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a b s t r a c t

High-end applications of single-walled carbon nanotube (SWNT) require detailed understanding of their
binding affinity (Kd) with surfactants. Here, we quantitatively determined the comprehensive Kd and
aggregation number (g) of nine nonionic and anionic surfactants according to SWNT chirality. Photo-
luminescence (PL)-based titration using flavin mononucleotide (FMN)-SWNT complexes showing the
largest redshifted optical transition enabled quantitative comparison of the surfactants and displayed
distinct first and second regimes which correspond to partial and full replacements of FMN, respectively.
Especially, the second transition exhibited sigmoidal PL change whose middle point denoted by the
inverse of Kd slightly differs from critical micelle concentration of surfactant alone, depending on its
functional groups. Moreover, nonionic surfactants displayed larger Kd and lower g values than the
anionic did. Specifically, Kd values between Pluronic F108 and sodium dodecyl sulfonate differ by four
orders of magnitude. Such differences were rationalized in terms of the occupied volume of the micelle
based on the hydrodynamic volume and g. During the replacement, Kd and g were affected by the degree
of surfactant rearrangement induced by aging process, leading to more stable complex. Scaling the in-
teractions between surfactant and SWNT provides useful guidelines to design novel SWNT sorting
method using more than two surfactants.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Despite advances over the last two decades, high-end applica-
tions of single-walled carbon nanotube (SWNT) hinge on a detailed
understanding of the binding affinity (Kd) with surfactants because
such applications necessitate a bulk quantity in solution [1e9].
Absorption spectroscopy is thought to be a quantitative way to
determine Kd. However, because the absorption contains contri-
butions not only from individually exfoliated SWNTs but also from
its bundles [1,10e12], carbonaceous impurities [11e13], and the
background originating from scattering [12,13], the absorbance it-
self cannot give quantitative information about Kd.

To determine Kd, quantum mechanical simulations [14e16]
along with molecular mechanics calculations [14,17e20] have been
employed to probe the energetic difference between the constitu-
ents and the adduct. Along these approaches, the experimental
determination of Kd is required to understand the underlying
thermodynamics. Recently, our group [21], along with others
[22e24], has reported the Kd and related thermodynamic functions
of several surfactants on SWNTs in which a flavin mononucleotide
(FMN (1), see Fig. 1 for the chemical structure)-SWNT dispersion
was utilized to induce changes in the effective dielectric constant
(εeff) of the SWNT upon surfactant exchange [21,25]. In particular,
titration methods using photoluminescence (PL) and absorption
have been utilized to determine the Kd value according to nanotube
chiralities, electronic properties, and enantiomers [21,26].

The specificity of Kd of more than two surfactants with SWNTs
has been widely utilized to develop a novel sorting scheme of
SWNTs. The most characterized routes for SWNT sorting include
density gradient ultracentrifugation (DGU) [1e4], liquid column
chromatography (LCC) [5e7], and two-phase extraction method
using poly(ethylene oxide) (PEO)/dextran [8,9]. For instance, DGU
method makes use of surfactant mixtures such as sodium cholate
(SC (7) in Fig. 1)/sodium dodecyl sulfate (SDS (9)), LCC with sta-
tionary agarose-based Sephacryl exploits SC/SDS [7], or Triton X-
405 (4)/sodium dodecylbenzene sulfonate (SDBS (7)) [27]. In this
regard, the subtle difference in (co)surfactant organization on the
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Fig. 1. Chemical structures of the main surfactants used in this studyy.
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SWNTs is intrinsically related to Kd. Moreover, the micelle aggre-
gation number (g), which decides the size and shape of the micelle
[28], is another important aspect in determining the surfactant
organization and interaction with SWNTs. Among the various
methods to probe the interaction among different surfactants
[29e31], nuclear magnetic resonance (NMR) spectroscopy has been
instrumental in shedding more light on the local structure and
dynamics of the surfactant [30,31]. Therefore, detailed analysis of
Kd and g values of various surfactants will help in understanding
the underlying SWNT sorting mechanism and enable to develop
new method in a rational manner.

In this study, we quantitatively determined the Kd and g of nine
surfactants, including nonionic and anionic surfactants. Sensitive
PL-based titrations using an FMN-SWNT dispersion against those
surfactants allowed us to probe the surfactant assembly behavior
near the SWNTs and to determine Kd and the related g according to
the SWNTchirality, handedness, and diameter (dt). The origin of the
Kd and g of the SWNT was discussed by utilizing the hydrodynamic
volume, g, and hydrophobicity of the surfactant.
2. Experimental

2.1. Materials and instrumentation

Flavin mononucleotide (FMN, Lot #: 77623, purity: 73e79%),
SDBS (technical grade), Pluronic F108, Triton X-405, and Brij 78
were purchased from Sigma-Aldrich. CTAB was purchased from
Alfa Aesar. Other surfactants were purchased from TCI. SWNTs
prepared by a high-pressure CO process (HiPco, raw grade, batch #:
R1-831, with dt distribution 1.00± 0.35 nm) were purchased from
Nanointegris. UVevis� near IR (NIR) absorption spectra were ac-
quired on a JASCO 770 with a cuvette having a 10-mm beam path at
18 �C, unless otherwise noted. Tapping-mode atomic force micro-
scope (AFM)measurements were conducted by using Nanowizard I
(JPK Instruments) with an Al-coated Si cantilever with a resonance
frequency of 361 kHz.
2.2. FMN-SWNT dispersion

A mixture of 20mg (1.66mmol in carbon atom equivalency)
HiPco SWNT, 320mg (0.7mmol) FMNwas added to 80mLH2O. The
mixture was initially bath sonicated for 1 h and probe sonicated for
5 h at a 300-W intensity. The resulting solution was centrifuged at
80,000 g (gravitational acceleration force) for 2 h using a swing-
bucket rotor (SW 41 Ti, Beckman Coulter), and the supernatant of
the upper 80% was collected as a clear but dark solution. A total of
64mL was prepared in this method. Prior to the optical measure-
ments, the stock dispersion was prepared by seven-time dilution
with DI water and contained ca. 1.2mM FMN.
2.3. Cosurfactant-SWNT dispersions

SWNT dispersions using the surfactants displayed in Fig. 1 were
prepared using the following method. A mixture of 1mg (83 mmol
in carbon atom equivalency) HiPco, 1 w/v% (10mg) surfactant was
added to 1mLH2O. The dispersionwas initially mixed by vortexing,
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bath sonicated for 5min (Branson 1510, 70W), and probe-
sonicated for 1 h at a 300-W intensity to achieve thorough disper-
sion. The resulting solution was centrifuged at 122,000 g for 4 h
using the aforementioned rotor and the 80% supernatant was
collected to have a clear but dark solution. In the case of SDS, the pH
of the dispersionwas adjusted to 10. Each dispersionwas subjected
to UV-vis-NIR absorption and PL excitation (PLE) measurements.

