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1. INTRODUCTION

Nanotechnology is the science of manipulating and assembling
matter on an atomic and molecular scale in order to develop
novel materials with enhanced physical and chemical prop-
erties. One of the primary aims of nanotechnology is the
fabrication of composites of nanoscale entities for use in
multifunctional systems, including optoelectronics, sensing,
and catalysis.

Among the nanomaterials recently introduced by nano-
technology, carbon nanotubes (NTs) have undergone the
most intense investigation because of their extraordinary
physicochemical properties [1]. While graphite and diamond
are two allotropic forms of carbons, NTs belong to the
family of fullerenes, which encompass the third allotropic
form. NTs can be thought of as a graphene sheet rolled
into a tubular structure and are structurally single-walled
carbon nanotubes (SWNTs) or multi-walled carbon nano-
tubes (MWNTSs). The former consists of a single graphene
sheet, whereas the latter consists of many concentric and
nested graphene sheets. Both categories are characterized
by nanometric dimensions and a high aspect ratio (ratio
between length and diameter). In this regard, SWNTSs have
diameters from 0.3 to 2 nm and lengths up to 1 pm [2], while
the bigger MWNTSs have diameters in the order of 100 nm
and lengths from 1 to several microns.

MWNTs have been known for almost 50 years [3]. In fact,
vapor-grown carbonaceous filaments were first described
more than a century ago [4, 5]. As can happen for materials
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that will be important, they were not intentionally obtained
but were industrial by-products in manufacturing coke.
Early transmission electron microscope (TEM) images
of MWNTs clearly revealed both tubular and “bamboo”
internal morphologies despite the fact that the image reso-
lution at that time was much lower. The first commercial
TEM was put in the market by Siemens in the 1940s. The
accurate determination of internal morphology required
improved macroscopic and spectroscopic instrumentation
[6, 7]. In 1991, Iijima reported the discovery of concentric
MWNTs in the carbonaceous deposit formed on a cathode
in an electric arc discharge reactor during the preparation
of fullerenes and a detailed characterization [8]. During the
last decade, scientists worldwide have enthusiastically and
extensively studied MWNTSs. Owing mainly to the fact that
SWNTs are truly nanoobjects by having outer diameters
that are more than one order of magnitude smaller than
those of MWNTs, SWNTSs are even object of greater scien-
tific interest.

NTs have very interesting physicochemical properties
such as ordered structure with high aspect ratios, light
weight, high mechanical strength, high electrical conduc-
tivity, high thermal conductivity, metallic or semimetallic
behavior, and high surface area. The combination of these
properties makes NTs unique materials with the potential
for applications in several fields as diverse as electronics,
photonics, catalysis, and biomedicine. For instance, our and
other research groups have been exploring the application
of NTs in nanomedicine. By using the tools and knowledge
of nanotechnology for biomedical purposes nanomedicine
aims to preserve and improve health. This research may lead
to the development of more effective means for delivering
and targeting pharmaceutical, therapeutic, and diagnostic
agents. The development of such nanotechnology-based
agents involves the identification of specific cell and receptor
target related to each clinical conditions and the appropriate
nanocarrier to achieve the desired response with minimal
adverse effects. NTs, owing to their extremely high aspect
ratio, represent a potential multivalent scaffold for drug
delivery and constructing nanoassemblies capable of binding
many membrane receptors. Two main obstacles to utilization
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of nonfunctionalized (pristine) NTs in nanomedicine are
their poor solubility under physiological conditions and
tendency to form aggregates. To overcome these problems,
NT surfaces have been functionalized by adsorption, elec-
trostatic interaction, or covalent bonding processes. By the
addition of appropriate molecules or chemical groups, the
functionalized N'Ts become more hydrophilic and biocom-
patible, and aggregate less. Furthermore, recent toxicologic
and pharmacokinetic studies indicate that functionalization
improves their cytotoxicity profile (in vivo) and decreases
uptake by the liver or other organs of the reticuloendo-
thelial system. These results suggest that functionalized
NTs can be used in nanomedicine more efficiently than
nonfunctionalized (pristine) NTs and other nanomaterials.
However, the batch production of NTs with uniform struc-
tural and chemical characteristics, high quality control, and
minimal impurities remains a challenge that limits their
development for this purpose.

In many cases NTs must be attached to, or filled with,
other molecules, macromolecules, and nanoparticles (NPs)
to fabricate nanodevices or composites capable of taking full
advantage of their unique properties. In fact, the resulting
nanocomposites can have properties that drastically differ
from those of each individual component.

