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Abstract. We have investigated the growth and mechanicathe formation of dislocations in the originally ideal graphite
properties of carbon nanotubes using a variety of compleaetwork and lead to the onset of a plastic deformation of the
mentary theoretical techniques. Ab initio molecular dynam-carbon nanotube.

ics calculations show that the high electric field present at

the tube tips in an arc-discharge apparatus is not the critical
factor responsible for open-ended growth. We then show by

explicit molecular dynamics simulations of nanotube growthCarbon is a rare element in its ability to form a wide variety of
that tubes wider than a critical diameter sf3 nm, that network-like structures, termed fullerenes. These range from
are initially open, can continue to grow straight and main-the now-famou€so and other large carbon cages [1] to buck-
tain an all-hexagonal structure. Narrower tubes readily nuyonions [2] and nanotubes [3-5]. At present, carbon nano-
cleate curved, pentagonal structures that lead to tube closutiges show substantial promise as superstrong fibers, com-
with further addition of atoms. However, if a nanotube isposites, catalysts, molecular wires, straws, gears, switches,
forced to remain open by the presence of a metal clusteand photonic materials [6—15]. Success in most of the pro-
defect-free growth can continue. For growth catalyzed byosed applications depends crucially on the ability to synthe-
metal particles, nanometer-sized protrusions on the partickize coherent, defect-free nanotubes or nanotube assembly.
surface lead to the nucleation of very narrow tubes. Widé\n atomistic-level understanding of the structural, growth,
bumps lead to a strained graphene sheet and no nanotutbefect, and elastic properties of nanotubes is, therefore, of
growth. We have also simulated the growth and propertiesignificant technological importance.

of double-walled nanotubes with the aim of investigating the  Carbon nanotubes are currently synthesized in carbon
role of lip—lip interactions on nanotube growth. Surprisingly,arcs [3-5, 16, 17] through laser vaporization [18,19], cata-
the lip—lip interaction by itself does not stabilize open-endedytic combustion [20, 21], chemical vapor deposition [22],
growth, but rather facilitates tube closure by mediating theand ion bombardment. The type of nanotube that is produced
transfer of atoms between inner and outer shells. Furthedepends strongly upon the presence or absence of catalysts:
more, a simulation of growth on a wide double-wall nanotubenultiwalled nanotubes are most commonly produced via non-
leads to considerable deviations from the ideal structure, inatalytic means, whereas single-wall tubes are usually the
contrast to corresponding simulations for single-wall tubegslominant products under catalytic growth conditions. Given
that result in nearly perfect structures. As regards mecharnhese different techniques for production, it is likely that a va-
ical properties, carbon nanotubes, when subjected to largeety of mechanisms play a role in the assembly of nanotubes.
deformations, reversibly switch into different morphologicalln Sect. 1 we review our work concerning the mechanisms
patterns. Each shape change corresponds to an abrupt of-growth of carbon nanotubes in the arc discharge, both sin-
lease of energy and a singularity in the stress—strain curvegle and multiwalled, with and without the presence of metal
The transformations, observed in molecular dynamics simuelusters, which act as catalysts. We have not yet addressed
lations, are explained well by a continuum shell model. Withthe growth assisted by highly dispersed metal atoms that oc-
properly chosen parameters, the model provides a remarkabtyrs when a mixture of carbon and a catalyst is vaporized by
accurate “roadmap” of nanotube behavior beyond Hooke’s strong laser pulse.

law. We have also investigated static and dynamical proper- One of the most important applications of carbon nano-
ties of carbon nanotubes under uniaxial tension by quanturiubes is likely to take advantage of their outstanding me-
and classical simulations. In strained nanotubes at high tenchanical properties, namely their extreme flexibility, and
peratures double pentagon—heptagon defect pairs are sponstrength [11, 23, 24], at one-sixth the weight of steel. In
neously formed. Their formation is energetically favorable atSect. 2 we review the most important aspects of the mechan-
strains greater thaB%. They act as nucleation centers forical properties of nanotubes, as revealed by classical and




