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ABSTRACT: Binding affinity and thermodynamic understand-
ing between a surfactant and carbon nanotube is essential to
develop various carbon nanotube applications. Flavin mono-
nucleotide-wrapped carbon nanotubes showing a large redshift
in optical signature were utilized to determine the binding
affinity and related thermodynamic parameters of 12 different
nanotube chiralities upon exchange with other surfactants.
Determined from the midpoint of sigmoidal transition, the
equilibrium constant (K), which is inversely proportional to the
binding affinity of the initial surfactant-carbon nanotube,
provided quantitative binding strengths of surfactants as SDBS
> SC ≈ FMN > SDS, irrespective of electronic types of SWNTs. Binding affinity of metallic tubes is weaker than that of
semiconducting tubes. The complex K patterns from semiconducting tubes show preference to certain SWNT chiralities and
surfactant-specific cooperativity according to nanotube chirality. Controlling temperature was effective to modulate K values by
30% and enables us to probe thermodynamic parameters. Equally signed enthalpy and entropy changes produce Gibbs energy
changes with a magnitude of a few kJ/mol. A greater negative Gibbs energy upon exchange of surfactant produces an enhanced
nanotube photoluminescence, implying the importance of understanding thermodynamics for designing nanotube separation and
supramolecular assembly of surfactant.

■ INTRODUCTION

Single-walled carbon nanotubes (SWNTs) have been recog-
nized as powerful candidates for mechanical, electrical, and
optical materials in various applications. All high performance
applications for carbon nanotubes rely on the electronic band
structures of carbon nanotubes, which is defined by a cylindrical
roll-up of graphene having a discrete wrapping chirality referred
to as an (n, m) vector on a graphene sheet.1 In order to
elucidate the properties of a carbon nanotube, one needs to
have a pure nanotube with a specific (n, m) according to its
chirality- and electronic type-specific applications.2−4 To attain
such a goal, many groups separate carbon nanotubes according
to chirality via ion-exchange chromatography using DNA,5−8

density gradient technique,9,10 polymer-based dispersion,11

flavin-based titration,12,13 and gel-based chromatography.14 All
these techniques rely heavily on the specific surfactant
arrangement of the carbon nanotube sidewalls,8,12,15 which
alters the electrostatic energy on the sidewalls,7 binding
energies to specific tubes,11,12,14 tube density,11 and so forth
against a separating media.
Therefore, the appropriate choice of nanotube surfactant is

an important step to separate carbon nanotubes. Although the
relative dispersion efficiency of surfactants for nanotubes is
available,16,17 the origin of chirality-specific strength of
surfactants in regard to separation media is still unknown.
For example, if the chemical potential of a nanotube wrapped
with surfactant is too high relative to those of a separating

media, then those nanotube-surfactant systems will show only a
small variation over chirality and metallicity of nanotubes,
resulting in poor separation.18 Therefore, the replacement or
binding of surfactant to SWNTs and concomitant thermody-
namic parameters are pivotal for understanding the underlying
separation mechanism of carbon nanotubes. Specifically,
nanotube separation using more than two surfactants was
shown to be useful to fine-tune the separation of carbon
nanotubes according to chirality and handedness.9,10,12

Binding affinity concept was initially utilized to separate one
single chirality using SDBS titration of FMN-SWNTs.12

Through similar titration, Kato et al.19 recently reported on
the thermodynamic analysis of an exchange reaction between
sodium cholate (SC) and single-stranded oligo DNAs
(ssDNAs) with various lengths on SWNTs using absorption
spectroscopy. In their ensemble absorption of chiralities, longer
ssDNA exhibited endothermic exchange, showing the impor-
tance of binding affinity and subsequent thermodynamic
parameters. Generalized study of various surfactants with chiral
specificity is necessary for the design and understanding of the
underlying mechanism of SWNT dispersion, separation, and
covalent chemistry toward metallicity and semiconducting
chirality. For this, photoluminescence (PL) has been utilized
as a sensitive tool to monitor SWNT dispersion. Unlike
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absorption spectroscopy, photoluminescence excitation (PLE)
obtained from individualized SWNTs provides accurate
information regarding the confined 1D nanotube structures,
which include chirality,20 bundling,21,22 and excitonic phenom-
ena.23,24

In this research, we determined the equilibrium constants
and binding affinities of three surfactants using flavin
mononucleotide (FMN)-wrapped SWNTs. PLE-based and
absorption-based titration revealed that surfactants coopera-
tively replaced the initial surfactant, thus showing a distinct
equilibrium constant (K) and positive cooperativity for each
chirality, where the cooperativity is related to the surfactant
aggregation number on nanotubes. The overall equilibrium
constant and effective replacement of surfactant to FMN-
SWNTs was determined in the order of sodium dodecyl
benzene sulfonate (SDBS), sodium cholate (SC), and sodium
dodecyl sulfate (SDS). Metallic tubes exhibit lower affinity
toward FMN wrapping compared to semiconducting ones. A
temperature-programmed PLE maps show that the increasing
temperature increases the K values of the surfactant
replacement on FMN-wrapped nanotubes by yielding positive
enthalpies. The resulting average Gibbs energy changes (ΔG)
from FMN to SDBS-, SC-, and SDS-wrapped SWNTs were
−2.4, −0.4, and 2.1 kJ/mol at 25 °C, respectively. In addition, a
positive ΔG imparts a small bundling of nanotubes, while a
negative ΔG yields an increase in photoluminescence. This
study offers a fundamental understanding of chirality-specific
surfactant binding affinity and replacement and the resulting
separation strategies and provides a valuable platform for
nanotube-based sensing applications.
FMN has been shown to wrap carbon nanotubes in a helical

manner.12 As schematically shown in Figure 1A, the FMN-
assembled SWNT maintains its structure in aqueous systems by
(i) the strong attraction between the isoalloxazine rings of
FMN and the graphene sidewall of nanotube,25 (ii) cooperative

stabilization through H-bonding networks between adjacent
uracil moieties, and (iii) the ribityl phosphate group provides an
anionic repulsion between nanotubes. This FMN helical
wrapping on SWNTs can create a large spectral redshift due
to the π−π interaction, well separated by 15 to 51 meV for the
first optical transition of SDS-dispersed SWNTs.12 Therefore,
monitoring both positions of initial and final SWNT photo-
luminescence (PL) by surfactant replacement will be an ideal
and accurate platform to assess the binding affinity of various
surfactants.25,26

Similar to the previous reported literature,12 25 mg of single-
walled carbon nanotubes was dispersed in the presence of 100
mg of FMN and 100 mL of deionized water under probe-type
ultrasonication at 300 W power. Approximately 80% of the
supernatant from the centrifuged sample (centrifugal force: 20
000g) was carefully collected to observe the photoluminescence
and UV−vis-NIR absorption spectra. Sonication of FMN
without SWNTs showed almost identical UV−vis spectrum
(Figure S1 of the Supporting Information (SI)), suggesting no
side products of FMN during sonication. Atomic force
microscopy (AFM) revealed that the FMN-nanotubes have
an average length of ca. 490 nm (Figure S2 of the SI) and have
with average height of 1.8 nm, which is in good agreement with
the summation of average diameter (1.0 nm) and two of van
der Waals distance between FMN and SWNTs (0.68 nm)
(inset of Figure S2B of the SI). Using this nanotube dispersion,
we collected a total of 400 PLE maps of three different
surfactants replacement (i.e., SDBS, SC, and SDS, whose
structures are shown in the right column of Figure 1) at four
different temperatures (i.e., 10, 20, 30, and 40 °C. See the
Supplementary Movies S1−4, S5−8, and S9−12 of the SI for
SDBS, SC, and SDS replacement at 10, 20, 30, and 40 °C,
respectively). This analysis provided binding affinities and
thermodynamic parameters of 12 chirally different nanotubes

