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ABSTRACT: In contradiction to the long-standing optical depletion of single-walled carbon
nanotubes (SWCNT) by acid doping, this work reports the blue-shifted and optical density-
increased S11 (the first Van Hove singularity transition) peak absorption spectra of single-
chirality (6,5) SWCNT dispersed in specific surfactant compositions such as 1% SDS (sodium
dodecyl sulfate) /1% SC (sodium cholate) and 2% SDS/0.5% SC, which were caused by
addition of acid. These anomalous optical changes can be reversed by adding base, and they are
discussed on the basis of surfactant arrangements on SWCNT sidewalls, which arose from the
selective protonation of unbounded SC to shift the thermodynamic equilibrium of SC adsorbed
SWCNT to the desorption of SC from SWCNT surface. The spectroscopic interpretation
obeys the dipole moment transition related energy level variation and oscillator strength
change.

■ INTRODUCTION

With sharp spectrum features near the infrared region, single-
chirality single-walled carbon nanotubes (SWCNTs) have
been utilized as optical probes for bioimaging and biosensing
applications.1,2 The band gap optical properties of SWCNTs
are very sensitive to the adsorbed molecules (including
dispersing agents and O2),

3−15 solution media (including pH
and ionic strength),16−23 and environment effects such as
temperature and pressure.23−28 Understanding photophysical
properties of SWCNT is critical to precisely interpret the
spectroscopic results.
SWCNTs are highly hydrophobic macromolecules that need

to be dispersed in solvents using surfactants or polymers for
manipulation and practical applications.29 The measured
optical spectral shifts of SWCNTs dispersed in different
solvents are reported to scale with their dielectric constants.30

The effective dielectric constant surrounding SWCNTs
depends on their unknown surface coverages of the
surfactants.31 The local dielectric constant is a dielectric
superposition of the adsorbed surfactants and incorporated
solvents. In this theoretical interpretation, SWCNTs are
commonly considered highly polarizable macromolecules
with zero net dipole moment. In polar solvents, the dipole
induced polarization difference before and after optical
excitation was quantified using Onsager polarity function,
f(ε,η) = 2(ε −1)/(2 × ε + 1) − 2(η −1)/(2 × η + 1), where ε
and η are the solvent dielectric constant and the reflective
index, respectively.30 In nonpolar solvents, photoexcited
SWCNT polarization can induce dynamic polarization of a
solvent. The spectral shift was correlated to solvent-induction
polarization function f(η2) = (η2 − 1)/(2η2 + 1) for

interactions between photoexcited SWCNT polarization and
polarized solvents.32

Recently, we revealed that the optical spectral shifts of
single-chirality (6,5) SWCNT in aqueous solution are related
to the geometric morphologies and compositions of surfactants
(sodium dodecyl sulfate, SDS and sodium cholate, SC) on
SWCNT sidewalls.33 With different geometric morphologies
and compositions, the surface areas of (6,5) SWCNT exposed
to polar solvents varied and their absorption spectra shifted
accordingly. With full coverage of different sole surfactants,
different hydration layers were formed around sidewalls of
SWCNTs, leading to the differentiated spectral shifts. These
results are well consistent with the classic solvatochromic
theory in polar solvents.34,35 Generally, photoexcited SWCNT
is polarized to carry photoinduced dipole moments that can be
correlated to the optical density of SWCNT absorbance
(oscillator strength of exciton, f∞ |D|2, D is the induced dipole
vector). The energy state of polarized SWCNT is more stable
when more sidewall surfaces are exposed to a polar solvent,
which results in a more red-shifted absorption spectrum.25

