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Abstract: The electronic structure and 13C NMR chemical shift of (9,0) single-walled carbon nanotubes
(SWNTs) are investigated theoretically. Shielding tensor components are also reported. Density functional
calculations were carried out for C30-capped and H-capped fragments which serve as model systems for
the infinite (9,0) SWNT. Based on the vanishing HOMO-LUMO gap, H-capped nanotube fragments are
predicted to exhibit “metallic” behavior. The 13C chemical shift approaches a value of ≈133 ppm for the
longest fragment studied here. The C30-capped SWNT fragments of D3d/D3h symmetry, on the other hand,
are predicted to be small-gap semiconductors just like the infinite (9,0) SWNT. The differences in successive
HOMO-LUMO gaps and HOMO and LUMO energies, as well as the 13C NMR chemical shifts, converge
slightly faster with the fragment’s length than for the H-capped tubes. The difference between the H-capped
and C30-capped fragments is analyzed in some detail. The results indicate that (at least at lengths currently
accessible to quantum chemical computations) the H-capped systems represent less suitable models for
the (9,0) SWNT because of pronounced artifacts due to their finite length. From our calculations for the
C30-capped fragments, the chemical shift of a carbon atom in the (9,0) SWNT is predicted to be about 130
ppm. This value is in reasonably good agreement with experimental estimates for the 13C chemical shift in
SWNTs.

1. Introduction

The discovery of carbon nanotubes1 has sparked intense
research activity within the past decade. These novel materials
have a wide range of potential applications ranging from the
fields of nanoelectronics to nanoscale biotechnology. For
example they may be used as molecular field-effect tran-
sistors,2,3 electron field emitters,2,4 artificial muscles,2,5 or even
in DNA sequencing.6 The wide horizon of applications
stems from the fact that carbon nanotubes may have a diverse
range of weights, electronic structures, helicities, etc. Individual
classes of tubes exhibit very different physical and chemical
properties. From a molecular design perspective, it is
important to understand the experimental conditions necessary
to produce tubes with a given subset of properties, and
considerable effort has been placed into determining the

parameters affecting the molecular architecture of the tubes.4,7-9

Recently, advances in the separation of metallic and semicon-
ducting tubes,10,11 as well as tubes with different diameters,11

have been made.

One of the reasons why it is so difficult to control the
properties of the synthesized tubes is that there is no stand-
alone method available by which they may be fully character-
ized. The length and diameter of an individual tube may be
determined by AFM, STM or TEM. If information about the
bulk sample is sought then SEM, X-ray diffraction, optical
absorption and Raman scattering may be used. Unfortunately,
even a combination of the aforementioned techniques does not
fully characterize a given sample.2

The large decrease in price-to-performance ratio of modern
CPUs, along with the implementation of favorably scaling
density functional algorithms has recently made it possible to
perform quantum-chemical calculations on the electronic struc-
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ture of large single-walled nanotube (SWNT) fragments.12-18

Most computational solid-state and quantum-chemical studies
of SWNTs have so far focused on geometric and electronic
structure as well as mechanical properties. It is important to
study electric and magnetic response properties as well, since
they are the observables of some of the most powerful and
frequently applied spectroscopic methods used for characterizing
molecules. Among those, NMR is of high practical importance.
Previous theoretical work proposed that separation of metallic
from semiconducting SWNTs may be possible using high
resolution13C NMR, based on a predicted 11 ppm difference
in their chemical shifts.19,20However, from the computations it
was also concluded that NMR could not resolve the structural
properties of SWNTs.19 Values for the chemical shifts with
respect to a standard reference were not reported in ref 19
because of neglected terms in the calculated shielding tensors
(which were argued to be the same for different nanotube
structures). It was indicated that the dependence of the NMR
spectra on tube diameter and helicity might be weak among
members of the metallic and semiconducting classes, respec-
tively. So far only a few groups have used NMR to study the
properties of nanotubes. The main difficulties arise from the
large magnetic inhomogeneity in the samples caused by residual
catalyst from the growth process. Before purification and
annealing, very broad lines with about 1500 ppm anisotropy
are observed.20,21 MAS spectra measurements have yielded
isotropic shifts of 124 ppm,22 116 ppm,23 and 126 ppm with
sidebands ranging over 300 ppm.20,21 The exact composition
of the sample was not determined.

Here, we present “molecular” density functional calculations
of the 13C NMR chemical shift in SWNTs. We also report the
principal components of the shielding tensors and indicate their
orientation. Eventually, it will be desirable to perform a
systematic study on nanotubes with different diameters, helici-
ties, and electronic properties, the results of which could aid
experimental characterization of nanotube samples. However,
first it is necessary to determine suitable theoretical methods
and structural models which must be used in order to obtain
meaningful results. We believe that the chemical shift for the
(9,0) SWNT reported here might already be useful in order to
confirm that the aforementioned experimental estimates for the
chemical shifts are within the same range as first-principles
theoretical predictions. Within this study we will in particular
focus on the following two issues:

(1) Are short SWNT fragments capped with hydrogen atoms
good models for the electronic and magnetic response properties
of closed SWNTs which are capped with half of a C60 fragment?

