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’ INTRODUCTION

SWCNTs are commonly dispersed in water using synthetic
polymers (e.g., Pluronic and Triton X),1 biopolymers (e.g.,
DNA,2 peptides,3 and gum arabic4), and surfactants (e.g., SDS,
SDBS, and bile salts).5�7 After ultracentrifuging these suspen-
sions, the system primarily consists of individual SWCNTs but
can also contain small bundles of nanotubes.5 The surfactant
molecules on the surface of a nanotube are mobile and reorganize
in response to driving forces, such as high shear stresses8 and
changes in the ionic strength.9,10 Therefore, the suspending
agent and its assembly on the SWCNT surface affects the
interfacial properties of SWCNTs. The nature of the interface
between the medium and the nanotubes can have significant
consequences on the spectroscopic properties of SWCNTs,11,12

their ability to partition at organic interfaces13 and agarose,14 and
the density of the surfactant�SWCNT complex.15

The ability of surfactants to dissolve hydrophobic molecules
can also alter the assembly of surfactants16 or create localized
solvent environments around the SWCNT that can be used to
deliver compounds that are insoluble in water to the nanotube
surface.11,16,17 We recently used solvent-induced changes to
the surfactant structure to determine the retention mechanism
of SDS-suspended SWCNTs on agarose beads.14 These sol-
vent environments can also be used as microreactors to per-
form in situ polymerization on the surfaces of SWCNTs17 or
graphene.18 In a similar approach, Roquelet et al. later used this
approach to noncovalently functionalize SWCNTs with por-
phyrin molecules, demonstrating that porphyrin�SWCNT

complexes could be used for the high-yield harvesting of
light.19

Although these localized environments around SWCNTs have
been used for fundamental and applied studies, questions remain
about the size and shape of the solvent domains, their uniformity
and distribution on the sidewalls, and the effect of solvent swelling
on the aggregation state of the suspension. We have chosen to
study the structure of the solvent microenvironments around
SWCNTs with small-angle neutron scattering (SANS) because it
is an excellent technique for probing the structure of soft materials
on the nanoscale. At small scattering angles, the small wavelength
of neutrons probes length scales from 1 nm to 1 μm.20,21 Because
neutrons interact with other atoms through short-range nuclear
interactions, they are a bulk probe that deeply penetrates samples.
In addition, the ability to change the contrast factor between the
scattering centers and the medium through selective deuteration
makes the study of multicomponent or complex samples tract-
able. In the field of SWCNTs, SANS has been used tomeasure the
dispersion quality of SWCNTs,22,23 the optimal concentration
of dispersing agents,24 the influence of depletion forces24 and
also enabled studies on the exfoliating power and assembly of
polymers on SWCNTs.25,26 The formation of 3D networks at
high SWCNT concentrations27,28 and in situ polymerization7,29

processes have also been studied through SANS. Of particular
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ABSTRACT: Localized solvent environments form around single-wall
carbon nanotubes (SWCNTs) because of the ability of surfactant
molecules to solubilize immiscible organic solvents. Although these
microenvironments around SWCNTs have already been used for funda-
mental and applied studies, small-angle neutron scattering (SANS) was
used here to assess the size and shape of the solvent domains, their
uniformity and distribution on the sidewalls, and the effect of solvent
swelling on the aggregation state of the suspension. SANS measurements
confirm both the formation of local solvent environments and that no
irreversible aggregation of the nanotube suspension occurs after the SDS
molecules are swollen in solvent. The results also corroborate prior
conclusions based on photoluminescence that the structure formed
is dependent of the nature of the solvent�surfactant combination;
SWCNTs suspended with SDS and swelled with benzene have a more uniform coating on the sidewall than those swelled with
o-dichlorobenzene. These differences can be important to understanding the effect of the local environment on the photoluminescence
properties and the interaction of SWCNTs with interfaces.
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importance to this study, Yurekli et al. studied the assembly of
SDS on SWCNTs and found that the structure of SDS molecules
is characterized by a lack of long-range order.30 In this study,
SANS is used to characterize SWCNT suspensionsmixedwith the
immiscible organic solvents benzene and o-dichlorobenzene
(ODCB). Previously, photoluminescence (PL) data suggested
that benzene and ODCB induced the formation of microenviron-
ments with different structural features on the surfaces of nano-
tubes suspended by SDS.16 The SANS measurements confirm
that nanotubes swelled with ODCB have rough surfaces whereas
nanotubes swelled with benzene have smoother surfaces, which
are similar to the structures previously inferred using PL spectra.

