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Quantum Chemical Molecular Dynamics Model Study of Fullerene Formation from
Open-Ended Carbon Nanotube$

I. Introduction

In 1985, Kroto et al. discovered that thesCfullerene cation
is an unusually stable species among the gas-phase carbon io
produced by laser vaporization of graphitafter Kratschmer
et al. found a method to synthesize macroscopic quantities OfReVieW§1'22
fullerenes’ experimental and theoretical research on fullerene
chemistry has become one of the most active fields in today’s
nanochemistry. However, how such a highly symmetric hollow
cage structure is formed under the chaotic high-temperature
conditions of vaporized carbon remains an unsolved mystery
and has been the topic of many discussions. Understanding th
formation mechanism of fullerene molecules is a necessary
prerequisite to optimize efficient fullerene generation techniques
which could stimulate the development of new fullerene-based
materials.

Current fullerene synthesis methods are harsh and involve
either vaporization of graphite by laser, electric arc discharge,
plasma or combustion of acetylene, benzene, or toluene in hot,
oxygen-rich diffusion flames under low pressdré.During
these synthetic procedures, it has so far been impossible to dete
important intermediate structures against a background of all
different kinds of carbonaceous material. As a result, the
proposed mechanisms are more or less guesswork, relying on
the assumption of orderly growth along a certain reaction
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We present qguantum chemical molecular dynamics (MD) simulations for a model formation process of fullerene
molecules. Trajectories of up to 24-ps lengths were computed for (5,5), (7,3), (8,0), (9,0), (10,0), and (10,5)
open-ended single-walled carbon nanotubes for a temperature range between 2000 and 4000 K at various
tube lengths, using density functional based tight-binding (DFTB) molecular dynamics. DFTB was selected
because geometries and energies obtained are found to qualitatively agree with B3LYP/6-31G(d) results at
much smaller cost of computer time. Extremely fast cage formation was observed with simulation times as
short as 3 ps, and most simulations at 3000 and 4000 K led to the formation of fullerene structures within
less than 14-ps simulation times. Key structural features for the transformation of tubes to fullerenes are
identified, such as the overwhelming presence of acetylenic “wobblingn@s”, which form spontaneously

in great abundance at the open ends of the tubes. A comparison of DFTB simulations is made with
corresponding semiclassical reactive bond-order force field MD trajectory calculations, which exhibit much
slower structural transformations without the “wobbling? nits. We also compare DFTB energetics of
optimized MD snapshot structures with B3LYP energies.

pathway from well-defined precursor species and intermediate
structures. The most prominent ones are, in chronological order,
the “nautilus model’%1 the “party line” mechanisr¥ the
NHentagon road®3-15 the “fullerene road™8 the “ring-stacking”
mechanisnt/ and the “ring fusion spiral zipper” mechanigfn?2°
give an overview of these proposed reaction
pathways.

In the past, numerous quantum chemical electronic structure
calculations on hypothetical intermediates of these proposed
fullerene formation mechanisms have been perforfied.
é\/loreover, Mishra et al. attempted to locate transition state
structures connecting intermediate structures and describing
entire pathways for the formation obgfullerene through their
' “ring-collapse” mechanism at the semiempirical AM1level
of theory, starting from small monocyclic carbon rings such as
Coy and G3.28 However, it is more than questionable whether
an orderly growth process along a single or a few reaction
pathways with well-defined transition states and intermediate
structures is a realistic assumption under the high-temperature
nonequilibrium conditions characteristic for fullerene formation.
C‘i’he large amount of kinetic energy available under the experi-
mental conditions allows carbon clusters to climb upward on
hills on the potential-energy surface rather than to cling to a
specific minimum-energy reaction pathway. To this end, Monte
Carlo simulation® and molecular dynamics (MD) studies have

been carried out before, all of them using reactive empirical
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functions. However, it has been criticized that the REBO is automatically adopted. While the total energy is not affected

potential is only successful in describimgramolecularinterac- by the choice of occupancy of degenerate orbitals, the energy
tions in carbon and hydrocarbon materials and that it lacks a gradient depends on this choice. The DFTB code used the
mechanism for treatinqtermolecularinteractions’* which is conjugate gradient method for geometry optimization. Direct

a severe flaw for the description of a hot mixture of small carbon DFTB trajectories were run by calculating analytical energy
fragments. Even more seriously, REBO-type molecular force gradient on the fly with a velocity Verlet integrator, using 1.209
fields including the one improved by Brenner in 26080 not fs (50 atomic units) as the time stefd& This time step, larger
take into accountr-conjugational effects since REBO was than what is often used, is adopted since the system contains
designed to only describe the formation and breaking of carbon no light hydrogen atoms. By use of this time step, energy is
carbon o-bonds. However, aromaticity and-conjugational conserved typically within a range of abah¥ kcal/mol, which
stabilization are important factors in fullerene chemistry, and is sufficiently accurate for the purposes of this study. Temper-
therefore we felt compelled to carry out the first full quantum ature was kept constant by scaling of atomic velocities in two
chemical MD (QM/MD) simulations in a model study on the ways. For one, scaling was regularly performed after 12 fs, and
formation of fullerenes from open-ended single-walled carbon additionally random scaling was performed with a probability
nanotubes. We believe that, even though carbon nanotubes asf 10%, thereby an overall probability of scaling velocities was
initial structures are certainly a somewhat artificial choice for 20% for the entire length of the simulations. (In the case of a
the study of fullerene formation, the knowledge of “major (5,5) tube with 7.5-A length at 3000 K, we tested scaling of
players” emerging from such QM/MD simulations will lead to temperature at a lower rate (5%) and actually observed faster
a deeper understanding of structure transformation mechanismslosing of both ends, indicating that a scaling probability of
in carbon nanochemistry. Because of its computational feasibility 20% does not artificially speed up the dynamics simulation.)
and relatively good agreement with B3LYP, we selected the Initial velocities were assigned randomly. All calculations were
density functional tight binding (DFTB) quantum chemical carried out using a 30-A cubic periodic cell. The temperatures

potentiaf®37 for these MD simulations. applied in our simulations ranged between 1000 and 5000 K.

