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An extensive first-principles study of fully exohydrogenated zigzag (n,0) and armchair (n,n) single-wall
carbon nanotubes (Cn
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erating 5 and 10 specialk points along the tube axis fo
zigzag and armchair nanotubes, respectively.25 All carbon
and hydrogen positions were relaxed without assuming
symmetry. For nanotube calculations, thec axis of the super-
cell ~corresponding to the tube axis! is also optimized.

In principle, there are an infinite number of isomers d
pending on the locations of hydrogen atoms~i.e., endohydro-
genation if they are inside the tube and exohydrogenatio
they are outside! as well as the amount of hydrogen cove
age. Endohydrogenation, alternating endohydrogenat
exohydrogenation, and various half coverage cases are b
studied and the results will be published elsewhere.26 Here,
we consider the case of full coverage where all carbon at
in a nanotube are hybridized with hydrogen atoms from o
side of the tube as shown in Fig. 1~c!. We refer to this isomer
as a fully exohydrogenated carbon nanotube.

First, the equilibrium orientations of the CH bonds we
determined starting with all the CH bonds radially outwa
@Fig. 1~c!#. Using this configuration, we studied a single C
bond orientational dependence of the potential energy
face. Figure 2 shows the calculated energy curves as a s
CH bond is rotated along two high-symmetry directions
both zigzag and armchair nanotubes. For armchair (n,n)
nanotubes, the optimum orientation is obtained when the
bond is tilted about the tube axis~i.e., c axis!. Hence in the
fully optimized structure, CH bonds tilt in opposite dire
tions around thec axis alternatively. For the zigzag nano
tubes, the optimum orientation is obtained when the
bond is tilted towards thec axis. Therefore, the lowest en
ergy configuration for zigzag tubes has CH bonds tilted
wards plus and minusc axis alternatively. Having located th
CH-bond orientations in this way, we next let all the carb
and hydrogen atoms along thec axis vary to obtain the fina
optimum structures.

Table I summarizes the parameters obtained for fully
timized structures. Upon hybridization of carbons with h
drogens, the CC-bond length (dCC) increases from' 1.4 Å
to ' 1.55 Å. The latter is typical forsp3 CC bonds. The
increase indCC results in an increase in the tube radius (RHC)
by about 13–16 % for armchair nanotubes and by about
17 % for zigzag nanotubes. Interestingly, these values
almost twice of those found for the polyhedral molecul
Moreover, the value ofdCC increases slightly~by about
0.03 Å) with increasing tube radius. The CH-bond leng
(dCH' 1.09 Å) is also found to have weak dependence
the tube radius. Using projection techniques we estimated
total charge transfer from hydrogen to carbon to be aro
0.26 electrons for nanotubes and 0.3 electrons for polyhe
molecules.

The most important difference between zigzag and a
chair nanotubes is found in the local CCH-bond ang
(a CCH). Even though one of these angles is about the sa
for both types of nanotubes, the second angle in zigzag n
tubes is always larger than that in armchair nanotubes. T
implies that the CCH-bond angles are more frustrated
armchair nanotubes than in zigzag nanotubes and there
deviate more from the ideal tetrahedralsp3 bond angle of
109.5°. This observation suggests that hydrogenated a
chair nanotubes will have higher energy and therefore t
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are less stable than zigzag nanotubes. Unlike CCH-b
angles, CCC-bond angles have a weak radius depend
and are about the same for both types of nanotubes.

The stability and energetics of CH-bond formation a
derived from the average binding energy per atom for e
hydrogenated nanotubes defined as

EB5 ~ECnHn
2 EC2 nEH! /n. ~1!

Here ECnHn
, EC, andEH are the total energies of the full

optimized exohydrogenated nanotube, nanotube alone,
hydrogen atom, respectively. According to this definition
stable system will have a negative binding energy. Fig
3~a! shows the radius dependence ofEB for nanotubes and
polyhedral molecules~see inset!. Two interesting observa
tions are apparent. First, as shown by solid and dotted lin
the binding energies can be very well described by a o
parameter fit:

FIG. 2. Energy curves as a CH bond is rotated towards
indicated arrows for armchair~top! and zigzag nanotubes~bottom!
starting fromu5 a . The minimum energy is found when the C
bond is tilted toward the shaded hexagons. The zero of energy
taken to be arbitrary.
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TABLE I. Various parameters of the fully optimized structures of exohydrogenated armchair and z
carbon nanotubes and other polyhedral molecules. For graphene~i.e.,RHC→` ) dCH anddCC are 1.066 Å and
1.622 Å, respectively.

