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VOLUME 87, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 17 SEPTEMBER 2001

Smallest Nanotube: Breaking the Symmetry of sp3 Bonds in Tubular Geometries

Dragan Stojkovic, Peihong Zhang, and Vincent H. Crespi*
Department of Physics, The Pennsylvania State University, 104 Davey Lab, University Park, Pennsylvania 16802-6300

(Received 30 March 2001; published 28 August 2001)

We describe how sp2 carbon, threefold coordinated by other carbons, can be replaced by sp3 carbon,
also threefold carbon coordinated, to produce extremely small-diameter (!0.4 nm) carbon nanowires
with only minimal bond-angle distortion. Under a naming convention analogous to that for ordinary
carbon nanotubes, the smallest sp3 tubes have wrapping indices "3, 0# and "2, 2#. These systems have
large band gaps and a stiffness larger even than that of traditional sp2-bonded carbon nanotubes. They
therefore form the stiffest one-dimensional systems known.
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The atomically thin two-dimensional covalent structure
of a graphene sheet can be distorted in the third dimen-
sion with a modest energy cost (quadratic in the mean cur-
vature, with Gaussian curvature taken up, in e.g., five or
sevenfold rings), thereby producing topologically distinct
low-energy structures such as nanotubes [1] and nanocones
[2]. However, in very small-diameter nanotubes (below
1 nm in diameter) the curvature penalty of distortion be-
comes more severe as the bond angles deviate far below the
ideal 120± sp2 angles. Here we describe how sp2 carbon,
threefold coordinated by other carbons, can be replaced by
sp3 carbon, also threefold carbon coordinated, to produce
extremely small-diameter (!0.4 nm) highly stable carbon
nanowires with minimal bond-angle distortion. Such sys-
tems represent the extreme limit of a small-diameter, rigid
one-dimensional atomic structure [3].

The key idea here is to break the tetrahedral symmetry
of an sp3-hybridized carbon precursor by attaching one
relatively tightly bonded group (e.g., hydrogen or fluorine)
and three more weakly bonded groups as shown in Fig. 1.
Eliminating the weakly bonded groups then produces a
carbon building block with three reactive bonds per carbon,
whose mutual angles match well to a highly curved small-
radius cylinder. The precursor molecule could also contain
multiple carbons (e.g., C2H2X2), so long as each carbon
has exactly one relatively inert ligand.

The resulting carbon structures satisfy Euler’s rules for
closed polyhedra in exactly the same manner as does car-
bon in more familiar sp2 structures, so long as one ig-
nores the topologically irrelevant capping ligand on the
fourth bond. Since the stoichiometry of tightly bound lig-
ands is fixed at one per carbon, it is impossible to form a
capped three-dimensional interlinked hexagonal ring struc-
ture without rearranging these ligands. (In the small-radius
tubes that we consider, energetically unfavorable rings of
fewer than five sides are also required to form a Euler cap.)
Therefore, if growth conditions are such that the capping
ligands are tightly bound and immobile, then the system
will always have an active growth edge, whose energy is
minimized by restriction to a small-radius one-dimensional
growth axis.

The result is an extended one-dimensional structure
formed from pure hexagonal rings [4]. The symmetry
analysis developed for the usual nanotubes [5] remains
applicable, except now we have two types of atoms, so the
tubes are described by two orbits of the group action. One
can even follow an analogous wrapping-index naming
convention as for sp2 carbon nanotubes: the most stable
sp3 tubes, and the ones which we examine in detail, are
then the "3, 0# and the "2, 2# tubes shown in Figs. 2 and 3.
The "3, 0# tube is essentially a polymer of a close variant
of adamantane [6], the most stable hydrocarbon known
when measured as the binding energy per carbon atom.

