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Chiral graphene nanoribbon inside a carbon nanotube: ab initio study
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The dispersion-corrected density functional theory (DFT-D) is applied for investigation of structure

and electronic properties of a sulfur-terminated graphene nanoribbon (S-GNR) encapsulated in

a carbon nanotube. Two mechanisms of accommodation of the GNR in the carbon nanotube,

distortion of the nanotube cross-section into an elliptic shape accompanied by bending of the GNR and

transformation of the GNR to a helical conformation, are analyzed. Three types of elastic distortions of

the nanotube and encapsulated GNR are revealed depending on the ratio of the diameter of the

nanotube cavity to the GNR width. Helical states of the GNR are shown to be stabilized by the van der

Waals attraction of sulfur atoms at neighbouring edges of adjacent turns of the GNR. The results of

calculations are correlated with the experimental observations for the S-GNR synthesized recently

inside the carbon nanotube. The hybrid DFT calculations of band structures of zigzag GNRs

terminated with different atoms demonstrate that as opposed to O- and H-GNRs, the S-GNR is

metallic even when deformed inside carbon nanotubes. Possible applications of GNRs encapsulated in

carbon nanotubes are discussed.
1. Introduction

The new carbon nanostructure, graphene,1 is currently receiving

significant attention because of the unique physical properties it

exhibits. Nevertheless, the absence of an electronic band gap in

this material remains one of the main obstacles hindering its

application in electronic devices. One of the most effective

solutions for introducing an energy gap between the conduction

and valence bands of graphene is to shape it into strips of fixed

width – graphene nanoribbons (GNRs).2–8 Formation of GNRs

with well-defined, atomically smooth edges is essential for

controlling their electronic properties. However, as discovered

very recently, this is possible only by assembly of these nano-

structures inside carbon nanotubes (CNTs).9

Electronic properties of GNRs are sensitive to their confor-

mation. For example, it was demonstrated that twisting (Fig. 1a)

induces changes in band gaps of GNRs.10–12 Such a twisting was

observed for hydrogen-terminated GNRs (H-GNRs) synthesized

recently inside single-walled nanotubes (SWNTs) in the case

when the GNRs are loose inside the nanotubes (for the ratio of

the diameter Dc of the nanotube cavity to the GNR width w in
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the range Dc/w ¼ 1.7–4.0).13 However, structures consisting of

wide GNRs encapsulated in narrow CNTs, as in the experiment

in ref. 9 (Dc/w z 1.3), might be more interesting for practical

applications. In this case, the GNR conformation is determined

by the shape of the nanotube cavity and, therefore, the GNR

conformation and electronic properties can be controlled by

deformation of the nanotube walls. Nanotubes encapsulating

GNRs with tunable electronic properties hold great promise for

use in single-molecule nanoelectronic devices. The chemically

inert nanotube walls make it possible to use such nanoelectronic

devices under ambient conditions (e.g., in air) and even in

aggressive environments. The knowledge of precise relationships
Fig. 1 (a) Structure of the H-GNR twisted around its axis which was

studied in ref. 10–12. Schematic representation of two mechanisms of

accommodation of a S-ZGNR in a SWNT: (b) distortion of the SWNT

cross-section into an elliptic shape and bending of the GNR and (c)

transformation of the GNR to a helical conformation. Left: side views;

right: on-end views. Sulfur, carbon and hydrogen atoms are coloured

yellow, gray and blue, respectively.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2nr30144j
http://dx.doi.org/10.1039/c2nr30144j
http://dx.doi.org/10.1039/c2nr30144j
http://dx.doi.org/10.1039/c2nr30144j
http://dx.doi.org/10.1039/c2nr30144j


between the GNR width, diameters of nanotube walls and GNR

conformation as well as between the GNR conformation and

electronic properties is indispensable for elaboration of elec-

tronic devices based on hybrid GNR@CNT structures.

In the present paper we study the structure and electronic

properties of a sulfur-terminated zigzag GNR (S-ZGNR) inside

carbon nanotubes using calculations in the framework of

dispersion-corrected density functional theory (D-DFT). Mech-

anisms of control over the GNR conformation via interactions

with the carbon nanotube walls and types of elastic distortions of

the nanotube walls are considered. We also demonstrate a clear

relationship between the structure and functionality of the GNR

edge and GNR band structure. The theoretical results are for the

first time correlated with the experimental observations for the

recently synthesized S-ZGNR inside the carbon nanotube.9

Two mechanisms that allow for the relatively wide GNR to be

accommodated within the CNT can be proposed on the basis of

the experimental study.9 The first mechanism is distortion of the

nanotube cross-section into an elliptic shape and bending of the

GNR (Fig. 1b) to fit into this cross-section. The evidence for

strong deformations of nanotube walls arising from filling these

nanotubes with nanoobjects is provided by many experimental

observations.9,18,19,23 However, such deformations of the nano-

tube walls caused by the interaction with encapsulated nano-

objects have been poorly analyzed theoretically. Thus, one of our

goals is to examine simultaneous elastic distortions of the CNT

and GNR that arise upon encapsulation of the GNR.

