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Families of carbon nanotubes: Graphyne-based nanotubes
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New families of carbon single-walled nanotubes are proposed and their electronic structures are investigated.
These nanotubes, called graphynes, result from the elongation of covalent interconnections of graphite-based
nanotubes by the introduction ofynegroups. Analogously to ordinary nanotubes, armchair, zigzag, and chiral
graphyne nanotubes are possible. We here predict the electronic properties of these unusual nanotubes using
tight-binding andab initio density functional methods. Of the three graphyne nanotube families analyzed here,
two provide metallic behavior for armchair tubes and either metallic or semiconducting behavior for zigzag
nanotubes. A diameter- and chirality-independent band gap is predicted for the other investigated graphyne
family, as well as an oscillatory dependence of the effective mass on nanotube diameter.
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I. INTRODUCTION

The early report of graphite-based carbon nanotu
~CNT’s! by Iijima1 generated an enormous amount of
search activity. New and exciting phenomena have b
observed,2 including field emission,3 quantum conductance,4

superconductivity,5 higher thermal conductivity than
diamond,6 and constant-force nanosprings7 as well as pro-
posals of CNT-based nanodevices.8,9 Depending upon struc
ture, the nanotubes are either metallic or semiconduct
which is a feature that has been intensively investigated
exploited in prototype devices.2

Alternative structures containing heteroatoms~N, B, etc.!
in the nanotubes, as well as various carbon-free nanofib
have been recently synthesized.2 While previous work has
focused on graphitic nanotubes, we believe that other ty
of pure carbon nanotubes are feasible using different ac
sible hybridization states of carbon. One possibility that h
been overlooked in the literature is to use graphyne shee
the structural motif for carbon nanotubes. Graphyne is
allotropic form of carbon proposed by Baughman, Eckha
and Kertesz10 in 1987, which has recently become the foc
of new investigations.11–13 Graphyne is the name for th
lowest-energy member of a family of carbon phases cons
ing of planar molecular sheets containing onlysp and sp2

carbon atoms. The presence of acetylenic groups in th
structures introduces a rich variety of optical and electro
properties that are quite different from those of ordinary c
bon nanotubes.

As there are many different types of graphynes,10 various
new families of pure carbon nanotubes can be generated
have different electronic and structural characteristics. Jus
a sheet of graphite~graphene! can be rolled to form differen
types of CNT’s, armchair, zigzag, or chiral, variou
graphyne-based nanotubes~GNT’s! are similarly possible
~Fig. 1!. In addition, the usual (n,m) nomenclature used to
describe CNT’s can be preserved.

In this paper, we report electronic properties for thr
families of graphynes~as both infinite planar sheets an
nanotubes! using tight-binding~TB! and ab initio density
functional methods. While one of these nanotube fami
behaves like CNT’s, unusual characteristics are predicted
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the others. Among these characteristics are a fractional
for metallic zigzag nanotubes and a band gap indepen
from diameter and chirality values.

II. METHODOLOGY

A single-walled CNT can be considered heuristically
formed by rolling a graphene sheet to make a seam
cylinder.2,14 In the same way we can imagine GNT’s a
formed by rolling graphyne sheets to form quite differe
seamless cylinders. Figure 1 represents this process
graphene@Fig. 1~a!# and for two types of graphyne shee
@Figs. 1~b! and 1~c!#. Figure 2 shows three-dimension

FIG. 1. The structural relationships between carbon sheets
single-wall carbon nanotubes for sheets of~a! graphene~a graphite
sheet!, ~b! a-graphyne, and~c! g-graphyne. Depending upon th
axis used for rolling the carbon sheet to make a seamless cylin
the nanotube is armchair@~a! and ~b!, right#, zigzag@~c!, right#, or
chiral.
©2003 The American Physical Society30-1
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views of the tube structures shown in Fig. 1. We can se
this figure the first important difference between CNT’s a
GNT’s: the graphyne nanotubes have porous sidewalls. T
is an interesting aspect, since this porosity should facilit
materials transport through the nanotube sidewalls, wh
could be important for materials storage and electrochem
charging processes. In fact, selected dopants could eve
side in the pore volume of the nanotube walls.

Three types of graphyne sheets, having the same s
group as graphene (p6m), are considered in this paper. Th
first one, which we nameda-graphyne, was chosen since
is most analogous to graphene. The graphene
a-graphyne chemical structures are shown in Fig. 3. T
second type of graphyne,b-graphyne, is represented in Fi
4~a!. Its structure is a modification of thea-graphyne where
the hexagons are covalently interconnected by double bo
Therefore, comparison of these two families provides a g
way to analyze the effects of structure on electronic str
ture. The last family analyzed here@Fig. 4~b!#, named
g-graphyne, was chosen since it is the lowest-energy m
ber of the graphyne family and it is the most likely to b
synthesized.

