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Effect of tight flavin mononucleotide wrapping and
its binding affinity on carbon nanotube covalent
reactivities†

Jinsook Sim,a Hyunkyu Oh,a Eunhye Kooa and Sang-Yong Ju*ab

The controlled functionalization of single-walled carbon nanotubes (SWNTs) is a key to using them in

high-end applications. We show that nanotube reactivity after covalent diazonium modification is

governed by a chirality-specific surfactant binding affinity to SWNTs. Both metallic and semiconducting

SWNTs tightly organized by a helical flavin mononucleotide (FMN) assembly exhibit two hundred times

slower reactivity toward 4-methoxy benzenediazonium (4-MBD) than those wrapped by sodium dodecyl

sulfate and this reactivity enables chirality- and metallicity-specific behaviours to be probed, as

confirmed by absorption, Raman, and photoluminescence (PL) spectroscopy. Each reaction kinetic of the

two-step SWNT PL decays originating from electron transfer and the covalent reaction of 4-MBD,

respectively, is inversely proportional to the binding affinity (Ka) between FMN and the SWNTs. The

observed marginally higher reaction rate of the metallic nanotube compared to the semiconducting

one results from the weaker Ka value of the metallic nanotubes with FMN. An enrichment

demonstration of a few nanotube chiralities using selective and slow covalent diazonium chemistry

demonstrates the importance of the binding affinity between the surfactant and the SWNTs. The study

provides a handle on chirality-specific covalent chemistry via surfactant–SWNT binding affinity and

impacts on future-sensing schemes.

Introduction

A single-walled carbon nanotube (SWNT) is a roll-up of single-
layered graphene sheet whose rolling direction controls its
electronic characteristics. Generally, SWNTs are composed of
1/3 metallic and 2/3 semiconducting electronic components,
according to the nanotube’s chiral vector (n,m). Although the
controlled growth of their electronic types is actively pursued,1–3

such a method remains elusive. Alternative approaches to obtain
certain electronic types include controlled covalent4–6 and non-
covalent7–11 functionalization and subsequent separation according
to SWNT electronic type and chirality. These approaches can readily

be extended to advanced nanotube field effect transistors12,13

and other sensor and imaging applications.14,15 Therefore, an
understanding of covalent and noncovalent functionalization is
essential to realize high-end SWNT applications.

Among various covalent functionalization approaches, it was
found that diazonium reagents (its structure is shown in Fig. 1A)
can attach selectively to metallic nanotubes due to their higher
valence band of density of states (DOS) compared to semi-
conducting nanotubes.5 As shown in Fig. 1A, aryl diazonium
chemistry involves (i) electron transfer from nanotubes to the

Fig. 1 Schematic illustrations of (A) the reaction of 4-methoxybenzene-diazonium
tetrafluoroborate (4-MBD) with a SWNT wrapped by a surfactant. k1, k�1, and k2

denote the reaction rate of each step; and (B) the density of states of carbon
nanotubes with respect to the reduction potential of 4-MBD, where EF represents
the Fermi level of the SWNTs.
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adsorbed diazo groups, and (ii) the formation of covalent
linkages between aryl and the nanotubes.16 This covalent bond
leads to absorption bleaching and photoluminescence quench-
ing due to the p-conjugation disruption of the nanotube. The
diazonium reactivity relies on the nanotube electronic type,5

nanotube diameter,5 chemical functional groups of the diazonium
salt,17 and pH.17 All these parameters essentially control the
relative potential difference between carbon nanotubes and
diazonium salt and facilitate the reaction rate of irreversible
one-electron transfer (i.e., from the valence band of the SWNTs
DOS to the diazonium reagent) and subsequent covalent attach-
ment. Therefore, a large potential difference of SWNT valance
band18 with respect to that of the diazonium reagent (as shown
in Fig. 1B)19 is known to accelerate the reaction rate (k) of the
two-step diazonium reaction.16

Because a surfactant has a specific arrangement and strength
on SWNTs,11,20,21 nanotubes exhibit surfactant- and chirality-
specific binding affinity between the nanotube and various
surfactants.22 The subsequent reactivity should be correlated
to the binding affinity toward covalent functionalization of
diazonium reagents. To react with the carbon nanotube sidewalls,
diazonium salt needs to overcome the interaction between the
surfactant and nanotube, presumably by detaching or squeezing
the surfactants from the surface of the nanotube, as shown in
Fig. 1A. However, to the best of our knowledge, this factor has
not been considered so far. For example, when a SWNT is
surrounded by an aliphatic-tail surfactant (e.g., sodium dodecyl
sulfate (SDS) or sodium dodecyl benzene sulfonate (SDBS)), the
binding affinity of the SDS on the SWNT decreases with increas-
ing nanotube diameter (dt).

23–25 This surfactant wrapping stabi-
lity might overlap the aforementioned 1/dt nanotube reactivity,
coinciding with the proposed bandgap-based SWNTs reactivity5

owing to their similar work function (B4.5 eV).18 Because these
surfactants are organized as flexible micelles (or hemi-micelles)
on SWNTs,5,26,27 the diazonium chemicals can easily penetrate
through the micelles to react with the SWNT sidewalls and
destroy the p conjugation of the SWNT.28 Although this aliphatic-tail
surfactant assembly has been instrumental for probing excitonic
nature of SWNTs29 such as exciton binding energy and exciton
diffusion length, the flexible nature of this surfactant assembly
on SWNT prevents the discovery of the true contribution of
surfactant assembly to nanotube reactivity.

A clear departure from the bandgap-based nanotube reac-
tivity was shown when SWNTs were wrapped by rigid steroidal
sodium cholate (SC); part of the SWNTs whose diameters spanned
from 0.88 to 0.92 nm, exhibited anomalously high reactivity toward
a diazonium salt.28 Although the rigidity of SC seems to be main
reason for less chemical derivatization with diazonium salt, the
origin of this chirality-specific reactivity from the SWNT is not
known. Therefore, an examination of a rigid, aromatic surfactant
like flavin mononucleotide (FMN, its structure is shown in Fig. 2A)
on a nanotube, whose adsorption energy on SWNTs is as high
as 2 eV,30 is important to interpret the aforementioned surfactant-
originating reactivity barriers in nanotubes.

Here, we provide experimental evidences that nanotubes tightly
wrapped by FMN show a slow and chirality-specific reactivity to

diazonium covalent modification and the reactivity is inversely
proportional to the binding affinity between the FMN and
SWNTs. Nanotubes wrapped by FMN showed 230 times lower
reactivity than those assembled by SDS. Upon diazonium func-
tionalization, the PL decay kinetics of semiconducting SWNTs
wrapped by FMN show chirality-specific electron-transfer and
covalent modification, displaying a distinctive two-step photo-
luminescence (PL) decay curve. Chirality-dependent PL decay
patterns revealed that the SWNT chirality with highest reactivity
toward the diazonium reagent has the lowest binding affinity
with FMN. The reactivity of FMN–metallic SWNT was revealed to
be slightly higher than that of semiconductor nanotubes, and
both electronic types displayed reactivity inversely proportional
to the determined binding affinity of the FMN–SWNTs. This
slower chirality-specific reactivity of the FMN–SWNT leads to an
enrichment of a few nanotube chiralities using diazonium
modification. This study offers a fundamental understanding
of covalent nanotube reactivity with surfactant binding affinity
and a handle for chirality-selective covalent functionalization
and sensing schemes in future applications.

