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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.1-6 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.7,8 Roughly two-thirds are semiconductors that fluoresce
in the near-infrared;4 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,2 supporting current densities of ∼109 A/cm2.3,9 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 dielectrophoresis10-12 and antenna chemistry13 in alter-
nating (AC) fields. At high field strength, isolated SWNT
generate steep electric field gradients around their tips14 enabling
field emission in vacuuo;15,16 field emission has also been
observed in solution, both directly by electrochemical methods10,17

and indirectly by antenna chemistry.13 Recent efforts have shown
that individualized SWNT are promising platforms in nano-
medicine for transfection,18 magnetic resonance imaging (MRI)
contrasts,19,20 fluorescent tracking,21 photothermal ablation,22 and
radio frequency (RF) thermoablation.23

Bulk SWNT absorb efficiently and convert electromagnetic
(EM) radiation across a broad frequency range spanning RF,23

microwave (MW),24 and visible radiation25 into heat. SWNT
polarize in MW fields, acting as nanoscale antennae;13 ionic
conduction from stabilizing surfactants can also contribute to
the polarization in the low frequency RF regime.26 SWNT
display optical absorptions due to resonant band-to-band
transitions4,27 and π-plasmon excitation;28-30 however, it is not

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,31-33 where they generate strong
electric field gradients at asperities and junctions.34,35 These
effects underlie surface enhanced Raman scattering,36 as well
as shape-selective photochemistry.34,37 Similar effects have not
been reported for SWNT, even though they are excellent
conductors with high extinction coefficients. Theoretical studies
by Burke38 indicate that SWNT have exceptionally high kinetic
inductance, which decreases their group velocity (and thus their
response frequency) to ∼106 m/s (300 times slower than the
speed of light c ) 3 × 108 m/s). Studies by Hao39 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.40 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;41 this is supported by Ren’s experimental
observation of resonant scattering by multi-walled carbon
nanotubes (MWNT) in the visible regime.42

Individually dispersed SWNT display rich electrochemistry,
as evidenced by selective electron transfer reactions43-47 and
photochemical processes.48,49 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 tipssantenna-like
behavior13sand 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.50

Carbon nanotube (CNT) nanostructuresssuch as metallic nano-
particle decoration13,50-52 and rings53-58shave been obtained and
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studied for several years. Nanotube/nanoparticle hybrids of
indiscriminate51,52 or end-selective nanoparticle deposition13,50

have been reported. CNT rings were obtained as a direct result
of growth conditions,54 organic reactions,57 molecular tem-
plates,59 and ultrasonication procedures.55,56

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 fields13). 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
(HAuCl4), silver (AgNO3), palladium (K2PdCl4), platinum
(H2PtCl6), copper (CuCl2), and iron (FeCl3)), 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 HAuCl4 on SDBS-SWNT using RF excitation, similar to
our previous report using MW radiation.13 Importantly, SDBS
was chosen as the surfactant because it inhibits spontaneous

redox reactions between SWNT and transition metal salts.13

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 µm; 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 10-15 A per SWNT
tip).13 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 µm long SWNT in a 1 V/µm
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 SWNTs were concentrated at or near
their tips, but this deposition was not as tip-specific as in
our prior work using MW excitation.13 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.39,41 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

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 µm 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.

18864 J. Phys. Chem. C, Vol. 113, No. 43, 2009 Duque et al.
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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.60-64 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.60 Recently, Hamilton et al. used coupling
reactions to either the carboxylate or hydroxide residues of
the SWNTs’ open ends via piranha etching to attached FeMoc
nanoparticles at the ends of SWNTs.61 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 tipssas a result of
suspension proceduresswould 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 SWNT65 and metallic nanoparticles.66,67 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.13,68 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.13 We note that
these SWNT ring-dot structures are similar to the c-shaped
resonant structures discussed in the literature on negative
index materials.69 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.13 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 years53-58sas direct
result of growth conditions,54 organic reactions,57 molecular
templates,59 and ultrasonication procedures55,56sthis is the
first reported occurrence of ring formation as a result of MW
irradiation and not as a result of the suspension procedures

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.

nanoPaNTs Based on Antenna Chemistry of SWNTs J. Phys. Chem. C, Vol. 113, No. 43, 2009 18865

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

B
R

IS
T

O
L

 o
n 

O
ct

ob
er

 2
6,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 7

, 2
00

9 
| d

oi
: 1

0.
10

21
/jp

90
60

38
k



(Figure 1f). Moreover, we believe that PVP plays an
important role in the ring formation in our system and the
effects of concentration and molecular weight on the ring
formation should be an interesting subject to explore in future
work.

