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Single-walled carbon nanotubes (SWNT) polarize readily in the presence of electromagnetic (EM) fields,
enabling a variety of electrochemical reactions. Here, we study the reaction of transition metal ion salts in the
presence of surfactant-stabilized SWNT individually suspended in water when activated by alternating EM
fields in the radio frequency (RF), microwave (MW), and optical regimes. Atomic force microscopy (AFM)
images show formation of novel SWNT nanoparticle—nanotube structures (nanoPaNTs). The resulting
nanoPaNTs include SWNT with metallic nanoparticles at one or both tips (“dumbbells”), SWNT toroids, and
straight SWNT “threaded” through multiple SWNT rings to form shish-kebab structures. Mixtures of surfactants
and polymer apparently modify the local environment of polarized SWNT in a manner that reduces the energy
needed for ring formation. We also infer that electrodeposition reactions proceed on a significantly faster
time scale than ring formation. These processes can potentially be used for self-assembly of complex 3-D

structures.

Introduction

Single-walled carbon nanotubes (SWNTs) are cylindrical all-
carbon molecules with remarkable mechanical and electrical
properties.'”® The high-pressure carbon monoxide (HiPco)
process generates about 50 different specific SWNT (n,m)
species, averaging 0.9 nm in diameter and 300—1000 nm in
length.”8 Roughly two-thirds are semiconductors that fluoresce
in the near-infrared;* the rest are metallic or small bandgap
(~few meV) semiconductors. Metallic SWNT (m-SWNT) are
1-D ballistic conductors and among the best electrical conductors
known,” supporting current densities of ~10° A/cm?.>° Because
of their high aspect ratio and conductivity, individually sus-
pended SWNT in aqueous surfactant suspensions polarize
strongly in response to external electric fields. This property
enables dielectrophoresis'®~'? and antenna chemistry'? in alter-
nating (AC) fields. At high field strength, isolated SWNT
generate steep electric field gradients around their tips'* enabling
field emission in vacuuo;'>!® field emission has also been
observed in solution, both directly by electrochemical methods'®!?
and indirectly by antenna chemistry.!® Recent efforts have shown
that individualized SWNT are promising platforms in nano-
medicine for transfection,'® magnetic resonance imaging (MRI)
contrasts,'*? fluorescent tracking,?' photothermal ablation,?? and
radio frequency (RF) thermoablation.?

Bulk SWNT absorb efficiently and convert electromagnetic
(EM) radiation across a broad frequency range spanning RF,?
microwave (MW),?* and visible radiation® into heat. SWNT
polarize in MW fields, acting as nanoscale antennae;'® ionic
conduction from stabilizing surfactants can also contribute to
the polarization in the low frequency RF regime.?® SWNT
display optical absorptions due to resonant band-to-band
transitions**” and sr-plasmon excitation;? 3 however, it is not
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clear whether they can support antenna-like collective reso-
nances in the optical regime. Optically driven collective
resonances (surface plasmon polaritons) are well-known for
certain metallic nanoparticles,®' ~3* where they generate strong
electric field gradients at asperities and junctions.***> These
effects underlie surface enhanced Raman scattering,36 as well
as shape-selective photochemistry.>37 Similar effects have not
been reported for SWNT, even though they are excellent
conductors with high extinction coefficients. Theoretical studies
by Burke®® indicate that SWNT have exceptionally high kinetic
inductance, which decreases their group velocity (and thus their
response frequency) to ~10° m/s (300 times slower than the
speed of light ¢ = 3 x 10® m/s). Studies by Hao** show that
SWNT with lengths in the micrometer range should polarize
and display relatively sharp current resonance at low THz
frequencies. This model is supported experimentally by a recent
observation of ballistic electron resonance of SWNT in the THz
regime.*’ Kinetic inductance depends on diameter and carrier
density; Salahuddin et al. have shown that metallic structures
over about 10 nm in diameter should have group velocities close
to the speed of light;*! this is supported by Ren’s experimental
observation of resonant scattering by multi-walled carbon
nanotubes (MWNT) in the visible regime.*?