Because of the slow movement of a solvent nuclear part, the
solvent electron cloud is also polarized by polarized SWCNT
(Franck−Condon effect). The polarized solvent electron cloud
exerts back to the polarized SWCNT. These interpolarization
processes continue until an equilibrium state is reached. The
degree of dipole of initially photoexcited SWCNT reduces
during these interpolarization processes. Accordingly, the
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oscillator strength f (optical density in absorption spectrum) of
SWCNT decreases. Additionally, the symmetry of surfactant
morphology plays certain roles in spectral changes. For
instance, the polarized SWCNT is preferred in surfactant
arrangements with low symmetry rather than high symmetry
because high symmetrical ground state SWCNT transits to low
symmetric photoexcited SWCNT. Thus, the polarized
SWCNT in low symmetric surfactant coverage should have
lower free Gibbs energy, with peak absorption appearing at
longer wavelength than that in high symmetric surfactant
encapsulation. The dipole moment transition of photoexcited
SWCNT (oscillator strength of absorption) in low symmetric
surfactant coverage should be smaller than that in high
symmetric surfactant encapsulation.
Since Smalley’s research group reported the diminished

absorption features of SDS dispersed HiPCO SWCNTs in acid
solution,21 those bleached absorbances were demonstrated to
be reversed either by degassing solution21,36 or using
dispersing agents (for examples, SC37 and dodecyl tethered
flavin mononucleotide38) that can isolate oxygen from the
surfaces of SWCNTs. This acid caused decrease of SWCNTs
absorption is generally considered as acid doping, which
ignores the changes of SWCNT surface dielectric constant,
morphology and symmetry. In this contribution, we report that
the diverse absorption spectral changes of (6,5) SWCNT
aqueous solution upon addition of acid were observed in
various surfactant compositions. For (6,5) SWCNT with more
sidewall surface areas exposed to water molecules, their
absorption spectra generally shifted to the blue with increasing
optical densities by adding acid, and saturated at the points
where the surfactant arrangements were finalized. These
spectral changes were reversibly recovered by adding base to
neutralize the solution. We ascribe these observed spectral
changes to reversibly and competitively thermodynamic
exchanges of SDS and SC moieties on SWCNT sidewalls,
which were tailored by the acidity of aqueous solutions. For
the SWCNT with less sidewall surface areas exposed to water
molecules or fully covered with sole surfactants, their
absorption spectra exhibited surfactant-dependent optical
density decreases, similar to those reported protonations of
SWCNT by acid doping.21−23

■ EXPERIMENTAL SECTION

Materials. Sodium dodecyl sulfate (SDS) and sodium
cholate (SC) were purchased from Sigma-Aldrich and used as
received. Sephacryl gel S200 was purchased from GE health.
Single-walled carbon nanotubes (SWCNTs) raw powder was
produced by Rice University Mark III high pressure carbon
monoxide reactor using less catalyst in a yield of 1 g per hour.
Acetic acid (5%, 0.833 mol/L), HCl (3.65%, 1.0 mol/L) and
NaOH (3.32%, 0.83 mol/L) were used as acids and base,
respectively. The raw SWCNTs were used for the extraction of
(6,5) SWCNT using gel permeation chromatography. The
(6,5) SWCNT stock solutions dispersed in 5% SDS, 2% SDS,
2% SDS/0.05% SC, 2% SDS/0.5% SC, 1% SDS/1% SC, and
5% SC were obtained by eluting the trapped (6,5) SWCNT in
Sephacryl gels with according surfactant compositions. All
concentration units are weight percentage unless there are
specific descriptions.
Measurements. All visible near-infrared absorption spectra

of (6,5) SWCNT dispersed in different surfactant systems were
measured on a NS3 Applied Nano Spectralyzer at ambient

temperature. The optical path length is 1 cm. The starting
solution volumes are 1 mL.

■ RESULTS AND DISCUSSION
With the sharp absorbance of the first Van Hove singularity
transition (S11), the single-chirality (6,5) SWCNT extracted
from high pressure CO conversion carbon nanotubes can be
employed as the optical probe without the need of spectral
deconvolution.39,40 In this contribution, the diverse S11
absorbance changes of (6,5) SWCNT dispersed in aqueous
solutions with various surfactant compositions (sodium
dodecyl sulfate (SDS), sodium cholate (SC)) were inves-
tigated. Their chemical structures are illustrated in Supporting
Information, Figure S1. The visible near-Infrared absorption
spectra of (6,5) SWCNT dispersed in 5% SDS (pH = 7.6), 2%
SDS (pH = 7.4), 2% SDS/0.05% SC (pH = 8.0), 2% SDS/
0.5% SC (pH = 8.5), 1% SDS/1% SC (pH = 8.7), and 5% SC
(pH = 9.0) were measured using NS3 Applied Nano
Spectralyzer (Supporting Information, Figure S2). To elucidate
the spectral shift, the measured absorption spectra were
normalized at S11 peak absorbances and presented in Figure
1A. Their S11 peak wavelengths were plotted against different

