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Crystals of covalently bonded carbon nanotubes: Energetics and electronic structures
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Structure and stability of hexagonally polymerized carbon nanotube solids are investigated using a general-
ized tight-binding molecular-dynamics scheme. The stable structures show internanotube connectivity via the
212 and 214 cycloaddition process. Calculated electronic density of states indicates that the studied mate-
rials have semiconducting or insulating properties depending on the type of internanotube connectivity in a
system containing atoms withsp2 and sp3 bondings. We also predict the existence of a nanotube clathrate
form.
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The discovery and large scale synthesis of single-wall c
bon nanotubes~SWNT! have inspired tremendous interest
the interdisciplinary investigations of their properties.1–4

Very recently, molecular crystals of closely packed carb
tubes of nanometer diameter have been synthesized u
special techniques.5 Investigations of van der Waals bonde
nanotube bundles under high pressure, therefore, s
worthwhile and timely. The goal is to obtain phase transf
mation for SWNT in a manner similar to that reported f
polymerized C60 fullerites.6–9 Just as in the case of C60 ful-
lerites, it was found that SWNT material also experienc
reversible deformations at room temperature and at mode
pressure~up to 3 GPa!. The forms of nanotubes were ob
served to change from circular into elliptical10 or polygonal11

shapes when subjected to pressure as predicted by Te
and Ruoff.12 Pressure investigation of SWNT’s up to 25
GPa using Raman spectra have shown no appreciable s
tural changes.13 However, recently Popovet al.14 have syn-
thesized superhard materials of polymerized nanotubes~P-
SWNT! under high-pressure treatment~up to 29 GPa!. In a
diamond anvil cell they applied shear deformation to a sp
men obtained from Rice University.1 Thus, the question
‘‘How SWNT’s may be polymerized?’’ still remains to b
answered. Even though the possibility of joining of SWNT
via covalent bonds have been considered in ear
works,15,16 geometrical, and electronic characteristics
P-SWNT structures as well as their energetics have not b
reported so far.

As shown in Ref. 12, polymerization should occur und
'10 GPa pressure for nanotubes of diameter'10 Å. It can
be speculated that nanotubes with diameters smaller
10 Å and large curvature, in which significant deviation fro
sp2 geometry is seen, will bond with each other under hig
pressure and high-temperature treatment in a manner sim
to that for the C60 fullerites.6–9,26

In this Rapid Communication we focus on metal
SWNT molecular crystals as an example to illustrate chan
0163-1829/2002/65~24!/241404~4!/$20.00 65 2414
r-

n
ing

m
-

d
te

off

uc-

i-

r
f
en

r

an

-
lar

es

in electronic properties after the formation of covalent bon
between nanotubes in this material. We address the prob
of the stability and electronic properties of P-SWNT stru
tures, consisting of ‘‘armchair’’ (n,n) and ‘‘zigzag’’ (n
53q,0) nanotubes3 of diameter 1 nm~in real ropes the nano
tube diameter1–4 fluctuates from 0.8 to 2 nm!. To the best of
our knowledge, we are aware of only one work where d
tailed calculations of stability and electronic spectra
SWNT molecular crystals were carried out using~6,6! nano-
tubes as an example.17 We, therefore, investigate P-SWNT
of this type first and pursue investigations of~9,0! and~12,0!
P-SWNT crystals. It should be noted, however, th
P-SWCNT structures can form from arbitrary (n,m) nano-
tubes. For example, it has been shown that monocl
P-SWNT structure can be created from~10,10! nanotubes.18

Theoretical calculations are carried out as follows: W
first use molecular mechanics MM1 method19 to obtain ap-
proximate P-SWNT structures. Some of the hexago
P-SWNT structures thus obtained were first reported in R
18. We then use the generalized tight-binding molecu
dynamic~GTBMD! scheme of Menon and Subbaswamy20 to
obtain energetically stable P-SWNT configurations and th
electronic structures. The GTBMD scheme makes expl
use of the nonorthogonality of the atomic orbitals and allo
for full relaxation of covalent systems with no symmet
constraints. This scheme has been successfully used in
taining geometries and vibrational properties of fulleren
and nanotube structures in agreement with both experim
and calculations based onab initio methods.20,21 For the
study of solid P-SWNT structures we use ak-space formal-
ism incorporating a constant pressure~movable wall!
ensemble.22 This allows for a simultaneous relaxation of la
tice and basis degrees of freedom. A uniform grid consist
of 126 k points was used in the calculation of forces. T
electronic band structures of all the relaxed geometries w
obtained using asp3s* tight-binding model23 that correctly
reproduces the band gap for bulk carbon in the diamo
structure.
©2002 The American Physical Society04-1
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We next describe a number of structures obtained fr
high-pressure–high-temperature treatment of SWNT bun
which, while retaining the SWNT rope structures, results
the formation of covalent bonding between them by me
of cycloaddition process similar to that found in C60
fullerites.6–9,24 It should be noted that a rope of identic
metallic nanotubes without any covalent intertube bond
could be metallic@as was found in the case of a~6,6! nano-
tube crystal17#. In the case of semiconducting nanotubes
rope formation without covalent bonding may even lead
the closing of the gap as was found for a~10,0! nanotube
bundle.25

