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� PM3 (RHF) type calculations suggest
that charges are probably transferred
from HOMO of pyridinium ylides to
LUMO of SWNTs.

� Theoretical predictions indicate a
HOMOylideeLUMO(8,8) SWNT controlled
1,3-DC reaction (Type I).

� Pyridinium ylides with smaller
HOMOeLUMO energy gap is experi-
mentally found to be more selective
to large diameter SWNTs.

� Reactivity of pyridinium ylide might
be manipulated using strong electron
withdrawing groups.

� Graphene surface modification may
be anticipated using the same
approach.
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Cycloaddition reactions have widely been used for surface functionalization of single walled carbon
nanotubes (SWNTs). Here, 1,3-dipolar cycloaddition (1,3-DC) of two new pyridinium ylides, generated in-
situ via the addition of triethylamine (NEt3) to the Kröhnke salts N-(4-methyl sodium benzene
sulfonate)-pyridinium bromide and N-(4-nitrobenzyl)-pyridinium bromide, to SWNTs under microwave
conditions are assessed both theoretically using PM3 (RHF) type calculations and experimentally. Evi-
dence of covalent surface modification is provided by FTIR, UVeviseNIR and resonance Raman spec-
troscopy. Solubility of the modified SWNTs increases when compared to as-received SWNTs.
Quantification of surface groups is performed via TGA-MS and XPS. 1,3-DC of pyridinium ylides with
smaller HOMOeLUMO energy gap is found to be more selective to large diameter SWNTs. Theoretically
predicted smaller energy gaps between HOMOylides and LUMO(8,8) SWNT suggest that the charges are
probably transferred from pyridinium ylides to SWNTs indicating HOMOylideeLUMO(8,8) SWNT controlled
1,3-DC. Regioselectivity of second ylide addition as addendum to ylideeSWNT adduct is also discussed.

� 2014 Elsevier B.V. Open access under CC BY license.
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1. Introduction

Carbon nanotubes (CNTs) have gained increasingly more sci-
entific attention in nanoscience due to their exceptional electrical,
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thermal and mechanical properties and might find application in
areas diverse as composite materials, energy storage, sensors, field
emission devices and nanoscale electronic components [1,2].
However, the poor solubility of raw material both in aqueous and
organic medium is an issuewhile being processed. Covalent surface
modification of CNTs enhances the solubility and processability of
them together with offering possible reactive functional side
groups for further applications and separation [3e8]. Covalent
functionalization strategies including 1,3-dipolar cycloadditions
(1,3-DCs) to sort CNTs in terms of their helicity and diameter has
recently been reviewed [9,10]. The use of 1,3-DCs has also been
extended to the covalent surface modification of graphene [11,12].
Practicality of 1,3-DCs of a series of 1,3-dipoles to armchair SWNTs
(5,5) was theoretically examined and, versatility of using azome-
thine ylides, ozone, nitrile ylides and nitrile imines were also pre-
dicted theoretically [13]. In agreement with the solid-state physics
description of band structures [14], electronic structure and
chemical reactivity of carbon nanotubes were also described using
real-space orbital representations and traditional concepts of
aromaticity, orbital symmetry and frontier orbital [15]. Experi-
mentally, azomethine ylides, typically generated in-situ by the
thermal condensation of aldehydes and a-amino acids, have suc-
cessfully introduced to produce pyrrolidine rings with solubilizing
triethylene glycol chains or octyl groups [6,7]. Functionalized
SWNTs showed one pyrrolidine ring correspond to about 95 carbon
atoms of the SWNT and solubility values closer to 50 mg mL�1 in
chloroform. 1,3-DC of nitrile imines and nitrile oxides has been
carried out to attach 2,5-diarylpyrazoline or pyridyl-isoxazoline
rings, respectively on nanotube surface [16,17]. Microwave
induced functionalization of carbon nanotubes has also been
described showing that 1,3-DC of nitrile imines to SWNT sidewall
under microwave conditions was faster than conventional heating
[18]. Brunetti et al. reported the microwave-assisted rapid cyclo-
addition to pristine nanotubes in solvent free conditions using octyl
substituted aziridines [19]. Modified SWNTs displayed w1 func-
tional group for every 51 SWNTcarbon atom and they were slightly
soluble in DMF (0.13 mg mL�1) and dichloromethane
(0.11 mg mL�1). It was shown that the microwave assisted cyclo-
addition of aziridines were much more efficient than the classical
thermal conditions for azomethine ylides [6].