Material Formula RHC (RC)(Å) dCH (Å) dCC (Å) a CCH ~deg! a CCC ~deg!

~4,4! C16H16 3.103~2.734! 1.090 1.541, 1.567 96.70, 98.60 112.77, 120.6
~5,5! C20H20 3.885~3.394! 1.087 1.549, 1.575 94.82, 97.15 113.18, 121.5
~6,6! C24H24 4.698~4.061! 1.084 1.557, 1.594 93.35, 96.30 113.30, 122.0
~8,8! C32H32 6.228~5.400! 1.079 1.567, 1.594 92.16, 94.85 114.62, 121.9
~10,10! C40H40 7.780~6.755! 1.077 1.574, 1.600 91.40, 94.00 115.40, 121.7
~7,0! C28H28 3.180~2.765! 1.092 1.549, 1.553 96.40, 102.25 113.95, 125.9
~8,0! C32H32 3.641~3.146! 1.090 1.553, 1.557 95.22, 101.60 114.12, 127.0
~9,0! C16H16 4.111~3.557! 1.089 1.553, 1.566 94.32, 101.14 114.27, 127.5
~10,0! C40H40 4.571~3.912! 1.087 1.556, 1.572 93.60, 100.54 114.48, 127.8
~12,0! C48H48 5.467~4.695! 1.084 1.557, 1.576 92.66, 99.340 115.11, 127.6
Cubane C8H8 1.345~1.267! 1.087 1.553 125.26 90.0
Dodecahedrane C20H20 2.157~2.0! 1.090 1.539 110.9 108.0
Fullerene C60H60 3.827~3.510! 1.088 1.536, 1.550 101.1, 101.9 108.1, 120.0
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EB5 E02 C~n,m! /RHC, ~2!

whereE0 is the limit RHC→` ~ i.e., graphene! and calculated
to be 2 1.727 eV. The fit results forC(n,m) are given in
Fig. 3~a! for zigzag and armchair nanotubes. The inset to F
3~a! shows that whileEB for cubane falls on the same curv
as nanotubes, dodecahedrane and C60H60 have lower energies
than nanotubes due to the their more spherical shape.

The second interesting observation in Fig. 3~a! is that the
binding energies of zigzag nanotubes are always lower t
those in armchair nanotubes with a similar radius by ab
30 meV/atom. As discussed above, this is a natural resu
the fact that the CCH-bond angles in zigzag nanotubes
closer to the optimum tetrahedralsp3 bonding than those in
armchair nanotubes. We expect this observation is also v
for hybridization of nanotubes with other elements, such
Cl and F, and this may have important implications for se
rating similar radius nanotubes from each other by selec
chemical functionalization.

Even though CnHn nanotubes are found to be stable w
respect to a pure carbon nanotube (Cn) andn H atoms for all
values of the radius, it is of interest to see if they are a
stable against breaking a single CH bond. We, therefore,
culated energies of fully optimized hydrogenated nanotu
after breaking one of the CH bonds and putting the H atom
the center of supercell as shown in the top inset to Fig. 3~b!.
Calculated values of the energy differencesDEB , for zigzag
nanotubes were fitted toDEB5 E01 A/RHC whereE0 andA
are 2.506 eV and2 15.671 eV Å, respectively. We note tha
for radius aroundRHC' 6.25 Å, theDEB becomes negative
suggesting instability.27 Hence,~12,0! and ~8,8! nanotubes
are at the limit for stable, fully exohydrogenated nanotub
We are currently studying this problem for half-covera
case as well.

