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Abstract: Density gradient ultracentrifugation (DGU) and fluorescence spectroscopy are used to probe
the limiting behaviors of the dynamic response of surfactant structure at the single-walled carbon nanotube
(SWNT) surface to reorganizing forces, including changes in surfactant concentration and electrolyte
screening. DGU results indicate that, as surfactant (sodium dodecyl sulfate, SDS) concentration is increased,
SDS adsorbed on metallic SWNTs becomes limited in its ability to reorganize before SDS adsorbed on
semiconducting species. A diameter-dependent enhancement is observed in photoluminescence intensities
from semiconducting SWNTS upon initial titration with NaCl. This response to electrostatic screening
diminishes as SDS concentration is increased. The results are understood as a saturation of the surfactant
structural response, defined as both a loss in ability to increase SDS loading at the SWNT surface and a
loss in ability to reorient surface structure in response to a reorganizing force. Saturation of response is
found to be reversible and also occurs as a result of restricting SDS mobility. These results confirm several
aspects of recent molecular dynamics simulations of SDS behavior on SWNTs and have important
implications for tunability of density-based separation approaches using cosurfactant systems that include

SDS.

Introduction

The fundamental behaviors of low-dimensional nanomaterials
are highly sensitive to the effects of changing surface environ-
ment, surface doping, and functionalization chemistry, due to
the high percentage of their constituent atoms residing at the
surface. For example, electron transport and optical response
in semiconducting nanowires are highly tunable through surface
control of trap states and doping levels.> 3 A detailed under-
standing of surface chemistry is also critica to rationaly
modifying optical responses, as was recently demonstrated in
the ability to stabilize emission from quantum dots through
appropriate surface functionalization.* Sensitivity to surface
environment is especialy true in single-walled carbon nanotubes
(SWNTSs), whose entire structure consists of surface atoms. Of
particular interest is the response of the unique photophysical
properties of SWNTSs, especialy the near-infrared emission of
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semiconducting species,>® to surface interactions and changes
in the local environment.

The ability to generate stable solution suspensions of SWNTs
through noncovalent surface functionalization with surfactants®
has played a central role in revealing their optical and electronic
properties. Furthermore, modification of surfactant properties
and their surface interactions provides a ready means to tune
the SWNT optical response. For instance, the excitonic nature
of the SWNT electronic transitions’° makes it possible to alter
their optical response through tuning of the dielectric environ-
ment in which they are studied. This can shift their electronic
transitions and alter exciton binding energies.® 2 Such envi-
ronmental effects can be significantly modulated by surfactant
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concentration and molecular structure.** 8 These in part define
the surfactant interaction and conformation at the SWNT surface,
which can be further tuned by external factors such as shear
forces,™® temperature,®® and ionic strength.?®?* Moreover,
specific chemical interactions with species including protons, 2224
water,® and other molecules®>>~27 can be mediated by the
surfactant. Recently, it has been demonstrated that surfactant
conformation and structure play an important role in the
chemical reactivity of suspended SWNTSs by limiting access to
the SWNT surface.?>?’~2° Ultimately, these extrinsic factors
will impact spectral line-widths, exciton dynamics, and emission
quantum yields, 8283032 having pronounced implications for
sensing, imaging, nanophotonics, and optoel ectronics applica
tions, 3336

In addition to the important role played by surfactants in
determining SWNT photophysical properties, the structural
dependence of their interactions with the SWNT surfaceis also
key in new approaches to SWNT separation according to
chirality or type via density gradient ultracentrifugation
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(DGU).3"*8 Complex cosurfactant systems used in DGU enable
separation by changing the effective SWNT buoyancy in a
manner sensitive to the underlying SWNT structure, allowing
the different structures to fractionate into their respective
isopycnic points within the density gradient.®=° Surfactant—
nanotube interactions depend on SWNT structure,?*4%4 sup-
porting the suggestion that the composition and diameter-
dependent competitive binding interactions in cosurfactant
systemsarethedrivingmechanismsbehind SWNT separation #2942~
Recently, a single surfactant approach involving SWNT suspen-
sionsin sodium dodecylsulfate (SDS) modified by NaCl addition
was reported to obtain type and diameter separated SWNTs.#
Niyogi et al. suggested amodel for this single surfactant process
that involves the reorganization of the SDS molecules adsorbed
on the SWNT surface via screening of electrostatic interactions.
The result is an effective change in the SWNT/surfactant
composite volume that amplifies diameter-dependent density
differences.®*

Despite the critical role surfactants play in determining a
broad range of nanotube optical, physical, and chemical
behavior, the detailed nature of surfactant interaction and
structure at the nanotube surface is not yet well understood.
Emerging experimental 1212846 gnd theoretical reports*” 52 on
SDS dispersed SWNTSs suggest that the surfactant structure is
dynamic, with multiple regimes of tunability that can be invoked
for optical and separation applications. Recent molecular
dynamics (MD) simulations indicate that surfactant concentra-
tion and SWNT diameter and chiral structure all affect the
resulting micelle structure around the SWNTs.*"~>2 |t has also
been demonstrated that initial surfactant conformations can be
further manipulated by physical and chemical influences.*®~%%2’
However, to utilize surfactant structure as a more effective
tunable parameter for designing photophysical and chemical
response and for enhancing separations, several fundamental
questions related to these dynamic behaviors must be addressed.
Among these are the need to understand the limits of attainable
reorganization of surfactant conformation and micelle structure
and how the tunability of these surface structuresis constrained
by SWNT chirality. It is aso important to understand if similar
limits apply generaly to all surfactants.