In our research group, it has been demonstrated that SWNTs can
undergo 1,3-DC with azomethine imines, 3-phenyl-phthalazinium-
1-olate, to yield a bridged phenyl phthalazine groups with coor-
dination sites for various metals including Cu, Co, and Pt [4]. We
have also shown that pyridinium ylides generated from simple
Kröhnke salts undergo a 1,3-DC to SWNTs to afford indolizine
functionalized fluorescent SWNTs [5]. Reaction was believed to
occur with the pyridinium ylide first adding to the nanotube sur-
face to form a pyrrolidine ring, closely followed by the addition of a
second ylide to the addendum on the nanotube surface to afford an
indolizine. The mechanism of pyridinium ylide cycloaddition was
attributed to electron transfer from the SWNT to the 1,3-dipole
assuming similar selective addition of diazonium salt to SWNTs,
which is in agreement with metallic SWNTs, which have a finite
DOS at the Fermi level, being more reactive than semiconducting
SWNTs [20]. However, it is believed that reactivity/mechanism/
regioselectivity of pyridinium ylide cycloaddition to SWNTs might
be different from diazonium salt addition to SWNTs since it is well
studied that HOMOeLUMO energy levels of both dipole (pyr-
idinium ylide) and dipolarophile (C]C bond on CNT surface)
participate a significant role during cycloaddition reactions [21].

In this paper, the reactivity/mechanism of pyridinium ylide
addition to SWNTs is therefore assessed theoretically using semi-
empirical PM3 (RHT) calculations. The regioselectivity of the sec-
ond ylide addition (as addendum) to pyridine ring to afford an
indolizine is also discussed theoretically. 1,3-DC of two new pyr-
idinium ylides, readily prepared from simple Kröhnke salts N-(4-
methyl sodium benzenesulfonate)-pyridinium bromide and N-(4-
nitrobenzyl)-pyridinium bromide, is presented. Structural assign-
ment of Kröhnke salts is carried out by NMR and FTIR. Covalent
addition to SWNT surface is probed via UVeviseNIR, FTIR, TGAe
MS, XPS and resonance Raman spectroscopy.

2. Material and methods

2.1. Computational method

All computational work to have the optimized, well-defined
structures of SWNTs and ylides and exploration of their reactivity
were held by using HyperChem 7.0 package program using semi-
empirical PM3 (RHT) calculations [22]. As a minimization algo-
rithm throughout the calculations, a conjugate gradient, Polake
Ribiere (convergence limit of 0.0001 kcal mol�1) and the RMS
gradient condition of 0.0001 kcal (�A mol)�1 were chosen.

2.2. Preparation of purified SWNTs

Purified SWNTs produced by the HiPco method and supplied by
Unidym, USA, were further purified by heating in air at 400 �C, then
soaking in 6 M HCl overnight, followed by filtration over a poly-
carbonate membrane (0.2 mm), and washing with de-ionized water
until neutral pH was reached [23]. The purified SWNTs were
annealed under vacuum (10�2 mbar) at 900 �C to remove residual
carboxylic acid functional groups and any adsorbed gases or
solvents.

2.3. SWNTeindolizine (SWNT2)

SWNTs (10 mg) were dispersed in N,N-dimethylformamide
(DMF) (15 mL) using mild sonication in an ultrasonic bath (Ultra-
wave U50, 30e40 kHz) for 5 min. The pyridinium salt (1) (1.468 g,
4.17 mmol) and triethylamine (0.58 mL, 4.177 mmol) was then
added to the dispersion. The reaction mixture was then heated to
150 �C at 2 bar pressure, in a heat and pressure resistant vessel,
with microwaves for 1 h (150 W for 5 min followed by 20 W for
50min at 2.54 GHz) using a Biotage Initiator Sixty which resulted in
the formation of SWNT2 following the pyrrolidine attached SWNT
intermediate (SWNT1) formation. The functionalized SWNTs were
collected via filtration through a PTFE membrane (0.2 mm). The
solid SWNTs were then transferred to a cellulose thimble, and
impurities and unreacted reagents were removed by Soxhlet
extraction using acetonitrile for 18 h. The SWNTs were then
dispersed in de-ionized water (50 mL) and filtered through a PTFE
membrane (0.2 mm), dispersed in acetone (50 mL) and filtered
through a PTFE membrane (0.2 mm), and finally dispersed in
ethanol (50 mL) and filtered through a PTFE membrane (0.2 mm)
and dried overnight at 120 �C to afford SWNTeindolizine (SWNT2).