(2) How do the SWNT’s electronic and magnetic properties
depend on the size of the tube? In particular, do these properties
converge with increasing tube length, indicating that calculations
on finite sized tubes are able to give any insight into a system
of infinite length?

2. Methodology, Computational Details

The computations were performed with the Amsterdam Density
Functional (ADF) code.24,25 In all calculations we have applied the
revised Perdew-Burke-Ernzerhof (revPBE) nonhybrid density func-
tional.26-29 Full geometry optimizations of all SWNT fragments as well
as C60 and the NMR reference tetramethylsilane (TMS) were carried
out employing a valence triple-ú Slater type basis set with polarization
functions for all atoms (TZP) from the ADF basis set library. The 1s
shells of the carbon atoms were kept frozen for the geometry
optimizations. NMR chemical shift calculations were carried out with
the all-electron TZP basis set (which is of double-ú quality for the
carbon 1s shells) and the revPBE functional, employing the nonrela-
tivistic GIAO (gauge-including atomic orbitals) methodology developed
by Schreckenbach and Ziegler30-33 as implemented in the “NMR”
program of the ADF package. NMR chemical shifts are reported with
respect to TMS whose shielding was calculated as being 185.10 ppm
at this level. Because of the computational expense for the two largest
molecules studied here (the 204 and 222 carbon atom fragments), not
all possible chemical shifts from symmetry inequivalent atoms could
be calculated. However, a representative subset which includes a number
of atoms from the end to the middle of each tube fragment has been
considered. We believe that this is sufficient in order to allow
conclusions about the trends which are of interest here. For the other
systems, the chemical shifts for all symmetry inequivalent carbons were
calculated. To assess the accuracy of our results, calculations with
various basis sets and another functional were performed on a subset
of systems studied here. The results of these calculations are discussed
in section 3.
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The authors of ref 12 have applied a correction to the HOMO-
LUMO energy difference when reporting estimated band gaps for the
(5,5) and the (9,0) SWNTs. The correction was obtained from
considering Koopmans’ theorem for the C60 fullerene, under the
assumption that errors of similar magnitudes may be present for the
C30-capped SWNTs. The average of available experimental values for
the IP of C60 is 7.56 eV,34-37 the average of experimentally determined
EAs is 2.68 eV.38,39Our calculated orbital energies of 6.05 eV (HOMO)
and 4.40 eV (LUMO) are of similar magnitude as the 6.40 and 3.66
eV, respectively, from the DFT (B3LYP hybrid functional) calculations
in ref 12. If calculated HOMO-LUMO gaps are to be identified with
IP-EA and with the band gap of the SWNT it is seen that the calculated
value for C60 is too large. Correction terms of-1.51 and 1.72 eV might
therefore be added to the HOMO and LUMO energies, as was done
previously in ref 12. However, it was noted there that such a correction
leads to a clear overestimation of the band gap. For DFT calculations,
the HOMO-LUMO gap serves as a zeroth-order estimate of the lowest
excitation energy of the system40 rather than IP-EA which could
explain why the application of the correction term leads to the
aforementioned overestimation. For comparison with the results of ref
12, in the following both the corrected and uncorrected values are given
for the C30-capped SWNTs.

A subset of the graphics were prepared using the XCRYSDEN
program.41 The orbital isosurface plots were created with the program
MOLEKEL.42 Figure 12 was prepared using MATHEMATICA.

3. Results and Discussion

3.1. Electronic Structure of (9,0) SWNTs.A SWNT can
be constructed from the rolling of a graphene sheet. It can be
uniquely classified by a vector, or more conveniently a pair of
numbers (n1, n2), connecting the two points which meet upon
rolling. This results in three classes of tubes: armchair, zigzag,
and helical (chiral) characterized by (n, n), (n, 0), (n1, n2),
respectively. Early tight-binding calculations on a graphene sheet
model showed that SWNTs should exhibit metallic character-
istics if and only if

whereq is an integer.43,44 However, models which considered
hybridization betweenπ-orbitals perpendicular to the normal
of the tube and sp2-σ orbitals showed that tubes satisfying eq
1, but for which n1 * n2, were found to be narrow-gap
semiconductors.43-45 The band gap was predicted to decrease
as the diameter of the tube increased, due to the reduction of
hybridization.44,43 Tubes for whichn1 ) n2 were found to be

metallic due to symmetry.43-46 Hybridization betweenσ* and
π* orbitals has also been shown to have an effect on the
electronic structure of small-radius nanotubes.47 Low-temper-
ature STM investigations revealed band gaps of 0.080( 0.005,
0.042( 0.004, and 0.029( 0.004 eV for the (9,0), (12,0), and
(15,0) SWNTs, respectively.48 In a recent paper studying the
electronic structure of (9,0) and (5,5) SWNTs capped by half
of a fullerene, Cioslowski and co-workers showed that the
former have a finite HOMO-LUMO gap which appears to
converge well with increasing tube length.12 These results have
been confirmed by another group.14