We have published a short communication of the DFTB Because the cost of on-the-fly quantum chemical calculations
trajectories of open-ended single-walled carbon nanottibas is substantially higher than molecular mechanics force field
pointed out the importance of acetylenic “wobbling @hits” calculations, we ran only one trajectory for each type and length

consisting of sp-hybridized carbons for the creation of penta- of nanotube at a given temperature.

gons. The present paper is a follow-up of this communication ~ The B3LYP hybrid density functional method was used in
and consists of five results and discussion sections. First, DFTB combination with the 6-31G(d) basis set as benchmark method.
relative energies for different isomers ofg@re systematically =~ The Gaussian 01 development versfowas used for these
compared with those of the B3LYP/6-31G(d) hybrid density- calculations.

functional level of theory. Second, we review in detail results ~ Two select trajectories were also run using the original
of DFTB MD simulations on (5,5), (7,3), (8,0), (9,0), (10,0), reactive empirical bond-order (REBO) force field, the so-called
and (10,5) open-ended single-walled carbon nanotubes ofBrenner potentiat?32 with the REBO code available at the
different tube lengths that are subjected to a temperature betweeriollowing website: http://www.mse.ncsu.edu/CompMatSci/. The
1000 and 4000 K for as long as 24 ps. Common features of same step size of 1.209 fs and the Berendsen thermostat were
these simulations are described in detail, and important key stepsused here to keep the temperature constant. MacMblRéts

on the pathway to fullerene formation are identified. Third, to used for graphics visualization of all trajectories.

access what kind of structures and potential energies are actually, . .
visited during the trajectories, 10 snapshot structures at 1.2-ps”|’ Results ar_1d Discussion ) _ _
intervals are taken and compared with the structures optimized _A. Comparison of DFTB Relative Energies of Isomeric
from these snapshot points. At these optimized points, the DFTB C2s Structures with B3LYP/6-31G(d). Because of the limita-
relative energies were also compared with single point B3LYP/ tions in computational resources, semiempirical methods are a
6-31G(d) energies, to assess the reliability of the DFTB energies.900d compromise between accuracy and speed in quantum
Fourth, the strengths of rim CC bonds in (5,5) and (9,0) open- chemical calculations for large molecules. DFTB has been
ended nanotubes were computed at the DFTB level and successfully used in the past to explain relative stabilities of
compared with the trends of the initial bond-breaking activities fullerene isomers and aggregatés'® It is well-known that
during the trajectories. Finally, REBO MD simulations on (5,5) neutral carbon clusters adapt different configurations upon
and (7,3) open-ended single-walled carbon nanotubes arecluster growth. @ clusters withn < 5 prefer linear cumulene-

presented, and the difference with DFTB MD is discussed.  type structures, and in the intermediate regime of < 18,
monocyclic isomers are preferred before fullerenoid structures

become the most stable species ffior 182542 In contrast to
the semiempirical AMZ” and PM37 methods, DFTB is capable
The density-functional tight binding (DFTB) method is the of reproducing these crucial configuration preferences for carbon
central method adopted in the present studies. All DFTB clusters and more in line with the full DFT calculations such
calculations were carried out with the DFTB program package as B3LYP/6-31G(d).
developed by Frauenheim, Seifert, and Elsfiér.3°DFTB is Table 1 shows the relative energies of 11 singlet isomers of
an approximate density functional theory method based on the Cyg calculated with benchmark B3LYP/6-31G (taken from ref
tight binding approach and utilizes an optimized minimal LCAO 26), B3LYP/6-31G(d), and DFTB methods at respectively
Slater-type all-valence basis set in combination with a two-center optimized geometries and with the B3LYP/6-31G(d) method
approximation for Hamiltonian matrix elements. Although at DFTB-optimized geometries. Linear regression analysis using
calculations were performed mainly for the closed-shell state, B3LYP/6-31G(d) energetics as reference indicates very good
when energy differences between occupied and vacant orbitalscorrelation of DFTB with a correlation coefficienfRf 0.7571.
are smaller than 1@ Hartree for a given geometry, these orbitals In fact, B3LYP/6-31G(d) single point energies for DFTB
are considered to be degenerate, and an open shell occupancgptimized geometries show a correlation close to 1 with

Il. Computational Details
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TABLE 1: Relative Energies (in eV) of 11 Different discuss all computed DFTB high-temperature molecular dynam-
Isomeric Singlet Structures of Gg Calculated with B3LYP/ ics trajectories and focus on their energetics and differences for
6-31G, B3LYP/6-31G(d), and DFTB different temperatures and tube parameters. Additionally, tra-
B3LYP/- B3LYP/6-31G- jectories for three nanotubes of 20-A lengths with different
structuré  B3LYP/6-31¢ 6-31G(d) DFTB  (d)/DFTB chirality indices will be discussed in greater detail. Table 2
buckyD2 0.00 0.00 0.00 0.00 presents an overview of 52 computed trajectories of open-ended
ring 0.76 3.32 8.10 3.43 nanotubes at various temperatures. (Select trajectories can be
¢24-6 1.99 3.17 3.56 3.66 found online on the Internet at http://euch4m.chem.emory.edu/
2+2r14 2.90 5.08 9.66 5.22 . . .
24216 387 6.01 10.25 6.13 nano/. All trajectories are available from the authors upon
c20-60 4.34 5.41 5.52 5.96 request.) Somewhat arbitrarily we consider a tube “closed” when
€20-6m 4.48 5.57 5.62 6.09 the largest macrocyclic ring remaining in the opening does not
2+4 4.63 7.97 10.28 8.52 contain more than 8 carbon atoms and mark first and second
central? 4.84 >.86 6.07 6.47 closing times byt; andt; if closure occurs. In total, we ran 52
8+8 4.98 7.43 9.43 7.41 . .
444 5.59 9.91 14.27 10.20 trajectories between 1000 and 5000 K. At low temperatures
R2¢ 0.8339 7571 9925 around 1000 K, we found that the nanotubes are nonreactive,

ag . , while all tubes simulated at 5000 K were destroyed and fell
tructures are illustrated below, with the labels taken from ref 26. . - - s
b Taken from ref 26¢ Squared correlation coefficieni€ in the linear quickly apart, producing long entangled carbon chains within
regression analysis with BgLyp/G_glg(d) energies. 5 ps. Most systems were therefore investigated at 2000, 2500,
biickyD C24-6 3000, 3500, and 4000 K. Beside temperature, we chose to vary
ucky 2 three tube parameters, namely, chirality, diameter, and lengths.