2.4. SWNTeindolizine (SWNT4)

SWNT4 was synthesized as described above following the for-
mation of SWNT3 intermediate using 10 mg of SWNTs, pyridinium
salt (2) (1.230 g, 4.17 mmol) and triethylamine (0.58 mL,
4.177 mmol).

2.5. Characterization

1H NMR and 13C NMR spectra were recorded on Bruker Avance-
400 spectrometer operating at (1H) 400.13 MHz and (13C)
100.62 MHz. Chemical shifts are reported in ppm. Infrared spectra



Table 1
HOMOeLUMO orbital energy levels and HOMOeLUMO energy gap of (8,8) SWNT
segments.

(8,8) SWNT segment/a/b HOMO/eV LUMO/eV HOMOeLUMO gap/eV

Segment 1/10.87/2.41 �7.95 �1.27 6.68
Segment 2/10.97/4.90 �7.34 �2.18 5.16
Segment 3/10.99/9.79 �7.06 �2.69 4.37
Segment 4/10.94/12.27 �6.90 �3.01 3.89
Segment 5/10.98/17.17 �6.80 �3.24 3.56
Segment 6/11.08/19.65 �6.74 �3.40 3.34
Segment 7/10.91/24.56 �6.70 �3.52 3.18
Segment 8/11.17/27.05 �6.67 �3.62 3.05
Segment 9/11.05/31.93 �6.65 �3.70 2.95
Segment 10/11.04/34.41 �6.64 �3.76 2.88
Segment 11/11.03/39.30 �6.63 �3.82 2.81

Segment 20�/w11/50e10,000 �6.60 �3.96 2.64

a Diameter of SWNT segment in �A.
b Length of SWNT segment �A.
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of pure compounds (powder) were recorded using a PerkineElmer
Spectrum 100 equipped with a Pike ATR fitted with a Ge crystal.
XPS studies were performed at NCESS, Daresbury Laboratory, using
a Scienta ESCA 300 hemispherical analyzer with a base pressure
under 3 � 10�9 mbar. The analysis chamber was equipped with a
monochromated AlKa X-ray source (hn ¼ 1486.6 eV). Charge
compensation was achieved (if required) by supplying low-energy
(<3 eV) electrons to the samples. XPS data were referenced with
respect to the corresponding C 1s binding energy of 284.5 eV,
which is typical for carbon nanotubes [4]. Photoelectrons were
collected at a 45� takeoff angle, and the analyzer pass energy was
set to 150 eV, giving an overall energy resolution of 0.4 eV.
Elemental compositions were determined using the XPS survey
spectra as described in literature [24]. TGAeMS data were recorded
on 1e3 mg of sample using a PerkineElmer Pyris I thermogravi-
metric analyzer coupled to a Hiden HPR20mass spectrometer. Data
were recorded in flowing He (20 mL min�1) at a ramp rate of
10 �C min�1 to 900 �C after being held at 120 �C for 30 min to
remove any residual solvent. UV/ViseNIR absorption spectra were
recorded on a PerkineElmer Lambda 900 spectrometer. The sam-
ples were prepared by dispersing the nanotube material in DMF by
sonication in an ultrasonic bath (Ultrawave U50, 30e40 kHz) for
5 min followed by filtration through a plug of cotton wool to
remove particulates after allowing the solution to stand for 2 h.
Raman spectra were recorded using a Jobin Yvon Horiba LabRAM
spectrometer in a back scattered confocal configuration using
Nd:YAG (532 nm, 2.33 eV) laser excitation. All spectra were recor-
ded on solid samples over several regions and were referenced to
the silicon line at 520 cm�1.