40

quantum simulations and continuum modeling. It is import-favored only for very narrow tubes. Our calculations show
ant to note that these results represent true predictions, sintteat there is a critical diameter ef 3 nm above which all-
sufficiently long, defect-free nanotubes that would enabl&exagonal structures with possibly a few isolated pentagons
precise measurements of their strength are yet to be madat. the tube tip are energetically favored. These pentagons
Nevertheless, the quantitative predictions are rather exciire converted to hexagons by the insertion of subsequent de-
ing and provide a strong impetus for further development oposits and straight, defect-free growth can continue. Narrower
methods for large-scale growth of nanotubes. tubes, on the other hand, favor highly curved adjacent pentag-
onal structures at the step edges that lead to tube closure with
addition of atoms, and thus cannot grow.

The above conclusions, based on energetic arguments,
have been subsequently proven by explicit molecular dynam-
In this section we present the results of extensive theoreticits (MD) simulations [30]. Figure 1 illustrates the growth of
studies of the growth of carbon nanotubes in an arc discharga,wide tube through snapshots of a specific growth simula-
both with and without the presence of metal catalysts. Betion near a step edge orgeD-nm-diameter tube. In contrast,
cause the nanotubes form under highly nonequilibrium condirarrow tubes close through the formation of stable high-
tions, the kinetics of their growth is important and, as will becurvature pentagons [30]. Further deposition on the closed
shown below, may even play the dominant role in a number ofop leads to a disordered cap structure not suitable for an all-
growth processes. hexagonal growth. The above results help explain (a) why
nanotubes grow open-ended, and (b) why, in the absence of
metal catalysts, only tubes wider thar2.2 nmare observed
in arc discharge.

Because of the inherent mismatch between the simula-
Initially it was believed that the tubes grow through thetion times presently accessible to a classical MD simulation
addition of atoms to the caps of closed tubes [25]. How-
ever, experiments show that the growth of the tubes is open-
ended [5]. This is surprising, because the large number ¢f
dangling bonds at the tips of open tubes energetically fg
vor a closed-tube geometry. A number of reasons have been
suggested to explain this. Amongst these, the idea that large
electric fields~ 1V/A present at the tips of the growing
nanotubes keep them open is quite attractive [26]. Howeve
we have shown by ab initio calculations that even for very

1 Growth kinetics of carbon nanotubes

1.1 Growth from vapor phase

=

narrow tubes the electric field alone cannot stabilize the ope

tube structure [27]. Thus, some other mechanism must be re-
sponsible. Although the idea that hydrogen atoms temporarily

saturate the dangling bonds and keep the tubes open is attr

']_

(a)

(b)

AC-

tive, such a mechanism is ruled out by the virtually complete
exclusion of H in the arc discharge experiments. The presencge
of thermal or concentration gradients of large enough mag
nitude at the tube tips can also be ruled out. It is therefor
natural to search for models based on the stability of locg
structures formed during growth. Therefore, we have inveg
tigated the structures that form during deposition and thei
subsequent dynamics.

To explore the relative stability of the various adatom
structures, we first performed total-energy calculations using
a many-body potential of the Tersoff form [28] with param-
eters from Brenner [29]. A number of all-hexagonal open
tubes with varying helicities were constructed. Carbon atoms,
dimers, or trimers were added to the tube tip in order tg
form the various possible structures occurring during growth,.
These structures were then relaxed by the conjugate gradient
method, their energies measured and compared.

Of the various possible adatom structures that might form (e) ®
by the addition of atoms and small carbon clusters to thgi . o . .

. . . g.la—f. A specific growth simulation near a step edge or.@-nm-
o_p(_en nanotube tp, tWO_ tum_OUt to be most important in deﬂiameter tube with helicity (59,27 The initial all-hexagonal structure
ciding whether a tube is going to grow or close. These ar@mains stable upon annealing even at our high simulation temperature of
a hexagon and a pair of adjacent pentagons at a “step edg@000 K b The first atom inserts itself to form a heptagon at the step edge,
where a row of hexagons terminates at the tube tip. The adj#hich ¢ quickly decomposes into a hexagon and a pentagon at the step
cent pentagonal structure saturates one more dangling bongﬁe.d The pentagon then swaps with the adjacent hexagon through a bond