Nanocomposites can be fabricated by such strategies as
covalent or noncovalent decoration of pristine (p) or acid-
oxidized (ox) NT sidewalls with preformed NPs, or by the
in situ growth of NPs onto NTs. The choice of a specific
technique for decorating NTs with NPs is usually dictated
by the final application of the nanocomposite. For instance,
because NT-based electronic devices must retain the
extraordinary electronic properties of NTs, in situ growth
or noncovalent functionalization of pristine NTs is the
preferred strategy. Covalent functionalization of oxNTs is
not recommended because oxNTs are produced by oxida-
tion in strong acids that also destroys the high aspect ratio
of NTs and dramatically changes their electronic proper-
ties. For each carboxyl group introduced onto an NT an
equal number of = electrons are removed from its conju-
gated nt system. Covalent functionalization is recommended
for NT-based nanoassemblies having biomedical applica-
tions, because these NTs are mainly used as scaffold. The
oxidation process used for their formation has cut them into
short “nanopipes” of suitable length, namely few hundred
nanometers, for fabricating intracellular carriers of NPs.
In contrast, the energies leading to noncovalent function-
alization of NT sidewalls with NPs would be too weak to
guarantee the mechanical stability necessary to assemble a
delivery system.

The choice of the linker between NTs and NPs is also
dictated by the application of the nanoassembly. For
instance, in biomedical applications NTs that are easily
visualized by simple optical microscopy are useful. There-
fore, the NPs should be fluorescent and the linker used to
couple them to the NT sidewall should not quench their
fluorescence caused by interacting with the NTs, which
would provide a nonirradiative decay pathway for the
photoexcited electrons of the NPs. For NT-based photo-
electrochemical cell fabrication, the linker should permit
electron transfer from the excited states of the NP (lumino-
phore) into the conduction band of the NT (quencher).

NT filling can provide interesting applications such as
containers for nanosized catalysts with delayed action or as
nanoneedle delivery devices. NTs partially filled with short
nanorods or NPs of a catalyst could be used in catalytic
processes. No chemical reaction will take place as long as
the graphene shell is present to prevent the catalyst from
contacting the reactants. Under oxidizing conditions, the
protective integrity of the graphene shell would be disrupted
to allow access to the catalyst. Fullerenes encapsulated into
SWNTs exhibit such novel properties as coalescence under
prolonged exposure to an electron beam and diffusion. The
latter property could permit the use of NTs as nanoneedles
and have many applications as carriers. Biologically active
molecules (or atoms) could be attached to fullerenes for
delivery to a specific tissue, cell type, or an intracellular
compartment. Encapsulation of endofullerenes (fullerenes
encapsulating foreign atoms) into NTs might have exciting
applications in radiography and scintigraphy by facilitating
the transport of heavy elements or radio elements to a
highly localized area.

In this chapter, we address the supramolecular assembly
of both SWNTs and MWNTs with metallic, semiconducting,
insulating, and magnetic NPs. We describe both the decora-
tion of the external sidewall and the filling of the inner cavity.
While traditional organic synthesis involves the making and
breaking of covalent bonds to construct a desired mole-
cule, generally speaking, supramolecular chemistry refers
to the area of chemistry which focuses on the noncovalent
bonding interactions of molecules to assemble molecules,
macromolecules, and NPs into complexes. These far weaker
and reversible noncovalent interactions include hydrogen
bonding, metal coordination, hydrophobic forces, van der
Waals forces, n—n interactions, and/or electrostatic effects.
In particular, the layer-by-layer technique has been widely
used for the deposition of NPs onto both macroscopic
substrates and spherical colloids. Although the supra-
molecular assembly of NPs onto NT sidewalls in aqueous
solvents is limited owing to the hydrophobic nature of pris-
tine NTs, polymer wrapping permits the functionalization
of NTs through noncovalent attachment of molecules and
produces individually dispersed NTs in aqueous solutions.
In this case NT-polymer interactions are thermodynami-
cally preferred over NT-water interactions, and the hydro-
phobic surface of the NTs is suppressed.

2. COATED CARBON NTs
2.1. Metallic NPs

Recently, interest in the decorating of NTs with metallic
NPs has increased for three main reasons. First, opto-
electronic devices could take advantage of the coupling
between the plasmonic modes of metal NPs and the plas-
mons of NTs. Second, their high aspect ratio, large surface
area, and unique electronic properties make NTs excel-
lent scaffolds for such catalysts as Pt, Pd, and Rh, which
have been used in electrochemical and fuel cells. Third,
NTs have been used as scaffolds for metal NPs for use
in hydrogen storage and for biological, biochemical, and
chemical applications as sensors.
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Strategies developed to fabricate supramolecular nano-
assemblies of NTs and metallic NPs can be divided into two
main groups: (1) decoration with previously grown NPs,
and (2) in situ growth of NPs onto NTs.

