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The reaction of @with growing single-wall carbon nanotubes of different chiralities is investigated using
density functional theory. It is found that the energy of the frontier orbitals for (5,5) and (6,6) armchair
carbon nanotubes exhibits periodic behavior with an increasing number of carbon atoms in the nanotube.
Such periodic behavior induces oscillations in the reaction energy released by adsorptida thfedchanotube

open edge. In contrast, the energy of the frontier orbitals of the (6,5) chiral tube remains constant as the
number of C atoms increases, and the same stability is observed in the adsorption energy. It is suggested that
this may be one of the reasons for the low percent of armchair single-wall carbon nanotubes found in the
experimental synthesis.

1. Introduction In this work we analyze the electronic and reactive properties
) ) of cap-ended carbon nanotubes: armchair (5,5) and (6,6), and
Single-wall carbon nanotubes (SWNTs) are synthesized by the (6,5), one of the chiral tubes more frequently found in the
a variety of methods, among them by catalytic decomposition Co—MoCAT synthesis proces4. The energies, shapes, and
of a C-containing precursor gas over metal nanopartictest reactivity properties of the highest occupied and lowest un-
elevated temperatures (in the order of 1000 K) and pressuresoccupied molecular orbitals (HUMO and LUMO, respectively)
from 1 to ~100 atm. The growth mechanism has been are investigated as a function of the number of C atoms in the
intensively examined by theoretical and experimental methods. cap-ended carbon nanotube. In addition, the evolution of the
One of the most important aspects that are not yet under- LUMO and HOMO of the complex formed upon adsorption of
stood is related to the selective growth of tubes of specific a G radical to the nanotube edge and the corresponding
chiralities under certain synthesis conditiérfsor example, in adsorption energies are investigated.
the CoMoCAT process, where CO is decomposed over Co
catalysts deposited in a Mo-oxide support, the most abundant2. Model Design and Calculation Details

SWNTs found include the chiral (6,5) and (7,5), and only a  The present calculations are based on the hypothesis that the
small percent of armchair tubes is foutid. caps of (5,5), (6,6) and (6,5) carbon nanotubes have been formed
In recent work we have examined details of the growth in the fourth step of catalyzed nanotube growth, as outlined in

process using classical molecular dynamics simulations and a
reactive force field:° Our simulations identified five stages

in the growth mechanism: (1) The precursor decomposes on, :
the metal catalyst surface and C atoms diffuse inside the metal-'
nanoparticle. (2) C dissolution reaches a degree of saturation®®
determined by the metametal and metatsubstrate interactions "
and starts to precipitate on the surface forming isolated or
interconnected short chains. (3) Fullerene-type structures start
to form on the surface. (4) A cap is formed. (5) The nanotube
grows. One of the more accepted mechanisms of SWNT growth
is based on the assumption that a fullerene-type cap lifts off I T —...
from the metal catalyst (as that described in our proposed fourth wles . Bae2

a. cap(5,5) b. cap(5,5)+ 10 H c. cap(5,5) + 10 Ni
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step) and its continued growth evolves into a cap-ended Figure 1. Charge distribution in the cap atoms; the color of each atom
nanotube. This mechanism has been discussed on the basis gFPreSents its charge as shown in the scale.
experimental and theoretical investigatid#$? Details of the ¥ W
nucleation process of the nanotube given by the formation of i"s -
the cap and its lifting from the catalyst surface are complex. @ & & J" '
The specific structural and rea(_:tivity propertigs of the_ cap-en_ded a "-'_.‘_ & —I_ P S
nascent nanotube are most likely responsible for its survival ™ 19 ;
probability, because the edges will be those attractingIiC ‘ )
other short C-chains, as suggested by the interesting chemistry ﬁ
of fullerenes and SWNTSs recently review&d.
cap (5.5) +0H cap {5.9)+0H+2C
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Figure 3. HOMO and LUMO of caps (5,5) of increasing number of atoms as predicted by B3LYP/6-31G.