Experimental section
Materials and instrumentation

Flavin mononucleotide (FMN, 85%), and sodium dodecyl benzene
sulfonate (SDBS, technical grade) were purchased from Sigma-
Aldrich. 4-Methoxybenzenediazonium tetrafluoroborate (4-MBD,
98%, Sigma-Aldrich) was stored in a refrigerator, prior to use.
Sodium dodecyl sulfate (SDS, 95%) was obtained from TCI.
Deionized water (H2O, spectroscopic grade) was obtained
from Alfa Aesar and was used as received. Single-walled carbon
nanotubes (SWNTs) prepared by a high pressure carbon
monoxide process (HiPco, Raw grade, Batch #R1-831, with a
diameter (dt) distribution of 1.00 � 0.35 nm) were purchased

Fig. 2 Structure of flavin mononucleotide (FMN) and its helical wrapping on
SWNTs. (A) Chemical structure of FMN, and (B) quadruple H bondings (shown in
red dashed lines) between adjacent FMN units. (C) Anti-parallel running of helical
FMN units on the SWNTs indicated by transparent red and yellow ribbons. Ribityl
phosphate groups are omitted for visual clarity. (D) High resolution TEM image of
a FMN–wrapped SWNT. Red arrows indicate the undulations originating from the
ribityl phosphate groups of FMN. (E) AFM topography of a helical FMN assembly
on SWNTs. Green traces are height profiles of the FMN–SWNTs.
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from Nanointegris.31 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 (512 � 1 pixels (pixel size:
50 � 500 mm), Symphony, Horiba Jobin-Yvon). Both excitation
and emission light intensities were corrected against instru-
mental variations using sensitivity correction factors to produce
a photoluminescence excitation (PLE) map. UV-vis-NIR absorp-
tion spectra were measured with a Cary 5000 spectrometer.
A cuvette with a path length of 10 mm was used throughout this
study. Raman measurements were conducted using a custom-
made Raman spectroscopy setup (excitation laser wavelength:
532 nm). Transmission electron microscopy (TEM) measure-
ments were conducted using a Jeol 2100-F.

Dispersion and titration methods

FMN-HiPco and SDS-HiPco suspension protocols. A mixture
of 35 mg HiPco SWNTs and 140 mg FMN were added to 140 mL
of H2O as described in a previously published report.11 Pre-
cautions were taken to avoid prolonged exposure of FMN22 and
diazonium salt32 to direct sunlight. The solution was probe-
sonicated (VCX 750, Sonics & Materials) for 2 h at 300 W
intensity. The resulting greenish-dark solution was centrifuged
at 20 000 g for 2 h using a centrifuge (SW 41-Ti rotor, Beckman
Coulter) and the supernatant (upper 90%) was carefully collected,
yielding a clear greenish-dark solution with a pH of around 6.4.
Similarly, 1 wt per v% of SDS was dispersed in water. The
subsequent mixture was sonicated for 10 h at 150 W. The
solution was further centrifuged at 200 000 g. About 80% of
supernatant was collected and the pH was adjusted at 10.

Covalent functionalizations and chirality enrichment of FMN–
and SDS–SWNTs with 4-MBD. A mixture of 1.22 mg (5.5 mmol)
4-methoxybenzenediazonium tetrafluoroborate (CH3OC6H4N2�BF4)
and 5 mL water was prepared under dark conditions so that
the final diazonium concentration after adding 300 mL of
diazonium reagent solution into a cuvette containing 3 mL of
SWNTs was 0.1 mM. A portion of the well-stirred mother
solution was taken out to measure the UV-vis-NIR absorption
and PLE spectra every 30 min at room temperature. For the
chirality enrichment, a 300 mL aliquot of 0.3 mM of 4-MBD was
added into the FMN–SWNT solution (3 mL) and allowed to
react for 29 h. Typically, the minimum measurement time to
collect the UV-vis-NIR absorption and PLE spectra was B1 and
22 min, respectively.

Binding affinity determination of the FMN–SWNT sample
with SDBS using the Hill equation. A 1 mL aliquot of 0.3 M
aqueous SDBS solution was added into a fluorescence cuvette
containing 3 mL FMN-HiPco sample so that the final SDBS
concentration in the sample became 0.1 mM, and the resulting
mixture was thoroughly mixed with a 100 mL pipet prior to
collecting the photoluminescence excitation (PLE) contour
spectra, according to the previously published literature.11,22

A PLE map array was imported to generate concentration-
dependent traces of PL intensity using the previously determined
(n,m) position of the carbon nanotubes11 according to the
nanotube chirality using Matlab software. Sigmoidal transitions

and the resulting Hill coefficient33 were obtained using the Hill
function (i.e., Hill1 code) for nonlinear curve fitting as imple-
mented in the Origin software.

Molecular mechanics simulations of the FMN helix onto
(8,6)-SWNTs. Molecular models were generated using Cerius2
simulation software, according to the literature.11,34 Geometry
optimization simulation for the FMN assembled on a carbon
surface was conducted using the Dreiding 2.21 force field for
molecular mechanics, molecular dynamics and quenched dynamics
simulations. The charge equilibration method was used to set
atom charges for FMN, while a zero charge was assigned for all
SWNT carbon atoms, according to the literature.11 An tetra-
hedral geometry was used for the N atom which is linked to the
ribityl side chain, while for the rest of the aromatic N atoms, an
sp2-configuration was utilized, according to the previously
published literature.34 The energetically-favoured methyl iso-
alloxazine conformation was utilized to construct 81 helices
around the (8,6) nanotubes, in accordance with the previous
report.11 The isoalloxazine helices were minimized with a periodic
boundary condition until the root mean square (RMS) values were
below 0.001 kcal per mol per atom, while the carbon nanotube
was kept constrained to its minimized energy position. That
position was obtained by minimizing the nanotube, within the
same periodic boundary conditions, in the absence of FMN.
Structures were visualized using the Visual Molecular Dynamics
(VMD) software.35

TEM measurements. TEM specimens were prepared as
described previously.11 Copper TEM grids were covered with
an ultra-thin carbon support film on a lacey carbon support
(LC200-Cu (Lot # 110727), 200 mesh, Ted Pella). All grids were
made hydrophilic prior to the sample deposition by exposing
them to a high intensity UV light. 20 000 g centrifuged FMN-
HiPco sample was diluted (100�) and a 5 mL portion was dropcast
onto the TEM grid. After 3 min of incubation, excess sample was
carefully wicked off from the grid using filter paper and the
sample was dried overnight.