In Fig. 1~a! we show a fully relaxed structure consistin
of hexagonally packed~6,6! nanotubes with combinations o
sp2- and sp3-hybridized atoms with ansp2 to sp3 ratio of
1:1. Each individual nanotube is connected to six neighb
by 212 cycloaddition of bonds between each adjoini
atom pair. This is analogous to the rhombohedral C60 solid
reported.8 The equilibrium energy of this structure is pr
dicted to be higher than that of graphite by 0.52 eV/ato
The crystal of Fig. 1~a! belongs to the space groupP6/mmm
with unit-cell parametersa59.918 Å andc52.593 Å. The
two distinct C-atom positions are C1(sp3)5(0.378, 0.088,
0.0! and C2(sp2)5(0.297, 0.158, 0.5!. The bonds linking
the adjacent nanotubes each have a length of 1.520 Å.
crystal densityr52.18 g/cm3 is more than that of its mo
lecular crystal by 1.24 times. Note that the molecular crys
has unit cell parameters~in angstroms! a5d1dt511.36,c
52.46; dt53.2 Å, d(6,6)58.16, whered is the tube diam-
eter anddt the intertube distance. In the polymerized stru
ture the individual ~6,6! tubes have three distinct bon
lengths in the 1.36–1.53 Å range@see Fig. 1~a!#.

The closed packing of~12,0! nanotubes can result in an
other polymeric solid form with internanotube connectiv
via 212 cycloaddition. The fully relaxed structure contai
ing a mixture ofsp2 and sp3 atoms is shown in Fig. 1~b!.

FIG. 1. Various polymeric solids formed from~a! ~6,6!, ~b!
~12,0!, ~c! ~9,0! and, ~d! another~6,6! carbon nanotube via 212
and/or 214 cycloadditions. While~a!, ~b!, and ~c! contain geom-
etries with mixedsp2- andsp3-bonded atoms, the structure in~d!
has allsp3-bonded atoms and forms a nanotube clathrate.
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The primitive cell contains 48 atoms with three nonequiv
lent atoms given by C1(sp3)5(0.434, 0, 0.177!; C2(sp2)
5(0.331, 0.121, 0.349!; C3(sp2)5(0.226, 2.226, 0.169!.
The sp2 to sp3 ratio of atoms is 3:1. The densityr of this
structure is 1.94 g/cm3. It, again, hasP6/mmm symmetry
with cell parametersa511.53 andc54.30 Å. The structure
is found to be very stable with cohesive energy only 0.
eV/atom higher than that of graphite. Electronic structu
analysis shows it to be semiconducting with a gap of 1.3

We have also performed calculations to determine
equilibrium geometry for~9,0! nanotube polymers which
have the same diameter as C60.4 The cohesive energy of th
GTBMD relaxed structure is predicted to be only 0.29 e
atom higher than that for graphite. In Fig. 1~c! we show this
structure of hexagonally packed tubes with a mixture ofsp2

and sp3 hybridized atoms with asp2 to sp3 ratio of 1:2.
Each individual nanotube is connected to six neighbors
214 cycloaddition of bonds between each two adjoini
atom pairs. The supercell used here consisted of 36 ato
The crystal shown in Fig. 1~c! belongs to space grou
P63 /mcm, has cell parameters~in hexagonal aspect! a
58.613 Å, c54.054 Å, and two distinct C-atom position
C1(sp2)5(0.355, 0.0, 0.332!, C2(sp3)5(0.332, 0.169,
0.186!. The bonds linking the adjacent nanotubes each h
a length of 1.525 Å. The crystal density,r52.77 g/cm3, is
1.49 times more than its molecular crystal density. Note t
the molecular crystal has unit cell parameters~in angstroms!
a5d1dt510.26,c54.26; dt53.2, d(9,0)57.06. The indi-
vidual ~9,0! tubes in the polymerized structure have thr
distinct bond lengths in the 1.36–1.53 Å range@see
Fig. 1~c!#.