2.4. PLE measurements and titration

Fluorescence spectroscopy measurements were conducted on a
Spex Nanolog 3e211 spectrofluorometer equipped with a single-
channel InGaAs detector and iHR320 spectrometer with 150
lines/mm grating. Cosurfactant titration against FMN-SWNT (3mL)
was conducted by increasing concentration in intervals as small as
1 nM (i.e., PVP-1300) to 0.1mM (i.e., 4 mL, other surfactants) prior to
measurement of the PLE map, according to the previous work [21].
All titration was conducted at 293 K, and both excitation and
emission light intensities were corrected against instrumental
variations using sensitivity correction factors. The ranges of exci-
tation wavelength and emission wavelength were 550e800 nm in
5-nm steps and 903e1350 nm in 1-nm steps, respectively. After the
titration, the dispersions exhibit near neutral pH at 7.7.

2.5. Relative Kd using the Hill equation

A PLE map array was imported to generate concentration-
dependent traces of the PL intensity (IPL) using the previously
determined PL positions of SWNT (n, m) [21,32]. Kd and g of
cosurfactant were obtained using the Hill function implemented in
Origin program.

3. Results and discussion

Fig. 1 displays the chemical structures of the main surfactants
used in this study. These surfactants are classified as anionic,
nonionic, and cationic (see Table S1 of the Supporting Information
(SI) for the detailed properties of each surfactant). The majority of
these surfactants are anionic surfactants (Figure nos. 1, 7e11),
which have various functional tails comprising phosphate,
carboxylate, sulfate, and sulfonate functionalities. The next most
abundant surfactants are nonionic polymer with PEO repeat as the
major hydrophilic part (nos. 2e5), except the pyrrolidone moiety
(no. 6). The cationic surfactants were selected to have quaternary
ammonium salt surfactants (nos. 12 and 13). Generally, the hy-
drophobic parts of the dispersants consist of a long fatty chain
(n¼ 10e18) with optional aromatic rings (nos. 4 and 7), except in
the case of Pluronic F108 (5) having polypropylene repeat.

y Anionic surfactants: 1. FMN; 7. sodium dodecylbenzene sul-
fonate (SDBS); 8. SC; 9. sodium dodecanoyl sarcosine (Sarkosyl); 10.
SDS; 11. sodium dodecyl sulfonate (SDSA). Nonionic surfactants: 2.
Brij 78; 3. Tween 85; 4. Triton X-405, 5. Pluronic F108, 6. poly(vinyl
pyrrolidone) (PVP-1300). Cationic surfactants: 12. dodecyl-
trimethylammonium bromide (DTAB); 13. cetyl-
trimethylammonium bromide (CTAB); The FMN-SWNT dispersion
showed the most redshifted optical transitions among the SWNTs
dispersed by the various surfactants listed in Fig. 1 and was utilized
as a reference dispersion for the surfactant displacement. For this,
the FMN-SWNT dispersion was prepared by using FMN and HiPco
SWNTs (tube dt range: 0.7e1.3 nm) [33] via the sonochemical
method according to a previous report (see Section 2, Experimental
for details) [32,34]. Using a similar sonochemical method, the
remaining 12 surfactants, whose dispersion concentrations excee-
ded the critical micelle concentration (CMC) (see Table S1 for CMC
values of each surfactant) [35e40], were prepared to disperse
HiPco. The resulting FMN-HiPco dispersion exhibited high optical
density and was diluted prior to measurement. Fig. 2A displays the
UV-vis�NIR absorption spectra of the nanotube dispersed by 13
different surfactants normalized by the peak at ca. 1100 nm (see
Fig. S1A to S1M in the SI for the absorption spectra without
normalization). The FMN-HiPco dispersion (top spectrum) exhibit
that the visible and NIR regions contain sharp absorption peaks that
originate from the hydrogenic exciton peaks of the (n, m) SWNT
chiralities [41] consisting of the first (eS11, 950e1350 nm) and sec-
ond (eS22, 500e950 nm) excitonic transition regions of the FMN-
wrapped SWNTs [21]. As mentioned, the excitonic peak of the
SWNT displayed a blueshift upon dispersion with surfactants other
than FMN because the εeff value was lowered by the hydrophobic
alkyl chain as opposed to that of the fused aromatic ring structure
of FMN [42]. As indicated by the dotted line, the excitonic peaks of
the FMN-SWNT complex exhibit the most redshifted eS11 peaks
compared to those based on other surfactants. For example, the
composite eS11 peak at 1160 nm consisting of (9,4), (8,4), and (7,6)
tubes displays a progressive 40-meV blueshift for the SDS (10)-
SWNT dispersion, and the eS22 peak near 730 nm shows a similar
trend. In addition, judged by the absorbance, SDBS displays the
densest SWNT dispersion, followed by SDS, FMN, SC, and cetyl-
trimethylammonium bromide (CTAB) in that order (see Fig. S1 for
absorption without normalization).

The PL positions of (n,m) SWNT wrapped by various surfactants
were determined by PLE maps because the respective IPL during the
titration of cosurfactants can be more easily determined than by
the congested absorption spectra. Fig. S2 in the SI shows the PLE
maps of HiPco dispersed by various surfactants, and these exhibit
blueshifted eS11 and eS22 of SWNT compared to the FMN dispersion.
The PL positions are listed in Table S2 in the SI. The determined PL
positions of the (6,5) tubes shown in Fig. 2B displayed that while
SDS suspended (6,5) tube displays the most blueshifted eS11 and
eS22, the FMN suspended (6,5) shows the most redshifted ones. The
slight discrepancy between PL and absorption measurements (e.g.,
SDS-HiPco displaying the second largest redshift) seems to origi-
nate from the presence of SWNT bundles [43,44]. A comparison of
the PL positions from our experiments to those in the literature [34]
(see Fig. S3 in the SI) reveals a similar optical transition trend,
except for the cases of a slight mismatch for Tween 85 and Brij 78.
The apparent redshift of the FMN-HiPco dispersion was advanta-
geously utilized to detect the changes during titration.