’METHODS

Chemicals.Deionizedwater (H2O) and deuteriumoxide (D2O) were
used to prepare surfactant solutions as well as SWCNT suspensions. The
surfactant, hydrogenated sodium dodecyl sulfate (H-SDS) (99%), and its
deuterated counterpart, sodium dodecyl sulfate-d25, D-SDS (98 atom
%d), were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used
as received. HiPco SWCNTs were obtained from Rice University (Rice
HPR 162.3) and used as received. Benzene (99.9%), o-dichlorobenzene
(99%), andD2O (99.9 atom%d)were purchased fromSigma-Aldrich. All
solvents were used as received. Table 1 shows the scattering length
densities (F) of all of the chemicals used in the experiments. The values of
F for the different molecules were calculated from the expression

F ¼ δNA

M ∑
i
bi ð1Þ

where δ is the molecule’s bulk density,M is its molecular weight, and bi is
the coherent neutron scattering length of nucleus i.31

Aqueous SWCNT Suspensions. Aqueous suspensions of nano-
tubes were prepared by mixing 40 mg of raw SWCNTs with 100 mL of
either 29 mM H- or D-SDS solution. High-shear homogenization (IKA
T-25 Ultra-Turrax) for 30 min and ultrasonication (Misonix S3000) for
10 min (120 W) were used to aid all dispersions. During the homo-
genization and sonication of D2O-SWCNT suspensions, the beaker and
sonicator cup were covered with parafilm to avoid the exchange of D2O
with atmospheric H2O. After ultrasonication, the mixture was ultracen-
trifuged at 20 000 rpm (53000g) for 4 h using a swing bucket rotor
(Beckman Coulter Optima L-80 K, SW-28).
Mixing SWCNT Suspensions with Immiscible Organic Sol-

vents. The swelling of SWCNT suspensions with immiscible organic
solvents was performed by following our previously published protocol.16

Briefly, the suspension was mixed with the organic solvent and vigorously
agitated for 30 s in a vortex stirrer. The solvent-swelled suspensions were
then left to settle overnight to allow bulk-phase separation prior to
scattering experiments. Then, an aliquot of 0.5 mL was carefully with-
drawn from the aqueous phase containing swelled SWCNTs to avoid
further emulsification. In some cases, the solvent was removed by
evaporation at room temperature for 24 h, which was previously shown
to remove the solvent encasing the SWCNTs.16

SWCNT Characterization. All SWCNT suspensions were charac-
terized by vis�NIR absorbance and NIR�fluorescence spectroscopy
using an Applied NanoFluorescence Nanospectralyzer (Houston, TX)
with excitation from 662 and 784 nm diode lasers. SANS measurements
were performed on the NG3 30 m instrument at the Center for Neutron
Research (NCNR) at the National Institute of Standards and Technology
(NIST). The wavelength of the neutron beam was 6 Å. Three sample-to-
detector distances were used (1, 4, and 13.2 m) to obtain a scattering
vector (Q) range from 0.003 to 0.4 Å�1. The samples were loaded into
demountable titanium cells with quartz windows that had a path length of
1mm.Multiple samples (up to 10)were placed on a sample rack for SANS

measurements. An empty cell and a blocked beam transmission measure-
ment were used to convert the data to an absolute scale.
Data Analysis. The magnitude of the scattering vector (Q) is a

function of the scattering angle (θ) and the neutron wavelength (λ) as
given by

Q ¼ 4π
λ

� �
sin

θ

2

� �
ð2Þ

The scattering intensity can be decoupled into intra- and interparticle
contributions, and in the case of an incompressible system, it can be
modeled as

IðQ Þ ¼ N
V

� �
Vp

2ΔF2PðQ Þ SðQ Þ þ IInc ð3Þ

where N/V, Vp and ΔF are the number density of particles, the particle
volume, and contrast factor, respectively. Iinc is a constant that describes
the incoherent scattering from the sample. The single-particle form
factor, P(Q), and the structure factor, S(Q), are dimensionless functions.
P(Q) depends on the size and shape of the scattering particles, whereas
S(Q) depends on the degree of local order and the interaction potential
between the scattering particles.