The second mechanism that allows the GNR to be accom-

modated within the CNT is transformation of the GNR to

a helical conformation (Fig. 1c). Spontaneous chirality induced

by confinement in a cylindrical cavity was previously demon-

strated for a number of materials, even for systems consisting of

hard spheres.14 Helical structures of ice15 and nitrogen16 inside

SWNTs were predicted. One-dimensional helical nanostructures

of iodine,17,18 cobalt iodide19 and mercury iodide20 encapsulated

in SWNTs were obtained. Formation of chiral fullerene chains

inside SWNTs was predicted21 and observed experimentally.22,23

Finally, helical states were also revealed for the GNR synthesized

inside the SWNT.9 Molecular dynamics simulations24–26 showed

that a long GNR entering a short CNT forms a helix to optimize

the interaction energy between the GNR and CNT. Here we

for the first time investigate stability of the helical conformation

of the GNR by first-principles calculations.

While electronic properties of H-GNRs have been studied in

detail,2–8 little is known about properties of S-GNRs, which were

obtained experimentally only recently.9 The DFT calculations9

of the density of states for the experimentally synthesized

S-ZGNR using the semi-local exchange-correlation (XC) func-

tional of Perdew, Burke, and Ernzerhof (PBE)27 showed that this

GNR is semiconducting. However, it has been demonstrated that

standard DFT with (semi-)local XC functionals may lack accu-

racy in prediction of band gaps.28 We use the hybrid screened-

exchange Heyd–Scuseria–Ernzerhof (HSE06) functional,29,30

which was shown to be more accurate in the description of

electronic properties of carbon nanotubes,31,32 to revise the band

structure of the experimentally synthesized S-ZGNR9 and to

compare electronic properties of S-, O- and H-ZGNRs. More-

over, we investigate the effect of confinement inside carbon

nanotubes on the band structure of the S-ZGNR.
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The paper is organized as follows. In Section 2 we describe the

calculation methods. In Section 3 we first consider elastic prop-

erties of the isolated S-GNR and simultaneous elastic distortions

of the GNR and nanotube walls arising from the GNR encap-

sulation in SWNTs and double-walled nanotubes (DWNTs).

Then stability of helical states of the GNR is investigated. At the

end of Section 3, band structures of H-, O- and S-ZGNRs are

compared and the effect of confinement inside SWNTs on the

band structure of the S-ZGNR is studied. Our conclusions are

summarized in Section 4.
2. Methods

The DFT calculations are performed using the VASP code.33 The

PBE functional27 corrected with the dispersion term34 is used for

energy calculations and structure optimization. The basis set

consists of plane waves with the maximum kinetic energy of

500 eV. The interaction of valence electrons with atomic cores is

described using the projector augmented-wave method (PAW).35

A second-order Methfessel–Paxton smearing36 with a width of

0.1 eV is applied. The S-GNR consisting of 4 zigzag rows (width

w ¼ 10.5 �A) similar to the GNR synthesized in the experiment9 is

considered. In calculations for the GNR encapsulated in the

(9,9)–(14,14) SWNTs and the (9,9)@(14,14)–(14,14)@(19,19)

DWNTs, the sizes of the model cells are 30 �A � 2.47 �A � 30 �A

and 35 �A � 2.47 �A � 35 �A, respectively. The periodic boundary

condition is applied along the y-axis. Integration over the Bril-

louin zone is performed using the Monkhorst–Pack method37

with 1 � 36 � 1 k-point sampling. These calculation parameters

were shown to be sufficient to accurately describe the van der

Waals interaction of graphene layers.46 The structures of the

interacting GNR and nanotubes are optimized using the conju-

gated gradient method till the residual force acting on each atom

becomes less than 0.03 eV �A�1.