Individually dispersed SWNT display rich electrochemistry,
as evidenced by selective electron transfer reactions**~*7 and
photochemical processes.*** We recently showed that HiPco
SWNT individually suspended in anionic surfactants (dodecyl-
benzenesulfonic acid, sodium salt; SDBS) display preferential
activation of m-SWNT by MW fields and develop substantial
electrochemical current densities at their tips—antenna-like
behavior'3>—and drive electrodeposition reactions with transition
metal salts at near diffusion-limited rates forming novel nano-
structures. Similarly, Warakulwit et al. have demonstrated
deposition of palladium at the tips of bundles of supported
MWNT using a pulsed bipolar electrochemical method.>
Carbon nanotube (CNT) nanostructures—such as metallic nano-
particle decoration'*>°732 and rings**~>*—have been obtained and
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Figure 1. (a—c) Representative AFM images of selective tip deposition of metallic nanoparticles at the end of a SWNT using RF (a), MW (b),
and broadband optical radiation (c). (d) Illustration of a 1 xm metallic SWNT under applied EM. (e) Extended broadband optical radiation (2 h).
(f) As-prepared SWNT suspension (after sonication); rings and rackets are absent from these samples.

studied for several years. Nanotube/nanoparticle hybrids of
indiscriminate®? or end-selective nanoparticle deposition!'*->°
have been reported. CNT rings were obtained as a direct result
of growth conditions,* organic reactions,”’” molecular tem-
plates,”® and ultrasonication procedures.>

In this work, we report physical-chemical response of
surfactant-stabilized, individually suspended SWNT in water
to EM fields in the RF, MW, and optical regimes. We show
that SWNTs in SDBS (SDBS-SWNT) polarize under RF
excitation at 2 MHz and induce the deposition of metal particles
at their tips. We also find that similar deposition can be driven
by broadband optical radiation (200 nm through the near IR);
this suggests that, to some extent, SWNT appear to polarize
axially even at optical frequencies despite their small number
of available carriers (similar to results previously reported under
MW fields'®). In the presence of other species such as metal
ion salts, anionic surfactants, and polymers, the polarization of
SWNT in EM fields leads to the production of a variety of
SWNT nanoparticle—nanotube structures (nanoPaNTs) includ-
ing dumbells, toroids, and shish-kebab structures. These electric
field-driven processes and their resulting nanostructures may
prove to be broadly useful in electronics, photocatalysis,
photovoltaics, and nanomedicine.

Results and Discussion

The interaction of SWNT with EM fields was studied on
samples of raw HiPco SWNT stabilized as individuals by SDBS
surfactant in water in the presence of transition metal salts (gold
(HAuCly), silver (AgNOs;), palladium (K,PdCly), platinum
(H,PtClg), copper (CuCl,), and iron (FeCls)), and polymers
(polyvinylpyrrolidone, PVP; see Experimental Section). A broad
range of EM wavelengths were used, including RF (2 MHz),
MW (2.54 GHz), and a broadband light (150 W high pressure
mercury arc lamp, 220 nm to near IR).

We observed tip-selective deposition of gold nanoparticles
from HAuCl, on SDBS-SWNT using RF excitation, similar to
our previous report using MW radiation.'* Importantly, SDBS
was chosen as the surfactant because it inhibits spontaneous

redox reactions between SWNT and transition metal salts.'?
Panels a and b of Figure 1 show AFM images of gold
nanoparticles electrodeposited on the tips of SWNT using RF,
and MW, respectively. The RF experiments were carried out
on SDBS-SWNT suspensions between a pair of silicon wafer
electrodes with insulating thermal oxide surfaces. The electrodes
were spaced apart by 150 um; 2 MHz RF at 150 V peak-to-
peak was applied for 3 min using a Huttinger RF power supply.
Similar nanoparticle electrodeposition was obtained using Pt,
Pd, Fe, and Cu salts. We recently showed that HiPco SWNT
individually suspended in surfactants under microwave fields
at similar field strengths develop substantial electrodeposition
current densities at their tips (on the order of 107'5 A per SWNT
tip).!* m-SWNT in electric fields maintain uniform potential
along their length by rapid charge redistribution; consequently,
strong electric field gradients are generated at their tips (see
Figure 1d for a schematic of a 1 um long SWNT in a 1 V/um
MW electric field). The present results indicate that electron
transfer processes originally observed in the GHz regime are
also operative in the low MHz regime.

Interestingly, we also found particle formation at the tips
of the SWNT with Pt, Au, and Ag salts when exposed to a
broadband light source (near IR to 220 nm) for 5 min. Figure
1c shows a representative AFM of the reaction products. Free-
floating gold nanoparticles were generated copiously in this
reaction. A few nanoparticles were found directly deposited
on SWNT, and about 10% of the SWNT were so decorated.
Nanoparticles found on SWNTSs were concentrated at or near
their tips, but this deposition was not as tip-specific as in
our prior work using MW excitation.'? Preferential nanopar-
ticle production at the SWNT tips suggests that SWNT
appears to polarize axially to some extent even at optical
frequencies. Given their low carrier density and small
diameter, this result is not expected based on prior theoretical
reports.>>*! Further studies are needed in order to clarify the
complete mechanism of this reaction and reconcile our
experimental observation with theoretical predictions. How-
ever, no particle formation was observed in suspensions of
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Figure 2. Representative AFM image of SWNT rings. (a—e) Individual SWNT rings. (f—h) Rings of SWNT bundles. (b—f) Rings with overlapping
ends. (c—d) Rings with metallic particles on the side-walls (c) and at the ends (d). (f) Racket-like SWNT rings.