In this work, we probe the limits of the dynamic tunability
of surfactant structures at the SWNT surface and provide
important experimental support for severa features emerging
from the recent MD modeling studies. Our focus is on optical
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studies that serve as a probe for understanding how surfactant
structure at the nanotube surface changes in response to
environmental perturbations. We demonstrate that, as SDS
concentration in solution isincreased, the ability of the nanotube
surface to absorb an increased surfactant loading and the ability
for the SDS surface structures to reorganize in response to
electrostatic screening become saturated. The results of DGU
separations at different SDS loadings motivate our optical studies
by demonstrating that surfactant structures at metallic SWNT
surfaces become saturated earlier than the corresponding
semiconducting species. Optical probing of electrolyte-induced
surfactant reorganization at semiconducting surfaces indicates
asimilar structural saturation at sufficiently high SDS concen-
trations. While saturation behaviors are found to have a
significant diameter dependence, we demonstrate the primary
signatures of saturation are a genera behavior across all
diameters and chirality. The importance of surfactant reorienta-
tion as a factor in the observed saturation behavior is under-
scored by the ability to restrict SDS mobility by fixing its surface
orientation with a polymer layer. Similarly, the restricted ability
of close-packed, strongly interacting surfactants such as deoxy-
cholate to respond to varying electrostatic environments indi-
cates that the saturation behavior of SDS is not general to al
surfactants. We find these results to support our model of the
SDS—nanotube interaction as a dynamic and highly tunable
composite structure with implications for further controlling
photophysical behavior and enhancing density-based separa-
tions.#

Experimental Section

SWNT Dispersions. HiPco SWNTs (Rice University) were
individualized by dispersing them with standard suspension pro-
cedures® as follows. Ten milligrams of raw HiPco (batch 189.2
and 120.5, with mean diameters of 0.78 and 1.0 nm, respectively;
see the Supporting Information) SWNTs was dispersed in 30 mL
of D,O using dodecylbenzenesulfonic acid, sodium salt (SDBS),
sodium dodecylsulfate (SDS), or sodium deoxycholate (DOC) at
0.5, 1.0, 1.5, and 2.0 wt % (wt%) surfactant concentration. The
suspension procedures were slightly modified from previous reports
to minimize the formation of side-wall defects so that highly
luminescent SWNTSs could be obtained. Homogenization was done
at 19 000 rpm (X520 CAT or PowerGen 700D shear mixer) for 10
min, followed by tip sonication at 20—25 W for 8 min in a cold
water bath (Cole Parmer CPX 750). Sonication time and power
were kept low to minimize SWNT cutting and sidewall defects.
The sample was then ultracentrifuged at 29 000 rpm (~144 000g)
for 4 h in a Beckmann-Coulter TH-641 swing bucket rotor in a
Sorvall WX Ultra 80 centrifuge. Contamination of the supernatant
with nanotube bundles was minimized by collecting only the top
70% of the supernatant. For spectral analysis, the concentration of
the SWNT suspensions was adjusted to roughly 10 mg/L by
UV —vis—nIR.>®

SDS—Poly(vinyl pyrrolidone) (SDS—PVP) SWNT Suspen-
sons. SDS—PVP SWNT suspensions were prepared following
procedures published elsewhere®® by mixing three-parts SDS
surfactant-suspended SWNTSs and one-part 55 000 molecular weight
poly(vinyl pyrrolidone) (PVP) solution. The concentration was
adjusted to give a fina concentration of roughly 0.75 wt %
SDS—SWNTs and 0.25 wt % PVP.

Salt Titration. Aliquots of agueous NaCl (1 M) solution were
added to 500 uL of surfactant stabilized SWNTs (HiPco batch
189.2) and mixed thoroughly with a vortex mixer. After each
addition of salt, spectral characterization was conducted. To verify

(53) Attd, S.; Thiruvengadathan, R.; Regev, O. Anal. Chem. 2006, 78,
8098-8104.

that the volume of salt solution added to the SWNT suspension
did not affect the emission intensity by simple dilution, identical
aliquots of D,O were added to a separate suspension for direct
comparison (see the Supporting Information).

Density Gradient Ultracentrifugation (DGU) Separation.
HiPco (batch 120.5) suspensions were prepared with three different
initial surfactant concentrations, 1.25, 1.50, and 2.0 wt %. Suspen-
sion preparation and DGU separation of the resulting SDS-SWNT
suspensions were conducted using previously published proce-
dures.?* The density gradient column was formed from manually
layering agueous dilutions of a commercially available 60 weight
by volume percent ((w/v)%) aqueous solution of iodixanol (Op-
tiPrep density gradient medium, Aldrich Chemica Co.). Aqueous
dilutions of iodixanol were prepared with 2 (w/v)% SDSin DI water
to give 20 (w/v)%, 30 (w/v)%, and 40 (w/v)% iodixanol solutions.
The density gradient column was formed in Beckman 3 mL capacity
thick-wall polyallomer tubes by carefully layering 200 uL 60 (w/
V)%, 500 uL 40 (w/v)%, 500 uL 30 (w/v)%, and then 300 uL 20
(w/v)% at the top. The column was allowed to diffuse for 1 h at
room temperature at an angle of approximately 20° from the
vertical. Following formation of the density gradient column, 50
uL of 1 M (ag) NaCl was added to 500 uL of the SDS—SWNT
dispersion to give a fina concentration of 91 mM NaCl. The
suspension was stirred for 10—15 min a 800—1000 rpm. The
NaCl—SDS—SWNT dispersion (550 uL total) was carefully
injected above the 20 (w/v)% iodixanol layer using a syringe. The
samples were then centrifuged at 25 °C for 6 h at 49 000 rpm
(~250 000g) using a Beckman Coulter SW60Ti swing bucket rotor
in a Sorvall WX Ultra 80 centrifuge.