3. Results and discussions

3.1. Theoretical assessment of 1,3-DC of pyridinium ylides to (8,8)
SWNT

Purified HiPcoeSWNTs (diameter w0.8e1.2 nm) were used in
experiments, and theoretical calculations were therefore per-
formed using short and metallic (8,8) SWNT segments as nanotube
models (predicted diameter w1.1 nm). The general theory for
perturbation of the frontier molecular orbital was applied to assess
the reactivity/mechanism/regioselectivity of pyridinium ylides
(ylide1 and ylide2) cycloaddition to (8,8) SWNT, Fig. 1.

N-(Ethoxycarbonylmethyl)-pyridinium ylide, [5] previously
used for the preparation of indolizine modified fluorescent SWNTs,
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Fig. 1. Schematic representation for preparation of pyridinium ylid
was used as a reference ylide structure (ylideRef) for comparison,
Fig. 1. HOMOeLUMO energies of corresponding ylides and (8,8)
SWNTsegments were estimated via semi-empirical PM3method at
the level of restricted HartreeeFock (RHF) approach [25]. The effect
of nanotube length on HOMOeLUMO band gap was studied using
20 different (8,8) SWNT segments, systematically starting from the
smallest (10.87 �A diameter/2.41 �A length) to the longest (~11 �A
diameter/50e10000 �A length) (8,8) SWNT segment, Table 1.

Consistent with the previously reported HOMOeLUMO energy
gap estimations of (5,5) [26] and (6,6) [27] SWNTs HOMOeLUMO
energy gap of (8,8) SWNT decreased when SWNT length increased.
This trend was not surprising since HOMOeLUMO gaps of metallic
SWNTs with respect to tube length is expected to converge to zero
at finite length [15,27]. Herein reactivity assessment of pyridinium
ylides to SWNTs was made using SWNTsegment 10 with HOMO and
LUMO energies of �6.64 and �3.76 eV, respectively. HOMOeLUMO
energies of ylide1, ylide2 and corresponding ylideRef [5] were also
estimated using the same approach, and results were compared
with SWNTsegment 10 in Fig. 2.

Extensive work has been devoted to understand the reactivity/
mechanism of cycloaddition reactions. Among the types of 1,3-DCs
[28e31], similar to that of azomethine ylides to electron deficient
dipolarophiles [21], 1,3-DCs of pyridinium ylides to SWNTs are ex-
pected to be HOMOdipoleeLUMOdipolarophile controlled (Type I).
Substituent effect (eSO3

�Naþ and eNO2) on reactivity of 1,3-DC
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es by the addition of base (NEt3) to pyridinium bromide salts.
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Fig. 2. HOMO/LUMO energy levels of ylide1, ylide2, ylideRef and (8,8) SWNT for
HOMOeLUMO gap comparison.

Table 2
HOMOeLUMO orbital energy (E/eV) of ylide1, ylide2 and ylideRef and their pyrene
adducts and atomic orbital coefficients (C/eV).

Ylide E/eV C2/eV C3/eV C6/eV C7/eV

ylide1 HOMO �5.24 0.37 e 0.37 �0.50
LUMO 1.69 �0.08 e �0.28 �0.43

ylide1pyrene HOMO �5.99 0.18 0.23 e e

LUMO 0.87 �0.02 0.02 e e

ylide2 HOMO �8.08 0.36 e 0.34 �0.61
LUMO �1.36 �0.024 e �0.24 �0.19

ylide2pyrene HOMO �8.62 �0.61 �0.07 e e

LUMO �1.14 0.01 �0.01 e e

ylideRef HOMO �8.22 �0.38 e �0.38 0.69
LUMO �0.64 0.13 e 0.36 0.35

ylideRefepyrene HOMO �8.31 0.21 0.18 e e

LUMO �0.93 0.02 �0.01 e e
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might be understood in terms of the orbital symmetry and FMO
theory [32]. FMO energy predictions of pyridinium ylides and (8,8)
SWNT (Fig. 2) displays that HOMOylideeLUMO(8,8) SWNT energy gap
(1.48, 4.32 and 4.45 eV for HOMOylide1eLUMO(8,8) SWNT, HOMO-
ylide2eLUMO(8,8) SWNT and HOMOylide