The micelles in the SDS solution can be modeled as either triaxial or
uniform ellipsoids. Pr�evost and Gradzielski found that a triaxial ellipsoid
model was necessary to fit SANS and SAXS data of SDS or CTAB
surfactant solutions simultaneously.32 However, at the low salt concen-
trations used in this study, SDS solutions can be fit to a uniform
ellipsoid.33 The form factor for a uniform ellipsoid, with semiminor axis
a and semimajor axis b, was calculated through the following expression

PðQ Þ ¼ Y
Vell

ðFell � FsolvÞ
Z 1

0
f 2ðQ , xÞ dx ð4Þ

f ðQ , xÞ ¼ 3Vell
sin u� u cos u

u3

� �2

and ð5Þ

u ¼ Qb½a2x2 þ b2ð1� x2Þ�1=2 ð6Þ
where the ellipsoid volume is Vell = (4π/3)ab

2. Because of their size and
surface charge, SDS micelles can be considered to be macroions. The
structure factor was modeled by assuming that SDS micelles interact
only through a repulsive potential. The Coulomb potential that results
from the mutual interaction of the micelle’s double-layer determines the
repulsive potential.34,35

Fits to the data were calculated in Igor Pro using the SANS analysis
package provided by the NCNR. For pure micelles or those modi-
fied with NaCl, the fitting parameters were the volume fraction,
the incoherent background, a, b, and the micellar charge. The concen-
tration of monovalent salt was the critical micelle concentration (cmc)
for pure SDS solutions. When NaCl was added to solutions of SDS, the
total salt concentration was assumed to be the sum of the cmc and the

Table 1. Scattering-Length Densities of All Chemicals Used
in This Study

chemical F (1010 cm�2)

H2O �0.56

D2O 6.39

H-SDS 0.387

D-SDS 6.704

H-benzene 1.18

H-ODCB 2.35

SWCNT28 4.9
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concentration of NaCl. The dielectric constant of the medium was
assumed to be that of water. In the case of micelles swelled with solvents,
the scattering-length density of the micelles was allowed to vary. The
quality of the fit was evaluated from χr

2 = [χ2/(N � f � 1)]1/2, with N
and f being the number of data points and fitting parameters, respec-
tively. χ2 is defined as the sum of the squares of the deviation of the data,
Ii, from the fitting function, I(Q), normalized by the standard deviation
of each data point, χ2 t ∑i((Ii � I)/σi)

2.

’RESULTS

A suspension of SWCNTs in an aqueous solution of H-SDS is
expected to produce scattering from the free surfactant micelles
and the SDS/SWCNT complex. Figure 1 shows the scattering
from an SDS-coated SWCNT suspension and an SDS solution
(i.e., without nanotubes). At highQ (>0.02 Å�1), the signal from
the SDS solution is characterized by a structure peak (0.05 Å�1)
and a shoulder (0.5 Å�1) typical of ionic surfactant solutions.32,33

A rising scattering intensity is observed in the low-Q range (<0.02
Å�1). When SWCNTs are dispersed with the aid of SDS, the
scattering intensity in the high-Q range does not change sub-
stantially. The scattering intensity of the SWCNTsuspension in the
high-Q range is slightly lower than that from the SDS solution
(only SDS micelles and monomers). The lower intensity might
be due to the removal of SDS molecules during ultracentrifuga-
tion or the adsorption of SDS molecules on SWCNTs. However,
there is a remarkable difference between the scattering from the
SDS solution and the SWCNT suspension at the low-Q range.
These differences can be attributed only to the presence of
SWCNTs.

H-SDS-suspended SWCNTs were then swelled with H-ben-
zene, and their scattering was measured. Figure 2a shows the
scattering from the benzene-swelled SWCNT suspensions and
the respective benzene-swelled micelles. The intensity of the
SWCNT suspension at low- and high-Q values is largely increased
when compared to the initial suspension. The structure peak also
shifts to lowerQ values. Likewise, the peak position shifts and the
scattering intensity in the high-Q regime increases for the SDS
micelles mixed with benzene. However, the difference between
the scattering profiles from the two samples is large. Surprisingly,
the intensity at low Q decreases after the micelles are mixed with
benzene. Figure 2b shows the scattering from the ODCB-swelled
SWCNT suspensions and the respective ODCB-swelled mi-
celles. Similar to the case of benzene, the intensity of the
SWCNT suspension at low- and high-Q values increases when
compared to the initial SWCNT suspension. However, changes to
the scattering profile are different. Although the intensity at low
Q decreases for benzene-swelled micelles, it increases substan-
tially when the SDS solution is mixed with ODCB.

