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Abstract: Raman spectroscopy on surfactant-dispersed, aqueous suspensions of single-walled carbon
nanotubes is used to verify the energies of interband transitions and validate the spectral assignments of
semiconducting and metallic nanotubes determined by spectrofluorimetry for the former and Raman
excitation profiles for the latter. The results are compiled into an experimentally based mapping of transition
versus nanotube diameter to revise those previously employed using single-electron theoretical treatments.
Because this mapping provides the transitions associated with a precise chiral wrapping of a particular
nanotube, it allows the monitoring of reaction pathways that are selective to the nanotube chirality vector.
This is demonstrated using a model electron-transfer reaction of 4-chlorobenzenediazonium shown to be
selective for metallic over semiconducting carbon nanotubes via charge-transfer stabilization of complexes
at the surfaces of the former.

Introduction

Carbon nanotubes are an important class of materials for the
development of novel electronic and optical devices, field
emission electrodes, as well as elements of polymer com-
posites.1-3 Recent advances in the solution phase dispersion,4

spectroscopic detection,5 and spectral assignments6,7 of single-
walled carbon nanotubes give researchers new tools to probe
and understand their surface reactions with unprecedented detail.
The remaining task is to link reaction pathways and sidewall
chemistries to the unique electronic structure of these materials.

This unique electronic structure arises from the quantinization
of the electronic wave vector of the 1-D system through the
conceptual rolling of a graphene plane into a cylinder forming
the nanotube. The vector in units of hexagonal elements
connecting two points on this plane defines the nanotube
chirality in terms of two integers:n andm.1,3 When|n - m| )
3q whereq is an integer, the nanotube is metallic or semimetallic
while remaining species are semiconducting with a geometry-
dependent band gap. Raman spectroscopy has been used
extensively to characterize solid8 and solution phase4 carbon

nanotube systems because it has the ability to probe distinct
populations of nanotubes that have interband transitions in
resonance with the excitation laser. Low wavenumber phonon
modes9sradial breathing modes (RBMs)shave Raman shifts
strongly dependent on nanotube diameter.10 In this way,
nanotubes of a distinct chiral vector can be identified and tracked
during chemical processing, yielding new insight into nanotube
surface chemistry.

The interpretation of nanotube fluorescence,7 absorption,5 and
Raman spectroscopy8,9,11is highly dependent on an understand-
ing of this electronic structure. The original organization of
electronic transitions of carbon nanotubes as a function of their
diameter is attributed to H. Kataura.12 Here, the Tight Binding
Approximation was used to describe carbon nanotube electronic
structure as that of a graphene sheet with electronic wavevectors
quantized into distinct integer multiples.13 The formalism
predicts the organization of metallic and semiconducting transi-
tions based on the chirality vector. Real nanotube structure is
complicated from this simplified approximation due to a number
of effects: trigonal warping or the warping of the Brillion zone
due to curvature14 introduces deviations, other curvature effects
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that introduces influences from multiple neighbors15 in the
carbon lattice causing a breakdown of the Tight Binding
Approximation. Moreover, these single electron models cannot
describe multiple electron influences, such as exciton interac-
tions, and this also complicates the comparison between theory
and experiment.16,17 As a consequence, past efforts to assign
the spectral features of carbon nanotubes that have relied on
theoretical-based mappings have had limited success.5,7

This work underscores this point by using Raman spectros-
copy with a range of excitation wavelengths to compare the
observed spectra to an experimentally produced mapping of
energetic transitions. We show the utility of such a spectral
assignment using a model electron-transfer reaction in which
4-chlorobenzenediazonium is shown to selectively react with
metallic carbon nanotubes over semiconducting ones as deter-
mined by Raman spectroscopy. Previous work has shown that
solution phase protonation18 of single-walled carbon nanotubes
is highly selective depending upon the nanotube band gap. The
charge transfer in this reversible, noncovalent interaction opens
the possibility for covalent, irreversible pathways to show
analogous selectivity. This possibility is explored more fully in
this work.

Experimental Section

Sample Preparation.HiPco19 carbon nanotubes (reaction #89) from
Rice University were suspended in sodium dodecyl sulfate (SDS)
(Sigma Aldrich) using a method reported previously.5,18 Briefly, 1 wt
% surfactant was combined with 40 mg of nanotube material in 200
mL of water and ultrasonicated at 590 W for 10 min after high shear
mixing for 1 h. The suspension was centrifuged for 4 h at 200000g
using a swing bucket rotor after which the decant was isolated and
used for subsequent experiments.