Spectroscopic Char acterization. Photoluminescence excitation
(PLE) maps, fluorescence, and absorbance spectra were obtained
from solutions adjusted to roughly the same SWNT concentration.
All optical spectra were normalized to concentration. Absorbance
spectrawere recorded on a Varian Cary 6000i instrument. Emission
spectra were obtained with excitation wavelengths between 450
and 800 nm using a xenon lamp coupled to a monochromator
system with 10 nm band-pass and 5 nm excitation steps. The
emission intensities were recorded between 900 and 1600 nm using
amodified Nicolet NXR-9600 FT-IR spectrometer equipped with
a liquid-N, cooled germanium detector.?® Spectra were obtained
as averages of 100 scans, with a spectral resolution of 16 cm™.
SWNT fluorescence spectra were also obtained with single line
excitation using a 780 nm diode laser at 20 mW incident power.

Results and Discussion

Surfactant Concentration Effects on Electrolyte-Mediated
DGU Separations. Saturation of Metallic Surface Structures.
Recently, we demonstrated that, by tuning the SDS/SWNT
interfacial dynamics through addition of electrolyte, diameter-
dependent separation of metallic and semiconducting SWNTs
can be achieved with density gradient ultracentrifugation,
without the use of an additional cosurfactant.”* A model for
the process suggests that electrolyte screening results in an
increased SDS packing density that in effect arises from a
decrease in the critical micelle concentration (cmc) as electrolyte
is added. The typical SDS cmc of 8.3 mM dropsto 5.2 mM in
0.01 M Na*, and to 1.5 mM in 0.10 M Na'.>* Hayashi and
Ikeda further show that, as the cmc decreases, the aggregation
number of SDS molecules in a micelle increases.> The same
is expected to occur for the SDS assemblies at the SWNT
surface, where the increase in aggregation number induces a
change in the surfactant orientation at the SWNT interface to a
more ordered perpendicular structure with polar headgroups
extended more uniformly away from the SWNT surface. The
result is an effective increase in the surfactant volume fraction

(54) Hayashi, S;; Ikeda, S. J. Phys. Chem. B 1980, 84, 744-751.
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Figure 1. (&) Images of three centrifuge tubes after DGU with 1.25%, 1.50%, and 2.0% SDS dispersions (HiPco batch 120.5) with 91 mM added NaCl. The
green dotted lines represent the SWNT fractions that were extracted for absorbance measurements. (b) Absorbance spectra of the fractions indicated by the
green dashed linesin (a). The yellow, blue, and pink boxes highlight the M4, Ex,, and E;; transitions of metallic and semiconducting SWNTS, respectively.
All spectra are normalized to absorbance at 764 nm. (c) Height in tube (mm) versus density (g/mL). Density trend of highest semiconductor fraction is noted

for 1.25% and 2% SDS and is highlighted with yellow arrow.

around the SWNTs that amplifies the diameter-dependent
density differences of different SWNT structures, thus enabling
SWNT separation.?* As noted in ref 21, the process of surfactant
reorientation is enhanced on metallic SWNTs as aresult of the
formation of an image charge upon SDS adsorption. The image
charge serves to screen SDS headgroup interactions further,
allowing a greater degree of SDS packing to occur in compari-
son to semiconducting structures (in 1.25 wt % SDS). Typical
separation results are shown in Figure la. Centrifuged samples
prepared with 1.25 wt % SDS and 91 mM added NaCl show
three visibly distinct bands (denoted by 1, 11, and I1l, Figure
1a), attributed to enriched metallic, semiconductor, and bundled
fractions, respectively.?* The black traces at heights of 19—23
mm in Figure 1b show the absorbance spectra obtained for the
metallic region. The predominant peaks are in the region
associated with the My, transitions for metallic SWNTs (m-
SWNTS), with little contribution observed from the E;; or Ex
transitions for the semiconducting SWNTs (S-SWNTs).> At
1.25% SDS levels, spectra begin to show the presence of
s SWNTSs beginning at 17 mm and lower in the tube.
Performing a similar separation at increased surfactant
concentrations (1.5 wt % and 2 wt % SDS, with same salt
concentration) results in severa interesting changes to the
relative fractionation behavior of metallic and semiconducting
SWNTSs. As seen in Figure la (center and right tubes), the
metallic fractions in the 1.5 wt % and 2 wt % cases remain at
the identical isopycnic points as found in 1.25% SDS (region
1). The enriched semiconducting fractions (region I1), however,
now migrate to lower density regions higher in the tube. This
observation is evident by the color change observed in Figure
1a and noted by the accompanying arrow. The metallic region
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I changes from light pink to a dark red at around 20 mm in
height, and the discrete separation between the metallic and
semiconducting regions becomes blurred as SDS concentration
isincreased. The decrease in semiconducting densities associated
with migration higher in the tube is further evidenced by the
observed changes in the absorption spectra of region I. The
absorbance spectra at heights of 19, 21, and 23 mm for the 1.5%
and 2% SDS cases (Figure 1b, red and blue traces, respectively)
now clearly show features from the semiconducting E;; and E,
peaks, aswell as Eg; features occurring in the shorter wavelength
region previously dominated by metallic M, features. Further-
more, these features progressively strengthen and rise to higher
levels on going from 1.25% to 1.5% and finally 2.0% SDS.
Because spectra are normalized to the absorbance at 764 nmin
the sSWNT Ey, region, the progressive loss in relative My
absorbance as SDS concentration isincreased is also indicative
of semiconducting species rising higher in the tube (and does
not indicate an overall loss of metallic speciesin these [ocations).

