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Abstract

The electronic structures and the hydrogenation of a chiral single-wall (6,4) carbon nanotube have been investigated by density func-
tional theory. Our results indicate that, along the long vector of the tube, the HOMO and LUMO exhibit well-regulated arrangement of
the bonding and anti-bonding structures. The adsorption of odd hydrogen atoms on the tube leads to obvious deformations of the tubu-
lar structure and the hydrogenation of the (6,4) tube can be well predicted by examining the topology of HOMO.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Since the discovery of carbon nanotubes (CNT) in 1991
[1], these materials have attracted intensive interests due to
their potential applications in the field of nanotechnology
[2,3], such as molecular electronics, electron field emitters,
quantum nanowires, catalyst supports, chemical sensors
and sorbents for hydrogen storage. Comparing to the tra-
ditional metal hydrides, CNT has the advantages of light
mass and large exposed surface, and therefore, it can be
used to design a new storage material for hydrogen [4–7].
In connection with this important technological applica-
tion, there have been many studies of the adsorption of
hydrogen on CNTs, including both experimental and theo-
retical aspects [6–21]. Experimentally, due to the compli-
cated constitutes of CNT and other reasons relative to
the control of experimental conditions, the reproducibility
of result is poor and the controversy exits regarding to the
hydrogen storage capacities reported by different authors
[7,8]. Therefore, theoretical investigations provide a very
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useful way to reveal the nature of the hydrogen absorption
on CNTs. At present, the theoretical studies of hydrogen
adsorption on CNT are focused on the storage capacity
and the possible adsorption sites by using Monte Carlo
simulations and empirical potential methods [22–24]. Bau-
schlicher [11] pointed out that, for a (10,0) zigzag tube, F,
H atoms prefer to be bound along the tubular axis direc-
tion. On the other hand, for an armchair CNT, such as
(10,10) tube, the experimental and theoretical works indi-
cate that fluorine atoms tend to be added along the circum-
ferential direction of tube. The reason of the above
difference is yet not clear.

In this work, a chiral (6,4) tube is investigated. Since the
chiral CNT is the main components in the production of
carbon nanotube [25], furthermore, according to our
knowledge, the adsorption of hydrogen atoms on a chiral
CNT has not been reported by the first principles method.

2. Models and computational method

Fig. 1 presents a mapping of a graphite sheet, and a
CNT can be formed when the sheet is wrapped along the
vector Ch that is defined as,

Ch ¼ na1 þ ma2;
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Fig. 1. Mapping of the graphene sheet to form the (6,4) CNT with a unit cell. The adsorption sites with the number are shown.

G. Jia et al. / Chemical Physics Letters 418 (2006) 40–45 41
where a1 and a2 are the unit cell vectors, and n and m are
integers. Besides the above vectors, two new vectors: one
long vector RL and one short vector RS, which are defined
along 2a2 � a1 and a1 directions, respectively, are intro-
duced in the present work. It is noted that when a graphite
sheet is wrapped along RL vector, an armchair CNT is ob-
tained, on the other hand, wrapping along RS vector results
in a zigzag CNT.

In this work, a chiral (6,4) tube with finite length con-
taining a unit cell is studied. Two models were considered,
one is the tube with open ends (i.e., open-end (6,4) tube),
containing 148 C atoms, and in another model the dangling
bonds at the ends of the tube are saturated by hydrogen
atoms (i.e., close-end (6,4) tube), containing 148 C and
20 H atoms. Some possible adsorption sites for H atoms
are shown in Fig. 1 and are labeled by number to distin-
guish different adsorption models. For example, when
one H is adsorbed on a carbon atom labeled as �1�, we
referred it to model �1�; when two H atoms are adsorbed
on two C atoms labeled as �1� and �2�, it is referred to model
�1-2�. In addition, we also used letters from �a� to �q� to
Fig. 2. (a) The LUMO (top) and HOMO (bottom) of the open-end (6,4) tube,
and HOMO (bottom) of the hydrogen close-end (6,4) tube, and in HOMO the
for the open-end (6,4) tube (left) and the close-end (6,4) tube (right).
denote those C–C bonds along the RL vector. We will see
that the topology of HOMO of (6,4) tube exhibits alterna-
tion of bonding and antibonding along the RL vector (see
Fig. 2). However, along the RS vector, similar arrangement
of C–C bonding is not observed. Hence, we focus on the
adsorption sites along the RL and RS vectors, and to study
the different hydrogenation behaviors between them.