In detail, the following models for open-ended carbon nanotubes
were investigated: (a) Chirality: three different chiral types of
(n,m) nanotubes were chosen that have about the same diameter
d. (d = 3/m)Y2a((n? + nm+ md)¥2, a being the G-C bond
distance assumed as 1.40 A.) They are the armchair (5:5),

6.68 A, chiral (7,3)d = 6.86 A, and zigzag (9,0 = 6.95 A

configurations. (b) Diameter: an (8,0) zigzag tube with a smaller
2+2r14 2+2rl6 diameter ofd = 6.17 A, a (10,0) armchair tube with a larger
diameter ofd = 7.72 A, and a much larger chiral (10,5)
nanotube with a diameter af = 10.21 A. (c) Length: three
different tube lengths, 7.5, 10, and 20 A, were used for most
species. An important finding is that the diameters of the (10,5)
and (10,0) nanotubes appear to be too large to allow the tube

C20-60 C20-6m Central7 openings to be closed within 12 ps.
General Features of TrajectorieBecause only a relatively

small number of simulations have been performed, we do not
claim statistical significance of the findings presented here.
However, important dynamic ingredients common to all tra-

jectories can be identified and discussed. The possibly most

outstanding finding is that in most trajectories at 3000 and 4000
2+4 K at least one end of the tube is closed, forming a closed-cage
structure within a short simulation time of 14 ps. As can be

seen from Table 2, most QM/MD simulations maintained target
temperatures on the average within 50 K with a slight tendency
toward lower temperatures. Therefore, average temper@atlre
and kinetic energy related @by [EqnO= YkTOremain
relatively constant. In this table, average relative potential

energies per carbon atoi{Zn are given relative to one-half of

R2 = 0.9925. As opposed to AM1, DFTB predicts the most the energy of a €molecule. Since on the average temperature
stable and the least stablexsdsomers consistent with the remains constanty([/n represents the profile of the total system
B3LYP calculationg84® The B3LYP/6-31G(d) single-point ~ energy during the simulation. An example & and V
energies at the SCC-DFTB-optimized geometries correlate well fluctuation and its average over 100 time steps is shown in
with the B3LYP-optimized energies wifRé = 0.99, indicating Figure 1 for a 20-A (9,0) nanotube at 3000 K. The potential
that the DFTB-optimized geometries are very reliable. From energy per atom is fluctuating by as much as 4 kcal/mol.
the above comparisons, we concluded that DFTB is acceptableCommon to all trajectories is a steep risel¥i/n at the very
in the description of isomers of gfullerene and decided to  beginning of the simulations, reflecting large geometrical
use DFTB as the semiempirical MO method of our choice for distortions due to the abrupt exposure to high temperatures. As
direct quantum chemical molecular dynamics (QM/MD) simula- characteristic features in the energy profile of Figure 1, drops
tions. in WZn of about 2 kcal/mol can be seen when the open ends

B. High-Temperature DFTB Molecular Dynamics Tra- are closed at; = 11.69 ps and, = 14.22 ps. The trend toward
jectories. In our previous communication, we already described lowering of potential energies when open tube ends are closed
in detail trajectories at 3000 K for 7.5-A (5,5) armchair and and dangling bonds become fully saturated is observable
7.5-A (9,0) zigzag tube conversion to fullerenes and discussedthroughout the presented trajectories. Regardififn for same
common features displayed in similar trajectories. Here, we systems at various temperatures, it is certainly not surprising
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TABLE 2: Summary of All the DFTB Trajectories of Nanotubes of Different Types and Lengths at Different Temperaturest