~ 1 — D

© @

. . . tch and migrates by one ring A second deposited atom inserts into the
than the hexagon, but at the same time gives rise to a curv@gyagon at the step edge to form a heptagon, whitten annihilates with

structure at the tip. Such curved structures are energeticaliye migrating pentagon to form an open-ended, all hexagonal structure



switching kinetics obtained from the MD simulations into
a kinetic Monte Carlo code [31]. In addition to allowing
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(nanoseconds) and the long experimental growth times (mil, ) (b)
liseconds), it is not possible to simulate large-scale growth(a
of carbon nanotubes directly, without assuming unrealisti-
cally large deposition rates. In order to reach experimen-
tal timescales, we incorporated information on basic bond-
growth simulations to be performed over experimental times, l

the Monte Carlo code also estimated a minimum temperature
of ~ 1000 Krequired for defect-free growth, in good agree- c o
ment with experimental observations. o o o

1.2 Growth in the presence of metal catalysts

The first syntheses of single-walled graphitic tubes (SWTs{c¢)
in the presence of metal catalysts [16,17] and the recently
discovered laser-vaporization method of making nanotubes i
significantly larger quantities [19] have instilled a new impe-
tus into the study of their growth. SWTs are expected to bd
much freer of defects than the multiwalled nanotubes synthe-
sized previously. Not surprisingly, therefore, intense activities
among many research groups have yielded successful synthe-
sis of SWTs using many different catalysts; transition metals o -
Fe Co, Ni, and Cu: lanthanide metal&d, Y, andLa, as F|g.2g—c.The atom|st|cs'of hexagon addition at the nanot'ube_base by bond
! formation between a pair of handle atoms at the opposite sides of a hep-
We” as Several_m|xed catalysts [32__37]- NanOtUb_eS pro_duc_q on.a For an isolated heptagon, a 5-7 pair forms in addition to a hexagon.
in these experiments show a relatively narrow dispersion i For a 5-7-6 complex only an additional hexagon formannihilation of
diameter, varying between 0.8 aBd. nmdepending on the two adjacent 5-7 pairs into four hexagons by a reverse Stone-Wales switch
catalyst used, and the longest tubes grow up to a;few
Metal-catalytic growth of these nanotubes is widely believed
to proceed via solvation of carbon vapor into metal clustersirom a metal carbide particle of size several tenswf and
followed by precipitation of excess carbon in the form of (i) what prevents the formation of multishelled tubes.
nanotubes. In the laser-vaporization experiments, on the other We have performed extensive MD simulations to address
hand, the growth is believed to be catalyzed by single metahe above points [39]. The simulations have revealed the basic
atoms [19, 38]. In this subsection, we will only discuss theatomic processes by which root growth of SWTs can occur
growth catalyzed by metal particles, or clusters. from a metal carbide surface. We find that carbon adatoms on
Depending on the size of the clusters involved, there ara graphite plane form two bonds with the “substrate” and are
two different modes of catalytic growth of SWTs; (mode 1)quite mobile. Assuming that a tube base has already formed,
in which the metal particles, several tens of nm wide, arehese “handles” are energetically attracted to it and the tube
much larger than the tube diameters and lead to the precipan grow. An even number of handles leads to an increase
itation of a large number of SWTs from a single particlein the net number of hexagons, and thus to root growth.
surface [32, 34], and (mode 2) in which the metal particlesThrough snapshots from our MD simulations, Fig. 2 illus-
are of the same size or even smaller than the tube diantrates the various ways in which hexagons may form at the
eters & 1 nm) and prevent tube closure by moving with the tube base. Under the assumption that the metal surface con-
growing tip [37]. SWT growth by mode 2, when it occurs, is tains protrusions of height ~ a few nm, the simulations
relatively simple, and is explained by the presence of reactivgield the following picture: protrusions much narrower than
dangling bonds at the tube tip [31, 37]. The dangling bond$ can nucleate and grow SWTs, whereas wider ones form
are stabilized by the metal particles and act as attraction sitemly a strained graphene sheet and do not lead to tube growth.
for carbon adatoms. Thus, our results explain why only very narrow SWTs are ob-
However, mode 1, which implies root growth by carbonserved experimentally and why multishelled tubes growing
atoms precipitating from large metal particles, occurs in manyut of metal particles are usually not found.
experiments where web-like material, consisting of rounded
soot particles, several tens o in size, forms [17]. The 3
soot particles have been identified as metal clusters embe]d'—
ded in a few layers of graphitic carbon, which are intercon-
nected by SWTs, severalm in length. Another direct evi- We have studied the growth of multiwalled carbon nanotubes
dence in support of root growth is that the use of lanthanidas formed in an arc discharge, with a primary focus on the
series catalystsdd, Yi, andLa) yields sea urchin morph- so-called lip—lip interaction between adjacent tube tips [37].
ology [32-34] in which a dense bundle of SWTs emanateSuch an interaction arises when atoms or small clusters from
radially from each metal particle. The main challenges assahe vapor deposit themselves at the tips of the nanotubes.
ciated with growth mode 1 are to understand (i) what limitsThese then form bridges or “spot-welds” between the tubes,
the width of all SWTs to withirre 3 nm, while precipitating  which are thereby kept open for continued growth.