surfactant compositions (Figure 1B). Clearly, the S11 peak
absorption of (6,5) SWCNT dispersed in 5% SDS and 2% SDS
appears at 977 nm, 2% SDS/0.05% SC at 979 nm, 2% SDS/
0.5% SC at 989 nm, 1% SDS/1% SC at 991 nm, and 5% SC at
982 nm, respectively. A minor peak located at 1030 nm could
be due to other SWCNT with different chirality, such as
(10,2). The S11 peak absorption of (6,5) SWCNT dispersed in
high concentration SDS (2% and 5%) occurred at the bluest
region. When SC was introduced to (6,5) SWCNT dispersed
in high concentration SDS solution, the S11 peak absorption of
(6,5) SWCNT started shifting to the red. A larger shift was
observed with more SC, i.e., the S11 peak absorption of (6,5)
SWCNT dispersed in 2% SDS/0.5% SC is at the red site of
that of (6,5) SWCNT dispersed in 2% SDS/0.05% SC. The
redshift of (6,5) SWCNT dispersed in 1% SDS/1% SC
reached an upper limit. The S11 peak absorption of (6,5)
SWCNT dispersed in high concentration SC (5%) shifted back
to blue, between those of (6,5) SWCNT dispersed in 2% SDS/
0.5% SC and 2% SDS/0.05% SC. These results are consistent
with our reported spectral changes of (6,5) SWCNT dispersed
in 2% SDS titrated with SC.33 These spectral variations thus
can be interpreted using our previous hypothesis.33 In high
concentration SDS solutions (5% SDS and 2% SDS), rod-like
micelles of SDS around (6,5) SWCNT were formed. One SC

Figure 1. (A) Normalized S11 absorption spectra of (6,5) SWCNT
dispersed in 5% SDS (blue curve), 2% SDS (dark blue curve), 2%
SDS/0.05 SC (light blue curve), 2% SDS/0.5% SC (dark red curve),
1% SDS/1% SC (red curve), and 5% SC (pink curve). (B) Plot of S11
peak wavelengths of (6,5) SWCNT against different surfactant
compositions in which (6,5) SWCNT was dispersed.
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moiety replaced the corresponding SDS rod-like segment to
open SWCNT surface to water molecules, leading to the red-
shifted S11 absorbance of (6,5) SWCNT. More SC molecules
can supersede more segments of rod-like SDS micelles to
expose more SWCNT surfaces to water solvent with the more
red-shifted S11 absorption spectra. Likely, (6,5) SWCNT
dispersed in 1% SDS/1% SC has maximal surfaces exposure to
water molecules, showing the maximally red-shifted S11 peak
absorption. With high concentrated SC, the SC micelles with
rigid helix structures were formed around SWCNT sidewalls,
having limited surface areas open to polar water media, less
than the opened surface areas of SWCNTs dispersed in 2%
SDS/0.5% SC, but more than those of SWCNTs dispersed in
2% SDS/0.05% SC.
The absorption spectra of (6,5) SWCNT dispersed in 1%