The contrasting behavior of the metallic and semiconducting
fractions under the influence of an increased SDS level can be
understood by returning to our simple model. In general, as SDS
concentration increases, aggregation number in the micelles also
increases.®™® While quantitative behavior may differ between
aggregation numbersin the micelle versus at the SWNT surface,
higher SDS concentrations are therefore expected to lead to a
further increase in SDS packing density. The result is a
continued reorientation of SDS structure at the nanotube surface,
going from disordered SDS lying along the SWNT surface

(55) Benrraou, M.; Bdles, B. L.; Zana, R. J. Phys. Chem. B 2003, 107,
13432-13440.
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transforming to more ordered structures with SDS aligned
perpendicular to the surface. The consequent increase in volume
of the composite structure leads to a corresponding decrease in
overall density of the SDS/SWNT composite structure. Thisis
illustrated in Figure 1c with the topmost semiconducting species
moving in a continuous progression to lower densities (higher
in the tube) as SDS levels are increased. The lack of movement
of the metal fractions, however, indicates the packing density
of SDS and the ability of its surface structure to further respond
to such external perturbations has already become saturated at
1.25% SDS concentrations, in the presence of the added NaCl.
The further decrease in semiconducting densities under the same
conditions indicates their surfactant structure is still able to
respond to external influences and has not yet become saturated.
The higher concentration of free surfactant in the system drives
more SDS onto the sSWNT surface, where the surfactant
structure is still free to reorganize, ultimately leading to the
observed higher volume fractions and lower densities.

We note our model differsfrom that proposed by Moshammer
et al.,”® whose results suggest the ability to separate metallic
from semiconducting nanotubes in SDS suspensions is due to
semiconducting SWNTs existing primarily as high density
bundles and metallic SWNTs being present as low density
individuals.>® There is no inherent conflict between the models,
however, because the difference in mechanism can be under-
stood as resulting from the different diameter distributions
present in our respective samples. The work of ref 56 used
pulsed laser vaporization-produced SWNTS comprised of larger
diameter nanotubes (~1.2—1.5 nm). These larger diameter
SWNTSs are known to be more difficult to disperse™ and are
therefore more likely to exist in bundles. The significantly
smaller diameters (0.78 and 1.0 nm mean diameters) present in
our HiPco source materia (batches 189.2 and 120.5) are more
efficiently dispersed as individuals (see also the Supporting
Information). As individuals, the densities of the SWNT/SDS
composites will therefore be more susceptible to tuning via SDS
reorientation. Furthermore, the principles of surfactant behavior
described here will be just as valid at the surface of bundles as
they are for individuals.

Our results and interpretation are also consistent with several
recent molecular dynamics(M D) simulationsof surfactant—SWNT
interactions, which suggest that surfactant concentration and
composition will affect the dynamics and conformation of the
surfactant molecules around the SWNT.* 52 While current
capability does not alow these simulations to discriminate
between the behavior of metallic and semiconducting SWNTS,
they suggest a number of behaviors general to both types that
are supported by our results. For instance, at low surfactant
concentration, the surface coverage is described as consisting
of more randomly oriented or agglomerated structures along
the SWNT axis. At high surfactant concentrations, an increased
degree of organization appearsin the simulations, resulting from
amore uniform and densely packed coverage that actsto project
surfactant headgroups perpendicularly away from the SWNT
surface and more directly into the surrounding solvent. Coverage
is aso shown to approach saturation at higher surfactant
concentrations.*®4° The MD results are consistent with our
picture that an increased packing density acts to reorient the
surfactant structure to generate a higher volume composite
structure. Although our separation results using 1.25 and 2 wit

(56) Moshammer, K.; Hennrich, F.; Kappes, M. M. Nano Res. 2009, 2,
599-606.

% SDS suspensions clearly establish that m-SWNTs undergo
surfactant saturation, it is important to determine if similar
behavior extends to semiconducting species. The photolumi-
nescence response of the SWNT suspensions has been demon-
strated as a sensitive probe of surfactant structure and dynamics
at the SWNT surface.?* Semiconductors will therefore provide
a convenient system on which to further investigate surfactant
saturation behavior optically.

Optical Studies of Surfactant Saturation in Semiconducting
Nanotubes (sSWNTs). As discussed above, electrolyte screening
acts as a reorganizing force on the SDS interfacial behavior at
the SWNT surface. The progression in surfactant structural
changes that occurs as electrolyte concentration is increased may
be tracked through corresponding changes in the photolumi-
nescence (PL) spectra of semiconducting nanotubes (SSWNTS).
We have previously shown that as SDS reorients and packing
density increases in response to increased screening, a simul-
taneous increase in PL intensities, along with spectral narrowing
and blue shifting (by ~3 nm), is observed up to some threshold.
Once the electrolyte concentration becomes too high, selective
diameter-dependent aggregation abruptly bleaches the SWNT
emission.?>?! This behavior was established for moderate-to-
large diameter tubes (d > 0.9 nm), but could not be probed
sensitively at small diameters due to their low levels in that
particular sample (mean d of ~1 nm). With its diameter
distribution shifted to much smaller species (mean d of ~0.78
nm),** our current sample (HiPco 189.2) allows us to now
generalize this behavior to much smaller diameter structures.