Elastic energies of (5,5), (10,10), (9,0) and (18,0) SWNTs are

calculated as energy differences of these nanotubes and graphene

for the model cells 21.4 �A � 2.47 �A � 30 �A, 42.7 �A � 2.47 �A �
30 �A, 22.2 �A � 4.27 �A � 30 �A and 44.4 �A � 4.27 �A � 30 �A,

respectively. The 1 � 36 � 1 and 1 � 24 � 1 k-point samplings

are used for the armchair and zigzag nanotubes, respectively.

The transformation to helical states is studied for the GNR

consisting of 240 C atoms and 66 S atoms and having the

nominal length and width of L ¼ 74 �A and w ¼ 10.5 �A, respec-

tively, in its flat conformation. In these calculations, we do not

consider the nanotube wall explicitly but rather assume that

atoms of the GNR lie on the cylindrical surface of radius 3.3 �A,

which is the curvature radius of the GNR synthesized experi-

mentally in the (14,5) nanotube9 in the case when the distance

between the GNR and nanotube wall equals 3.4 �A, i.e.

the characteristic interlayer distance in sp2-carbon structures.

The C–C and C–S bond lengths are taken to be equal to the

equilibrium values of 1.42 �A and 1.72 �A, respectively. The size of

the model cell is 17 �A � 88 �A � 17 �A. The projection operators

are evaluated in the real space. Integration over the Brillouin

zone is performed with a single G-point.

Band structures of the H-, O- and S-GNRs consisting of 4

zigzag rows are studied using the hybrid HSE06 functional.29,30

In these calculations, the size of the model cell is 30 �A� 2.47 �A�
30 �A. Integration over the Brillouin zone is performed using the
Nanoscale, 2012, 4, 4522–4529 | 4523



1 � 36 � 1 k-point sampling. The structures of the isolated H-,

O- and S-ZGNRs and of the S-ZGNR in the armchair nanotubes

are optimized using the PBE functional. Magnetic moments are

initially set at atoms of the GNRs to promote convergence to

antiferromagnetic states with ferromagnetic ordering at each

zigzag edge and antiparallel spin orientation between the two

edges.
3. Results and discussion

In the following we present the results of our calculations on

bending (Fig. 1b) and helical deformations (Fig. 1c) of the GNR

encapsulated in CNTs and on the electronic properties of GNRs.
Fig. 2 Calculated elastic energy E of the isolated bended S-ZGNR

consisting of 4 zigzag rows (circles; in eV per atom) as a function of the

curvature radius R (in �A). The solid line shows approximation E z C/R2

with the coefficient C ¼ 1.79 eV �A2 per atom. The dashed line corre-

sponds to the curvature radius of the GNR encapsulated inside the (14,5)

SWNT. The calculated elastic energies of armchair (5,5) and (10,10)

SWNTs and zigzag (9,0) and (18,0) SWNTs are shown with diamonds

and squares, respectively.
3.1 Bending deformation

Let us start our consideration of possible structures of a GNR

encapsulated in a CNT from the analysis of simultaneous

distortion of the nanotube cross-section into an elliptic shape and

bending of the GNR. The configuration of the interacting GNR

and CNT is determined by the balance of energies of van der

Waals interaction between the GNR and CNT and of elastic

distortions of the GNR and CNT.

Let us first discuss dependences of elastic energies of the isolated

bended GNR and isolated SWNTs on their curvature radii. The

dependence of the elastic energy of SWNTs on their radius R is

known to follow the classic ruleE¼CR�2, where the coefficientC

was previously calculated to beC¼ 2.00–2.16 eV�A2 per atom,38C

¼ 2.02–2.17 eV�A2per atom,39Cz 1.95 eV�A2 per atom40 andCz
1.95 � 0.05 eV �A2 per atom.41 Our calculations of elastic energies

of (5,5), (9,0), (10,10) and (18,0) SWNTsprovide the coefficientsC

¼ 1.96, 1.98, 1.92 and 1.93 eV �A2 per atom, respectively, in

agreement with the previous results,38–41 and confirm that the

difference between the coefficients C for SWNTs with different

chiral indices is negligibly small.38–41 The results of our DFT

calculations of the elastic energy for the isolated S-ZGNR con-

sisting of 4 zigzag rows as a function of its curvature radius R are

presented in Fig. 2. It is seen from Fig. 2 that the elastic energy of

the GNR follows the same classic rule as the elastic energy of

SWNTs. However, the coefficientC is found to beC¼ 1.79 eV�A2

per atom, which is smaller than the value for SWNTs.