SDS/1% SC (1 mL solution) were measured upon addition of
0 μL (pH = 8.7), 1 μL (pH = 3.9), 2 μL (pH = 3.8), 3 μL (pH
= 3.8), 4 μL (pH = 3.6), 5 μL (pH = 3.6), 7 μL (pH = 3.5), 10
μL (pH = 3.4), 15 μL (pH = 3.4), 20 μL (pH = 3.3) of 5%
HAc (Supporting Information, Figure S3). Their S11
absorbance spectra are exhibited in Figure 2A. Their S11

peak wavelengths (black curve) and optical densities (blue
curve) are plotted against the concentrations of HAc as shown
in Figure 2B. The results show the S11 peak absorption
wavelength shifted from 994 to 981 nm and the S11 peak
optical density increased from 1.00 to 1.21 when 5% HAc was
added from 1 to 20 μL. The S11 peak wavelength of (6,5)
SWCNT remained constant at 981 nm after the addition of 10
μL or more of 5% HAc. The optical density of S11 peak
absorption reached a maximum after the addition of 15 μL of
5% HAc, then slightly decreased with further addition of 5%
HAc. These spectral changes were reversed by adding various
volumes of 3.3% NaOH. The absorption spectra of (6,5)
SWCNT dispersed in 1% SDS and 1% SC added with 20 μL of
5% HAc were measured by further addition of 3.3% NaOH in

5 μL (pH = 3.4), 10 μL (pH = 3.4), 15 μL (pH = 3.6), 20 μL
(pH = 8.7), 25 μL (pH = 11.6), and 30 μL (pH = 11.9)
(Supporting Information, Figure S4). Their S11 absorption
spectra are shown in Figure 2C and the plots of their S11 peak
wavelengths (dark red curve) and S11 peak optical densities
(red curve) against the concentrations of NaOH are presented
in Figure 2D. The results unambiguously display that the S11
peak absorption wavelength of (6,5) SWCNT shifted back
from 981 to 995 nm, and their S11 peak optical densities
decreased from 1.21 to 0.93.
The similar spectral changes were observed for (6,5)

SWCNT dispersed in 2% SDS/0.5% SC (pH = 8.5), but
with reduced amplitudes. The measured absorption spectra of
(6,5) SWCNT dispersed in 2% SDS/0.5% SC upon the
addition of 5% HAc are shown in Supporting Information,
Figures S5 and S6. Their S11 absorption spectra are exhibited
in Supporting Information, Figures S7A and S8A respectively.
The plots of their S11 peak wavelengths and optical densities
against the added volume of 5% HAc were plotted in
Supporting Information, Figures S7B and S8B. The reprodu-
cible results show the S11 peak wavelength of (6,5) SWCNT
dispersed in 2% SDS/0.5% SC (pH = 8.5) shifted from 989 to
977.5 nm upon addition of 15 μL (pH = 3.4) of 5% HAc. The
S11 peak wavelength of (6,5) SWCNT remained constant after
addition of 5 μL (pH = 3.6) of 5% HAc. The maximal optical
density of S11 peak absorbance was reached upon addition of
10 μL (pH = 3.4) of 5% HAc and then slightly decreased upon
further addition of 5% HAc. The reversed absorption spectra
of (6,5) SWCNT dispersed in 2% SDS/0.5% SC were also
observed upon addition of 3.3% NaOH in 2 μL (pH = 3.4), 4
μL (pH = 3.4), 6 μL (pH = 3.5), 8 μL (pH = 3.5), 10 μL (pH
= 3.6), and 12 μL (pH = 3.8) (Supporting Information, Figure
S9). Their S11 absorption spectra are shown in Supporting
Information, Figure S10A and the plots of their S11 peak
wavelengths and S11 peak optical densities against the added
volumes of 3.3% NaOH are presented in Figure S10B. The S11
peak wavelength of (6,5) SWCNT shifted from 978 nm back
to 989 nm when 12 μL of 3.3% NaOH was added.
Simultaneously, their peak optical densities decreased back to
their original peak optical density (slightly lower than the
starting absorption spectrum).
HAc is a weak organic acid. To rule out organic solvent

