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Abstract: With the desire to mass produce any specific n,m type of single wall carbon nanotube (SWNT)
from a small sample of the same material, we disclose here the preliminary work directed toward that goal.
The ultimate protocol would involve taking a single n,m-type nanotube sample, cutting the nanotubes in
that sample into many short nanotubes, using each of those short nanotubes as a template for growing
much longer nanotubes of the same type, and then repeating the process. The result would be an
amplification of the original tube type: a parent SWNT serving as the prolific progenitor of future identical
SWNT types. As a proof-of-concept, we use here a short SWNT seed as a template for vapor liquid solid
(VLS) amplification growth of an individual long SWNT. The original short SWNT seed was a polymer-
wrapped SWNT, end-carboxylated, and further tethered with Fe salts at its ends. The Fe salts were to act
as the growth catalysts upon subsequent reductive activation. Deposition of the short SWNT-Fe tipped
species upon an oxide surface was followed by heating in air to consume the polymer wrappers, then
reducing the Fe salts to Fe(0) under a H,-rich atmosphere. During this heating, the Fe(0) can etch back
into the short SWNT so that the short SWNT acts as a template for new growth to a long SWNT that
occurs upon introduction of C,H, as a carbon source. Analysis indicated that the templated VLS-grown
long SWNT had the same diameter and surface orientation as the original short SWNT seed, although
amplifying the original n,m type remains to be proven. This study could pave the way for an amplified
growth process of SWNTSs en route to any n,m tube type synthesis from a starting sample of pure nanotubes.

Introduction synthesized SWNTs produce about 80 different tube types,
approximately two-thirds of those being semiconductors. All
nanotube growth protocols form polydisperse (inand m)
nanotube batches, although some protocols are less polydisperse
than others. The wide variety of SWNT types that are
coproduced in one batch of SWNTs, along with a lack of
methods for preparatively well-separating those types, makes
it difficult to construct devices that take advantage of the
physical characteristics such as their band gap. The control of
o ; the n,mindices of synthesized SWNTs is a crucial factor for
SWNTSs are metalllc-I|!<e with a band gap of 0 eV and they are g, ceqqfyl applicatiofsitilizing their unique electric transport
referred to as armchair nanotubes. When- m| = 3q, where oo viord Although chemical and physical separation methods

g is a nonzero integer, the SWNTs are semimetallic-like, so- have been developed to sort SWNTSs to some efténtdate

called mod-3 tubes, with bandgaps on the order of meVs. All . .

other nanotubes are semiconductors with bandgaps varying (3) Lolli, G.; Zhang, L.; Balzano, L.; Sakulchaicharoen, N.; Tan, Y. Q.; Resasco,
; : ! D. E. J. Phys. Chem. R006 110, 2108.

between ca. 0.8 and 1.4 eV for HiPco-derived SWNTs. HiPco (4) (a) Baughman, R. H.; Zakhidov, A. A.; de Heer, W.%cience002 297,

787. (b) Li, J.; Papadopoulos, C.; Xu,Nature1999 402 253. (c) White,

C. T.; Todorov, T. N.Nature 1998 393 240. (d) Fuhrer, M. S.; Nygard,

Single wall carbon nanotubes (SWNTSs) are regarded as ideal
one-dimensional building blocks for electronic devices, electrical
wiring, sensor arrays, and other nanoscale applicai@WNTs
can be best described according to timeintypes. The diameter
and vector in which a graphene sheet is conceptually rolled to
form a nanotube is defined by two integersand m, which
define the nanotube ty@elhere are three cases for considering
band structure from the andm values. Whem — m = 0, the