Raman Spectroscopy.Samples were characterized in solution by
transferring to a quartz cuvette. Raman spectroscopy was performed
at 532 and 785 nm (2.33 and 1.58 eV) excitations using a Kaiser Optical
RXN1 spectrometer at 10× magnification with 32 and 100 mW at the
sample for each wavelength, respectively. Spectra generated at 633 and
830 nm (1.96 and 1.50 eV) were obtained using a setup from Renishaw
fitted with a macroscopic sampling kit, a 50× (long) objective, and
approximately 15 mW of power at the sample. Spectroscopic grade
cyclohexane (Sigma Aldrich) was used in the same geometric config-
uration as an intensity calibration standard.20 Each Raman spectrum in
the region from 175 to 400 cm-1 was fitted using a summation of
Lorentzian peak shapes.

Selective Reaction.Reagents and solvents to synthesize 4-chlo-
robenzenediazonium were obtained from Sigma Aldrich. This reagent
was stored under N2 and at-2 °C until use. Reaction was carried out
in a stirred vessel containing the carbon nanotube suspension to which
a metered amount of 4-chlorobenzenediazonium in aqueous solution
was added to yield the desired ratio of reagent to nanotube concentra-
tion. The pH of the nanotube solution was kept constant at approx-
imately 10 using an addition of NaOH to avoid spectral behavior associ-
ated with protonation.18 Raman spectroscopy was performed on the

reaction mixture using the method described above with successive
spectra taken to indicate when the steady state was reached.

Results and Discussion

A Revised, Experimental Kataura Plot. In previous work
by Kukovecz and co-workers,8 the Raman spectra of solid
carbon nanotube ropes have been examined in detail. Roped
nanotubes develop an orthogonal dispersion in their otherwise
1-D electronic structure, and this significantly perturbs the
energetics of pristine nanotube interband transitions.21 This work
circumvents this pitfall by using surfactant-assisted dispersion,
which provides a spectroscopically homogeneous environment
for optical measurements.4

While variations of the Kataura plot have been widely used
in the interpretation of experiments,8-10,22 there is growing
evidence that experimentally determined interband transitions
cannot be described by theoretical models of electronic struc-
ture.16,17For semiconductors, spectrofluorimerty has been used
to map the interband transitions upon excitation from the valence
(v) to the conduction (c) bands denoted vn f cn, wheren is
the band index. Sizable deviations from the conventional Kataura
plot have been noted.7 Also, separate Raman excitation profiles
of nanotubes in the metallic absorbing region have been used
to map the v1f c1 transitions of the metallic nanotubes.6 These
transitions have been correlated using semiempirical expressions
derived from asymptotic expansions in diameter of the electron
dispersion relation for graphene. The reader is also referred to
the Supporting Information that contains a useful compilation
of these data.

These results are compiled for the reader into an experimental
Kataura plot for the interpretation of optical experiments
involving single-walled carbon nanotubes. Figure 1 presents the
plot for nanotubes up to 2 nm in diameter for the first and second
interband transitions of the semiconductors and the first transi-
tions of the metallic and semimetallic nanotubes. The latter split
into high- and low-energy transitions for nonarmchair (n * m)
metallic nanotubes13,14,23(actually semimetallic due to a curvature-
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Figure 1. Experimentally compiled plot of interband transitions versus
diameter for metallic and semiconducting single-walled carbon nanotubes.
The former split into high (+)- and low (-)-energy transitions.
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induced electronic gap.) When compared to its widely used,
theoretically based analogue, this mapping reveals that there is
a greater deviation from the “armchair curve”: a limiting inverse
diameter curve that provides the limit of the transition energy
as diameter goes to infinity. At small diameters, transitions are
significantly intermixed, in marked contrast to the predictions
of single electron treatments. This intermixing is of some utility
in probing selective reaction chemistries as detailed below.

Probing Nanotube Chirality and Electronic Type Using
Raman Spectroscopy.Figure 1 can be used to predict which
nanotubes are in resonance at a particular excitation wavelength
using Raman spectroscopy. The RBMs3,9 in this spectrum have
been shown to follow the relationship8

whereA is 223.5 nm cm-1 andB is 12.5 cm-1 for HiPco samples
under these conditions.6,7 Figure 1 can be used with eq 1 to
predict which RBM features will be apparent at a particular
excitation wavelength. This is demonstrated in Figure 2a for
single-walled carbon nanotubes suspended in aqueous solution.
At 830 nm, the Kataura plot predicts resonance with the v2f
c2 transitions of a cluster of semiconducting nanotubes and the
v1 f c1 transition of one small diameter species (5,4). Figure
2b compares the deconvoluted Raman spectrum with an
expanded version of the plot in Figure 1 using eq 1 to rescale
the diameter axis in terms of Raman shift of the RBM feature.
The mapping is able to predict the Raman shift associated with
each (n,m) nanotube and the transition within the resonance
window (40 meV) of the excitation laser.6,7

