaDDBS) stabilized SWNTs.11 The SWNT
suspensions exhibit a rigidity percolation transition with an
onset of solidlike elasticity at a volume fraction ofφ ) 0.3
wt%.12 At SWNT concentrations below rigidity percolation,
the suspensions flow freely under the influence of gravity
(see Figure 1a). At higher concentrations, the suspensions
form elastic networks (gels), presumably due to bond
formation between the SWNTs at overlapping contact points
(see parts b and c of Figure 1).12,23 Such elastic networks
might be expected to consist of overlapping isolated SWNTs
with a mesh size,ê, corresponding to the average distance
between contacts, as illustrated in Figure 1d. Rheological
experiments suggest thatê decreases with increasing SWNT
concentration,12 but direct measurements of the dependence
of ê on SWNT concentration have not been reported. Ideally
the scattering from such networks of stiff rods should exhibit
a SANS intensity profile ofQ-1 for 2π/ê < Q < 2π/D (D is
the rod diameter), and∼Q-2 for Q < 2π/ê, as illustrated in
Figure 1e.24 Indeed, SANS measurements of dilute suspen-
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sions of NaDDBS stabilized SWNTs below the onset of
elasticity have provided some evidence for this model,
suggesting that a loose network is formed even at low SWNT
concentration (0.1 wt%).17

A careful analysis of the SANS data enables us to
quantitatively ascertain and correct for the effects of instru-
mental resolution and background surfactant scattering. Our
measurements demonstrate rigid rod behavior and a crossover
to network behavior across dilute andsemidiluteSWNT
concentrations. To quantify this crossover effect, we have
determined the concentration dependence ofê from the rigid
rod to network crossover point in the SANS intensity profile.
We find thatê decreases with increasing SWNT concentra-
tion, and we compare the measuredê to the mesh sizes
predicted from polymer theory.25,26We also compare SANS
profiles of stable dispersions (with SWNT:NaDDBS ratio
of 1:5) to profiles obtained from a suspension with surfactant
concentration insufficient for prevention of SWNT aggrega-
tion (with 1:2 ratio11). In the latter measurements the rigid
rod scattering signature and ergo the rigid rod to network
crossover are absent. Finally, we show that X-ray scattering
measurements of the same stable dispersions are relatively
insensitive to network structure because of poor contrast
between SWNTs and surfactant.

SWNTs were obtained in raw form from Carbon Nano-
technologies Inc. (HiPCO). The SWNT sample was purified
according to previously described procedures.9,27,28

After purification the material contains>90% SWNTs, with
∼5% residual catalyst particles. The nanotubes were deter-
mined by atomic force microscopy to have an average
diameterD ) 1.1 ( 0.2 nm and an average lengthL ) 165
( 80 nm.11 SANS samples were prepared by dispersing
purified SWNTs in deuterium oxide (D2O) with NaDDBS
surfactant (C12H25C6H4SO3Na) according to a previously
described procedure.11 The ratio of SWNTs to NaDDBS was
1:5 for all the samples unless otherwise noted. NaDDBS
exists as isolated molecules or micelles in solution, or it is
adsorbed onto the SWNTs. The ratio of free to bound

NaDDBS generally will depend on SWNT and surfactant
concentrations. The SANS samples were prepared in nitrogen
to minimize the uptake of water, which causes incoherent
background scattering. All SWNT suspensions were com-
posed of 55-75% isolated tubes; the remainder contained
small bundles with diameters less than 5 nm as measured
by atomic force microscopy.11

For the SANS experiments, the samples were loaded into
2 mm quartz banjo cells. SANS data were collected at the
13 m NG3 line at the National Institute of Standards and
Technology Center for Neutron Research. We achieved a
large dynamic range inQ by combining the results from three
different instrumental configurations:a 1 m SANS config-
uration, a 3 mSANS configuration, and a 13 m configuration
with focusing lenses. The use of a contrast-matched H2O/
D2O solvent would have simplified the data analysis but,
unfortunately, also would have prohibitively increased the
data collection time due to increased incoherent scattering.

SANS scattering profilesI(Q) for several concentrations
of SWNTs (0.1, 0.3, 0.5 wt%), stabilized by NaDDBS in
D2O are shown Figure 2. The scattering profiles for the
corresponding surfactant alone (i.e., 0.5, 1.5, 2.5 wt%
NaDDBS) in D2O are also shown. The scattering peak at
highQ in the NaDDBS samples is indicative of the presence
of spherical surfactant micelles; in the SWNT-NaDDBS
samples the peak might also contain contributions from
surfactant hemimicelles coating the nanotubes.11,29-31 The
inset of each plot highlights the contribution of the rigid rod
Q-1 and network∼Q-2 structure to the scattering profiles.
The vertical line on each plot in the inset quantitatively
indicates the crossover pointQc.