Using the obtained PL positions of the SWNT, the chirality-
specific IPL were obtained for various surfactants to determine the
relative Kd following a literature method (see Section 2, Experi-
mental for the details) [21,32,45]. Initially, the time scale of sur-
factant replacement was probed whether any kinetics are involved
in the replacement. For this, a series of PL emission spectra with 4 s
intervals was acquired upon the addition of excess SDBS (i.e.,
1.7mM) above CMC [39]. Fig. S4A in the SI illustrates PL emission
spectra of (7,5) tube acquired after the addition. The corresponding
IPL trends of respective SDBS- and FMN-(7,5) tubes (Fig. S4B in the
SI) exhibits saturation behavior after few tens of sec, and that of
other chiralities such as (8,6) tube exhibiting the strongest binding
with FMN [21] also does similar yet slightly delayed saturation
behavior (Figs. S4C and D in the SI), suggesting kinetic replacement
behavior according to SWNT chirality. Since the time scale of PLE
maps are ~10min which is much longer than that of replacement
kinetics, we further collect PLE maps to obtain Kd according to
titrant concentration. Typically, a titration of FMN-HiPco with a
rough concentration interval of cosurfactant proceeded with initial
30 PLE map measurements and additional fine measurements in
which the IPL changed abruptly. The series of PLE maps with the
determined PL positions enables the tracking of multiple SWNTs
simultaneously according to the FMN- and titrant-based PL



Fig. 2. (A) Normalized absorption spectra of the HiPco dispersion dispersed by various surfactants. (B) PL positions of a representative (6,5) tube were determined from PLE
mapping (inset: SDS-HiPco dispersion) according to the dispersing surfactants. See Fig. S2 and Table S2 for the remaining PLE maps and the corresponding PL position for each
surfactant, respectively. (A colour version of this figure can be viewed online.)
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positions of the SWNTs. This process was repeated for the
remaining 11 different surfactants. Fig. 3A displays a series of
representative local PLE maps for the (7,5) tube upon the addition
of Tween 85 aliquot. With increasing titrant concentration, as
shown by the PLE maps (i.e., 0.00, 0.09, and 0.18mM from left to
right), the IPL of FMN-(7,5) progressively disappeared, whereas that
of Tween 85-(7,5) rose in the blueshifted position, as indicated by
the dotted line. Moreover, FMN-(7,5) positioned at 0.09mM was
also slightly blueshifted by a few nanometers in both eS11 and eS22
compared to the initial values.
Fig. 3. IPL trajectories of a representative (7,5) tube wrapped by FMN (black) replaced by va
Tween 85 (3). (B) IPL trajectories of (7,5) tubes measured at the respective surfactant positio
Triton X-405 (4), (F) SDBS (7), (G) SC (8), (H) SDS (10), (I) Sarkosyl (9), and (J) SDSA (11). (A
The respective IPL trajectories are displayed in Fig. 3BeJ. Fig. 3B
displays the IPL trajectories of the (7,5) tube wrapped by FMN (black
squares) and Pluronic F108 (red circles) during the replacement.
The two IPL drops, denoted regime I and II, were observed along the
FMN-(7,5) trajectory, while that of Pluronic F108-(7,5) displays a
small initial fluctuation and later a larger increase at those regimes.
The initial IPL drop has been discussed in a later section in detail.
The latter accompanies the simultaneous increase in the IPL of the
Pluronic F108-SWNT, indicating the surfactant replacement. The
commonly observed sigmoidal inflection of the respective IPL values
rious titrants (red). (A) A series of local PLE maps of (7,5) tubes upon the titration with
ns for Pluronic F108 (5) and similar trajectories for (C) Brij 78 (2), (D) Tween 85 (3), (E)
colour version of this figure can be viewed online.)
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can be quantified by Hill analysis [21,46]. The Hill equation is
expressed as

q ¼
��

Ka

½titrant�
�g

þ 1
��1

; (1)

where Ka is the middle point of the sigmoidal transition, q is frac-
tion based on the IPL of FMN- and titrant-SWNTs, and g is a Hill
coefficient representing surfactant cooperativity. Since Ka denotes
the affinity of FMN with SWNT, the reciprocal Ka (or Kd) results in
the relative binding affinity of various surfactants. The determined
Ka and g values for various surfactants are listed in Table S3 in the SI.
Fig. 3C through J display the similar IPL trajectories of the other eight
titrants. The reason for being slightly different IPL of FMN-derived
(7,5) tube after the titration stems from (i) the contribution of IPL
and peak width of cosurfactant-SWNT after titration, and (ii)
different degree of overlapping of (7,5) tube with (10,2) tubes (see
Fig. 3A for Pluronic F108 and Fig. S5 for the other surfactants in the
SI). During the titration of various titrants, although the anionic and
nonionic surfactants allowed the observation of the PL position
changes of SWNTs without apparent precipitation, the cationic
surfactants (e.g., DTAB (12) and CTAB (13)) display SWNT precipi-
tation at ca. one-tenth (0.1e0.2mM) the molar concentration of
FMN in the dispersion. This result occurs because of a salt-forming
reaction between the anionic and cationic surfactants [32,47].
Therefore, these cationic surfactants are not discussed further.

The simultaneous IPL changes in regime II were first probed.
Upon titration, the IPL of the (7,5) tube wrapped by FMN and sub-
sequently replaced by the titrants displayed the following three
behaviors: (i) FMN is complementarily displaced by the titrant and
immediately forms a stable dispersion (i.e., in the cases of titration
with Pluronic F108 (5), Tween 85 (3), SDBS (7), and SC (8)). (ii)
Displacement induces small SWNT bundling, as determined from
the simultaneous PL decrease without noticeable precipitation
observable to the naked eyes (i.e., SDS (10) and sodium dodecyl
sulfonate (SDSA) (11)) [21]. (iii) Displacement occurs immediately,
and a subsequent, slow IPL increase in the PL position of the titrant-
SWNT occurs, as shown by the difference in the gray and red re-
gions (i.e., Brij 78 (2), Triton X-405 (4), and Sarkosyl (9)). The
behavior of surfactant replacement has a close relationship with
micelle relaxation time (tmicelle), which is defined as the time for
micelle to be relaxed after the addition of the surfactant monomer
[48e50]. Generally, tmicelle of an anionic surfactant is in the range of
seconds tomicroseconds, whereas those of nonionic surfactants are
much longer (a few tens of seconds) because of the presence of the
polar head group, which directs organization. Immediate surfactant
exchange based on the simultaneous IPL changes are observed for
cases (i) and (ii), which has been observed for SDBS, SC, and SDS
already, in good agreement with the short tmicelle [21]. At this time,
case (iii), mainly from nonionic surfactants, has been observed for
the first time. Case (iii) suggests that the replaced surfactant re-
quires surfactant rearrangement on the SWNT to obtain a well-
ordered surfactant structure based on the slow PL recovery. In the
case of Triton X-405, the time for tmicelle to reach the PL plateau was
about 50min, which is far greater than that of (i.e., a few tens of
seconds) the typical nonionic surfactants [49], inferring the
importance of kinetic aspects of nonionic surfactant rearrange-
ment. This also suggests that the hydrophobicity of the SWNT
sidewall prevents the self-organization of several nonionic surfac-
tants. In addition, it is noteworthy that several surfactants such as
SDBS and SC exhibits two sigmoidals, which originate from
different interactions of FMNwithminus (M) and plus (P)-helices of
the SWNT isomers (see Fig. 3G and Figs. S6E and F for their Kd)
[26,51].
In regime I, moreover, the IPL trajectories from FMN-SWNT
exhibit an initial PL decrease (yellow shaded region) although the
IPL of the counterpart shows silent responses, except for the SC case,
and is devoid of regime I behavior. Because the replacement occurs
based on the difference in Kd, this result indicates that two different
surfactant organizations, namely defective vs. defect-free, exist as
shown in the schematic in Fig. 4A [21,52]. Defective assembly is the
imperfect organization of the FMN assembly on the SWNT side-
walls. In regime I, the titrant surfactants are attached at defect as-
sembly on SWNT, and the IPL originating from partial FMN
wrapping continuously decreases, although the IPL of the titrant-
SWNT does not increase. The local adsorption of the titrant af-
fects the FMN-SWNT PL position, as evident by the initial slight
blueshift in the PLE map shown in Fig. 3A. In regime II, the titrant
completely replaces the FMN wrapping in both defect-free and
defective assemblies.

