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We study the isotropic 13C Knight shifts of conducting carbon nanotubes from first principles. We find that
the values of the shifts provide information about the chirality indices of nanotubes. For carbon nanotubes
wider than 0.5 nm the dominating spin-polarization effect leads to a small �several ppm� negative isotropic
Knight shift. The shift is inversely proportional to the diameter for conducting nanotubes wider than 1.5 nm.
Larger positive Knight shifts �hundreds of ppm� are predicted for ultranarrow zigzag nanotubes because of the
bands with a significant degree of rehybridization crossing the Fermi level. The isotropic 13C and 19F Knight
shifts of chemically modified carbon nanotubes are studied for the example of fluorinated �4,4�-C2F single-
wall nanotube.
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Carbon nanotubes �CNTs� have attracted enormous inter-
est due to their unusual physical properties. For instance,
CNTs may be either metallic or semiconducting with the
electronic properties depending on their atomic structure.1

This promises many applications of CNTs in technology.
Particularly, different varieties of metallic CNTs may be used
as the components of future nanometer-sized electronic de-
vices, electrochemical devices, and conducting composites.2

Nowadays, CNTs are routinely produced in large quantities.
Efficient methods for separation of metallic and semicon-
ducting CNTs and their further purification have been
developed.3 At this stage, the nuclear magnetic resonance
�NMR� technique widely used in chemistry can be applied to
the study of the composition of CNT samples. Significant
progress has recently been achieved in experimental NMR of
carbon nanotubes. The 13C nuclear spins of semiconducting
and metallic CNTs have been identified by means of spin-
lattice relaxation rate measurements,4 and the NMR spectra
of single-wall CNTs, purified from paramagnetic impurities,
have been obtained.5 In the latter case, the NMR signal has
been resolved into the contributions of semiconducting and
metallic CNTs at a ppm-level resolution.

The shift of the Larmor frequency of the nuclear spin is

described by the chemical shift tensor, �J=�Jref −�J+KJ, which
is defined by the magnetic shielding relative to a standard

reference, �Jref −�J, and the Knight shift tensor KJ, which
originates from the Pauli paramagnetism, occurring only in
metals.6 One often splits tensorial contributions into corre-

sponding scalar isotropic parts �e.g., Kiso= 1
3 Tr�KJ� for the

Knight shift contribution� and remaining traceless anisotropy
tensors. In reality solid samples of carbon nanotubes are ori-
entationally disordered. The isotropic chemical shift �iso and
partial information about chemical shift anisotropy tensor
can be obtained from the static NMR measurements of such
samples. Morever, high resolution solid state NMR experi-
ments are often performed under isotropic averaging condi-
tions such that only isotropic quantities are measured. Latil
et al.7 theoretically predicted a separation of about 11 ppm
between the isotropic chemical shifts of metallic and insulat-
ing CNTs due to the London ring current contribution to the
magnetic shielding. However, the ring current contribution

does not provide more details about the atomic structure of
CNTs which is commonly characterized by the pair of chiral-
ity indices �n ,m�.

In the present study, we investigate the isotropic Knight
shifts of metallic CNTs using a theoretical approach. We
show that the values of the shifts provide information about
the chirality indices of conducting CNTs in a sample. For
narrow CNTs isotropic Knight shifts achieve significant val-
ues. Moreover, high-resolution NMR measurements of iso-
tropic Knight shifts can be used to study the electronic struc-
ture of chemically modified, bundled, and multiwalled CNTs.
We aim to stress the value of NMR as an experimental
method for the investigation of these promising materials.

The isotropic Knight shift

Kiso =
8�

3
�����0��2� + ���p, �1�

originates from the Fermi contact magnetic interaction be-
tween the conduction electron spin and the nuclear spin. One
can separate the contributions due to the effects of �i� the
conduction electrons, which is proportional to the squared
magnitude of conduction band wave function at the point of
the nucleus ��0�, and �ii� the ensemble of spin-polarized va-
lence bands and atomic core states.8 The latter term can be
collected in the common parameter �. The Pauli spin suscep-
tibility, �p, is proportional to the density of states at the
Fermi level, n��F�. Thus, Kiso provides an information about
the conduction states which can be related to the atomistic
structure of the metallic system under investigation.