Ref eLUMO(8,8) SWNT, respectively)
is smaller than that of LUMOylideeHOMO(8,8) SWNT energy gap (8.33,
5.28 and 6.00 eV for LUMOylide1eHOMO(8,8) SWNT, LUMOylide2e

HOMO(8,8) SWNT and LUMOylide
Ref eHOMO(8,8) SWNT, respectively). In

contrast to diazonium salt addition [20] to SWNTs where reaction
follows a radical mechanism with electron transfer from SWNTs to
diazonium salt, FMO calculations of pyridinium ylides and SWNTs
suggest a HOMOylideeLUMO(8,8) SWNT controlled 1,3-DC where the
charges are probably transferred from HOMOylides to LUMO(8,8)

SWNTs. Furthermore the HOMOylide1eLUMO(8,8) SWNT energy gap
(1.48 eV) is predicted as the smallest compared to HOMOylide2e

LUMO(8,8) SWNT and HOMOylide
Ref eLUMO(8,8) SWNT energy gap with

4.32 and 4.45 eV, respectively. It is therefore theoretically expected
that the reactivity of ylide1 should be higher than that of ylide2 and
ylideRef which are similar in reactivity.

In cycloaddition reactions, regioselectivity has gained particular
interest since possible dipole/dipolarophile orientations due to the
differences in atomic orbital energies might yield cycloadducts
having different geometries. Herein, regioselectivity of the second
pyridinium ylide addition as addendum to pyrrolidine attached on
SWNT surface was studied by estimating the coefficients for the
atomic orbital of both free pyridinium ylides (ylide1, ylide2 and
ylideRef) and pyrrolidine attached on SWNT (SWNT1 and SWNT3 in
Fig. 4). Calculations were performed using both SWNT segment 3
and segment 6. However, PM3 calculations of pyrrolidine attached
SWNT from segment 3, segment 6 and ylideRef yielded inexplicable
negative (and nearly equal to zero) HOMOeLUMO energy co-
efficients on the C2 and C3, probably due to pyrrolidine moiety
appeared as being so small compared to the rest of the SWNT
structure (See ESI Figs. S1 and S2 for the energy values of pyrroli-
dine attached SWNT from segment 3). In order for discussing the
probability of second 1,3-DCs as addendum to pyrrolidine attached
on SWNT surface, a pyrrolidine attached pyrene structure was
therefore chosen as a simple molecular model of pyrrolidine
attached on SWNT surface. For the assumptions of the second 1,3-
DCs of SWNTs with ylides, FMO energy predictions were further
performed on pyrrolidine modified pyrene structure and, HOMOe
LUMO energy coefficients for the atomic orbital of ylide1, ylide2
and ylideRef and their corresponding pyrene adducts (ylide1pyrene,
ylide2pyrene and ylideRef-pyrene) were tabulated in Table 2.

HOMOeLUMO energy band gaps between ylides and their
pyrene adducts propose that the 1,3-DC of second pyridinium
ylides to ylidepyrene adducts are HOMOylideeLUMOylideepyrene
controlled since the energy band gap is smaller than HOMOylidee

pyreneeLUMOylide. Regioselectivity of second cycloaddition was
predicted using the atomic orbital coefficients corresponding to
HOMOylideeLUMOylideepyrene. According to Fukui [33], reactions can
be favorable in the direction of maximal HOMOeLUMO over-
lapping of larger coefficients at the reactive sites. The most favor-
able interactions between corresponding ylides and ylidepyrene
adducts to form the most favorable regioisomer conformation are
given in Fig. 3. Second ylide addition to ylidepyrene structure is
therefore anticipated to proceed via ylideC2/C6eylidepyrene-C3 and
ylideC7eylidepyrene/C2 interactions to produce the same regioisomer
conformations. Considering the theoretical calculations performed
for pyrrolidine attached pyrene structure, it is also expected that
formation of the same type of regioisomers are favorable for SWNTs
after the 1,3-DC of pyridinium ylides, Fig. 3.