Due to the absence of periodic boundary conditions in
molecular calculations, it is necessary to saturate the carbon
dangling bonds in nanotube fragments. Often, hydrogen is
assumed to be a good choice.13,17,18,49Each ring segment of the
(9,0) tube consists of 18 atoms, and therefore such hydrogen
capped tube fragments consisting ofN segments contain 18N
carbon atoms. This results in fragments withD9h or D9d

symmetry for even and oddN, respectively. The HOMO-
LUMO gaps and difference between HOMO-LUMO gaps for
successively larger fragments of the hydrogen capped tubes are
given in Figures 1 and 2. The number of atoms given along the
abscissa also includes the capping hydrogens, thusN ) (number
of atoms)/18- 1. The symmetry of the tubes changes with
increasingN, and we have indicated in Figure 2 the differences
for each symmetry separately. They are either given by

or by

Clearly, a hydrogen capped (9,0) tube is predicted to be metallic
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n1 - n2 ) 3q (1)

Figure 1. HOMO-LUMO gaps of hydrogen cappedD9h/D9d (9,0) SWNTs.
The total number of atoms in the tube is given along the abscissa.

∆∆ED9h
) ∆E(D9h) - ∆E

(next shorter fragment ofD9d symmetry) (2)

∆∆ED9d
) ∆E(D9d) - ∆E

(next shorter fragment ofD9h symmetry) (3)
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starting withN ≈ 6. This result appears to be well converged
with respect to the length of the SWNT studied here. The
HOMOs and LUMOs for the H-capped SWNT fragments are
found to be ofE symmetry and therefore doubly degenerate.
This agrees with previous calculations on hydrogen capped (n,
0) tubes showing thatn ) 6, 8, 10 afforded nondegenerate and
n ) 7, 9, 11 yielded doubly degenerate HOMOs and LUMOs.49

It is also possible to cap a (9,0) zigzag SWNT with half of
a C60 fullerene, yielding two sets of C60 + 18j tubes.12,50 In the
first set, even/oddj givesD3d/D3h symmetry. Rotation of one
of the C30 caps by 40° produces members from the second set
which possessD3 symmetry. It has previously been shown that
the members of the former are energetically more stable and
have larger HOMO-LUMO gaps than those of the latter,12 and
therefore the focus of this study is on SWNTs possessingD3d/
D3h symmetry. The HOMO-LUMO gaps and difference
between HOMO-LUMO gaps for successively larger C30-
capped tubes are displayed in Figures 3 and 4. The uncorrected
HOMO-LUMO gaps are approximately half the size which
were previously calculated using the B3LYP functional.12,14The
corrected ones are approximately 1.1 times larger than those

reported in previous work,12 due to the fact that the computa-
tional methodology employed here produced a smaller HOMO-
LUMO gap for C60 and therefore a larger correction was added.
These differences are not surprising, since it is known that, for

(50) Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.Phys. ReV. B 1992, 45, 6234-
6242.

Figure 2. Difference between successive HOMO-LUMO gaps in hydrogen
cappedD9h/D9d (9,0) SWNTs. The lines do not represent a fit to the data
but were added to guide the eye. See also eqs 2 and 3. The total number of
atoms in the tube is given along the abscissa.

Figure 3. HOMO-LUMO gaps of C30-cappedD3h/D3d (9,0) SWNT
fragments. The total number of atoms in the tube is given along the abscissa.

Figure 4. Difference between successive HOMO-LUMO gaps in C30-
cappedD3h/D3d (9,0) SWNT fragments. The total number of atoms in the
tube is given along the abscissa. The lines to not represent a fit to the data
but were added to guide the eye. See also eqs 2 and 3, but withD9h/D9d

replaced byD3h/D3d.

Figure 5. Two HOMO and two LUMO orbitals for theD9h, 90 atom,
hydrogen capped SWNT. Isosurface for(0.03 au.