SDBS-SWNT and transition metal salts in the absence of
electromagnetic radiation or as a consequence of the disper-
sion procedures (Figure 1f). Assembly of pre-existing nano-
particles regiospecifically with SWNT tips is indeed known,
although such assembly is generally mediated by linker
moieties with strong affinity to the particular nanoparticles
employed.®*~% For instance Smalley et al. induced assembly
with gold nanoparticles using thiol-terminated long-chain
alcohols that were in turn attached to acid-oxidized SWNT
via esterification.’ Recently, Hamilton et al. used coupling
reactions to either the carboxylate or hydroxide residues of
the SWNTSs’ open ends via piranha etching to attached FeMoc
nanoparticles at the ends of SWNTSs.5! In contrast, we mixed
and incubated premade gold nanoparticles and surfactant-
coated SWNT without linker moieties, in the presence and
absence of MW fields and looked for evidence of self-
assembly with AFM, however no such assembly was found.
We therefore suspect that any dangling bonds, carboxylic
acids, etc. that might be present at the tips—as a result of
suspension procedures—would be occluded by the surfactant,
precluding nanoparticle assembly under ambient conditions
(e.g., in the absence of EM fields).

In order to maintain a stable SWNT-nanoparticle suspen-
sion, PVP was added (0.25 wt %) before initial MW
exposure; PVP is a well-known capping agent used to
stabilize both SWNT® and metallic nanoparticles.®®®’ A
variety of unusual nanostructures were observed after MW
excitation of SWNT suspensions prepared in surfactant
mixtures (SDBS+PVP). SWNT rings were formed upon MW
irradiation when the surfactant composition was adjusted to
0.75 wt % SDBS and 0.25 wt % PVP. It is also important to
note that the SDBS-PVP concentration and PVP molecular
weight were chosen in order to maintain the optical properties
and stability of the SWNT suspensions as we previously
reported.'*% Figure 2 shows single (Figure 2a—e) and
bundled (Figure 2f—h) SWNT rings with an average diameter
of 125 nm. Rings were also generated in the presence of
reducible transition metal salts (i.e., Au, Ag, and Cu) (Figure
2d). We found that SDS could be substituted for SDBS in
the surfactant mixture without affecting the reaction. Interest-

ingly, no rings were obtained in the absence of MW
irradiation or when either surfactant was used without PVP
in conjunction with MW irradiation. Experiments in the
presence of metal salts sometimes led to ring-dot structures
(Figure 2d) where it appears that distinct Cu particles
originated at the ends of the SWNT formed first, followed
by ring formation. We infer that particle formation at the
SWNT tips and ring formation must occur on very different
time scales. If, in fact, the ring had formed first, the tip field
enhancement would have disappeared, supporting particle
production or yielding nonspecific side-wall decoration of
the SWNT at multiple locations. Ring formation therefore
appears to be a slower and more energetic process than
nanoparticle deposition, which can proceed with diffusion-
limited kinetics on subsecond time scales.'> We note that
these SWNT ring-dot structures are similar to the c-shaped
resonant structures discussed in the literature on negative
index materials.%® This suggests that ring-dot structures with
SWNT tips separated by (insulating) metal oxide nanopar-
ticles might have interesting EM scattering properties.
Additional representative AFM images of these products at
different magnifications are shown in Figure 3a—d. It can
be seen that we obtained a high yield of rings with relatively
small diameters. Figure 3e shows the diameter distribution
of the SWNT rings (shown in Figure 3, a—d) ranging between
30 and 75 nm, with a mean diameter of 50 nm. Also shown
are remarkable structures that appear to be long, unmodified
SWNT “threaded” through one or more rings in shish-kebab
fashion. These results may indicate type selectivity in ring
formation under MW irradiation, based on our previous
experimental finding of preferential activation of m-SWNT
under similar operating conditions.!* Table 1 shows a
summary of the different nanostructures formed with their
corresponding experimental procedures.

Although ring formation has been observed and studied
in the SWNT/CNT context for several years>* >—as direct
result of growth conditions,** organic reactions,’” molecular
templates,>® and ultrasonication procedures®>3*—this is the
first reported occurrence of ring formation as a result of MW
irradiation and not as a result of the suspension procedures
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