type length no. carbon T ad VN run time t tz no. lost no. final
(n,m) A atoms,n (K) (K) (kcal/mol) (ps) (ps) (ps) C1|C;|Cs units 4/5/6/7 rings
(5,5) 7.5 70 2000 2007 —66.8 11.89 |0 1/4/21/1
2500 2502 —64.6 11.89 7.47 0|0 0/9/20/2
3000 3005 —62.3 23.78 11.69 14.22 |00 1/12/17/4
3000 3141 —63.7 23.8 1.64 4.93 1|0 1/11/23/1
3500 3502 —55.0 11.89 4.75 [aio 0/6/6/4
4000 3970 —40.1 11.89 2.20 destroyed 0/0/0/0
10 90 1000 1006 —75.7 11.89 0/0/35/0
2000 2003 —69.7 23.78 11.61 13.49 |@O0 2/10/31/1
2500 2503 —68.4 23.78 4.99 22.13 |00 1/12/27/2
3000 3002 —64.4 11.89 6.60 10.55 |00 1/11/34/1
3500 3515 —63.1 11.89 2.38 6.57 0/13/32/1
4000 3985 —44.2 11.89 3.77 5.44 12|12 1/14/30/2
5000 4952 —20.3 11.89 destroyed 0/0/0/0
20 170 2000 2011 —74.4 9.46 (0|0 0/0/71/0
3000 2988 —69.4 5.35 (0|0 0/8/66/2
4000 4005 —59.7 14.21 1.28 3.39 3]0 0/14/53/1
5000 4970 —29.8 10.45 destroyed 0/0/0/0
(7,3) 75 70 2000 1991 —65.0 11.90 (19]]0] 0/3/20/0
3000 2997 —60.3 11.90 7.73 11.84 |00 1/12/16/3
4000 3979 —39.9 11.90 destroyed 0/0/0/0
10 98 1000 1014 —75.9 11.89 |0 0/0/39/0
2000 1997 —70.4 11.89 |0 1/6/35/1
2500 2507 —67.5 11.89 7.83 [aio 1/8/31/3
3000 3004 —64.8 11.89 7.62 11.01 DO 0/14/33/0
3500 3507 —61.0 11.89 3.66 10.67 |20 0/10/29/2
4000 4002 —62.8 11.89 destroyed 0/0/0/0
20 182 2000 1998 —74.6 7.92 (0|0 0/0/77/0
2500 2497 —71.7 7.76 6.83 |0 2/5/74/1
3000 3000 —68.9 7.92 3.89 7.48 |8|0 1/11/74/1
3500 3497 —65.5 7.50 1.62 ano 0/8/71/2
4000 4006 —59.8 8.26 1.63 5.75 8|1 0/12/63/5
5000 4964 —-37.1 7.68 destroyed 0/0/0/0
(8,0) 10 96 2000 1998 —69.3 11.89 |0 2/5/74/1
3000 2997 —57.4 11.89 4.43 [ed[0] 1/7/26/4
4000 4008 —56.5 11.89 6.49 [ajo 0/9/29/0
(9,0) 75 90 2000 1992 —68.5 11.89 |0 0/1/34/1
3000 3008 —62.0 11.90 10.50 |0j0 0/11/23/2
4000 4004 —46.7 11.90 6.37 destroyed 0/0/0/0
10 108 2000 2030 —69.3 9.98 (00][0] 0/2/41/2
3000 3001 —64.3 11.66 7.22 0|0 0/9/27/4
4000 3989 —47.5 11.90 destroyed 0/0/0/0
20 180 2000 2004 —74.9 7.99 (019][0] 0/2177/2
3000 2992 —67.9 15.86 12.89 13.88 |00 0/10/74/0
4000 4008 —60.6 10.14 5.59 10.29 |20 0/12/57/2
(10,0) 10 120 2000 1997 —70.9 8.09 (0|0 0/50/0/0
3000 2996 —64.5 7.61 (0|0 1/5/37/0
4000 4005 —54.2 7.10 0560 1/5/19/3
(10,5) 10 140 1000 1009 —77.1 11.89 |0 0/0/55/0
2000 1997 —70.8 11.89 |0 0/0/54/0
3000 3001 —67.0 11.89 |0 0/14/43/3
4000 3996 —45.4 11.89 destroyed 0/0/0/0
5000 4962 —24.7 11.89 destroyed 0/0/0/0

aKey: Tis the target temperatur€[Uis the actual average temperatu¥In is the average potential energy per C atom relative to a half of
C; energy,t; is the time of closing of the first end, arglis that of the other end (no entry here means that no closing occurred within the given
simulation time). The numbers of:CC,, and G fragments lost and the numbers of four-, five-, six-, and seven-membered rings at the end of
trajectory are also given. Thalic trajectory was carried out using a 5% velocity scaling rate.

that this quantity rises in energy as temperature is increased,are very often lost when the tube closes but can also detach
allowing the system to sample more frequently high energy when the connecting bond of, e.g., wobblingubits becomes
structures. A comparison diV/[In across systems for same vibrationally excited. As can be seen from Table 2, more
temperatures reveals a striking similarity between relative fragments detach at higher temperatures. Because periodic
stabilization energies, independent of system size and iYfa. boundary conditions forced these fragments to stay in the
values range between65.0 and—74.9 kcal/mol for 2000 K, vicinity of the cluster, several reattachments of previously
between—60.3 and—69.4 for 3000 K, and between40.1 and eliminated fragments have been observed, and we anticipate
—62.8 kcal/mol for 4000 K, with a tendency to overall lower that under experimental conditions with a constant flow ef C
potential energies for trajectories where tubes close early. units such attachment steps will significantly contribute to cluster
Concerning carbon fragments eliminated from the cluster, we growth and isomerization. A previous QM/MD study found
find a prevalent dominance of,@nits over carbon atoms and  similar attachments of carbon fragments on open-ended tbes.
C; with a ratio of about 40:11:3. LQunits and other fragments In the following paragraphs, we will discuss three different
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Figure 1. The potential-energy profile of the 20-A (9,0) tube DFTB trajectory at 3000 K. Shown in this figure are kinetic eneiginaotential
energy.