In order to obtain insight, the absorption-based titration of SDBS
against FMN-HiPco (Fig. 4B) was conducted. It revealed that, in
regime I, the absorbance of (7,5) tubes increases along with peak
broadening without changing peak maximum. The fact that peak
broadening at same wavelength indicates the increase of hetero-
geneous environment around SWNT such as inclusion of SDBS.
Moreover, since exciton diffusion length is typically 90 nm for
SWNT with 1-nm dt [53], if SDBS makes larger micellar domain
than exciton diffusion length on SWNT, exciton would dissociate
with lower eS11 owing to SDBS environment. However, in regime I,
we did not observe new absorption appearance at SDBS-(7,5) po-
sition, inferring the absence of larger SDBS domain. In regime II, the
(7,5) peak was blueshifted to 1028 nm with additional 1061-nm
peak which originates from SDBS-replaced (10,2) peak. This result
infers that in regime II SDBS makes larger micellar domain
exceeding the exciton diffusion length. Those trends also were
observed other chiralities as well (see Fig. S7 for whole absorption
spectra). In fact, the AFM image of FMN-HiPco on mica in Fig. 4C
shows that the helical FMN wrapping on SWNT [32] is not entirely
uniform along the sidewalls of SWNT. The height of FMN-HiPco is
ca. 2.2 nm. AFM image of the sample from regime I which was
prepared by careful few washings with DI water (Fig. 4D) displays
that large SDBS aggregates with 10e20 nm height on top of ca.
3.8 nm tall FMN-HiPco were decorated preferentially at the ends
along with the middle part. It is noteworthy that careful washing is
necessary to obtain preserved surfactant morphology. This result
clearly indicates that FMN on SWNTat regime I is partially replaced
by SDBS, presumably owing to weak binding affinity with the
existing surfactant. AFM image from the sample after regime II
(Fig. 4E) displays 8.4-nm tall, non-periodic bumpy morphologies
which exhibit distinct departure from the initial periodic helical
FMN wrapping and suggest hemimicelle of SDBS. AFM imaging
along with absorption measurement provide ample evidences for
the defective and defect-free arrangement of the surfactant. If the
aforementioned defective and defect-free structures exist, pro-
longed incubation produces more stable structure owing to dy-
namic equilibrium of surfactant and subsequent healing. To
confirm this point, the FMN-HiPco sample was aged for 30 days
(denoted “aged sample”) to induce the healing of the surfactant
organization and then compared to the initial values. Fig. 4F shows
the IPL traces of SDBS titration using the initial (black) and the aged
(red) samples. Clearly, the Ka of the aged sample increases by
0.05mM, indicating a tighter interaction between FMN and SWNT
with aging. Moreover, the middle point in regime I also increases as
well, suggesting the rearrangement of the defective molecule over
time. Along the AFM measurements, this result strongly supports
the existence of defective and defect-free region on the SWNTs.

The Kd of various surfactants could be quantitatively compared
because the same FMN-HiPco dispersionwas utilized. Fig. 5A and B



Fig. 4. (A) Schematics of defective and defect-free FMN organizations on SWNT and subsequent replacement with titrant. (B) Absorption change of FMN-(7,5) tube upon the
titration of SDBS indicated by arrow. AFM phase images of the samples obtained at (C) the initial, (D) the regime I, and (E) after the regime II stages. (F) Binding affinity difference of
FMN-HiPco for the initial and aged samples against SDBS titration. Solid triangle and square symbols denote IPL of the initial and aged FMN-(7,5) tubes, and corresponding empty
symbols indicate the respective IPL of SDBS-replaced (7,5) tubes. (A colour version of this figure can be viewed online.)

Fig. 5. Comparison of Kd and g of various surfactants with SWNT. (A) The average Kd (left axis) and Vocc (star symbol, right axis) according to surfactants. (B) g of the various
nonionic (black) and anionic (red) surfactants in the presence (empty square) or absence (solid square) of SWNTs. Bar indicates the standard deviation arising from SWNT chiralities.
(A colour version of this figure can be viewed online.)
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illustrate the average Kd (the left y-axis), the calculated occupied
volume per surfactant molecule (Vocc, the right y-axis), and g of
various surfactants determined for various SWNT chiralities (see
Tables S4 and S3 in the SI for Kd and g, respectively, from each
surfactant). The order of average Kd is Pluronic F108 (5)> Brij 78
(2)> Tween 85 (3)> Triton X-405 (4)> SDBS (7)> SC (8)> SDS
(10)> Sarkosyl (9)> SDSA (11). Overall, the nonionic surfactants
(black) with a polymeric PEO repeat have higher Kd than anionic
surfactants (red). Remarkably, the average Kd (i.e., ca. 39mM�1) of
Pluronic F108 is nearly four orders of magnitude higher than that
(i.e., ca. 0.005mM�1) of SDSA. In addition, g which defines the
number of molecules in a micelle [54] was simultaneously
obtained. Fig. 5B illustrate g trend in the presence (empty) and
absence (solid) of SWNT. There is aweak correlation between two g
values, suggesting that micellar structure in the presence of SWNT
undergoes large deviation as compared to the bare micellar struc-
ture. The value of g decreases in the following order: Sarkosyl (9),
SDBS (7), SDS (10), SC (8), Triton X-405 (4), SDSA (11), Brij 78 (2),
Tween 85 (3), and Pluronic F108 (5). The general trend is that small
and molecular anionic surfactant (red) with normal aliphatic chain
have a larger g (from 16 to 135) than those (from 3 to 16) of
nonionic polymeric surfactants (black) with PEO units. Moreover,
the surfactants on SWNT exhibit lower g values than the bare mi-
celles, except for SC and SDBS [55e62]. Those surfactants having



Fig. 6. Comparison of the determined Ka of various surfactants in presence of SWNT
and the reported CMC values without SWNT. Standard deviations are denoted as bar.
(A colour version of this figure can be viewed online.)
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higher g value than those in bare micelle state (i.e., SC and SDBS)
often have strong hydrophobic interactions caused by aromatic or
steroidal structures. The deviation seems to originate from the
drastic increase in surfactant cooperativity or aggregation number
(i.e., micelle to tubular structure) owing to the strong hydrophobic
interactions with the underlying graphene sidewalls [23,63]. We
also extracted the Kd patterns of various surfactants according to dt,
as shown in Figs. S6AeI. The linear regression of the chirality-
dependent Kd values according to dt revealed the rough larger dt
preference of Pluronic F108, along with similar trend for Brij 78,
Sarkosyl, and SDSA (corresponding to Figs. S6A, B, H, and I,
respectively). The other surfactants such as SDBS and SC (Figs. S6E
and F) exhibit preferences for the smaller-dt SWNT. The remaining
surfactants including Tween 85, Triton X-405, and SDS (Figs. S6C, D,
and G, respectively) display similar affinities for all SWNT
chiralities.