We have used two approaches for evaluating the b
structures of these sheets and nanotubes. Tight-binding
culations were carried out using the methodology of Sa
et al.15 and Wallace.16 Following the Wallace16 methodology
for TB calculations, each carbon atom is described by
2pz orbital with first-neighbor interactions. The molecul
orbital energy and hopping integral values were calculate
the extended Hu¨ckel theory framework,17 using the param-
etrization proposed by Clementi and Raimondi.18 The over-
lap integrals were calculated using the approach of Mullik
et al.19 The TB approach used here overestimates ener
~band gaps, for instance! but good qualitative agreement wit
ab initio results have been observed.

We have also performedab initio density functional
~DFT! calculations for the graphyne sheets using theSIESTA

code20 in the generalized gradient approximation, with

FIG. 2. Three-dimensional view of~a! a conventional armchai
nanotube~CNT! based on a graphene sheet,~b! an armchair nano-
tube (a-GNT! based on ana-graphyne sheet, and~c! a zigzag
nanotube (g-GNT! based on ag-graphyne sheet~Fig. 1!. The in-
crease in nanotube sidewall porosity in going from a CNT to
g-GNT and ana-GNT is evident. The same van der Waals rad
was used for all structures.
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Perdew-Burke-Ernzerhof exchange-correlation functiona21

The interactions between the valence electrons and io
cores are described through fully nonlocal norm-conserv
Troullier-Martins pseudopotentials.22 A double-z basis set
with polarization orbitals was used with core radii of 2.2 a
2.6 Å for 2s and 2p basis orbitals, respectively.

Although the TB approach is quite simple, comparison
predictions of the TB and DFT methods shows that the m
electronic features of graphyne-related structures~sheets and
tubes! are reliably predicted using this method. Also, the T
approach has the major advantage that the geometrical tr
formation of a flat sheet into cylinders~nanotubes! can be
easily simulated using the ‘‘slicing’’ process.2 This process
obtains the band structure of a nanotube through applica
of constraints predicted for the analogous planar sheet st
ture. This approach is not feasible using DFT methods. Th
the GNT band structure was derived from the calcula
band structure of the corresponding planar sheet using
TB approach.

III. RESULTS AND DISCUSSIONS

A. a-graphyne tubes

The geometry optimization of thea-graphyne structure
was carried out usingSIESTA.20 The final geometry obtained
is a perfect hexagon with the following distribution of bon

a

FIG. 3. Schematic chemical structure and unit cell represe
tion for ~a! graphene and~b! a-graphyne sheets~Ref. 10!. The

lattice vectors are given bya15aŷ and a25a(A3x̂/21 ŷ/2). The
construction of the unit cellXYZWin ~b! is straightforwardly ob-
tained from its equivalent in~a!. Thea-graphyne unit cell has eigh
atoms. This unit cell pertains both for the pictured bonding struct
and for the case where all linkages in the structure become equ
lent as a result of resonance.
0-2
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lengths for each side: 1.4, 1.244, and 1.4 Å. The correspo
ing lattice parameter obtained isa54.043A3 Å. Because of
this equivalence of the sides of the hexagons,a-graphyne is
analogous to graphene, which facilitates comparison betw
a-GNT’s and CNT’s.

The construction of zigzag and armchaira-GNT’s is done
analogously to the case of CNT’s. Defining the chiral vec
asCh
W5na1

W1ma2
W5(n,m) (n,m integers!, zigzag and arm-

chair tubes are generated from (n,0) and (n,n) chiral vectors
@Fig. 3~b!#, respectively.

Figure 5 shows the band structure for the graphene
a-graphyne sheets obtained from DFT calculations, wh
are qualitatively similar. Hence, we can expect similar b
havior for nanotubes ofa-graphyne and graphite.

In order to derivea-GNT properties, we have also evalu
ated the band structure for aa-graphyne sheet using TB

FIG. 4. Schematic chemical structure and unit cell represe
tion for ~a! b-graphyne and~b! g-graphyne sheets~Ref. 10!. The

lattice vectors are given bya15ax̂ anda25a(2 x̂/21A3ŷ/2). The
unit cell of b-graphyne (g-graphyne! sheet has 18~12! atoms.

