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Single-walled carbon nanotubes (SWNTs) are expected to have
a rich chemistry,1 and the development of this subject will make
available a unique set of materials.1-5 We have shown that
chemical processing of short (100-300 nm in length6) SWNTs
allows the preparation of stable organic solutions of these
materials.6,7 Related routes to soluble SWNTs have been reported,8

together with approaches involving side-wall functionalization.9

To systematize the chemistry of SWNTs, it is necessary to develop
analytical tools for the detection and identification of the different
species of SWNTs. Raman spectroscopy and near-infrared (NIR)
spectroscopy have already been very useful in this regard.

The Raman spectroscopy of SWNTs usually consists of the
tangential- and radial-mode vibrations,10 of frequencyωt andωr,
respectively (Figure 1). The radial-mode frequency can be related
to the diameter (d, nm) of the SWNT via the relationshipωr )
223.75 (nm‚cm-1)/d.11 The electronic spectra of SWNTs show
transitions in the visible and NIR regions of the electromagnetic
spectrum, and they may be observed in solutions or films of the
SWNTs.12 These electronic transitions occur between singularities
in the density of states of the band structure of the SWNTs.3,13,14

We refer to these as band gap transitions in both the semiconduct-
ing (S) and metallic (M) SWNTs (Figure 2). Within simple tight-
binding (STB) theory (equivalent to HMO theory), in which the
electronic band structure is assumed to arise from a pure p-orbital
at each conjugated carbon atom (σ,π separability),15 the low-
energy band gap transitions take a simple analytical form:3

S11 ) 2aâ/d, S22 ) 4aâ/d, M11 ) 6aâ/d, wherea is the carbon-
carbon bond length (nm),â (sometimes symbolized asγ) is the
transfer or resonance integral between the pπ-orbitals (â ) 2.9
eV), andd is the diameter (nm) of the particular semiconducting
or metallic SWNT.

Thus, according to theory, both the Raman radial-mode
frequency and the electronic band transitions depend inversely
on the diameter of the SWNTs. In the present communication
we obtain the diameters of SWNT preparations from the Raman
radial-mode frequencies and use this information to calibrate the
TB p-orbital calculations against our measurements of the
electronic band structures of these materials. We find significant
deviations in the case of small-diameter SWNTs that are best
explained by rehybridization effects.13,16

The samples used in the study were commercial preparations
obtained from Carbon Solutions, Inc. (electric arc),17 Tubes @Rice
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Figure 1. Raman spectra (Bruker RFS100/S spectrometer) of films of
purified HiPCO, purified Laser, and soluble Arc produced SWNTs excited
at 1064 nm (1.17 eV).

Figure 2. Absorption spectra (Varian Cary 500 spectrometer) of films
of purified HiPCO, purified Laser, and soluble Arc produced SWNTs
after baseline correction.
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(laser oven),2 and Carbon Nanotechnologies (HiPCO; 10 atm
material).18 Solutions (suspensions) of each sample were sprayed,
via nitrogen gas, onto glass substrates heated between 180 and
200 °C until dark, homogeneous films were produced.

The frequencies10,12,19and calculated diameters of the SWNTs
are summarized in the Table 1. Laser excitation at 1064 nm
provides Raman spectroscopic information on the semiconducting
and not the metallic SWNTs, but the diameter distributions are
expected to be similar within any given sample. For comparison
purposes, we include the literature diameters (d) for the SWNT
samples: 1.34 (0.13) nm (arc), 1.21 (0.07) nm (laser), and 0.81
(0.08) nm (HiPCO), as obtained by transmission electron mi-
croscopy and X-ray diffraction,18,20,21 where the numbers cor-
respond to the mean value and the standard deviation (σ) of the
diameter distributions.

Our analysis focuses on the three most prominent nanotubes
in each SWNT sample; on the basis of the energy distribution of
these peaks in the electronic spectra and the statistical analysis
given above, we conclude that these three SWNTs fall well within
1 standard deviation (σ) of the sample populations of all three
materials. On the basis of a Gaussian distribution of SWNT
diameters we conclude that our analysis includes∼70% of the
samples.