The energy,DEG , gained by attaching a single H atom
a carbon nanotube is calculated by performing structure
timization of a CnH nanotube as depicted in the bottom ins
to Fig. 3~b!. It is seen thatDEG can be also well described b
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DEG5 E081 A8/RHC ~dashed line! where E08 and A8 are
2 1.161 eV and2 4.952 1 eV Å, respectively. UnlikeDEB ,
there is no change in the sign ofDEG , suggesting that for
any radius of carbon nanotube hybridization of a single c
bon atom is always stable. However the energy gain fr
two such processes is around 5–6 eV, which is slightly l
than the dissosiation energy of H2, 6.65 eV. Hence the Cn
nanotube plus H2 system is stable against forming a CnH2
hydrogenated nanotube. Therefore, in order to realize the
bonding discussed here, one first has to break H2 molecules
into hydrogen atoms, probably by using a metal catalys
electrochemical techniques.

Hydrogenation of nanotubes is also important in t
modification of the electronic structure for device applic
tions. Figure 4 shows the band structure and the corresp
ing density of states~DOS! for a ~9,0! exohydrogenated
nanotube, which is typical of other nanotubes that we st
ied. Using projected DOS, we find that the bottom of t
conduction bands are mainly derived from hydrogen wh
the top of the valence bands are mainly of carbonorigin.
contrast to pure nanotubes, which are metal or semicond
tors depending on their structure, the CnHn nanotubes are
found to be direct band insulators with a gap of 1.5–2 eV
the G point. This value is about one-third of those for th
molecular polyhedrals, indicating less stability of hydrog
nated nanotubes than molecules@Fig. 4~b!#. The band gaps
decrease with increasing tube radius but unlike binding
ergies there is no apparent 1/RHC type behavior. Interestingly
the band gaps of armchair nanotubes are higher in energ
about 0.2 eV than those in zigzag nanotubes. This is surp
ing because the band gap is usually higher for more sta
saturated hydrocarbons.

The observed band gap opening via hydrogenation
nanotubes can be used for band gap engineering for de
applications such as metal-insulator heterojunctions. For
ample, various quantum structures can easily be realized
an individual carbon nanotube, and the properties of th
structures can be controlled by partial hydrogenation of c
4-3
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bon nanotubes. If the different regions of a single-wall na
tube are covered with hydrogen atoms, the band gap
hence the electronic structure will vary along the axis of
tube. This way various quantum structures of the desired
and electronic character can be formed. In this resp
present scheme is quite similar to our previous construct
of nanotube heterostructures or quantum dots, where p
odic applied transverse compressive stress is used for
band gap opening.28

In summary, we have presented first-principles calcu
tions of the structural and electronic properties of vario
nanotubes which are fully protonated bysp3 hybridization of

FIG. 3. ~a! Binding energiesEB of (n,n) ~square! and (n,0)
~circle! nanotubes as a function ofRHC . The solid and dashed line
are one-parameter fits toEB5 E02 C(n,m)/RHC as discussed in the
text. Inset shows the binding energies of cubane, dodecahed
and C60H60. ~b! Full circles indicate the energy (DEB) to break a
single CH bond to form a CnHn2 1 zigzag nanotubes as depicted
the top inset. Full squares indicate energy gainDEG by attaching a
single H atom to a nanotube to form a CnH as depicted in the
bottom inset. The solid and dashed lines are two-parameter fi
discussed in the text, indicating 1/RHC behavior.
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carbon atoms. We find that CnHn nanotubes are stable fo
tube radiusRHC smaller than 6.25 Å, roughly correspondin
to a~8,8! nanotube. Hybridization of a single carbon atom
found to be always exothermic regardless of tube rad
Weak but stable CH bonding in nanotubes may be an imp
tant consideration for possible hydrogen storage applicatio
We also found that hybridization of zigzag nanotubes is m
likely than armchair nanotubes with the same radius, s
gesting a possible selective chemical functionalization
nanotubes. The fact that other carbon clusters such as
bane, dodecahedrane, and C60H32 have been synthesized su
cessfully suggests that it may possible in the near future
hydrogenate carbon nanotubes, yielding new structures
novel properties.

This work was partially supported by the National Sc
ence Foundation under Grant No. INT97-31014 and TU¨ Bİ-
TAK under Grant No. TBAG-1668~197 T 116!.
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FIG. 4. ~a! Electronic band structure of a~9,0! exohydrogenated
carbon nanotube~left panel! and the corresponding density of stat
~DOS! ~right panel!. ~b! Band gap as a function of tube radiusRHC .
Inset shows the full scale plot to include the band gaps of
polyhedral molecules.
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