effect, 3.65% HCl was used as the substitute for 5% HAc.15

The absorption spectra of (6,5) SWCNT dispersed in 2%
SDS/0.5 SC (pH = 8.5) were measured upon addition of 1 μL
(pH = 3.0), 2 μL (pH = 2.7), 3 μL (pH = 2.5), 4 μL (pH =
2.4), and 5 μL (pH = 2.3) of 3.65% HCl and then 2 μL (pH =
2.4), 4 μL (pH = 2.9) and 6 μL (pH = 3.2) of 3.3% NaOH,
sequentially (Supporting Information, Figure S11). Their S11
absorption spectra are presented in Figure 3A, blue curves for
addition of HCl and red curves for addition of NaOH. The
plots of S11 peak wavelengths and optical densities against the
concentrations of 3.65% HCl (bottom coordinate) and of
NaOH (top coordinate) are shown in Figure 3B. The plots
show S11 peak wavelength of (6,5) SWCNT dispersed in 2%
SDS/0.5% SC shifted from 988.5 to 978 nm after addition of
15 μL of 3.65% HCl, and then reversed back to 989 nm after
addition of 12 μL (in total) of 3.32% NaOH. The S11 peak
optical densities of (6,5) SWCNT dispersed in 2% SDS/0.5%
SC increased from 0.77 to 0.89 after addition of 15 μL of
3.65% HCl and reversed back to 0.77 after addition of 12 μL
(in total) of 3.32% NaOH.

Figure 2. (A) S11 absorption spectra of (6,5) SWCNT dispersed in
1% SDS/1% SC upon addition of 5% HAc in volumes of 0 (black
curve), 1, 2, 3, 4, 5, 7, 10, 15, and 20 μL (blue curves). (B) Plots of S11
peak wavelengths (black curve) and S11 peak optical density (blue
curve) against the concentrations of HAc. (C) S11 absorption spectra
of (6,5) SWCNT dispersed in 1% SDS/1% SC (black curve), after
addition of 20 μL of 5% HAc (blue curve), and after addition of
3.32% NaOH in volumes of 5, 10, 15, 20, 25, and 30 μL (red curves).
(D) Plots of S11 peak wavelengths (dark red curve) and S11 peak
optical density (red curve) against the concentrations of NaOH.
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These results show these blue-shifted and optical density
increased S11 absorption spectra of (6,5) SWCNT dispersed in
1% SDS/1% SC and 2% SDS/0.5% SC upon addition of acids
(either HAc or HCl) are reproducible and consistent
phenomenon, and can be reversed back after addition of a
base (NaOH). Interestingly, the S11 absorption spectra of (6,5)
SWCNT dispersed in 1% SDS/1% SC and 2% SDS/0.5% SC
implied that SWCNT surface areas exposure to water
environment approach to their maxima. On the basis of our
previous spectral dilution and titration studies of (6,5)
SWCNTs in different surfactants33 and well-known solvato-
chromic effects on SWCNTs absorption spectra,30−32 we
rationalize these blue-shifted S11 absorption spectra of (6,5)
SWCNT to the surfactant reorganization induced by addition
of acid that mitigated SWCNT sidewall surface areas exposure
to water molecules. The pKa values of HAc, dodecyl sulfuric
acid, cholic acid are 4.8,41 1.942 and 4.9843 respectively. With
pH > 1.9, SDS will not be protonated. Likely, SC will be
protonated when pH value reaches 5 or less.44 For example,
the cloudy solution appeared when 10 μL of 5% HAc was
injected into (6,5) SWCNT dispersed in 5% SC solution,
implying the protonation of SC moieties (Supporting
Information, Figure S12). SDS adsorbed on SWCNT should
have the pKa value similar to that of the free SDS molecule
based on their similar ζ potential values.45 SC adsorbed on
SWCNT could have pKa value much smaller than that of free
SC molecule because SC dispersed SWCNT solution has
about 28 mV more negative ζ potential in comparison to SC
without SWCNT.46 On the basis of these analyses, the
addition of enough acid (either of HAc or HCl), free SC
molecules would selectively be protonated and form aggregates
in aqueous solution (Scheme 1). Additionally, the critical
micelle concentration of SC would decrease with the
protonation of SC by adding acid. The reduced free SC
moieties then shifted the thermodynamic equilibrium of SC
bounded SWCNTs to SC desorption from the SWCNT
sidewall. Consequently, SDS molecules from free SDS moieties
and SDS micelles would occupy these surface areas and
diminish the surface areas exposure to water solvent via
molecular exchanges.33 In this situation, the blue-shifted
absorption spectra were observed because of the upraised
energy level of polarized SWCNTs in less polar environment.
Simultaneously, the dipole moment of a polarized SWCNT
was weakly suppressed by a less polar environment in