AFM measurements. The sample was prepared by depositing
10 mL FMN–wrapped SWNT solution onto a freshly-cleaved mica
surface and incubated for 5 min, according to the previous
literature.22 The remaining solution was removed by wicking using
Kimwipes. The several repetitions of water incubation (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 the AFM measure-
ment. The AFM measurement was conducted using a XE-120 from
Park Systems, using silicon AFM probes (tip curvature o 10 nm,
spring constant = 42 N, Nanosensors). All imaging was performed
in tapping mode, and 512 � 512 pixels were acquired. Flattening
of the acquired surface morphology was conducted using third
order polynomial regression.

Raman measurements. FMN–SWNT solution with/without
covalent functionalization of SWNTs was first deposited onto a
piranha-cleaned 285 nm-thick SiO2/Si substrate. The solution
was gently air-dried at 110 1C for 5 min. Under the same
experimental conditions (laser intensity, focus, exposure time
and collection scan number), Raman spectra were obtained
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using a custom-built micro Raman setup. Raman signals were
collected using a 50� objective lens (MPlan, Olympus, numerical
aperture (N.A.): 0.75) via backscattering geometry using a 532 nm
diode-pumped solid-state laser as an excitation source. The power
of the laser was maintained at 0.4 mW to prevent SWNT damage36

and Raman shifts.36,37 The scattered signals were recoded using a
Si CCD detector (Symphony, Horiba Jovin Yvon) and spectrometer
(Triax320, Horiba Jovin Yvon) with 1800 gratings per mm and a
slit size of 0.3 mm. Calibration was conducted using the
546.0750 nm Hg line prior to use.38 The Si substrate peak at
520 cm�1 was used as an internal reference peak.

XPS measurements. Dialysis tubing (regenerated cellulose,
MWCO: 6000–8000 Da, Fisher Scientific) containing 30 mL of
FMN–SWNT dispersion was dialyzed against Millipore-grade
pure water. To obtain FMN-free SWNTs, the FMN–SWNT dis-
persion was subjected to 3 days of dialysis with frequent water
changes under stirring to remove the majority of FMN; the
resulting SWNTs were bundled and floating in solution. The
remaining FMN was removed by three cycles of centrifugation
(20 000 g, 1 h), bath sonication (70 W, 5 min, Branson soni-
cator), and decantation of water, until no green fluorescence
was observed under illumination of a 365 nm handheld UV light
(VL-4LC, 4 W, Vilber). A final pellet from the sample-containing
eppendorf tube was placed on a 285 nm silicon oxide layer on
the Si substrate. The sample was gently dried under vacuum at
room temperature. X-ray photoelectron spectrometer data was
acquired using a K-alpha system (Thermo Scientific, U.K.).
A monochromatic X-ray source (Al Ka line: 1486.6 eV) was
used with a power of 12 kV and 3 mA, and a base pressure of
2.3 � 10�9 mbar. The beam diameter was B400 mm.

Cyclicvoltammetry measurements. A glassy carbon electrode
(5 mm in diameter) with an epoxy polymer sheath was used as a
working electrode, and platinum wire and a Ag/Ag+ electrode
were used as counter and reference electrodes, respectively. The
cyclovoltammogram was recorded using CH instruments 660D.
The measurement was carried out in 10 mL of acetonitrile
solution containing 50 mM of 4-MBD and 0.1 M tetrabutuyl-
ammonium hexafluorophosphate as an electrolyte under aerobic
conditions. The voltage from 0.4 V to �1.0 V was applied with
scan rate of 20 mV s�1 to obtain a reduction potential of 4-MBD.
This adjusted reduction potential (�0.265 V), obtained from a
potential difference (�0.1078) between Ag/Ag+ and Ag/AgCl is in
good agreement with a recently published paper.19

Results and discussion

Flavin mononucleotide (structures shown in Fig. 2A) is capable
of wrapping a carbon nanotube helically.11 An anti-parallel
FMN configuration forms a helical ribbon maintained by
(i) quadruple hydrogen bonding with adjacent FMNs (shown
in Fig. 2B), (ii) p–p interactions between the isoalloxazine ring
of FMN and the SWNT’s sidewalls (shown in Fig. 2C), and
(iii) tail groups providing effective solubility into a solvent.11,39

SWNTs wrapped by FMN exhibited larger redshifted PL
positions11 as compared with those organized by SDS.27 The
FMN–SWNT dispersion was prepared as follows; briefly,

the isolated SWNT sample was obtained by using ultrasonica-
tion (2 h at 300 W) and subsequent centrifugation (2 h, 20 000 g)
of a mixture of SWNTs (HiPco tube, 35 mg) and FMN (140 mg)
in 140 mL water. The upper 90% of supernatant was collected
for steady-state spectroscopy measurements.

The tight helical wrapping of FMN onto the nanotube side-
walls is observed by both high resolution transmission electron
microscopy (HRTEM) and atomic force microscopy (AFM). After
being deposited onto a UV-treated lacey carbon grid (freshly
cleaved mica) for TEM (AFM) measurement, the sample was
washed with copious water several times. The resulting TEM
image is shown in Fig. 2D. The striations originating from the
collapsed ribityl phosphate groups of FMN on the individual
SWNTs are equally spaced by either 2.5 � 0.4 nm or 5 � 0.4 nm
on the nanotubes (indicated by red arrows), which is in good
agreement with the surfactant arrangement previously suggested
in Fig. 2C.11 The width of the nanotubes including the FMN
sheath was B3.3 nm. An interesting feature of FMN wrapping on
the carbon nanotube was seen in the atomic force microscopy
(AFM) imaging. AFM topography in Fig. 2E shows clear striations
originating from the ribityl phosphate group of helically
wrapped FMN onto the underlying SWNT. The maximum and
minimum heights of the FMN–SWNTs (shown in green traces of
Fig. 2E) are B4.4 and B1.3 nm, respectively while their pitch is
maintained at B301. Discrepancies between the AFM- and TEM-
based (B3.3 nm) measurements of the FMN–SWNT height seem
to originate from the adsorbed FMNs on top of the FMN–SWNT
bundling, which is evident by irregular height of the striation.
In addition, the SWNTs appear to be thicker due to a large dip
curvature (10 nm). Nevertheless, this helical pitch supports the
underlying helical wrapping structure of the FMN. The fact that
copious water washing does not remove FMN from the SWNT
surface supports its tight wrapping. Further effects of the tight
FMN wrapping on covalent reactivity were investigated by steady-
state absorption and photoluminescence spectroscopy.