In here, the adsorption energy (Ea) is calculated by the
following formula,

Ea ¼ ½E0
tube–nH � Etube–nEH�=n

¼ ½E0
tube þ nEH þ nEtube–H � Etube � nEH�=n

¼ ½E0
tube þ nEtube–H � Etube�=n ¼ Ed þ Etube–H;

where E0
tube–nH ¼ E0

tube þ nEH þ nEtube–H, represents the total
energy of the adsorption system which contains n hydrogen
atoms. Etube and E0

tube are the energies of the tube before
and after hydrogenation respectively. EH and Etube–H are
the energy of hydrogen atom and interactive energy be-
tween the tube and one hydrogen atom, respectively.
Ed ¼ ½E0

tube � Etube�=n, is defined as the deformation energy.
and in HOMO the long and short vectors are signed. (b) The LUMO (top)
long and short vectors are signed. (c) The abbreviated frames of HOMOs
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We have investigated the geometry and the electronic
structure of close-end (6,4) tube at B3LYP/6-31G//PM3,
B3LYP/6-31G//HF/6-31G and B3LYP/6-31G//B3LYP/6-
31G levels, respectively. The results indicate that, the opti-
mized structures and the topology of frontier orbitals are
similar, and the system calculated in this work is consisted
of 148 carbon atoms. So, to save computational time, the
structural optimizations were carried out at PM3 level,
and the adsorption energies and electronic structures were
further determined at B3LYP/6-31G level. Furthermore,
for some models, such as �1�, �2�, �1-2� and �1-5� adsorptions,
the effects of basis set superposition errors (BSSE) were
also considered. All calculations are performed by GAUS-

SIAN 03 package [26].
3. Results and discussion

3.1. Optimized structures of clean (6,4) tube

For the clean (6,4) tube, the optimized C–C bond
lengths along RL vector are listed in Tables 1 and 2. For
the open-end (6,4) tube optimized at PM3 level, except
those C–C bonds at the both ends (such as bond a and
q), the alternate arrangement of long and short C–C bonds
along RL vector can be seen clearly. Table 2 lists the opti-
mized C–C bond lengths for the close-end (6,4) tube calcu-
lated at PM3, HF/6-31G and B3LYP/6-31G levels. The
results show that, the alternate structures of the long and
short C–C bonds along the RL vector are similar with the
open-end (6,4) tube. Moreover, from the data presented
in Table 2, the lengths of the corresponding C–C bonds
obtained by different methods are similar and the largest
Table 1
The C–C bond lengths (Å) along the long vector for the open-end (6,4) tube

Label of C–C bonda Before adsorption After adsorption

Bondingb Anti-bondingb Clean 2 1-2 (h

a 1.424 1.385 1.428

b 1.438 1.447 1.435

c 1.440 1.435 1.446
d 1.395 1.422 1.382

e 1.439 1.430 1.446
f 1.408 1.428 1.402

g 1.445 1.503 1.509

h 1.404 1.493 1.550

i 1.439 1.482 1.511

j 1.404 1.434 1.392

k 1.445 1.408 1.458
l 1.408 1.483 1.393

m 1.439 1.423 1.446
n 1.395 1.425 1.391

o 1.440 1.420 1.445
p 1.438 1.448 1.432

q 1.424 1.447 1.427

The italic and boldface values show the C–C bond with long and short length
a The bonds labeled along the long vector in Fig. 1.
b Corresponding to the bonding structures in HOMO of the open-end (6,4)
c The letters in parenthesis show the bonds participated in hydrogenation.
discrepancy is smaller than 0.03 Å. Therefore, to save com-
putational time, in the following work, PM3 method is also
employed to optimize the structures of H-adsorbed (6,4)
tube. Actually, the rationality of PM3 method for the
structural optimization of CNT has also been verified in
several previous theoretical works [27–29].

3.2. The topology of frontier orbital of clean (6,4) tube

Fig. 2 displays the topologies of frontier orbitals of clean
(6,4) tubes and the RL and RS vectors are also marked in
the figure. In order to see the topologies of frontier orbitals
clearly, the sketches of HOMOs along the long vector for
the open-end and the close-end (6,4) tubes are given in
Fig. 2c.