2.1.1. Decoration of Carbon NTs with
Previously Grown Metallic NPs

Although this section presents the techniques used to
decorate both pristine (p) and oxidized (ox) NTs with Au
NPs (GNPs), similar techniques have been used to link
other metallic NPs to NTs.

Pristine Carbon NTs pNT-GNP nanoassemblies have
been made using linkers that were either hydrophobically
anchored or adsorbed via n—n stacking interactions onto the
sidewalls of pNTs. Ellis et al. [9] reported the connection of
octanethiol (OT)-capped GNPs to pNTs by hydrophobic in-
teractions (Fig. 1). Acetone molecules were first adsorbed
onto the imperfections of the pNT sidewalls through C=0-C
interactions or resonance structures, so that the acetone
methyl groups studded the pNT surface. OT-capped GNPs
were then anchored onto the pNTs through hydrophobic in-
terdigitation between the acetone methyl groups and the OT
octyl chains to achieve a self-assembled molecular (SAM)
layer capping the GNPs. Interdigitation between adjacent
GNPs adsorbed onto the pNTs avoided the coalescence of
the GNPs and resulted in wire-like structures consisting of
large polycrystals [10]. The distance between GNPs could be
modulated by adjusting SAM chain length and structure and,
in turn, could modulate quantum effects (e.g., single-electron
hopping and Coulomb blockade) to enable the molecu-
lar-level design of nanodevices for switching, sensing, and
information storage.

Polycyclic aromatic molecules have been observed to
adsorb onto pNT sidewalls through m—mn stacking interac-
tions [11-13]. Their adsorption has been exploited as a
method to decorate pNTs with macromolecules, silica
NPs, and organometallic molecules. Mono- and polycyclic
aromatic ring-terminated alkylamines [2-phenylethylamine,
N-(1-naphthyl)ethylenediamine and 1-pyrenemethylamine]
have been used by Ou ez al. [14] as linkers for fabricating NT-
GNP nanoassemblies. The surface of GNPs was covered by
the w-aryl alkylamines through interaction of the nitrogen
lone electron pairs. The modified GNPs were subsequently
adsorbed onto pNT sidewalls via n—n stacking interactions
between the terminal aromatic rings of the alkylamine
linkers and the pNT surface (Figs. 2(A)-2(C)). The level
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Figure 1. Decoration of pristine carbon NTs with octanethiol-capped
gold NPs using acetone as a linker [9].

of loading in the NT-GNP nanoassembly was monitored
by UV-Vis absorption and photoluminescence spectros-
copies. The vibronic absorption features of the aromatic
rings were perturbed upon complexation of the linker
onto the GNPs indicating strong interactions between the
n-electron clouds of the aromatic rings and the plasmon
electrons of the GNPs. The vibronic absorption features of
the aromatic rings were further perturbed upon adsorption
of the modified GNPs onto the pNT sidewalls. The surface
plasmon resonance (SPR) absorption band of the GNPs was
also perturbed upon complexation indicating interparticle
plasmon coupling between GNPs that were in close contact.
In general, the absorbance spectrum can give information
about a system composed of colloidal GNPs. According to
Zhong et al. [15], the position of the SPR absorption band
depended upon particle size, interparticle distance, and
the interaction of GNPs with other molecules in a colloidal
dispersion. Thus, a red shift of the SPR band was attributed
to interparticle plasmon coupling, a phenomenon observed
even when just a few GNPs were clustered. This red shift in
the plasmon of GNPs deposited onto pNTs suggested that
the GNPs were densely packed on the NT surface. Finally,
quenching of the photoluminescence of the aromatic rings
upon complexation of the GNPs and pNTs indicated elec-
tron transfer (ET) between the aromatic rings (donor) and
the two nanoassembly components (pNT and GNP), which
functioned as quenchers.

Spectroscopic analyses were used by Liu et al. [16] to study
the decoration of pNTs with GNPs to which 12-[4-(1-pyrenyl)
butoxy]dodecanethiol (PBT) had been linked through thiol
group—GNP interaction followed by adsorption of its pyrenyl
groups onto the pNT surface (Fig. 2(D)). The fluorescence
of PBT was quenched moderately by its binding to the pNTs
and almost totally quenched through the further binding
of GNPs, suggesting ET from the linker and the pNTs as
well as from the GNPs. Moreover, the authors observed an
enhanced Raman response. The two main contributions to
the surface increase of Raman scattering of NTs on metallic
surfaces occur through “electromagnetic” and “chemical”
mechanisms [17]. The former is caused by an increase in
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Figure 2. Decoration of pristine carbon NTs with gold NPs using polycyclic
aromatic ring-terminated alkylamines linkers [14, 16].
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the electromagnetic field at or near the metallic surface,
and the latter is caused by ET between the metallic surface
and the NTs and strongly depends on the NT electronic
structure. Therefore, an observed increase in the Raman
response suggests ET between the GNPs and the pNTs
through the linker.

