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could reduce the required DNA amount, to-
gether with use of the “breadth-first” search
proposed for large SAT problems (6, 24),
where our algorithm must be repeated by the
number of the clauses, although several claus-
es can be processed simultaneously. Upon
tackling large instances, PCR may introduce
serious errors into computation because all
sequences may not be amplified with the same
efficiency (7). However, a variation in se-
quence was still retained after our computa-
tion including as many as 70 PCR cycles (25).
Further study is necessary for unraveling the
nature of the possible bias during PCR.

Another drawback with our method is the
incompleteness of our understanding of the na-
ture of hairpin molecules. The limit to the avail-
able length of hairpin remains to be determined;
the available data suggest that an intact double
helix of 30 base pairs is stable enough for clos-
ing a 2000-base hairpin loop (26—28). Sequence
design or experimental conditions that ensure
the hairpin formation and thus reduce the error
rate also remain as the major issue for our
algorithm. On the other hand, “negative” errors
(loss of “solution” molecules) were successfully
controlled, because the satisfying strings were
finally obtained, despite their small popula-
tion (0.04% of the total molecules) in the
initial DNA pool. This approach for molecu-
lar computing, described on a theoretical basis
(29) and then implied in some previous ex-
periments (I, 3, 30), sheds a new light on the
potential of DNA, not restricted to a carrier of
information.
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Coalescence of Single-Walled
Carbon Nanotubes

M. Terrones,'* H. Terrones,"2t F. Banhart,?} J.-C. Charlier,*
P. M. Ajayan®

The coalescence of single-walled nanotubes is studied in situ under electron
irradiation at high temperature in a transmission electron microscope. The
merging process is investigated at the atomic level, using tight-binding mo-
lecular dynamics and Monte Carlo simulations. Vacancies induce coalescence
via a zipper-like mechanism, imposing a continuous reorganization of atoms on
individual tube lattices along adjacent tubes. Other topological defects induce
the polymerization of tubes. Coalescence seems to be restricted to tubes with
the same chirality, explaining the low frequency of occurrence of this event.

The driving force for coalescence of particles
and supramolecular structures is the reduction in
surface and strain energy, however high energy
barriers may have to be overcome, particularly
in the case of supramolecular systems where
factors such as bond rigidity and rotation, struc-
tural geometry, and atomic mobility play an
important role. In this context, mass spectromet-
ric measurements on hot fullerene vapors (/)
and microscopy studies (2, 3) have provided
some evidence for fullerene coalescence. How-
ever, single-walled carbon nanotubes (SWNTs)

are large molecular assemblies consisting of
several thousand atoms. Their basic struc-
ture is made of seamless cylinders of sp*-
like C. Recent reports suggest the possibil-
ity of coalescence between these massive
molecular structures when they are an-
nealed at high temperatures in the presence
of H, (4, 5).

Here, we show the coalescence of SWNTs
by in situ irradiation and heating in a high-
resolution transmission electron microscope
(HRTEM) and consider in detail the possible
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atomisitic mechanisms leading to the merger.
The experiments were performed at specimen
temperatures of 800°C in an atomic-resolution,
1.25-MeV HRTEM (Jeol-ARM 1250 at the
Max-Planck-Institut fiir Metallforschung in
Stuttgart) equipped with a Gatan heating stage.
By performing tight-binding molecular dynam-
ics and Monte Carlo calculations on adjacently
placed tubes, we show that selection rules
(based on the chirality of nanotubes and the kind
of defect) dictate whether two adjacent tubes
will coalesce. Among various defects studied
(such as dangling bonds, vacancies, interstitials,
Stone-Wales, and 5-7 defects), vacancies play
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Fig. 1. HRTEM images of a SWNT rope cross
section, consisting of ~15 nanotubes. The cross
sections of the tubes are seen where the tube axis
is aligned along the viewing direction (direction of
the electron beam). (A) Starting bundle and (B)
bundle after a few seconds of high-intensity elec-
tron irradiation (1.25 MeV) at 800°C. In (B), two
of the outer tubes (each approximately 1.1 to 1.2
nm diameter) have coalesced into a larger one of
~1.8 to 2.0 nm diameter.
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the most dominant role in directing the coales-
cence of nanotubes. Other defects can be re-
sponsible for connections between nanotubes
that promote their polymerization through sp?
bonding. Such defects have been previously
studied under different circumstances in nano-
tubes and other graphitic structures (6—11).
SWNT bundles were produced with Ni-Y
catalysts in a C arc (/2). Nanotube coalescence
was promoted by electron irradiation and ob-
served instantaneously on various occasions. In
some cases, the events occurred faster than the
time resolution (~0.1 s) of the real time TV-rate
video camera of the electron microscope. In Fig.
1, only two of the several nanotubes present in
the bundle coalesced during this observation.
We also observed intermediate stages of coales-
cence. Figure 2 shows a coalescence process
within a SWNT bundle, in which the merger of
three tubes takes place over a relatively long
time period (3 to 10 min). Initially, two of the
outer tubules coalesce rapidly into a larger di-
ameter cylinder of nearly double the circumfer-
ence (four times the cross section; Fig. 2, A and
B). Subsequently, this coalesced tube establish-
es a “link” with another tubule of smaller diam-
eter (Fig. 2C). The link may be due to a meta-
stable polymerization state of the structures.
Consequently, this bridge develops in a dumb-
bell-like configuration (Fig. 2, D and E). Finally,
the three coalesced nanotubes result in a meta-
stable morphology (Fig. 2F). Such processes
were frequently observed at the edge of a bun-
dle, probably because free space is needed to
establish the merger. Also, because of nanotube
multidirectional overlapping, which reduces im-