3.2. Synthesis and characterization of indolizine modified SWNTs

Purified SWNTs were reacted under microwave conditions with
pyridinium ylides generated in-situ via the addition of triethyl-
amine (NEt3) to the Kröhnke salts N-(4-methyl sodium benzene
sulfonate)-pyridinium bromide (1) and N-(4-nitrobenzyl)-pyr-
idinium bromide (2) to afford SWNT with indolizine groups cova-
lently bound to the nanotube surface, SWNT2 and SWNT4, Fig. 4.
Kröhnke salts (1) and (2) were easily prepared using a modified
literature procedure [5] by the addition of sodium 4-(bromo-
methyl)benzenesulfonate [34] and 4-nitrobenzylbromide, respec-
tively, to pyridine at room temperature (see Fig. 1). The resulting
crude salts were washed with acetone/ethanol to remove excess
pyridine, sodium 4-(bromomethyl) benzenesulfonic acid and 4-
nitrobenzylbromide to afford the pyridinium bromide salts (1)
(88%) and (2) (90%). Isolated salts (1 and 2) were characterized
using FTIR, 1H and 13C NMR. Ylides produced via the addition of
NEt3 to the corresponding pyridinium bromide salts (1 and 2) could
not be isolated due to the unstable nature of the pyridinium ylides
and all reactions were carried out in-situ.

FTIR spectra of purified SWNTs and the indolizine-
functionalized SWNTs (SWNT2 and SWNT4) are presented in
Fig. 5. Consistent with the previous literature purified SWNT ma-
terial demonstrates expected IR frequencies at ca. 2916, 1700, 1236
and 1055 cm�1 [5]. FTIR spectrum of SWNT2 displays the charac-
teristic SO2 symmetric stretching (n(SO) 1150 cm�1) and SO2 asym-
metric stretching (n(SO) 1338 cm�1) as an indication of sulfonate
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Fig. 4. Schematic representation of the 1,3-dipolar cycloaddition of a pyridinium ylide, generated by the action of base on the Kröhnke salt (1) and (2) to the sidewalls of the SWNTs
to form an indolizine (SWNT2) and (SWNT4).
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group [35]. The band at 1520 cm�1 in FTIR spectrum of SWNT4 is
attributed to NO2 asymmetric stretching (n(NO) 1520 cm�1), con-
firming the availability of nitro groups [35]. Two bands at ca. 1580
and 1400 cm�1 in both spectra of SWNT2 and SWNT4 are assigned
to characteristic stretching of indolizine [36].

Raman spectroscopy of SWNTs has widely been studied to
identify covalent surface modification. The disorder band or D-
band at about 1300 cm�1 is related to the reduction in symmetry of
the SWNTs, and the change in intensity/area of which provides the
information of covalent surface modification when compared to
that of the tangential band (G-band) at about 1590 cm�1 [9,37].
Thus direct evidence for the covalent addition of pyridinium ylides
(ylide1 and ylide2) to SWNTs can be provided by Raman spec-
troscopy. Raman spectra of SWNT2 and SWNT4 (excited at 532 nm
and normalized to the G-band intensity) display slightly enhanced
D-band at ca. 1350 cm�1 compared to unmodified purified SWNTs
(AD/AG ¼ 0.061 � 0.001), with an AD/AG ratio of 0.194 � 0.005 and
0.14 � 0.004, respectively, indicative of groups covalently attached
to the surface of the nanotubes, Fig. 6 [4,5,9,37,38]. 1,3-DC of ylide1
and ylide2 are found to be selective to large diameter SWNTs.
Raman spectra of modified SWNTs excited at 632.8 nm and
normalized to G-band further reveal that ylide1 is more selective to
large diameter SWNTs than ylide2, displaying more suppressed
RBMs related to large diameter SWNTs at w187, 197, 209 cm�1 for
SWNT2 compared to RBMs of SWNT4 (See ESI Fig. S3).
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It is well studied that the electronic properties of CNTs are dis-
rupted via covalently introducing sp3-hybridized carbon atoms to
the surface. Any suppression in the characteristic absorption bands
corresponding to the electronic transitions between van Hove
singularities is attributed to covalent functionalization. However,
such a decrease is highly dependent on the concentration of the
covalently attached surface groups. Small decreases in the intensity
of transition bands are ascribed to non-destructive/light surface
functionalization where the electronic properties of CNTs are likely
to be conserved. Changes in the electronic properties of nanotubes
can be probed best via electronic spectroscopy in the solution
phase. The UVeviseNIR spectra of SWNT2 and SWNT4, Fig. 7, show
the suppression of the bands in the region 400e1400 nm, present
due to the van Hove singularities, indicating that pyridinium ylide
addition to SWNTs is non-destructive [37,39].