Growth of multishell nanotubes: relevance of lip—lip
interaction
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To investigate the importance of the lip—lip interactions,the lip—lip interaction, bonds that bind atoms of the lip—lip
we have carried out extensive molecular dynamics (MD) simnetwork break, leading to the transfer of atoms to the inner
ulations of double-walled carbon nanotubes [40]. We firstube. Within a timescale gifs the lip—lip interaction reforms
constructed a (10,0)@(18,0) multiwalled tube having a heightear those spots, but now the lips of the outer tubes are curved
of 12 atomic layers [41], which was then uniformly heatedas compared to its initial state, as shown in the side views in
up from 0 to3000 K over a40-ps period of time. Although Fig. 4a,b. At the same time, curvature-inducing defects, such
there was no initial interaction between the tube tips, bridgin@s adjacent pentagons, readily form on the inner tube, so that
bonds were first observed to format900 K, when the am- it begins to curve inwards. This, of course, bends the outer
plitudes of the radial distortions were large enough to bringube even more, further enhancing the transfer of atoms from
the carbon atoms of the tips within interaction range. Suclthe outer towards the inner tube via the lip—lip network. As
bonds continued to form as the temperature was increasetthis network of atoms moves across the tubes, there is a gen-
until a complete network of bridging bonds was formed, aseral collapse of the upper parts of the inner tubes, forming
shown in Fig. 2a. The bonds of this lip—lip interaction area separate shell now covering only the inner tube. These ob-
of a fluctuating character: on a timescale of sevpslthe servations suggest that the driving force for tube closure is
bonds bridging the tube tips were observed to break and reet by the curvature (diameter) of the inner tube, where the
form in similar configurations. These results are in complet@efects leading to closure first form.
agreement with similar simulations based on the more accu- To compare the stability of single- and double-walled
rate ab initio methods [41]. To test the efficacy of the lip—liptubes, we carried out annealing studies for tubes in the
interaction in keeping multiwalled tubes open, we continued- 2-nm range, which are summarized in Table 1. Essen-
annealing the (10,0)@(18,0) tube. Surprisingly, we find thatially, at any given temperature, the time required to close
the double-walled tube closes spontaneously on hundreds tife double-walled tube is slightly longer than, but still com-
picoseconds timescale. The lip—lip interaction by itself simparable to, the time needed to close the single-walled tube
ply cannot keep narrow, multiwalled tubes open for growth. having the same diameter as the inner double-walled tube.