nanotubes of 20-A length, (5,5) at 4000 K and (7,3) and (9,0) this area is interrupted and the entire structural domain loses
at 3000 K. All three tubes close both ends in these trajectories stability, leading to the formation of gradually more defects in
within 14 ps but show very different dynamics behaviors at the the same area. The intact L end and the fractured R end of the
beginning of the trajectories. Nevertheless, the number of 0.11-ps snapshot are good examples for this principle. While
pentagons formed at the end of these three trajectories is similarthe R end undergoes further restructuring facilitated by large
namely, 14, 11, and 10 for (5,5), (7,3), and (9,0), respectively. amplitude vibrations of defects and their conjunct hexagons, it
MD of a 20-A (5,5) Tube at 4000 Keigure 2 displays 17 is 0.53 ps for the L end to develop a wobbling Gnit by
shapshots for the simulation of a 20-A armchair (5,5) tube at breaking a cisoid bond. The R end has meanwhile developed
4000 K, which starts with an intact tube possessing a perfect three wobbling @ units, and all pentagons have been back
honeycomb hexagonal lattice at 0.00 ps. For brevity, we will transformed to wildly moving hexagons. It is worth noting that
distinguish the two ends of the tube by R for right and L for the honeycomb structure of the inner portion of the tube remains
left. Because of the high temperature, this trajectory is very intact and unchanged throughout these fast and pronounced
dynamic and contains features not often seen at temperaturesnodifications of the rims. At 0.62 ps, only 0.09 ps after the L
around 3000 K. For instance, very early in the simulation, at end developed a long-lived wobbling,Qunit, two more
0.03 ps, it can be seen that a pentagon with an adjacent trianglevobbling G units are visible at L in the vicinity of the first
is about to be created from a hexagon at R due to large one. The phenomenon of almost instantaneous creation of
vibrational amplitudes of the outer carbon atoms, while at the several wobbling €units was dubbed “double wobbling” by
same time, a cisoid bond at the rear side of R also breaks leadingus before?® These G units are relatively vulnerable to becoming
to a wobbling G unit attached to the rim. Other hexagons expelled by large amplitude vibrations, and at 0.74 ps, one of
become strongly deformed along the entire tube, and severalthe R G units can be seen to detach permanently from the tube,
bonds become stretched beyond 1.8 A but do not break.while at the L end another wildly vibrating,@nit is not leaving.
Immediately after the formation of an R triangle, one of its outer However, the large number for-€C bonds longer than the
bonds breaks and a pentagon with one carbon atom attached tehreshold of 1.8 A indicates that at 4000 K large amplitude
its top is formed at 0.07 ps. At the backside of R, the same vibrations are common and come close to destroying the entire
type of structure is created by bond formation between the innertube as was found in all trajectories at 5000 K. At 0.92 ps, the
atom of the newly created wobbling,@nit and the unfilled R end loses a second wobbling @nit and features a hexagon
valence of the adjacent carbon, which was originally connected strongly bent inward at the tube opening, with two pentagons
to the outer Gatom. Such changes are observed very frequently close by and at the opposite end of the opening. At 1.02 ps, a
for C, units and are a major source of pentagons in the cage-stable hexagon/pentagon combination has developed in the R
closing process. Large torsional deformations on both sides ofopening with two adjacent pentagons. The bond between
the open-ended tube are visible in the 0.07-ps snapshot, but thenexagon and pentagon in the opening is relatively weak and
L end remains completely intact while the R end undergoes highly vibrationally excited, frequently allowing the carbon
further major transformation. At 0.11 ps, the rear R pentagon atoms of the “bridge” in the opening to approach the opposite
remains, the front pentagon is vibrationally strongly excited and side of the rim (see, e.g., 1.21 ps), leading to the complete
undergoing restructuring, and a new pentagon is created agairclosing of the opening at 1.28 ps. Meanwhile, the L end does
by catching the inner atom of a breakawayu@it. As described not indicate signs of closing at all, featuring only one long-
before3® defect creation in nanotubes is a synergetically self- lived wobbling G unit and no pentagons in this particular
enhanced process; oncerdond breaks, the conjugation in snapshot. It does, however, develop several pentagons over time
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Figure 2. Snapshots of the DFTB trajectory of a 20-A (5,5) tube at 4000 K.

by both of the aforementioned mechanisms and, at 1.90 ps,Structural defects never grow larger than two layers from the
exhibits three wobbling £units with one of them permanently  rim, independent of temperature.

leaving the tube. At that time, however, no pentagons have MD of a 20-A (7,3) Tube at 3000 Keigure 3 displays 13
survived at the L end. The large amplitude motions finally lead snapshots, and as before, the left and right sides of the open
to the creation of a long bridge from rim carbon chains in the ends are marked by L and R. The chiral nature of the tube can
center of the L opening at 2.38 ps, becoming part of a 15-atom clearly be seen in the first snapshot at 0.00 ps. The edges of
macrocycle with two wobbling €units at the opposite side of ~ our model structures for chiral tubes are not homogeneously
the rim. This bridge can make substantial movement within the composed of either armchair- or zigzag-type structures but can
opening as shown in the snapshot at 2.48 ps, allowing the be described as armchair “stairs” and have three “topmost”
wobbling G units to connect if their conformation is suitable. hexagons. All three of them at the R opening form almost
At 2.92 ps, however, instead of the, @nit, an inward bent ~ Simultaneously wobbling £units after 0.10 ps by breaking
hexagon attacks the bridge from the opposite side of the rim, cisoid bonds, while the configuration at L remains unchanged.

which leads to the gradual formation of two bridges in the This is another example that defects appear to be created in a
opening at 2.96 ps. The highly strained four-membered rings self-enhanced manner and that unmodified carbon honeycomb

contained in these bridges are subsequently involved in major, Ia}ttir(]:es argb\l/_ery strong due :z}ocorHugation. Al 0%4?] p:?‘(,jone
rapid reconstruction of this area and reactions with the rim oft e" wobbiing G units catches the top atom o the “down-
atoms, leading at 3.39 ps to closure of the L opening as well. stairs” next-neighbored hexagon, thereby forming a clearly

The result is a completely closed 20-A (5,5) nanotube with 14 visible pentagon structure, while the .L opening remains still in
pentagons perfect shape with vibrationally excited but intact hexagons.

; ) ) ) ) At about the same time, another wobbling Gnit at R
While low-temperature simulations of armchairs display recombines to a hexagon, and only one wobbling udit
smaller amplitude motions, wobbling.@rmation can stillbe  remains at R. It has a longer lifetime and is still present after
seen at 2000 K. Qwith n > 2 formation is rarely seen even at .97 ps, when simultaneously two cisoid bonds at L break along
4000 K. Common in all armchair simulations is the relative the same “staircase”. Both ends feature multiple wobbliag C
ease with which wobbling Cunits can be formed from rim  units from thereon, and a tendency toward creation of wobbling
cisoid bonds. Pentagons are then very frequently created by itSC; and G units from the outer rim members of the same
inner atom catching the original bond partner, leading to a staircase can be seen frequently, e.g., at 2.10 ps. Here, the R
single-carbon atom attached to the pentagon, which is alwaysend displays nicely how the wobbling Gnits are created, while
very reactive and tries to stabilize itself either by back wobbling G, Cs, and G units are also present at the same
transformation to a hexagon or by attacking neighbor units. opening. The formation of longer wobbling,@ > 2) chains



3188 J. Phys. Chem. A, Vol. 108, No. 15, 2004 Zheng et al.

Figure 3. Snapshots of the DFTB trajectory of a 20-A (7,3) tube at 3000 K.