We found that SWNT wrapped by nonionic surfactants exhibits
lowered PL (i.e., Pluronic F108 and Brij 78) after titration compared
to that wrapped by FMN, except for the case of SWNT bundling (i.e.,
SDS and SDSA). A possible reason for these PL results might be the
change in (i) the chirality abundance of SWNT during surfactant
exchange or (ii) the εeff or local pH of the immediate environment
[25,64]. There is little difference in the chirality abundance from
surfactant to surfactant after titration, as shown in the PLE maps in
Figs. S5AeJ in the SI. The corresponding histograms of SWNT chi-
ralities (Figs. S8AeI in the SI) show a similar trend, showing (8,4)
and (7,6) as the major species. Therefore, the possibility of SWNT
abundance changes was excluded. Next, we probed the effect of
local pH changes of the SWNTs. For this, the titrated sample having
neutral pH at 7.7 was further basified to pH 10 to see the optical
changes. Fig. S9B in the SI shows the absorption spectra of an FMN-
HiPco dispersion (black) titrated with 0.2mM Pluronic F108 before
(red) and after (blue) the addition of a NaOH solution. It is well
known that increasing the pH reduces the peroxide concentration
as a result of the reactions of protons with oxygen in the presence of
electrons and creates reversible endoperoxide defects on SWNT
[64,65]; therefore, increasing the pH results in an increase in the PL
of the SWNT. However, our experimental results show a slight in-
crease in PL for SDS-HiPco (Fig. S9E) but slightly lowered PLs for the
other surfactants (i.e., Brij 78 and SC in Figs. S9D and F, respectively)
or drastically decreased PL (Pluronic F108 in Fig. S9C). This result
indicates that, unlike the previous report [64], the change in IPL
upon pH change is dependent on a possible change in the surfac-
tant organization on the SWNT sidewalls owing to anionic repul-
sion [66]. For instance, it was reported that the periodic spacing of
SDS hemi-micelle on highly oriented pyrolytic graphite surface
shrinks with higher ionic strength owing to increased εeff and
subsequent reduction in Coulombic interaction [67]. The reduced
spacing also leads to tight surfactant wrapping, leading to undoped
SWNT which is more inert to environment. In this regard, as
evident by FMN to SC replacement, and subsequent pH change does
not change IPL much. This seems to originate from tight wrapping
structure provided by both FMN and SC [45,68]. This experiment
supports that the different IPLs after the titrations seem to relate to
the different response on the surfactant tightness.

In order to understand the role of SWNTs associated with sur-
factant, Ka values of the titrants were compared to the reported
CMC values of bare surfactants [35e40]. Fig. 6 displays the plot of Ka

and CMC. Overall, Ka exhibits similar or slightly lower than CMC
except the cases of Tween 85 and SDSA. The result indicates that Ka

is considered as CMC in the presence of SWNT. The fact that overall
Ka has slightly lower than CMC without SWNT infers that SWNT
facilitates the assemblage of surfactants at lower concentration
owing to the hydrophobic interaction between its sidewalls and
hydrophobic tails. Especially, Ka of Pluronic F108 and SC cases are
nearly ten fold smaller as compared to their bare states. It was
documented that SDBS and SDS in the presence of SWNT display
lower CMC than their bare states do [69], supporting the promoted
micellization by SWNT. It is noteworthy how the chemical nature of
surfactant affects Ka. With a same end group (i.e., sulfonate), SDBS
which has additional benzene ring as compared to SDSA increased
Ka over three orders of magnitude higher [56]. With same chain
length, different head groups (i.e., sulfate and sulfonate of SDS and
SDSA, respectively) also give 36 times difference in Ka. Moreover,
since Ka is equal to [FMN]/K where K is equilibrium constant
[21,22], Gibbs energy changes (DG) has been obtained. Using the
equation DG¼�RT ln K where R and T are a gas constant (8.314 J/
mol,K) and temperature in Kelvin, we plotted K vs DG as shown in
Fig. S10 in the SI. The most negative DG from FMN to cosurfactant
replacement was obtained from Pluronic F108, showing the
average DG �9.4 kJ/mol, and are in the order of Brij 78, Tween 85,
Triton X-405, SDBS, and SC. Positive DG were obtained from SDS,
Sarkosyl, and SDSA whose DG values are in accordance with the
previous report [21].

Overall, on top of the chemical nature of surfactant, the molar Kd
of the surfactants with SWNT seems to be dependent on the nature
of the surfactant assembly, that is, the hydrodynamic volume, ag-
gregation number, and hydrophobic/philic parts. Generally, anionic
surfactants exhibit smaller Kd values compared to nonionic ones.
Similarly, anionic surfactants exhibit large g, in which anionic
surfactants typically forms spherical micelles or similar structures
(i.e., elongated prolated micelle) [10,48,70,71]. For example, based
on the reported hydrodynamic volume of SDS (i.e., 1.9 nm in
diameter) [72] and the determined g (ca. 22, see Table S3), the
calculated Vocc is about 1.37 nm3/molecule. This value is about three
orders of magnitude smaller than that (i.e., 6360 nm3/molecule) of
Pluronic F108, mainly owing to the relatively smaller Vocc and larger
g. Thus, we plotted Vocc with Kd simultaneously, as shown in Fig. 5A,
in which several Vocc values were omitted owing to limited avail-
ability of hydrodynamic volumes for several surfactants (see
Table 1) [55,56,72e74]. The Vocc trend is in accordance with the
observed Kd trend, indicating that the molar hydrodynamic volume
is key to the molar Kd.

Fig. 7 illustrates the representative cartoons for anionic and
nonionic surfactant arrangements in the absence and presence of
SWNTs. Anionic surfactants with long n-alkyl chains are prone to
form a more closely packed structure owing to van der Waals in-
teractions, as shown in Fig. 7A. In contrast, nonionic surfactants
with a PEO repeat (Fig. 7B) possess loose hydrated structures
because of their polymeric nature [75]. Therefore, the closely-



Table 1
Calculated Vocc based on hydrodynamic volume and g using the reported micelle radius [55,56,72e74].