Ring formation is well known and understood in semiflexible
filaments and molecules like DNA.70-75 For example, it has been
theoretically shown and observed experimentally that semiflex-
ible molecules in poor solvents can undergo conformational
changes to minimize solvent contact and obtain a more
energetically favorable configuration, which can result in
partially collapsed shapes, racket conformations, and tori.73,75

These conformations reduce molecule-solvent contact without
causing excessive bending penalties and result from the interplay
between two opposite forces: the bending force related to the
chain stiffness and the self-attraction. However, the metastable
(unravelled) configuration is separated from the lower-energy
shapes (rackets, tori) by an energy barrier. Essentially, the chain
must bend into higher energy conformations before the self-
attractive forces take over and drive loop closure. Normally,
thermal fluctuations provide the barrier-crossing mechanism;
when such thermal fluctuations are too weak compared to the
bending stiffness, no conformational changes (ring formation)
are observed75 unless external forces bend the chains causing
the crossing of the energy barrier. The simplest model that can
effectively capture the competition of bending and self-attraction
(see, e.g., Martel et al.55 and Schnurr et al.73,76) is based on a
semiflexible filament whose total energy U includes a bending
energy Ub dependent on the bending stiffness κ, and a self-

attractive energy Ua dependent on the self-attractive potential
per unit length of overlapping u0

where L is the length of the filament, s is arc length along the
filament contour, θ is the angular position, r is the ring radius,
and λ is the extent of overlap (Figure 4a). Here we have
disregarded the effect of the coordination number in filaments

Figure 3. Representative AFM images of SWNT rings on sticks. (a-d) AFM images at 10 (a), 5 (b), 2.5 (c), and 0.75 µm (d) of SWNT rings on
sticks. (e) Diameter distribution of SWNT rings for several AFM images.

TABLE 1: Summary of Nanostructures Formed and Their Corresponding Experimental Procedures

SWNT
nanostructure surfactant electromagnetic field notes

tip deposition SDS SDBS RF field
(3 min)a

MW field
(8 s)a

arc lamp
(5 min)b

tip deposition was more predominant in MW reactions; arc lamp
reactions resulted in free-floating particles and very small fraction
of specific deposition

shish-kebab SDBS-PVP MW field
(8 s)c

shish-kababs were only observed in mixtures between SDBS and
PVP

ring SDBS-PVP MW field
(8 s)d

rings were formed as individuals and as bundles with and without
metal ions; shish-kebab rings ranged between 30 and 75 nm in
diameter, isolated rings had a ring average diameter of 125 nm

a Metal salts used: Au, Pt, Pd, Fe, and Cu. b Metal salts used: Pt, Au, and Ag. c No metal salts were added. d Metal salts used: Au, Ag, Cu,
and solutions without salts.

U ) Ub + Ua ) 1
2
κ∫0

L
ds(dθ

ds )2
- λu0 (1)

Figure 4. Self-attractive energy to induce ring formation. (a) Schematic
diagram of the formation of a ring. (b) Energy barrier to induce ring
formation (Lp ) 25 µm, L ) 2 µm, and uo) 500 eV/ µm).

18866 J. Phys. Chem. C, Vol. 113, No. 43, 2009 Duque et al.
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with multiple self-overlaps, which changes quantitatively (but
not qualitatively) the energy of tightly wound filaments (see
discussion in Schnurr et al.76). Assuming that the filament shape
is circular (lowest curvature conformation) yields s ) θr and λ
) L - 2πr and the final expression of the total energy is