(1) For some recent examples, see: (a) Zhu, L. B.; Sun, Y. Y.; Hess, D. W.; J.; Shih, L.; Forero, M.; Yoon, Y. G.; Mazzoni, M. S. C. Choi, H. J.; lhm,
Wong, C. PNano Lett.2006 6, 243. (b) Yuzvinsky, T. D.; Fennimore, A. J.; Louie, S. G.; Zettl, A.; McEuen, P. Science200Q 288 494. (e) Zhang,
M.; Kis, A.; Zettl, A. Nanotechnology2006 17, 434. (c) Stampfer, C.; Y.; Ichihashi, T.; Landree, E.; Nihey, F.; lijima, Sciencel 999 285 1719.
Helbling, T.; Obergfell, D.; Schoberle, B.; Tripp, M. K.; Jungen, A.; Roth, (f) Kasumov, A. Y.; Deblock, R.; Kociak, M.; Reulet, B.; Bouchiat, H.;
S.; Bright, V. M.; Hierold, C.Nano Lett.2006 6, 233. (d) Merkoci, A. Khodos, II; Gorbatov, Y. B.; Volkov, V. T.; Journet, C.; Burghard, M.
Microchim. Acta2006 152 157. (e) Madden, J. D. W.; Barisci, J. N.; Sciencel999 284, 1508. (g) Cao, J.; Wang, Q.; Dai, H. Nat. Mater.
Anquetil, P. A.; Spinks, G. M.; Wallace, G. G.; Baughman, R. H.; Hunter, 2005 4, 745.