Figure 1. Schematic illustration of various surfactants around carbon nanotubes. (A) FMN-wrapped SWNT (SWNT@FMN), (B) sodium dodecyl
benzene sulfonate (SDBS)-wrapped SWNT (SWNT@SDBS), (C) sodium dodecyl sulfate (SDS)-dispersed SWNT (SWNT@SDS), and (D)
sodium cholate (SC)-wrapped single-walled carbon nanotubes (SWNT@SC). Double arrows and their relative magnitudes in parts A−D indicate
that the reaction is in equilibrium with the equilibrium constant Kinit‑final (init and final describe the initial and final replacing surfactants, respectively)
and the reaction direction. The right column illustrates the structures of 4 surfactants used in this study.
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for three different exchange systems (FMN to SDBS, SC, and
SDS exchange).
Figure 2A shows the representative local PLE maps of FMN-

wrapped (6,5) nanotubes as a function of SDBS concentration
measured at 20 °C (whole PLE maps are in Supplementary
Movie S2 of the SI). The initial PLE map (i.e., 0.0 mM of
[SDBS]) revealed a PL band originating from a FMN-wrapped
(6,5) nanotube at the cross point of 585 nm excitation (λex)
and 1,004 nm emission (λem) wavelengths, identical to the
previously determined value of the FMN-wrapped (6,5)
nanotube.12 The initial PL intensity and position (indicated
by black circle) persist up to 0.60 mM of SDBS concentration.
As the concentration of SDBS increases further, the photo-
luminescence intensity begins to decrease. The PL intensity of
the FMN-wrapped (6,5) nanotube decreases along with
increasing SDBS concentration, and its position was blue-
shifted by 18 and 20 nm at 0.85 and 0.89 mM PLE
concentrations, respectively, and finally disappeared into the
noise at 0.99 mM. Meanwhile, the PL intensity of SDBS-
wrapped SWNTs (λex = 570 nm, λem = 983 nm) started to
increase at 0.85 and 0.89 mM PLE concentrations and reached
its maximum at 0.99 mM by compensating the PL intensity
from the FMN-(6,5) nanotube. The corresponding PL intensity
profiles of two respective positions from FMN- and SDBS-
replaced (6,5) nanotubes are illustrated in Figure 2B. While
exhibiting a slight decreasing before fast decreasing (increasing)
sigmoidal transition from FMN-wrapped (SDBS-replaced)
(6,5) nanotubes, the curves show quite similar transition
positions at the crosspoint of fast sigmoidal transitions. A
similar transition can be observed in the absorption spectra
shown in Figure S3A of the SI, which describes a 29 meV
blueshift of the first optical transition of semiconducting
SWNTs. Close inspection of the band at 1155 nm
(corresponding to a composite peak of (9,4), (7,6), and (8,4)
tubes, Figure S3D of the SI) showed that the maximum
position displays a left-upswing (noted by the black curved
arrow in Figure S3A of the SI), indicating the successful

replacement of FMN with SDBS by presenting the blueshift of
the absorption band.
Such PL transition was also observed in other surfactant

systems (i.e., FMN to SC (Figure 2C) and SDS replacement
(Figure 2D)). Although the titration started with identical
FMN-SWNT solutions, replacements with surfactants under-
went different pathways: First, SDBS and SDS replacement
shows slow decreases before sudden sigmoidal decrease in PL
position of FMN-SWNT as compared to SC counterpart,
although the corresponding PL intensities of the respective
cosurfactant-wrapped SWNT shows silent responses before
sigmoidal transitions except SDS-wrapped SWNTs. This
suggests a two-step mechanism of surfactant-replacement:
slow replacement before fast sigmoidal replacement of initial
surfactant with cosurfactants. Recently, Roxbury et al. suggest
that carbon nanotubes wrapped with ssDNA shows distinctive
two step replacement with SDBS cosurfactant.27 This
replacement is mediated by two different surfactant organ-
izations, namely defective vs defect-free surfactant organization.
They claimed that defective surfactant wrapping on SWNTs is
first completely replaced with SDBS and defect-free surfactant
wrapping later exhibits fast replacement. Although, overall
magnitudes of absorbance change of each slow and fast
replacement regime are similar with our observations,
simultaneous monitoring of both position of PL intensities of
initial and replaced surfactants shows somewhat different
portrait of replaced SWNTs: since slow decrease before
sigmoidal transition of PL intensity of FMN-SWNTs does
not follow an increase in PL of the replaced surfactant with
SWNTs, this suggests that replacement of initial surfactant on
SWNT is partial. Because PL of semiconducting SWNT is
based on exciton in nature, this bound electron−hole pair can
travel as far as 100 nm for 0.7 to 1.1 nm in diameter,24 which is
much smaller than our length distribution (ca. 490 nm)
measured by AFM. If such partial replacement happens locally
within 100 nm of its excitonic domain size, then such
inhomogeneity of two surfactants assembly on a nanotube

Figure 2. Concentration-dependent photoluminescence change of FMN-wrapped (6,5) nanotubes, recorded at 20 °C. (A) Photoluminescence
excitation (PLE) maps of FMN-wrapped (6,5) nanotubes with increasing SDBS concentration. Black circles and triangles indicate the PLE positions
of FMN-wrapped and SDBS-wrapped SWNTs, respectively. (B) The corresponding PL intensity profiles originating from FMN-wrapped (black
square) and SDBS-wrapped (red circle) (6,5) nanotubes. The sigmoidal transitions shown in red and gray curves were fitted by Hill equations.
Similar titrations were performed using (C) SC-exchanged and (D) SDS-exchanged PL intensity profiles. Note that SDS-based titration shows
minimal PL intensity originating from SDS-wrapped (6,5) SWNTs. Blue arrows in parts B−D indicate the midpoints of sigmoidal curves,
corresponding to binding affinity ([FMN]/K).
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can provide effective exciton quenching sites, which does not
emit PL from the position of cosurfactant-SWNTs. Judged by
no decrease before sigmoidal transition during exchange, the
rigid nature of the SC surfactant seems to lack the ability to
replace the defective initial surfactant arrangement on SWNTs,
as compared to flexible SDBS and SDS surfactant and
subsequent facile replacement.28,29 Although the slow replace-
ment regime exists during the titrations, since the majority of
the replacements occur at the sigmoidal curve, we focus on the
sigmoidal transition for the remainder of this study.
We observed that replacements ended with different PL