We have performed density functional total energy
calculations in the pseudopotential approximation for
the "2, 2# and "3, 0# sp3-carbon nanotubes. As a basis
for the representation of the Kohn-Sham equations we
used plane waves with the cutoff energy of 816 eV. To
fully exploit the tube symmetry, we arranged the "2, 2#

FIG. 1. The proposed precursor and an illustrative growth con-
figuration showing the role of the capping ligand.
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FIG. 2. The relaxed structure of the !3, 0" tube, both a doubled
unit cell and a space-filling model of the tubular structure.

nanotubes in a square lattice and the !3, 0" nanotubes in a
hexagonal lattice. The distance between the axes of the
adjacent tubes is held at 10.5 Å so that the interaction
between tubes is negligible and we can use a purely axial
k-point grid (of eight points). Atoms are described with
Troullier-Martins pseudopotentials [7] with cutoff radii of
0.619 Å for carbon and 0.360 Å for hydrogen.

The calculated bond lengths (see Figs. 2 and 3) are
similar to C-H and C-C bond lengths in alkanes (i.e.,
1.11 Å and 1.54 Å). The bond angles are close to the
ideal tetrahedron value, 109.5±, so the material comprises
a nearly optimal sp3 bonding structure with no dangling
bonds. Therefore the band structures (Fig. 4) have large
band gaps typical of saturated hydrocarbons. These
band gaps greatly exceed those obtainable in sp2 carbon
nanotubes, since in that case the semiconducting bandgap
arises solely from a nanometer-scale circumferential
boundary condition [8], whereas in sp3 tubes the gap
arises from the local sp3 bond saturation. The bands of
the !3, 0" tube are particularly flat, due to relatively long
axially directed carbon-carbon bond (1.62 Å). The lower

FIG. 3. The relaxed structure of the !2, 2" tube, both a single
unit cell and a space-filling model of the tubular structure.

bands of the !2, 2" nanotube seem to evoke the folded
band structure of a hydrogenated graphenelike sheet. The
large band gaps and binding energies of these structures
(see below) suggest that their synthesis should be favored
so long as capping can be maintained on the final sp3

bond, which should be possible for a judicious choice
of feedstock molecule (i.e., one with three weak C-X
bonds and one strong C-Y bond, such as C-H) and growth
conditions (i.e., which differentially favor the breaking of
C-X above C-Y).

The ab initio total energies for the !2, 2" and !3, 0"
tubes are very close: the !2, 2" tube is favored by roughly
0.05 eV per carbon atom. The !2, 2" tube is also 0.22 eV
per carbon atom more stable than benzene, a well-known
cyclic hydrocarbon of identical 1:1 carbon:hydrogen stoi-
chiometry. To compare with standard sp2-bonded tubular
structures, one must create a reference system compris-
ing a purely carbon sp2 tube of similar diameter plus the
requisite number of isolated H2 molecules. Since sp2

tubes so small in diameter do not exist, we favor the sp2

system slightly and compare the sp3 systems to standard
!4, 0" and !6, 0" tubes plus the appropriate H2’s. Our pro-
posed !2, 2" is 1 eV per carbon atom and 0.55 eV per car-
bon atom more stable, respectively, than the !4, 0" and
!6, 0" sp2 variants. (It is also 0.11 eV per carbon atom
more stable than the “infinite-radius” limit of a graphene
sheet plus molecular hydrogens.) Earlier theoretical con-
siderations [9] and simulations [10] suggested that the
!4, 0" tube is the thinnest possible metastable sp2 carbon
nanotube. Such thin tubes have just recently been syn-
thesized, but only inside of multiwall nanotubes [11] or
zeolite channels [12], which surround the tube and stabi-
lize its delicate structure.