age contrast during observation, it is hard to
clearly observe any coalescence taking place in
the interior of the bundles.

In earlier reports of nanotube coalescence
(4, 5), it was suggested that the H present
during annealing attacks the sides of the nano-
tubes, thus breaking a C-C bond and producing
defective sites (vacancies and dangling bonds)
that join together locally forming a seamless
bridge. The propagation of this bridge would
then open up the tube like a zipper (5). In our
experiments, there are no gaseous species
present; alternatively, electron irradiation pro-
duces vacancies in the network that are respon-
sible for promoting tube coalescence.

We performed tight-binding molecular dy-
namics (TBMD) calculations to investigate the
structural stability and dynamical behavior dur-
ing nanotube coalescence. TBMD is not as ac-
curate as ab intio calculations; however, it al-
lows the treatment of larger systems with a
reduced computational effort and takes into ac-
count the essential physicochemical consider-
ations of covalent C-C bonds, thus satisfactorily
describing sp, sp?, and sp* hybridization states.
We have used TBMD approaches involving an
energy functional and a parametrization that
previously proved to be successful in the mod-
eling of different allotropes of C and other C-
based systems (13, 14).

In the TBMD calculations, two adjacent
(10,10) nanotubes containing random vacancies
and dangling bonds along the nearest-neigh-
boring edge coalesced into a unique single-
walled tube at 1000°C (Fig. 3). The simula-
tion starts with the creation of 20 vacancies in

Fig. 2. HRTEM images of the coalescence process observed within a bundle of SWNTSs. (A) cross
sections of 14 nanotubes are clearly observed. (B) Arrow indicates that two of the outer nanotubes
coalesced. (C) The larger diameter coalesced tube establishes a link with another nanotube,
possibly due to polymerization-like effects, and a second coalescence process is initiated. (D and E)
This bridge or link now develops in a “belt” dumbbell-like fashion. (F) The three tubes coalesce into
a more circular cross section and the system reaches a metastable state.
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two adjacent nanotubes (contained in a 820-
atom unit cell) so that coalescence is stimu-
lated (Fig. 3A). In this case, the number of
vacancies is only about 2.5% of defects within
the cell and can be easily created in our
irradiation experiments. In order to obtain
optimal integration of equations of motion
and energy conservation, TBMD calculations
were performed with time steps of 0.7 fs
within a total simulation time of 150 ps. The
two adjacent tubes were heated to 1000°C so
that the creation of tube interconnections on
their surface is accelerated. After 100 ps, a
connection between the two tubes was estab-
lished (Fig. 3B), and a zipper-like mechanism
proceeded to anneal the structures. Figure 3C
reveals that the tubes coalesced after 150 ps
into a larger tubule of about 2.6 nm diameter.
The coalesced tube still exhibited a few re-
maining dangling bonds. However, the small
number of two-coordinated and four-coordi-
nated atoms demonstrate the stability of near-
ly pure sp? hexagonal framework (Fig. 3C).
Unfortunately, the time scale of our simula-
tion prevented us from further studying the
development of these vacancies. Additional
TBMD calculations (with similar simulation
conditions as above) performed on highly de-
fective armchair tube systems containing a large
number of vacancies [e.g., a complete row of
hexagons extracted from each (10,10) tube with-
in the neighboring region] led to an accelerated
coalescence process. However, this model is not
as realistic as that involving only 20 vacancies
within the cell.