the |ntr0duct|0n Thus, we |ntend to perform a Comparatlve Study R — R L e e HE L S : :; ’
to determine which cap may be easier to grow into a nanotube, a2 el aIEn == e ; N _?f4 e
based on their reactive properties. & i o v | .3
To design our computational model, we first studied the ‘é ' c=teeee, ___--"' T . ?
distribution of electronic charge for a simple cap terminated by~ § T2z o SRS 4 5
hydrogen atoms at its open end, and for a cap where the carbor 2 5, ¢e2+ H"‘-/.‘-._.-',-‘ we g
atoms at the open end are bonded to Ni atoms, as shown in g \/»L;J f./‘-“‘ el
Figure 1. The distribution of electronic charge was determined & 2 [ 20 e
9 Lo . g . B
after geometry optimizations using the density functional theory 22 Ay " | . =
B3LYP method and 6-31G basis set. In both cases it was found ga L L i S o -
that the carbon atoms at the open end are negatively charged 60 70 80 90 100 110 120
that is to say, both Ni atoms and H atoms act as electron donors. T
Although the effect of the catalyst metal cluster on the growth
of nanotube is quite complex, here we assume that one of the _ -22 e | o J . i
roles of the metal atoms is to provide electrons tothe capin @ 324 2 2 22 & 4 o L E 2 28 2 4 4 g doA 4755
the same way as hydrogen atoms do. On the basis of thisEﬁ"“2 R o B L i [ [ g
simplification, to reduce the computational expenses, we study g :5:2 Lol o oosesoseoq || . £ 3
the reactive properties of different caps terminated by hydrogen g .73 /_“M \/ o
atoms. € g2 I 11 I vl ° 2
Our previous classical molecular dynamics simulatiéfs -92 -85
suggested that when a cap starts growing into a nanotube, shor % 19 114 L
carbon chains or branched chains react with the open edge of *of carbon atoms

the growing cap, forming carbon rings that would become part Figure 4. Energetic behavior of nanotubes vs the number of C atoms
of the cap if the cap is stable; otherwise they would break into for armchair nanotubes. Top: the upper line corresponds to the LUMO

. . . energy and the middle line to the HOMO energy of a (5,5) nanotube,
shorter chains that would try to form new rings again. Thus the both measured in the left vertical axis. Red diamonds indicate

growth of the cap is a very complex process with numerous antisymmetric and green short lines symmetric orbitals. The adsorption
possibilities. Yet here we just discuss the simplest reaction energy is given by the solid blue line, measured on the right vertical
path: a carbon dimer reacts with the cap, contributing to the axis. The vertical lines separate regions of a given type of behavior, as
cap growth. We use B3LYP/6-31G to calculate the energy explained in Table 1. Bottom: for the (6,6) carbon nanotube, the top

. . . line is the second lowest unoccupied molecular orbital (diamonds and
change of this reaction for different caps as shown by short lines), followed by the LUMO (triangles), HOMO (third line:

diamonds and short lines), and adsorption energy (solid blue line).

AE=E E...— Ec

new-cap  —cap (1)

2
3. Results and Discussion

Because the open end is saturated by H atoms (Figure 2), eq The structure of armchair carbon nanotubes is highly sym-
1 implies that two H atoms are displaced by the C atoms, but metric. Our calculations indicate that increasing the number of
the process of removal of the H atoms and their posterior carbon atoms in the nanotube, the shape of the frontier LUMO
attachment to the new bonded C2 is not addressed by ourand HOMO molecular orbitals changes periodically, as il-
calculations. The calculation scheme is illustrated in Figure 2. |ustrated in Figure 3 for (5,5) cap-ended nanotubes.