intensities (i.e., 5800, 4200, and 200 counts for SDBS (Figure
2B), SC (Figure 2C), and SDS (Figure 2D), respectively) of
the (6,5) carbon nanotube, also evident by other tubes (Figures
S4B−D of the SI). Since pH can affect the PL intensity of
SWNTs, we checked the replaced dispersion; pHs changes after
the titration of the initial FMN-SWNT dispersion with ca. 6.4
of pH were minimal (6.5, 6.5, and 6.3 for SDBS, SC, and SDS,
respectively). Other exchange effects such as interaction
between FMN and cosurfactants were not observed in the
UV−vis spectra (Figure S5 of the SI). It is noteworthy that the
PL intensity of the SDS-titrated nanotube is almost at
background level. While SC replacement (red trace of Figure
2C) exhibited a slightly increased PL intensity, SDS
replacement in Figure 2D showed a gradual decrease in PL
intensity with increased SDS concentration and minimal PL at
the end of sigmoidal transition. According to the absorption
band shift (black trace) at 1155 nm in Figure S3F of the SI, the
absorption band was initially blue-shifted by ca. 20 nm up to 6
mM SDS and red-shifted again by ca. 5 nm at the end of the
process. However, other surfactant (e.g., SDBS (Figure S3D of
the SI) and SC titration (Figure S3E of the SI)) replacements
showed no redshift at the 1155 nm band during titration. Such
a redshift with few meV can be observed for small bundled
carbon nanotubes.22,30 This result indicates that SDS is prone
to rebundling during replacement. Also, this implies that the
aromatic ring in the SDBS surfactant (i.e., SDBS vs SDS) plays
a role in overcoming nanotube−nanotube attraction in the
replacement scheme and maintains the individuality of SWNTs.
Overall, the PL intensity of (6,5) and other nanotubes are in
the order of SDBS > SC > SDS. These PL intensity changes
according to surfactants beg the question about the origin of
these PL and absorption behaviors and thermodynamics of
surfactant replacement.
The aforementioned fast transition during cosurfactant

replacement resembles a sigmoidal transition, which can be
described by the Hill equation.12,31,32 The replacement of

FMN-SWNT with cosurfactant can be written in equilibrium as
follows:

− +
− +

‐
H IoooooooooooooFMN SWNT cosurfactant cosurfactant

SWNT FMN

KFMN cosurfactant

(1)

where the equilibrium constant from FMN-SWNT to
cosurfactant-SWNT (KFMN‑cosurfactant) is given by the following:

= −
−‐K

[cosurfactant SWNT][FMN]
[FMN SWNT][cosurfactant]FMN cosurfactant

(2)

The sigmoidal curves of cosurfactant-SWNTs from the
titration experiment (Figure 2B−D) were fitted by the Hill
equation to calculate the equilibrium constants of the
replacement.19,32 When coefficient of cosurfactant (γ) is
involved in equilibrium reaction, the fluorescence intensity of
cosurfactant-SWNT (ρ) can be expressed as the following
equation (see SI):

ρ =
+

γ

γ
γ

−

⎡
⎣⎢

⎤
⎦⎥

[cosurfactant]

[cosurfactant]
K

[FMN]

FMN cosurfactant

where γ is the Hill coefficient, showing the breath of the
sigmoidal transition and number of cosurfactants involved in
the reaction, while [FMN]/KFMN‑cosurfactant is the midpoint of
sigmoidal transition (blue arrow shown in middle point of
Figure 2B). Likewise, the other equilibrium constants from
FMN to SC and SDS exchanges can be denoted by KFMN‑SC and
KFMN‑SDS, respectively. Here, the binding affinity of cosurfactant
is inversely proportional to the equilibrium constant K. As
shown in Figure 2B−D (indicated by arrows), the binding
affinity ([FMN]/K) of FMN-(6,5) SWNT against SDBS, SC,
and SDS to is in the order of SDS (4.87 mM) > SC (1.73 mM)
> SDBS (0.87 mM).
We extend these K values to other chiralities of nanotubes

with different exchangers. Figure 3A−C illustrate the
equilibrium constants of various FMN-SWNT chiralities to
(A) SDBS, (B) SC, and (C) SDS as a function of increasing
diameter (dt), measured at 20 °C. One can observe two
noticeable distinctions. First, the equilibrium constants from
FMN to SDBS, SC, and SDS are in the order of KFMN‑SDBS (2.2
to 3.0) > KFMN‑SC (0.69 to 1.7) > KFMN‑SDS (0.33 to 0.56). This
trend suggests that SDBS shows the highest binding affinity
(lowest K values) to nanotubes among FMN, SC, and SDS.
Second, the chirality-derived patterns of equilibrium constants
from SDBS (Figure 3A) are similar to those of SC (Figure 3B)
and SDS (Figure 3C) replacements. For example, (10,2) and

Figure 3. Chirality-dependent equilibrium constants of surfactant exchange of SWNTs as a function of increasing diameter (dt) of nanotube chirality
measured at 20 °C. (A) FMN to SDBS, (B) FMN to SC, and (C) FMN to SDS cosurfactants. Asterisk indicates the omission of error bar and results
from the steep sigmoidal transition of surfactant replacement occurring within two measurement points.
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(8,6) nanotubes display the highest (lowest) and lowest
(highest) K values (binding affinities), respectively, throughout
SDBS, SC, and SDS replacement. Among the three
cosurfactants, SC replacement showed the broader distribution
of K values (i.e., 0.69 − 1.74) over nanotube chiralities. This
chirality-dependent K result indicates that the initial surfactant
wrapping has a dominant role for determining the binding
affinity (or equilibrium constant) of a specific nanotube in the
replacement scheme. Specifically, the (8,6) nanotube with
FMN, previously shown to have the lowest equilibrium
constant determined by SDBS titration,12 maintains the highest
binding affinity among various chiralities, irrespective of the
replacing surfactant. One other minor variation according to
nanotube chirality appears to originate from the cosurfactant-
SWNT interaction. If one considers the exchange reaction, then
the FMN to SDBS exchange on SWNT showed K values
greater than 2.2, suggesting that the replacement of FMN with
SDBS (i.e., forward reaction in eq 1) is effective. Likewise, the
average K value (ca., 1.05, Table S1 of the SI) of a SC
replacement (Figure 3B) is slightly greater than 1, and the
replacement from FMN to SC surfactant is a marginally
forward-favored reaction at 20 °C. FMN to SDS replacement
exhibits an average 0.44 K value, indicating that SDS has the
lowest binding affinity among the four surfactants.
Determination of semiconducting binding affinity directs us

whether surfactant binding affinity depends on electronic types
of SWNTs. Since metallic tubes cannot be probed by PL, we

resort to absorption changes upon titration. As shown in Figure
4, the sigmoidal transitions of first metallic vHs absorption
monitored at 550 nm (possible metallic tubes: (8,8), (9,6),
(10,4), and (11,2)) and 594 nm (possible metallic tubes:
(10,7), (11,5), (12,3), and (13,1)) were 4.4 and 4.8,
respectively. Although the values are ensemble averages of
the mentioned metallic tubes, average K values upon SDBS
titration on FMN-SWNTs shows 4.6, which is about two times
greater than average values (2.5, Table 1) of semiconducting
one obtained from PL titration. Similarly, SC (SDS) titration
reveals average 1.38 (0.83) of K values, as compared to 1.05
(0.44) of semiconducting one. This means that binding affinity
of FMN to metallic tubes against SDBS is weaker than those of
semiconducting one and SC exchange exhibiting small
difference in K values of semiconducting and metallic tubes
shows great affinity toward metallic tubes among two other
exchanging surfactants. This can be further supported by recent
NMR experiment that SC on metallic SWNTs can be partially
replaced by higher concentration of SDS than SC on
semiconducting ones.33 This experiment demonstrates that
relative strength of each surfactant toward metallicity of
nanotube can be monitored by binding affinity.
Striking behavior comes from the correlation between the

equilibrium constant (K) and photoluminescence intensity of
nanotubes upon cosurfactant exchange. Upon analysis of PL
positions, we noted that the PL positions of the nanotube
chiralities are in between those of the respective nanotubes

Figure 4. Binding affinity of metallic SWNTs determined by absorption-based titration using FMN-SWNTs. (A) SDBS replacement, (B) SC
replacement, and (C) SDS replacement of the absorption peaks at 550 (black square and curve) and 597 nm (red circle and curve).