As shown in Fig. 3A, time-dependent UV-vis-NIR absorption
spectra of the FMN-wrapped SWNTs dispersed in water were
measured upon covalent functionalization with 0.1 mM 4-methoxy-
benzenediazonium tetrafluoroborate (4-MBD). 4-MBD was chosen
because its analogue (i.e., propargyloxyphenyl diazonium tetra-
fluoroborate) showed excellent metallic SWNTs reactivity over
the semiconducting counterpart when SWNTs are surrounded
by SC.19 Since FMN is a redox-capable molecule,40 which might
interplay with 4-MBD, the absorption spectra of FMN in the
absence and presence of 4-MBD were examined. Fig. S1 of the
(ESI†) shows that only a dilution effect of the FMN absorption
spectra was observed upon the addition of 4-MBD. The initial
absorption spectrum of the FMN–wrapped SWNTs (red trace in
Fig. 3A) showed sharp first (ES

11) and second (ES
22) excitonic

transitions of semiconducting nanotubes near 900 to 1350 nm
and 630 to 900 nm, respectively.5 Absorption features from
the ES

11 transitions were excluded due to the profound water
absorption, as shown in Fig. S2B of the ESI.† Although the
smooth tail absorbance of FMN extended to 550 nm,40 part of
the first metallic transitions (EM

11) situated from 550 to 620 nm
was discernible and was partially overlapped with the ES

22
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transition around 600 nm.5 After the addition of 4-MBD,
the absorption bands originating from both the metallic and
semiconducting nanotubes started to bleach. The normalized
time-lapsed absorption bands were generated to quantify this
absorption bleaching originating from the covalent functiona-
lization of the SWNTs with the diazonium reagent, according to
the electronic types of the nanotube (see Fig. S2A of the ESI† for
the background-subtracted, normalized absorption spectra and the
detailed normalization information). Plots of the normalized
absorption ratio as a function of the reaction time (measured in
hour intervals) are shown in Fig. 3B and C. The overall absorp-
tion bleaching curves from the normalized absorbance ratio
were best fitted by the following equation:

DAnormalized = a + be�k1t + ce�k2t (1)

where DAnormalized is the normalized absorbance, equal to band
absorbance at a given reaction time over the initial absorbance
(i.e., At/Ainitial), and a, b, and c are fitting parameters. For a
single exponential decay curve, b is set to zero. t is a reaction
time, and k1 & k2 are the adsorption and covalent reaction rates
(1 h�1) of 4-MBD, respectively, as illustrated in Fig. 1A.

The determined reaction rate allows us to prove an electronic
type dependency of FMN–SWNTs on the diazonium chemistry.
The absorption bands at 560 and 600 nm from the EM

11 transi-
tion includes a set of (8,8), (9,6), (10,4), and (11,2) tubes and a

set of (10,7), (11,5), (12,3), and (13,1) nanotubes, respectively,
assigned according to the literature.37 In contrast, the ES

22 transi-
tion bands of the nanotubes situated between 635–900 nm showed
four absorption bands (659, 743, 813, and 874 nm). It became clear
by comparing Fig. 3B and C that the metallic nanotubes displayed
a slightly larger absorption bleaching compared to the semi-
conducting tubes. Although these metallic tubes showed on
average 74% bleaching (compared to 59% bleaching of the semi-
conductor SWNTs), we cannot observe a clear selective metallic
chemistry of 4-MBD on the nanotubes, in contrast to the
previously reported literature which showed exclusive metallic
selectivity.32 More quantitative information can be derived from
the single exponential reaction rate (k) determined from eqn (1).

Table S1 of the ESI† lists the reaction rates according to the
time-dependent absorption bands. The reaction rate k value
from the EM

11 transitions was on average 0.41 (0.37 and 0.44 for
560 and 600 nm, respectively), while the mean k values from the
ES

22 transitions was 0.33 (0.31, 0.35, 0.28, and 0.38 for the 659,
743, 813, 874 nm peaks, respectively), showing that similar
trends were observed in the absorption bleaching. This sup-
ports the assertion that the metallic nanotubes had a slightly
higher reactivity toward the diazonium salt than the semi-
conducting nanotubes.

Resonance Raman spectroscopy (RRS) with a 532 nm excita-
tion laser line was utilized for confirming the SWNTs reactivity

Fig. 3 (A) Time-dependent UV-vis-NIR absorption spectra of FMN–wrapped SWNTs after the addition of 4-MBD. Normalized absorbance bleaching of (B) first metallic
(EM

11) transitions of SWNTs, and (C) second semiconducting (ES
22) transitions of the SWNTs. Red curves indicate exponential fitting of the absorption bleaching.

Resonance Raman spectra of FMN–SWNTs from (D) before and (E) after diazonium functionalization. Excitation laser: 532 nm. Insets in (D) & (E) show the
corresponding zoom-in Raman spectra containing the radial breathing mode (RBM) of the SWNTs. SWNT chiralities are listed on top of the color-coded deconvoluted
peaks. Grey shades of deconvoluted RBM peaks indicate semiconducting nanotubes. An asterisk indicates a Si substrate peak at 520 cm�1.
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according to their electronic types (see the methods section
for the detail procedure).11,37 As shown in Fig. 3D, the Raman
spectrum obtained without covalent functionalization exhibited
D, G, and G0 bands at 1327, 1590, and 2644 cm�1, respectively,
corresponding to the disordered, graphitic, and overtone of the
D band, respectively. G peaks can be further split into G+ and G�

components; while the former high frequency band is associated
with carbon vibrations along the tube direction and depends on
doping, irrespective of the nanotubes diameter and metallicity.
The latter band is related to a carbon vibration along the
circumferential direction of the tube and is inversely propor-
tional to the diameter of the metallic nanotubes to a larger extent
deviating from the nominal SWNT position (i.e., 1590 cm�1).41

On the shoulder of G+ band, G� bands were positioned at
1534 cm�1. Upon covalent functionalization (Fig. 3E), the positions
of the D, G, and G0 bands are situated at 1326, 1592, and 2640 cm�1,
respectively, along with significant peak broadening due to the
covalent functionalization. This broadening makes the G� position
uncertain. The slight doping can be inferred from +2 cm�1 upshift,
suggesting an electron transfer reaction to 4-MBD. The intensity
ratio of the D over G bands from the covalently-functionalized
SWNTs was about 0.69, which is 2 times greater than that of
the initial sample (e.g. 0.31), indicating a successful covalent
functionalization of the carbon nanotubes. Further informa-
tion on the reactivity dependency on the SWNT metallicity was
obtained from the diameter-sensitive radial breathing mode
(RBM) at low frequency region.

The insets of Fig. 3D and E display the RBM regions of
RRS spectrum (black circles), obtained from without/with the
covalent functionalization. The following relationship oRBM =
(234 nm/dt + 10) cm�1 was utilized for the chirality assignment
in the inset of Fig. 3D,37 where oRBM is the observed wavenumber
in RBM region. The RBM bands are located within the range
160 to 320 cm�1, which is in good agreement with the given
nanotube diameter distribution (1.00 � 0.35 nm for HiPco
carbon nanotube31) using the aforementioned RBM equation.
The RBM regions are fitted by 9 Lorentzian peak shapes and
assignments of each SWNT chirality are listed in Table S2 of the
ESI,† based on a literature.37 Peak positions before and after the
functionalization remained within 2 cm�1 of the original posi-
tion, supporting the fidelity of our deconvolution. Most of
the resonating nanotubes came from the metallic nanotubes
(i.e., (8,8), (9,6), (10,4), (11,2) (9,3), and (10, 1)), whereas the
rest nanotubes originated from semiconducting nanotubes
(i.e., (9,2), (15,2), and (14,4), respectively, indicated by grey
shaded curves in insets of Fig. 3D and E). After the covalent
functionalization, the RBM intensities from 160 to 290 cm�1

slightly decreased. Upon close inspection of the RBM regions
before and after covalent functionalization, the scattering inten-
sities of each SWNT chirality showed an electronic-type depen-
dency for reactivity; although diameter dependency after the
reaction is hard to discern, the average intensity ratio normalized
to the semiconducting (9,2) tube shows that the average Raman
intensities of metallic and semiconducting tubes were 0.56 and
0.72, respectively (last column of Table S2 of the ESI†). This
quantitatively supports the idea that metallic nanotubes are

marginally more reactive than their semiconducting counter-
parts, in good agreement with the absorption bleaching experi-
ment. X-ray photoelectron spectroscopy (XPS) in Fig. S3 of the
ESI† revealed that 0.1 mM covalent functionalization of 4-MBD
after 24 h reaction time resulted in 2 aryl group functionalities
per 1000 carbons (atomic percentages of each element are
listed in Table S3 of the ESI†).