Full geometry optimizations were performed using density  Figure 4 (top) illustrates the periodic variation of the energy
functional theory, B3LYP/6-31G. All calculations were done of the frontier orbitals for the (5,5) carbon nanotube. Such
using the program Gaussian &3. oscillations in the orbital energies are in qualitative agreement
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cap-ended SWNT into four classes: |, Il, lll, and IV, which
are defined by the symmetry properties of the LUMO and
HOMO orbitals. Figure 4 shows that in the first period (starting
with 60 C atoms), the antisymmetric orbital is the LUMO and
the gap between HOMO and LUMO decreases with the
increasing number of carbon atoms, until there are 68 atoms
and the gap reaches the smallest value of 1.2 eV. At this point,
the symmetric orbital becomes the LUMO and the HOMO
LUMO gap begins to increase. We call this point the switching
with those reported by Matsuo et &.who calculated the  point. In the second period | (Figure 4, top), the qualitative
HOMO and LUMO levels in open-ended (5,5) nanotubes. Also behavior is similar: the antisymmetric orbital is the LUMO and
Tomanek et al. showed the periodic dependency on the tubethe symmetric the HOMO, and the gap decreases, reaches about
length of the electronic structure of open-ende) zigzag 1.0 eV at 98 atoms, and keeps decreasing until it reaches 0.58
carbon nanotubes and that of their frontier molecular orbifals. eV at 108 C atoms. It is known that infinite-length armchair
We have categorized the energetic behavior of the (5,5) armchairnanotubes are metallic and their HOMQUMO gap should

Figure 5. Overlap betweemr orbitals of the cap and C
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Figure 6. Schematic description of the overlapmfrbitals in cap (5,5) with those of CDiagrams correspond to symmetry regions indicated in
Table 1 and Figure 4 (top): top left, region II; top right, region I; bottom left, region 1V; bottom right, region III.
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TABLE 1: Correlation between Symmetry Properties of the -2.2
HOMO and LUMO Orbitals and the Reaction Energy of C, P20 400ttt e 00000000000 7.2
and the Growing (5,5) Carbon Nanotubé 3.2 s
symmetry (S: symmetric; g -4.2 77 g
A: antisymmetric) energy decrease 2 52 L T I T LA L 2
region in new new becauseoft  calcd reaction E ' &
Figure 4 LUMO HOMO LUMO HOMO orbitals overlap  energy/eV 2 62 -8.2 .5
I S A S A al+bl —-8.6to~—8.4 g 72 =
| A s A s b2—a2  —8.3to~—8.2 5 87 8
\Y A S S A a3+ b3 —9.0to~—8.6 -8.2 L
I S A A S b4 ~—8.3eV
92 : : : : : 92
aThe quantities al, b1, a2, b2, 13, b3, and b4 are shown in Figure 55 65 75 85 95 105 115

® # of carbon atoms

disappear, but the gap still exists in finite-length armchairs. This Figure 7. Energetic behavior of the (6, 5) ngnotube frontier orbitals
length dependence of the HOM@QUMO gap may explain the ;Zstgr%tir'ounm:fgrg; C atoms: top, LUMO; middle, HOMO; bottom,
shift of the switching point. Figure 3 shows that the HOMO '

and LUMO orbitals of nanotubes with 60 atoms, 90 atoms, and TABLE 2: Adsorption Energy To Incorporate a C , Radical

120 C atoms have identical shapes, and those of the nanotubéo Different Nanotubes

Wlth 80 C atoms are |dent|cal W|th the one Of llO C atomS, but adsorption energy/ev a\/erage value/eV
because of the shift of the switching point, the orbitals of the
. s - (5,5) —8.23t0~—9.08 -8.36
(5,5) cap-ended nanotube with 70 atoms are not identical to (g’ —8.39to~—8.44 843
those of the 100 atoms tube. (6,6) ~8.35t0~—9.03 —8.47

The reaction energy as a function of the number of carbon

atoms has also a defined behavior in each region, as shown in(5 5) nanotube; such oscillatory behavior would make it
Figure 4. In regions |, the LUMO energy decreases and the sometimes easier (or more difficult) to add more rings to the
HOMO increases, and the opposite behavior takes place incap.
regions 1. In region IV, the HOMO energy reaches amaximum, |, contrast, the structure of the chiral (6,5) is less symmetric
a!”d the Ll.JMO a minimum, these points are expected to b_e of and no obvious periodic properties are found. The energy of
high reactivity!® as reflected by the peaks in the adsorption the HOMO and LUMO orbitals does not change while the
energy. . . number of carbon atoms in the nanotube increases, as illustrated
The HOMO and LUMO energies of the larger dlameter_(6,6) by Figure 7. Regarding the reaction energy, when the number
armchfaur carbqn nanotube (Flgure 4 bottc.)m). also qhsplay of carbon atoms is rather small, it changes irregularly, but after
perlod_lc behawor, although with a larger _OSC'”at'O“ period. the number of carbon atoms reaches a certain value, the reaction
To investigate the details of the reaction, we analyze the energy also remains constant with the increasing of number of

