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ABSTRACT: The spatial extent of charged electronic states in semiconducting carbon
nanotubes with indices (6,5) and (7,6) was evaluated using density functional theory. It
was observed that electrons and holes self-trap along the nanotube axis on length scales
of about 4 and 8 nm, respectively, which localize cations and anions on comparable
length scales. Self-trapping is accompanied by local structural distortions showing
periodic bond-length alternation. The average lengthening (shortening) of the bonds for
anions (cations) is expected to shift the G-mode frequency to lower (higher) values. The
smaller-diameter nanotube has reduced structural relaxation due to higher carbon−
carbon bond strain. The reorganization energy due to charge-induced deformations in
both nanotubes is found to be in the 30−60 meV range. Our results represent the first
theoretical simulation of self-trapping of charge carriers in semiconducting nanotubes,
and agree with available experimental data.

Over the past few decades, many types of carbon nanotube
(CNT) based devices have been engineered, among

which are CNT field-effect transistors1−3 (FET) with perform-
ance superior to the best silicon FETs,2 all-nanotube
computer,4 CNT-based photovoltaic devices with up to 3%
efficiency,5,6 with potential efficiencies of 17%,7 when CNTs,
playing the role of light absorbers, are interfaced with metal
oxides, just to name a few applications. Electronic properties of
CNTs have been thoroughly investigated in both experimen-
tal8−11 and theoretical studies.12−14 In theoretical studies,
density functional theory (DFT) and tight binding (TB)
calculations frequently rely on the geometry of the system’s
ground state to compute the properties of excited states. A
good agreement between theory12,15,16 and experiment17 (for
example, for electron−hole correlation length, or the exciton
size of about 2−4 nm) is often achieved by appropriately
accounting for electronic correlations and Coulomb screening.
Inclusion of vibrational-relaxation effects allows quantification
of electron−phonon coupling constants18−20 and extraction of
another length scale, namely, the localization length of the
excitonic wave function at about 6−10 nm,21,22 or the spatial
extent of excitation-induced deformation in the underlying
ground state structure of the nanotube. Nanotubes are indeed
rigid structures, and they do not exhibit drastic structural
changes due to photoexcitation (as is the case in aromatic
polymers23−26). Less attention has been paid to similar lattice-
deformation effects responsible for localization of charges in
carbon nanotubes. Recent experimental work (using scanning
tunneling spectroscopy (STS)) investigated the effect of

vibrational excitation in charge transport through quantum-
confined electronic states in individual nanotubes suspended
across step edges on the Au(111) substrate.27 The authors were
able to create real-space maps of the wave functions of
electrons and holes localized in CNTs on a few-nanometer
length scale, and unambiguously showed that these localized
states were coupled to the vibrational degrees of freedom. Their
work has motivated us to study the charged excitations in
carbon nanotubes computationally in order to better under-
stand the electronic properties of charged nanotubes.
Here, we present results of calculations for charge-carrier self-

trapping (or polaron formation) in two semiconducting CNTs,
(6,5) and (7,6). Our calculations show that electrons and holes
localize on sub-10 nm lengths, with structural relaxation being
more pronounced in the larger-diameter tube. We analyze the
Peierls-like distortion of carbon−carbon bond lengths in charge
localization regions and connect these deformations to
distortion along a specific phonon mode. Finally, we estimate
the vibrational relaxation energy of electrons and holes in small-
diameter nanotubes.
Nanotubes. (6,5) and (7,6) nanotubes have chiral angles of