Surfactant type Surfactant Micelle radius (nm) Average g Calculated Vocc (nm3/molecule)a

Nonionic Pluronic F108 (5) 17.5 3.5 6360
Brij 78 (2) 5.7 13 57

Anionic SDBS (7) 2.0 34 1.0
SC (8) 1.5 18 0.8
SDS (10) 1.9 22 1.3
Sarkosyl (9) 2.2 136 0.3

a Vocc was calculated by the following equation: [(4/3)�p� (micelle radius)3]/g.

Fig. 7. Illustrations of the proposed model to understand the difference in relative Kd.
Morphologies of (A) micellar anionic surfactants, (B) nonionic surfactants with PEO
repeat units, and (C) highly interacting surfactants with SWNT in the absence (left) and
presence of SWNTs, respectively. Yellow shading denotes the Vocc. (A colour version of
this figure can be viewed online.)
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packed aggregates of anionic surfactant have a lower local εeff near
the SWNT compared to that of the hydrated, loosely-organized
nonionic surfactants. Surfactants that interact strongly with
SWNT change their structure in the presence of SWNTs. The orga-
nized structure changes frommicellar to tubular in the absence and
presence of SWNTs, as evident by the change in g in Fig. 5B. These
variations in surfactant structure seem to correlate with the
different IPL values upon surfactant exchange. The determination of
the hydrodynamic volume of surfactant micelles on SWNTs would
be highly desirable to obtain accurate g values for the SWNT.

The determination of the relative Kd and the behavior on the
nanotube surface according to their ionic properties of various
surfactant provide an insight into the underlying mechanism of
SWNT sorting. First, Arnold et al. [1] reported that SWNT separation
by DGU method is enhanced by the use of a 1:4 mixed SDS/SC
system rather than SC alone and showed that the larger dt SWNTs
move to a high-density area. Based on the higher Kd of SC with the
SWNT than SDS (1.2 and 0.2mM�1) and the tubes with smaller dt
(shown in Fig. S6F in the SI) in our experiment, the larger dt tube
will experience partial surfactant replacement, which is in accor-
dancewith NMRexperiments [31]. These results provide the reason
that the (6,5) tube maintains a similar density, whereas a larger dt
SWNT moves to a higher density region [1] because of the partial
surfactant replacement and subsequent density changes in the
mixed surfactant-SWNT construct. In addition, Wang et al. [27]
reported SWNT separation using a Triton X-405/SDBS system in
which Triton X-405 was used as dispersant and SDBS was used to
elute metallic SWNTs. The reason for such sorting originates from
the similar Kd values (i.e., Triton X-405: 1.8mM�1, SDBS: 1.5mM�1).
The determined Kd values of various surfactants in our study opens
up the possibility to explore various combinations of surfactants to
develop a novel sorting scheme.

4. Conclusions

We determined the relative binding affinities and aggregation
number of nine surfactants using the optical titrationmethod using
FMN-SWNT as a starting dispersant, which provided a quantitative
comparison of surfactant exchange. The strong redshift induced by
FMNallowed us to probe the local environment of the SWNT during
the seamless surfactant exchange without bundling or precipita-
tion. The exchange reaction monitored by the optical titration
method using IPL of SWNT proceeded with two regimes in which
the first and second exchanges exhibit partial and full replacements
of the existing surfactant, supported by absorption, PL, and AFM
measurements. The second transitions allowed the measurement
of the relative Kd (i.e., Pluronic F108> Brij 78> Tween 85> Triton X-
405> SDBS> SC> SDS> Sarkosyl> SDSA) and g of various surfac-
tants according to nanotube chiralities, and Kd of SWNT handed-
ness in some cases. Nonionic surfactants display larger Kd and
lower g than those of anionic surfactants. This trend can be mainly
explained by the occupied volume on the SWNTs, surfactant or-
ganization structure, and specificity of the hydrophobic part. The
presence of SWNT promotes micellization for the most of surfac-
tants, evident by similar or slightly lower Ka values than CMC of
bare surfactants, and there are slight deviations depending on the
structural characteristics of surfactants such as aromatics, and na-
ture of head groups. This study provides the detailed
concentration-dependent replacement behavior of two surfactants
and an estimation of Kd of various surfactants along with fine
tuning of surfactant organization, which is useful for designing a
novel sorting scheme for SWNT.
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Figure S1. Absorption spectra of the HiPco SWNTs dispersed by various surfactants. The dispersion 

whose absorption value exceeds limits of this spectrometer (JASCO 770) is subjected to 

diluted measurement in appropriate concentration and was then multiplied by dilution factor 

to display absorbance to facilitate visual comparison. 
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Figure S2. PLE maps of HiPco SWNTs dispersed by various surfactants except SDS-HiPco dispersion 

displayed as inset of Figure 2B in the main text. 
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Figure S3. Comparison of the PL position shift of our results with the literature.[S1] Red and black 

symbols indicate a PL shift of (6,5) tube of various surfactant against that of SDS, and PL 

shift of (8,3) tube from the reference.[S1] 
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Figure S4. Time-dependent PL spectra change of FMN-SWNTs with time interval of 4 sec upon the 

addition of excess SDBS (i.e., 1.7 mM). (A) A series of emission spectra after the addition 

probed by excitation wavelength of 660 nm. The reason for having PL peak of FMN-(7,5) 

tube after the completion originates from the PL contribution from the occurrence of SDBS-

replaced (10,2) chirality. (B) IPL trajectories of FMN-(7,5) (square) and SDBS-(7,5) (circle) 

over time. IPL trends were fitted by logarithmic equation. (C and D) The similar spectrum 

changes and IPL trends for (8,6) tube. 
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Figure S5. PLE maps after surfactant exchange on SWNT. (A) PLE map of initial dispersion with FMN 

(B-J) and after surfactant exchange with various surfactant. 
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Figure S6. Chirality-dependent Kd patterns of various surfactants as a function of SWNT dt. The linear 

regression of Kd value is indicated in red dotted line. Note that SDBS- and SC-suspended 

HiPco has P- and M-handedness which is indicated by blue and red symbols. 

 
  



                      - S9 - 

Figure S7. The corresponding full absorption spectra upon the titration of SDBS against FMN-HiPco. 
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Figure S8. Histograms of SWNT chiralities after the surfactant exchange based on IPL. 
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Figure S9. pH control experiments after the surfactant exchange. (A) PLE maps of before (left), after 

the addition of Pluronic F108 (0.2 mM, middle) which is further added with NaOH (right). 

The corresponding absorption spectrum (B) before (black), after the titration (0.2 mM, red), 

and further addition of NaOH (blue). (C-F) PL change trends after the titration and 

basification of various surfactants. 
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Figure S10. Relationship between K and average ∆G according to the surfactant exchange. The different 

symbols indicate types of surfactant and number of symbols denotes nanotube chiralities. 
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Table S1. Full description of surfactants used in this study. 

No. Chemical name Abbreviation Type† Hydrophilic group‡ Hydrophobic group※ CMC 
(mM) 

CMC 
Ref. 