Let us now consider the S-ZGNR encapsulated in a SWNT

(Fig. 1b). As opposed to the elastic energy, the energy of van der

Waals interaction between the GNR and the nanotube wall is

proportional to the overlap area between the regions of the GNR

and the nanotube wall which are located at the distance of about

3.4 �A from each other and only weakly depends on the curvature

radius. Therefore, the structure of the GNR encapsulated in the

SWNT is determined by the balance of energies which depend

differently on the curvature. This leads to a non-trivial depen-

dence of the equilibrium structure of GNR@SWNT on the

nanotube diameter (Fig. 3). In small-diameter (9,9) and (10,10)

SWNTs, the nanotube wall limits severely the space accessible to

the GNR and thus induces bending of the GNR. In this case,

both the SWNT and the GNR are strongly deformed. However,

for wider (11,11) and (12,12) SWNTs, it is more energetically

favourable to retain the flat structure of the GNR and to stretch

the nanotube wall parallel to the GNR plane. In (13,13) and

(14,14) SWNTs, the GNR becomes bended again.
4524 | Nanoscale, 2012, 4, 4522–4529
Geometric parameters of the deformed SWNTs are given in

Fig. 4a. It is seen that deviations of maximal Dmax and minimal

Dmin cross-sectional dimensions of the SWNTs from diameters

D0 of the isolated SWNTs are 1.5–2.5 �A for the (9,9), (10,10) and

(11,11) SWNTs and less than 0.6 �A for the (12,12), (13,13) and

(14,14) SWNTs. The experimental measurements9 of cross-

sectional dimensions of the (14,5) SWNT encapsulating the

GNR showed that these dimensions varied from 12.0 �A to

14.7 �A. This is within the interval of cross-sectional dimensions

11.4–15.7 �A calculated by us for the (10,10) SWNT (this nano-

tube when isolated has nearly the same diameter as the (14,5)

SWNT). The smaller variation of cross-sectional dimensions of

the (14,5) SWNT in the experiment9 can be related to the finite

length of regions of the GNR@SWNT system viewed at

a particular angle.

Encapsulation energies Eenc of the GNR inside the CNTs have

been calculated as the differences between the energies

EGNR@CNT of the GNR@CNT systems and the energies EGNR

and ECNT of the isolated GNR and CNTs, respectively:

Eenc ¼ EGNR@CNT � EGNR � ECNT (1)

The encapsulation energy Eenc of the GNR in the SWNTs

appears to be decreasing with increasing the nanotube diameter

D0 (Fig. 5a) and reaches about �40 meV per atom of the GNR

for the considered large-diameter SWNTs. Different contribu-

tions to the encapsulation energies Eenc, namely changes in the

elastic energies of the GNR and SWNTs relative to the isolated

nanostructures and the energies of van der Waals interaction

between the GNR and SWNTs, have been also analyzed

(Fig. 5a). The calculations show that in the (9,9) SWNT, the

energy losses related to deformations of the GNR and SWNT
This journal is ª The Royal Society of Chemistry 2012



Fig. 3 Optimized structures of the S-ZGNR consisting of 4 zigzag rows in armchair SWNTs and DWNTs (end-on views). Sulfur atoms are coloured

yellow. Carbon atoms of the GNR and CNTs are coloured red and blue, respectively. The maximal Dmax and minimal Dmin cross-sectional dimensions

of the (9,9) SWNT encapsulating the GNR are indicated by double-headed arrows.

Fig. 4 Calculated deviations Dmax/min � D0 of maximal Dmax (circles)

and minimal Dmin (squares) cross-sectional dimensions of the walls in

armchair (a) SWNTs and (b) DWNTs encapsulating the S-ZGNR con-

sisting of 4 zigzag rows from the diameters D0 of the isolated walls (in �A;

left axis) and relative variation (Dmax � Dmin)/Dmin of cross-sectional

dimensions of the walls (triangles; right axis) as functions of the diameter

Dc of the nanotube cavity (in �A; equal to the diameter D0 of the isolated

inner wall). The results for the inner and outer walls of DWNTs are

shown with filled and open symbols, respectively.

This journal is ª The Royal Society of Chemistry 2012
exceed in magnitude the energy of van der Waals interaction

between the GNR and SWNT so that the GNR encapsulation is

energetically unfavourable. In the (10,10) SWNT, the curvature

radius of the GNR increases leading to a decrease of the elastic

energy of the GNR. As a result, the encapsulation becomes

energetically favourable. In the (11,11) and (12,12) SWNTs, the

flat structure of the GNR provides the minimal elastic energy of

the GNR. However, in such a configuration, only the atoms

at the GNR edge interact strongly with the nanotube wall. Thus,

the energy of van der Waals interaction between the GNR and

SWNT reaches its maximum. In the (13,13) and (14,14) SWNTs,

the GNR again prefers to lie at the distance of 3.4 �A from the

nanotube wall and the energy of van der Waals interaction

between the GNR and SWNT decreases. However, this is

accompanied by some increase in the elastic energy of the GNR.