about 27°, and diameters of 0.76 and 0.90 nm, respectively
(Table 1). These CNTs are approximately armchair, with very
large unit cells of about 4 nm in the axial direction. All bonds in
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these CNTs can be classified into three main groups: L90, L−30,
and L30, with the subscript corresponding to the approximate
angle between the bond and the axis of the nanotube, as
schematically shown in Figure 1a. The L90 bonds have the
shortest bond length, L−30 bonds are longer, and L30 are the
longest bonds, as can be seen from Figure 1b and Table 1,
where we plot the nearest-neighbor distance in (6,5) nanotube
as a function of the axial coordinate. Bond lengths in the central
region of the neutral nanotube, a close-up of which is shown in
Figure 1d, show a distortion similar to that observed for
metallic28,29 and semiconducting22 nanotubes, but with smaller
magnitude (∼10−4 Å). Indeed, in previous calculations on
finite-length nanotubes,28,30−32 very short tube segments were
used, and periodic bond length alternation with higher
magnitude of about 2 × 10−2 Å were observed.28,30 The
smaller magnitude of bond distortion obtained in our
calculations on longer nanotubes therefore suggests that large
distortions in short nanotube segments observed previously
may have been caused by edge relaxation, which is seen in
Figure 1b as large oscillations in the bond lengths near the free
edges of the nanotube. This perturbation spreads toward the
center of the CNTs by about 3 nm, which leaves a center
region of 4 nm unaffected by edge effects in the simulated
CNTs. This center region of neutral CNTs shows periodic
variations in the bond length, on a scale of ∼10−4 Å (Figure
1d). In a neutral (6,5) CNT, the periodicity of these variations

for L90 bonds is 16 bonds, and for L±30 bonds the periodicity is
11 bonds. This approximately corresponds to one rotation
around the CNT circumference, as schematically shown in
Figure 1c.
Structural Distortion in CNT Due to Positive and Negative

Charges. In the presence of a localized charge, the equilibrated
bond lengths were found to be strongly distorted, as shown in
Figure 2. In positively charged nanotubes (Figures 2a,e and S3)
the carbon−carbon bond lengths of all three families of bonds
deviate from their measurements in the neutral tubes by up to
0.002 Å, the effect being most pronounced in the center of the
tube. The natural orbital, e.g., the wave function of an unpaired
electron (Figure 2b,f), is spread almost over the entire tube,
which correlates with the bond deformation pattern (Figure
2a,e). From these figures, we extract that the localization length
of the positive charge in the nanotube is about 8 nm. In
negatively charged nanotubes (Figures 2c,g and S3), all three
families of bonds are highly distorted in the central region. The
natural orbitals are localized on the nanotube center fragments
that experience large distortions in the carbon−carbon bond
lengths. The localization length of the negative charge is about
4 nm in both (7,6) and (6,5) nanotubes. We note that the (6,5)
CNT has slightly longer geometry-distortion lengths for both
charge polarities due to higher strain in carbon−carbon bonds
increasing the rigidity of the nanotube structure. Here 4 and 8
nm are defined as maximal lengths of tube segment affects by

Table 1. Structural Properties of Considered CNTsa

bond lengths, Å energy values, eV

CNT d, nm α, degrees L90 L‑30 L30 RE(+) RE(−) IP EA QEG HL Δ E11

(6,5) 0.757 27.00 1.4363 1.4405 1.4425 0.033 0.058 3.59 0.42 3.16 2.96 1.73 1.25
(7,6) 0.895 27.46 1.4362 1.4388 1.4407 0.037 0.054 3.43 0.64 2.79 2.60 1.48 1.11

aDiameter of the nanotubes (d), chiral angle (α), and lengths of three groups of inequivalent bonds, which are schematically shown in Figure 1.
Reorganization energies RE(+) and RE(−) are also shown for cations and anions, respectively. Ionization potential (IP), electron affinity (EA),
quasiparticle energy gap (QEG), HOMO−LUMO gap (HL) were computed using CAM-B3LYP functional. Experimental fundamental band gap Δ
is calculated using eq 4 fit in ref 48 and experimental optical gap E11 is taken from ref 49.

Figure 1. (a) Schematic representation of three nonequivalent groups of bonds: L90, L−30, and L30. The subscript denotes the approximate angle
between the bond and nanotube axis. (b) Bond lengths of these three groups of bonds as a function of tube’s axial coordinate in (6,5) CNT. (c) The
unit of approximate periodicity of bond length alternation is highlighted in blue. This area contains 33 carbon atoms, 16 L90 bonds, and 11 of each of
L±30 bonds. (d) Zoom on three groups of bonds in 4 Å long center region.
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geometry relaxation and concomitant spreads of the respective
natural orbitals (Figure 2). Alternative definitions such as full
width at half maximum (fwhm) will provide smaller values.
The obtained bond-length distortion patterns are strikingly