Figure 6. Two HOMO and two LUMO orbitals for theD9d, 180 atom,
hydrogen capped SWNT. Also shown is the (HOMO-1)A1u orbital.
Isosurface for(0.03 au for the HOMO and LUMO and(0.025 au for the
(HOMO-1).
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many compounds containing C, H, N, O, the B3LYP hybrid
functional applied in ref 12 results in HOMO-LUMO gaps
which are larger than those calculated with nonhybrid density
functionals such as the one applied here (PBE). Regardless of
the addition of a correction term, the results are seen to converge
to a finite HOMO-LUMO gap. This can be seen most clearly
in Figure 4 which shows that the difference between successive
HOMO-LUMO gaps,∆∆E, approaches zero with increasing
length of the tube. The symmetry of the tubes changes with
increasing j which leads to an oscillatory behavior of the
HOMO-LUMO gap when comparing SWNT fragments of
different symmetry. To avoid this we have indicated in Figure
4 the differences for each symmetry separately. These∆∆E
values converge rapidly to zero without displaying further
oscillatory behavior. A rough estimate of the lengths of the tubes
for which ∆∆ED3h and ∆∆ED3d approach zero was obtained
through a linear fit of the two sets of∆∆E’s and extrapolation
to ∆∆E ) 0. The first series is predicted to converge at∼276

carbon atoms, and the second, at∼312. It must also be noted
that the HOMOs and LUMOs of these species are spatially
nondegenerate, unlike the frontier orbitals for the H-capped
SWNT fragments.

The results indicate that hydrogen capped (9,0) SWNT
fragments are metallic, whereas ones capped with a C30 hemi-
sphere are small-gap semiconductors. Moreover, the HOMOs
and LUMOs of the former are doubly degenerate, whereas those
of the latter are nondegenerate. These findings indicate that in
this casea hydrogen capped tube is not a good model for a
C30-capped tube. It is also not a good model for an infinite tube
which is predicted to be a small-gap semiconductor by band
structure calculations43-45,47and experimental measurements.48

For theD3d/D3h C30-capped tubes, the HOMOs are ofA1u/
A1′′ symmetry and the LUMOs are ofA2u/A2′′ symmetry. For
the D9h hydrogen capped tubes which were calculated inD3h

symmetry, these frontier orbitals have eitherE1′ or E1′′

Figure 7. HOMO and LUMO orbitals for theD3d, 132 atom, C30 capped
SWNT. Isosurface for(0.03 au.

Figure 8. HOMO and LUMO orbitals for theD3h, 222 atom, C30 capped
SWNT. Isosurface for(0.025 au.

Table 1. Dependence of the 13C Nuclear Shielding and Chemical
Shift in C60 on Basis Set and Density Functionala

basis functional shielding TMSb shift

DZ revPBE 57.654 203.96 146.31
DZP revPBE 53.506 192.07 138.56
TZP revPBE 39.265 185.10 145.84
TZ2P revPBE 38.723 185.63 146.91
DZ VWN 51.706 202.32 150.61
DZP VWN 46.950 190.57 143.62
TZP VWN 29.835 182.71 152.88
TZ2P VWN 29.144 183.28 154.14

a Experimental chemical shift: 142.68 ppm.b Calculated shielding
constant for TMS.

Table 2. Dependence of the Calculated 13C Chemical Shift in the
90-Atom H-Capped (9,0) SWNT Fragment on the Basis Set
(revPBE Functional)

nucleusa basis shiftb

1 DZ 128.51
DZP 121.20
TZP 128.69
TZ2P 130.22

2 DZ 143.69
DZP 137.64
TZP 147.14
TZ2P 148.35

3 DZ 136.37
DZP 129.11
TZP 136.87
TZ2P 138.16

4 DZ 136.20
DZP 129.60
TZP 137.99
TZ2P 139.28

a The numbers refer to the numbering scheme chosen in Figure 9.b With
respect to TMS. The calculated13C shielding constants for TMS are listed
in Table 1.

Table 3. Dependence of the Calculated 13C Chemical Shift in the
108-Atom H-Capped (9,0) SWNT Fragment on the Basis Set
(revPBE Functional)

nucleusa basis shiftb

1 DZ 127.40
DZP 119.84
TZP 127.12
TZ2P 128.66

2 DZ 134.01
DZP 128.00
TZP 136.38
TZ2P 137.61

3 DZ 133.90
DZP 127.62
TZP 135.50
TZ2P 136.83

4 DZ 133.37
DZP 126.35
TZP 133.87
TZ2P 135.10

5 DZ 141.32
DZP 135.29
TZP 144.34
TZ2P 145.61

a The numbers refer to the numbering scheme chosen in Figure 9.b With
respect to TMS. The calculated13C shielding constants for TMS are listed
in Table 1.
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symmetry. For theD9d hydrogen capped tubes which were
calculated inD3d symmetry, they are of eitherE1u or E1g

symmetry. Due to the fact that these orbitals are so close in
energy, the order of their population is sometimes reversed. Band
structure calculations which did not take into accountσ-π
hybridization and hence predicted metallic behavior for the
zigzag fibers showed that the highest occupied and lowest
unoccupied bands were 2-fold degenerate ofE symmetry,
touching the Fermi level at theΓ point.44