In a single two-dimensional graphite layer, graphene,
��0�=0 because conduction bands have �� character and
all nuclei lie in the nodal plane of these states. Rolling up
the graphene sheet into a carbon nanotube causes partial
sp2-sp3 rehybridization which means that the �� states re-
ceive s character rapidly increasing with a decreasing CNT
diameter. The rehybridization contribution to the isotropic
Knight shift is positive. The exchange spin-polarization ef-
fects on Knight shift are relatively well studied for the kin-
dred class of conducting compounds, alkali metal graphite
intercalates. Negative isotropic Knight shifts up to 100 ppm
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in magnitude were measured experimentally9 for these sys-
tems. However, the density of states at the Fermi level in
graphite intercalates is higher compared to that of metallic
carbon nanotubes.1 This reduces the estimates of the negative
spin-polarization contribution to the order of several ppm.

Other possible contributions to isotropic Knight shifts in
CNTs concern ultranarrow, chemically modified, bundled,
and multiwalled CNTs. �i� It has been shown by first prin-
ciples calculations10 that �n ,0�, �n=3–6� single-wall CNTs
�termed irregular CNTs below, regular otherwise� are true
metals. The density of states at the Fermi level, n��F�, is
higher than predicted by the zone folding approximation1

and the conduction bands might have higher s character in
these cases. �ii� For chemically functionalized CNTs addi-
tional possibilities can be exploited. A chemical modification
may change both n��F� as well as the spatial character of the
conduction states. In addition, introduced nuclei of func-
tional groups may also experience isotropic Knight shifts.
This suggests to perform NMR measurements on nuclei
other than 13C in order to probe the conduction states of a
sample. �iii� Nanotube bundling may affect the band struc-
ture of CNTs by breaking the metallicity of otherwise metal-
lic CNTs or closing the gap in semiconducting ones. The
pseudogap opening in conducting nanotubes has been ob-
served experimentally and studied theoretically11 while the
band gap closing in otherwise semiconducting nanotubes
was predicted theoretically.12 Reich et al. showed in their
computational study12 that in �10,0� nanotube bundles the
gap between � and �* bands closes up due to the dispersion
perpendicular to the nanotube axis. The curvature-induced
metallization of double-wall semiconducting nanotubes has
also been predicted recently.13

Unlike its isotropic contribution, the Knight shift aniso-
tropy originates from the dipole-dipole interaction between
the electron spin and the nuclear spin. The dipolar contribu-
tion can be accessed by analyzing the static line shape of the
NMR spectum or through the nuclear relaxation rate mea-
surements. In the case of conducting CNTs, the dipolar
Knight shift originates from the direct contribution of con-
duction � states and is almost unaffected by the spin polar-
ization and sp2-sp3 rehybridization effects.14 Its value pro-
vides direct information about n��F� what was used in a
number of studies of carbon nanotubes and graphite interca-
lation compounds.4,7,15

The computational method we use is based on the all-
electron density functional theory �DFT� approach within pe-
riodic boundary conditions16 implemented in the GAUSSIAN

03 code.17 Following the methodology of Weinert et al.,18 we
perform unrestricted self-consistent field �SCF� calculations
with arbitrary external magnetic field H. In order to keep the
numerical errors of the SCF calculations small it is necessary
to apply strong magnetic fields, about two orders of magni-
tude stronger than the ones conventionally used in the NMR
measurement. For instance, in the case of the �6,6� CNT
calculation an external magnetic field of 1.3�107 G was ap-
plied in order to achieve magnetization of 0.002 electrons
per atom. The corresponding Fermi contact hyperfine field at
the 13C nuclei is about 21 G in this calculation. We con-
firmed that for these systems such strong external fields are

still in the linear regime for the change of the hyperfine field
with respect to the external one. The calculated isotropic
Knight shift

Kiso =
8�

3
	e


↑�0� − 
↓�0�
H

, �2�

with 	e being the electron gyromagnetic ratio and 
↑�↓��0�
being the spin-up �-down� electron density at the nucleus
site. The SCF approach permits us to include explicit contri-
butions coming from the magnetization of the conduction
electrons and from possible spin-polarization effects and the
exchange-correlation spin susceptibility enhancement.19