Details of a simulation of a (18,0)@(26,0) double-wall The closure time for the double-walled tubes is longer, sim-
tube are shown in Fig. 3. Because of the fluctuating nature gily because it takes some time for atoms to transfer from the

outer to the inner tube.
While these simulations show that the lip—lip interaction
alone cannot stabilize open-ended nanotubes, it is still pos-
a) sible that these interactions exert a stabilizing influence if
they act in conjunction with other effects, such as with a large
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Fig.3a—c. Top and side views of (18,0)@(26,0) double-walled tubes.Fig.4. aHigh-resolution transmission electron microscope image of a bent
Lighter (darker) colors are used to represent atoms from the outer (innetpube. b A computer-generated image of a bent tube. The network of
tube.a 0 ps b 45 ps ¢ 180 ps Note that at these high temperatures a small hexagons is not disturbed; consequently, the tube can unbend without any
number of atoms from the inner tube move towards the outer tube damage
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Table 1. Mean time for closure for a series of annealing runs for single- 0f the buckytube energy at certain levels of strain corresponds
and double-walled tubes to abrupt changes in morphology, when a switch between
distinct patterns occurs. These transformations can be inter-

Tubes Diameteynm  Temperaturgk t/es preted in terms of a continuous tubule with properly chosen
(10,0) 0.78 3500 7 parameters, which provides an analytical model for bucky-
(10,0) 0.78 3000 45 tube behavior not only at small deformations but also beyond
(18,0 1.41 3000 650 the linear response. The energy of a shell is given by a surface
(10,0@(18,0) 3000 154 integral of the quadratic form of local deformation [44],

(13,0) 1.02 3400 48 1

21,0 1.64 3400 250

E13,0g@(21,0) 3400 64 E=5 // i D [(Gex +sey)? = 2(1 = ) (kxicy — )]

(18,0) 1.41 3500 140

(26.0) 2.03 3500 212 - [(ex+8y)* = 2(1—v) (exey — £5y) | } ds,
(18,0)@(26,0) 3500 180 (1 - v2)

wherex is the curvature variation, is the in-plane strain, and
electric field present at the tube tips [37]. To address this isx andy are local coordinates. In order to adapt this formalism
sue, we have carried out an extensive simulation of growtko a graphitic tubule, the valu&= 59 eV/atom= 360 Jm?
on a large-diameter double-walled tube, which should b@ndD = 0.85 eVhave been identified by comparison with the
relatively stable. Two saw-toothed (38,0)@(47,0) tubes havMD studies of buckytube energetics at small strains.
ing diameters of 3.0 an@.7 nm and heights of 12 atomic Figure 5 shows a simulated buckytube exposed to axial
layers were constructed. To form the lip—lip interaction, 38compression [11]. At small strains the total energy grows as
atoms were added between the nanotube tips, and the syB¢s) = 1/2Ce?. The presence of four singularities at higher
tem was annealed for a short period of time. During the MDstrains is quite a striking feature and the patterns illustrate
run, the temperature of the tips was kepBAD0K A con-  the corresponding morphological changes. The shading in-
stant temperature gradient was imposed along the length dfcates strain energy per atom, equally spaced from below
the tube, so that bottom layers were kepl@®0K Carbon 0.5eV (brightest) to abovel.5eV (darkest). The sequence
atoms were then deposited at random around the circumfesf singularities inE(¢) corresponds to a loss of molecular
ence of the tube, with kinetic energies in the8 eV range. symmetry fromDyp t0 S, Don, Con, @and Cq. This evo-
The primary effect of the electric field was assumed to simiution is in accordance with the continuum elasticity shell
ply focus the incoming atoms onto the nanotube tips. As withmodel, which further allowed a derivation of simple equa-
the narrow tubes, atoms were readily incorporated into théons describing instabilities in SWNT in different elastic
lips of tube. However, most of the incorporation took placedeformations. These can be briefly summarized as follows.
either on top of the lips, or at the “bends”, where the curvalnder axial compression, the tube either buckles sideways
ture is the highest. This however did not lead to open-endeat ¢, = 1/2(=d/L)?, or forms a local wall-kinks at the strain
and straight growth. Rather disordered, cap-like “ballooning’level ¢/ = 0.077 nm d* (whatever occurs first). Understand-
structures were formed with considerable deviations fronably, a pure sideways buckling leads further to a local bending
straight growth. Whether such disordered growth would sim-
ply continue or mark the beginning of the tube closure is at
present impossible to tell.