different from those reported in previous simulations of the
geometries of charged CNTs. In particular, simulation of a 2
nm (5,5) metallic nanotube reported significant L90 bond
alternations in neutral CNT states, with different possible
isomers showing distinctly different patterns.28 Reduction of
the Peierls distortion for L90 bonds due to the negative charge
was also observed.28 In contrast, our results do not show
significant bond alternations in neutral CNTs, but instead show
bond alternations similar to those of ref 28 in the charged states
of studied CNTs (Figure S2).
In addition to the bond-length alternations, charged CNTs

experience a twisting deformation (Figure 3). Comparison of
Figures 2 and 3 shows that in charged CNTs, carbon atoms
located in the areas of charge localization “twist” out of their
neutral positions, whereas the terminal regions do not show
bond-length alternation or twist-like deformation of bonds.
It is important to note that the charges do localize in

nanotubes that are geometry-optimized using the CAM-B3LYP
functional, and do not localize when calculations are done with

the B3LYP functional, which demonstrates the inability of the
B3LYP functional to address molecular properties beyond the
ground state, as can be seen from Figure 3. These observations
are concomitant to previous DFT studies of electronic
excitations of conjugated polymers.23−26 The absence of
saturation in the twist angle in B3LYP-relaxed systems in
Figure 3 correlates with bond-length alternation taking place
along the entire 10 nm CNT length (Figure S4 and S5).
Electronic Properties of Charged CNTs. We have calculated the

ionization potential (IP) and electron affinity (EA) for the
nanotubes with localized charges. The IP and EA were
computed as differences in total energies Etot between the
neutral nanotube (G0) and geometry-optimized charged
nanotube (G±): IP = Etot(G

+) − Etot(G
0), EA = Etot(G

0) −
Etot(G

−). The computed values of IP are 3.6 and 3.4 eV for
(6,5) and (7,6) nanotubes, respectively. The calculated EA
values are 0.4 and 0.6 eV in (6,5) and (7,6) CNTs, respectively.
This allows us to calculate the CNT quasiparticle energy gap
(QEG = IP − EA), which can be compared to the experimental
band gap Δ (see Table 1). As expected, our calculations
overestimate the fundamental gap by more than 1 eV (which is
common for range-corrected functionals); however, the trend is
correct: the thinner nanotube has a larger bandgap.

Figure 2. Bond lengths in positively and negatively charged (6,5) and (7,6) nanotubes as a function of tube’s axial coordinate. Bond lengths in the
neutral nanotubes are shown in black circles for comparison. Wave function of the unpaired electron in positively and negatively charged nanotubes
are shown under each bond length plot.
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Since charge carriers in the studied CNTs localize on a few-
nanometer length scale, one can expect that for nanotube
segments shorter than that, the electronic properties should
depend on their lengths. Indeed, DFT calculations yield the IPs
of finite-length nanotubes to be size-dependent,28,30−32 shifting
to larger values in shorter tubes in accordance with the effect of
IP scaling as a function of the system size that is known for
organic molecules.
We have also calculated the reorganization energy (RE)the

vibrational relaxation energy associated with charge-induced
deformations (Table 1). The reorganization energy for cation
RE(+) reflects the changes in total energies of charged CNTs
G+ in neutral geometry G0, denoted as (G+[G0]), and neutral
nanotubes in relaxed charged geometry (G0[G+]), and is
expressed using the following formula: RE(+) = Etot(G

0[G+]) −
Etot(G

0) + Etot(G
+[G0]) − Etot(G

+). RE(−) is defined in an
analogous way: RE(−) = Etot(G

0) − Etot(G
0[G−]) +

Etot(G
−[G0]) − Etot(G

−). By construction, RE(±) thus
quantifies the vibrational relaxation energy of the CNT due
to charge-induced deformations and does not include the
environmental effects. Our RE definition is consistent with
Marcus theory. The total vibrational relaxation energy due to
one localized charge would be half of our RE in the case of
harmonic approximation. We find that the electron and hole
states reorganization energies are 55 and 35 meV, respectively,
upon CNT charging. Naturally, an electron creates larger lattice
distortion compared to a hole. The contributions from
Etot(G

0[G±]) − Etot(G
0) and Etot(G

±[G0]) − Etot(G
±) differ

by 1 meV, thus the harmonic approximation holds.