I. W. Adv. Mater.2006 18, 870. (f) Gruner, GAnal. Bioanal. Chen2006 (5) (a) Treacy, M. M. J.; Ebbesen, T. W.; Gibson, J. Nature 1996 381,
384, 322. 678. (b) Dresselhaus, M. S.; Dresselhaus, G.; Sait@Gdkbon1995 33,
(2) Dyke, C. A,; Tour, J. MJ. Phys. Chem. 2004 108 11151. 883.
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none have produced large quantitiemgficontrolled structures.  solution made from 1 mgt! PEl and 4 mg ! Fe(NG;); was
The use of vapor liquid solid (VLS, a more accurate terminology freshly prepared (the fresh preparation is important). One
in this case than chemical vapor deposition) growth methods is milliliter of the PEI—-Fe(NG;)3 stock solution was mixed with
a promising protocol for the production of SWNTs with a 5 mL of agueous Pluronic-wrapped SWNT3 (19 mg L),
narrow diameter distribution since the diameters of SWNTs and the mixture was gently stirred with a Teflon-coated magnetic
correlate strongly with the sizes of metal catalyst parti¢lest stir bar overnight to yield the Pluronic-SWNT-PEI-Fe(§©
controlling the precise,mtype of SWNTs remains an unreal- (4) as depicted in Scheme 1.
ized synthetic challenge. While some of us encouragingly A polished Si substrate covered with a native silicon oxide
reported the continued growth of original SWNT fibers, we layer was inscribed with a locator recognition trench (Figure
did not show direct evidence of seeded growth from individually 1) using a diamond scribe; the end of the trench was used to
identifiable SWNTs since the growth of bundles of SWNTs, image, by atomic force microscopy (AFM), the precisely same
rather than individual SWNTSs, was monitored. location of the substrate before and after VLS growth. The
Pluronic-SWNT-PEI-Fe(Ng)s (4) was deposited onto the
substrate via dipping the silicersilicon oxide substrate into
The amplification process here was demonstrated microscopi-the solution of4. Some of4 was therefore located near the end
cally on a single SWNT. Hence, this could lead the way to a of the recognition trench (Figure 1a). Before characterization,
methodology wherein, given a small purem sample of  the sample was oxidized in air at 35 for 10 min to
SWNTSs, one might use the nanotubes in that sample to serveoxidatively remove the Pluronic and PEI portions frémwhile
as seeds and templates for generating more of that tube typethe Fe(NQ)s converts to iron oxides (FeO) clustered about the
Thus the original small sample of punegmtype SWNTs would SWNT'’s carboxylated ends to afford material as depicted by
be the progenitor of large quantities of the duplicatgutype, 5. At this temperature in air, the carbon nanotube’s framework
in some ways similar to the polymerase chain reaction’s is unreative.
amplification processes for DNA. The overall process is  The substrate supportifigwas placed in a tube furnace and
described in Scheme 1. Starting with HiPco SWNTE they heated in H (1 atm) for reductive docking treatment where the
were baked in hot moist air and extensively washed in FeQ is reduced to Fe(0) and can begin to etch into the SWNT,
hydrochloric acic®. That cleaning process cracks any carbon shell forming the SWNT-docked-Fe6) seed. A majority of the
around Fe, thereby exposing the Fe to dissolution in acid. The SWNT seeds remained during docking at 500°C for 530
cutting process involved the previously described high-temper- min, but if longer docking times are used, few SWNTs remain
ature fluorination to induce defects, hydrazine treatment to since the Fe-catalyst particles, when no carbon feed gas is
remove the fluorine, and final treatment with$0,—H>0, to present, can efficiently etch into the tubes until there is no
chemically cut, shorten, and end-oxidize the SWNRTEhis remaining SWNT carbon and this occurs rapidly>at50 °C.
procedure further removes residual iron content in the HiPco A particular 200 nm SWNT-docked-F6)(is apparent in Figure
generated SWNTs, and we have demonstrated that SWNTs15 (docked at 500C for 20 min). The height measurement
treated by this protocol do not further grow upopHg VLS result is shown in Figure 1b. The seed had a height of 0.73 nm,
growth exposure, with or without Hretreatment. indicating an individual cut SWNT that was indeed no longer
The SWNTs were then polymer-wrapped with Pluronic F87 polymer-wrapped (the wrapping had been consumed during the
(MW = 7700, BASF), which is a triblock polymer of poly- initial thermal treatment described above; HiPco-derived SWNTs
(ethylene glycol)/poly(propylene glycol)/poly(ethylene glycol), have diameters 0-61.4 nnt?). The angle between its orientation
and subjected to ultracentrifugation to yield a decant that was gnd the left edge of the scribe mark is about.33
>90% Pluronic-wrapped individual SWNT8)( again carried The VLS growth experiment was carried out in a normal
out according to well-established protoc#lsThroughout the  gjectric furnace with a quartz tube chamber. Though our overall
process, ultrapure water was used (Barnstead, model D4751)efficiency of amplification remains low (vide infra), our best
Polyethylenimine (PEI) (MW= 600, Sigma-Aldrich) was  conditions for clean and reproducible growth@®fised GHs4
used to occlude Fe(Nfz and further form carboxylate/ s the carbon growth source. The chamber containing the sample
ammonium salt complexes with the carboxylated ends of the was purged with ultrapure argon gas at a flow rate of 2000 sccm
Pluronic-wrapped SWNTS3]. A PEI-Fe(NQy)s stock agqueous  for 1 h. The temperature of the sample was then ramped up to
] ] ] ] ~750°C in 20 min in the presence of 400 sccm of &hd 600
O T el G auge, R, 1 Tour. 5 M- Smailey, RSgience~ sccm of Ar. When the temperature reached 760 CoHa was

2003 301, 1519. (b) Krupke, R.; Hennrich, F.; v. Lohneysen, H.; Kappes, initi i
M. Science2003 301, 344. (c) Chattophadhyay, D.; Galeska, I.; Papadimi- introduced to initiate the growth of. During the growth, the

Results and Discussion

trakopoulos, FJ. Am. Chem. So2003 125, 3370. (d) Chen, Z.; Du, X.;  flow rates were kept at 100 sccm foptE;, 400 sccm for H,

Du, M. H.; Raneken, C. D.; Cheng, H. P.; Rinzler, A.)ano Lett.2003 i i

3 1245. (e) Amold. M. S.- Stupp. S. 1.+ Hersam. M. Kiano Lett 2005 and 500 sccm for Ar. Growth was continued for 5 min. After
5, 713. (f) Banerjee, S.; Wong, S. Nano Lett2004 4, 1445. (g) An, L.; the growth, the flow of @H4 and H was halted, and the sample