The !2, 2" and !3, 0" sp3 tubes extend one-dimensional
carbon systems to the smallest possible radii. They are
also the beginning of an entire family of sp3 tubes. As
the tube diameter increases, it becomes untenable to
populate only the outer surface with capping hydrogens,
since bond-angle distortions become severe. However, by
inverting some capping ligands onto the inner surface, one
can stabilize these larger structures. Figure 5 depicts the
stablest geometries (calculated within a tight-binding total
energy formalism [13]) for the !8, 8" and !5, 0" sp3 tubes.
Unrolled, the !8, 8" system forms a pleated honeycomb
C-H plane with up-down alternated hydrogens, similar to
the pleated structure considered for some Si-H systems
[14]. The tubes undergo an interesting transition from
purely external capping groups to a mixture of internal
and external caps as the radius increases. For example,
within tight binding the !4, 0" structure is most stable with
entirely external hydrogen. In contrast, the preferred !5, 0"
structure has one row of hydrogen on the inner surface.
These inner hydrogens minimize bond-angle distortions
by increasing the mean curvature of the remaining
surface. Within the tight-binding total energy scheme,
the total energies per carbon atom for all of the sp3
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Supplementary Figure 2: Variation in interplanar spacings derived from Bragg peaks upon 
compression. The nanothread 2-D lattice (100) and (200) Bragg peaks shift too rapidly to be 
associated with strong covalent bonding (exemplified by the shift in the in-plane a axis of 
graphite shown at the top).  Rather, their shift is characteristic of van der Waals bonding 
(exemplified by the shift upon compression observed in graphite along its c axis and the 
simulated nanothread lattice shown). Disorder in the experimental threads may prevent them 
from packing as efficiently as predicted for the ideal, ordered (3,0) nanotubes with an axial bond 
rotated, thus increasing their compressibility. 

�

�  

Supplementary Figure 3: Total scattering structure functions of nanothreads determined 
from high-energy angular dispersive x-ray diffraction and energy dispersive neutron 
diffraction data. Bragg reflections  are observed at low Q and diffuse scattering is present at 
high Q. A shared cutoff Qmax of 21 �-1 was used when transforming both of these S(Q) to real 
space, this was dictated by the highest Q value at which the usable portions of the S(Q) cross 1.0.   
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how many ways to make a nanothread?

Polymer I sp3 tube (3,0) Polytwistane



 

Supplementary Figure 8: Views down crystallographic axes of the high-pressure benzene II 
phase: a, b, Views down a and b axes showing nearly-hexagonally-packed columns of tilted 
benzene molecules. c, View down c axes showing lack of nearly-hexagonally-packed columns 
and interleaving of adjacent columns with different tilts. One set of interleaved C-H bonds from 
adjacent columns is shown by the arrow. This direction appears less likely to be able to form a 
well-developed thread upon reaction. 

Columns of stacked benzenes



 

 

 

Supplementary Figure 9: Nanothread formed by cycloaddition and intramolecular 
reaction. Top: A reaction mechanism that forms a sp3 nanothread from benzene molecules 
arranged in the benzene II crystal. Benzene molecules are oriented in a slipped stack along both 
the a and b axes of the benzene II crystal structure. An a axis stacking extracted from this crystal 
structure is shown in the leftmost column. A series of [4π+2π] cycloaddition reactions can form a 
benzene polymer (second and third columns). Aligned olefin functions are then well oriented for 
a zipper cascade28 to give a fully sp3 hybridized nanothread (fourth column). The cycloaddition 
and zipper reactions both have negative activation volumes and would thus be promoted under 
high pressure. The zipper reaction is very exothermic; the slow decompression employed in our 
experiments may aid in controlling this reaction. Tight binding relaxation of the [4π+2π]  
cycloaddition reaction product spontaneously forms the fully sp3 thread in view of its 
considerable thermodynamic stability. This structure can interconvert to the (3,0) and polymer I 
structures discussed in the main text by Stone-Wales transformation: all three structures should 
be considered members of a single structural family, since current scattering data does not 
provide a firm basis to distinguish between them. Bottom: Structurally relaxed nanothread 
formed by this mechanism. In isolation it is curved, but within a crystal packing constraints 
could force linearity.  