Table 1. Equilibrium Constant (K) and Hill Coefficient (γ) Values of Semiconducting SWNTs Obtained from PL and Metallic
SWNTs from Absorbance According to Exchange System, Measured at 20 °C

assignment

FMN-SDBS FMN-SC FMN-SDS

K γ K γ K γ

(6,5) 2.41 ± 0.01 24.0 ± 2.3 1.21 ± 0.00 12.0 ± 0.4 0.43 ± 0.00 64.6 ± 4.9
(8,3) 2.29 ± 0.00 81.7 ± 3.7 1.06 ± 0.00 16.1 ± 1.0 0.42 ± 0.00 129 ± 17
(7,5) 2.67 ± 0.01 22.2 ± 2.3 1.55 ± 0.01 18.0 ± 1.3 0.47 ± 0.00 62.0 ± 8.3
(8,4) 2.42 ± 0.02 13.9 ± 1.4 1.18 ± 0.01 20.0 ± 2.0 0.33 ± 0.02 32.5 ± 9.0
(10,2) 3.03 ± 0.02 76.4a 1.74a 106a 0.56 ± 0.01 15.4 ± 3.4
(7,6) 2.47 ± 0.00 33.9 ± 2.0 0.95 ± 0.01 26.8 ± 4.2 0.48 ± 0.01 21.0 ± 2.5
(11,1) 2.70 ± 0.02 14.3 ± 1.1 1.34 ± 0.03 7.0 ± 0.9 0.45 ± 0.00 15.8 ± 2.5
(9,4) 2.62 ± 0.03 15.0 ± 2.3 1.32a 152a 0.54 ± 0.02 12.5 ± 1.5
(10,3) 2.58 ± 0.01 23.7 ± 2.0 0.96 ± 0.01 15.3 ± 1.5 0.45 ± 0.00 16.2 ± 3.2
(8,6) 2.24 ± 0.00 36.5 ± 2.1 0.69 ± 0.01 16.1 ± 2.7 0.33 ± 0.00 32.2 ± 4.1
(9,5) 2.30 ± 0.01 30.9 ± 2.2 0.76 ± 0.00 16.3 ± 1.1 0.41 ± 0.00 29.0 ± 2.9
(8,7) 2.36 ± 0.01 16.8 ± 0.9 0.83 ± 0.02 6.4 ± 0.8 0.43 ± 0.00 41.9 ± 9.2

average 2.51 28.4 1.05 15.4 0.44 39.3
near 550 nmb 4.45 ± 0.03 2.3 ± 0.3 1.46 ± 0.06 2.5 ± 0.25 0.86 ± 0.18 2.83 ± 0.57
near 594 nmb 4.82 ± 0.02 2.3 ± 0.2 1.31 ± 0.04 2.6 ± 0.17 0.81 ± 0.17 1.86 ± 0.23

average 4.63 2.3 1.38 2.6 0.83 2.3
aValues here indicate the uncertainty originating from the sigmoidal transitions occurring within two intervals of titration. bObtained from
absorbance.
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wrapped with initial12 and final20 surfactants, as shown in
Figure 5. As shown in the SDBS replacement (red circle),

higher K values of the exchange system result in closer
positioning to the PLs of final surfactants (marked by gray
yellow star), indicating a more homogeneous wrapping of the
final surfactants around SWNTs. The magnitude of the
aforementioned K values of each exchange system follows the
PL intensities of the exchange system. Since inhomogeneity of
surfactants organization on a nanotube can provide effective
exciton quenching sites, we checked fwhm of (8,6) PL spectra,
as shown in Figure S4E of the SI. When the initial surfactant
was exchanged with SDBS, SC, and SDS, we can witness that
fwhm of (8,6) tube increases as well to 21.6, 22, and 28.3 meV
for SDBS, SC, and SDS replacement, suggesting the
inhomogeneity around SWNT is main culprit of such PL
drops. This can be further supported by the recently published
literature34 that homogeneity of surfactant on SWNTs obtained
by increasing surfactant concentration increases nanotube PL
since the concentration of the SDBS is much smaller than other
exchange systems. Therefore, K values can be an effective way
to estimate the PL intensity of the exchanged surfactant
systems. In order to verify the aforementioned K and PL
intensity relationship, we performed a simple addition experi-
ment (i.e., exchange from SC to SDBS or SDS), which
confirmed that the linear relationship between the PL intensity
of each exchange system and its K value (and upcoming Gibbs
energy) is universal (Figure S6 of the SI).
Now, we turn our interest to the cooperativity of such

surfactant replacement. Table 1 shows K and cosurfactant-
derived Hill coefficients according to nanotube chirality at 20
°C. The Hill coefficient (γ) emphasizes the cooperativity of a

supramolecular system toward a biologically important
substrate.35 A higher positive value of γ suggests a high positive
cooperativity of supramolecules (here, FMN-SWNT) toward a
substrate (i.e., cosurfactant), thus facilitating the replacement of
the initial surfactant. Table 1 shows that the average magnitude
of the Hill coefficient is in the order of SC (15.4) < SDBS
(28.4) < SDS (39.3). Although Hill coefficient γ varies greatly
according to nanotube chiralities, SC shows most uniform
values over nanotube chiralities except uncertainty originating
from several tubes, whose sigmoidal transitions occurring
within two intervals of PL titrations. This indicates that SC
surfactant has surfactant regularity on SWNTs, unlike SDBS or
SDS cases.36 Among these three surfactants, SDS exhibited the
highest average γ value. This trend might be due to micelle or
aggregation size. Aggregation number (n) of SC,37 SDBS,38 and
SDS39 micelles without carbon nanotube are 4, 11, and 64,
respectively, at 298 K. This preposition can be further
supported by the fact that oligomeric ssDNA, which cannot
form more than two aggregates, shows approximately 1−2 γ
values upon replacement with SC-SWNT.19,32

Figure 6A−C illustrate the evolution of equilibrium constant
values according to temperature and cosurfactants for FMN-
wrapped (6,5) nanotubes. Eleven other tubes are described in
Figure S7 and Table S1 of the SI. Temperature effectively
controls and increases the K values by on average 30% from 10
to 40 °C, irrespective of cosurfactants. The sigmoidal transition
midpoint corresponding to [FMN]/K decreases with increasing
temperature for SDBS (Figure 6A), SC (Figure 6B), and SDS
(Figure 6C), indicating that higher temperature favors the
forward reaction of the FMN to cosurfactant exchange. In other
words, FMN self-assembly on nanotubes become more prone
to destabilization by increased temperature and favors
replacement with other surfactants, while low temperature
fortifies the FMN-SWNT interaction. It is noteworthy that low
temperature generally spaces out K values further. Separation
scheme using temperature-controlled binding affinity control of
surfactant is recently demonstrated by others.40

Temperature-dependent K values measured at 10, 20, 30, and
40 °C enable us to calculate various thermodynamic parameters
such as enthalpy change (ΔH), entropy change (ΔS), and
Gibbs energy change (ΔG), derived from the van’t Hoff
equation.