Fu, Q.; Lu, C. G.; Liu, JJ. Am. Chem. S0@004 126, 10520. (h) Dyke,
C. A; Stewart, M. P.; Tour, J. M. Am. Chem. So®005 127, 4497. was cooled to room temperature under Ar. The cooled sample

(7) Wong, E. W.; Bronikowski, M. J.; Hoenk, M. E.; Kowalczyk, R. S.; Hunt,  of the amplified SWNTs {) was characterized using AFM

B. D. Chem. Mater2005 17, 237. (Fi ure 1)
(8) Wang, Y.; Kim, M. J.; Shan, H.; Kittrell, C.; Fan, H.; Ericson, L. M.; g ' ) o ) )
gggang, W.; Arepalli, S.; Hauge, R. H.; Smalley, R.NEano Lett.2005 5, A long and straight bidirectionally grown SWNT, 6um in

(9) (a) Chiang, I. W.; Brinson, B. E.; Huang, A. Y.; Willis, P. A.; Bronikowski, length, imaged after the VLS amplification (Figure 1e), had the

M. J.; Margrave, J. L.; Smalley, R. E.; Hauge, R. H.Phys. Chem. B same orientation, relative to the inscribed recognition trench,
2001, 105 8297. (b) Zeigler, K. J.; Gu, Z.; Peng, H.; Flor, E. L.; Hauge,
R. H.; Smalley, R. EJ. Am. Chem. So@005 127, 1541.

(10) Moore, V. C.; Strano, M. S.; Haroz, E. H.; Hauge, R. H.; Smalley, R. E.; (11) Hudson, J. L.; Casavant, M. J.; Tour, J. MAm. Chem. So2004 126,
Schmidt, J.; Talmon, YNano Lett.2003 3, 1379. 11158.
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Scheme 1. A Depiction of the Amplification Growth Process of a Carbon Nanotube
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HiPco-derived SWNTs1) were cleaned and chemically cut to yield severaP( 1, and dependent on the original tube length and the cutting time)
shorter fragments of nanotube&y that had oxidized ends that were predominantly carboxylic acids, but could also contain cyclohexenones. Polymer wrapping
2 with Pluronic F87 yields water-soluble nanotubes and an unbundled fra8tioauld be obtained by ultracentrifugation. TreatBgith a mixture of PEI
and Fe(NQ@); affords SWNTs4 that remain as individuals but have iron nitrate or oxide salts cocomplexed with the PEI thatibasédassociated with
the nanotube ends. After depositidgn a silicon oxide surface, heating in air results in combustive loss of the Pluronic and PEI associating units, leaving
iron oxides at the termini of the SWNTs as 51 Heating5 under a H atmosphere causes reduction of the iron oxides to Fe(0), and etching (reductive
docking) of the Fe(0) into the SWNT, thereby generating a templated iron particle on the end of each SWNT\Whém shor was then subjected to
growth conditions in a €44 environment, the SWNT-templated Fe-nanoparticles amplified the templated nanotube structure formihgitbrifpe same
type characteristics as ih Although not demonstrated here, the ultimate amplification process would subjedhe cycle again, thereby generating a
repetitive method for carbon nanotube growth with the hope of seleotimeype amplification.

as that of the seed SWNT-docked-Fg $hown in Figure la. original Fe-catalyst; it is this carbonaceous growth process that
The height measurement for the amplified SWNTi( Figure is believed to be the a source of termination in typical metal-
1d was 0.72 nm, identical, within errof=(3%), to the height catalyzed SWNT growth process€&sThe fact that the seed

of the original seedf), suggesting a template growth&fo 7.
A Iarge particle can be seen at the lower-left end of the grown (12) Carver, R. L.; Peng, H.; Sadana, A. K.; Nikolaev, P.; Arepalli, S.; Scott,

