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The finding that carbon nanotubes possess diameter- and helicity-
dependent properties has made this new form of solid carbon one
of the most studied nanomaterials for a wide range of potential
applications. In many cases, it is highly desirable to produce aligned
carbon nanotubes so that they can be effectively incorporated into
devices and the properties of individual nanotubes may be readily
assesseti Therefore, research on the synthesis of aligned carbon
nanotubes has attracted ever-increasing attention since the discovery
of carbon nanotubes by lijima in 1998 .Recent developments in
the field have revealed a good understanding of the aligned-growth
mechanism for straight carbon nanotubes via either a “base-growth”
or a “top-growth” procesd?

On the other hand, helical carbon nanotubes have been demon-
strated to have unique electrical, magnetic, and mechanical proper-
ties*5 For instance, the pass of an electrical current through helical
carbon nanotubes could generate an inductive magnetic field,
indicating that helical carbon nanotubes, unlike straight nanotubes,
are of use as electromagnetic nano-transformers or nano-switches.
Although nonaligned helical carbon nanotuifdsave been reported
to form through the occurrence of a concurrent positive and negative
curvature caused by periodically incorporating pentagon and
heptagon pairs into the hexagonal carbon netwdHe synthesis
of aligned helical carbon nanotubes is challenging and has not been
successful until now. We report here the first synthesis of large- 5
scale, perpendicularly aligned helical carbon nanotubes by co- (b}
pyrolysis of Fe(CQ) and pyridine. Figure 1. (a) A typical SEM micrograph of the aligned helical carbon

Our strategy for the successful synthesis of the aligned helical nanotube array, which has been turned over from the quartz substrate onto
carbon nanotubes lies in a synergetic combination of the systems? Sticky tapé? (b) An enlarged cross-section view of (), showing densely
for producing nonaligned helicaland aligned straightcarbon packed aligned helical nanotubes.

nanotubes. Along with othefswe have prepared large-scale .
. . . carbon nanotubesAs a result, we found that perpendicularly
aligned/micropatterned straight carbon nanotube arrays perpen-

dicular to the substrate surface by pyrolysis of iron(ll) phthalo- ﬁg%‘gdezggﬁl k():lzrcbkofrillr?lacrg:/tgrl?r?s tvt\:gr\?vhpgraepgiligt:gt;h:ufrcf);?eCEI::
cyanine onto the pristine quartz glass plates in a tube furnace at 9 9 )

900-1100°C under a mixture flow of Ar and k12 We have 4 x 1 cn?, being essentially limited by the size of the furnace

also developed techniques for the patterned/nonpatterned transfePnllzli)' re 1a reproduces a tvpical scanning electron microsconic
of such nanotube arrays to various other substrates of particular gu produ L yp 9 : Scop
) i . ; . (HITACHI S-2150 SEM) image of the as-synthesized aligned
interest (e.g., polymer films for organic optoelectronic devices or . : . -

; helical carbon nanotube arrays. To examine the nanotube orientation
metal substrates for electrochemistry) and for controlled surface

modification!® These modified carbon nanotubes with a tailor-made 222 Itt)eeng:h, 532 dOfotffheTrizrzogtlr;zgortgr?qi\]:!\?oﬂﬂgl|Iin nFeIgul’rliliiZI
surface facilitate the use of carbon nanotubes in various applications P ) P N gned e

. . - ; carbon nanotubes from the substrate seen in Figure 1a indicates
ranging from polymer nanocomposites to biomedical devites.

: . that the black deposit could be easily transferred onto other
Just as the successful preparation of large-scale, perpendicularly

aligned straight carbon nanotubes has facilitated their efficient substrates for particular applications and for micropatterning, as is

device incorporation and controlled structural modification for many the case W.'th th_e allgne_d stralgh_t ca_rbon_ nanotﬁ&éen enl_arged
S o . . cross-section view of Figure 1a is given in Figure 1b, which shows
applicationg:® there is an urgent need for the synthesis of

. . . . densely packed aligned helical carbon nanotubes with a few
perpendicularly aligned helical carbon n:a:nog tubes. In this context, interdispersed straight nanotubes. Statistical analysis of the trans-
we carried out the co-pyrolysis of Fe( nd pyridine under missionpelectron m%croscopig (TIéM) images of ¥he nanotubes
nditions similar to th for pri ing the align raight . ; - - ’
conditions similar to those used for producing the aligned straight including Figure 2, indicates that about 70% of the nanotubes are

* The University of Akron. helical. Figure 2a,b shows TEM (Phillips TECNAI-12, 120 kV)
#Honda R&D Co. Ltd. images of individual helical carbon nanotubes taken from the sample
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leading to a helical structure. As already demonstrated for the
growth of nonaligned helical carbon nanotubdise insertion of a
carbon dimmer ¢into a G hexagonal ring could lead to the
formation of two pentagon and heptagon pairs. Thereafter, sequen-
tial insertions of G into C; rings shift the G pentagon and £
heptagon rings to the appropriate positions required for the helical
formation.

In summary, we have demonstrated, for the first time, that large-
scale aligned helical carbon nanotube arrays perpendicular to the
substrate surface can be prepared by co-pyrolysis of Fe(&@)
pyridine onto the pristine quartz glass plates in a tube furnace at
900-1100°C under a mixture flow of Ar and K The resultant
aligned helical carbon nanotubes should not only facilitate their
structure-property characterization but also allow them to be
effectively incorporated into devices for practical applications,
although the growth process still needs to be further optimized for
producing aligned nanotubes with a predetermined helical pitch and/
or other structural parameters.

Lo

(d)
Figure 2. (a) A TEM micrograph of individual helical carbon nanotubes

taken from the sample shown in Figure 1 (scale baem?. (b) An enlarged
view of the individual helical nanotube shown in (a) (scale bar: /0. Acknowledgment. We thank Drs. H. Hou, B. J. Wang, and P.

(c) A TEM micrograph of individual helical carbon nanotubes taken from Sadhukhan for their help. This study was supported in part by
an aligned helical carbon nanotube array different from that represented by Honda R&D Co. Ltd. and ACS-PRF 39060-ACSM.

Figure 1, showing a different pitch and diameters for the constituent helical
nanotube (scale bar: Qum). (d) An enlarged view of the individual helical
nanotube shown in (c) (scale bar: Q.2).
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