The TB calculations by Charlier for the (12,8) semiconducting
and (10,10) metallic SWNTs (S11 ) 0.7 eV, S22 ) 1.2 eV and
M11 ) 1.7 eV)22 give band gap transitions in excellent agreement
with our experimental results for the arc-produced material.
Nevertheless, these experimental and theoretical results make clear
that the STB calculations (above) are incapable of quantitatively
accounting for the electronic transitions in SWNTs, although the
qualitative trend is correctly reproduced. For example, application
of the STB formulas (above) would suggest that the ratios of
the excitation energies should be: S11:S22:M11 ) 1:2:3, whereas
both experiment and detailed calculation give: S11:S22:M11 )
1:1.7:2.4. Nevertheless, even sophisticated theories support the
idea that the electronic transition energies depend inversely on
nanotube diameter ifσ,π-separability is maintained.3

Thus, we took the electronic band transitions of the arc-
produced SWNTs as reference and using the diameters obtained
from the Raman spectra, scaled these values to the diameters
obtained for the laser- and HiPCO-produced material, and in-
cluded them in our table of results (last two columns). Clearly,
there is very good agreement (within 6%) between the measured
electronic spectra of the laser-produced material and the values
calculated from the arc-produced material by scaling with the
diameters derived from the Raman spectra. However, in the case
of the HiPCO-produced material the scaled values are uniformly
greater in energy than the experimental values by about 20%.

As a result of rehybridization (mixing of s-character into the
π*-orbitals), LDA calculations predict that the states in the
conduction band will be lower in energy than those estimated by
p-orbital TB calculations;13,16 exactly the same mechanism
contributes to the high electron affinity of the fullerenes.23 Clearly
our results bear out this prediction. Thus, we can expect an
increased reactivity24 due to strain in the HiPCO-produced SWNTs
together with an enhanced electron affinity over the larger
diameter SWNTs that are produced in the arc and the laser
methods. For comparison purposes we note that the pyramidal-
ization angles (θP, deg) and theπ-orbital misalignment angles
(φ, deg) in C60 are θP ) 11.64 andφ ) 0,25-27 whereas
representative SWNTs give values: (20, 0), (diameter),d ) 15.61
Å, θP ) 2.59,φ ) 0, 9.1; (18, 0),d ) 14.05,θP ) 2.88,φ ) 0,
10.1; (16, 0),d ) 12.49,θP ) 3.24,φ ) 0, 11.4; (14, 0),d )
10.93,θP ) 3.69,φ ) 0, 13.1; (12, 0),d ) 9.37,θP ) 4.30,φ )
0, 15.3; (10, 0),d ) 7.81,θP ) 5.15,φ ) 0, 18.5; (10, 10),d )
13.52,θP ) 3.00,φ ) 0, 10.4; (9, 9),d ) 12.17,θP ) 3.33,φ )
0, 11.6; (8, 8),d ) 10.82,θP ) 3.74,φ ) 0, 13.1; (7, 7),d )
9.47,θP ) 4.27,φ ) 0, 15.0; (6, 6),d ) 8.11,θP ) 4.99,φ )
0, 17.6; (5, 5),d ) 6.76,θP ) 5.97,φ ) 0, 21.3. It is interesting
to note that the strain in carbon nanotubes arises from a
combination ofπ-orbital misalignment28 and pyramidalization,
whereas it is almost exclusively due to pyramidalization in the
fullerenes.1,27
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Table 1. Spectroscopic Results

vis-NIR electronic
transitionsRaman frequencies

and calculated
diameters type (eV)

arc value
scaled by
diameter

% diff. to
scaled arc

value

arc
ωt ) 1594.1 cm-1 S11 0.67
ωr ) 169.8 cm-1 S22 1.11
d ) 1.318 nm S22 1.21

S22 1.31
M11 1.66
M11 1.74
M11 1.90

laser
ωt ) 1593.5 cm-1 S11 0.76 0.72 -6
ωr ) 181.5 cm-1 S22 1.16 1.19 2
d ) 1.233 nm S22 1.30 1.29 -1

S22 1.36 1.40 3
M11 1.74 1.77 2
M11 1.89 1.86 -2
M11 2.02 2.03 1

HiPCO
ωt ) 1594.7 cm-1 S11 0.82
ωr ) 266.7 cm-1 S11 0.91 1.05 14
d ) 0.839 nm S11 1.01

S22 1.38 1.74 21
S22 1.50 1.90 21
S22 1.62 2.06 21
M11 1.86 2.61 29
M11 2.02 2.73 26
M11 2.17 2.98 27
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