In Figures 5-8, the HOMOs and LUMOs for the smallest
and largest tubes with each capping are presented in form of
isosurface plots. All of these frontier orbitals have carbon p-π

character; however, in the case of the hydrogen capped SWNTs,
they are localized at each end of the tube, whereas, for the C30-
capped SWNTs, they are delocalized over the whole fragment.
At the same time, it can be seen from Figures 6 and 8 that the
HOMO-1 ofA1u symmetry of the H-capped fragment resembles
the HOMO of the C30-capped 222 atom fragment. Since the
HOMOs and LUMOs of the H-capped systems are localized at
the ends of the fragments, it is obvious that they do not represent
an occupied orbital of an infinite system. As the length of the
fragment increases, these orbitals do not yield a contribution to
the electron density along the tube (except at the ends) and must
therefore be regarded as artifacts due to treating the finite-sized
systems. On the other hand, the HOMOs and LUMOs of the
C30-capped systems indeed seem to yield a good representation
of the band structure of the infinite systems at theΓ point. We
expect that for very long H-capped fragments the HOMO-1 and
LUMO+1 shape and energy become similar to the HOMOs
and LUMOs of the corresponding C30-capped fragments. It

Table 4. Dependence of the Calculated 13C Chemical Shift in the
132-Atom C30-Capped (9,0) SWNT Fragment on the Basis Set
(revPBE functional)

nucleusa basis shiftb nucleusa basis shiftb

1 DZ 152.18 8 DZ 147.94
DZP 146.16 DZP 140.42
TZP 153.77 TZP 148.20

2 DZ 151.26 9 DZ 141.06
DZP 144.66 DZP 134.94
TZP 152.67 TZP 142.52

3 DZ 134.87 10 DZ 133.05
DZP 128.40 DZP 126.46
TZP 135.62 TZP 134.31

4 DZ 133.85 11 DZ 132.05
DZP 126.75 DZP 125.15
TZP 134.57 TZP 131.99

5 DZ 129.14 12 DZ 131.62
DZP 122.62 DZP 124.98
TZP 130.19 TZP 132.48

6 DZ 132.49 13 DZ 139.71
DZP 125.63 DZP 133.51
TZP 133.84 TZP 140.68

7 DZ 145.03 14 DZ 147.09
DZP 137.40 DZP 140.05
TZP 145.22 TZP 147.79

a The numbers refer to the numbering scheme chosen in Figure 10.b With
respect to TMS. The calculated13C shielding constants for TMS are listed
in Table 1.

Table 5. Dependence of the Calculated 13C Chemical Shift in the
150-Atom C30-Capped (9,0) SWNT Fragment on the Basis Set
(revPBE Functional)

nucleusa basis shiftb nucleusa basis shiftb

1 DZ 152.64 9 DZ 133.15
DZP 146.85 DZP 126.47
TZP 154.65 TZP 134.12

2 DZ 151.45 10 DZ 148.57
DZP 144.86 DZP 141.23
TZP 152.93 TZP 149.02

3 DZ 135.35 11 DZ 145.29
DZP 128.86 DZP 137.88
TZP 135.96 TZP 145.65

4 DZ 134.18 12 DZ 132.31
DZP 127.04 DZP 125.50
TZP 134.76 TZP 133.21

5 DZ 129.15 13 DZ 129.59
DZP 122.43 DZP 123.16
TZP 130.02 TZP 130.76

6 DZ 146.63 14 DZ 140.74
DZP 139.59 DZP 134.56
TZP 147.28 TZP 141.92

7 DZ 139.72 15 DZ 134.38
DZP 133.27 DZP 127.96
TZP 140.54 TZP 135.39

8 DZ 131.89 16 DZ 129.32
DZP 125.40 DZP 122.61
TZP 133.10 TZP 129.87

a The numbers refer to the numbering scheme chosen in Figure 10.b With
respect to TMS. The calculated13C shielding constants for TMS are listed
in Table 1.

Figure 9. 13C NMR chemical shifts of hydrogen cappedD9h/D9d (9,0)
SWNTs, with respect to TMS. revPBE functional, TZP basis.
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appears that the H-capped fragments are not well converged in
this respect. Both the HOMO-1s and HOMOs of the H-capped
fragments have contributions at the tube ends which means that
there should be comparatively large Coulomb interactions
present between these orbitals which are slowly vanishing with
increasing length.

3.2. NMR Chemical Shifts of (9,0) SWNTs.Our calculated
value of the13C NMR chemical shift in C60 is 145.84 ppm. It
compares reasonably well with the experimental value of 142.68
ppm.51 To assess the dependence of our results on basis set and
approximate density functional, we have carried out additional
calculations for C60 and some of the smaller nanotube fragments.
The data for C60 are collected in Table 1.