= −Δ + ΔK H RT S Rln / / (3)

where K is the observed equilibrium constant, and R is the gas
constant (8.314 J/mol·K). Figure S8 and Table S2 of the SI
show the linear fitting of the plot of ln K vs 1/T from 12
nanotube chiralities. Most nanotubes (over 94%) showed
positive enthalpy values. The average enthalpy change values of
SDBS, SC, and SDS exchanges for 12 different chiralities of

Figure 5. Final PL position of various surfactant-exchange SWNTs
with respect to those of the FMN-wrapped12 (black square) and SDS-
wrapped20 (gray yellow star) SWNTs.

Figure 6. Temperature-dependent (K) changes of (6,5) nanotubes. (A) PL intensity profile of SDBS replacement from FMN-wrapped (6,5)
nanotubes at different temperatures (10 °C: black square, 20 °C: red circle, 30 °C: blue triangle, 40 °C: green diamond). (B) Similar PL intensity
profiles were obtained from SC replacement. (C) PL intensity profile of the FMN-wrapped (6,5) nanotubes with increasing SDS concentration due
to the negligible PL intensity of SDS-wrapped nanotubes. Note that the midpoint of sigmoidal transition decreases with increasing temperature.
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FMN-wrapped SWNTs are 6.05, 8.25, 6.14 kJ/mol, respec-
tively.
To pinpoint the thermodynamic contribution of such

replacements, we plotted various thermodynamic parameters
(ΔG (Figure 7), ΔH and ΔS (Figure S9 of the SI)) in terms of

equilibrium constant according to the exchange system. Here, a
set of symbols indicates the exchange systems (i.e., FMN-
SDBS). Replacement of FMN with SDBS (red triangle) shows
positive ΔH values, suggesting the endothermic nature of this
replacement. Linear regression lines from 12 different chirality
tubes, indicated by different symbols for different exchange
systems, showed the overall negative relationship between
equilibrium constant and enthalpy. Nanotubes with large K
values upon surfactant exchange result in a negative enthalpy
change within the same exchange system, except FMN-SDBS.
Average ΔH values of cosurfactant replacement using FMN-
SWNT were positive. Like enthalpy, equally signed entropy
shows almost identical trends for each set of exchange system
(Figure S9B of the SI).
Figure 7 presents the plot of Gibbs energy changes as a

function of equilibrium constant K. Overall, the relationship
between K and Gibbs energy follows ΔG = −RT ln K: while
FMN-SDBS exchange showed a negative ΔG, FMN-SC
exchange spanned from negative to positive ΔG values, and
FMN-SDS exchange showed positive ΔG values. By associating
ΔG and photoluminescence behavior, we conclude that greater
negative ΔG values resulting from surfactant exchange on
nanotubes yield higher PL intensities. To the best of our
knowledge, this is first example of association between a
thermodynamic parameter and photoluminescence of a nano-
tube. In addition, Gibbs energy changes of a few kJ/mol
emphasize the noncovalent nature of the surfactants
exchange.41

■ CONCLUSIONS
We utilized PL-shifted FMN-wrapped nanotube dispersions to
probe thermodynamic parameters of various surfactant
exchange reactions. As FMN on the SWNTs is replaced with
cosurfactants, NIR photoluminescence (PL) behavior originat-
ing from both FMN-wrapped and cosurfactant-replaced
SWNTs showed fast sigmoidal transitions after slow initial
decay. Fast and slow transitions are originating from the nature

of the initial surfactant organization, namely, defective and
defect-free, respectively. Explained by exciton in PL, the
replacement of defective initial organization with cosurfactant
is partial, as opposed to full replacement of defect-free case.
The sigmoidal transition can be expressed as binding affinity,
which has inverse relationship with equilibrium constant. The
measured equilibrium constants from FMN to SDBS, SC, and
SDS are in the order of KFMN‑SDBS (2.2 to 3.0) > KFMN‑SC (0.69
to 1.7) > KFMN‑SDS (0.33 to 0.56), showing that SDBS has the
strongest binding affinity among four surfactants. Correlated
absorption and PL indicates that SDS-replacement with low K
values creates small bundling of nanotubes. In addition, binding
affinity of FMN to semiconducting tubes have similar chirality
specific patterns, showing the (8,6) tubes are the largest, (10,2)
the smallest, irrespective of cosurfactant types. Metallic tubes
showed weaker binding than semiconducting SWNTs and SC
surfactant has preference to metallic tubes compared to
semiconducting ones. Temperature-programmed PLE maps
revealed implication of equilibrium constant to obtain
thermodynamic parameters. Temperature can modulate an
equilibrium constant of exchange efficiently by 30%. The large
equilibrium constant values greater than 1 provided PL
intensity, proportional to the equilibrium constant. Gibbs
energy changes showing −RT ln K provides the stability for the
exchanged system, where a more negative ΔG shows an
increased PL with increasing temperature. The Gibbs energy
change obtained by both equally signed entropy and enthalpy is
on the scale of a few kJ/mol, indicating the noncovalent nature
of these replacements. This approach provides the importance
of supramolecular self-assembly of surfactant to understand
binding affinities with nanotubes and its noncovalent
interaction with nanotubes.

■ MATERIALS AND METHODS
Materials and Instrumentation. Flavin mononucleotide (FMN,

85%) and sodium dodecyl benzene sulfonate (SDBS) were purchased
from Aldrich. Sodium cholate (SC) and sodium dodecyl sulfate (SDS)
were obtained from TCI. Deionized water (H2O, spectroscopic grade)
was obtained from Alfa Aesar and used as received. Single-walled
carbon nanotubes (SWNTs) prepared by a high pressure carbon
monoxide process (HiPco, Batch No. RO-513, with a diameter (dt)
distribution 1.00 ± 0.35 nm) were purchased from Nanointegris.42

Fluorescence spectroscopy measurements were conducted on a Spex
Nanolog 3-211 spectrofluorometer (Horiba Jobin-Yvon) equipped
with a liquid nitrogen-cooled, single-channel InGaAs detector. Both
excitation and emission light intensities were corrected against
instrumental variations using sensitivity correction factors. The UV−
vis-NIR absorption spectra were measured with a Cary 5000 UV−vis-
NIR spectrometer. A cuvette with a path length of 10 mm was used for
the entire experiment. All samples were kept at the given temperature
for 20 to 60 min prior to spectra collection to allow thermal and
convectional equilibration for tight thermal control.