In our experiments, electron irradiation re-
moves C atoms from their lattice sites in the
nanotube by knock-on displacements (15-17).
Under the conditions of the present experiment,
each C atom is displaced approximately every
100 s. The atoms can either be ejected from the
tube or migrate as interstitials along the inner or
outer surface. The high specimen temperature in
this experiment ensures a high mobility of in-
terstitials and hence rapid annealing of defects.
The process of radiation damage and annealing
kinetics in C nanostructures is described in de-
tail in (/6). Because of the dangling bonds
associated with the radiation-induced vacancies,
the C system will become energetically unsta-
ble. If the irradiated tube is isolated, it will
shrink by mending these holes through atomic
rearrangements, leading to surface reconstruc-
tion and dimensional changes (/5). On the other
hand, when assembled in bundles, the irradiated
tube(s) will establish links in order to satisfy
most of the dangling bonds. This coalescence
phenomenon is also driven by strain energy
minimization so that stable tubules of larger
diameter are created (/8). Our TBMD simula-
tions confirm that coalescence is catalyzed by
the presence of dangling bonds and follows a
“zipping” process (Fig. 3).

Simulated annealing with the Monte Carlo
(MC) method (/9) using the many-body Ter-
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soff potential, which accurately reproduces co-
hesive energies and elastic properties of graph-
ite and diamond (20), confirmed that two adja-
cent (10,10) tubes (480-atom unit cell) con-
taining 20 random vacancies coalesce in
temperatures between 1000° and 800°C. The
same result is obtained when two (17,0) zig-zag
nanotubes (476-atom unit cell), each of them
close in diameter to the (10,10) armchair tube,
are simulated under similar conditions.

The simulated annealing relaxation (MC) is
carried out by slowly decreasing the temperature
in 1°C steps starting at 1000°C. Each tempera-
ture step is divided into 20 cycles. In each cycle,
one atom in the unit cell is chosen and displaced
randomly, calculating the energy using the Ter-
soff potential (20) (periodic boundary condi-
tions are used). This procedure is repeated 5 X
10* times within the cycle in order to allow
movements of all the atoms in the system (for
large runs, e.g., 1000° to —273°C, 2.5 X 10*
movements per cycle are used). Therefore, at
each temperature, 1 X 10° atomic movements
are carried out (1 X 10° different configura-
tions). When an atom is displaced, the new

Fig. 3. Sequences of coales-
cence [side (left) and section-
al (right) views} between two
adjacent (10,10) carbon nano-
tubes (diameter: 1.36 nm) into
a unique single-walled tube of
larger diameter. (A) The simu-
lation starts with the creation
of 20 vacancies in the lattices
of the two tubes (about 2.5%
of defects within the cell) in a
localized neighboring region, in
order to promote coalescence.
The unit cell contains 820 C
atoms (yellow, green, blue, and
red spheres, illustrating an
atomic coordination of 1, 2, 3,
and 4, respectively). Periodic
boundary conditions are im-
posed along the nanotube axis.
TBMD calculations were per-
formed using a time step of
0.7 fs, to assure optimal inte-
gration of equations of motion
and energy conservation, and
for a total simulation time of
150 ps. The two nanotubes
were gradually heated to
1000°C in order to accelerate
the creation of interlinks and
the surface reconstruction. (B)
After 100 ps, the connection
between the two C networks
has been formed and the “zip-
ping” mechanism is proceed-
ing. (C) After 150 ps, the co-
alescence is completed. The C
system is now a cylinder with
a diameter of about 2.6 nm.
The reconstructed surface af-
ter coalescence contains a
small number of remaining
defects: two-coordinate (12
green spheres) and four-coor-
dinate (1 red sphere).

configuration is accepted automatically if the
total energy of the system decreases; if not, the
configuration can be either accepted or rejected
according to the Boltzmann factor exp(AE/kgT)
using the Metropolis Algorithm (19) (where AE
is the energy difference, kg is the Boltzmann
constant, and 7 is the temperature in K). Subse-
quently, the final atomic arrangement obtained
after the 20th cycle is used as the starting con-
figuration for the next lower temperature itera-
tion. It is found that 20 cycles are optimum in
our systems (with <500 atoms in the unit cell).
By increasing the number of cycles (>20), the
computing time increases without improving the
resulting outcome. The TersoffMC approach
has been used before in C systems to investigate
nanotube growth (21), the stability of C,, iso-
mers, and the inversion of corannulene (C, H, )
22).