After swelling the micelles or surfactant-coated SWCNTs, the
solvents were removed by evaporation. The objective of this
experiment was to observe if the contact with organic solvents
caused any irreversible effects on the SWCNT suspension.
Figure 3 shows that there was an increase in the incoherent
background, as indicated by the signal at values of Q higher than
0.2 Å�1. This behavior is expected because D2O exchanges with
atmospheric H2O during solvent evaporation. Interestingly, at
high-Q values, SWCNT suspensions mixed with solvents return

Figure 1. SANS scattering intensity from (1) SDS micelles and (2)
SWCNTs suspended in SDS.

Figure 2. Scattering profile from SWCNT suspensions swelled with (a) benzene and (b) ODCB. The scattering from the initial SWCNT suspension
and SDS micelles was plotted for comparison.

Figure 3. Scattering intensity from the initial SWCNT suspension and
after the benzene or ODCB in solvent-swelled SWCNTs has been
evaporated.

http://pubs.acs.org/action/showImage?doi=10.1021/la202117p&iName=master.img-001.jpg&w=151&h=123
http://pubs.acs.org/action/showImage?doi=10.1021/la202117p&iName=master.img-002.jpg&w=330&h=131
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to their initial state after the evaporation process. In the case of
benzene-swelled SWCNTs, the peak position and intensity
matches the initial SWCNT suspension in the high-Q range.
The peak position also returns to higher Q values for the
suspension swelled with ODCB; however, the intensity does
not completely match that of the initial suspension. In the low-Q
range, the slope of the scattering intensity decreases for both
suspensions after evaporation when compared to either the initial
suspension or their solvent-swelled counterparts.

’DISCUSSION

SDS Micelles. It is well known that SDS molecules self-
assemble into aggregates (micelles) once the critical micelle
concentration (cmc) is reached.36 In water, the charges on the
SDS molecules dissociate. Therefore, micelles can be considered
to bemacroions that interact with each other through Coulombic
interactions. All of these features are evident in the SANS
scattering profile of the SDS solution. At the highest Q values,
the major contribution to SANS intensity comes from the form
factor, which is a function of the size and shape of the SDS
micelles. The peak at 0.05 Å�1, which corresponds to 130 Å in
real space, is due to the Coulombic interaction among micelles.
These features can be modeled using an oblate or uniform
ellipsoid form factor and the screened Coulomb potential for
macroions.
Table 2 shows the geometrical and physical parameters

obtained from a fit to the 1 wt % SDS micellar solution; the
resulting curve is shown in Figure 4. The micelles show minor
and major axes of 14.5 and 21.5 Å, respectively, which are in
agreement with previously published data.32,33 From the volume

of the micelles, an aggregation number of 69 SDS molecules/
micelle can be calculated using the molecular volume of SDS,
0.41 nm3, as reported by Pr�evost and Gradzielski.32 Likewise, this
result is in agreement with values of the micellar aggregation
numbers previously reported for SDS in aqueous solutions.33,37

It is possible that the rising signal at low Q is due to the
clustering or nonuniform distribution of SDS micelles, as pre-
viously suggested by Wang et al.24 and extensively described in
the case of polymer solutions.38,39 An experiment performed
with a solution of D-SDS instead of H-SDS shows that the
intensity at highQ becomes flat, as expected because the micelles
are contrast-matched (Figure S1 in Supporting Information).
However, the rising intensity at lowQ still appears. This behavior
suggests the low-Q intensity has its origins in density fluctuations
of the system, which are a manifestation of clustering.21,39 To
probe the nature of the signal in this region further, the ionic
strength of the H-SDS micelle solution was changed by adding
NaCl. As the concentration of NaCl increases, Figure 4 shows
that the polyelectrolyte peak disappears because the charges on
SDSmicelles are screened. Likewise, the elimination of the rising
signal at low Q indicates that Coulombic interactions play a
significant role in creating a nonuniform distribution of scattering
centers in the solution. The results in Table 2 also show that the
micelles grow in size and asymmetry when screened by NaCl.
SWCNT Suspension. SANS is very sensitive to the aggrega-

tion state of SWCNTs.22,24,40 Therefore, the interpretation of the
results on solvent-swelled SWCNTs depends on the initial state
of the suspension. Although some have questioned the ability of
SDS to exfoliate and individually suspend SWCNTs,41�43 espe-
cially large-diameter nanotubes, Quinton and co-workers44