From Beer’s law, using an extinction coefficient of
30 mL mg�1 cm�1 and absorption values at l ¼ 700 nm [40],
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Fig. 7. Normalized (at 400 nm) and offset UVeviseNIR spectra, recorded in DMF, of
purified SWNTs, SWNT2 prepared by N-(4-methyl sodium benzenesulfonate)-
pyridinium bromide and SWNT4 prepared by N-(4-nitrobenzyl)-pyridinium bromide.
concentration of a stable dispersion of SWNT2 and SWNT4 in DMF
was estimated 23 and 20 mg mL�1 respectively, compared to
3 mg mL�1 for as-received purified SWNTs.

Quantification of the covalently attached surface groups was
carried out by thermogravimetric analysis (TGA) coupledwithmass
spectrometry (MS). TGAeMS of SWNT2 and SWNT4 shows a
weight loss of approximately 24 and 34% respectively, at 700 �C
compared to ca. 8% for purified SWNTs, Fig. 8. This corresponds to
the presence of approximately 1 functional group for w200
(w0.96 N%) and w101 (w1.98 N%) carbon atoms respectively. As
expected fromHOMOeLUMO energy levels, reactivity of ylide2 is in
close agreement with ylideRef. In contrast, ylide1 shows surpris-
ingly less reactivity towards SWNTs although HOMOeLUMO en-
ergy band gap is smaller than ylide2. It is thought that decrease in
reactivity of ylide1 is due to the ionic character of electron with-
drawing sodium sulfonate (eSO3

�Naþ) salt which probably de-
stabilizes in-situ produced 1,3-dipole (ylide1) even though it de-
creases HOMOeLUMO gap of ylide1.
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Fig. 9. a) MS trace of N-methylpyridinium (94 amu) and phenyl fragment (C6H5,
77 amu) given off during heating of SWNT2. b) MS trace of N-methylpyridinium
(94 amu), phenoxy fragment (C6H5O, 93 amu) and phenyl fragment (C6H5, 77 amu)
given off during heating of SWNT4.



Fig. 10. a) C 1s XPS spectrum of the purified SWNTs and the position of components b) O 1s XPS spectrum of the purified SWNTs and the position of components.
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Mass spectrometry results corroborate TGA data and display the
peak of mass loss between 200 and 700 �C for the indolizine
modified SWNTs (SWNT2 and SWNT4), Fig. 9. However it was not
possible to observe the parent ion of the indolizine due to its high
molecular mass. Although the parent ion of the indolizine was not
observed, fragments relating to the N-methylenepyridinium
(93 amu) and phenyl (77 amu) for SWNT2 and, N-methylpyr-
idinium (94 amu), phenoxy (C6H5O, 93 amu) and phenyl (C6H5,
77 amu) for SWNT4 were detected by mass spectrometry.
Fig. 11. a) N 1s XPS spectrum of SWNT2 and the position of components; b) N 1s XPS spectr
single peak ca. 1072 eV; d) S 2p XPS spectrum of SWNT2 with three peaks ca. 165.83, 167.5
3.3. XPS analysis of indolizine modified SWNTs

XPS is used as an informative surface chemical analysis tech-
nique that provides a wealth of information related to elemental
composition, empirical formula, chemical state and electronic state
of the elements present in sample. Thus XPS has been extensively
employed to monitor the surface chemistry of functionalised
SWNTs [3e5,41,42]. It has generally been used to identify the het-
eroatom elements (F, I, N and S) and to quantify degree of
um of SWNT4 and the position of components; c) Na 1s XPS spectrum of SWNT2 with
3 and 169.03 eV.
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modification. However, quantification can be complicated by
overlapped binding energies. Therefore the de-convolution of XPS
bands in a spectrum is essential to study fine structures of SWNTs.