In order to compare the tightness of the FMN assembly to
the SWNTs with the aliphatic nanotube surfactant, a control
experiment with SWNTs wrapped by SDS, which is an aliphatic
flexible surfactant, was conducted as shown in Fig. 4A. The
solution was adjusted to a similar SWNT concentration. The
absorption spectra of the SDS–SWNT sample shows well-resolved
optical features including EM

11 (530–620 nm), ES
22 (620–930 nm),

and ES
11 (930–1350 nm) transitions, exhibiting blueshifts26 com-

pared to those of the p–p stacked FMN–SWNTs. Upon the addi-
tion of 0.1 mM 4-MBD, absorption bleaching of the SDS–SWNT
started. Metallic and semiconducting features of the nanotubes
disappeared within a few minutes, leaving a featureless curve in
absorption, as seen in ref. 5. As shown in Fig. S4 of the ESI,† the
background-subtracted absorption peaks are obtained to quantify
these decays. The resulting absorption bleaching curves are
illustrated in Fig. 4B and C and the corresponding kinetic
parameters are listed in Table S4 of the ESI,† in terms of
electronic types. EM

11 and ES
22 transitions show reaction rates of

108 and 67 h�1, respectively, which are 263 and 203 times faster
than those of the FMN–SWNTs. This stark contrast is a direct
consequence of the FMN wrapping being more tightly bound to
the SWNTs than the flexible aliphatic SDS-wrapping, displaying
clear selectivity for electronic type.5 Attempts to resolve the PL
intensity pattern of the SDS–SWNTs using a PLE map failed due
to both fast PL decay and the time interval of measurement.

To pinpoint the chirality-dependent reactivity of the carbon
nanotubes, a series of time-dependent photoluminescence excita-
tion (PLE) maps was conducted. The selected PLE maps obtained
during the covalent functionalization of the FMN–SWNTs are
presented in Fig. 5 (see Movie S1 of the ESI† for full PLE maps).
The initial PLE map of an aqueous FMN–SWNT dispersion revealed
11 semiconducting nanotubes whose (n,m) chiralities and PL
positions are noted according to the literature.11 Immediately after

Fig. 4 (A) Absorption spectra change of SDS–wrapped SWNTs according to
reaction time after the addition of 0.1 mM 4-MBD. Each spectrum is offset by
�0.02 for clear visualization. Each color from the top corresponds to 0, 1, 5, 8, 17,
21, 25, and 30 min, respectively. The corresponding absorption band bleaching
(marked by shapes) according (B) metallic EM

11 and (C) semiconducting ES
22 transitions.

Paper PCCP



This journal is c the Owner Societies 2013 Phys. Chem. Chem. Phys., 2013, 15, 19169--19179 19175

the addition of 0.1 mM 4-MBD to the FMN–SWNT dispersion,
the PL intensities of the 11 semiconducting nanotubes decreased
rapidly. After 30 min of the reaction (the second PLE map of
Fig. 5), 4 of the 11 semiconducting nanotubes (i.e., (7,5), (10,2),
(7,6), and (9,4)) showed a significant PL intensity drop ranging
between 62 and 88%, while the other tubes ((6,5), (8,3,) (8,4),
(10,3), (8,6), (9,5) and (8,7)) showed a slow decrease in their PL
intensities of below 50%. The increase of the reaction time
further (210 to 540 min in Fig. 5) resulted in a slight decrease in
the PL intensities of the observed SWNTs.

Fig. 5B shows the representative time-dependent PL decays
of FMN-wrapped (6,5) SWNTs upon diazonium reaction. Inter-
estingly, we can observe the first large drop (Regime I, shaded)
and subsequent slow decay (Regime II) of PL intensity induced by
the reaction of the diazonium salt. This is a direct consequence of
the slowed reaction kinetics due to the tight wrapping of FMN
onto the SWNTs. Two regime behaviors are similarly observed
for the other tubes (Fig. S5 of the ESI†) and can be summarized
as (i) the initial fast decay within 20 min and (ii) the subsequent
slow decay for up to 10 hours, which is in good agreement with
absorption bleaching time scale. As is the case for the (6,5)
tube, the other nanotube chiralities strongly affect both initial
fast PL drop and subsequent slow PL decay. Usrey et al.16

reported that by analysing the D and G bands’ intensities from
Raman spectroscopy, the initial fast decay is related to partial
p-doping of SDS-wrapped carbon nanotubes by donating elec-
trons to the nanotube-adsorbed aryl diazonium salt to produce
aryl radicals: in their study, the initial fast decays happened
within a few minutes and was accompanied by a slow decay,
which is related to the actual covalent attachment of aryl groups
onto the SWNT sidewalls.16 Those results are in line with our
observation, although the total time scale including the first

large PL drop and subsequent slow PL decay from the FMN–
SWNT (ca. 10 h) is longer than that (ca. 1 h) of the SDS–SWNT.16

Although the fast PL decay corresponding to the adsorption of
diazonium salt was not able to be analysed due to the afore-
mentioned PLE mapping interval, the second PL decay curve
from Regime II was fitted with eqn (1), to quantify these PL
decays and was summarized in Table S5 of the ESI.† The average
covalent reaction rate k2 from slow PL intensity decays of the
semiconducting SWNTs (Regime II) was about 0.40 h�1, in
between those of the absorption-based bleaching rate from the
EM

11 (0.41 h�1) and ES
22 (0.33 h�1) transitions. The black squares

of Fig. 5C show the SWNT chirality-derived reaction rate with
4-MBD. (7,5), (10,2), and (7,6) tubes had larger k2 values (0.56,
0.61, and 0.52 h�1, respectively), while the (8,6) tube had the
smallest one (0.22 h�1). Interestingly, this smallest k2 value of
(8,6) tubes is consistent with the highest binding affinity of FMN–
SWNT suspensions reported in the previous studies.11 This was
the initial indication that surfactant wrapping might be related to
the reactivity of the nanotubes. Likewise, the overall PL intensity
drop, denoted by DB indicated in Fig. 5B, relative to the initial PL
intensity of nanotubes, follows the observed covalent reaction
rate k2 from Regime II; red traces in Fig. 5C shows DB trends
according to the nanotube chirality. Comparison between the
reaction rate and total PL intensity drop in Fig. 5C shows that
those patterns are similarly nanotube chirality-dependent, with
the exception of the (9,4) and (8,6) tubes. Since DB is a sum of the
fast and slow PL decays, DB minus k2 can produce the degree
of the initial PL drops. The similar chirality-dependent patterns
from the covalent reaction rate and the PL intensity drop indicate
two PL decay regimes share a common origin to be discovered.