The Becke exchange20 and Lee-Yang-Parr correlation21

generalized gradient approximation density functionals
�BLYP� and Dunning’s D95�d� Gaussian-type orbital basis
set22 have been used in our calculations. In this basis set both
valence and core functions are double split as a necessary
condition for an accurate description of spin polarization. We
found that this basis set is a reasonable compromise between
accuracy and computational cost. In order to check the accu-
racy of this combination of basis set and density functional
we have performed test calculations of 13C isotropic hyper-
fine coupling constant for the planar CH3 radical. A number
of detailed experimental works and theoretical calculations
are available for this simple radical. In this system the un-
paired electron resides on an orbital of pure p character.
Thus, the Fermi contact contribution of the singly occupied
molecular orbital to the 13C isotropic hyperfine coupling con-
stant is zero like in a graphene sheet. This isotropic coupling
can be reproduced with good accuracy by the DFT calcula-
tions �see, e.g., Ref. 23�. At the chosen level of theory the
calculated 13C isotropic hyperfine coupling constant of the
CH3-radical amounts to 26.40 G, while the BLYP basis set
limit value is 26.13 G. The coupled-cluster singles and
doubles �CCSD� theory in combination with D95�d� basis set
gives 27.72 G. All these results compare well with the ex-
perimental value of 28.4 G determined by Chipman24 for the
planar radical. The crucial step for an accurate calculation of
Knight shifts using a self-consistent approach is the Brillouin
zone integration. We have used an interpolative approach,
which is a one-dimensional version of the linear tetrahedron
method.25 No thermal smearing has been applied and pos-
sible band crossings at the Fermi level have been resolved,26

if necessary. In all our calculations the uniform Brillouin
zone integration mesh consists of 512 k points.

In this work, we study conducting armchair �n ,n� �n
=3–12� and zigzag �n ,0� �n=3–6,9 ,12,15� nanotubes
which have diameters up to 1.6 nm. The structures of these
nanotubes have been generated27 assuming a 1.421 Å
carbon-carbon bond distance. The geometries of the ultrana-
rrow zigzag nanotubes �n ,0� �n=3–6� have been relaxed at
the same level of theory as the one used for the calculation of
Knight shifts. This is necessary since an effect of the bond
length alternation28 becomes important for ultranarrow
CNTs. The effects of electron-phonon coupling and small
curvature-induced band gap29 in wider zigzag CNTs have not
been taken into account.
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The calculated values of Kiso for regular metallic CNTs
are shown in Fig. 1 as a function of their diameter. The shifts
have been predicted to be negative for the CNTs with diam-
eter larger than 0.5 nm while a positive value of 5.4 ppm has
been predicted for the narrow �3,3� CNT. We explain the
observed trend as the sum of the contributions due to the spin
polarization for the flat graphene sheet �Kiso

sp � and due to the
curvature-induced rehybridization �Kiso

rh �. The spin-
polarization contribution is proportional to the density of
states at the Fermi level, Kiso

sp =Bn��F�. The negative constant
B equal to −228 ppm·eV·carbon atom·spin has been pre-
dicted on the basis of calculations for the flat graphene sheet.
This result can be compared to the experimental range
between −530 and −270 ppm·eV·carbon atom·spin for
MCn �M =K,Cs;x�8� graphite intercalation compounds.9

The SCF spin-density induced by the external magnetic
field is shown in Fig. 2. The positive spin density due to the
direct magnetization of the graphene � and �* conduction
band electrons prevails. However, the negative magnetiza-
tion has been observed in the graphene plane �z=0�. It
achieves absolute maxima at the sites of carbon nuclei. This
can be explained by both negative 1s core and 2s spin polar-
ization. The rehybridization contribution is estimated as
Kiso

rh =8� /3�m�2s
2 �0���p, where m is the s content of the �

orbital as defined in the �-orbital axis vector �POAV�
analysis30 and �2s�0� is the magnitude of the carbon atom 2s
wave function at the point of the nucleus. This contribution
is significant only for the narrowest CNTs and increases very
fast with decreasing diameter. It is remarkable that the esti-
mated trend in Knight shifts reproduces calculated values.