Figure 2, parts c and d, provides this same comparison for
the Raman spectrum at 785 nm (1.58 eV) excitation. Here,
semiconducting nanotubes excited at their v2f c2 transitions
are observed exclusively. Excellent agreement is observed
between the predicted and experimental spectral features. At
633 nm excitation (Figure 3a), we probe a gap between
transitions with some large diameter metallic nanotubes resonant
and five semiconducting nanotubes at smaller diameters that
are also present. This wavelength is particularly instructive for
researchers inquiring about metal and semiconductor separa-
tion24-26 or chemistries selective to particular electronic types
as demonstrated in this work. Figure 3b demonstrates the ability
to describe this transition region with high accuracy. Figure 3c
at 532 nm (2.33 eV) probes mostly the v1f c1 of metallic
nanotubes with the exception of one or two small diameter
semiconductors present: (9,2) or (10,0). These last nanotubes
have been confirmed to be, in fact, large band gap semiconduc-
tors using selective protonation18 in solution, and this provides
excellent agreement with the revised plot. The comparison
between predicted and observed transitions is acceptable,
although several metallic features are only partially resonant
(Figure 3d).

Probing Selective Chemical Interactions with Carbon
Nanotubes.In the investigation of nanotube surface chemistries,
the utility of the spectral assignments and the mapping provided
in this work is that particular (n,m) interactions can now be
understood more thoroughly. For example, covalent attachment
of moieties at the sidewall of a carbon nanotube disrupts the
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Figure 2. Low wavenumber Raman shift spectrum for a solution of suspended carbon nanotubes at (A) 830 nm excitation with (B) a comparison to the data
in Figure 1. In (C) the spectrum is generated at 785 nm excitation and also (D) compared in a similar manner.

ωRBM ) A + B
dt
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symmetry of the Raman radial mode, and this (n,m)-dependent
feature decays accordingly.27-29 Conversely, adsorbates that
localize electrons on the nanotube surface diminish Raman
resonance enhancement but leave this phonon mode intact.30

This alone has the power to differentiate covalent from
noncovalent chemistries for particular (n,m) nanotubes. This
distinguishes Raman spectroscopy from XPS on the reacted
surface, NMR on the proposed reagent, AFM, and TEM. These
techniques cannot yield this information despite their exclusive,
widespread employment to characterize carbon nanotube chem-
istry.

An important example of chiral selectivity in carbon nanotube
functionalization is the case of diazonium salts.27-29 These

reagents extract electrons from nanotubes in the formation of a
covalent aryl bond (Figure 4a), and we find that under controlled
conditions they do so selectively with metallic to the exclusion
of the semiconducting nanotubes. This bond forms with high
affinity for electrons with energies near the Fermi level of the
nanotube (Figure 4b). The reactant participates in a charge-
transfer complex at the surface with electron donation stabilizing
the transition state.

This behavior can be exploited to obtain highly selective
functionalization of metallic and semimetallic nanotubes to the
exclusion of the semiconductors. As suggested by Figure 4a,b,
Raman spectroscopy at 633 nm (1.96 eV) excitation is ideal
for probing these selective interactions because of its resonance
with a population of metallic and semiconducting nanotubes
for material synthesized by the HiPco method.19 Figure 5 shows
the Raman spectrum of an aqueous dispersion of carbon
nanotubes with increasing additions of 4-chlorobenzenediazo-
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Figure 3. Low wavenumber Raman shift spectrum for a solution of suspended carbon nanotubes at (A) 633 nm excitation with (B) a comparison to the data
in Figure 1. In (C) the spectrum is generated at 532 nm excitation and also (D) compared in a similar manner.

Figure 4. The nanotube transfers an electron (A) with a rate that depends on the electronic characteristics of the nanotube. (B) Electron transfer depends
on the density of states in that electron density;∆EF, near the Fermi level translates into higher reactivity for metallic over semiconducting nanotubes.32
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nium normalized as mol of reagent per 1000 mol of carbon
atoms in the system. At low conversion (18 side groups per
1000 carbons), the radial phonon modes of the metallic
nanotubes decay to the near exclusion of the semiconductors.
The preservation of the band gap fluorescence of the latter
confirms the reaction selectivity since nanotube emission is
known to be highly sensitive to sidewall, chemical defects that
disrupt symmetry. The selective, complete decay of these modes
associated with metallic species identifies this process as distinct
from reversible electronic withdraw or “doping” processes.30