In wider SWNTs the elastic energy of the GNR should tend to

zero, while the energy of van der Waals interaction between the

GNR and SWNT should reach a stationary value corresponding

to the energy of van der Waals interaction between the flat GNR

and a graphene layer. From our calculations for the large-

diameter SWNTs, we estimate this energy to be about �60 meV

per atom of the S-ZGNR. The experimental measurements gave

the values of the van der Waals interaction energy of �23

to �33 meV per atom42 for carbon nanotube walls and of �52 �
5 meV per atom,43 �43 meV per atom44 and �35 � 15 meV per

atom45 for graphene layers. Our DFT-D calculations46 showed

that the interlayer interaction energy in bilayer graphene is�50.6

meV per atom. Binding energies of polycyclic aromatic molecules

on a graphite surface were calculated47 to lie in the range

from �78 to �53 meV per carbon atom. The slightly greater

magnitude of the energy of van der Waals interaction between

the S-ZGNR and SWNTs observed in the present study should

be attributed to the strong van der Waals interaction between

sulfur and carbon atoms as well as to the curvature effects.

Let us also consider the case of the GNR encapsulation in

a DWNT. For (9,9)@(14,14)–(14,14)@(19,19) DWNTs, we find

that the presence of the outer walls weakly affects deformations
Nanoscale, 2012, 4, 4522–4529 | 4525



Fig. 5 Calculated encapsulation energy and different contributions to

the encapsulation energy (in eV per unit cell) of the S-ZGNR consisting

of 4 zigzag rows in armchair (a) SWNTs and (b) DWNTs as functions of

the diameter Dc of the nanotube cavity (in �A; equal to the diameter D0 of

the isolated inner wall). The total encapsulation energy is shown with

black circles. The changes in the elastic energies of the GNR and nano-

tube walls relative to the isolated GNR and nanotube walls are shown

with blue triangles and red diamonds, respectively. The energies of van

der Waals interaction between the GNR and nanotube walls are shown

with green squares. The results for the inner and outer walls of DWNTs

are shown with filled and open symbols, respectively.

Fig. 6 Energy E (in meV) of the S-ZGNR consisting of 240 C atoms and

66 S atoms (4 zigzag rows) with the atoms lying on a cylindrical surface of

radius 3.3 �A as a function of the helix angle f (in degrees) calculated (C)

with and (B) without the dispersion correction. Inset: the scaled-up

dependence of the GNR energy on the helix angle f in the region of the

small energy minimum.
of the GNR and inner walls (Fig. 3). The calculated deviations of

the maximal Dmax and minimal Dmin cross-sectional dimensions

of the inner walls in the (9,9)@(14,14)–(11,11)@(16,16) DWNTs

from the diameters D0 of the isolated walls are only by 10–25%

smaller than those for the (9,9)–(11,11) SWNTs (Fig. 5b). The

calculated deviations of the maximal Dmax and minimal Dmin

cross-sectional dimensions of the inner walls in the (12,12)

@(17,17)–(14,14)@(19,19) DWNTs from the diameters D0 of the

isolated walls are within 0.6 �A, the same as for the corresponding

SWNTs. The deviations of the maximal Dmax and minimal Dmin

cross-sectional dimensions of the outer walls are close to those

for the inner walls, i.e. the relative variations (Dmax � Dmin)/Dmin

of cross-sectional dimensions are roughly twice smaller for the

outer walls than those for the inner walls. For all the considered

DWNTs except for the (10,10)@(15,15) DWNT, the calculated

encapsulation energies Eenc of the GNR inside the DWNTs are

lower than the encapsulation energies in the absence of the outer

walls by 2.4–5.5 meV per atom of the GNR (Fig. 5b). This small

negative energy is mostly related to the excess of the energy of
4526 | Nanoscale, 2012, 4, 4522–4529
van der Waals attraction between the GNR and outer wall over