Figure 2a—e shows the typical spectroscopic behavior of
s SWNTsasNaCl isadded to SWNT suspensions prepared with
HiPco 189.2 in 1 wt % SDS and serves the important function
of connecting the behavior of the large diameter species of our
previous study?* to that of the small diameter chiralities that
we focus on here. At low added €electrolyte concentration, the
emission intensity for al ssSWNTsis enhanced (Figure 2b) with
the behavior now clearly being observed for smaller-diameter
semiconducting chiralities including the (6,5), (8,4), (7,5), and
(7,6) species. Further titration results in continued intensity
increases for the smaller diameter chiralities, but begins to
selectively bleach the emission of large diameter SsSWNTSs (note
the (11,3), (10,3), (9,8), and (8,7) SWNTs in Figure 2c¢). The
spectra shown in Figure 2d demonstrate that the fluorescence
behavior is paralleled in the corresponding absorbance spectra.
Both sets of spectra illustrate the spectral narrowing and ~3
nm blue shifting that accompanies enhancement of the features
at low-level addition of NaCl. The aggregation threshold
becomes apparent with loss of fluorescence intensity and
significant broadening of absorbance peaks for the larger
diameter species at higher NaCl concentrations. The intensity
behavior as a function of NaCl concentration is shown in more
detail in Figure 2e for selected ssSWNT chiralities with
diametersranging from 0.757 to 1.05 nm. Intensity enhancement
is generalized across al diameters at low NaCl concentrations,
but is most pronounced for the smallest diameters. Subsequent
loss of emission as the electrolyte concentration increases occurs
earlier for large diameter SWNTs.2 It is apparent from Figure
2e that the magnitude of the (10,5) response is reduced for the
189.2 sample in comparison to that found for the sample used
in our previous work.?* This is a consequence of the shift in
diameter distribution to smaller diameter tubes in the current
sample (see the Supporting Information). The significantly
reduced relative concentration of the (10,5) chirality impacts
the SDS equilibrium processes that form the basis for the
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Figure 2. Semiconducting SWNT (s-SWNT) spectral behavior with NaCl addition. (a—c) PL excitation maps (relative intensity scale bar given at right) of
1 wt % SDS—SWNTSs (HiPco batch 189.2) after titration to (@) 0 mM, (b) 10 mM, and (c) 40 mM Na' with addition of 1 M NaCl solution to 500 uL
SDS—SWNT suspensions. SsSWNT (n,m) identifications for specific PL features are labeled. (d) Absorbance (top) and fluorescence (bottom, 780 nm excitation)
spectra of SDS—SWNT suspensions after addition of NaCl solution (black trace, reference; red trace, 30 mM NaCl; blue trace, 90 mM NaCl; and green
trace, 350 mM NaCl). (e) Peak emission intensity (at 780 nm excitation) for different (n,m) SWNTSs as a function of salt concentration ((6,5) d = 0.757 nm,

blue ®; (7,5) d = 0.829 nm, yellow A; (9,4) d = 0.916 nm, green 4; (11,3) d = 1.014 nm, blue O; (10,5) d = 1.05 nm, red ®; and ¥, dilution).

behaviors observed in Figure 2. Finally, we note that similar
dilution of the SWNT suspensions with D,O aone (no salt)
does not affect the emission intensity throughout the range
studied (3, Figure 2e).

As discussed in earlier work,>* the observed increase in
intensity and spectral narrowing is a consequence of both the
increased packing density and the reorientation of the surfactant
structure. The result is areduction in intertube interactions and
improved isolation from the local solvent environment reflected
in the observed changes in spectral response.®*?* Relevant to
our discussion of saturation of surfactant structure in response
to stimuli, the peak found in the PL enhancement as electrolyte
concentration is increased corresponds to the point at which
surfactant structural saturation occurs.

Given the separations results highlighted in Figure 1, we
expect that at sufficiently high SDS concentrations the surfactant
structure at the S SWNT surface will aso become significantly
altered, with saturation behavior being observed for these species
as well. These structural changes should affect the ability of
the surfactant to respond to electrolyte additions, as reflected
by changes in PL behavior. We therefore probe for these
saturation effects by comparing the emission changes of
SDS—SWNT suspensions at low and high surfactant concentra-
tions, in response to added electrolyte. Figure 3 shows PL
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excitation maps for SWNT suspensions in 0.5 and 2.0 wt %
SDS, before and after NaCl addition. The bright spectral features
in these maps correspond to the excitation/emission maxima of
specific SSWNT structures.® At low surfactant concentration
(0.5 wt %), a significant enhancement of the emission intensity
of al ssSWNT species was obtained after salt addition. In
contrast, at high surfactant concentrations, emission intensities
remain the same for most species after salt addition. Exceptions
are seen for the larger diameter nanotubes, for which loss of
intensity is observed, indicating the aggregation threshold is
being reached for these species at lower salt concentrations than
isfound for lower SDS loadings. This observation is consistent
with the results shown in Figure 2 and earlier work.?° These
results confirm our expectation that at sufficiently high SDS
concentrations its surface structure becomes saturated. Lack of
further change in PL response as NaCl is added indicates that
a 2% SDS loading induces formation of a stable surface
conformation that is no longer able to reorient further in response
to electrolyte screening.