Phonon Modes Associated with Charge-Induced Lattice
Deformations. The calculations of phonon modes in 10 nm
long CNTs is an intractable task at the current state of
computational technology, therefore here we attempt to
establish a qualitative relation between the active phonon
modes and geometrical distortions in CNTs caused by charge-
induced bond-length alternations. The results of our calcu-
lations allow us to identify the major phonon mode associated
with charged geometries as a Kekule-band mode (often referred
to as the D-band phonon). Indeed, in previous theoretical
work,28,30−32 where short armchair nanotubes were used,
Kekule order was responsible for a short−short−long and
long−long−short rippling deformation. In the present work, we
find that in the case of a positive charge, a hole is extracted from
bonds of Kekule rings, and therefore those bonds become
longer than non-Kekule bonds (even though the average bond
length is decreased), as shown in Figure 4a. In the case of
negative charge, an “extra” negative charge is added to the
bonds of Kekule rings, which reduces the lengths of these
bonds as compared to other bonds (Figure 4b). Support for
this picture is provided by experiments on STS spectroscopy of
charge transport through individual carbon nanotubes, where
vibrational overtones consistent with Kekule-band phonons
were observed.27 Indeed, the appearance of particular vibrations
in STS spectra is associated with the local structural
deformation occurring upon the transient charging of the
nanotube, with the magnitudes of the vibrational overtones
determined by the appropriate Franck−Condon factors.33

Our results are also directly relevant to studies of Raman
scattering in charged34 and electrochemically doped35 carbon

Figure 3. Twist angle, or change in chiral angle, (degrees) in charged tubes compared to neutral tubes. The coordinates of carbon atoms (x, y, z)
were converted to cylindrical coordinate systems (r, φ, h). The position of carbon atom along CNT axis is contained in axial coordinate h, and the
polar angle is denoted as φ. Panels a−d thus show the difference in polar angle along tube axis between neutral and charged CNTs. The chirality of
the tube and sign of charge is labeled above each subplot.
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nanotube bundles, where it was shown that the G-band phonon
mode shifts to higher frequency in positively charged
nanotubes, and to lower frequency in negatively charged
nanotubes. These observations were attributed to bond
lengthening and contraction in negatively and positively
doped CNTs, respectively,34,35 which is corroborated by our
results. Indeed, our calculations show that the bond lengths in
the positively charged CNT are, on average, shorter (Figure
S6a), which should result in increased elastic constants for
carbon−carbon bonds, and thus increased G-band phonon
frequency. In the negatively charged CNT, the average bond
lengths are slightly longer (Figure S6b), which should result in
a decrease of the G-band phonon frequency.
Another experimental observation of ref 34 is a wide

unidentified phonon band with frequencies 900−1300 cm−1

present in negatively charged CNT bundles, and absent in
uncharged bundles. This band was identified as intermediate
frequency modes (IFM) in later studies. We suggest that this
band may be related to softened (due to the presence of
negative charge) and broadened D-band phonon modes,27 as
well as intermediate frequency modes,35,36 that are activated by
lattice deformations caused by the localized electrons. The large
width of this band could be a result of combined contributions
from individual tubes in the bundle.
Discussion. The main observations of this work are (i)

inequivalence of electron and hole coupling to structural
degrees of freedom in small diameter carbon nanotubes and (ii)
tube diameter-dependent trends of electron and hole local-
ization lengths and reorganization energies. In particular, RE of
holes increases from 33 meV in (6,5) CNT (d = 0.76 nm) to 37
meV in (7,6) (d = 0.9 nm). The opposite trend takes place in
RE of electrons: 58 meV in (6,5) and 54 meV in (7,6). As the
tube diameter increased from 0.76 to 0.9 nm, RE(+) increased
by 4 meV, and RE(−) decreased by the same amount. The
qualitative extrapolation to larger diameter nanotubes yields
RE(+) ≈ RE(−) ≈ 46 meV in CNTs with diameter 1.2 nm or
larger.
Our results for relaxation energies are similar to those

obtained by Perebeinos, Tersoff, and Avouris,37 who used tight-
binding calculation to evaluate the polaronic band gap
renormalization caused by electron−phonon (e−ph) inter-
action. Following ref 38, the authors set the e−ph coupling
proportional to N−1/2, where N was the number of primitive
unit cells, thus the e−ph interaction is inversely proportional to
the square root of the tube diameter. The authors show that the