the increase in the elastic energy of the GNR. The increase in the

elastic energy of the outer wall due to its deformation is found to

be negligibly small. Based on the calculations for the DWNTs,

we conclude that in multi-walled nanotubes, the conformation of

the GNR is mostly determined by the interaction between the

GNR and the inner nanotube wall, i.e. by the ratio of the

diameter Dc of the nanotube cavity (equal to the diameter D0 of

the isolated inner wall) to the GNR width w.
3.2 Helical deformation

Another way of accommodation of the GNR inside the CNT is

related to transformation of the GNR to a helical conformation

(Fig. 1c). Such a conformation of the GNR can be characterized

with a helix angle f. We define f as the angle between the tangent

line to the GNR edge and the axis of spiral symmetry of the GNR

so that f ¼ 0� corresponds to the case when the GNR is aligned

along the nanotube axis (Fig. 1b). We obtain the dependence of

the GNR energy on the helix angle f for the GNR consisting

of 240 C atoms and 66 S atoms and the GNR curvature radius of

3.3 �A, which corresponds to the curvature radius of the experi-

mentally synthesized GNR in the (14,5) SWNT.9

The calculated dependence of the GNR energy on the helix

angle f (Fig. 6) shows that helix formation is energetically

favourable both for the functionals with and without the

dispersion correction. In the case when the van der Waals forces

are not taken into account, there is only a small energy minimum

of �27 meV at the helix angle of 15� (inset of Fig. 6). The

dependence of the GNR energy on the helix angle obtained using

the dispersion-corrected functional has two energy minima.

There is a small energy minimum of �56 meV at the helix angle

of 17.5� (inset of Fig. 6), which is similar to the minimum

observed in the calculations without the dispersion correction.
This journal is ª The Royal Society of Chemistry 2012



Furthermore, there is a deep energy minimum of �0.66 eV at the

helix angle of 46�. This energy minimum is related to the van der

Waals attraction of sulfur atoms at neighbouring edges of

adjacent turns of the GNR. Therefore, according to our calcu-

lations, the S-GNR, which is flat when isolated, can be signifi-

cantly stabilized in the form of the helix inside the CNT by the

van der Waals interaction of atoms at the GNR edges.

Recent molecular dynamics simulations24–26 also demonstrated

that a GNR inside a CNT can be in a helical conformation. In

those simulations, formation of the helix was caused by close

packing of a long GNR in a short nanotube required for maxi-

mization the van der Waals attraction between the GNR and

nanotube wall and by stacking arrangement between the nano-

tube wall and GNR related to optimization of the p–p stacking

interaction. Therefore, the helix angle was determined by the

chiral angle of the nanotube and by the relation between the

diameter and length of the nanotube and the width and length of

the GNR. Our results demonstrate that transformation of the

GNR to the helical states can also be provided by the van der

Waals attraction of atoms at the GNR edges.
3.3 Electronic properties

As GNRs hold great promise for application in nanoelectronic

devices, electronic properties of GNRs have been in the focus of

extensive experimental48–50 and theoretical research2–9,51

(Table 1). Band structures of H-ZGNRs have been studied in

detail using standard DFT calculations with (semi-)local XC

functionals2–5,9 (in particular, within the local density approxi-

mation (LDA)2–5). The calculations without account of spin

polarization showed that the highest p top and the lowest p*

bottom bands of H-ZGNRs are flat and degenerate for 2p/3 #

ka# p,3,5 where k is the wave vector and a is the size of the GNR

unit cell. The states in the flat band region are highly confined at
Table 1 Direct band gaps D calculated in the present work and in the
literature for ZGNRs with different numbers Nz of zigzag rows and with
the ZGNR edges terminated with hydrogen, oxygen and sulfur atoms

GNR Nz Method D (eV) Ref.

H-ZGNR 2–32 LDA 0.4–0.1 2
8–32 LDA 0.3–0.1 3
4 LDA �0.3 4
4 PBE 0.5 9
8 HSE06 1.05 6
5–12 GW 1.5–0.8 7
4 HSE06 1.5 Present work

O-ZGNR 4 LDA Metallic 4
8, 9, 16, 32 LDA Metallic 5
8 HSE06 0.03 6
2–5 PBE Metallic 51
2 PBE0 1.4 51
3 PBE0 0.35 51
4 PBE0 0.2 51
5 PBE0 �0 50
2 HSE06 0.71 51
3 HSE06 0–0.04 51
4–5 HSE06 �0 51
4 HSE06 �0 Present work