at the rim is less frequently observed in armchair tube simula- heptagon and the other one created using one carbon atom as
tions discussed above and is never observed in the trajectoriesop center in the former gap between the former heptagon and
of zigzag nanotubes, confirming the significant difference in an adjacent pentagon. Subsequent isomerization reactions lead
the stability of different types of unsaturated openibfyst 3.38 to a carbon bridge in the middle of the opening at 7.32 ps, which
ps, both ends are still open. At the R end, only wobbling C is then attacked by a nearby wobbling @hit at 7.48 ps. The
units are visible, dangling from an all-hexagon-based rim, while opening is finally closed by simultaneously “zipping-up” the

at L three pentagons have formed, two of them connected by aremaining rim atoms and the bridge, which became close due
hexagon between them and one single pentagon at the opposit#o the two previously created bridges. The result is a completely
side of the rim (visible at the top of the inserted snapshot). The closed 20-A (7,3) nanotube with 11 pentagons.

two connected pentagons reached their positions by sequential Chiral tubes, like armchair tubes, possess cisoid bonds that
5/6 isomerizations, and together with their attached hexagons,are very prone to break even under lower temperatures of 2000
these pentagons achieve significant curvature of the rim inward K. At higher temperatures, frequently larger wobbling linear
the opening. Very soon after 0.18 ps, at 3.56 ps, the pentagon-carbon chains such as,@re formed by a sequence of bond
attached hexagon connects with a four-membered ring to its dissociations between rim atoms and the remainder of the tube.
right, and by breaking the four-membered ring, a new 5/6 This happens particularly often “down the staircase” of chiral
combination is created. The L side then closes by connectingtube openings. Structural defects such as this then weaken the
the top carbon of the new pentagon with the top carbon of a z-conjugation stabilization and self-enhance further destruction
hexagon of another 6/5 configuration at the opposite side at of the regular hexagon lattice at the openings.

3.89 ps. Meanwhile, the R side lost a wobbling @it and MD of a 20-A (9,0) Tube at 3000 Kigure 4 illustrates in
features besides hexagons one pentagon in the second layer from6 snapshot figures the simulation of a 20-A (9,0) open-ended
the rim and three still attached Gnits. The embedded pentagon  zigzag tube at 3000 K. In contrast to the armchair and chiral
was created earlier by catching the inside atom of a wobbling cases, where the first wobbling, @nit is created within the

C, unit, leading to the frequently observed structure of a first 0.10 ps at the opening rim, it takes this zigzag tube 1.43
pentagon with single atom on top. The single carbon atom ps to develop a wobbling Lunit. Our (8,0), (10,0), and other
reacted with one of a nearby wobbling, Gnit, creating the (9,0) zigzag tube trajectories agree with this finding, the fastest
outer hexagon on top of the original pentagon. At 4.55 ps, this time for wobbling G development being 0.181 ps in the 10-A
outer hexagon becomes transformed into a heptagon by subsef10,0) case at 4000 K. Before the development of wobbling C
guent detachments and reconnections of the outer carbon chainunits, large-amplitude motions of the hexagon skeleton, in
and this heptagon is able to reach fairly deeply into the opening particular of bonds connecting the outer polyacetylenic rim chain
of the R end, as is visible in the snapshot at 7.02 ps. This sideto the tube, can be observed, as shown in the snapshot for 1.28
of the tube now has three pentagons and two wobblixngrits ps at the L end. At other times, more rarely, bonds of the outer
in addition to a heptagon, with considerable curvature inward. rim chain itself break like in the snapshot for 1.43 ps, which
The heptagon isomerizes after a lifetime of about 2.7 ps at 7.18 suggests that stand-alone carbon chains are created because the
ps, leading to two hexagons, one being created from the original connecting bonds are stretched beyond the 1.8-A threshold. Most
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Figure 4. Snapshots of the DFTB trajectory of a 20-A (9,0) tube at 3000 K.

of the time these bonds snap right back, and the hexagon latticeR end is observed (not shown), and at 7.07 ps, three pentagons
remains unchanged. The only noticeable event at this early stagehave been created, giving this opening a large curvature inward,
in zigzag-tube simulations is Stor®Vales 6/6 to 5/7 rear-  while no pentagons can be found at the L end. The R ends starts
rangement, which takes place like in the sequence shown hereo close at about 12.57 ps with the approach of two hexagons,
for the L end at 1.52 and 1.54 ps. The created heptagons veryeach of them connected to a pentagon, and a five-membered
often undergo further reconstruction, and in this case, a hexagorcyclic gap between them. The new pentagon is formed at 12.59
with one carbon atom connected to its top is formed at 1.62 ps. ps (not shown), and its formation forces the remaining opening
This structure is not stable, either, as it falls apart and createsto shrink. At 12.88 ps, a pentagon and a four-membered ring,
the first, long-lived wobbling €unit at the L end of the tube.  separated by a gap, come sufficiently close to each other to
This Step is important as it allows the introduction of the first become permanenﬂy Connected’ and the R Opening is closed
destruction of ther-conjugation framework, and at 2.27 ps, a wijth an octagon as largest macrocycle remaining. The L end
second wobbling Eunit appears at the same end, this time by cjoses rather fast after this, having undergone similar isomer-
a relative rare deformation involving a three-membered ring jzations, and the entire tube is closed at 13.88 ps, with 10
formation caused by large amplitude movements of the rim yentagons formed at its caps.

zigzag chain and subsequent bond breaking. The three-
membered ring subsequently isomerizes to form a long-lived
heptagon. At 2.59 ps, “double wobbling” occurs in the area of
the first G unit at L, followed by the formation of a pentagon
at 2.65 ps. This pentagon however reisomerizes, and a hexago
is re-created. Meanwhile, no major structural transformations
are visible at the R end at all, again demonstrating the self- | ) ; ) )
enhancing effect of defects in one area, which is entirely a 'NCréasing temperature, allowing the formation of wobbling C
n-electronic effect. StoneWales-type isomerizations, followed ~ UNits from heptagons, thereby initiating other self-enhanced
by C, unit formation from heptagons, continue to occur at the defects. Once a defect is formed, the zigzag tubes close
L end, and at 3.37 ps, four wobbling @nits, or two “double thgmselves similarly but somewhat slower than armchair and
wobbling” structures, are visible. In the case of zigzag nano- chiral tubes.