many possible reaction pathways…
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Table 1: Nanothread properties: Materials properties of the lowest-energy nanothreads. The
ring count is restricted to the topological unit cell. Young’s moduli of chiral nanothreads are given
for two di↵erent boundary conditions: free ends that can rotate in response to extensional torsion
and pinned ends that cannot. Total energies are relative to a single sheet of graphane. The linear
carbon atom density � is used to define an e↵ective area for the calculation of Young’s moduli. The
e↵ective radius R

e↵

, band gap E
gap

(DFT/PBE), number of symmetry inequivalent carbon atoms
n
C

and C–C bond length range l
C�C

of chiral threads are calculated for periodic approximates.
Previously studied nanothreads include (a) tube (3,0), (b) polymer I, and (c) polytwistane.

Topology Helical Interpolation Periodic approximate
Ring Count Energy Young’s Modulus � Screw

R
e↵

E
gap

n
C

l
C�CIdentifier (n

4

, n
5

, n
6

, per (CH)
6

(free, pinned) atoms/Å (trans., rot.)
n
7

, n
8

, n
10

) eV TPa (Å, �) Å eV Å

Achiral

123456a (0, 0, 6, 0, 0, 0)⇤ 0.73 1.16 2.79 4.30 1.43 3.89 1 1.54 · ·1.57
135462b (0, 4, 0, 0, 2, 0)⇤ 0.82 0.98 2.41 4.98 1.40 4.79 4 1.53 · ·1.60
143562 (1, 2, 2, 0, 0, 1)⇤ 0.95 0.93 2.38 5.04 1.40 4.51 4 1.53 · ·1.59
135462 (0, 4, 0, 0, 2, 0)⇤ 0.97 0.90 2.60 9.23 1.41 4.55 3 1.54 · ·1.58
153624 (0, 4, 1, 0, 0, 1) 1.01 0.59 2.60 9.22 1.69 4.48 4 1.53 · ·1.59
143562 (0, 2, 2, 2, 0, 0)⇤ 1.04 1.08 2.44 4.91 1.35 4.11 4 1.51 · ·1.67

Sti↵, chiral

143652c (0, 0, 6, 0, 0, 0)⇤ 0.57 (1.11, 1.14) 2.45 (0.82, 130.0) 1.29 3.52 2 1.54 · ·1.57
136254 (0, 2, 2, 2, 0, 0)⇤ 0.62 (0.73, 0.74) 2.75 (4.37, 160.0) 1.97 4.27 12 1.53 · ·1.58
136425 (0, 2, 3, 0, 1, 0) 0.70 (0.64, 0.64) 2.63 (4.57, 164.7) 1.88 4.28 12 1.53 · ·1.57
135462 (0, 4, 0, 0, 2, 0) 0.81 (0.63, 0.76) 2.64 (2.27, 134.8) 1.58 4.55 6 1.54 · ·1.57

Soft, chiral

135246 (0, 4, 0, 0, 2, 0)⇤ 0.64 (0.31, 0.37) 2.66 (4.51, 115.3) 2.31 4.23 12 1.53 · ·1.58
132546 (0, 2, 2, 2, 0, 0)⇤ 0.66 (0.35, 0.37) 2.72 (4.42, 79.2) 2.10 4.16 12 1.53 · ·1.58
134562 (0, 2, 2, 2, 0, 0)⇤ 0.69 (0.08, 0.10) 2.91 (4.13, 39.7) 4.09 4.53 12 1.53 · ·1.58
145263 (0, 2, 2, 2, 0, 0)⇤ 0.75 (0.19, 0.26) 2.74 (4.39, 102.9) 2.44 4.19 12 1.53 · ·1.58
136524 (0, 2, 2, 2, 0, 0) 0.96 (0.41, 0.45) 2.38 (5.05, 86.3) 2.26 4.24 12 1.54 · ·1.59
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Nanothreads
• intermediate between polymer 

& nanowire
• all-surface sp3

• does it work with multi-ring 
aromatics?

• how far can we lower the 
synthesis pressure?