For the open-end (6,4) tube in Fig. 2a, the electronic
structures obtained at B3LYP/6-31G //PM3 level indicate
that, both HOMO and LUMO exhibit alternate arrange-
ment of bonding and antibonding interaction along the
RL direction. However, such alternate arrangement of
bonding and antibonding is not observed along the RS vec-
tor. It is interesting to note that, the bonding and antibond-
ing distribution of HOMO are consistent with the short
and long distribution of C–C bonds.

For the close-end (6,4) tube, as shown in Fig. 2b,
similar topologies of HOMO and LUMO are also found.
The electronic structures of close-end tube calculated
at B3LYP/6-31G//PM3, B3LYP/6-31G//HF/6-31G and
B3LYP/6-31G//B3LYP/6-31G levels all exhibit the alter-
nate arrangement of bonding and antibonding ofC–Cbonds
along RL vector. Like the open-end (6,4) tube, the bonding
interaction in HOMO is corresponding to the short C–C
bond, while the antibonding interaction is corresponding
obtained by PM3 method

)c 1-5 (i) 1-2-3 (gh) 1-2-3-4 (fgh) 1-2-3-4-5-6 (fghij)

1.417 1.393 1.436 1.436
1.437 1.454 1.419 1.417

1.447 1.489 1.459 1.460
1.411 1.419 1.376 1.376

1.429 1.425 1.507 1.508

1.405 1.495 1.547 1.548

1.427 1.550 1.552 1.551

1.494 1.548 1.547 1.555

1.576 1.505 1.508 1.554

1.496 1.425 1.383 1.557

1.406 1.438 1.462 1.507

1.418 1.434 1.392 1.395

1.414 1.424 1.448 1.449
1.426 1.430 1.389 1.381

1.420 1.433 1.446 1.449
1.447 1.461 1.432 1.432

1.396 1.385 1.427 1.428

s, respectively.

tube.



Table 2
The C–C bond lengths (Å) along the long vector for the close-end (6,4) tube

Label of bonda Before adsorption After adsorption (PM3 level)

Bondingb Anti-bondingb Clean 2 1-2 (h)c 1-5 (i) 1-2-3-4 (fgh) 1-2-3-4-5-6 (fghij)

PM3 HF B3LYP

a 1.381 1.376 1.400 1.407 1.368 1.385 1.419 1.417
b 1.428 1.424 1.434 1.428 1.440 1.425 1.398 1.399

c 1.403 1.398 1.424 1.429 1.407 1.404 1.434 1.433
d 1.440 1.438 1.435 1.422 1.425 1.443 1.428 1.431

e 1.399 1.394 1.424 1.428 1.394 1.402 1.507 1.508

f 1.431 1.426 1.431 1.429 1.450 1.423 1.546 1.548

g 1.407 1.401 1.429 1.504 1.504 1.398 1.548 1.547

h 1.435 1.431 1.432 1.501 1.551 1.497 1.546 1.555

i 1.400 1.396 1.425 1.416 1.511 1.574 1.508 1.554

j 1.435 1.431 1.432 1.428 1.443 1.492 1.420 1.557

k 1.407 1.401 1.429 1.432 1.421 1.398 1.444 1.504

l 1.431 1.426 1.431 1.427 1.410 1.423 1.399 1.400

m 1.399 1.394 1.424 1.427 1.418 1.402 1.437 1.452
n 1.440 1.438 1.435 1.428 1.444 1.443 1.438 1.424

o 1.403 1.398 1.424 1.427 1.410 1.404 1.422 1.432
p 1.428 1.424 1.434 1.428 1.418 1.425 1.408 1.404

q 1.381 1.376 1.400 1.407 1.394 1.385 1.409 1.420

The italic and boldface values show the C–C bond with long and short lengths, respectively.
a The bonds labeled along the long vector in Fig. 1.
b Corresponding to the bonding structure in HOMO of the close-end (6,4) tube.
c The letters in parenthesis show the bonds participated in hydrogenation.
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Fig. 3. Ea, Ed for the open-end (6,4) tube and Etube–H between the open-
end (6,4) tube and H atoms (kJ/mol).
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to the long C–C bond. Similar results have also been
observed for the armchair and zigzag tubes [29,30]. There-
fore, it could be expected that the HOMO plays an impor-
tant role to explain the properties of CNTs. In addition,
except the fragment close to ending, the different treat-
ments of the endings of CNT have small effects on the
geometry and electronic structures of CNT.