Generally these measurements are complicated by surfac-
tant contributions to the scattering intensity.15-19,21 To
describe the scattering data and quantitatively determineQc,
we use a model that incorporates a crossover between
isolated-rod and network behavior, a convolution with the
instrumental resolution, a wide-angle component describing
the surfactant contribution, and a constant incoherent con-
tribution. The small-angle nanotube scattering was described
with a simple sum ofQ-2 andQ-1 power laws. To establish
the wide-angle contribution of the surfactant to the scattered
intensity, samples of pure NaDDBS were measured at the
same concentration as those of the SWNT-NaDDBS samples,
and the scattered line shape was least-squares fit to an
empirical asymmetric Lorentzian. The same line shape, with
a multiplicative prefactor, was then used to describe the
combination of free surfactant and surfactant coating the
nanotubes in the mixtures. The intensities, rather than
amplitudes, of the nanotube and surfactant contributions were
added; this is rigorously correct for the random mixture of
nanotubes and pure surfactant and is a reasonable ap-
proximation for the surfactant coating the nanotubes, because
the cross-terms are small over most of theQ range studied.
Since the interesting part of the scattering profile for network
structure is at lowerQ, the details of the highQ data do not
substantially affect the line shape at smallQ. However, the
uncertainty in the surfactant fraction is the biggest single
contribution to the uncertainty in the crossover point. Even

Figure 1. Photographs of SWNT suspensions. The ratio of SWNTs
to NaDDBS is 1:5 by weight. (a) A 0.1 wt% SWNT suspension.
The suspension freely flows under the influence of gravity when
the bottle is turned upside down. (b) A 0.3 wt% SWNT suspension.
(c) A 0.5 wt% SWNT suspension. The suspension forms an elastic
solid (gel) that supports its own weight when the bottle is turned
upside down. (d) Proposed structure of a SWNT gel. The mesh
size,ê is the distance between the junctions of the associated rigid
rod network. (e) The prototypical scattering profile for a solution
of overlapping rigid rods.
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when incorporating the surfactant fraction, the data were
described only moderately well at highQ by the assumed
functional form. Therefore, fits were performed to the data
only belowQ ) 0.03 Å-1.

A second important consideration was theQ-dependent
instrumental resolution, which had a substantial and qualita-
tive effect on the scattered intensities, particularly at the
smallest scattering angles. In particular, it was crucial to
incorporate the instrumental resolution in the calculated line
shape by convoluting the bare line shape with the instru-
mental resolution function. TheQ-dependent instrumental
resolution for the NIST SANS instrument is well under-
stood.32 The resolution was calculated and recorded by the
data collection software for each data point and subsequently
incorporated in the data analysis. The entire model therefore
incorporated a dual power law line shape convoluted with
the resolution function, a surfactant contribution with adjust-
able amplitude, and a constant incoherent contribution. The

functional form of the model is given by

Here,I incoh is the incoherent scattering contribution, fixed
at 0.04 for all data sets. The crossover fromQ-1 to Q-2 is
given by Qc. f is a prefactor applied to the surfactant
contribution and can be loosely interpreted as the fraction
of surfactant that has not coated the surface.G(Q) is the
“bare” power law line shape.Ipower is the power law
contribution convoluted with the instrumental resolution
(which varied withQ and was known for each data point).
The numerical convolution of the power law line shape with
a Gaussian resolution function was efficiently performed
using 10-point Hermite integration, as previously described.33

The solid lines in Figure 2 represent best fits to the data
using eq 1.

The crossover fromQ-1 to Q-2 behavior gives the mesh
size or correlation length,ê, of the network. At length scales
smaller than the mesh size, see Figure 1c, the structure of
the suspension is identical to a rigid rod (individual SWNTs).
At length scales larger than the mesh size, the structure of
the suspensions behaves like a network of randomly oriented
rods. The sameQ-2 behavior is observed in other random
systems, such as dilute and semidilute solutions of polymers
in a theta solvent, or branched polymers.34 When we allowed
the exponent for the smallQ behavior to vary around the
value of 2, we obtained exponents between 1.9 and 2.5. This
uncertainty in the exponent implies that we cannot unam-
biguously distinguish between a percolating three-dimen-
sional mesh (Q-2) or a percolating diffusion-limited cluster
model (Q-2.5). The position of the crossover inQ from
isolated rod behavior to network behavior, however, was not
sensitive to the change in the exponent for the lowQ
behavior.35,36