(51) Taylor, R.; Hare, J. P.; Abdul-Sada, A. K.; Kroto, H. W.J. Chem. Soc.,
Chem. Commun.1990, 20, 1423-1424.

Figure 10. 13C NMR chemical shifts of C30-cappedD3h/D3d (9,0) SWNTs, with respect to TMS. revPBE functional, TZP basis.

Figure 11. 13C NMR chemical shifts of a 132 atom, C30-cappedD3 (9,0)
SWNT, with respect to TMS.
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As can be seen certain combinations of functionals and basis
sets, such as VWN/DZP, offer fortuitous error compensation.
For instance, using the more flexible TZP with the VWN
functional instead results in a sizable change of the chemical
shift of about 9 ppm away from the experimental value, which
is to a large extent compensated when switching to the more
accurate revPBE density functional. Compared to TZP, the TZ2P
basis includes an additional set of 4f functions for each carbon
and is thus prohibitively expensive for the larger systems studied
here. The effect of the additional polarization functions on the
carbon shift is not completely negligible but also not expected
to be larger than additional correlation effects as well as self-
interaction corrections that are not covered by the revPBE
functional. The basis set and DFT trends obtained for C60 are
also found for the nanotube fragments that could be studied
with the TZ2P basis; see Tables 2-5. Also, the trends obtained
when using smaller basis sets than TZP are similar for C60, the
H-capped, and the C30-capped tubes. Previous experience with
NMR calculations shows that other nonhybrid gradient-corrected
standard functionals do not offer significantly more accurate
results in a systematic fashion. In summary, the revPBE/TZP
level offers a reasonably accurate description of the systems
covering the main effects from structure and electron correlation,
with currently neglected correlation, self-interaction, basis set,
vibrational and temperature, and intermolecular interaction
effects adding up to acceptable deviations between theory and
experiment estimated to be on the order of 5 ppm.

All computed chemical shifts for the nanotube fragments are
listed in Figures 9 and 10 besides graphics of the SWNT
fragments to allow for an easy comparison of the chemical shifts
with the position of the respective carbon atom in the tube.

We note a number of trends: For the H-capped fragments,
the chemical shifts at the ends are smaller than in the tube’s
center if the carbon is directly bound to a hydrogen; otherwise,

it is larger. The values in the middle of the tube seem to
approach a value of about 133 ppm from above for increasing
length of the fragments. For the C30-capped fragments, the shifts
of carbons in the middle of a fragment are always smaller than
at the end. The carbon shifts in the tips of the caps exceed the
one for C60 by about 14 ppm for the longest members. The
carbon shifts in the middle of the fragments approach a value
between 129 and 130 ppm, also from above. This chemical shift
is in surprisingly good agreement with the experimental values
of 126 and 124 ppm quoted above. It should be remembered
that the experimental sample was certainly not consisting of
only one type of tube. Nevertheless, the agreement is encourag-
ing, in particular when considering, by comparison with our
C60 results, that the computed values are likely to overestimate
experimental results by about 3 ppm.

The discrepancy between the central chemical shifts for the
H-capped and the C30-capped systems must be attributed to the
different nature of the frontier orbitals. It cannot be expected
that an orbital which is mainly localized at the tube’s ends has
a considerable direct contribution to the chemical shift of a
carbon residing in the middle of a tube. However, from the
preceding discussion it is obvious that there is a large effect of
the HOMO on the energies of the HOMO-1 etc. which will
have an influence on the13C chemical shifts (the expression
for the paramagnetic shielding tensor contains (∆Evo)-1, the
inverse of the energy differences between virtual (V) and
occupied (o) orbitals). As long as there is a noticeable interaction
between the HOMO and the HOMO-1, say, with the latter
yielding an important contribution to the shielding of one of
the central carbons, the chemical shift is not converged. From
our analysis of the frontier orbitals in the H-capped and the
C30-capped fragments, we believe that the chemical shifts of
the latter are closer to the converged values for an infinite
semiconducting (9,0) SWNT than the former. For longer

Table 6. Principal Components of the Shielding Tensors σ for C60 and the H-Capped (9,0) SWNT Fragments, Calculated at the TZP/
revPBE Level

system no.a σ11 σ22 σ33 system no.a σ11 σ22 σ33

C60 -26.037 -21.053 164.885 H-cap 1 -13.690 46.971 144.448
162 atoms 2 -31.942 -15.694 163.420

H-cap 1 -24.405 50.914 142.713 3 -14.133 -3.864 174.103
90 atoms 2 -40.630 -13.914 168.437 4 -15.511 -9.376 172.281

3 -27.934 -2.098 174.733 5 -11.593 -7.296 175.816
4 -30.549 -6.258 178.126 6 -13.771 -9.037 170.827