These similar PL intensity drops and decay patterns upon
reaction with 4-MBD beg a question about a diazonium salt in

Fig. 5 (A) Time-dependent photoluminescence excitation (PLE) maps of the FMN–SWNTs measured before and after the addition of 4-MBD at room temperature.
Nanotube chirality is indicated by (n,m) vector. (B) PL decay of representative chiral nanotubes (6,5) chirality as a function of reaction time. Red curves were fitted with an
exponential decay function using eqn (1). The total PL intensity drop is denoted by DB. (C) Plot of the reaction rate k2 (left y axis) and PL intensity drop (%, right y axis) as a
function of nanotube chirality. Solid lines are drawn for visual comparison.

PCCP Paper



19176 Phys. Chem. Chem. Phys., 2013, 15, 19169--19179 This journal is c the Owner Societies 2013

the vicinity of FMN–wrapped SWNTs. In order to examine
whether this reaction is driven by the nanotube bandgap, the
reduction potential of 4-MBD was determined. Unlike the
previous reports,19 acetonitrile as a solvent creates flocculates
3 M KCl solution in the Ag/AgCl electrode, leading to utilization
of a Ag/Ag+ electrode whose potential is 0.23 eV vs. a normal
hydrogen electrode. With respect to the Ag/Ag+ electrode, the
cyclovoltammogram of 4-MBD dissolved in acetonitrile shows a
reduction potential at �0.373 eV, as shown in Fig. S6 of the
ESI.† Since the position of the Fermi level (EF) relative to the
vacuum gives the work function (W), we have EF = �W. Using
this relationship, the potentials of metallic SWNT(ESWNT

F ) and
diazonium reagent(ED

F ) are �4.5 and �4.77 eV, respectively.
This value is in between Fermi level (�4.5 eV) and valence band
(from �5.2 to �4.9 eV) from the ES

11 transition of the FMN–
SWNTs. Energy level plots between the Fermi level and corre-
sponding ES

11 and ES
22 transition energies of the semiconducting

SWNTs shown in Fig. S7 of the ESI† are overlapped with the
measured covalent reaction rates (Fig. 5C) for visual compari-
son. The potential difference between diazonium salt (�4.77 eV)
and the metallic SWNTs (�4.5 eV) would only result in a
diazonium reaction, whereas the difference for a semiconducting
SWNTs (�5 eV for 1 nm dt nanotube) does not. This plot
indicated that the nanotube bandgap is not the main reason
for the observed reaction rate pattern of nanotubes with
different chiralities. As mentioned earlier, in the tight sodium
cholate wrapping28 surfactant assembly might be a possible
reason for the chirality-dependent reaction mechanism. Because
the detachment of FMN from the SWNTs sidewalls is a direct
product of the binding affinity between them, this observation
directed us to the idea that the binding affinity between the

surfactant and SWNTs might be a reason for the aforementioned
similar trend in reactivity and FMN stability.

The relative binding affinity of FMN wrapping on the SWNTs
was obtained from titration with SDBS using a series of PLE
maps (see Movie S2 of the ESI† for the full PLE maps), according
to the literature.11 Briefly, a 1 mL aliquot of SDBS was added to a
cuvette containing the FMN–SWNT sample and the resulting
sample was thoroughly mixed with a micropipette. Fig. 6A displays
representative slices of those PLE maps from the FMN–SWNT
sample. The initial redshifted PL positions of SWNT wrapped
by FMN were progressively blueshifted by 15–51 meV to those of
SWNT surrounded by SDBS,11,22 due to the dielectric difference of
the local nanotube environment.42 For example, the (6,5) nano-
tube wrapped by FMN displays slow (i.e., 0.7 mM) and sudden
decreases (0.8 mM) of PL intensity, while the (6,5) nanotube
wrapped by SDBS concomitantly displays its slow and sudden
PL intensity increase.

Fig. 6B depicts the corresponding SDBS-derived PL intensity
changes of the (6,5)-, (8,6)-, and (10,2)-SWNTs. The titration of
the FMN–SWNT dispersion with SDBS showed a sigmoidal
transition of the SDBS-derived PL intensity with a midpoint,
expressed as a binding affinity Ka using the following Hill
equation:22

r ¼ ½SDBS�g

½Ka�g þ ½SDBS�g (2)

where r is the PL intensity measured at the SDBS position of
each nanotube, Ka denotes relative affinity of FMN to SWNTs
against SDBS to produce half the PL intensity of a specific (n,m)
chirality at the SDBS position, and g is the fitted Hill coefficient
describing the breadth of the sigmoidal transition. As shown

Fig. 6 Comparison of binding affinity and covalent reaction rate k2 of the FMN–SWNTs. (A) A series of PLE maps of FMN–SWNT upon addition of 0, 0.7, 0.8, 1.4 mM
SDBS (from left to right PLE maps). A white line is drawn as a guide to the PL position of FMN–SWNTs. (B) SDBS-derived PL intensity profiles for (6,5)-, (8,6)-, and
(10,2)-SWNTs as a function of SDBS concentration. Grey curves are based on a Hill equation fitting. (C) The determined binding affinity Ka of 11 nanotube chiralities
(red squares) overlayed with the covalent relaxation time (1/k2).
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in Fig. 6B, the binding affinity of the FMN–SWNT to (6,5) tubes
is 0.71. Other nanotubes such as (8,6) and (10,2) show the
highest (0.89) and lowest Ka (0.64) values and those of the rest
of the nanotubes are illustrated in Fig. S8 of the ESI.† The
Ka values are different from chirality to chirality, alongside
different PL intensities. The different PL intensities and posi-
tions originate from surfactant- and chirality-specific energy
differences in their exchange thermodynamics.22 Fig. 6C illus-
trates the binding affinity pattern of each nanotube. We can
expect that if the binding affinity between the FMN and SWNT is
strong, the reaction rate would be lower. For this, the relaxation
time, which is expressed as 1/k2, is shown as grey squares for a
visual comparison. To our surprise, the overlapped patterns
from the covalent relaxation time and the relative binding
affinity of the FMN–SWNTs (red square) of Fig. 6C were quite
similar with minor variations. This similarity directly explains
that the reactivity of semiconducting nanotubes with tight
wrapping originates from the self-assembled surfactant stability
on the SWNTs.