FIG. 5. Band structure of~a! graphene (a51.42 Å) and ~b!
a-graphyne sheets obtained from DFT calculations. The Brillo
zone is also shown.EF is the Fermi energy.
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calculations and the previously described geometry. Fr
these results we have extracted thea-GNT’s band structures
We predict metallic behavior for all armchaira-GNT’s and
either metallic or semiconducting behaviors for zigz
a-GNT’s. Furthermore, the same rule applies for determ
ing which zigzag CNT’s and GNT’s are metallic; i.e., th
nanotubes are metallic only whenn is a multiple of 3. This
aspect can be observed in Fig. 6 from the band-gapEg varia-
tion with the tube diameterdt5na/p. The expected gap
decrease with increasing GNT diameter is evident, as we
the oscillatory behavior of band gap with increasing valu
of n.

B. b-graphyne tubes

A perfect hexagon was assumed for theb-graphyne shee
with bond lengths of 1.43, 1.2, and 1.34 Å for the sing
triple, and double bonds@Fig. 4~a!#, respectively.10 The cor-
responding lattice parameter isa59.46 Å. Zigzagb-GNT’s
are defined by (2m,m) and armchair ones by (n,0) combi-
nations.

Figure 7 shows the band structure calculated for
b-graphyne sheet using the DFT method. The point of ba
crossing predicted for ab-graphyne sheet occurs on a diffe

a-

n

FIG. 6. Band-gap variation for zigzaga-GNT’s obtained from
TB calculations.

FIG. 7. Band structure of theb-graphyne sheet obtained from

DFT calculations. The arrow indicates the point (kW* ) where the
band crossing occurs.
0-3
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ent position than fora-graphyne and, consequently, the ru
for metallic behavior is altered. This point for th
b-graphyne sheet iskW* 5lp/aŷ (l>0.487 from TB calcu-
lations andl>0.425 from DFT calculations!. From the band
structure of the sheet~Fig. 7!, all armchairb-GNT’s are
predicted to be metallic. This is due to the occurrence ofkW*
in theGM direction, which is always reached by the selec
k points through the armchair GNT quantization rule.

On the other hand, the occurrence of metallic or semic
ducting behavior for zigzagb-GNT’s is not a simple func-
tion of diameter. The rule for obtaining metallic zigza
GNT’s can be derived by equalingkW* to the zigzagb-GNT
quantization rule, i.e.,

ky* 5
2p

A3a

l m

m
, l m51,2,3, . . . ,2m, ~1!

which leads to~for lDFT)

m>2.72l , l 51,2,3, . . . . . ~2!

In other words, a fractional number rule predicts meta
behavior for the zigzagb-GNT’s, which is satisfied forl
values that makem integer. This rule, different from the mul
tiple of 3 rule for CNT’s anda-GNT’s, has not been previ
ously observed or predicted for any carbon nanotube t
~either pure carbon or containing heteroatoms!. Figure 8 il-
lustrates the calculated behavior, which includes a non
form band-gap decrease with increasing diameter. The
predicted ‘‘metallic’’ nanotube is the~38,19! b-GNT (l
57). However, due to the rapid diameter increase with
creasingm ~due to the large unit cell of the sheet!, metallic
behavior is expected to occur beforem538 ~the second ex-
pected metallic zigzagb-GNT! for finite temperatures.

C. g-graphyne tubes

The electronic properties of theg-graphyne sheet ha
been investigated by Naritaet al.11 using ab initio methods
and the local density approximation~LDA !. They obtained a

FIG. 8. Tube diameter dependence of the zigzagb-GNT’s band
gap obtained from TB calculations. The arrows indicate them val-
ues where metallic behavior is expected. The dotted line just c
nects the points.
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band gap of 0.52 eV, which is below the 1.2 value predic
by Baughman, Eckhardt, and Kertesz.10 For comparison, and
to obtain theg-GNT band structures, we also calculated t
band structure for ag-graphyne sheet.

Perfect hexagons were assumed with the bond lengths
tained from geometry optimization by Naritaet al.11 @1.42,
1.40, and 1.22 Å forC(sp2)2C(sp2), C(sp2)2C(sp), and
C(sp)[C(sp) bonds, respectively, anda56.86 Å]. These
values are consistent with those obtained in Ref. 10 using
modified neglect of differential overlap quantum chemic
method. Figure 9 presents the DFT results for a shee
g-graphyne. Using this method the band gap is predicted
be 0.42 eV at theM point. LDA calculations, using a
Ceperley-Alder exchange-correlation functional, have a
been carried out~not presented here! and provide a predicted
Eg50.39 eV. The TB calculations predictEg51.3 eV.