Dispersion and Titration Methods. FMN-HiPco Suspension
Protocol. A mixture of 25 mg of HiPco SWNT and 100 mg of FMN
was added to 100 mL of H2O, according to a previously published
report.12 The solution was probe-sonicated for 2 h at a 300 W
intensity. The resulting greenish-dark solution was centrifuged at 20
000g for 2 h using a swing-bucket rotor (SW 41 Ti, Beckman Coulter),
and the supernatant (upper 80%) was carefully collected as a clear dark
green solution, which exhibits pH of around 6.4. For prolonged
storage and measurement of the dispersed nanotube solution, sodium
azide (20 μM) was added to prevent unwanted bacterial proliferation.

SC-HiPco Suspension Protocol and Replace SC with SDBS, and
SDS in the SC-HiPco Sample. 100 mL of 10 mM SC was added into a
beaker containing 25 mg of HiPco SWNT. The solution was probe-
sonicated for 1 h at 160 W. Solutions was then centrifuged at 15 000g

Figure 7. Relationship between the equilibrium constant (K) and
thermodynamic parameters of Gibbs energy change (ΔG) according
to the surfactant exchange system (FMN-SDBS: red triangle, FMN-
SC: green hexagon, FMN-SDS: blue diamond). The symbols indicate
nanotube chirality. The linear regression fit (solid lines) was drawn to
guide the trends and magnitude of each surfactant replacement.
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centrifugal force for 1 h 30 min, and the final dispersions was collected
by decanting the upper 80% of the supernatant. Replacement
experiment was conducted by adding 5.90 mM of SDBS and 88.37
mM of SDS into SC-SWNT dispersion.
Titration with SDBS in the FMN-HiPco Sample. Initially, a 1 μL

aliquot of various surfactants (i.e., corresponding to 0.05 mM, 0.05
mM, 0.1 mM for SDBS, SC, and SDS, respectively) was added into a
cuvette containing 3 mL of FMN-HiPco sample, and the resulting
mixture was thoroughly mixed with a 100 μL pipet before collecting
photoluminescence spectra. The volume of each aliquot was
considered for the final concentration calculation. The final pH of
the SDBS-, SC-, and SDS-replaced SWNT dispersions were 6.5, 6.5,
and 6.3, respectively.
Determination of Binding Affinity Using the Hill Equation. The

PLE map array was imported to generate a concentration-dependent
trace of PL intensity using the Matlab program. Sigmoidal transition
and the resulting Hill coefficient were obtained using the Hill function
of the nonlinear curve fitting module by Origin.
Length Distribution of Carbon Nanotubes Using AFM

Measurement. Sample Preparation. Ten microliters of FMN-
wrapped SWNT solution was deposited onto a freshly cleaved mica
surface and incubated for 5 min. The remaining solution was removed
by wicking using Kimwipes. Three water incubations (2 min each) and
consecutive wicking steps were performed to remove extra FMN. In
order to remove any remaining water, careful overnight drying of the
sample was conducted prior to AFM measurement.
Scanning Probe Measurement. AFM measurement was conducted

using a XE-120 from Park System. We used silicon AFM probes (tip
curvature <10 nm, spring constant = 42 N, Nanosensors). All imaging
was performed in tapping mode, and 512 × 512 pixels were acquired
over a 100 μm2 area. Flattening of the acquired surface morphology
was conducted using third-order polynomial regression. A total of 22
AFM images were analyzed by MacBiophonotincs ImageJ. The lengths
of 260 of FMN-SWNTs, respectively, were analyzed to produce a
length histogram. In addition, a total of 43 FMN-SWNTs were subject
to height analysis. By excluding large tubes over 4 nm in height, we
plotted a height distribution profile in the inset of Figure S2B of the SI.
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Derivation of Hill equation using equilibrium constant 

The transition during cosurfactant replacement is sigmoidal in nature and can be described by 

the Hill equation.
S1-3

 Since we did not observe any change of FMN absorption during titration (Fig. S5), 

we assume that FMN and other surfactant is not interacting. Therefore the equilibrium reaction can be 

considered as  

FMN-SWNT + cosurfactant 

KFMN-cosurfactant

cosurfactant-SWNT + FMN ·········· (S1) 

where                   is an equilibrium constant of exchange from FMN-SWNT to cosurfactant-

SWNT, The equilibrium constant of the above reaction can be rearranged as  

                    
                        

                        
 ······················· (S2) 

Now, we consider the total binding sites. According to the previous equation
1-3

, 

   
                      

                   
  

                   

                              
 ················ (S3) 

where  is fluorescence intensity of cosurfactant-SWNT. 

Rearranging Eqn. (S2) in terms of [cosurfactant-SWNT] and substituting it into Eqn. (S3) gives 

   

                                           

     

            
                                           

     
 

 

   
                                 

                                      
 

   
              

     

                 
               

  ······························································ (S4) 

Generalizing Eqn. (S1) for equilibrium reaction with reaction coefficients can be written as 

FMN-SWNT +  cosurfactant 

KFMN-cosurfactant

cosurfactant-SWNT +  FMN ····· (S5) 

where  and  are coefficients of surfactants. Likewise Equation S4, one can express  in terms of 

concentration as follows. 
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 ··········································· (S6) 

By assuming that  simply depends on , one can reduce complexity of the above equation as follows. 

   
               

 
     

                 
                  

 ··········································· (S7) 

here [FMN] / KFMN-cosurfactant is equal to [cosurfactant]
γ
 at which half of the SWNTs are bound. For the 

calculation of equilibrium constant and Hill coefficient, the concentration of FMN was set to 2.09 mM, 

the initial concentration of FMN-SWNT dispersion. 

FMN interaction with other surfactants 

In order for the above equilibrium reaction to hold, FMN and other surfactants should have no 

interaction. For this, we measured absorption spectra of FMN in the absence and presence of SDBS, SC, 

and SDS. We titrated FMN solution with increasing amount of SDBS, SC, and SDS. The results are 

shown in Fig. S5, where the initial FMN absorption spectra peaking at 370 and 445 nm was not changed 

after addition of cosurfactants. Zoom-in spectra in inset showed no change in absorption maximum. 
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Figure S1. Absorption spectra of FMN without SWNTs before and after probe-sonication. The solution 

was obtained using same amount of FMN in water and was treated with same protocol for 

FMN-SWNTs. In order to adjust to the absorbance limit (i.e. 3), we opt to dilute the sample 

by 120 times 

 

 

Figure S2. Representative atomic force microscopy (AFM) phase image and the corresponding length 

and height histograms of dispersed nanotubes. Phase images of (A) FMN-wrapped SWNTs 

and (B) corresponding length histogram. Green curves represent Gaussian fitting of the 

length distributions of FMN-wrapped SWNTs. Inset of (B) display the height distribution 

profile of FMN-wrapped SWNTs. 
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Figure S3. Absorption spectra of FMN-wrapped SWNTs titrated with (A) SDBS, (B) SC, and (C) SDS. 

(D-F) illustrate absorption intensity change (black trace) and 1,155 nm band position change 

(red trace), which corresponds to a composite of (9,4), (7,6), and (8,4) nanotubes.  
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Figure S4. PLE maps of (A) initial FMN-wrapped SWNTs and the corresponding replaced dispersion 

of (B) SDBS-replaced, (C) SC-replaced, and (D) SDS-replaced nanotube dispersions. (E) 

FWHM of PL from (8,6) nanotubes for SDBS- (top), SC- (middle), and SDS- (bottom) 

replaced position. 
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Figure S5. Absorption spectra of FMN titrated with (A) SDBS, (B) SC, and (C) SDS. Insets are scaled- 

up absorbance image from 430 nm to 460 nm. After titration of solution containing 2.09 

mM FMN, the titrated solution along with the initial FMN one was diluted by 120 times. 