XPS survey analysis of purified SWNTs shows presence of
95.55 � 0.41% C and 4.45 � 0.24% O atoms. Analysis of de-
convoluted C 1s XPS spectrum of purified SWNTs, Fig. 10, shows
four components having binding energies at 284.4, 285.4, 287.2 and
289.8 eV attributable to graphitic carbon (eC*]C*e) (p-conjugated
carbon system and/or unsaturated aliphatic rests) [43,44], tetra-
hedrally bonded carbon (CeH and CeC) [45], carbonyl (or ether)
[46] and carboxyl group (eOeC*]O) [44,47], respectively. O 1s XPS
spectrum consists of two main components at 532.4 and 536.7 eV
corresponded to carboxyl (eOeC]O*) [44] and hydroxyl (eCe
O*H) [48], respectively. The presence of O atom in purified SWNT
sample can be due to either physisorbed water and/or carbon di-
oxide contamination [49], or the oxidized SWNTs produced during
SWNT purification [43]. C 1s XPS spectra of indolizine modified
SWNTs (SWNT2 and SWNT4) demonstrate similar features
compared to C 1s XPS spectrum of unmodified purified SWNTs. (See
ESI Figs. S4 and S5) However, the de-convolution of O 1s spectra of
SWNT2 and SWNT4 illustrates a broadened line shape with a new
shoulder positioned at ca. 531 eV, attributable to the introduction
of oxygen containing groups (e.g. NO2 and SO3) to nanotube surface
when compared to O 1s XPS spectrum of purified SWNTs [4]. N 1s
XPS spectra of SWNT2 and SWNT4 display two main components
positioned at ca. 399.8 and 401.7 eV, Fig. 11.

N 1s component at 399.8 eV is characteristic of sp2 hybridized
pyridine nitrogen and the component at 401.7 eV is attributed to
quaternary pyridine [50e52]. As expected an additional strong
peak corresponding to eNO2 group is also observed at ca. 405.8 eV
in N 1s XPS spectrum of SWNT4 [53]. XPS spectrum of SWNT2 also
displays characteristic S 2p peaks ca. 165.8, 167.5 and 169.0 eV
confirming the presence of sulfur and Na 1s at 1072 eV in the
modified material. The number of S 2p peaks clearly suggests the
presence of more than one sulfur environment. The reason of this
could be the degradation of sulfonate (eSO3

�Naþ) groups under
microwave conditions. However, it is not clear from the unresolved
S 2p XPS spectrum which of the sulfonic species is available in the
material, Fig. 11 [45,54,55]. Elemental composition analysis of ni-
trogen in SWNT2 and SWNT4 shows the presence of 1.48 � 0.41
and 2.09 � 0.29 atomic percent (at.%) nitrogen, respectively, and
they are in close agreement with the values determined by TGA.
4. Conclusion

The frontier molecular orbital energies (HOMO and LUMO)
indicate that 1,3-DC reaction of pyridinium ylides to (8,8) SWNT
probably occurs via electron transfer from ylide to (8,8) SWNT and,
reaction is therefore expected to be HOMOylideeLUMO(8,8) SWNT
controlled cycloaddition (Type I). Substituent effect studies suggest
that the reactivity of pyridinium ylide might be manipulated taking
the advantage of strong electron-withdrawing (EW) substituents
on phenyl ring. In the present study it is experimentally observed
that ionic character of EW substituent (eSO3

�Naþ) decreases the
reactivity of pyridinium ylide although it decreases HOMOeLUMO
energy gap. It is likely to generate fluorescent SWCNTs by reducing
groups attached to indolizine ring. Ylides with smaller HOMOe
LUMO gap is found to be more selective to large diameter SWNTs
implying the possibility to make use of the 1,3-DC of substituted
pyridinium ylides with chemistry to sort SWNTs diameter-
specifically. Furthermore the use of strong EW groups might also
pave the way for surface modification of graphene although it has
been theoretically reported that covalent addition of azomethine
ylides to graphene surface are not favorable [56].
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