Equation 2 can be used to plot an energy landscape which
illustrates the energy of a chain at different stages of ring
formation (Figure 4b). Clearly, the energy minimum is in the
ring configuration for sufficiently strong self-attraction, as in
the case of SWNTs, where the self-attractive potential per unit
length of overlap is 500 eV/ µm.77 However, in order to fold,
the filament must overcome an energy barrier Umax ) 2π2(κ)/
(L) ) 2π2kBT(Lp)/(L), where kB is Boltzmann’s constant, T is
temperature, and Lp ≡ κ/kBT is the filament persistence length.
Therefore, the energy barrier can be estimated based on the
SWNT persistence length. Martel et al.55 and Yakobson and
co-workers78 computed Lp by treating SWNTs as continuum
elastic cylindrical thin shells, for which κ ) πCr3; Martel et al.
estimated C ≈ 130 N/m on the basis of early theoretical
modeling by Yakobson et al.;78 Kudin et al.79 later computed C
≈ 345 N/m on the basis of ab initio calculations. Direct
measurements of the persistence length of SWNT in water80,81

show that the persistence length of typical HiPco SWNTs
(diameters ≈ 0.8-1.2 nm) range from 25 to 140 µm (i.e., C ≈
680 N/m).

A relatively long, thin SWNT with Lp ) 25 µm and L ) 2
µm would have to overcome an energy barrier Umax ≈ 250kBT
≈ 6.3 eV before self-attraction would take over and close the
ring; even using the lower theoretical estimate of persistence
length of Martel yields a minimum activation energy Umax ≈
50kBT ≈ 1.3 eV for ring formation. Clearly, the energy barrier
is too high (on the scale of kBT) for spontaneous activation (in
fact, no rings are observed in the absence of EM fields). How
the EM field is able to transmit so much energy to bend the
SWNTs is not at all clear. The active ring formation mechanism
must generate substantial buckling and bending forces; the
attractive interactions between SDBS and PVP68,82-86 may assist
this mechanism by bridging opposite ends of a bending SWNT
and therefore stabilize the intermediate configurations. We
suspect that the field-induced accumulation of charge at the
SWNT tips is the primary cause of the bending forces, along
with corollary electrochemical and electrostatic effects and the
strong interaction of the adsorbed PVP.

Although the minimum energy configuration is that of a
tightly wound ring, only a small degree of overlap (tens of nm)
is required to stabilize the ring conformation. Figure 2 shows
rings with small overlap (e.g., 20 nm in Figure 2b) as well as
racquet shapes with ∼50 nm overlap (Figure 2f); these
conformations are kinetically trapped states, similar to those
observed in SWNT systems55,56 and in the condensation of DNA
and other semiflexible structures.

Overall, these observations suggest that the electromagnetic
field induces unanticipated compressive and bending forces
needed to start the process of SWNT ring formation. The PVP
chains may contribute to the ensuing of such forces or lower
the activation energy by bridging opposite sides of a bending
SWNT. Further experimental and theoretical work is needed to

explain the formation of rings driven by electromagnetic fields
and assisted by the presence of PVP.

Experimental Section

Reagents. SWNT were produced via the HiPco process and
used as suspensions prepared with nanopure water and surfac-
tants including sodium dodecyl sulfate (SDS, 99%, Fisher),
dodecylbenzenesulfonic acid, sodium salt (SDBS, 99%, Ald-
rich), and polyvinylpyrrolidone (PVP, 55 kDa, analytical grade,
Aldrich). N-Methyl-pyrrolidone (NMP) and 2-isopropanol were
obtained from Aldrich. Transition metal salts were used as
received from Aldrich, including gold (HAuCl4, 99.999%), silver
(AgNO3, 99.999%), palladium (K2PdCl4, 99.99%), platinum
(H2PtCl6, 99.995%), copper (CuCl2, 99.999%), and iron (FeCl3,
99.99%).

SWNT Suspension Preparation. Stable suspensions of
SWNT solutions were prepared by first homogenizing 250 mg
of raw HiPco SWNT in 200 mL nanopure water that contained
1 wt % surfactant at 500 rpm for 2 h (Dremel Multi-Pro tool,
35 000 rpm, Racine, WI). Second, tip sonication (Cole Parmer
Ultrasonic Processor, Tip- Model CV26, Vernon Hills, IL) was
performed in a 20 mL water bath at 20% power for 2 min
followed by bath sonication (Cole Parmer Ultrasonic Cleaner
(Model 08849-00), Vernon Hills, IL) for 2 min. Third, ultra-
centrifugation (Sorvall Discovery 100SE (by Hitachi), Rotor -
AH629, 36 mL) for 4 h at 29k RPM was followed by subsequent
removal of 2/3 volume of the supernatant portion via pipet. Note
that our experimental observations suggests that homogenization,
low sonication time/power and temperature control of the SWNT
solution are the most important steps to obtaining a suspension
of SWNT suitable for EM experiments. All reactions were
carried out using surfactant suspended SWNT at an initial
SWNT concentration of 5 mg/L.