Table 1 shows the fraction of surfactant scattering intensity
used in the fits, and theQc determined by the fit. The mesh
size was calculated fromê ) 2π/Qc. At very large concen-
trations of SWNTs (>0.75 wt%), the crossover was obscured
by the surfactant scattering, and we could not accurately

Figure 2. SANS scattering: SWNT+ NaDDBS suspensions, open
symbols; corresponding surfactant solution, closed symbols. The
ratio of SWNT to NaDDBS was held fixed at 1:5. (a) Open
triangles, 0.1 wt% SWNT. (b) Open circles, 0.3 wt% SWNT. (c)
Open squares, 0.5 wt% SWNT. The solid line is a fit to the model
described in the text. The inset of each figure shows the individual
contributions from rigid rodQ-1 and networkQ-2 structure, as well
as the crossover between the two.

Table 1. AverageQc and the Average Mesh Size As
Determined from the SANS Intensity Profiles of Various
Concentrations of SWNT Suspensions Stabilized by NaDDBSa

SWNT (wt %) f avg Qc (×10-3 Å-1) avg ê (nm)

0.1 0.0000 6.85 91.7
0.2 0.4020 7.33 85.7
0.3 0.4020 7.72 81.3
0.4 0.5720 15.3 41.0
0.5 0.8170 30.9 20.3
0.75 0.7410 >40 <15

a The parameters are described in the text.

I ) Ipower(Q) + fIsurf(Q) + I incoh

Ipower(Q) ) A∫ R(Q - Q′)G(Q′) dQ′

G(Q) ) {Q-2 + Qc
-1Q-1 Q > 0

0 Q e 0}

Nano Lett., Vol. 6, No. 2, 2006 315



determineê. The surfactant fractionf was a freely floating
parameter in the fit, and the 50% uncertainty in the fitted
value of f provided the single biggest contribution (∼10%)
to the uncertainty inQc. Nevertheless, the existence of a
crossover point and the monotonic increase inQc with
increasing SWNT concentration were both independent off
(whether it was fixed or allowed to vary). Figure 3 shows
the dependence of the mesh size with increasing concentra-
tion. According to theory for long semiflexible cylinders in
the semidilute concentration regime, the mesh size should
vary according toê ∝ 1/xc wherec is the concentration of
rods (SWNTs).25,26Conversely, according to Shih et al., the
mesh size of a fractal aggregate isê ∝ c1/(Df-d), whereDf is
the fractal dimension andd is the spatial dimension. Since
the lowQ power law is the fractal dimension of the SWNT
structure, according to this argument, we would expect for
an aggregate withDf ) 2 that ê ∝ c-1. For an aggregate
with Df ) 2.5, we would expect37 ê ∝ c-2. Although the
error bars are large, it appears the decrease in mesh size with
increasing concentration is stronger than the predictions for
a network of long semiflexible rods.

We next consider the effects of suspension quality on
SANS profiles. Recent SANS studies from suspensions of
SWNTs prepared with surfactants such as Triton X-10018

and sodium dodecyl sulfate (SDS)19 do not show rigid rod
structure at any length scale, but rather show intensity
variations reminiscent of a network structure at all accessible
wave vectors (i.e.,∼Q-2 over the entire accessibleQ range).
Wang et al. have suggested that the absence of rigid rod
structure from these suspensions may be due to dispersion
quality.18 To test the effect of dispersion quality on the
scattering profiles, we prepared a suspension of 0.08 wt%
SWNT with a SWNT:NaDDBS ratio of 1:2 in D2O.38 This
surfactant ratio (1:2) is insufficient to create a dispersion of
isolated SWNTs.11 Interestingly, the SANS profile for 0.08
wt% exhibits a∼Q-2 behavior over the entireQ range, as
shown in Figure 4. This∼Q-2 behavior suggests the SWNTs
do not behave like rigid rods over the length scales
investigated by SANS. We suspect that insufficient surfactant
concentrations prevents the formation of stable suspensions
of isolated SWNTs. Instead, the suspension consists of
bundles of SWNTs with a microscopic structure similar to
that of isotropic aggregates. The aggregates might be self-
similar to the SWNT networks, but because the mesh size
would be much smaller (i.e., approximately the SWNT

diameter of∼1 nm), the∼Q-2 power law should extend to
larger Q. Figure 4 also shows the SANS profile from a
dispersion of 0.1 wt% SWNT with SWNT:NaDDBS ratio
of 1:5. These data display the expectedQ-1 dependence at
largeQ characteristic of a high-quality suspension of rigid
rods.