2 Elastic and deformation properties

The remarkable flexibility of the hexagonal network allows ¥
the system to sustain very high bending angles, kinks, an
highly strained regions. In addition, nanotubes are observe
to be extremely resilient, suggesting that even largely dis
torted configurations (axially compressed, twisted) can b
the result of elastic deformations with no atomic defects in- 5%
volved [11, 23,42, 43]. Such a suggestion is provocative fo e

a graphite-like material, commonly perceived as rather brit %

tle and poses important questions: what range of strain ce
nanotubes sustain elastically, and what kind of patterns ce
they exhibit under different mechanical load? We have car-.
ried out MD studies for nanotubes under generic modes

(b) (c) (@)

Fig.5a—d. An MD-simulated buckytube of length. = 6 nm, diameter
\ ! : - =1nm, and armchair helicity (7,7), under axial compression.ef\t=
deformation [11,23]: bending, axial compression, and tore.05 the cylinder buckles into a patter)( displaying two identical

sion. Originally the goal was to reproduce, if possible, thdlattenings— “fins” perpendicular to each other. Further increase @f-
HRTEM “signature” of the bent nanotubes. The agreemernances this pattern gradually until ap = 0.076 the tube switches to

- athree-fin pattern), still possessing a straight axis. In a buckling sideways
was very gOOd’ see Fig. 4 [23]' We further found a remark e3 = 0.09 the flattenings serve as hinges, and only a plane of symmetry is

able synergism between the m_ethOdS of MD and those_ C%ﬁeserved,q). At g4 = 0.13 an entirely squashed asymmetric configuration
macroscopic structural mechanics [11]. A singular behavioforms )
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(which is the softest and more frequently observed modeot proceed in a nice simple fashion, along the edge of an
of deformation). In bending, only one side of a tube isopen-ended nanotube, as in [10], since the dangling bonds
compressed and thus can buckle, and the estimated criticallong such edge are very unstable and tend to rebond. This
curvature iskK. = 0.155nmd2. This is in excellent agree- complicates the unraveling, but we did see a relatively large
ment (within 4%) with extensive simulations of single-wall opening, a polygon fluctuating in the size range of 7-13 ver-
tubes of various diameters, helicities, and lengths. Due to thices.

end effects, the average curvature is less than the local one We have also investigated the strain release mechanisms
and the simulated segment buckles somewhat earlier than atder fixed-strain conditions, which at molecular dynamics
6 = KcL, which is accurate for longer tubes. time scales provides a closer approximation to the actual

In simulation of torsion, the increase of azimuthal angleconditions of mechanical-load-induced failure. Under these
¢ between the tube ends results in either overall beanconditions, beyond a critical value of the tension, the system
buckling at ¢, ~ 2w, or in a cylinder-helix flattening, at releases its excess strain via a spontaneous formation of topo-

" = 0.055 nn¥/?L d~*2, Such flattened-collapsed structureslogical defects. The first defect to form corresponds 8a
have been observed experimentally and are caused by a comtation of aC—C bond about its center, the so-called Stone—
bination of externally applied twist and the van der WaalsWales transformation [49], which produces two pentagons
attraction between the walls. and two heptagons coupled in pairs (5-7-7-5), as shown by ab

The ability of nanotubes to reversibly collapse under largénitio real-space multigrid calculations [50] see Fig. 6. This
hydrostatic compression is due to their hollow structure andopological change is stable during the remaining simula-
the resilience of the graphene walls. Collapse cannot occuion time (=~ 1 p9. The energetics of this defect have been
simultaneously throughout the tube of substantial length. It ivestigated via zero-temperature calculations. Both the equi-
initiated locally (for example, by a bend or twist) and thenlibrium and thel0%-strained tubes are (meta-)stable in the
propagates with the speedproportional to the square root ideal graphite structure and in the presence of the (5-7-7-5)
of over-pressure [45]y ~ (p/po— 1)Y/2.This is of interest defect. At zero strain, the energy of the defect configuration
in relation to potential applications of nanotubes in shock-
absorbing materials and the existing experimental evidence 15)
such reversible collapse [46].