Conc. at 
1 wt/v % 

(mM) 

M.W. 
(g/mol) 

1 Flavin mononucleotide FMN − d-ribityl, -OP(OH)O2
− Isoalloxazine -  N.A. 478.33 

2 Polyoxyethylene oleyl ether Brij 78 non -E20 -C18 0.046 [S2] 8.35 1,151.56 

3 Polyoxyethylene sorbitan trioleate Tween 85 non -sorbitan-Ew,-Ex,-Ey,-Ez, 
w+x+y+z=20 3×-C17 0.0125 [S3] 5.09 ~1,839 

4 Polyethylene glycol tert-octylphenyl ether Triton X-405 non -E40 -(C6H4)C(CH2)2CH2C(CH3)3 0.81 [S4] 5.44 ~1,967 
5 PEG-PPG-PEG Pluronic F108 non -Ex,-Ez -Py- 0.51 [S5] 0.68 ~14,600 
6 Poly(vinylpyrrolidone) PVP-1300 non -pyrrolidone Polyvinyl- unknown  N.A. ~1,300k 
7 Sodium dodecylbenzenesulfonate SDBS − -SO3

− -C12 1.20 [S6] 28.7 348.48 
8 Sodium cholate SC − -COO− Steroid 14.0 [S4] 23.23 430.56 
9 Sodium dodecanoyl sarcosine Sarkosyl − -CONHCH2COO- -C11 14.0 [S4] 34.08 293.40 
10 Sodium dodecyl sulfate SDS − -OSO3

− -C12 8.0 [S6] 34.68 288.38 
11 Sodium dodecyl sulfonate SDSA − -SO3

− -C12 12.0 [S7] 36.71 272.38 
12 Dodecyltrimethylammonium bromide DTAB + -N+(CH3)3 -C12 0.0046 [S4] N.A. 308.34 
13 Cetyltrimethylammonium bromide CTAB + -N+(CH3)3 -C16 1.0 [S4] N.A. 364.46 

† −; anionic, +; cationic, non; nonionic. 

‡ -En-;-(OCH2CH2)nOH.  

※ -Cn;-(CH2)n-1CH3, -Pn-;-(OCH2C(CH3)H)n- 
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Table S2. PLE-derived eS
11 and eS

22 positions of SWNT dispersed with various cosurfactants according to chiral SWNTs. dt is based on C-C 
distance with 0.1421 nm. 

Assignment FMN Brij 78 Tween 85 Triton X-405 Pluronic F108 SDBS 

(n,m) d t   
[nm] 

Chiral  
Angle 

[°] 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

(6,5) 0.75 27 998 580 0.90 985 569 0.25 983 570 0.75 984 568 0.53 981 567 0.29 975 567 0.52 
(8,3) 0.77 15.3 982 676 0.58 958 666 0.14 963 666 0.40 961 678 0.27 954 667 0.12 951 665 0.26 
(7,5) 0.82 24.5 1065 657 1.00 1030 645 0.43 1034 647 0.54 1036 647 0.58 1028 646 0.40 1025 644 0.62 
(8,4) 0.83 19.1 1146 606 0.90 1120 588 1.00 1125 590 0.97 1127 589 1.00 1120 588 1.00 1114 587 1.00 
(10,2) 0.87 8.9 1097 754 0.32 1061 734 0.30 1060 737 0.42 1066 738 0.38 1062 734 0.23 1056 734 0.38 
(7,6) 0.88 27.5 1166 667 0.77 1127 647 1.00 1130 651 1.00 1133 649 0.96 1127 647 0.98 1123 646 0.99 
(9,4) 0.90 17.5 1137 734 0.54 1113 719 0.69 1120 726 0.71 1120 723 0.61 1113 721 0.53 1105 717 0.59 
(10,3) 0.92 12.7 1291 648 0.31 1255 631 0.32 1274 630 0.52 1270 632 0.29 1259 632 0.32 1254 628 0.35 
(8,6) 0.95 25.3 1211 737 0.56 1182 716 0.58 1196 718 0.44 1192 718 0.46 1181 716 0.43 1175 715 0.67 
(9,5) 0.96 20.6 1285 688 0.40 1252 675 0.49 1280 681 0.59 1267 677 0.36 1254 673 0.42 1247 673 0.46 
(8,7) 1.01 27.8 1308 740 0.18 1277 728 0.31 1288 727 0.41 1286 732 0.24 1272 726 0.31 1270 727 0.37 

 

Assignment SC Sarkosyl SDS SDSA DTAB CTAB 

(n,m) d t  
[nm] 

Chiral  
Angle 

[°] 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

ES
11  

[nm] 
ES

22  
[nm] 

Relative  
Intensity 

(6,5) 0.75 27 984 568 0.83 982 568 0.58 974 566 1.00 977 566 0.54 986 570 0.52 985 570 0.68 
(8,3) 0.77 15.3 957 666 0.42 959 667 0.22 956 668 0.35 954 664 0.27 961 669 0.26 962 668 0.34 
(7,5) 0.82 24.5 1043 646 0.65 1031 646 0.63 1028 646 0.58 1025 644 0.95 1035 648 0.67 1032 648 0.74 
(8,4) 0.83 19.1 1123 589 0.86 1126 589 0.96 1119 588 0.87 1116 587 1.00 1124 590 1.00 1129 590 1.00 
(10,2) 0.87 8.9 1059 738 0.31 1066 737 0.33 1063 737 0.37 1057 734 0.45 1067 737 0.40 1069 738 0.40 
(7,6) 0.88 27.5 1137 650 1.00 1132 648 1.00 1118 644 0.88 1125 645 0.95 1131 649 0.95 1135 649 0.84 
(9,4) 0.90 17.5 1119 725 0.74 1116 723 0.58 1112 722 0.51 1108 718 0.73 1118 723 0.68 1116 724 0.62 

(10,3) 0.92 12.7 1272 632 0.26 1265 632 0.29 1262 632 0.28 1256 630 0.35 1268 645 0.43 1266 632 0.36 
(8,6) 0.95 25.3 1188 719 0.31 1188 717 0.53 1183 717 0.36 1179 715 0.39 1190 717 0.53 1186 718 0.48 
(9,5) 0.96 20.6 1261 676 0.36 1261 676 0.38 1262 676 0.33 1250 672 0.32 1265 677 0.53 1265 677 0.43 
(8,7) 1.01 27.8 1280 730 0.19 1282 730 0.24 1286 731 0.22 1273 725 0.17 1283 731 0.43 1287 729 0.28 
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Table S3. Ka and γ of the FMN-HiPco against various surfactants along with standard deviation (STD). Asterisk indicates that these larger values 
originate from the uncertainty of fitting two abrupt data points without any intermediate, which were omitted for the calculation of the 
average value. 