 

 

Figure S6. PLE maps of (A) the initial SC-wrapped SWNTs, the corresponding titrated dispersion of (B) 

SDBS-replaced, and (C) SDS-replaced nanotube dispersions. (D) illustrates the final PL 

position of various surfactant-wrapped SWNTs with respect to the SC-wrapped SWNT 

(indicated by a triangle).  
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Continued to the next page 

Figure S7. Temperature-dependent transition change of 11 other chiral nanotubes, except the (6,5) tube 

listed in Figure 6. (A1-K1) FMN to SDBS replacement. (A2-K2) FMN to SC replacement, 

and (A3-K3) FMN to SDS replacement. (10 ºC: black square, 20 ºC: red circle, 30 ºC: blue 

triangle, 40 ºC: green diamond).  
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Continued from the previous page 
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Continued from the previous page 
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Figure S8. Plot between the natural logarithmic equilibrium constant K and 1/T (see main text). (FMN-

wrapped nanotube with SDBS: red circle, SC-replacement: blue triangle, and SDS-

replacement: green diamond). The straight line is the linear regression fit of lnK values at 

four different temperatures (313, 303, 293, and 283 Kelvin from left to right of x axis). 
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Figure S9. Relationship between the equilibrium constant (K) and thermodynamic parameters of (A) 

enthalpy change (H) and (B) entropy change (S) according to the surfactant exchange 

system (FMN-SDBS: red triangle, FMN-SC: green hexagon, FMN-SDS: blue diamond). 

The symbols indicate nanotube chirality (Table S2). The linear regression fit (solid lines) 

was drawn to guide the trends and magnitude of each surfactant replacement. 
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Table S1. Temperature- and chirality-dependent equilibrium constant (K) and Hill coefficient (). 

(A) FMN to SDBS replacement on SWNTs. 

Assignment 

(n,m) 

Diameter 

[nm] 

10 C 20 C 30 C 40 C 

KFMN-SDBS γ KFMN-SDBS γ KFMN-SDBS γ KFMN-SDBS γ 

(6,5) 0.76 2.17±0.01 19.1±1.5 2.41±0.01 24.0±2.3 2.75±0.01 26.9±2.7 2.88±0.01 32.5±3.3 

(8,3) 0.78 2.11±0.00 48.8±3.7 2.29±0.00 81.7±3.7 2.59±0.00 64.4±3.1 2.75±0.00 58.1±2.7 

(7,5) 0.83 2.53±0.01 18.8±1.9 2.67±0.01 22.2±2.3 2.98±0.00 39.1±2.3 3.02±0.01 27.0±1.6 

(8,4) 0.84 2.21±0.03 9.9±1.2 2.42±0.02 13.9±1.4 2.71±0.03 13.8±1.6 2.83±0.02 13.9±1.3 

(10,2) 0.88 2.93±0.00 69.7±3.3 3.03±0.02 76.4§ 3.36±0.01 23.5±1.7 3.20±0.01 19.9±1.4 

(7,6) 0.89 2.27±0.01 21.9±1.4 2.47±0.00 33.9±2.0 2.82±0.01 43.9±5.0 2.89±0.01 31.8±1.9 

(11,1) 0.92 2.64±0.02 18.4±1.7 2.70±0.02 14.3±1.1 3.08±0.01 13.0±0.7 3.17±0.02 14.8±1.0 

(9,4) 0.92 2.39±0.06 10.8±2.4 2.62±0.03 15.0±2.3 2.93±0.02 21.1±3.1 3.03±0.02 22.2±2.7 

(10,3) 0.94 2.34±0.01 22.5±1.8 2.58±0.01 23.7±2.0 2.93±0.01 26.3±2.3 3.13±0.01 22.2±1.8 

(8,6) 0.97 1.98±0.01 25.1±2.6 2.24±0.00 36.5±2.1 2.46±0.01 36.1±6.3 2.63±0.01 44.7±6.6 

(9,5) 0.98 2.07±0.01 19.9±1.1 2.30±0.01 30.9±2.2 2.57±0.01 20.5±1.3 2.75±0.01 29.6±1.6 

(8,7) 1.03 2.11±0.02 9.7±0.8 2.36±0.01 16.8±0.9 2.70±0.01 19.5±1.8 2.82±0.02 24.9±4.6 

Average 2.31 24.5 2.51 28.4 2.82 29.0 2.92 28.5 

 

(B) FMN to SC replacement on SWNTs. 

Assignment 

(n,m) 

Diameter 

[nm] 

10 C 20 C 30 C 40 C 

KFMN-SC γ KFMN-SC γ KFMN-SC γ KFMN-SC γ 

(6,5) 0.76 1.37±0.06 54.7§ 1.21±0.00 12.0±0.4 1.55±0.01 14.6±0.6 1.73±0.01 16.6±1.0 

(8,3) 0.78 0.83±0.00 22.9±1.0 1.06±0.00 16.1±1.0 1.34±0.01 15.5±1.3 1.46±0.00 21.9±1.4 

(7,5) 0.83 1.48§ 156§ 1.55±0.01 18.0±1.3 1.74§ 112§ 1.84±0.02 46.6±13.2 

(8,4) 0.84 1.37±0.08 43.2§ 1.18±0.01 20.0±2.0 1.40±0.02 36.4±6.6 1.44±0.01 36.5±4.0 

(10,2) 0.88 1.56±0.01 32.6±5.6 1.74§ 106§ 1.94±0.03 27.6±4.1 1.60±0.02 11.2±1.2 

(7,6) 0.89 0.85±0.02 9.9±1.5 0.95±0.01 26.8±4.2 1.10±0.01 12.7±1.1 1.23±0.00 28.9±2.7 

(11,1) 0.92 1.35±0.05 7.1±1.6 1.34±0.03 7.0±0.9 1.61±0.02 8.9±1.0 1.46±0.02 11.9±1.4 

(9,4) 0.92 1.45±0.00 592§ 1.32§ 152§ 1.50±1.49 133§ 1.24±0.02 14.5±2.5 

(10,3) 0.94 0.77±0.01 17.1±2.4 0.96±0.01 15.3±1.5 1.18±0.01 9.8±1.1 1.31±0.01 14.4±1.8 

(8,6) 0.97 0.70§ 282§ 0.69±0.01 16.1±2.7 0.87±0.01 14.8±1.3 0.98±0.01 44.7±16.2 

(9,5) 0.98 0.70±0.01 106§ 0.76±0.00 16.3±1.1 0.91±0.00 25.9±2.7 1.00±0.01 24.7±4.0 

(8,7) 1.03 0.73±0.01 13.8±3.0 0.83±0.02 6.4±0.8 0.98±0.02 6.3±0.9 1.08±0.01 15.2±2.8 

Average 1.10 17.2 1.05 15.4 1.31 17.2 1.37 23.9 
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(C) FMN to SDS replacement on SWNTs. 