From our calculations we conclude that the isotropic
Knight shift of average diameter �d�0.6 nm� metallic CNTs
is on the order of 1–2 ppm towards lower frequencies. These
values can be compared to the difference of about 8 ppm
between the chemical shifts of semiconducting and metallic

single-wall CNTs obtained experimentally using solid-state
NMR.5 This experimental value is 3 ppm smaller than the
difference of 11 ppm, theoretically predicted when taking
into account only ring current effects. The calculated nega-
tive isotropic Knight shift explains the difference in pre-
dicted and experimentally observed values. Knight shifts of
wider �d�1.6 nm� CNTs, which are not considered here can
be obtained by means of extrapolation based only on the
graphenic spin-polarization contribution. Rehybridization
contribution can safely be neglected for wider CNTs. In this
case, a measured Knight shift reflects the density of states at
the Fermi level in a direct way.

However, ultranarrow irregular CNTs show much larger
positive isotropic Knight shifts �Fig. 1, inset� as a result of
significant rehybridization of the conduction band states and
higher n��F�. The highest predicted value is +685 ppm for
the �3,0� nanotube. For the �5,0� single-wall CNT, three types
of nuclei can be distinguished because this CNT is predicted
to be slightly flattened. Similar observations concerning the
geometry of the �5,0� CNT have been made in Ref. 16.

As an example of a chemically functionalized system, the
isotropic Knight shifts of the fluorinated �4,4� armchair CNT
�Ref. 31� have been calculated. The stable configuration of
the single-wall �4,4�-C2F CNT is taken from the computa-
tional study of Bettinger et al.32 For the benefit of the reader,
the structure of the unmodified and fluorinated �4,4� CNTs
are shown in Fig. 3. In this case chemical functionalization
causes complete rehybridization to sp3 state of half of the
carbon atoms without breaking the metallicity. The contribu-

FIG. 1. Isotropic Knight shifts of conducting single-wall CNTs.
In regular metallic nanotubes Kiso shows dependence on the nano-
tube diameter as a result of interplay between the spin polarization
�Kiso

sp � and the rehybridization �Kiso
rh � contributions. The squares and

diamonds indicate the calculated shifts for armchair and metallic
zigzag CNTs, correspondingly. The curves show estimated shift as a
function of CNT diameter and its individual contributions �see text�.
Isotropic Knight shifts of ultranarrow conducting CNTs are shown
in the inset. Three different types of 13C nuclei in �5,0� CNT can be
recognized.

FIG. 2. Calculated SCF spin density �arb. units� for flat
graphene sheet in an external magnetic field in the plane orthogonal
to the graphene sheet �top�. The maximum value of spin density on
the contour plot �bottom� is 1.0. Position of a carbon atom and a
contour line corresponding to the spin-density value of −0.1 is in-
dicated by the arrow.
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tion of these atoms to the conduction states is smaller but
their relative s contribution is higher. Thus, a positive Knight
shift for such atoms is expected. The other atoms are ar-
ranged into flat “strips” which are responsible for conductiv-
ity. A negative graphenic shift is expected on the nuclei of
Csp2 atoms. Chemical modification also leads to an increase
of n��F� in this case, 0.063 �eV·Csp2 atom·spin�−1 compared
to 0.020 �eV·Csp2 atom·spin�−1 for the unmodified �4,4�
CNT. Our calculations predict −7.5 ppm, +18.6 ppm, and
+21.3 ppm isotropic Knight shifts for the nuclei of Csp2,
Csp3, and F atoms, respectively. The difference in Knight
shifts among the two types of carbon nuclei is 26.1 ppm.
Thus the Knight shift contribution to the total chemical shift

is of similar order of magnitude with the typical difference
�about 100 ppm� in orbital chemical shifts of Csp2 and Csp3

nuclei. In addition, the Knight shift anisotropy of Csp3 and of
F nuclei is smaller compared to that of Csp2 nuclei that favors
the observation of narrow NMR signals.

In conclusion, our results show that the isotropic Knight
shifts of metallic CNTs, except ultranarrow ones, reflect the
density of states at the Fermi level. High-resolution NMR
can be used to study the distribution of diameters of the
conducting CNTs in a sample. Ultranarrow zigzag CNTs
possess large positive isotropic Knight shifts characteristic of
their chirality indices. Knight shifts can serve as the unam-
biguous spectroscopic signatures of these unusual structures.
Finally, Knight shift measurements can be useful to study
chemically functionalized CNTs. The results of our theoreti-
cal study provide a perspective for studying carbon nano-
structures using NMR.
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