org!:a:s of;hehreactantsl and F:;ot(:]ucts.r@sag, %‘.’ T andng.t | carbon atoms. We choose to ignore the small binding energy
orbitals, which can overiap wi € corresponding cap orbrtals. occurring in a short (6,5) tube because it is a one-time event

Because the caporbitals are all quite low in energy and totally nd it is possible that a fraction of caps with 65 atoms (Figure

occupied, there is a decrease in the orbital energy because o ) can react with C2 despite the small reaction energy. But for

the o orbitals overlap, which is similar for caps (5,5) with . o
. caps (5,5), because the reaction energy changes periodically,
different numbers of carbon atoms. On the other hand, the €aPihe growth limitation will repeat periodically, thus reducing the

ot orbital that is symmetric with respect to an axis perpendicular chances of growing long (5,5) nanotubes.

to the C-C bond in G can overlap with ther, of C,, whereas . - i
those that are antisymmetric with respect of the same axis can 10 €stimate the ability to grow of different caps, we compared

overlap with therry orbital of G, as shown in Figure 5. As the reaction_energy of one peri_od of cap-ended nanotubes (5,5)
illustrated in Figure 4, the energy of the symmetric and and (6,6) with the stable reaction energy of nanotub_e (6,5), as
antisymmetricr orbitals and their occupancy state changes with Shown in Table 2. The average value of the adsorption energy
increasing number of carbon atoms in the cap. follows the trend: cap (5,55 cap (6,5)< cap(6,6); i.e., the
Figure 6 schematically illustrates the energies of the LUMO adsorption strength increases with the nanotube diameter, which
and HOMO of the original cap, and those of C2. The central May be due to the effect of the reduction of the curvature energy
values correspond to the energies of the two lowest unoccupied@s the diameter increases. However, the adsorption energy of
and the two highest occupied molecular orbitals of the product, @P-ended nanotubes (5,5) and (6,6) shows large variations when
captC2. the number of carbon atoms in the nanotube increases.
We designate the energy differences between the highestTherefore, for a particular type of nanotube, the smallest value
occupied orbital of the old and the new tube @sand that  ©f the reaction energy (weakest adsorption energy) may be taken
between the second highest occupied molecular orbital of the @S an indicator of the difficulty of the nanotube to grow. Thus,
new tube and HOMO of C2 ds In Figure 6, top left, both of based on our calculations, the smallest value of the adsorption
the two occupied orbitals of the new tube have lower energy energy follows the trend cap (5,5) cap(6,6)< cap(6,5). It is
than that of the reactant, so the energy decreases because §uggested that this may be at least one of the reasons why only

the overlap ofr orbitals in an amount equal to at b1. The a small percer)t of the nanotubes grown experimentally belong
energy decrease due to overlap of th@rbitals in the other to the armchair type.
cases illustrated by Figure 6 are described in Table 1. We remark that our analysis is purely thermodynamic and

The periodic behavior shown by the orbital energies that entropic effects are ignored, and we acknowledge that the
explains the corresponding variations of the reaction energy thermodynamic criterion does not provide any indication about
with the increasing number of carbon atoms in the cap-endedthe reaction kinetics.
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4. Conclusions
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The energy variation of the frontier molecular orbitals of cap- Walled Carbon Nanotubes from Various SourcksPhys. Chem. 2005

ended single-wall carbon nanotubes of different chiralities as a
function of the number of carbon atoms in the nanotube is

correlated with the reaction energy released in the adsorption

of a G radical. An oscillatory behavior as a function of the

number of carbon atoms is observed in the orbital energies of
the armchair cap-ended SWNTSs, which is reflected in oscilla-
tions in the reaction energy. In contrast, the chiral (6,5) cap-
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