Assignment 

(n,m) 

Diameter 

[nm] 

10 C 20 C 30 C 40 C 

KFMN-SDS γ KFMN-SDS γ KFMN-SDS γ KFMN-SDS γ 

(6,5) 0.76 0.32±0.00 33.1±3.8 0.43±0.00 64.6±4.9 0.43±0.00 58.7±5.2 0.47±0.00 55.7±7.8 

(8,3) 0.78 0.31±0.00 84.3±14.1 0.42±0.00 128.8±16.7 0.41±0.00 112±16.8 0.46±0.00 121±13.7 

(7,5) 0.83 0.36±0.01 18.8±3.1 0.47±0.00 62.0±8.3 0.46±0.00 57.7±6.2 0.52±0.01 33.4±5.3 

(8,4) 0.84 0.29±0.29 409§ 0.33±0.02 32.5±9.0 0.37±0.00 120§ 0.41±0.00 897§ 

(10,2) 0.88 0.46±0.01 17.5±1.9 0.56±0.01 15.4±3.4 0.58±0.01 16.8±2.7 0.73±0.04 17.8±4.5 

(7,6) 0.89 0.38±0.01 12.3±1.1 0.48±0.01 21.0±2.5 0.45±0.00 41.8±4.8 0.48±0.00 39.7±5.6 

(11,1) 0.92 0.37±0.00 13.0±0.8 0.45±0.00 15.8±2.5 0.45±0.00 12.1±1.1 0.48±0.00 31.2±4.1 

(9,4) 0.92 0.46±0.01 8.5±1.1 0.54±0.02 12.5±1.5 0.48±0.00 971.5§ 0.54±0.54 629§ 

(10,3) 0.94 0.33±0.00 23.7±4.2 0.45±0.00 16.2±3.2 0.44±0.00 29.9±2.8 0.49±0.00 86.9±23.1 

(8,6) 0.97 0.22±0.22 1740§ 0.33±0.00 32.2±4.1 0.32±0.00 59.2±9.7 0.35±0.00 81.5±22.4 

(9,5) 0.98 0.31±0.00 22.1±2.5 0.41±0.00 29.0±2.9 0.40±0.00 41.3±5.0 0.44±0.00 48.3±5.9 

(8,7) 1.03 0.35±0.01 17.1±4.2 0.43±0.00 41.9±9.2 0.43±0.01 17.9±3.8 0.49±0.01 46.6±22.7 

Average 0.35 25.0 0.44 39.3 0.44 44.7 0.49 56.3 

§
 values here indicate the uncertainty originating from the sigmoidal transitions occurring within two 

intervals of titration. 
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Table S2. Thermodynamic functions (enthalpy, entropy, and Gibbs energy,) derived from van’t Hoff 

equation. 

(A) FMN to SDBS replacement on SWNTs. 

Assignment 

(n,m) 
Diameter [nm] 

Chiral Angle 

[Degrees] 
Enthalpy (H) 

kJ/mol 

Entropy (S) 

J/mol·K 

Gibbs Energy 

(G) kJ/mol 

at 25 C 

(6,5) 0.76 27 7.21±0.85 32.0±2.83 -2.32±1.69 

(8,3) 0.78 15.3 6.89±0.64 30.5±2.13 -2.20±1.27 

(7,5) 0.83 24.5 4.06±1.57 22.3±5.18 -2.61±3.12 

(8,4) 0.84 19.1 6.04±0.71 28.0±2.35 -2.31±1.41 

(10,2) 0.88 8.9 3.12±1.01 20.0±3.53 -2.83±2.07 

(7,6) 0.89 27.5 6.32±1.19 29.2±3.98 -2.38±2.38 

(11,1) 0.92 4.3 4.99±1.09 25.6±3.64 -2.64±2.17 

(9,4) 0.92 17.5 5.31±1.12 26.3±3.67 -2.52±2.22 

(10,3) 0.94 12.7 7.39±0.55 33.2±1.84 -2.50±1.10 

(8,6) 0.97 25.3 6.52±0.42 28.9±1.41 -2.10±0.84 

(9,5) 0.98 20.6 6.98±0.33 30.7±1.10 -2.19±0.66 

(8,7) 1.03 27.8 7.74±1.14 33.6±3.86 -2.28±2.29 

Average 6.05 28.4 -2.41 

 

(B) FMN to SC replacement on SWNTs. 

Assignment 

(n,m) 
Diameter [nm] 

Chiral Angle 

[Degrees] 
Enthalpy (H) 

kJ/mol 

Entropy (S) 

J/mol·K 

Gibbs Energy 

(G) kJ/mol 

at 25 C 

(6,5) 0.76 27 14.2±2.20 50.2±7.33 -0.75±4.39 

(8,3) 0.78 15.3 14.1±1.25 48.4±4.20 -0.32±2.50 

(7,5) 0.83 24.5 6.53±0.03 25.9±0.09 -1.20±0.05 

(8,4) 0.84 19.1 7.55±1.44 27.2±4.75 -0.56±2.85 

(10,2) 0.88 8.9 2.01±2.74 10.9±9.36 -1.25±5.53 

(7,6) 0.89 27.5 9.85±0.39 33.2±1.28 -0.05±0.77 

(11,1) 0.92 4.3 2.09±3.68 10.1±12.1 -0.93±7.28 

(9,4) 0.92 17.5 -2.47±3.07 -6.03±10.3 -0.67±6.14 

(10,3) 0.94 12.7 13.2±1.03 44.7±3.49 -0.10±2.08 

(8,6) 0.97 25.3 12.5±2.04 39.7±6.69 0.61±4.04 

(9,5) 0.98 20.6 9.88±1.18 31.6±3.95 0.45±2.35 

(8,7) 1.03 27.8 9.60±0.49 31.3±1.64 0.26±0.98 

Average 8.25 28.9 -0.38 
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(C) FMN to SDS replacement on SWNTs. 

Assignment 

(n,m) 
Diameter [nm] 

Chiral Angle 

[Degrees] 
Enthalpy (H) 

kJ/mol 

Entropy (S) 

J/mol·K 

Gibbs Energy 

(G) kJ/mol 

at 25 C 

(6,5) 0.76 27 7.99±4.48 19.6±15.1 2.14±8.99 

(8,3) 0.78 15.3 9.04±3.44 22.7±11.7 2.27±6.92 

(7,5) 0.83 24.5 4.08±3.87 7.23±13.0 1.92±7.75 

(8,4) 0.84 19.1 7.21±0.21 15.6±0.68 2.56±0.41 

(10,2) 0.88 8.9 8.70±2.06 24.4±7.03 1.41±4.15 

(7,6) 0.89 27.5 4.17±2.38 7.24±7.76 2.01±4.70 

(11,1) 0.92 4.3 5.42±1.99 11.4±6.70 2.03±3.99 

(9,4) 0.92 17.5 -0.30±2.49 -7.08±8.22 1.81±4.94 

(10,3) 0.94 12.7 9.81±2.29 25.6±7.75 2.18±4.60 

(8,6) 0.97 25.3 3.16±2.54 1.15±8.36 2.82±5.03 

(9,5) 0.98 20.6 7.37±3.11 16.9±10.4 2.34±6.21 

(8,7) 1.03 27.8 7.01±2.82 16.6±9.54 2.07±5.66 

Average 6.14 13.4 2.13 
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