One important question is whether the reactivity of metallic
nanotubes also originates from the surfactant-nanotube binding
affinity. The lack of PL from metallic tubes directs us to measure
absorption changes. Fig. 7A shows the absorption spectra changes
of FMN–SWNTs titrated with different SDBS concentrations,
displaying a progressive blueshift of the peaks. This PL blue-
shift indicates successful replacement of SDBS around the
SWNTs. As shown in Fig. 7B, the maximum peaks at 550 nm
and 593 nm originating from the metallic nanotubes were fitted
by eqn (2). Ka values from 550 nm and 593 nm were 0.71 and
0.67, respectively. The average Ka value of the EM

11 transitions
obtained from the absorption changes was 0.69, while that of
the ES

11 transitions obtained from the PLE experiment was 0.73.
This similar binding affinity between the metallic and semi-
conducting tubes suggests that the slightly weaker binding
affinities of FMN onto the metallic nanotubes induces a slightly
larger reactivity than those of semiconducting SWNTs, on top of
the previously suggested bandgap-driven nanotube reactivity.5

This is in qualitative agreement with the observed marginally
higher covalent reactivity of the metallic nanotubes from the
absorption bleaching experiment.

If these nanotube reactivities are inversely proportional to
the binding affinity between the FMN and carbon nanotubes,

the prolonged exposure of FMN–SWNTs to an increased con-
centration of diazonium salt would result in survived higher Ka

tubes with FMN such as the (8,6) tube. By considering the
determined chirality-dependent reaction rate of the SWNTs for
the given amount of 4-MBD concentration in the earlier experi-
ment, we exposed a similarly prepared FMN–SWNT sample to
0.3 mM 4-MBD. Fig. 8 illustrates PLE maps of FMN–SWNTs
before (left) and after (right) 29 h exposure to the diazonium
salt, respectively. The most abundant chiralities of the initial
sample (left of Fig. 8) from PL-based intensity histogram
(Fig. S9 of the ESI†) were (7,5), (8,4), and (6,5) chiralities
(i.e., 14, 13, 11.5%, respectively, in that order). After 29 h
reaction with the 4-MBD (right of Fig. 8), the majority of SWNT
PL intensity originates from nanotubes showing high binding
affinities with FMN such as the (8,6), (9,5), and (8,4) tubes. The
PL-based chirality populations for (8,6), (9,5), and (8,4) tubes
are 52, 33, and 15%, respectively, showing the dramatic enrich-
ment of the (8,6) tube. If this enrichment is contrasted with the
initial PL-based (8,6) population (i.e., 10%), this result clearly
supports the survival of (8,6) tubes having the lowest reactivity,
originating from the highest binding affinity between FMN and
SWNTs. Although the initial PL intensity of (8,6) tube of Fig. 8
was reduced from 1700 to 600 counts, this method is effective
to produce enrichment of a few chiralities.

As portrayed in Fig. 1B, the origin of the nanotube reactivity
can be explained by the activation energy barrier (red dashed
lines) induced by surfactant wrapping, on top of the potential
difference between the reduction potential and valence band of
the nanotube. The reaction rate of diazonium adsorption and
covalent functionalization on the SWNTs relies on the relative
stability of the FMN assembly on the SWNT sidewalls, and
covalent functionalization needs to overcome the surfactant
adsorption energy to desorb the surfactants from the nanotube
surface (Fig. 1A). This demonstration underscores the impor-
tance of the binding affinity of the tight surfactant wrapping
and their ramifications for controlled chirality-specific reactivity
of carbon nanotubes.

Conclusions

We utilized a diazonium chemistry to investigate the origins of
chemical reactivity of carbon nanotubes with FMN wrapping.
The tight helical wrapping of FMN on SWNTs conferred the

Fig. 7 Binding affinity determination of the FMN–metallic SWNTs. (A) SDBS-
derived absorption spectra change of the FMN–SWNTs. (B) Sigmoidal absorption
transitions of the absorption band of the metallic species positioned at 550 nm
(black squares), and 593 nm (red circles) from the SDBS–wrapped SWNT posi-
tions. Black and red curves are fitted with the Hill equation.

Fig. 8 PLE maps of (left) before and (right) after 29 h reaction of 0.3 mM 4-MBD
with FMN–SWNTs. Nanotube chirality and its positions are noted in brackets and by
circles, respectively. White lines are drawn to highlight the surviving FMN–SWNTs.

PCCP Paper



19178 Phys. Chem. Chem. Phys., 2013, 15, 19169--19179 This journal is c the Owner Societies 2013

SWNTs with strong passivation against chemical stimuli, exhibiting
two hundred times higher resistance toward diazonium chemistry.
This allows us to probe absorption and photoluminescence-based
monitoring of the reaction with 4-methoxy benzenediazonium
salt. The SWNT reactivity showed a marginal preference to
metallic tubes over semiconducting tubes and chirality dependence.
These reactivities from photoluminescence measurements followed
exponential decays and exhibited distinct two step regimes with
fast and slow decays, corresponding to electron transfer and
covalent functionalization, respectively. The origin of these two
regimes stems from the binding affinity of FMN on the SWNTs.
The marginal metallic reactivity of diazonium salt partially
originates from the weak binding affinity between FMN and
metallic SWNTs. This slow and chirality-specific reactivity enables
us to enrich a few semiconducting nanotube chiralities, demon-
strating the survival of semiconducting nanotubes which have
strong binding affinities with the surfactant. These findings
provide an insight into the controlled chemical reactivity of
nanotubes with a surfactant and an avenue to functionalized
carbon nanotubes within a sensing scheme.
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Methods for Normalization of Absorption Spectra. Figure 3A shows the as-obtained absorbance 

spectra. To determine the reactivity of 4-methoxybenzenediazonium tetrafluoroborate (4-MBD) towards 

nanotube sidewalls, we subtracted the background contributed by nanotube bundling and carbonaceous 

impurities by drawing a straight line between the troughs of each absorption band as described in a 

previously published paper.S1 Troughs were taken at 550, 588, 628, 715, 787, 855, 921, 1041, 1079, 

1107, 1190, 1247, and 1350 nm. The results are shown in Fig. S1. The initial and consequent time-

dependent heights were used as denominators and numerators, respectively, to calculate the normalized 

absorption ratio of 𝐸11𝑀  metallic (560 and 600 nm) and  𝐸22𝑆  semiconducting (659, 743, 813, and 874 nm) 

SWNT transitions. Due to the significantly large water absorption at 956, 1222, and 1410 nm (shown in 

Fig. S1), we used photoluminescence intensity to determine the diazonium salt reaction kinetics of 𝐸11𝑆  

semiconducting SWNTs. 

Detailed Method of XPS Characterization. Further information about degree of functionalization can 

be obtained from an analysis of X-ray photoelectron spectroscopy (XPS). XPS data of before and after 

covalent functionalization samples are illustrated in Figure S2. XPS data from both samples showed that 

repeated mild sonication/decantation cycles still left small amount of FMN on SWNTs sidewalls, 

judging from N1s peaks. N atomic contents were 2.2 and 5.2 % for before and after the covalent 

functionalization. Considering atomic contents of FMN, we subtract a FMN contribution from total 

amount of carbon and oxygen contents. The results are listed in Table S3. The determined oxygen 

contents before and after functionalization were 5.4% and 5.6%, respectively. About 0.2% of oxygen, 

originating from 4-MBD, was excess in covalently-functionalized sample with 4-MBD. Inset shows 

XPS spectra of C1s (left) and O1s (right). XPS spectrum of C1s from both before and after 

functionalization shows sp2 hybridized carbon at 284.6eV, originating from sp2 hybridized carbon. 