With the abundant evidence of high resilience of CNT
in different deformations [47], it is important to assess the
limits of their strength in fast-strain test simulation [48].
Nanotube behavior at high tensile strain rate 1 MHz)
has been studied by molecular dynamics using the Tersoff
Brenner potential. The simulations performed for single- anc
double-walled nanotubes of different helicities and at differ-b)
ent temperatures show that nanotubes have an extremely lat
(> 25%) fast-breaking strain. At the breaking strain level,
one or a fenC—C bonds fail almost simultaneously, and the
resulting “hole” in a tube wall becomes a precursor of frac-
ture. The atomic disorder propagates then rapidly along th ; 1
circumference of the tube. The strain, which was quite uni
form along the tube before this threshold, redistributes itsel
to form a largely distorted and unstable neck between the tw c)
quickly relaxing segments of the nanotube. A further stage
of fracture displays an interesting feature, the formation o
two or more distinct chains of atoms, spanning the two tub:i
fragments. Eventually, the switching 6FC bonds leads to
merging of the chains and to a survival of one chain only. Re
markably, a further increase of the distance between the tul
ends does not break this chain. It elongates not by virtue ¢
straining the constituent bonds, but rather by increasing trd)
number of carbon atoms that pop out from both sides into th
necklace. This single monoatomic chain continues to grow a
long as the separation between the nanotube ends increas
The level of strain within the chain remains approximately
constant, and is apparently determined by the threshold for«
for the next atom to pop out. Although this process shoulc
have some activation energy, we did not notice a temper: A > :
ture dependence of the force on the endganthe intrachain = T
strain. Such dependence may become detectable at a very |6Wy. 6a—c.Kinetic mechanism of (5-7-7-5) defect formation from an ab ini-
rate of pulling, which we did not reach in those simulations io quantum molecular dynamics simulation for the (5,5) tube.&20 K

- . . he atoms that take part in the Stone—Wales transformation are highlighted
Overall, the pulllng of a monoatomic chain resembles ver n black. The three snapshots show the various stages of the defect forma-

much the Un_rave”ng by the e!eCtriC_ﬁeldv suggested i_n E€XPErkion: a system in the ideal configurations = 0.00 pg: b breaking of the
mental studies [10]. In our simulations, the unraveling doesirst bond(t = 0.10 ps: ¢ the defect is formedt = 0.20 ps
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is higher than the ideal one 234 eV. However, in thel0%-  been formed. Aftefl.5 nsanother (5-7-7-5) defect is formed
strained tube, the energy of the structure with the defect iésee Fig. 7a), which shows a peculiar time evolution. After
lower than the ideal one by-1.77 eV. This is because the 100 psfrom its formation, the two pentagon-heptagon pairs
two heptagons can be stretched more than the hexagons whdplit, and eventually one of them starts diffusing within the
keeping &C—C bond length that is close to the ideal one.  helical structure of the tube (Fig. 7b), while the other remains
Static calculations under fixed dilation show a crossovetrapped in the original position by an additional (5-7-7-5) de-
in the stability of this defect configuration with respect to thefect. After anotheB50 ps the 5-7 defect that migrated from
ideal hexagonal network. This implies that the (5-7-7-5) deits original position transforms into another topological de-
fect is effective in releasing the excess strain energy in a tubfect: a (5-7-5-8-5), i.e., an octagon and a pair of pentagons are
under tensile strain. Classical potential calculations of the foradded to the original pentagon—heptagon pair (Fig. 7c). From
mation energy of a single (5-7-7-5) defect as a function ofa topological point of view, the splitting of the (5-7-7-5) de-
uniaxial strain have been carried out for a number of armchafiect produces a remarkable effect [24, 51]: the separation and
tubes and for a single sheet of graphite (graphene). The defeglide of 5-7 dislocations changes the chirality of the nanotube
structure starts to be energetically favored after ab¥uten-  and leads to the formation of nanotube heterojunctions, as
sile strain in the tubes and somewhat later in graphene, dweell as to the onset of possible plastic behavior in nanotubes.
to the absence of the additional strain induced by the curva-
ture of the tubular structure. Activation energies for the bond
rotation process range betweeré and2 eV going from0to  References
20% tensile strain. As expected, the potential energy barrier
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