The onset of the saturation behavior illustrated in Figure 3
can be better quantified by focusing on the response of selected
chiralities over a wider range of electrolyte and surfactant
concentration. Figure 4 shows how the integrated emission
intensity for (6,5) and (7,6) SWNTs changes with added NaCl
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@) and D,O dilution (yellow ). Intensities are normalized to that seen for
the case of no NaCl addition for each chirality.

at four different surfactant concentrations (0.5, 1.0, 1.5, and 2.0
wt %). The intensities were obtained from spectra excited at
resonance with the respective Ey, transitions (2.191 and 1.914
eV for (6,5) and (7,6), respectively). At low surface coverage,
both chiralities show an increase in the emission intensity as
initial electrolyte concentrations increase, followed by slight
emission decreases at the highest electrolyte concentrations
studied. The magnitude of the maximum emission enhancement
decreases as the concentration of SDSincreases. Finally, at 2%
SDS, aloss of sensitivity to salt addition is observed with stable
emission intensities over the full range of added electrolyte. We
note that dilution of 1 wt % SDS—SWNT suspensions with
equal aliquots of 1 wt % SDS—D,O shows no effect on the
emission intensity (yellow trace).

These results indicate that the transition to a saturated surface
structure is a continuous process of increased ordering of the
SDS conformation and does not result from an abrupt phase
change, as was aso indicated by the DGU results of Figure 1.
Our model of surface reorientation and emission enhancement
being driven by an increase in surfactant loading and packing
density at the nanotube surface is aso further supported.?*
Whether the driving force for increased surface loading is from
electrolyte screening or SDS concentration effects, the end result
isthe same. For both cases, once the SDS surfactant morphology
reaches the saturated structure, the PL behavior of s-<SWNTs
becomes constant. Unsurprisingly, the two effects are also found
to be strongly interlinked. Our results clearly demonstrate that
increased solution concentrations of SDS directly transate to
increased loadings on the nanotube surface as well. The
increased surface loading ultimately limits the degree to which
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further packing and orientational changes can be induced by
electrolyte screening.

These observations aso provide important experimental support
for several recent molecular dynamics smulations of SDS behavior
on SWNTs.*52 Each of these reports indicates the occurrence of
low surface coverage of uncorrelated structures with SDS chains
lying parallel to the SWNT surface at low solution concentrations
of SDS. As SDS concentration is increased, a more uniform and
densely packed surface structure emerges in the smulations.
Moreover, as packing density increases, individual surfactant
molecules are found to reorient so that the SDS alkane chains align
perpendicular to the SWNT surface and their polar headgroups
protrude more directly into the solvent environment, with an
accompanying increase in overadl volume of the SDSSWNT
composite structure. Expectations from the MD smulations are in
direct agreement with our experimental results. Of particular interest
are the results of Xu et.al.> that suggest the SDS reorientation
also results in expulsion of water from the SWNT surface and
surfactant structure. Such improved isolation from the solvent
environment plus reduction in intertube interactions would directly
lead to our observation of the emission enhancement coupled to
blue shifting and narrowing of PL gpectral features that ac-
companies the increased packing density and SDS reorientation
reSJ|t318’23'32'45

It is aso interesting to note that the overall relative emission
enhancement during initial sat titration is greatest for the
smallest diameter SWNTs in Figure 4 (dgs = 0.757 nm and
dze = 0.895 nm). This is also seen over a wider range of
nanotube diameters in the data of Figure 2; the smaller diameter
chiralities show significantly greater emission enhancements than
are observed for larger diameter species. Thisresult also agrees
well with the MD simulations, which suggest that a more
uniform surface coverage should exist for larger diameter
SWNTSs. #3252 | the context of the results of Figure 4, at low
surfactant concentration the surface coverage is relatively poor
for the (6,5) structure in comparison to that of the (7,6). A
greater environmental change is therefore experienced by the
(6,5) structure on going from such a low coverage regime to
the saturated structure that results from NaCl addition. Maximum
enhancement of the PL intensity results. Conversely, because
larger diameter SWNTs will start with a more uniform and
densely packed surfactant coverage, with a greater number of
SDS molecules initially oriented perpendicular to the surface,
reordering of the surfactant structure will be less upon perturbing
the system with electrolyte. Thus, the larger diameter chiralities
will display a smaller overall emission enhancement.

Ultimately, the limit of saturation behavior is defined by the
aggregation number (N) of the surfactant under specific condi-
tions. In addition to its dependence on surfactant and counterion
concentrations (as noted above), N will aso depend on the
choice of counterion. Changing to one other than Na" may
define a new saturation limit. Larger cations, like Cs for
example, can associate with and bind a greater number of
anionic sulfate headgroups. As a result, N in cesium dodecyl
sulfate (CsDS) micellesis greater than that for NaDS.>® Relevant
to how behavior at carbon surfaces is affected, recent MD
simulations suggest the increased N arising with Cs™ will more
efficiently exclude H,O from the surface assembly as well.*’

This expectation is in agreement with our finding that, as
aliquots of Cs' are added to 1% SDS—SWNT suspensions, PL
intensities are enhanced by nearly a factor of 2 (see Figure 5),

(57) Tummala, N. R.; Striolo, A. J. Phys. Chem. B 2008, 112, 1987—2000.
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indicating greatly reduced H,O interactions. Furthermore, as
found with Na* additions, we aso observe that the ability of
Cs' to reorganize the surfactant structure becomes reduced at
higher SDS concentrations (Figure 5). However, even at 2%
SDSloadings, Cs™ remains able to perturb the surface structure,
with additions still yielding PL intensity increases (although with
reduced effect as compared to 1% SDS levels). This behavior
can be understood as a result of the increased N available with
Cs' as compared to Na'. For example, at 25 mM CsDS (roughly
corresponding to the peak of the (6,5) and (7,6) PL response
curvesin Figure 5), N is on the order of 90, while for 2% SDS,
N is approximately 70.° Thus, in the presence of Cs',
SDS—SWNT surface structures can no longer be thought of as
saturated.