The functionalization increases the intensity of a phonon
mode at 1330 cm-1 in the Raman spectrum. Its presence
indicates the formation of an sp3 C-sp2 C nanotube-aryl bond.
The functionalization disrupts the radial phonon that gives rise
to low-frequency Raman lines distinct for species of a particular
diameter which causes the mode to decay accordingly as the
particular (n,m) nanotube reacts. Figure 6 is the Raman spectrum
at 532 nm (2.33 eV) showing the relative rates of the decays of
various metallic species.31 Low-frequency Raman modes as-
signed to the (9,2) and (10,0) semiconductors remain unaffected
when all v1 f c1 transitions of semimetallic and metallic
species in the sample have decayed. This provides excellent

agreement with Figure 3a. Absorption spectra taken on the
reacted and unreacted samples are also consistent with the
selective functionalization of carbon nanotubes for species in
the HiPco diameter range (see Supporting Information).

A revised Kataura plot as presented in Figure 1 can be used
in this way as a more effective gauge of reaction chemistry,
particularly those reaction pathways that favor an electronic type
such as in charge-transfer complexation or those that favor
smaller diameters such as surface oxidations32 or particularly
nitric acid treatments.30 In recent efforts attempting to demon-
strate the separation of carbon nanotubes by their electronic type,
the analysis was limited by the inaccuracy in the correlation of
transition energies with diameter that was used in the interpreta-
tion of spectra at 785 nm (1.58 eV) and 514.5 nm (2.41 eV).
Several researchers use the inverse diameter limits derived from
Saito and co-workers from a Tight Binding Formalism with
trigonal warping correction14,23in spite of its limited applicability
to situations where the norm of thek-vector is small and the
dispersion relation can be linearized. The actual mapping (Figure
1) has been experimentally verified for both the small and large
diameter limits and can identify wavelengths, highlighted in this
work, that are in resonance with both metals and semiconduc-
tors. These wavelengths are particularly valuable for gauging
metal and semiconductor separation in a manner similar to the
monitoring of selective chemical interactions (Figure 6).

Conclusions

Raman spectroscopy is used to validate the correlation of
single-walled carbon nanotube interband transitions with the
radial breathing modes of distinct, chiral nanotubes. The results
are compiled in a mapping of transitions versus diameter to
replace theoretically based analogues that are widely employed
in the interpretation of nanotube-related experiments. This
experimentally based mapping allows researchers, for the first
time, to track selective reaction pathways of particular carbon
nanotubes. This is demonstrated by examining the changes in
the Raman spectrum at 633 and 532 nm (1.96 and 2.33 eV)
excitation after addition of 4-chlorobenzenediazonium, a species
known to form a strong charge-transfer complex at the nanotube
surface. The stability of this complex is dependent upon the
characteristics of electron donation of a particular nanotube and,
hence, favors metallic species over semiconducting ones. This
mapping should also provide assistance to efforts attempting

(31) Strano, M. S.; Dyke, C. A.; Usrey, M. L.; Barone, P. W.; Allen, M. J.;
Shan, H.; Kittrell, C.; Hauge, R. H.; Tour, J. M.; Smalley, R. E.Science
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Bronikowski, M. J.; Willis, P. A.; Smalley, R. E.Chem. Phys. Lett.2001,
350, 6-14.

Figure 5. Selective reaction at 633 nm Raman excitation. The spectrum
probes large diameter metallic nanotubes and smaller diameter semiconduc-
tors. As the conversion increases upon subsequent metered additions of
reagent (measured as mol reagent/mol 1000 carbon), features assigned to
metallic nanotubes react first. (A) 0, (B) 18.6, and (C) 29.1 groups/1000
mol.

Figure 6. (A) Similar low wavenumber spectrum at 532 nm excitation of
the prepared solution. Four metallic nanotubes and one semiconductor (red)
are probed. (B) After a ratio of 22.4, all metallic modes have decayed,
leaving only the single semiconductor in agreement. Increasing the reaction
extent results in the functionalization of this last species as well.31
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to sort or separate carbon nanotubes according to their electronic
type.

Acknowledgment. The author thanks C. Dyke and J. Tour
at Rice University for many helpful discussions of diazonium
reagents and carbon nanotube surface chemistry. R. B. Weisman
is especially thanked for useful insights into carbon nanotube
electronic structure. Research-grade HiPco nanotubes were
supplied as a gift from the Smalley research group at Rice
University. The author wishes to acknowledge financial support

from the Molecular Electronics Group at the Dupont Co., Central
Research and Development as well as from the Research Board
of the University of Illinois at Urbana/Champaign.

Supporting Information Available: Tables of semiconductor
and metallic transitions and figures of absorption spectra (PDF).
This material is available free of charge via the Internet at
http://pubs.acs.org.

JA036791X

Probing Chiral Selective Reactions A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 51, 2003 16153