showed that SDS is effective in dispersing nanotubes with an
average diameter of 1 nm, such as those produced through the
HiPco process. The scattering intensity from rigid rods is
characterized by I � Q�1 behavior whereas aggregated rods
appear as mass fractals that exhibit a Q�2.5 dependence.
Figure 5 shows the contribution of SWCNTs to the scattering

intensity after subtracting the intensity from the SDS micelles.
Only the data up to 0.02 Å�1 is shown because the signal is
completely dominated by the SDS micelles above this Q range.
The data can be described by a power law function with an
exponent of �0.97, which is the relationship expected of

Table 2. Parameters Used to Fit the Scattering Data from the
SDS Micelles at Varying Salt Concentrationsa

parameters H-SDS 0.1 M NaCl 0.2 M NaCl

minor axis (Å) 14.55 14.43 14.62

major axis (Å) 21.55 25.67 28.97

aggregation number, Nagg 69.00 97.00 125.00

degree of ionization, z/Nagg 0.20 0.17 0.064

χr
2 2.21 2.30 1.88

aThe data was fit to a uniform ellipsoid with the structure factor for a
screened Coulomb potential.

Figure 4. Fit to the scattering data from the SDSmicelles at varying salt
concentrations. The fit for the initial micelles was performed only for
Q g 0.02 Å�1, and the fit for the other two samples covered the whole
Q range.

Figure 5. SWCNT contribution to scattering after subtracting the
contribution from the SDS micelles. The scattering intensity of SDS
micelles was multiplied by a factor of 0.86 to match the intensities of the
peaks at Q = 0.05 Å�1 prior to subtraction. The resulting data is
described by a function of the form I(Q) = (1.5 � 10�3)Q�0.97 +
2.2 � 10�2 with χr

2 = 0.97. A Q�1.2 dependence is obtained if the raw
scattering intensity of SDS micelles is used instead.

http://pubs.acs.org/action/showImage?doi=10.1021/la202117p&iName=master.img-004.jpg&w=154&h=128
http://pubs.acs.org/action/showImage?doi=10.1021/la202117p&iName=master.img-005.jpg&w=160&h=128
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well-dispersed rigid rods. This data strongly suggests that
SWCNTs in this particular system (HiPco SWCNTs) behave
as rigid rods, which is in agreement with the results of Quinton
and co-workers.44 In other words, the suspension seems to be
composed primarily of individual SWCNTs and a marginal
number of small bundles. The absence of a strong signal from
the SWCNTs or the surfactant�SWCNT complexes at high-Q
values indicates that surfactant molecules do not form well-
organized aggregates on the nanotube sidewall. This is in
agreement with Yurekli et al.,30 who performed a detailed SANS
study on the assembly of SDS on SWCNTs and found that the
scattering intensity at highQ could not be fit to any combination
of the scattering from interacting spheres (micelles) and
SWCNTs coated with cylindrical micelles.
Effects of Solvent Solubilization on SDSMicelles.Although

the solubility of the two organic solvents in pure water is small
(1.77 g/L for benzene and 0.15 g/L for ODCB),45 their solubility
increases linearly with the concentration of SDS micelles.46,47

The hydrophobic micelle core, the surfactant palisade (area
between the polar head and the hydrophobic core), and even
the polar head serve as loci of solubilization for aromatic
compounds, as shown in Figure 6.48,49 The partitioning of the
two solvents between water and micelles is characterized by the
micelle�water phase distribution coefficient, KXM, which is

defined as the ratio of mole fractions in the micellar and aqueous
phases.46,50 The log KXM values for benzene and ODCB in SDS
solutions are approximately 3 and 3.89.50 Using the concentra-
tion of SDS from our experiments and the given values of log
KXM, the solubility of benzene and ODCB increases by factors of
1.4 and 4.7, respectively. These large increases in solubility
should affect the volume, symmetry, and aggregation number
of the micelles.47 These changes are expected because of the
hydrophobic volume changes during solubilization, as explained
further below. Note that the solubilization of an organic com-
pound is a different phenomenon from the spontaneous forma-
tion of microemulsions. In the latter case, the solvent forms a
segregated region in the hydrophobic core of the micelle. In the
former, the micelles are swelled because the solute can be located
at different points within the micelle depending on their struc-
ture. It was previously mentioned that the intensity from SDS
micelles increases in the high-Q regime as the solution is mixed
with ODCB and benzene. It is likely that the large changes in
intensity correspond to changes in the size of the SDS micelles
and consequently the number of charges. Table 3 shows the
geometrical parameters of the SDS micelles in the presence of
solvents. It is observed that the major and minor axes of the
micelle increase, which results in volume changes of 62 and 72%
for benzene and ODCB, respectively.
Effects of Solvent Solubilization on SWCNT Suspensions.