S-ZGNR 4 PBE 0.5 9
4 HSE06 Metallic Present work
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the GNR edges. The account of spin polarization revealed that

ground states of H-ZGNRs are antiferromagnetic with ferro-

magnetic spin ordering at each zigzag edge and antiparallel spin

orientation between the two edges.2–5 In this case, the degeneracy

of the p top and p* bottom bands is broken and the p top and

p* bottom bands move down and up, respectively, keeping the

degeneracy between both spins and opening the band gap D

(Fig. 7a and Table 1). The wider GNR has a smaller antiferro-

magnetic interaction near the GNR center, so the resulting band

gap D is inversely proportional to the GNR width.2,3,7

Though qualitatively the results obtained using standard DFT

with (semi-)local XC functionals are correct, it is well known that

this approach suffers from self-interaction errors leading to an

excessive delocalization of electrons. Thus, band gaps may be
Fig. 7 Calculated band structures of ZGNRs. (a) The band structures of

the isolated ZGNRs consisting of 4 zigzag rows and terminated with

hydrogen (red solid lines) and oxygen (blue dashed lines) atoms. The

thick red lines show thep top andp* bottom bands of the H-ZGNR. The

thick blue lines show the O py and p* bottom bands of the O-ZGNR. (b)

The band structures of the S-ZGNR consisting of 4 zigzag rows in the

cases when the GNR is isolated (red solid lines) and encapsulated in the

(10,10) SWNT (blue dashed lines). The thick lines show the S py and p*

bottom bands of the S-ZGNRs.
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significantly underestimated in standard DFT calculations.28

Hybrid XC functionals (e.g., hybrid PBE functional (PBE0)52,53

and HSE06 functional29,30) reduce the self-interaction error by

including a fraction of exact Hartree–Fock exchange and

significantly improve prediction of many electronic proper-

ties.31,32,54 The band gap calculated for the 8-row H-ZGNR using

the hybrid HSE06 functional6 is considerably higher than the

values obtained using (semi-)local XC functionals (Table 1). The

GW calculations7 also provided much higher band gaps D than

standard DFT (Table 1).

As opposed to hydrogen electrons in H-ZGNRs, oxygen

electrons in O-ZGNRs participate in the p-electron systems of

the GNRs.4–6,51 The two singly occupied 2px and 2pz orbitals of

each oxygen atom form one s and one p bond with the neigh-

bour carbon atom. The second O pz orbital contributes to the p*

bottom band. The calculations without account of spin polari-

zation5 showed that this p* bottom band and the O py lone-pair

bands cross below the Fermi level, providing metallic behaviour

of the O-ZGNRs (Table 1). Since the single electron occupied in

the O pz orbital already forms the p bond with the edge carbon

atom, additional electrons are needed to fill the p* bottom band

near the top of the valence band. These electrons are provided by

the O py lone-pair bands. Thus, the O py bands are not fully

occupied and the p* bottom band is partially occupied, resulting

in the metallic band structure.5 The account of spin polarization

leads to some splitting in the O py lone-pair bands. However, this

splitting is rather small in standard DFT calculations.4,5 In spin-

polarized hybrid DFT calculations,6,51 the energy difference

between two O py bands becomes considerable and the lower O

py band moves under the p* bottom band (Fig. 7a). As a result,

in relatively wide O-ZGNRs (with the number of zigzag rows

Nz $ 3 for the HSE06 functional6,51 and Nz $ 5 for the PBE0

functional,51 see Table 1), the higher O py band and the p*

bottom band cross exactly at the Fermi level, providing the zero

band gap and the zero density of states at the Fermi-level6,51

(Fig. 7a). In narrow O-ZGNRs, the band gap opening is

observed.51

We have performed calculations of band structures of the H-,

O- and S-ZGNRs with Nz ¼ 4 zigzag rows using the HSE06

functional,29,30 which was previously shown to reproduce the

experimental data on optical transitions in SWNTs.31,32 In

agreement with the previous studies for H-ZGNRs2–7 and O-

ZGNRs,6,51 these GNRs are found to be antiferromagnetic in the

ground states. The calculated band gap for the H-ZGNR D¼ 1.5

eV (Fig. 7a) is consistent with the previous results obtained by

hybrid DFT6 and GW7 calculations for wider H-ZGNRs

(Table 1). The O-ZGNR is observed to have the band gap D z
0 with the zero density of states at the Fermi level (Fig. 7a), in

agreement with the previous studies6,51 (Table 1).