comparison to the strong dipole moment suppression of
polarized SWCNT by polar media, leading to the increase of
oscillator strength f of S11 peak absorption. Reversely,
deprotonation of cholic acid by adding NaOH base led to
the increased concentration of free SC, which in turn
competitively substitute SDS adsorbed on SWCNTs through
molecular exchanges simply because free SC has stronger
binding strength on the SWCNT sidewall than SDS
moieties.33,47,48 Thus, the sidewall surface of the SWCNT
was reopened and exposed to polar water solvent, leading to
the reversed changes in S11 absorption spectra.
The absorption spectra of (6,5) SWCNT dispersed in 2%

SDS/0.05% SC (pH = 8.0), 2% SDS (pH = 7.4), 5% SDS (pH
= 7.6) and 5% SC (pH = 9.0) after addition of 5% HAc were
measured (Supporting Information, Figures S13−S16). Their

Figure 3. (A) S11 absorption spectra of (6,5) SWCNT dispersed in
2% SDS/0.5% SC upon addition of 3.65% HCl in volumes of 0 (black
curve), 1, 2, 3, 4, and 5 μL (blue curves) and addition of 3.32%
NaOH in volumes of 2, 4, and 6 μL (red curves). (B) Plots of S11
peak wavelengths (black curve) and S11 peak optical density (blue
curve) against the concentrations of HCl (bottom coordinate) and
plots of S11 peak wavelengths (dark red curve) and S11 peak optical
density (red curve) against the concentration of NaOH (top
coordinate).

Scheme 1. Cartoon Diagrams To Show the Acid Effect on
Surfactant Arrangements of (6,5) SWCNT Dispersed in
Different Surfactant Compositionsa

aKey: (A) Highly concentrated SDS (2% and 5%), no protonation for
individual SDS or rod-like SDS on SWCNT surface by adding acid
with pH from 4.98 to 1.9. (B) Highly concentrated SC (5%), with
protonation of individual SC but no protonation of SC micelles on
SWCNT surfaces by adding acid with pH from 4.98 to 1.9. (C)
Highly concentrated SDS with SC (2% SDS/0.5% SC and 1% SDS/
1% SC), selective protonation of individual SC but no protonation of
individual SDS, rod-like SDS on SWCNT surfaces and SC micelles on
SWCNT surfaces by adding acid with pH from 4.98 to 1.9.
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S11 absorption spectra are illustrated in parts A, C, E, and G of
Figure 4, and the plots of their S11 peak wavelengths and peak

optical densities against the concentrations of HAc are
presented in parts B, D, F, and H of Figure 4, respectively.
Different from these spectral changes of (6,5) SWCNT
dispersed in 1% SDS/1% SC and 2% SDS/0.5% SC, their
S11 peak absorbances remained constant except for (6,5)
SWCNT dispersed in 5% SDS with slightly red-shift upon
addition of 5% HAc. Their S11 peak optical densities decreased
upon addition of 5% HAc, except for (6,5) SWCNT dispersed
in 2% SDS/0.05% SC with a slightly increase in optical density

initially when 1 μL (pH = 3.9) of 5% HAc added. The
decreases in amplitudes are significantly different with different
surfactant compositions.37 Here, (6,5) SWCNT dispersed in
5% SDS and 2% SDS showed large decreases in amplitudes of
S11 peak optical densities, from 0.98 to 0.80 and from 1.035 to
0.915, respectively. The decreases in amplitudes of the S11 peak
optical densities of (6,5) SWCNT dispersed in 5% SC (from
1.316 to 1.276) and 2%SDS/0.05% SC (from 0.842 to 0.822)
are relatively small. Consistent with other literature re-
ports,23,36,37 these declined S11 peak optical densities were
restored by adding 3.3% NaOH solution.
For SWCNTs dispersed in 5% SDS (pH = 7.6), 2% SDS