Once again, the scattering intensity from swelled micelles must be
subtracted from the scattering behavior of nanotubes after solvent
swelling to obtain the scattering from only the swelled SWCNTs.
Figure 7 shows the resulting scattering profile for SWCNT
suspensions mixed with benzene and ODCB. An important
question is whether the aggregation state of the SWCNT suspen-
sion changes as it is swelled with the organic solvents. The low-Q
signal has a Q�2.5 and Q�1 form for benzene and ODCB,
respectively. This change in slope suggests that SWCNTs in the
suspension aggregate after swelling with benzene. However, there
is no visible sign of aggregation in the suspensions, and PL and
absorbance spectra do not show signs of aggregation either (not
shown). A further complication to the analysis of these changes is
that ODCB-swelled SWCNTs have Q�1 and Q�2.5 dependencies
when suspended in H-SDS and D-SDS solutions, respectively.
Significant differences in this low-Q region were also observed
in swelled-micelles (i.e., no SWCNTs) as shown in Figure 2.
Although it is difficult to determine the aggregation state of
the swelled SWCNT suspensions, it is important to note that
the scattering at low Q returns to a similar intensity once
benzene and ODCB are evaporated, as shown in Figure 3. Once
the solvent is evaporated and the contribution from SDS

Figure 6. Loci of solubilization for organic compounds in SDSmicelles.

Table 3. Parameters Used to Fit the Scattering from Swelled
SDS Micellesa

parameters benzene ODCB

minor axis (Å) 17.75 18.19

major axis (Å) 25.67 26.5

charge, z 19.14 19.32

χr
2 2.41 1.95

aThe data was fit to a uniform ellipsoid with the structure factor for
a screened Coulomb potential. The concentration of free ions was
0.008 M, which is close to the critical micelle concentration.

Figure 7. Scattering from (a) benzene- and (b) ODCB-swelled SWCNT suspensions after the scattering from the swelled SDSmicelles was subtracted.

http://pubs.acs.org/action/showImage?doi=10.1021/la202117p&iName=master.img-006.jpg&w=125&h=68
http://pubs.acs.org/action/showImage?doi=10.1021/la202117p&iName=master.img-007.png&w=322&h=129
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micelles is subtracted, the slope at low Q returns to values of
close to �1 for both compounds. This reversibility was also
observed in prior spectroscopy experiments16 and suggests that
the swelling process and any changes to the aggregation state
are reversible.
Figure 7 also shows a new feature for SWCNT suspensions

mixed with both benzene and ODCB in the high-Q range. This
result is in stark contrast to the results from SDS-coated
SWCNTs, which show no structure on the SWCNT sidewall.
Because the signal from the swelled micelles was subtracted, it is
probable that the structure producing the excess scattering is on
the SWCNT sidewall. According to the Q range that is being
probed, the structure has a characteristic length scale of at least
15 Å. It is highly probable that these microstructures consist of
both an organic solvent and SDS molecules because the removal
of SDS molecules would lead to the aggregation of SWCNTs
because of the loss of the repulsive electrostatic interactions.
The features of these microstructures are potentially depen-

dent on the nature of the solvent. When describing the structure
and self-assembly behavior of surfactants into micelles, the
nondimensional packing parameter, v/aola, is frequently used,
where v is the hydrocarbon (hydrophobic) volume, ao is the
interfacial (polar) area, and la is the critical or alkyl chain length.