7 -9.290 -7.679 172.799
H-cap 1 -18.707 49.133 143.517 8 -8.945 -7.971 171.168
108 atoms 2 -20.692 -6.646 173.485

3 -20.229 -6.692 175.736
4 -18.645 -0.252 172.589 H-cap 1 -17.362 46.889 142.440
5 -32.893 -13.607 168.796 180 atoms 2 -12.926 -7.625 170.714

3 -8.869 -6.359 173.275
H-cap 1 -20.894 47.942 143.183 4 -8.973 -7.237 170.824
126 atoms 2 -34.514 -14.917 163.249 5 -9.193 -5.344 170.698

3 -14.445 -2.182 171.804 6 -7.621 -5.613 171.483
4 -15.442 -7.009 172.367 7 -10.231 -8.320 172.018
5 -13.117 -6.253 175.824 8 -12.137 -2.022 171.460
6 -13.694 -7.533 174.305 9 -30.190 -14.732 162.479

H-cap 1 -18.815 47.253 143.320
144 atoms 2 -14.525 -7.711 171.556

3 -10.663 -6.005 173.922
4 -10.649 -7.638 172.019
5 -12.225 -8.094 172.502
6 -13.418 -1.923 172.117
7 -32.624 -14.784 164.328

a The atom numbers refer to the numbering scheme chosen in Figure 9.
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fragments, improved agreement with experimental estimates
should be expected, in particular for the H-capped systems. This
is due to the fact that for both systems the central carbon atoms
should afford the same chemical shifts as the fragments approach
infinite length.

To determine if the chemical shifts are dependent upon the
symmetry of the C30-capped SWNTs, a computation on the
smallest tube possessingD3 symmetry was made. Comparison
of the results, shown in Figure 11, with the 132 atom tube of
D3d symmetry shows that the shifts at the end of the tube are
3.45 and 6.11 ppm larger for the former than for the latter.
Moreover, for theD3 tube, shifts in the middle range from
∼124-136 ppm, whereas, for theD3d tube, the shifts near the
middle are 131.99 and 130.19 ppm. Under the assumption that
the shifts are converged for the 132 atomD3 member, we can
conclude that theD3 set will have a larger chemical shift range
than theD3h/D3d series; however, the average of this range will
not be significantly different than the shift predicted for the
energetically more stable species. The 132 atomD3 tube is
predicted to be 4.85 kcal/mol less stable than theD3d tube in
our calculations. This is in agreement with other DFT calcula-
tions.12

For completeness, we also report the calculated principal
components of the shielding tensors. From the data collected
in Tables 6 and 7, it can be seen that the shielding tensor
components converge in a way similar to that of the chemical
shifts when increasing the tube length albeit not as smoothly
as the isotropic shieldings. The shielding tensors are strongly
anisotropic. For C60, the shielding tensor affords a large positive
component perpendicular to the “buckyball’s” surface, and two
negative component within the surface that are an order of
magnitude smaller (Figure 12). The shielding tensors for the
H-capped and C30-capped SWNTs are very similar in the tube’s
center. These, as well as the shielding tensors at the tip of the
caps in the C30-capped systems, are qualitatively comparable
to C60 in the sense that the large diamagnetic component is
perpendicular to the carbon framework. Generally, in the middle
of the tube fragments, the negative components within the
surface are significantly smaller in magnitude than for C60. The
smaller chemical shift for the (9,0) SWNT compared to C60 is
seen to result both from an increase of the magnitude of the
positiveσ33 component and a decrease of the magnitude of the
negativeσ11 andσ22 components.

Table 7. Principal Components of the Shielding Tensors σ for the C30-Capped (9,0) SWNT Fragments, Calculated at the TZP/revPBE Level

system no.a σ11 σ22 σ33 system no.a σ11 σ22 σ33

C30-cap 1 -54.855 -20.547 169.399 12 -19.462 -7.134 173.223
132 atoms 2 -73.399 -0.788 171.485 13 -13.832 9.002 173.568

3 -13.618 -9.476 171.543 14 -19.553 2.325 177.229
4 -17.825 -5.531 174.944 15 -19.036 -11.280 177.393
5 -16.680 1.469 179.943 16 -18.627 3.486 180.745
6 -13.085 -3.738 170.601 17 -40.240 -15.727 186.494
7 -48.568 -3.745 171.960 18 -64.258 -29.661 208.347
8 -48.570 -18.930 178.213
9 -51.820 19.884 159.685 C30-cap 1 -73.066 -17.124 177.621

10 -17.923 -3.517 173.797 186 atoms 2 -96.614 -7.141 200.386
11 -10.121 -4.780 174.218 3 -25.874 -6.052 178.183
12 -21.016 -0.573 179.455 4 -20.331 -8.597 182.744
13 -28.048 -15.425 176.717 5 -6.833 -4.280 177.579
14 -42.689 -28.806 183.416 6 -9.418 -4.732 177.226

