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Dense arrays of single-wall carbon nanotubes (SWNTs) aligned
normal to substrates has been envisioned to enhance performance
of various technologically important devices such as sensors,1 field
emitters,2 and organic light-emitting diodes.3 High-temperature
catalytic decomposition of hydrocarbon precursors on metal-
functionalized substrates have yielded such geometries, however,
only multiwall nanotubes (NTs) have been realized thus far.4,2d

Drawing NT suspensions through a 0.2-µm-pore ceramic filter,
while immobilizing the other end on a Teflon substrate, also
produced vertically aligned geometries.5 Shortening SWNTs in
an oxidizing environment,6 followed by chemical modifications
of the carboxyl end groups,6a presents an alternative method to
align the NTs perpendicular to the substrate. Short and long (tens
of nm for the shortened SWNTs (s-SWNTs) to a few microns
for pristine SWNTs and 1.3-1.4 nm in diameter) SWNTs have
exhibited considerable affinity for amine-functionalized substrates,
although they tend to orient parallel to the substrate.6b,c Thiol
functionalization of s-SWNTs resulted in better alignment on gold
substrates; nonetheless, this system was plagued by low surface
coverage and long adsorption times.6a In the present communica-
tion we report the formation of dense arrays of s-SWNTs-forest
using a metal-assisted self-assembly from nonaqueous media. This
approach also permits growth of successive stacks of s-SWNTs,
one on top of each other, in a layer-by-layer (LBL) assembly
format.

Stable dispersion of largely unbundled s-SWNTs6b were
obtained by sonicating carboxy-functionalized NTs7 in DMF using
a procedure described elsewhere.6b The s-SWNTs assemblies
elaborated herein were based on metal-assisted chelation8 and

electrostatic9 interactions. The self-assembly was performed on
substrates such as glass, (100) silicon wafers with native oxide
and quartz crystal microbalance (QCM) resonators (9 MHz AT
cut; with gold electrodes having a surface area of 0.32 cm2; USI,
Japan). To ensure a smooth and uniformly charged surface,
necessary for reproducibility of results, the substrates were
modified with polyelectrolyte films via LBL method.9b,cs-SWNTs/
Fe3+ assemblies consisted of sequential dipping in an aqueous
solution of FeCl3 (pH 2.2, 15 min) followed by immersion in
DMF dispersed s-SWNTs10 (pH 8.5, typically 30 min) and
separated by intermediate washing in DMF (pH 12.7).11 The
elevated pH for both DMF wash and s-SWNTs dispersion causes
the surface-immobilized Fe3+ layer to transform into its basic
hydroxide form,9a,12providing the initial driving force (acid-base
neutralization) for this assembly to occur (see Scheme 1).

As illustrated in Figure 1, a monolayer of densely packed,
needlelike domains is obtained after 30 min immersion in
nonaqueous dispersions of s-SWNTs. Although accurate deter-
mination of average domain width (93( 22 nm) and valley depth
might be limited by AFM tip curvature,13 such morphology is
reminiscent of aggregated s-SWNTs, most likely tethered with
only one of their ends to the substrate.6a This geometry is believed
to be the result of (i) high concentration of carboxy groups14 on
the severed edges of s-SWNTs and hydroxy functionalization of
Fe3+-decorated surfaces9a and (ii) strong hydrophobic interactions
between adjacent s-SWNTs.15 Polarization Raman studies indicate
significant orientation normal to the substrate, with a 57-fold
intensity enhancement at 1593 cm-1, when polarization of the
incident light is parallel to the nanotube axis21b (refer to Figure
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Scheme 1.Schematic Representation of the s-SWNTs
Self-Assembly Process
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S3 in the Supporting Information). This is further substantiated
by the relatively high densities observed for these assemblies, as
described below.

The left ordinate of Figure 2 depicts the average monolayer
thickness as a function of immersion time in s-SWNTs dispersion,
as measured by AFM6 and spectroscopic ellipsometry.8,9a The
apparent increase in average film thickness is accompanied by a
substantial enlargement in average domain width (〈dw〉) (as shown
by domain analysis of representative AFM micrographs included
in the Supporting Information). The initial needlelike features
obtained from 30 min immersion (〈dw〉 ) 93 ( 22 nm) gradually
broaden to〈dw〉 ) 387 ( 34 nm after 4 h. The corresponding
mass deposition was monitored by the change in the resonant
frequency of a QCM resonator17 and converted to density by
dividing with the average film thickness,18 illustrated by the right
ordinate axis of Figure 2. In contrast to the linear increase in
film thickness and domain width, film density seems to plateau
after∼1 h of immersion in s-SWNTs dispersions. These density
values (1.1-1.2 g/cm3) compare favorably with a van der Waals

rope-lattice SWNT crystal of 1.3-1.4 nm diameter tubes (1.33
g/cm3),19 indicative of a densely packed organization. For the
present system s-SWNTs coverage was estimated to be on the
order of 1013 cm-2. This appears to be 2 orders of magnitude
larger than those reported for NTs grown by chemical vapor
deposition.20 Thus, the increase in average thickness and domain
width is most likely associated with a dynamic exchange between
the shorter s-SWNTs that quickly diffuse and organize on the
surface versus the longer ones, rather than a densification process.
It is presently believed that the driving force for the increase in
monolayer thickness and domain width might originate from
enhanced hydrophobic interactions between s-SWNTs of larger-
aspect ratios.

Subsequent adsorption of Fe3+ ions onto the carboxy-terminated
s-SWNTs at the untethered ends could also facilitate the formation
of multilayer Fe3+/s-SWNTs assemblies. The LBL growth of such
assemblies is shown in Figure 3. Both the average film thickness
(measured by spectroscopic ellipsometry) and mass deposition
(obtained via QCM) are in good agreement with the formation
of multilayered structures, readily observed by the gradual
substrate darkening. The linear increase in both average film
thickness (ca. 37.7 nm) and mass (ca. 4.1µg/cm2) correspond to
an average density of 1.1 g/cm3 for the multilayer Fe3+/s-SWNTs
assemblies.

In conclusion, dense arrays of monolayer and multilayer
assemblies of s-SWNTs have been demonstrated using a metal-
assisted organization process from nonaqueous media. Ongoing
efforts include size separation of s-SWNTs21a that could lead to
more uniform films. Aside from their relevant importance for
optoelectronic devices, these geometries could find a number of
potential applications as AFM/STM probes22a and H2

22b and
electrochemical energy storage.22c
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Figure 1. (a) Representative tapping-mode AFM and (b) line scan
obtained after 30 min immersion of an Fe(OH)x

(3-x)+-functionalized
substrate in a DMF dispersion of s-SWNTs.

Figure 2. Average monolayer growth and film density as a function of
immersion time in a 0.1 mg/mL DMF dispersion of s-SWNTs.16

Figure 3. Multilayer growth of Fe3+/s-SWNTs assemblies as a function
of dip-cycles (30 min immersion in s-SWNTs dispersion).
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