Images: Atomic Force Microscopy. AFM images were
taken using a Nanoscope IIIa system (Digital Instruments/Veeco
Metrology, Inc., Santa Barbara, CA), in tapping mode at a scan
rate of 2 Hz. SWNT suspensions (20 µL) were spin coated at
3000 rpm onto a freshly cleaved mica surface (Ted Pella, Inc.,
Redding, CA). To remove the excess of surfactant, immediately
after the SWNT solution was deposited, it was rinsed with 2
mL of 2-isopropanol, followed by 5 µL of NMP, and then again
with 2 mL of 2-isopropanol after which the sample was spun
for 7 min. To obtain high quality AFM images, we found that
the cleaning procedure was fundamental, as well as the addition
of the SWNT suspension in a continuous flow instead of
dropwise. Drops cause a build-up of SWNT layers that tend to
form bundle-like structures.

Formation of nanoPaNTs. nanoPaNTs were obtained using
various experimental procedures and EM. Selective deposition
of particles at the ends of the SWNT (dumbells) were obtained
using MW, RF, and optical irradiation. The MW radiation source
was a multimode microwave reactor (MARSX, CEM Corpora-
tion, 2.54 GHz, Matthews, NC) programmed at 1000 W. The
reactions were carried out in the center of the MW using 5 mL
of SWNT suspensions and 8 s exposure time. RF low frequency
radiation was provided by an AC power supply (Huttinger, 13.56
MHz, Farmington, CT). The 40 µL sample containing SWNT
and Au salts was placed between two silicon oxide wafers (n-
type arsenic, 3.5 µm oxide layer, Wafer World, West Palm
Beach, FL) spaced 150 µm apart by a glass coverslip and
exposed to 150 V for 3 min. The source of light irradiation
was a mercury arc lamp (ACE glass, Near IR to 220 nm UV at
150 W, Vineland, NJ). Light-irradiated samples were exposed
for 5 min. All samples were prepared from suspensions with a

U ) κL

2r2
- (L - 2πr)u0 for 2πr e L and

U ) κL

2r2
for 2πr g L (2)

nanoPaNTs Based on Antenna Chemistry of SWNTs J. Phys. Chem. C, Vol. 113, No. 43, 2009 18867
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SWNT concentration of 5 mg/L to which 50 µL solutions of 1
mM metal ion salts (Au, Pt, Ag, or Fe) were added. Ring
structures were obtained in separate experiments that utilized a
mixture of surfactants (0.75 wt % SDBS and 0.25 wt % PVP)
under MW irradiation, with and without the presence of metal
salts.

Conclusions

Electric fields induce solution phase electron transfer chem-
istry of SWNT and transition metal salts; these chemical routes,
termed antenna chemistry, can lead to a variety of self-assembled
nanoPaNTs: dumbells, SWNT toroids, and straight SWNT
“threaded” through multiple SWNT rings (shish kebab struc-
tures). Proper surfactant selection prevents spontaneous redox
reactions between SWNT and transition metal salts; the resulting
nanostructures are due to electrochemical interactions between
the SDBS-SWNT, transition metal salts, and the incident EM
fields. SWNT rings form only under MW irradiation and when
negatively charged surfactants (SDS or SDBS) are combined
with PVP; they do not form as a consequence of sonication
under the conditions used here to prepare the suspensions,
suggesting that PVP plays a fundamental role in the ring
formation. Reducible metal salts are not required for ring
formation; when they are present, metal nanoparticles deposit
on the SWNT before SWNT rings are formed. Although more
work is needed to clarify its mechanisms, antenna chemistry is
likely to provide new routes for bottom-up production of
complex 3-D nanostructures. These novel nanoPaNTs could be
useful in nanoelectronics, energy conversion, and separation of
SWNT by chirality and size.
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