36

The value of the packing parameter determines the micelle
characteristics, including whether a surfactant assembles into
spherical or cylindrical micelles. The value of the packing
parameter can be modified by adjusting any of these parameters,
such as changing the value of ao by using salt to screen the charges
on the surfactant molecules. The changes observed in Figure 4
and Table 3 are a direct consequence of the changes in the
packing parameter upon salt addition. More relevant to our
experiments is the fact that v can also be changed by the
solubilization of aromatic compounds into SDS micelles. The
presence of the aromatic compounds can change the contribu-
tion of the hydrophobic volume to the packing parameter.
However, these effects are dependent on the aromatic species
and the dominant locus of solubilization. For example, it was
found that the response of cetylpyridinium bromide (CPB),
which forms cylindrical micelles, to the solubilization of hydro-
carbons was dependent on the locus of solubilization.51 The
compounds that were preferably localized in the polar head
region caused an increase in the aggregation number whereas
those that were solubilized in the hydrophobic core simply
swelled the CPB micelles. In a similar approach, the packing

parameter can also be used as a guide to understand the assembly
of surfactants on solid surfaces, such as SWCNT sidewalls.52

Because benzene and ODCB have different molar volumes and
loci of solubilization in SDS micelles, these two solvents could
potentially induce the formation of microstructures with differ-
ent characteristics on the surfaces of SWCNTs.
Characterizing Solvent Microstructures on the SWCNT

Sidewall. The results in Figure 7 suggest that small domains of
solvent are associated with the SWCNTs. Therefore, D-SDS was
used in similar experiments to eliminate the scattering from the
SDSmicelles. Once all of the H atoms are replaced by D atoms in
the SDS molecule, the scattering above 0.02 Å�1 becomes flat,
indicating that the main contribution to the intensity in this
region comes from the incoherent background (data not shown).
However, the signal at low Q matches for both samples. These
results confirm that micelles are contrast matched when SDS is
deuterated, as shown in Figure 8.
Figure 9 shows the scattering profile from a D-SDS solution

mixed with benzene and ODCB. The signal at high Q is mostly
background, although a very weak peak is observed at around
0.04 Å�1 for benzene. This indicates that neither ODCB nor
benzene forms an aggregate structure with characteristic lengths
of at least 15 Å inside the micelles. Instead, these solvents are
distributed throughout the micelle. Likewise, the flat profile in
the high-Q region in the initial SWCNT suspension indicates
there are no aggregate structures on the SWCNT sidewall.
However, aggregate structures become visible once the solvents
are added. When SWCNTs coated with D-SDS are swelled with
benzene, a distinct peak is observed that confirms that the solvent
is forming a microstructure around the SWCNTs. In the case of
ODCB, the peak is not as distinct as in the benzene-swelled
suspensions but is still visible. Notice that the peak is observed
only when nanotubes are present. Although the solvents do not
induce considerable structural changes in SDS micelles, they do
cause a visible effect on the SWCNT sidewall. The data in
Figure 9 strongly suggests that the solvents form aggregates on
the SWCNT surface, as shown in Figure 10. As discussed above,
the solvents act as a reorganizing force for the surfactants on the
SWCNTs.
A correlation length model has been used to fit the data at low

and high Q. The model has the following form,

I ¼ A
Qm

þ C
1 þ ðQξÞn þ Iinc ð7Þ

where A and C are two real coefficients, ξ is the correlation
length, and m and n are the Porod and Lorentzian exponents for
the low- and high-Q regions, respectively.39 The two terms in
eq 7 are additive because they account for structural features on
different length scales. In other words, if one were to look at the
system at different magnifications, the structural features mani-
fested at low and high Q could not be observed at the same time.
The m exponent is related to the mass fractal dimension of the
system at lowQ. In the case of polymers, the correlation length is
the distance between the two points at which a polymer chain is
intersected by two other chains. The previous interpreta-
tion cannot be translated directly into our system nor can an
unambiguous interpretation be found independently of the
values of n and m. The regime of interest in our systems is the
high-Q region. In our system, exponent n is related to the fractal
dimension (Ds) of a surface. In a surface fractal, the surface area Sf
within a sphere of radius R follows Sf(R) � RDs, where Ds is

Figure 8. Schematic representation of the (a, b) initial and (c, d)
swelled surfactant micelles for (a, c) hydrogenated and (b, d)
deuterated SDS.

http://pubs.acs.org/action/showImage?doi=10.1021/la202117p&iName=master.img-008.jpg&w=144&h=144
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related to n byDs = 6� n. The value ofDs varies between 2 and 3.
A smooth surface has Ds = 2 (n = 4), and the roughness of the
surface increases asDs becomes larger (or n becomes smaller).21,53