Like b-GNT’s, zigzagg-GNT’s are defined by (2m,m)
and armchair ones by (n,0) combinations~Fig. 4!. In Fig. 10
we show the band structure of someg-GNT’s obtained from
TB calculations. These bands represent the behavior o
armchair and zigzagg-GNT’s. Then odd and even armchai
nanotubes will have the same qualitative behavior of the p

n-

FIG. 9. Band structure of theg-graphyne sheet obtained from
DFT calculations.

FIG. 10. Band structure of fourg-GNT’s obtained from TB
calculations.X points for armchair and zigzagg-GNT’s correspond
to k56p/A3a andk56p/a, respectively.
0-4
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sented~5,0! and ~6,0! nanotubes, respectively. Thus,n odd
armchairg-GNT’s will have the band gap atk50 (G point!
and n even armchairg-GNT’s will have the band gap atG
and X points. The same results are predicted for the zig
g-GNT’s. Chiral g-GNT’s ~not presented here! also present
the same band gap but with different patterns. Moreover,
band-gap value is the same for allg-GNT’s, showing a di-
ameter independence characteristic. This new predi
property arises because the selected tubek values ~by the
slicing technique! always reach theM point ~energy mini-
mum value! on the sheet band structure.

Since theg-GNT’s present either one or twok points
associated with band gaps, important nanotube propertie
pend upon tube type. One of these characteristics is the
fective mass and its dependence on nanotube diamete
the armchair and zigzag tubes represented in Fig. 11. Di
ences in effective mass can lead to different optical and e
tronic transport properties for the variousg-GNT’s. Further-
more, preliminary studies23 have shown that the dimension
changes resulting from charge injection are different wh
one or twok points are responsible for the electronic beha
ior of the nanotubes.

The stability of forms of graphyne and methods of sy
thesis are key remaining issues.g-graphyne is more attrac
tive for synthesis efforts than isb-graphyne, since it has
lower energy and much higher expected stability. The m
ecules shown in Fig. 12 have been synthesized, as we
more complex molecules that contain the carbon bond
arrangement ofg-graphyne.24,25 Since conversion of eithe
planarg-graphyne or a graphyne nanotube to graphite an

*Author to whom correspondence should be addressed. FAX:155-
19-37885376. Electronic address: coluci@ifi.unicamp.br

1S. Iijima, Nature~London! 354, 56 ~1991!.
2S.B. Sinnott and R. Andrews, Crit. Rev. Solid State Mater. S

26, 145 ~2001!, and references therein.
3A.G. Rinzler, J.H. Hafner, P. Nikolaev, L. Lou, S.G. Kim, D

FIG. 11. Dependence of the tube effective massmt* on the tube
diameter (dt) for g-GNT’s. These effective masses correspond
theG andX points of the Fig. 10. The numerical values plotted he
were determined using 0.15m0 for the G→M and 0.063m0 for the
M→K direction, which are from Naritaet al. ~Ref. 11!. m0 is the
electron mass.
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ordinary single-walled carbon nanotube, respectively, wo
require the rupture of at least one carbon bond for every
carbons, high stability is suggested. High stability is a
found for known molecules that contain fragments of t
graphyne structure. Pioneering synthesis efforts in differ
laboratories have already produced large fragments of a
phyne sheet.26–31Hence, there are reasons to believe that
synthesis of large sheets of graphyne may be soon achie

In addition to having interesting electronic and electr
chemical properties,g-graphynes are expected to have inte
esting third-order nonlinear optical properties,13 similarly to
recently observed for structurally related dendrime
supermolecules.32–34

IV. CONCLUSIONS

In summary, the proposed new families of single-wall
carbon nanotubes show even richer variation in electro
properties than do ordinary single-wall nanotubes.a-GNT’s
present electronic properties similar to the usual carb
nanotubes. On the other hand, armchairb-GNT’s are metal-
lic while zigzag ones present either metallic or semicondu
ing behavior depending on a fractional rule for the tube
dice m. A band gap~0.4–0.5 eV! that is independent o
nanotube diameter is predicted forg-GNT’s. The holes in
graphyne-based nanotubes shells can enable unpreced
shell doping, as well as rapid materials transport through
nanotube sidewalls. Reflecting interest in these unusual p
erties, we are now trying to make GNT’s, so that the fas
nating predicted properties can be experimentally inve
gated.
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