. o N C. D.; Billups, W. E.; Hauge, R. H.; Smalley, R. E.Nanosci. Nanotechnol.
tube (Figure 1e), indicative of carbonaceous growth around the 2005 5, 1035.
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Figure 1. AFM images atop siliconsilicon oxide of a starting short SWNT and its amplified growth material. (a) The starting 200 nm long reductively
docked seed-SWNT-F&) (white arrow) is seen, while noting it position and angle relative to the locator inscription (red arrow). (b) A height measurement
shows the seed-SWNT-F6)(to be 0.73 nm. (c) After exposure to theHG growth conditions, the product amplified SWNT) (white arrow) had the same
relative angle to the locator inscription (red arrow) as @icgand (d) nearly the identical height of 0.72 nm over several points measured along its entire
length. (e) The entire length of the amplified nanotie 6.7 um between the yellow arrows, with a white arrow noting the original SWNT seed location
and a red arrow noting the locator inscription.

SWNT-docked-Fef) and the newly grown SWNT/J had the growth. The diameter of the grown SWNT was 1.10 nm, as
same height and orientation relative to the inscribed trench markindicated in the height measurement result shown in Figure 2d,
indeed suggests that the SWNT in Figure 1d grew from the with a length of 7um (Figure 2e). Its orientation remained the
seed in Figure la. same as that of the original seed. Figure 2d reveals that the
Furthermore, that the newly grown nanotube segments couldtube passed over the inscribed recognition trench in the substrate
have been formed from residual Fe-catalyst remaining on the during the growth. Therefore, this serves as a second example
original nanotube from the HiPco growth can be ruled out by of seeded-SWNT amplified growth from an individual templated
two factors. First, without reattachment of catalyst as described short SWNT.
in Scheme 1, we have never observed continued growth after A vast array of seed preparations from varying cutting
the acid/oxidation cleaning and cutting preparations described protocols and functionalized (both covalent addends and non-
here. Second, and even more convincingly, the nanotube seedsovalent polymer wrappings) SWNTSs, catalysts (based upon iron
described here grew bidirectionally. Any HiPco-derived nano- salts, iror-molybdenum clusters and mixed metals of Fe, Ni,
tube only has Fe at one end. Therefore, in the unlikely event and Co), surface deposition methods (spin coating, dipping,
that Fe did remain at the end of a cut nanotube, it would have voltage driven depositions), surface substrates (silicon oxide,
only been possible to be at one end and not both ends, assilicon hydride, magnesium oxide, highly ordered pyrolytic
observed here. This ensures that the growth observed here wagraphite, mica, and sapphire), and growth conditions including
indeed seeded growth and not the result of residual Fe from varying temperatures (56®50°C), pressures, and growth gases
the HiPco reactor. (CH4 CO, CHy) were explored. Extreme care must be
A second amplified growth example [(using a solution of exercised, for example, CO is often contaminated with trace
PEI-Fe(NG)s freshly prepared from 10 mgt PEI and 4 mg iron, which can catalyze new unseeded growth of SWNTs on a
L~ Fe(NGy)3; 1 mL of this PEFFe(NG;)s stock solution was surface. Furthermore, traces of iron in the seeds solutions can
mixed with 5 mL aqueous of Pluronic-wrapped SWN3Bs((L9 promote new unseeded growth. Therefore careful image location
mg L™1) and the mixture was gently stirred overnight to yield and orientation must be analyzed and maintained between
the Pluronic-SWNT-PEI-Fe(N£§) (4)] is shown in Figure 2. SWNT seeds and the VLS-grown products. Over the vast array
Reductive docking treatment was completed by annealing the of conditions studied, the best conditions are described here
sample in H at 500°C for 30 min, and the VLS growth was  which minimized unseeded growth and maximized the seeded
continued for 10 min under the same gas flow conditions as growth observed. Even with all this optimization, our best yields
described above. Figure 2a shows the AFM images of a 480for seeded growth were only about 3%, meaning that most of
nm SWNT-docked-Feg) recorded after the reductive docking the observed SWNTs on the surface never grew, and this can
(inscribed locator trench outside of the shown area, but a nearbyeven be seen in Figures 1 and 2 where there are many
pointed nanotube fragment can be used as a reference point)nongrowing SWNTSs. The catalyst concentration on the ends of
The height measurement (Fig.ure 2b) ehows j[ha.t t'he seed is abou{ls) (a) An, L. Owens, J. M.. McNeil. L. E.: Liu, 4. Am. Chem. S0@002
1.20 nm in diameter, suggesting that it is an individual SWHT, 124, 13688. (b) Anderson, R. E.; Colorado, R., Jr.; Crouse, C. Ogrin, D.;
not a bundle. As shown in Figure 2c, an amplified SWRT Maruyama, B.; Pender, M. J.; Edwards, C. L.; Whitsitt, E.; Moore, V. C.;