Surfactant 
 

Assignment 

Brij 78 (2) Tween 85 (3) Triton X-405 (4) Pluronic F108 (5) SDBS (7) 

Ka STD γ STD Ka STD γ STD Ka STD γ STD Ka STD γ STD Ka STD γ STD 

(6,5) 0.031 0.0004 9.56 1.1621 0.11 0.0009 6.97 0.3547 0.61 0.0148 7.72 1.3915 0.064 0.0020 4.77 0.4404 0.73 0.0024 31.28 2.5873 

(8,3) 0.033 0.0002 26.67 2.1419 0.11 0.0011 12.46 1.2996 0.76 0.0060 20.08 2.2412 0.102 0.0021 4.55 0.4482 0.74 0.0028 56.40 19.6117 

(7,5) 0.025 0.0004 8.39 0.9270 0.09 0.0013 7.17 0.6474 0.57 0.0216 14.02 5.8275 0.041 0.0005 4.84 0.2006 0.67 0.0026 36.21 3.8055 
(8,4) 0.029 0.0008 7.45 1.2183 0.08 0.0013 8.70 1.2091 1.17 0.0267 39.21 24.0098     0.72 0.0072 26.30 6.8823 

(10,2) 0.020 6.4295* 75.64* - 0.05 0.0019 14.34 4.9982 0.23 0.0143 15.86 5.7866 0.004 0.0004 2.40 0.3717 0.48 0.0515 9.90 11.0634 
(7,6) 0.026 0.0001 19.12 2.3877 0.08 0.0008 8.94 0.6748 0.50 0.0113 10.00 2.2408 0.018 0.0004 4.01 0.2954 0.68 0.0024 22.26 1.4734 

(9,4) 0.021 0.0003 10.07 1.3438 0.07 0.0010 19.95 6.1633 0.41  90.75*  0.011 0.0003 5.41 0.6520 0.60  347.55*  
(10,3) 0.024 0.0008 8.44 1.9356 0.07 0.0024 5.71 1.0449 0.50  104.85* - 0.029 0.0027 3.50 0.8289 0.60 0.0982 5.08 7.8301 

(8,6) 0.036 0.0004 11.17 1.2609 0.19 0.0044 11.23 2.8134 1.57 0.0108 22.10 3.5079 0.016 0.0054 0.93 0.2123 0.86 0.0079 46.16 15.1648 

(9,5) 0.032 0.0006 24.07 5.1657 0.09 0.0122 4.17 2.2806 0.99 0.0617 6.83 1.0708     0.73 0.0071 55.24 14.8485 
(8,7) 0.022 0.0016 7.77 3.2439 0.08 0.0085 3.60 1.3361     0.039 0.0080 1.34 0.4059 0.76 0.0160 47.60 58.1625 

Average 0.027 0.0006 13.27 2.0787 0.09 0.0033 9.38 2.0747 0.73 0.0209 16.98 5.7595 0.036 0.0024 3.53 0.4284 0.68 0.0198 33.64 14.1429 
 

Surfactant 
 

Assignment 

SC (8) Sarkosyl (9) SDS (10) SDSA (11) 

Ka STD γ STD Ka STD γ STD Ka STD γ STD Ka STD γ STD 

(6,5) 0.78 0.0033 11.26 0.4541 7.22 0.0100 115.11 16.5300 5.44 0.0425 19.39 2.7331 195.01 2.4478 15.00 2.4533 
(8,3) 0.89 0.0036 11.37 0.4631 7.19 0.0076 116.82 12.9344 5.66 0.0548 25.79 5.7186 204.78 3.4123 36.77 22.4294 
(7,5) 1.10 0.0139 10.46 1.3295 6.91 0.0081 240.41 88.8085 5.17 0.0438 21.89 3.8708 175.44 2.0302 15.12 2.5325 
(8,4) 1.04 0.0089 25.70 7.9475 7.54 0.0071 214.96 29.7422 5.30 0.1153 8.96 1.7343 192.77 3.3437 9.60 1.4104 

(10,2) 0.50 0.0057 13.59 2.3979 6.26 0.0172 88.34 20.7031 4.26 0.0624 24.46 5.5323 153.37 1.7164 19.91 5.1944 
(7,6) 0.80 0.0085 7.27 0.5074 6.92 0.0060 116.72 8.3304 5.12 0.0313 28.02 4.5607 184.66 1.8441 21.59 3.1623 
(9,4) 0.60 0.0077 18.34 5.0739 6.61  1286.30*  4.63 0.0446 32.44 7.9141 175.87 3.1812 16.72 5.1948 

(10,3) 1.19 0.1192 7.09 4.5754 6.86  6742.92*  5.06 0.0469 34.76 11.1781 176.56 - 148.51* - 
(8,6) 1.62 0.0323 16.60 5.7157 7.33 0.0210 103.10 27.9126 5.90 0.0673 9.93 1.1056 213.00 3.4085 8.65 1.0793 
(9,5) 1.08 0.0092 26.10 5.0905 7.30 0.0371 90.22 39.7202 5.41 0.0551 18.33 3.3531 187.57 4.1599 11.95 2.7165 
(8,7) 0.98 0.0157 55.33 -     5.14 0.0845 92.00* - 167.71 7.9178 9.35 3.5240 

Average 0.96 0.0207 18.46 3.3555 7.01 0.0143 135.71 30.5852 5.19 0.0589 22.40 4.7701 184.25 3.3462 16.47 4.9697 
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Table S4. Kd values of the various surfactants according to SWNT chiralities. Asterisk indicates that these larger values originate from the 
uncertainty of fitting two abrupt data points without any intermediate and was omitted for the calculation of the average value. 

 
SWNT 

chirality 
Kd (mM-1) 

Pluronic F108 (5) Brij 78 (2) Tween 85 (3) Triton X-405 (4) SDBS (7) SC (8) SDS (10) Sarkosyl (9) SDSA (11) 

(6,5) 15.52 32.29 9.24 1.627 1.379 1.281 0.184 0.139 0.00513 
(8,3) 9.84 30.34 8.74 1.319 1.343 1.128 0.177 0.139 0.00488 
(7,5) 24.16 40.55 11.64 1.764 1.500 1.069 0.193 0.145 0.00570 
(8,4) -- 34.50 13.11 0.858 1.410 1.070 0.189 0.133 0.00519 
(10,2) 225.23* 49.80 18.36 4.283 2.068 1.985 0.235 0.160 0.00652 
(7,6) 55.62 38.97 12.86 1.987 1.473 1.247 0.195 0.145 0.00542 
(9,4) 88.89 47.51 14.62 2.449 1.666 1.676 0.216 0.151 0.00569 
(10,3) 34.88 42.36 14.11 1.990 1.658 0.842 0.198 0.146 0.00566 
(8,6) 60.90 27.77 5.34 0.638 1.177 0.668 0.170 0.137 0.00469 
(9,5) -- 30.79 10.59 1.008 1.378 0.923 0.185 0.137 0.00533 
(8,7) 25.39 44.86 12.02 -- 1.322 1.020 0.195 -- 0.00596 

Average 39.40 38.16 11.88 1.792 1.489 1.173 0.194 0.143 0.00547 
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