Our calculations for the S-ZGNR with Nz ¼ 4 zigzag rows

reveal that the antiferromagnetic state of this GNR is preferred

over the non-magnetic state by less than 2 meV per unit cell. The

magnitude of spin polarization in the S-ZGNR is much smaller

than in the O-ZGNR. This is related to the lower affinity of

sulfur to spin polarization. For example, the energy difference

between singlet and triplet states of sulfur atoms is about twice

smaller than that of oxygen atoms.55 Therefore, even in hybrid

DFT calculations, splitting of the S py bands is observed to be

very small and the band structure of the S-ZGNR resembles that
4528 | Nanoscale, 2012, 4, 4522–4529
of the paramagnetic O-ZGNR (Fig. 7b). The main difference in

the band structures of the S-ZGNR and the paramagnetic O-

ZGNR is that the S py bands are shifted up in energy compared

to the O py bands. Thus, the S py bands have even a higher

affinity to donate electrons to the p* bottom band than the O py
bands. As the S py bands are not fully occupied and the p*

bottom band is partially occupied, the S-ZGNR should be

metallic.

Recently it was shown that twisting of a GNR leads to

modification of its electronic properties.10–12 To study the effect

of encapsulation in CNTs on the electronic properties of the S-

ZGNR we have also performed the hybrid DFT calculations of

band structures of the GNRs encapsulated in the (9,9)–(14,14)

SWNTs. However, our calculations reveal that the S-ZGNR

remains metallic even when it is deformed inside the (9,9)–(14,14)

SWNTs (Fig. 7b). Therefore, H-ZGNRs may be more suitable

for digital electronic applications, where semiconducting

behavior is typically preferred, than S- and O-ZGNRs. In spite of

this, S-ZGNRs encapsulated in SWNTs are still promising for

use as conductive nanowires protected by the nanotube wall. S-

ZGNRs in the helical conformation can be proposed for use as

inductance nanocoils.
4. Conclusions

Mechanisms of accommodation of the recently synthesized9 S-

GNR in CNTs, distortion of the nanotube cross-section into an

elliptic shape accompanied by bending of the GNR (Fig. 1b) and

transformation of the GNR to a helical conformation (Fig. 1c),

have been analyzed by the DFT-D calculations. It was found that

for the first of these mechanisms, the balance between the elastic

and van der Waals forces between the GNR and nanotube wall

leads to a non-trivial dependence of structure of the

GNR@SWNT system on the nanotube diameter. The GNR

bending was observed for SWNTs with the ratio of the nanotube

cavity Dc to the GNR width w in the ranges Dc/w < 1.4 and

Dc/w > 1.6 (Dc<15 �A and >17 �A for the considered GNR of

width w ¼ 10.5 �A). In the SWNTs with 1.4 < Dc/w < 1.6, the

GNRwas found to retain its flat structure. The SWNTs were also

revealed to be deformed upon encapsulation of the GNR, in

agreement with the experimental observations.9 The strong

deformation of the nanotube wall was observed for narrow

SWNTs withDc/w < 1.5 (Dc<16�A for the considered GNR). The

conformation of the GNR encapsulated in DWNTs was found to

be mostly determined by the interaction between the GNR and

the inner nanotube wall, i.e. by the ratio of the diameterDc of the

nanotube cavity to the GNR width w. The deviations of the

maximal Dmax and minimal Dmin cross-sectional dimensions of

the inner and outer walls of the (9,9)@(14,14)–(14,14)@(19,19)

DWNTs were shown to be close to those for the (9,9)–(14,14)

SWNTs. The relative variations (Dmax � Dmin)/Dmin of cross-

sectional dimensions were revealed to be roughly twice smaller

for the outer walls than those for the inner walls. The encapsu-

lation energies of the GNR inside the DWNTs were found to be

different from the encapsulation energies in the absence of the

outer walls by less than 15%.

Furthermore, we showed that helical states of the encapsulated

GNR can be stabilized by the van der Waals attraction of atoms

at the GNR edges. This attraction was found to provide the deep
This journal is ª The Royal Society of Chemistry 2012



energy minimum of �0.66 eV for the S-GNR consisting of about

300 atoms at the helix angle of 46�. Moreover, the small energy

minimum of �56 meV was obtained for this GNR at the helix

angle of 17.5�. These results are consistent with the experimental

observations9 of helical states of the S-GNR.

The hybrid DFT calculations of band structures were per-

formed for the H-, O- and S-ZGNRs consisting of 4 zigzag rows.

The band gap for the H-ZGNRwas calculated to be 1.5 eV, while

the O-ZGNR was shown to have a zero band gap with the zero

density of states at the Fermi level, in agreement with the

previous findings.6,7,51 The S-ZGNR was revealed to be metallic.

The deformation of the S-ZGNR inside (9,9)–(14,14) SWNTs

was found to be insufficient to open the band gap. Therefore, S-

ZGNRs are potentially interesting for the use as nanowires

protected by the nanotube wall or inductance nanocoils.
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