7 -71.798 -29.117 207.319
C30-cap 1 -63.216 -18.600 173.169 8 -65.714 -11.482 197.203
150 atoms 2 -72.678 -16.578 185.763 9 -17.876 -1.005 174.905

3 -18.683 -16.252 182.339 10 -19.904 0.733 182.108
4 -19.226 -3.985 174.222 11 -12.951 -0.791 179.374
5 -8.204 -6.767 180.216 12 -75.458 -28.498 221.134
6 -53.602 -28.239 195.313 13 -46.757 -14.467 192.941
7 -33.637 -14.688 182.012 14 -20.697 0.037 181.970
8 -21.776 -2.541 180.317 15 -17.668 -12.479 177.875
9 -13.536 -12.552 179.037 16 -16.954 -0.016 178.575

10 -55.645 -31.505 195.389 17 -54.980 17.439 173.554
11 -52.994 -11.019 182.348 18 -18.688 -8.950 172.359
12 -16.291 -0.831 172.776 19 -14.420 14.389 172.525
13 -18.489 0.746 180.770 20 -18.306 -1.153 176.089
14 -54.870 21.436 162.962
15 -17.792 -4.290 171.203 C30-cap 1 -75.801 -19.414 182.100
16 -15.776 8.056 173.419 204 atoms 2 -105.626 -10.218 211.382

3 -30.247 -8.991 186.153
C30-cap 1 -65.426 -20.424 175.059 4 -19.657 -7.014 182.098
168 atoms 2 -88.549 -6.774 191.149 5 -7.091 -5.820 179.295

3 -21.624 -9.277 177.436 6 -9.927 -3.326 176.71
4 -16.061 -5.150 176.648 7 -10.009 0.781 176.925
5 -11.231 -5.494 178.138
6 -6.959 3.786 176.016 C30-cap 1 -82.120 -16.480 185.153
7 -15.480 3.244 179.219 222 atoms 2 -114.918 -10.313 221.639
8 -9.917 1.730 169.453 3 -36.064 -6.003 187.021
9 -59.091 -7.026 186.617 4 -22.210 -10.705 188.240

10 -65.415 -21.775 194.876 5 -7.639 -4.958 178.661
11 -53.849 20.352 167.893 6 -9.607 -2.196 177.682

7 -9.012 -2.062 176.789

a The atom numbers refer to the numbering scheme chosen in Figure 10.
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4. Summary and Conclusions

In this work we have, to the best of our knowledge, presented
the first density-functional study of NMR chemical shifts in
single-wall carbon nanotube (SWNT) fragments. The study was
carried out for the nonhelical (9,0) system. In agreement with
recent computational and experimental studies, the (9,0) SWNT
is predicted to have a finite band gap around the Fermi level.
The analysis of the energies and the nature of the frontier orbitals
indicates that hydrogen capped tube fragments are not neces-
sarily good models of the infinite systems, at least not at sizes
which are currently accessible to first-principles molecular
calculations. The HOMO and LUMO themselves need to be
considered as artifacts when making attempts to compare with
the infinite systems. In contrast, the C30-capped SWNT frag-
ments appear to represent good models for the infinite systems.
Their properties converge reasonably fast with increasing length
of the fragments. The chemical shift for the (9,0) SWNT is
estimated from our calculations to be around 130 ppm which
is in encouraging agreement with experimental estimates.
Comparison between a tube ofD3d and one ofD3 symmetry
indicates that tubes in the latter set may have a broader chemical

shift range, whose average lies near the value predicted for the
D3d/D3h series. A more comprehensive study which will further
address the influence of the tube diameter on the chemical shifts
is in progress. When taking the theoretical predictions by Latil
et al.19 for the difference between semiconducting and metallic
SWNTs into consideration (metallic systems were found to be
11 ppm less shielded), and assuming that the result for the (9,0)
tube is typical for a semiconducting system, metallic tubes’
chemical shifts can be expected to be close to the one for C60.
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Figure 12. Orientation of the calculated shielding tensors for C60 and the largest H- and C30-capped nanotube fragments. The arrows indicate the principal
axes. The arrows’ lengths reflect the magnitude of the principal shielding components. For reasons of clarity of presentation, they are not exactly proportional.
The large diamagneticσ33 component is indicated. See Tables 6 and 7 for numerical data (180-atom H-capped tube: atom no. 5. 222-atom C30-capped tube:
atoms no. 1 and 7). See Figures 9 and 10 for numbering.

A R T I C L E S Zurek and Autschbach

13088 J. AM. CHEM. SOC. 9 VOL. 126, NO. 40, 2004