(7.4), 2% SDS/0.05% SC (pH = 8.0) and 5% SC (pH = 9.0),
their sidewall surface areas exposure to water solvent were
constrained and hardly disturbed by addition of acid. No S11
peak wavelength shift was thus observed upon addition of
acids. This indicates no perturbation on the equilibrium of
SDS and SDS encapsulated SWCNT by adding acids with the
eventual pH ranging from 4.98 to 1.9 (Scheme 1A). Although
the protonation of unbounded SC moieties theoretically
occurred, sufficient amounts of SC molecules still remained
in solution, and the conformation of SWCNT wrapped with
SC helix structure remained the same (Scheme 1B). These
unchanged SWCNT surfaces displayed their nonshifted S11
peak absorption. These observed S11 peak optical density
decreases have been interpreted by the protonation of
SWCNT sidewall surfaces due to acid doping. The differential
decreases in amplitude of the S11 peak absorption of (6,5)
SWCNT dispersed in sole SDS or SC may be interpreted by
their ζ potentials,45,46 where SC adsorbed SWCNT has more
negative ζ potential than SDS adsorbed SWCNT to limit the
penetration of the added acid. The slightly red-shifted S11 peak
wavelengths of (6,5) SWCNT dispersed in 5% SDS could be
due to attractive depletion (high concentrated electrolytes
induced aggregations leading to red-shifted wavelength and
optical density decrease) of nanoscale particles.37 This kind of
S11 peak optical density decrease can be expected to occur for
(6,5) SWCNT dispersed in 1% SDS/1% SC and 2% SDS/0.5%
SC solutions (actually, the slightly decreased S11 peak optical
densities were observed after the maximum S11 peak optical
densities were reached upon addition of acids). The obtained
results in Figure 2 and Figure 3 imply the spectral changes
were dominated by S11 peak optical density increases due to
diminished surface areas exposure to water polar media.
With the above-discussed absorption of spectral diversities

of (6,5) SWCNT dispersed in various surfactant compositions
upon addition of acids, their variabilities to elute SWCNTs
trapped in gels were tested. Though the obvious optical
changes of (6,5) SWCNT dispersed in 1% SDS/1% SC and 2%
SDS/0.5% SC solutions were observed, the eluting strengths of
1% SDS/1% SC and 2% SDS/0.5% SC in gel chromatography
using Sephacryl gel 200 as the media were negligibly different
upon addition of acids. These eluants might already have
strong eluting strengths because of the presence of a significant
amount of SC molecules. While no apparent S11 peak
wavelength shift was observed for (6,5) SWCNT dispersed
in 2% SDS/0.05% SC solution, the strength of 2% SDS/0.05%
SC to elute SWCNT was significantly enhanced by addition of
acids in gel chromatography using Sephacryl gel 200 as the
media.49 For 2% SDS elution, the maximal eluting strength was
observed when 4 μL of 5% HAc (pH = 3.6) was added. More
interestingly, loading (6,5) SWCNT dispersed in 0.5% SDS at
pH ∼ 5 in Saphacryl gel 200, no SWCNT could be trapped in