3.3. Hydrogenation

3.3.1. Rearrangement of C–C bonds

After hydrogenation, the C–C bonds around the adsorp-
tion site become single bonds and the bond lengths enlarge
from 1.38–1.44 to 1.50–1.57 Å. Meanwhile, the transfor-
mation from sp2 to sp3 hybridization of the carbon atom
leads to the outward deformation of the tube wall.

For the open-end (6,4) tube in Table 1, when odd hydro-
gen atoms are adsorbed, the alternate arrangement of the
long and short C–C bonds along the RL vector is destroyed
significantly, depicted by the deformation energies (Ed)
(Fig. 3 and Table 3), resulting in endothermic adsorptions
(Table 3). It is noted that, besides C–C bonds near the
adsorption sites, the lengths of those C–C bonds far away
from the adsorption sites also change obviously. For exam-
ple, in Table 1 when one H atom is adsorbed on the C(2)
atom, the length of the C–C bond labeled �l� varies from
1.408 to 1.483 Å. Therefore, our results indicate that it is
not adequate to only optimize a small fragment of the tube.
When even hydrogen atoms are adsorbed, the alternate
structure along the RL vector remains or is only rear-
ranged, such as the models of �1-2� or �1-5� adsorption,
which is corresponding to exothermic adsorption. Further-
more, according to the topology of HOMO for the open-
end (6,4) tube, due to the bonding between C(1) and C(2)
and the antibonding between the C(1) and C(5), compared
with the �1-2� adsorption, the rearrangement of the alter-
nate structure for �1-5� adsorption results in the small
adsorption energy (Ea).

For the close-end (6,4) tube in Table 2, when odd hydro-
gen atoms are adsorbed, the C–C bond lengths along the RL

vector become average, which is different from the open-end
(6,4) tube; for the adsorption of even hydrogen atoms, sim-
ilar to the case of open-end tube, the alternate structure
along the RL vector still remains or is only rearranged.



Table 3
The Ea (kJ/mol), Ed (kJ/mol), Etube–H (kJ/mol)

Adsorbed site open-end (6,4) tube close-end (6,4) tube

Ea Ed Etube–H Ea Ed Etube–H

1 �133.76 260.49 �394.25 �127.15(�116.04)a 39.59 �166.74
2 308.84 594.15 �285.31 �101.59(�114.87)a 77.83 �179.42
3 �3.80 390.94 �394.74 �94.14 42.19 �136.33
4 416.41 757.40 �340.99
5 579.61 954.89 �375.28
6 250.96 529.17 �278.21
1-2 �210.43 94.62 �305.05 �188.84(�180.64)a 93.84 �282.68
1-5 �188.27 76.27 �264.54 �201.11(�193.46)a 76.24 �277.35
1-9 �189.55 90.40 �279.95
1-2-3 31.04 389.62 �358.58
1-2-3/ 107.00 455.26 �348.26
1-2-4/ 78.06 348.14 �270.08
1-2-3-4 �227.17 100.03 �327.2 �238.38 98.51 �336.89
7-8-5-1 �193.73 131.01 �324.74 �200.43 64.91 �265.34
1-2-3-4-5-6 �230.49 42.03 �272.52 �220.98 88.29 �309.27
7-8-5-1-9-10 �194.21 64.09 �258.3 �195.23 71.86 �267.09

a Ea through BSSE.
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Comparing 1-2 model to 1-5 model, due to the rearrange-
ment of the alternate structure, the smaller Ea is obtained.

The calculated Ea of each model is listed in Table 3, and
for those models that the alternate structure of the bonding
and antibonding remains or is only rearranged, the Ea is
exothermic , on the contrary, for the model that the alter-
nate structure is destroyed, the corresponding Ea is endo-
thermic. Hence, it can be concluded that the alternate
arrangement of bonding and antibonding of HOMO may
be the inherent factor to affect the pattern of hydrogena-
tion of the tube.