Peaks from sp3 carbon at 285.2eV significantly increased after functionalization, indicating the 

successful covalent functionalization.  
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Fig. S1. Absorption spectra of 2×10-5 M FMN (black), 2×10-5 M 4-MBD (red), and 3 mL of 2×10-5 M 

FMN in the presence of 100 µL (blue) and 1000 µL (magenta) of 2×10-5 M 4-MBD. 

 

 

Fig. S2. (A) Background-subtracted absorption spectra of FMN-SWNT from Fig. 3A. (B) Absorption 

spectra of H2O titrated against 3 mL D2O. 
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Fig. S3. X-ray photoelectron spectra (XPS) of FMN-SWNTs (A) without and (B) with covalent 

functionalization.Inset shows XPS spectra from C1s (left) and O1s (right). 

 

 

Fig. S4. Background-subtracted absorption spectra of SDS-SWNT from Figure 4A. 
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Fig. S5. Photoluminescence decay kinetics of nanotubes modified by diazonium reagent according to 

nanotube chiralities. Data were fitted using an exponential decay curve (in red).  
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Fig. S6. Cyclovoltamogram of 4-MBD measured in acetonitrile. Reference electrode was Ag/Ag+. 

Voltage was swapped from -1.0 V to 0.4 V with scan speed was 20 mV/s. Asterisk indicates 

the reduction potential of 4-MBD. 

 

 

Fig. S7. Overlap plot of chirality-dependent optical transitions and covalent reaction rate k2 of FMN-

SWNT (black squre). Black, red, and blue bars denote Fermi level, the first transition, and the 

second transition of semiconducting carbon nanotubes, respectively. Chirality-dependent 

reaction rate was obtained from Figure 5C. The position of the nanotube Fermi level and its 

optical transitions were obtained from ref. S2 and S3, respectively. Red dashed line indicates 

reduction potential of 4-MBD. 
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Fig. S8. PL intensities profiles of SWNTs-wrapped with SDBS from the FMN-SWNTs titrated with 

increasing concentration of SDBS. The Binding affinity (Ka) of FMN-SWNTs determined by 

PL-based SDBS titration. Curves were fitted using the Hill equation. 

 

Fig. S9. Relative PL intensity-based population of FMN-wrapped nanotube chirality from (A) before, 

and (B) after 29 h of the addition of 0.3 mM 4-MBD.  
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Table S1. Reaction rate (k) of FMN-SWNT based on absorption bleaching upon the addition of 0.1 mM 

4-MBD. 

Optical 
transitions 

Wavelength 
(nm) 

Reaction rate k 
(h-1) Suggested chiralities 

𝐸11𝑀  
560 0.37 (8,8), (9,6), (10,4), (11,2) 

600 0.44 (10,7), (11,5), (12,3), (13,1) 

𝐸22𝑆  

659 0.31 (7,5), (7,6), (8,3), (10,3) 

743 0.35 (10,2), (9,4), (8,6), (8,7) 

813 0.28 (12,1), (11,1), (10,5), (9,7) 

874 0.38 (13,3), (12,5), (11,7), (11,9) 
Average reaction rate of 
𝐸11𝑀  transitions (h-1) 0.41 Average reaction rate  

of 𝐸22𝑆  transitions (h-1) 0.33 

 

Table S2. Chirality assignment of radial breathing mode (RBM) peaks of Figure 3 and their intensity 

ratio before and after functionalization of FMN-SWNT. M and S denote metallic and 

semiconducting nanotubes, respectively.  

ωRBM 
[cm-1] 

FWHM 
[cm-1] 

Diameter 
[nm] 

Chirality 
assignment 

Electronic 
type 

Intensity ratio normalized by 
intensity of (9,2) tube after 
covalent functionalization 

169 12 1.30 (14,4) S 0.47 

184 15 1.28 (15,2) S 0.70 

213 11 1.15 (8,8) M 0.75 

225 7 1.09 (9,6) M 0.24 

235 12 1.04 (10,4) M 0.47 

243 6 1.01 (11,2) M 0.56 

259 7 0.94 (9,3) M 0.84 

268 9 0.91 (10,1) M 0.48 

286 10 0.85 (9,2) S 1 

Average intensity ratio of metallic tubes: 0.56 Average intensity ratio 
of semiconducting tubes: 0.72 
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Table S3. As-obtained and FMN-corrected atomic percentages of SWNTs by XPS from before and 

after covalent functionalization with 0.1 mM 4-MBD for 24 hr. 

Functionalization 
Atomic % Subtraction  

of FMN 
contribution 

→ 
 
 

Corrected atomic % 

C O N C O 

Before 86 9.35 2.2 94.6 5.4 

After 76.4 14.9 5.2 94.4 5.6 
 

Table S4. Reaction rate (k) of SDS-SWNT based on absorption bleaching upon the addition of 0.1 mM 

4-MBD. 

Optical 
transitions 

Wavelength 
(nm) 

Reaction rate k 
(h-1) Suggested chiralities 

𝐸11𝑀  
554 116.2 (8,8), (9,6), (10,4), (11,2) 

593 99.6 (10,7), (11,5), (12,3), (13,1) 

𝐸22𝑆  

649 48.7 (7,5), (7,6), (8,3), (10,3) 

726 54.8 (10,2), (9,4), (8,6), (8,7) 

800 72.4 (12,1), (11,1), (10,5), (9,7) 

867 92.4 (13,3), (12,5), (11,7), (11,9) 

Average reaction rate of 
𝐸11𝑀  transitions (h-1) 107.9 Average reaction rate of 

𝐸22𝑆  transitions (h-1) 67.1 

 

Table S5. Reaction rate k based on slow photoluminescence decay fitting of FMN-wrapped SWNTs 

using 0.1 mM of 4-MBD. 

Assignment 
(n,m) 

Diameter 
dt (nm) 

Reaction 
rate k (h-1) 

Assignment 
(n,m) 

Diameter 
dt (nm) 

Reaction 
rate k (h-1) 

(6,5) 0.76 0.30 (9,4) 0.92 0.38 

(8,3) 0.78 0.39 (10,3) 0.9 0.34 

(7,5) 0.83 0.56 (8,6) 0.97 0.22 

(8,4) 0.84 0.42 (9,5) 0.98 0.25 

(10,2) 0.88 0.61 (8,7) 1.03 0.37 

(7,6) 0.89 0.52 Average reaction rate (h-1) 0.40 
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Table S6. Binding affinity (Ka) of FMN-wrapped SWNTs determined by PL-based SDBS titration. 

Assignment  
(n,m) 

Diameter 
(nm) Binding affinity (Ka) 

(6,5) 0.76 0.71 

(8,3) 0.78 0.75 

(7,5) 0.83 0.69 

(8,4) 0.84 0.71 

(10,2) 0.88 0.64 

(7,6) 0.89 0.71 

(9,4) 0.92 0.69 

(10,3) 0.94 0.685 

(8,6) 0.97 0.89 

(9,5) 0.98 0.76 

(8,7) 1.03 0.76 
Average binding 

affinity 0.726 
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