Figure 4. (A) S11 absorption spectra of (6,5) SWCNT dispersed in
2% SDS/0.05% SC upon addition of 5% HAc in volumes of 0, 1, 2, 3,
5, 10, and 15 μL. (B) Plots of S11 peak wavelengths (black curve) and
S11 peak optical density (blue curve) of (6,5) SWCNT dispersed in
2% SDS/0.05% SC against the concentrations of HAc. C) The S11
absorption spectra of (6,5) SWCNT dispersed in 2% SDS upon
addition of 5% HAc in volumes of 0, 1, 2, 4, 6, 10, 15, 20, and 25 μL.
(D) Plots of S11 peak wavelengths (black curve) and S11 peak optical
density (blue curve) of (6,5) SWCNT dispersed in 2% SDS against
the concentrations of HAc. (E) S11 absorption spectra of (6,5)
SWCNT dispersed in 5% SDS upon addition of 5% HAc in volumes
of 0, 1, 2, 3, 4, 5, 10, 15, and 20. (F) Plots of S11 peak wavelengths
(black curve) and S11 peak optical density (blue curve) of (6,5)
SWCNT dispersed in 5% SDS against the concentrations of HAc. (G)
S11 absorption spectra of (6,5) SWCNT dispersed in 5% SC upon
addition of 5% HAc in volumes of 0, 1, 3, and 7 μL. (H) Plots of S11
peak wavelengths (black curve) and S11 peak optical density (blue
curve) of (6,5) SWCNT dispersed in 5% SC against the
concentrations of HAc.
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the gel. Neutralizing (6,5) SWCNT dispersed in 0.5% SDS to
pH ∼ 7.8 by adding NaOH, the retention of (6,5) SWCNT in
Sephacryl gel was obtained. These varied eluting strength
changes by adding acids may not seem relevant to the
surfactant arrangement on the SWCNT sidewall, which likely
arose from the ζ potential disparity of different surfactant
compositions by addition of acid and base, which led to various
electrostatic screening effects that determined the retention of
SWCNT in gels.33,45,46

■ CONCLUSION

In summary, the absorption spectra of (6,5) SWCNT
dispersed in a series of surfactant compositions like 5% SDS,
2% SDS, 2% SDS/0.05% SC, 2% SDS/0.5% SC, 1% SDS/1%
SC, and 5% SC were measured upon addition of varied
amount of acids (either 5% HAc or 3.65% HCl). For these
(6,5) SWCNT dispersed in surfactant compositions such as
1% SDS/1% SC and 2% SDS/0.5% SC exhibiting S11 peak
absorption in red-shift region (more SWCNT surface areas
exposure to water microenvironment), their S11 peak
absorption wavelengths were significantly blue-shifted and
their S11 peak optical density increased upon addition of acid.
These spectral changes were reversed by adding 3.32% NaOH.
We conceivably ascribed these optical changes to surfactant
rearrangements around a SWCNT sidewall that mitigated the
SWCNT surface areas exposure to water molecules triggered
by the protonation of free SC moieties. The decreased SC
concentration in aqueous solution shifted the thermodynamic
equilibrium of SC adsorbed SWCNT to SC desorption from
SWCNT sidewall surface, and the desorbed SC moieties were
subsequently substituted by SDS moieties. The blue-shifted S11
peak absorption can be explained by the increased energy level
of polarized (6,5) SWCNT in a less polar environment, and
the increased S11 peak optical density can be credited to the
release of suppressed dipole moment of polarized (6,5)
SWCNT in polar medium. For these (6,5) SWCNT dispersed
in surfactant compositions such as 5% SDS, 2% SDS, 2% SDS/
0.05% SC, and 5% SC with S11 peak absorptions in a relatively
blue wavelength region (well encapsulated with surfactants to
have less SWCNT surface exposure to water media), their S11
peak absorbances generally remained the same but with varied
optical density decrease amplitudes because of their differential
protonation of SWCNT surfaces is considered as acid doping.
It seems that the more negative ζ potential of SWCNTs
dispersed with such surfactant as 5% SC causes a smaller
decrease in amplitude of S11 peak optical density. This implies
that the more negative SWCNT surface ζ potential prevented
the attack of H+ to SWCNT, which has been considered as
proton-mediated oxidation in literature. Additionally, the
eluting strengths of different surfactant compositions for
SWCNT separation using gel chromatography were examined
by adding acids. Generally, the results show that SWCNTs
dispersed in surfactants that are in an acidic condition could
not be trapped in Sephacryl gels. In order to retain SWCNTs
in gels, SWCNT solutions dispersed in surfactants need to be
adjusted to basic conditions with high pH values.50 Moreover,
we expect that this contribution can cast light on the use of
single-chirality SWCNT as a near-infrared probe for
bioimaging and biosensing, for instance, as pH indicator in
in vitro and in vivo experiments. Also, we expect this
contribution can stimulate more fundamental researches on
SWCNT spectroscopies, especially involving dipole moment

transition and symmetry selection, which seems to be missing
in the literature.
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