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Simulations of the solid-state structures of single-wall carbon nanotubes show that once a chiral twisting of
a tube is included the interactions with the nearest tubes lock it in place. Comparison with experiments and
implications for the catalytic activity of these new materials are discussed.

Introduction form bundles that are not easy to pry apart (for instance, in

) ) . solution, the solvent molecules can hardly percolate between

The mechanical and electronic properties of garbon.nanotubesthe bundles). The bundles constitute one of the pristine forms
are under scrutiny for a variety of applicatiohs? Despite the of SWCNT, and the investigation of the inter-tube interactions

flurry of activity, & large number of basic issues remain to be g of fundamental theoretical and practical interest if one is to
explored and settled before they become fully available for \,ca them.

technological exploitation. Here we address, through computer
simulations, a chemically appealing consequence of the inter-

tUbFf Interactions. ) ) through helicoidal twisting along its principal axis. In an isolated
Single-wall _carbon nanotubes, SWCNT, can exist as msula-_ SWCNT, a twisting, once induced, would easily disappear, and

tors, as semiconductors, or even as conductors, and theify,q 1 he would bounce back to its original shape. In the solid,

structure can be chiral or nonchiral. These properties dependy,vever. the large number of weakly binding inter-tube

on the unit cell of the 2D graphite lattice that is rolled up to dispersion forces may lock the deformation into place perma-
form the tubé}12 In particular, the so-called zigzag and nently
armchair tubes are the only topologically nonchiral tubes. In ) . )

. R o . To test this hypothesis, we employed the so-called Brenner
the no_w p.opula}r.r(, m) notation,m = 0 identifies z19zag tubeg, potential (set 1}* with the van der Waals interactions described
andn = midentifies armchair tubes. The great majority of chiral by the MM3 potentidP that was parametrized on a variety of
SWCNT are insulating. To date, the metallic, nonchiral (10, )r/ anics andpon r;l;l hite a;llvd Wgs succeézsful in thevdelsc):i tion
10) armchair tubes have been the subject of a large number ofgfgthe subtle eﬁgctspthat lead togCspinning in the solid® P
theoretical studies!!? although their experimental relative . ad 10s6-Sp 9 '

N S A after
abundance is still open to debafeAggregation is one of the The cu_t_off for the interatomic potential was set to 12 A a i
i we verified that the procedure gave accurate results for graphite.

hurdles impeding the progress of work on single tubes and is - o .
caused by the formation of the—s stacking interactions that Perlod|q boundary COﬂdI'[IO.nS, pbc,.werg used both axially and
equatorially, Figure 1 provides a pictorial example.

are repeated over the length of the tubes, which makes them™ " ) i )
Simulations were performed on isolated tubes having crystal
) - - .. structures with unit cells of % 2 and 2x 4 SWCNT with a
* Corresponding author. E-mail: gatto@ciam.unibo.it.

t Universitadegli Studi di Bologna. length of up to~12 nm. A maximum of 76 800 atoms were
* Universitadi Trieste. treated explicitly (plus pbc). All the simulations were performed

In this work, we investigate a special, chemically very
important type of deformation: the chiralization of a nanotube
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Figure 1. Pictorial representation of a cell with one chiralized nanotube.

TABLE 1: Summary of the More Significant Results for the
Chiral Twisting of SWCNT 2

Letters

A number of questions arise: (i) Is the chiral twisting
permanent, or can it be made permanent? (ii) In the case of a
stable twisted conformation, what is the length of distortion that
SWCNT can support? (iii) Can left and right handedness be
supported simultaneously, and how do the differently chiralized
SWCNT interact? (iv) Is the induced conformational chirality
actually present, or has it been detected in experiments? The
first three questions were answered by further simulations in
the solid phase and are discussed below.

(i) Stability of Chiral Twisting. The structure of a chiralized
nanotube of 19 200 atoms embedded in a nonchiral nanotubes
environment (2x 2 cell) was optimized without boundary
conditions along its main axis (i.e., axially uncoupled). The tube
does not unwind to the nonchiral shape but relaxes to a local
chiral minimum. The van der Waals interactions, therefore, keep
the deformation in place and are able to lock the chirality. Once
generated, conformational chiral twisting of SWCNT in crystals
or in bundles may therefore be permanent (see discussion of
ref 16 below).