tubes, “double wobbling” creates chiral tubelike “staircases” in ~ Common Features of DFTB Dynami@espite some differ-

the tube sidewalls, and at 3.42 ps, one rim of such a staircaseences in different types of nanotube trajectories, it is necessary
loses one connection and can be seen as a wobblingiC At to point out again critical key dynamic events during the
4.15 ps, the first successful Sten@/ales isomerization at the  transformation from nanotube to closed-cage structures: Mini-

Zigzag tubes are structurally and energetically very different
from armchair tubes; they do not possess the easily breakable
cisoid bonds of armchair or chiral tubes, and it takes generally
yery long even at high temperatures for the tubes to form
wobbling linear chain defects. Rather, at the initial stage, Stone
Wales 6/6 to 5/7 defects occur increasingly frequently with
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Figure 5. Top: The potential-energy profile of the 7.5-A (5,5) nanotube DFTB trajectory at 3000 K. Middle and bottom: the DFTB potential
energies ©) and structures (MD) at 10 snapshot points during the 7.5-A (5,5) tube trajectory at 3000 K, the em&rgieth¢ structures (OPT)
optimized by DFTB from the snapshot points, and the single-point B3LYP/6-31G(d) eneyagit the DFTB-optimized points. Here, 0 kcal/mol

is chosen for the equilibrium open-ended nanotube structure optimized by DFTB to allow comparison to B3LYP energies.

mizing the number of dangling bonds is a well-established major role in the surprisingly fast closing mechanism of the
driving force for bond formation in carbon clusters and plays a open-ended model nanotubes of this study.
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1. Wobbling G units are stable due to their intrinsic TABLE 3: DFTB and UB3LYP/3-21G(d) Dissociation
properties. They help to form pentagons, heptagons, and othefEnergies AE) of Various Bonds in 7.5-A (5,5) and (9,0)
structural defects to induce some curvature on the rim, which

is the important factor of the open-end closure. In general, DFTB AE UB3LYP/3-21G(d)
wobbling linear carbon chains,Guith 1 < n < 5 appear type bond (keal/mol) AE (kcal/mol)
abundantly as the major structural unit besides hexagons, (5,5) A 49.0 60.6
pentagons, and heptagons in high-temperature molecular dy- B 24.8 52.8
namics of molecular carbon clustersincreasing with temper- ©.0) % 2%-2 1141
ature. Chiral tubes are most apt to long-chain formation, ’ ’
followed by armchair, and zigzag as least likely. aBond labels are shown in the structures below.

2. Defects at the rims never extend beyond two hexagon CBA

layers from the rim, even at 4000 K if the tube is not destroyed
completely, or at longer simulation times, as preliminary
calculations on a (10,0) tube for 50 ps revealed. This means
that there is a distinct limit as to how much a tube opening can
bend inward, and this limit is independent of the tube length.
Once the tube diameter becomes too large, the tube can no
longer close by itself. The threshold diameter size can be
estimated from our negative simulations for the (10,0) tube to
be about 7.7 A or possibly somewhat larger.

3. A 5/7 fused 10-membered ring system is more flexible ) . .
. . . ' _the two energy profiles are qualitatively parallel, suggesting that
and the bond between these two rings is weak, which helps opeTR potential surface approximately parallels the B3LYP

create a Iar_ger te_n_-membered ring resembling a carbon brldgesurface during the dynamics. The average difference in relative
in the opening, giving a chance for attack of @it and other

defects f h ite side of th . energies between the two methods of about 100 kcal/mol can
elects from the opposite side O__ € openlngs. . be attributed to the different energetics for the (5,5) tube
4. [2+4] and larger cycloaddition “zipper’-type reactions eference structure.
occur in the final stage of end close when the opening size has p Strengths of Rim CC Bonds in Open-Ended Nanotubes.
been reduced to an approximately twelve-membered ring. |n this section, we make a brief study on what bond is
Closing occurs very rapidly, once a _critical diam(_ater size has energetically easiest to break in the open-end 7.5-A (5,5) and
been reached by structural deformations of the rim. (9,0) nanotubes. Table 3 shows the calculated bond dissociation
C. B3LYP Calculations of Selected Structures from energies for various CC bonds on the open end of the nanotubes.
DFTB/MD Trajectories. The top figure of Figure 5 shows the  The broken-bond structures (as well as the regular open-end
changes of potential energy during the simulation of a 7.5-A nanotube structures) were optimized both with the DFTB and
(5,5) nanotube DFTB trajectory at 3000 K. Starting from 0 kcal/  the spin-unrestricted B3LYP/3-21G(d) method by freezing the
mol at the equilibrium nanotube structure, one can see that thelength of the broken bond at 2.0 A. This situation corresponds
trajectory quickly climbs up a steep hill of potential energy to an electronic structure with biradical character, and while
reflecting 3000 K constant temperature, and propagates with DFTB does not discriminate between open-shell singlet and
the average potential energy of around 4800 kcal/mol with triplet, it is necessary to use spin-unrestricted B3LYP to describe
a fluctuation of£100 kcal/mol, sometimes even larger. To gain the open-shell singlet correctly. Their energies relative to the
insight into the structures sampled by the trajectory, we took energy of the fully optimized open-end structures were taken
10 snapshots of the trajectory at 1.21-ps intervals, as shown atas the bond energieAE. For the armchair-type (5,5) nanotube,
the bottom of Figure 3. All these 10 structures were then the cisoid bond (B) is found to be the weakest bond. This
optimized by DFTB, and single-point energy calculations are thermodynamic preference is reflected in the results of DFTB
performed by B3LYP/6-31G(d). DFTB-optimized energies and dynamics for armchair-type nanotubes at high temperature
B3LYP/6-31G(d) energies are shown in the middle part of (1000-4000K) range reported in section B, where cisoid bonds
Figure 5. The comparison of the DFTB MD structures and are almost always preferentially broken to form “dangling C
DFTB optimized at the bottom of Figure 5 indicates that, while units. For the zigzag-type (9,0) nanotubes, there is only one
the MD structure have many rings with stretched or compressedkind of bond (D) at the open end, and Table 2 shows that this
bond distances and distorted bond angles, the optimizedbond is stronger that the cisoid bond in the armchair (5,5)
structures have mostly regular rings with “normal” bond nanotubes. This is also reflected in the high temperature DFTB
distances and angles. These optimized structures are locabdynamics of zigzag-type nanotubes, where the open end was
minima on potential-energy surfaces and suggest existence offound to be less easily broken than in armchair-type nanotubes.
a large number of local minima of different bonding patterns  E. Trajectories on the REBO Potential. In the present
on the nanotube-to-fullerene pathway. The energies of the section, we show results of two trajectories on armchair and
DFTB-optimized structures are in the range-669.1 to 96.5 chiral open-ended tubes at 3000 K, using the original REBO
kcal/mol, indicating that these local minima are not much semiempirical force field232 This potential has been used in
different in energy. We see in Figure 5 that the DFTB-optimized previous studies on high-temperature dynamics of carbon
energy climbs up about 100 kcal/mol at the early stage and thenclusters by Maruyama et &, before Brenner improved upon
declines slowly and continuously as the time progresses, as ifit by addressing a flaw concerning the introduction of a spurious
seeking for a thermodynamically more stable structure. Of force for internuclear distances larger than 1.7°Adowever,
course, caution has to be taken not to over-interpret the resultthe improved version has itself problems with bond-formation
of a single trajectory. The comparison of the DFTB-optimized processes, which are essential in the closing of carbon nanotubes,
energies and B3LYP/6-31G(d) single-point energies at DFTB- and we therefore decided to compare our DFTB calculations
optimized geometries in the middle of Figure 3 indicates that with the simulations using the original REBO potential. Both
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TABLE 4: Summary of All the REBO Trajectories of Nanotubes of Different Types and Lengths