We next turn our attention to another structure in whi
individual ~6,6! nanotubes are connected to six neighbors
‘‘hexagon1hexagon’’ cycloaddition24 of bonds between eac
adjoining atom pair. This structure, thus, consists of allsp3

atoms and forms a nanotube clathrate. The GTBMD rela
geometry of the hexagonal cell is schematically shown
Fig. 1~d!. We find that the relaxed structure preserves
space groupP6/mmm and has unit cell parametersa
59.883 Å, c52.634 Å and two distinct C atoms C1(sp3)
5(0.377, 0.089, 0.0!, C2(sp3)5(0.330, 0.182, 0.5!. The
bonds linking adjacent nanotubes have lengths of 1.55
and 1.561 Å, confirming covalent nature of the bonding
carbon systems. The equilibrium energy of this structure
predicted to be higher than that for graphite by 1.26 e
atom. Therefore, this structure is the least stable of all c
sidered in this work. Its density,r52.16 g/cm3, is not sig-
nificantly different from the density of the structure in Fi
1~a!. We note that the densities of tetragonal diamondl
materials are usually 1.5 times larger than that of the str
ture in Fig. 1~d!, indicating a high degree of porosity for thi
material when compared with diamond. This property sho
make doping with various elements relatively easy for ma
optical applications.

In Fig. 2 we show the electronic band structure for t
P-SWNT~12,0! structure@Fig. 1~b!#. GA line is along thekz
direction ~symmetry axis of the nanotube!. As the figure
shows, the structure is predicted to be a semiconductor w
a band gap of 1.3 eV. The polymerization of~6,6! tubes via
4-2
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212 cycloaddition pairs, therefore, leads to a transformat
of the semimetallic behavior of a molecular~6,6! nanotube
crystal17 into a semiconducting one.

We have also carried out electronic band structure ca
lations for the geometries shown in Figs. 1~a! and 1~c! con-
taining a mixture ofsp2 andsp3 atoms and obtain band-ga
values of 1.3 and 2.6 eV, respectively. Note that the nanot
polymers formed from~9,0! metallic tubes also show insu
lating properties. Its electronic band structure and density
states~DOS! are shown in Fig. 3. When subjected to hig
temperature–high-pressure treatment, a molecular nano
crystal may transform into a phase with maximal number
sp3-hybridized atoms accompanied by a metal-insula
transition. This is further illustrated by the case of the allsp3

nanotube clathrate structure@Fig. 1~c!#. This diamondlike te-
tragonal carbon crystal has an energy gap of 5.8 eV, sim
to that of diamond.

In summary, we have carried out calculations on the str
ture, stability, and electronic properties of the hexagonal
lymerized nanotube solids using GTBMD scheme. T
P-SWNT solids are predicted to be less stable than
graphite and nanotube molecular materials. Our calcula
electronic DOS indicates that the studied materials h
semiconducting or insulating properties depending on
type of internanotube connectivity in a system contain
atoms withsp2 and sp3 bondings. Our results indicate tha

FIG. 2. The electronic band structure of the geometry shown
Fig. 1~b! showing semiconducting properties. The figure on t
right shows the Brillouin zone in the (kx ,ky! plane.GA line is along
the kz direction ~symmetry axis of the nanotube!.
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the value of the electronic gap increases with the numbe
sp3 atoms in the P-SWNT structures of diameters'1 nm
considered. The presence of the single bonds resulting f
the 212 and 214 cycloaddition process in the P-SWN
solids has the effect of opening a gap in initially semimeta
nanotubes. It is reasonable to expect that the presence o
sp2-hybridized atoms with rigid bonds in structures shown
Figs. 1~a!, 1~b!, and 1~c! can result in a rather large value fo
the elastic modulus, suggesting the existence of hard ma
als of such solids similar to superhard C60 fullerites
reported.8,9 The electronic behavior of nanotube polym
should be contrasted with that of the C60 polymer. While the
C60 molecular crystals have larger gap than the C60 polymer
phases@'2 eV vs<1 eV ~Ref. 26!#, molecular crystals of
metallic nanotubes~diameter'1 –1.5 nm) may be metallic
semiconducting nanotubes may even close the gap w
forming molecular crystals.25 Moreover, as we have show
using the~6,6! nanotube polymer as an example, nanotu
polymers are rather large gap semiconductors.

The present work was supported through grants by N
~NER-0165121, MRSEC Program under No. DMR
9809686!, DOE Grant No.~00-63857! and the University of
Kentucky Center for Computational Sciences. LC ackno
edges support from RSTP grant under the title ‘‘Fulleren
and Atomic Clusters.’’ We thank N. R. Serebryanaya for u
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FIG. 3. The electronic band structure and density of sta
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