3.3.2. Energy analysis

The adsorption energies Ea are calculated at B3LYP/
6-31G//PM3 level. For the open-end (6,4) tube, when
odd H atoms are adsorbed, except the 1 and 3 models,
the hydrogenation of tube is endothermic and results in
significant distortion of the tube wall. For the adsorp-
tions of even H atoms , the hydrogenation is exothermic
and the distortion of the tube is small (Fig. 3 and Table
3). Examining the absolute value of Ea, it shows the
orders of 1-2 > 1-5 (or 1-9), 1-2-3-4 > 7-8-5-1 and 1-2-3-
4-5-6 > 7-8-5-1-9-10, which implies that the adsorption
of H atoms along the RL vector is favorable. The defor-
mation energy Ed of each model is also given in Table 3,
and for comparison, the variations of Ed and Ea are pre-
sented in Fig. 3. As shown in this figure, the synchro-
nous variation of Ea and Ed indicates that Ea is
strongly related with the deformation of the tube. The
calculated value of Ed is ranged from 40 to 955 kJ/mol
and the obvious variation of the Ed reflects good flexibil-
ity of the tubular structure in hydrogenation. Despite the
endothermic adsorption of odd H atoms adsorbed on the
open-end (6,4) tube, the interactive energies between the
tube and adatoms, Etube–H, are all exothermic, which
shows adequately the deformation of the tube results in
the endothermic adsorption.
In addition, for the open-end (6,4) tube, we also con-
sider the adsorption of H atom at the both ends of tube.
When two H atoms are adsorbed on each end in a way
of D2 symmetry, the average Ea are �544.68 kJ/mol. For
the adsorption of ten H atoms on each end, the close-end
(6,4) tube is formed; in this case, the average Ea is
�456.03 kJ/mol. For comparison, the Ea for the adsorp-
tion of four H atoms on the middle part of the open-end
(6,4) tube is less than the half of that of adsorption on both
ends. This reveals that the adsorption of hydrogen atoms
on the ends of tube is most favorable.

For the close-end (6,4) tube, the rule of adsorption of
even H atoms is similar to that of the open-end (6,4) tube.
However, compared with the open-end tube, the absolute
value of Ea of 1-5 adsorption is larger than that of 1-2,
due to the different topology of HOMO. As shown in
Fig. 2c, there is a bonding between C(1) and C(5) atoms,
and the antibonding between C(1) and C(2) atoms, which
is opposite to the case of the open-end tube. Another differ-
ence is that, the adsorption of one H atom on the close-end
tube is exothermic, while it is endothermic for the adsorp-
tion on the open-end tube. Therefore, the value of Ea is sen-
sitive to the treatment of the tube ends. We have known
that the instable structure of the open-end (6,4) tube brings
the tubular deformation, resulting in the endothermic
adsorption. However, the hydrogen close-end (6,4) tube
avoids it, and from Table 3, the deformation energies are
smaller. For some adsorption models, namely, the models
1, 2, 1-2 and 1-5, the BSSE is also considered. Although
the effect of BSSE on Ea cannot be neglectable (about
10 kJ/mol), it does not change the relative order of Ea.

4. Conclusions

In this paper, the geometries, electronic structures and
hydrogenation of the chiral (6,4) tube are investigated.
For the clean tube, our results show the inherent relation
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between the structure and the topology of HOMO, and
both of them exhibit well-regulated arrangements along
the RL vector. It is worth noting that, for the (6,4) tube,
the adsorption of H atoms along the RL vector is prefera-
ble, and the bonding arrangement along the RL vector in
HOMO can be adopted as an appropriate indicator to
determine the pattern of hydrogenation of (6,4) tube. This
important conclusion is also suitable to other types of
CNT. As examples, for zigzag (10,0) and armchair
(10,10) tube, the RL vectors are along the tube axis and cir-
cumferential directions, respectively, and they also show
the alternate arrangement of the bonding and the anti-
bonding along the RL vector [30,31]. Therefore, it could
be expected that the H atoms tend to be adsorbed along
the tube axis for (10,0) tube, while the sites at circumferen-
tial direction are preferable for (10,10) tube. These predic-
tions are consistent with the results yielded by theoretical
works [11,14].

The large change of the Ed reflects obvious flexibility of
the tubular structure in hydrogenation. Therefore, the opti-
mizations of the structures before and after adsorptions are
necessary. It is not adequate to only optimize a small part
of the tube, specially, for the open-end (6,4) tube.
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