largest correction to the electronic energy (up to ∼70 meV for
higher-energy electrons) comes from electron coupling to K-
point longitudinal optical phonons corresponding to the
Kekule-band phonons described above, consistent with our
results. Energy correction for low-energy charge carriers
calculated in ref 38 gives band gap renormalization of ∼35
meV, comparable to the total vibrational relaxation energies
calculated in our work. However, in contrast to our results, the
band gap renormalization obtained in ref 38 is dominated by
coupling to acoustic and breathing-mode phonons near the Γ
point, which is not expected to produce bond-alternations such
as those shown in Figure 2 and 4. We attribute this qualitative
discrepancy to the perturbative nature of calculations reported
in ref 38, which do not take into account the apparent breaking
of CNT symmetry observed in our work. Indeed, dimerization
shown in Figure 4 can be expected to lead to electronic
intervalley coupling and Jahn−Teller symmetry-breaking
involving the (D-band) phonon modes.
Finally, we emphasize that our simulations were performed in

the gas phase to relate to the recent experimental STS work on
charge transport in suspended nanotubes.27 Polarization effects
in the condensed phase should reduce the charge localization
length even further. For example, calculations performed for
conjugated polymers using the CAM-B3LYP model demon-
strated reduction of polaron localization length from 3 to 2
repeat units in poly(phenylene vinylene)s.27 The recent
experimental study of Deria et al.39 reported measurements
of the optoelectronic properties of hole-doped chirality-
enriched nanotubes. Following the theoretical model in ref
40, which relates the band gap renormalization to the amount
of hole density per unit length, the authors deduced the
maximal doping of holes in CNTs to be ∼0.36 holes/nm, or 1
hole per about 3 nm. These results suggest enhancement of
charge localization due to dielectric screening from surfactants
and solvent environment as well as direct Coulomb interactions
between charge carriers.
In summary, we have studied, for the first time, the self-

trapping of positive and negative charges in long semi-
conducting carbon nanotubes leading to the formation of
polaronic states. We find that electrons and holes localize on
∼4 nm and ∼8 nm length scales in vacuum, respectively.
Electrons are not only more localized, but also create larger
distortions in carbon−carbon bond lengths, and have larger
vibrational relaxation energy due to structural distortions
caused by added charges. Observed localization lengths are
expected to be even smaller in the presence of dielectric
environment such as surfactants, solvent or DNA/polymer
functionalization. Localized cations and anions result in
formation of bond-length alternation patterns, which can be
considered as a deformation along the vibrational coordinate
corresponding to the D-band (Kekule) phonon mode. Smaller-
diameter nanotubes have smaller geometry relaxation because
charge-induced distortions compete with larger strain in
carbon−carbon bonds. We have shown that in order to
accurately reproduce the local structural relaxation, finite CNT
lengths significantly longer than those often used in the
literature are necessary. We believe that our results will
contribute toward the more complete understanding of CNT
charge carrier transport and localization, especially at the sub-
10 nm length scale.

Figure 4. Schematic representation of phonon modes in cation (a)
and anion (b), which would lead to observed bond alternation
patterns.
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■ METHODS
The electronic structure calculations were performed using
Gaussian 09 simulation suite41 with STO-3G basis set and two
functionals: B3LYP42 and CAM-B3LYP,43 the latter being long-
range corrected, i.e., at short distances it behaves like B3LYP
with 20% of orbital exchange, whereas at long distances it
acquires 65% of orbital exchange, which is crucially important
for the correct description of excitons and polarons in organic
low-dimensional and low-dielectric constant materials.25,26,44

B3LYP functional, due to its small fraction of orbital exchange,
overdelocalizes the wave functions of electronic excitations,
which frequently leads to unphysical results.45 In contrast,
range-separated functionals (such as CAM-B3LYP) and range-
tuned functionals45,46 provide a comprehensive molecular
picture of excitations such as excitons and polarons.
Approximately 10 nm long (6,5) and (7,6) nanotubes were

built using Avogadro software.47 The edges were terminated by
hydrogen atoms.16 The structures of both neutral and charged
species were geometry-optimized using B3LYP and CAM-
B3LYP models. Because of excessive high spin-contamination,
restricted open-shell methodology was used for CAM-B3LYP
calculations. Unless explicitly mentioned otherwise, all results
presented refer to calculations with restricted open-shell CAM-
B3LYP.
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