X-ray diffraction is the other important scattering technique
for probing microscopic structure on short length scales.
X-ray scattering measurements of SWNT suspensions sta-
bilized with sodium polystyrene sulfonate have not exhibited
rigid rod behavior at any length scale.15 To resolve the
apparent discrepancy between X-ray and neutron diffraction
measurements, we compared the two techniques using the
same sample types. X-ray data were collected at the CMC-
CAT beamline of the Advanced Photon Source, Argonne
National Laboratory. SWNT suspensions were prepared at
a surfactant ratio of 1:10 in water and loaded into glass
capillaries with inner diameter of 1.5 mm. Figure 5 shows
the X-ray scattering profiles of the suspensions after back-
ground subtraction. Although the surfactant ratio and theQ
range are more than sufficient to observeQ-1, the X-ray
scattering profile exhibits aQ-2 behavior over the same range
that SANS showedQ-1.

Figure 3. Dependence of the measured mesh size on SWNT
concentration. The solid line indicates the variation of the mesh
size with concentration based on theories for long semiflexible
cylinders (rods) in the semidilute concentration regime. Figure 4. SANS intensity profiles for SWNT suspensions. The

upright open triangles are the SANS intensity profile for 0.1 wt%
SWNT (SWNT:NaDDBS) 1:5). The inverted open triangles are
the SANS intensity profile for 0.08 wt% SWNT (SWNT:NaDDBS
) 1:2). The solid line below the data isQ-2, and the solid line
above the data isQ-1.

Figure 5. X-ray intensity profiles for various suspensions of
SWNTs (SWNT:NaDDBS) 1:10): open circles, 0.5 wt% SWNT;
upright open triangles, 0.3 wt% SWNT; open diamonds, 0.1 wt%
SWNT. Intensities have been rescaled by arbitrary prefactors for
clarity.
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The origin of the Q-2 behavior is uncertain. Nevertheless,
no evidence exists for rigid rod structure in the X-ray
measurements. One possible reason for this difference from
SANS is a lack of X-ray scattering contrast between SWNTs
and surfactant. Because SWNTs are coated with NaDDBS
molecules, and because there are also NaDDBS molecules
free in suspension, the contrast between the tubes and
surfactant is important. We computed X-ray scattering length
densities using a web-based scattering length density calcula-
tor provided by NIST.39 The X-ray scattering length density
(SLD) of the surfactant is calculated using the molecular
formula (CH3(CH2)11C6H4SO3Na) and the density (F ∼ 1
g/mL), SLDX-ray(NaDDBS) ) 0.9 × 10-5 Å-2. The X-ray
SLD of the SWNTs is similarly calculated. Assuming the
density of a chiral nanotube to be (F ∼ 1.4 g/mL),
SLDX-ray(SWNT) ) 1 × 10-5 Å-2. These scattering lengths
are so close to one another that there is indeed very little
contrast between SWNTs and surfactant. Thus, it is difficult
to distinguish the nanotube scattering from the surfactant
background with X-rays, at least for our samples. Note that
the contrast should be similar for other alkane chain based
surfactants (e.g., sodium dodecyl sulfate, Triton X-100, etc.).
On the other hand, the neutron scattering SLD for SWNTs
is calculated to be SLDneutron(SWNT) ) 4.6× 10-6 Å-2 and
has been measured17 to be SLDneutron measured(SWNT) ) 4 ×
10-6 Å-2, more than five times larger than the calculated
SLD for NaDDBS SLDneutron(NaDDBS)) 0.6× 10-6 Å-2.
Therefore, SANS should be the preferred technique for
measuring surfactant-stabilized SWNT suspensions.

In conclusion, we measured SANS intensity profiles for
NaDDBS stabilized SWNT suspensions as a function of
SWNT concentration in thesemidiluteregime. Rigid rod
behavior was observed at largeQ and a crossover to network
behavior was also observed in these stable nanotube suspen-
sions and gels. The crossover from rigid rod to network
behavior provided the mesh size of each network, and the
mesh size was found to decrease with increasing SWNT
concentration. Inadequately dispersed SWNTs, for example
at low SWNT-surfactant ratios, did not exhibit rigid rod
behavior in the SANS profiles. In addition, X-ray measure-
ments on the same stable NaDDBS-stabilized SWNT sus-
pensions and contrast calculations suggest X-ray scattering
is limited as a probe of these systems as a result of the poor
contrast between SWNTs and NaDDBS.
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