(ii) Length of Chiral Twisting. The 36 torsion that was

Single Tube . :

length 246 492 984 1968 3937 5905 11811 used throughout the computer experiments was applied toa 960-
rings 20 40 80 160 320 480 960 layers tube ina22 (axially coupled) c_rystal for a varying
atoms 400 800 1600 3200 6400 9600 19200 number of rings. When the central 640 rings were twisted, the
E 853 533 334 180 90 60 30 optimized energy of the system was 65 kcal mdiigher than

2 % 2 Cell with One Chiral Tube thaticl)f the global, nonchiral mjnimum, but it was also 5 kcal
rings 40 30 160 320 640 960 mol lower than when the twisting was spread over all 960
atoms 3200 6400 12800 25600 51200 76800 rings. Once induced, the conformational deformation must
energy 719 367 189 104 71 69 therefore have a finite length and may not spread over the entire
EBivawbe 714 360 180 89 43 29 tube length. Analogously, for a torsion of 775 out of 960 rings,
Eintertube 5 7 9 15 28 40

alengths are in A and energie, in kcal mol L. Other results are
discussed directly in the text.

on (10, 10) tubes. A single (10, 10) SWCNT without caps has
a high 10-fold rotational symmetry along the axis with a
periodicity of 36. The successive rings/layers along the main

the energy was 63 kcal nmdl higher than the global minimum
and 6 kcal mot?! lower than when the torsion was spread over
960 rings, but when twisting 875 out of 960, the two energies
were slightly smaller in the former and slightly larger in the
latter. The optimal length for a 3@orsion is therefore between
800 and 900 layers.

axis of the tube are each made by 20 atoms. Chirality can be (i) Handedness of Chiral Twisting. Visual inspection of

induced by in-phase twisting of the layers. The energy cost of the SWCNT bundle_d s_tructure generated _in this work shows
the torsion depends on the length of the tube that the twisting that two (10, 10) chiralized nanotubes of different handedness
insists upon. For the same angle of twisting, the longer the have the same inter-tube interactions as those.of.two chiralized
Stretch’ the |0wer the energy pena|ty to pay To take advantagetubes Of the Same- handedness. In general, th|S IS not the case:
of the periodic boundary conditions present in our computer additional calculations performed on (12, 6) tubes proved that
program, a simple approach is to apply an overafl @fation a small energy difference exists for the two possible handedness
of the rings that are spread along the full length of the interactions (i.e., leftleft equal to rightright and right-left
longitudinal axis,z, of the unit cell. In this way, the andy equal to left-right). For (10, 10) SWCNT, however, it is
coordinates of the atoms of the initial and final-plus-one layers interesting that two interacting left- or right-handed tubes are
are equivalent. isoenergetic to a system composed of a right-handed tube
Initial simulations were performed on an isolated tube. The interacting with a left-handed one. Optimization ok42 cells
largest system was 120-nm long and comprised 19 200 atomsWith two chiralized tubes gave an excess energy of 203 kcal
The constrained twisting increased the energy of the systemsmol™™. This value is slightly less than twice the energy (104
(see Table 1). kcal mol) of a singly twisted tube and can further be compared
Upon geometry optimization and from 3200 atoms, the with 390 kcal mot? of a set of four twisted tubes. The energy
distortion energy decreases linearly with the tube length to reachPenalty for twisting does not increase linearly with the number
a chemically significant value of 30 kcal mdlfor 19 200 of tubes.
atoms. Relaxing the constraint unwinds the tube back to the (iv) Support for the Presence of Chiral Twisting. Scanning
nonchiral structure. Table 1 also shows that a chiralized tube tunneling microscopy, STM, images of nanotube bundles is the
embedded in an environment of nonchiral tubes is energetically most appropriate means to detect the presence of induced chiral
more costly than an isolated one. The increased energy costtwisting. Indeed, Clauss et & showed that their STM images
reflects the combination of the inter-tube hexagbexagon may result from chiral nanotubes but are more consistently
mismatch, which decreases their van der Waals interaction explained as resulting from a nonchiral armchair tube with a
energy and the intra-tube distortion energy. In shorter tubes, twist distortion. It is worth mentioning that direct comparison
the distortion costs more than the energy of the hexagons’ with STM or any scanning probing microscopy experiments may
mismatch, and for the longest tube investigated here (960 rings),be carried out only partially because the number of tubes on a
the van der Waals energy cost is 40 kcal idalersus an intra- perfectly ordered surface is less than the number in the bulk
tube distortion energy of 29 kcal mdl (three versus six) and also because often the NT surface presents



Letters J. Phys. Chem. A, Vol. 106, No. 19, 2002797

disorder, which implies even fewer neighbors. In the first case, Acknowledgment. This work was carried out with partial

a factor of 2 would apply to the inter-tube energies; in the second support from the European Union, TMR Network USEFULL
case, the torsional distortion could still be kept in place if the under contract FRMX-CT97-0126, the Human Potential Net-
NT ends are embedded in a bundle where inter-tube interactionswork FUNCARS under contract HPRN-1999-00011, and the

prevents their uncoiling. CNR program Materiali Innovativi (legge 95/95).
Several conclusions about the existence of induced chirality
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