MC simulations also reveal that other topo-
logical defects lead to vacancies, which will
subsequently result in coalescence. In this con-
text, the presence of bond rotational transfor-
mations known as Stone-Wales defects
(SWDs), where four hexagons are converted
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Fig. 4. Simulated annealing relaxation using the MC/Tersoff approach from
1000° to 800°C showing polymerization of (A) two adjacent nanotubes
through the presence of SWDs (in red) for (10,10) tubes (480-atom unit
cell). (B) Simulation as above, but for two (17,0) tubes (476-atom unit cell).
Further irradiation damage can produce atomic rearrangements leading to
coalescence of nanotubes, (C and D) Two metastable states with a limited
number of connections relaxed with MC from 1000°C up to —273°C in
(10,10) and (17,0) nanotubes, respectively. (E and F) Two simulated anneal-
ing snapshots at 1000°C (unstable states) prior to coalescence, which form
(20,20) and (34,0) nanotubes, respectively. These states are generated by
increasing the number of connections along the tubes (zipping) in the

configurations shown in (C) and (D).

into two sets of pentagon-heptagon pairs, on
either sides of the tubes can cause the tubes to
approach each other (in the range of 1000° to
800°C), establishing links through covalent sp*
bonds (bond lengths close to that of diamond:
1.57 A), which subsequently result in poly-
merized metastable states for both armchair
and zig-zag tubes (Fig. 4, A and B). There-
fore, it is possible that in our experiments
intense electron irradiation at high temper-
ature can continuously generate SWDs (/5,
16) along the two tubes, producing a gen-
eralized polymerization scheme which may
then follow coalescence. It is noteworthy
that the nanotube polymerization is cata-
lyzed by the local positive curvature of the
pentagonal rings within the SWDs.

We also found that different topological
types of defects connecting tubes (armchair and
zig-zag) are metastable (strain energies of larger
diameter tubes are lower than those of intercon-
nected or smaller diameter tubes) when relaxed
with MC from 1000° to —273°C (Fig. 4, C and
D). When these connections increase in number
along the tubes (zipping), unstable states are
generated that quickly lead to coalescence at
1000°C (Fig. 4, E and F). All these calculations
are in agreement with our experimental obser-
vations. The coalescence of two (10,10) tubes
can lead to a (20,20) tube, although loss of
atoms may lead to tubes of smaller diameter
such as (18,18). The same might occur for two
zig-zag (17,0) nanotubes coalescing to form a
(34,0) or a smaller diameter tube.

We conclude that nanotube coalescence in-
volves various phenomena that must simulta-
neously occur: (i) defect generation or the pres-
ence of reactive surface sites (such as vacancies,
interstitials, dangling bonds, and SWDs); (ii)
surface and atom reconstruction by chemical
reactions (that could involve H termination) or
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electron irradiation processes; and (iii) thermal
annealing (zipping). It is highly likely that nano-
tubes contain ras-grown or irradiation-induced
5-7-7-5 (23) topological defects on their surface.
These regions can be easily damaged, producing
vacancies (dangling bonds), which will be the
reactive sites that trigger coalescence; this pro-
cess involves a zipping mechanism if the tubes
possess the same chirality. In tubes with different
chiralities, coalescence is unlikely because a
large number of rearrangements of atoms need to
take place along the tube lattice. However, local
polymerization (topologically connected struc-
tures) results in such cases. Thermal processes
and sufficient available kinetic energy (through
annealing) are crucial both for coalescence and
the formation of interconnections between nano-
tubes (polymerization). It has been experimen-
tally observed that SWNTs heated above
2000°C in Ar (24) or He (25) atmospheres
lead to either multiwalled carbon nanotubes
(MWNTSs) or coalesced SWNTs of larger di-
ameters. Therefore, controlled irradiation or
well-designed chemical reactions on C nano-
tube aggregates, followed by heat treatments,
may generate fascinating interconnections. Al-
ternatively, purely chemical-catalyzed coales-
cence of MWNTSs (26) or SWNTs (27) of
the same chirality may also be possible
when hot, gaseous species such as B, Ni, or
Co are present (unlike the case we discuss)
within the system. Some predicted struc-
tures, such as Y-junctions, T-junctions, and
nanotube joints, which are yet to be experi-
mentally observed, may result from different
coalescence sequences.
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