type length no. carbon T o VI run time no. lost no. final
(n,m) A atoms,n (K) (K) (kcal/mol) (ps) C4|C5|Cs units 4/5/6/7-rings
(5,5) 7.5 70 3000 2966 —62.2 19.4 (0|0 1/0/25/0
(7,3) 7.5 70 3000 2950 —61.1 121 (10][0] 0/2/24/0

a For details, see Table 2.

0.00 ps 0.13 ps 0.14 ps
8.40 ps 8.70 ps 14.80 ps

19.36 ps

G-62-9-07

Figure 6. Snapshots of the REBO trajectory of a 7.5-A (5,5) tube at 3000 K.

armchair and chiral types were found using DFTB to readily ring back transforms into two fused hexagons via retro-Stone
close open ends within less than 14 ps, and we therefore chosaVales isomerization.

them as candidates for comparable REBO trajectofiesA From the above description of two trajectories of different
(5,5) Tube.Eight snapshots of a 7.5-A (5,5) nanotube REBO types of nanotubes, it clearly shows that, in trajectories based
trajectory are shown in Figure 6 up to 19.36 ps. During the on the REBO semiempirical potential function, few bond-
entire simulation time, only few bond-breaking and -formation formation and -dissociation processes are observed, at least
processes are observed. At 0.13 ps, two bonds in the middle ofwithin up to 20 ps. This finding is very different from our
the nanotube break but mend again quickly at 0.14 ps, indicating previously described trajectories using the DFTB quantum
large amplitude vibrations in the tube interior. Following this chemical potential method. It is due to intrinsic deficiency of
event, no permanent bond formation or dissociation processeshe REBO potential. In REBO potential, the interaction is
happen up to 14.80 ps. The snapshots at 8.40 and 8.70 ps showalculated according to the distance between two adjacent atoms,
strongly deformed ends of the nanotube, but the hexagon latticewhich obviously cannot properly include nonlocal effe€tsuch
remains intact and neither pentagons, heptagons, nor wobblingas 7z-conjugational effects. However-conjugational effects

C; units appear. At 14.80 ps, one new bond forms between two appear to be the origin for self-enhanced multiple defect
carbons at the end of the nanotube and one more bond forms aformation and are an essential ingredient in DFTB trajectories.
the same end at 19.36 ps. However, the end of the nanotube ifREBO does not include such nonlocal changes in energetics
still open up to 19.36 ps. This simulation shows the difficulty and remains indeed “adamant” toward breaking an established
of the REBO force field to break carbewarbons bonds under ~ o-bonded carbon network. We note that REBO carbon trajec-
3000 K, and hence major restructuring of the tube’s honeycombtories at 5000 K are typically discussed in terms of nanosec-

lattice to accommodate pentagons and greater curvature require@nds>* whereas QM/MD simulations on carbon nanostructures
a much longer time. can be described within less than 100 picosecdhefs.

7.5-A (7,3) Tubeln Figure 7, 10 snapshots of a 7.5-A (7,3)
nanotube REBO trajectory are presented. At 0.02 ps, several
hexagons at end L and end R become vibrationally strongly 1. Benchmark calculations on some representativg C
excited, and their outer bonds become stretched beyond thestructures indicated that the DFTB method is very reasonable
1.8-A threshold. In fact, the broken bonds remain broken for in reproducing the reference B3LYP/6-31(d) relative energies
0.25 ps. Single, isolated carbon atoms are created by thisat a small fraction of computation costs, in agreement with tests
mechanism, which is different from the formation of wobbling by other groups.

Cz units in the DFTB trajectories. At 0.27 ps, these broken bonds 2. DFTB trajectories of different types of open-ended
recombine back to intact hexagons at the rims of nanotube. At nanotubes calculated by the DFTB method are reviewed in
0.73 ps, a fused 5/7 ring is formed in a SterwWales-type detail. Wobbling G units play an important role in the closure
isomerization from two fused hexagons. After about 5.78 ps, of the open ends to give fullerenes. The existing wobbling C
we do not find more isomerization reactions of the hexagon units create new pentagons as well as hexagons and heptagons
lattice, very similar to the above (5,5) nanotube. The fused 5/7 at the edges and thus bring curvature into the structure that

IV. Concluding Remarks
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Figure 7. Snapshots of the REBO trajectory of a 7.5-A (7,3) tube at 3000 K.
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