Dynamics of Reorientation: Surface Access, Surfactant
Mobility, and Molecular Structure. Surfactant saturation is a
complex process that requires the dynamic mobility of SDSto
not only drive more surfactant molecules to the SWNT interface,
but also to allow for molecular reorientation once there. Limiting
SDS mobility should therefore reduce the dynamic response of
the surfactant structure to electrolyte screening effects and in
consequence reduce changes in emission intensity, independent
of SDS concentration. We investigate this aspect of the
saturation phenomena by locking in SDS conformation via
coating of the SDS/SWNT structure with a secondary layer of
PVP. PVP is well-known to interact strongly with SDS via
charge transfer®>2358 and to adsorb at the outer SDS micelle.®
Asaresult, the PVP—SDS interaction inhibits the SDS mobility
and should prevent surfactant reorganization during salt titration.

(58) zhai, L.; Lu, X.; Chen, W.; Hu, C.; Zheng, L. Colloids Surf., A 2004,
236, 1-5.
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followed by stabilization with PVP.

Moreover, the PVP layer will block exchange of large mol-
ecules, while being permeable to small ionic species such as
Na".%® We observed that addition of PV P to the SDS suspension
resultsin PL spectrathat are red-shifted, broadened, and reduced
in intensity for all SWNT types (relative to the initial SDS
suspension), indicating a strong interaction between the surfac-
tant and the polymer.?® Figure 6 shows PL excitation maps of
SDS—PVP suspensions (~0.75% fina SDS concentration)
before (Figure 6a) and after (Figure 6b) addition of NaCl. We
find that the intensity, peak location, and line-width of the
SWNT emission remained constant after salt titration for
all SWNT chiralities. Emission intensity for the (6,5) and (7,5)
SWNTSs (Figure 6¢ and d) is found to remain stable over arange

of NaCl concentrations that would otherwise enhance the PL
emission in the absence of PVP. Even at very high salt
concentrations (>100 mM), we did not observe any emission
changes or signs of aggregation. These observations are aso
consistent with the previously observed emission stability of
the SDS—PVP—SWNT system in biological media with high
sat concentrations like phosphate buffered saline.®® Such
remarkable stability in the presence of strong electrolyte
screening demonstrates that PVP is able to lock in the surface
conformation of the surfactant and inhibit its reorganization. A
significant component of the orientation stability is also due to
PV P preventing further migration of SDS from the bulk solution
into the SWNT surface structures. Hence, no photophysical
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changes are observed in SDS—PVP—SWNT suspensions after
salt titration.

SDS mobility can also potentially lead to reversal of saturated
structures. We therefore study the reverse case in which Na* is
first used to induce a SDS conformational change that maximizes
PL intensity. With this saturated SDS starting geometry, we
explore if subsegquent PVP addition is able to prevent relaxation
of the SDS conformation to aless ordered and thus more weakly
emitting structure. A 0.75% SDS—SWNT suspension is brought
to 30 mM in Nat, resulting in the expected ~50% increase in
PL intensity resulting from generation of the saturated surface
structures. A portion of this sampleis stabilized by PV P addition
as described above. The unstabilized sampleis dialyzed against
a0.75% SDS solution so that Na* is removed, while the SDS
concentration of the SWNT suspension remains constant. As
seen in Figure 6e, as Na' is removed, PL intensity is lost until
the origina intensity in the absence of Na' is reached.
Importantly, this result demonstrates that saturation of the
surfactant structure can be reversed in the absence of other
stabilizing interactions. In contrast, Figure 6e shows that the
PV P-stabilized sample shows only limited loss in PL intensity
under identical dialysis conditions. Thus, we demonstrate that
limiting the ability of SDS to reorient can aso be used as a
route to stabilizing the saturated surfactant structures.

Surfactant mobility and its ability to reorient in response to
external forces will aso be significantly impacted by specific
interactions with the SWNT surface as defined by the surfactant
molecular structure. SDS has a long flexible and dynamic
hydrocarbon chain, which gives fewer initial constraints on its
orientation upon adsorption (via relatively weak hydrophobic
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interactions) to the SWNT surface. SDS is therefore able to
respond freely to an external organizing force through confor-
mational changes.'®?2® |n contrast, the large planar ring
structures of bile sats like deoxy cholate (DOC) or sodium
cholate (SC) have a more constrained geometry and a stronger
interaction with the SWNT surface, even below their critical
micelle concentrations after extended dialysis.*® Furthermore,
recent diameter-dependent DGU separations of SWNTs with
bilesdtsindicateapossibleregistry withthe SWNT structure®8596°
that also provides better isolation from local environments,*>*8
Given these differences in structural flexibility and interaction
characteristics that ultimately impact observed photophysical
properties and separations behavior, it isimportant to determine
if the range of structura reorganization accessible to SDS is
genera to more strongly interacting surfactants like the bile salts.