. v Koveal, D.; Lupu, C.; Stewart, M. P.; Smalley, R. E.; Tour, J. M.; Barron,
formed at the same position as the original seed after the VLS A. R. Dalton Trans 2006 3097.
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Figure 2. AFM images atop siliconsilicon oxide of a starting short SWNT and its amplified growth material. (a) The starting 480 nm long reductively
docked seed-SWNT-F&) (white arrow) is seen. Further, a pointed nanotube fragment can be used as a nearby reference point (black arrow). (b) A height
measurement shows the seed-SWNT-6et¢ be 1.20 nm, again with a black arrow (inset) noting the pointed nanotube fragment reference. (c) After
exposure to the £, growth conditions, the product amplified SWNT) (white arrow) had (d) nearly the identical height of 1.10 nm over several points
measured along its length. (e) The entire length of the amplified nan@tcée be seen to beum between the yellow arrows with the original seed location

(white arrow) and pointed nanotube fragment (black arrow) being noted.

the SWNTs was either too high or too low to see any ing process. Therefore, the work described here is merely a
amplification of most of the deposited SWNTs, and control of proof-of-concept in the overall goal of large-scale amplification.
this factor is likely critical for an efficacious route to be Moreover, our analysis of nanotube-type fidelity is based solely
developed. While precise catalyst concentration for reductive on height; therefore, further assessment will be critical using
docking is not essential since even a large particle can result inmicroscopic Raman analysis to verify retention g type

the consumption of a SWNT, careful control of catalyst particle between the original and new segments.

size is probably required in this template growth method since
carbon overcoating of the metal or tube pinch-off could be
common growth termination sourc¥sThe preparations of In summary, the growth of SWNTs from individual short
active SWNT seeds are presently low-yielding and the docked SWNT seeds has been demonstrated. The process involved the
products are impossible to characterized when it comes to sequence of templated VLS growth of individual SWNTs. The
assessing the number of metal atoms per tube end. We investedriginal SWNT systems were short polymer-wrapped individual

a great deal of effort to use more well-defined metal clusters SWNTSs, end-carboxylated, and further tethered with Fe salts.
for docking to the ends of SWNTs, namely, the well-defined Deposition of the SWNT-Fe salts upon an oxide surface was
Fe—Mo cluster [HPMo0;2040CHsM0O72Fe30(02CMe)150254 followed by heating to consume the functional polymer wrappers
(H20)eg], which has been used for surface growth of unseeded while reducing the Fe salts to Fe(0) underartéh atmosphere.
SWNTs!2 but again, the results were inferior to those reported During this heating, the Fe(0) can etch into the SWNT, thereby
here. Therefore, the amplification result here, albeit low-yielding, reductively docking into the SWNT so that the SWNT acts as
is unprecedented. Furthermore, to be ultimately successful ina template for elongation growth that occurs upon introduction
generating specific tube types from a given sample, the processof a carbon source. Analysis indicated that each VLS-grown
requires fractionation of the SWNT types to be done once, on SWNT had the same height and surface orientation as the
a small scale, followed by efficient cutting and high fidelity original SWNT seed, thereby suggesting amplification of the
amplification based on seeded growth, for the requisite replicat- original nanotube. The large increase in length, to several

Summary
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