Table 4 shows the fitting parameters for the scattering data in
Figure 9 for SWCNTs suspended in D-SDS after swelling with
either benzene or ODCB. The correlation length (ξ) and n have
the most significant differences between the two swelled systems.
The correlation length in our case can be interpreted as the
average distance between solvent aggregates on the SWCNT
surface. The correlation length for benzene is 12.02 Å, which is
40% lower than the value for the ODCB system. Figure 10b
illustrates the possible structures that are measured in SANS
scattering. Specifically, the correlation length could correspond
to the distance between domains oriented radially (L1), axially
(L2), or between SWCNTs (L3). Although L1 and L3 cannot be
conclusively disregarded, it is possible to argue that L2 is the
correlation length beingmeasured in the scattering data. If ξ = L1,
then the correlation length measured for benzene is too small
because the average diameter of the nanotubes in this sample
should be approximately 10 Å. The correlation length L1 would
suggest that no benzene is surrounding the nanotube, which is
contrary to the scattering results presented in Figure 9. Because
these suspensions are dilute according to the criteria of Doi and
Edwards (cL3 ≈ 0.8, where c is the number density and L is the
average length of the SWCNTs, which is assumed to be 3000 Å),54

it is highly probable that the average distance between solvent
domains on different SWCNTs (L3) is much larger than the
correlation length obtained from the fits. In fact, if SWCNTs are
organized in a lattice array, an estimated average distance

between nanotubes is on the order of 3200 Å. On the basis of
the values of the n exponent, the SWCNT suspension swelled
with ODCB shows a very rough surface (n = 3.03) whereas the
surface for nanotubes swelled with benzene is much smoother
(n = 3.62). In other words, the domains of benzene on SWCNTs
are closer to one another than are those for ODCB. This
interpretation is in agreement with our previous conclusions
based on PL data16 in which we argued that ODCB increases the
permeability of the surfactant layer surrounding the SWCNT,
enabling more interaction of the nanotube with protons in the
aqueous phase. However, benzene promoted a surfactant�sol-
vent structure that isolated the nanotubes better from the
aqueous environment.

’CONCLUSIONS

The structure of nonpolar solvent microenvironments and its
effect on the aggregation state of SWCNTs suspended by SDS
were studied using SANS. It was shown that SWCNTs produced
through the HiPco process are well dispersed by SDS and do not
form irreversible aggregates after swelling the surfactant shell with
organic solvents. These results strongly support our previous
conclusion that dramatic changes to the PL spectra of SWCNTs
during swelling are due to surfactant reorganization on the
nanotube surface. The SANS measurements also demonstrate
that the structure formed by the nonpolar solvents and the SDS
molecules depends on the nature of the solvent. Combined with

Figure 9. Effect of (a) benzene and (b) ODCB solvent swelling on the
scattering intensity from SWCNTs suspended in D-SDS. Scattering
from swelled micelles is included for comparison. The curves are offset
for clarity. The scattering from swelled SWCNTs after subtraction of the
contribution from swelled micelles, as well as the fits to eq 7, are shown
in Figures S2 and S3.

Figure 10. Possible (a) surfactant and (b) solvent structures that form
around SWCNTs. The correlation length could potentially be derived
from solvent domains on different SWCNTs. L1, L2, and L3 correspond
to potential correlation lengths (ξ) measured in SANS scattering. The
structures are drawn with deuterated surfactants.

Table 4. Parameters Used to Fit the Scattering Data from
SWCNTs Coated with D-SDS and Swelled with Benzene and
ODCB

parameters benzene ODCB

A 4.84 � 10�7 1.02 � 10�7

m 2.63 2.82

C 0.04 0.02

ξ 12.02 19.92

n 3.62 3.03

χr
2 1.26 0.98

http://pubs.acs.org/action/showImage?doi=10.1021/la202117p&iName=master.img-009.jpg&w=173&h=270
http://pubs.acs.org/action/showImage?doi=10.1021/la202117p&iName=master.img-010.jpg&w=120&h=165
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prior PL measurements, these results show that some solvents,
such as benzene, form more uniform coatings on the SWCNT
sidewall that result in better coverage and higher PL emission. On
the contrary, other solvents (e.g., ODCB) induce structures that
expose the sidewalls of SWCNTs to the aqueous media, making
them susceptible to extrinsic quenching effects that lower PL
emission.

’ASSOCIATED CONTENT

bS Supporting Information. Scattering intensity of D-SDS
solution and scattering from benzene- and ODCB-swelled
SWCNT suspensions after subtracting contributions from
swelled D-SDS micelles. This material is available free of charge
via the Internet at http://pubs.acs.org.
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