To evauate the susceptibility of bile salt interactions with
the nanotube surface to conformational changes induced by
electrolyte addition, SWNT suspensions in 1 wt % DOC were
monitored for optical changes upon titration with NaCl. Figure
7 shows PL excitation maps of a DOC—SWNT suspension
titrated to 40 mM NaCl. The SWNT optical properties remain
constant (i.e., no peak shifts, spectral broadening, or intensity
changes) across the full titration range, indicating that electro-
static screening does not change the surfactant conformation
around the SWNTSs. Similar results were found with SDBS (see

(59) Zhao, P.; Einarsson, E.; Xiang, R.; Murakami, Y.; Maruyama, S. J.
Phys. Chem. C 2010, 114, 4831-4834.

(60) Haroz, E. H.; Rice, W. D.; Lu, B. Y.; Ghosh, S.; Hauge, R. H;
Weisman, R. B.; Doorn, S. K.; Kono, J. ACS Nano 2010, 4, 1955—
1962.
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Supporting Information Figure S.2), which has similarly strong
interactions with the SWNT surface. These observations can
be explained by the strong specific interactions between the
SWNT surface and these surfactants. For DOC, these result in
a more complete close-packed coating of the nanotube surface
that is also limited in its ability to reorient in response to
screening and other forces.

These results have important implications for enhancing
DGU-based separations via similar effects. Effects on cosur-
factant systems involving SDS are likely to act through the
tunability of the SDS structures, while DOC interactions are
likely to be unaffected. Consistent with this expectation, it is
important to note that we do not observe SWNT fractionation
in a DGU separation when DOC is used as the sole surfactant
in the presence of added salt. The contrasting behaviors of SDS
and DOC under the influence of reorganizational forces such
as electrolyte screening and change in surfactant concentration
have important implications for further enhancing DGU-based
separations. The impact of such effectsin cosurfactant systems
is likely to act through the tunability of SDS structures, while
the DOC—SWNT interactions are likely to remain unaffected.

This picture supports arecent model (DOC restriction of SDS
wrapping) used to explain a highly successful DGU expansion
of sSWNTs into well-resolved fractions of various narrow
diameter distributions using a SDS/DOC cosurfactant system.>®
In the model of Zhao et al.,>® SDS is thought to adsorb to the
SWNT surface left available due to incomplete coverage by
DOC. DOC is suggested to pack less densely on small diameter
SWNTSs than on larger diameter species, making more surface
areaavailableto SDS on the former. Smaller diameter nanotubes
thus move to the lower density fractionsin DGU. Furthermore,
Zhao et al. find that spatial separation of their fractions increases
significantly when working at higher SDS concentrations, with
the smallest diameter species experiencing the greatest change
in density. Thisresult isin excellent agreement with our picture
of surfactant saturation. Increasing SDS concentrations will force
more surfactant to the available adsorption sites, driving surface
reorientation most effectively on the small diameter SWNTSs.
Small diameter SWNTs should therefore experience the greatest
shift to lower density. The larger diameter SWNTSs, with less
surface available for new SDS binding, will reach saturation
first. Their density response will therefore be much less affected,
in agreement with the results of ref 59.

Conclusion

Surfactant structure at the SWNT surface is demonstrated to
be a dynamically tunable system with significant ability to

reorganize within broad limits as electrostatic and concentration
influences are changed. Saturation in the dynamic response to
such influences can result from a number of sources, including
the interactions of the surfactant molecules with themselves as
packing density is optimized, interactions with the secondary
molecular structure that surrounds the surfactant—SWNT com-
posite assembly, and the direct interactions with the SWNT
surface. These are further influenced by the underlying nanotube
structure, with SWNT metallicity being shown to be especially
important. Saturation in the ability of surfactant structure to
reorganize is thus demonstrated for both metallic and semicon-
ducting SWNTSs. The diameter dependence in such saturation
behavior further adds to our understanding of how surfactant
reorganizational behavior influences the diameter dependence
of density-based separations. The results provide an additional
guide toward surfactant engineering for enhancing separations
and tuning optical parameters for sensing, imaging, and nano-
photonics applications. Our results represent important confir-
mation of several models for surfactant behavior and will be a
useful reference point for refining the accuracy and detail of
MD simulations that are beginning to show potential for
predictive capability. Simulations of metallicity effects, however,
remain a compelling challenge. Developing new approaches to
probing the surface behaviors of low-dimensional nanomaterials
in general will continue to be of growing importance. Our
demonstrated methods of perturbing surfactant structure fol-
lowed by probing SWNT optical and density response may be
further extended by applying alternative reorganizing forces
including mechanical and chemical influences and following
surfactant response with time-dependent spectroscopies. These
techniques will continue to be effective probes of new behaviors
in both pure and mixed surfactant systems.

Acknowledgment. We thank the Smalley Institute for Nano-
scale Science and Technology at Rice University for supplying
SWNTs. Thiswork was supported by LANL-LDRD funding. J.G.D.
thanks the LANL-LDRD Director’s Postdoctoral Fellowship. This
work was performed in part at the Center for Integrated Nanotech-
nologies, a U.S. Department of Energy, Office of Basic Energy
Sciences user facility.

Supporting Information Available: Additional figures. This
material is available free of charge via the Internet at http://
pubs.acs.org.

JA106836F

J. AM. CHEM. SOC. = VOL. 132, NO. 45, 2010 16175