Oxidized Carbon NTs Functionalization of oxNTs usually
employs the carboxylic groups produced by oxidation. Liu et
al. [18] first reported an acid-based multireactant procedure
assisted by cross-flow filtration and sonication to obtain open-
ended and carboxylated short NTs which were termed pipes.

In a subsequent study, Jiang e al. [19] reported that
negatively charged GNPs could be noncovalently attached
to oxidized MWNTSs using a polyelectrolyte as an elec-
trostatic bridge (Fig. 3). First, MWNTs were oxidized
by suspension in a concentrated sulfuric acid-nitric acid
mixture (3:1 v/v) followed by sonication. FT-IR anal-
ysis indicated that the acidic oxidation introduced four
types of functionality onto the MWNTSs, namely hydroxyl
(3424cm ), carboxyl (1719 cm '), carbonyl (1626 cm ™), and
sulfate (1384 cm™') groups. The oxMWNTs were coated
with a cationic polyelectrolyte [poly(diallyldimethylam
monium chloride), PDAC] that ad-sorbed onto the NT
surface because of the electrostatic interactions between
the negative carboxate groups and the positive tetraalkyl-
ammonium groups. Finally, negatively charged GNPs were
anchored onto NT surface through electrostatic interac-
tions between the positively charged polyelectrolyte and
the GNPs. The resulting NT-GNP structure showed quite
uniform decoration of the GNPs onto the NT walls and
ends that corresponded to the location of the functional
groups. In this regard, this technique could represent an
excellent method for monitoring the presence of negatively
charged functional groups on the surface of NTs.

Kim et al. [20] reported using a similar procedure to deco-
rate oxNTs with positively charged GNPs (Fig. 4). The latter
were prepared by the phase transfer technique reported by
Gittins et al. [21]. MWNTs were chemically functionalized
by oxidation using ultrasonication in concentrated sulfuric
acid-nitric acid (3:1 v/v) for 1-8 h. The authors showed that
only NTs treated longer than 4 h were colloidally stable in
aqueous media for at least 24 h. Positively charged GNPs
were electrostatically deposited onto oxNTs that were

negatively charged by deprotonation of the carboxylic acid
groups introduced during chemical oxidation (Fig. 4(a)).
Alternatively, positively charged GNPs were anchored onto
negatively charged oxNTs fabricated depositing first the
positively charged polyelectrolyte PDAC then a negatively
charged polyelectrolyte poly(sodium 4-styrenesulfonate)
(PSS) onto oxNTs (Fig. 4(b)). In this case, the density of the
GNPs on the NTs was higher than that achieved by directly
anchoring positively charged GNPs onto oxNTs. The
authors rationalized that the higher loading was achieved
by the polyelectrolyte coating that increased the number of
negatively charged sites.

2.1.2. In Situ Growth

Many researchers have reported the in situ growth of
metallic NPs onto NTs. The most common technique used
to decorate NTs with noble metal NPs, especially in fuel
cell applications, has been by reducing noble metal salts to
metals in the presence of oxidized NTs [22-24] or pristine
NTs with the aid of a surfactant or Nafion [25-28]. Other
techniques are electrochemical deposition [29, 30], elec-
troless deposition without reducing agents [31], substrate-
enhanced electroless deposition (SEED) [32], intermittent
microwave irradiation [33], water-in-oil nanoemulsion [34],
supercritical carbon dioxide [35], and a surfactant-wrapping
technique [36, 37], all of which are described below.

Electrochemical Deposition Quinn et al. [29] reported
the electrodeposition of noble metals (Au, Pt, and Pd) under
direct potential control onto the sidewalls of SWNTs that act
as a nonsacrifical template for the growth of metal clusters
(Fig. 5). The authors found that the size of the metal clusters
increased significantly as the potential of the Ti electrode
was made more negative and that, for a given nucleation po-
tential, the cluster size increased with deposition time and
metal salt concentration.

Electroless Deposition without Reducing Agents Choi
et al. [31] reported the spontaneous formation of Au and Pt
NPs onto the sidewalls of SWNTs when the latter were im-
mersed in the corresponding metal salt solutions. The reported
process differed from traditional electroless deposition in that
no reducing agents or catalysts were required. The highly
selective metallic NP deposition onto the SWNTs resulted
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Figure 3. Decoration of oxidized carbon NTs with gold NPs using a cationic polyelectrolyte [poly(diallyldimethylammonium chloride), PDAC] as a

linker [19].
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Figure 4. Decoration of oxidized carbon NTs with gold NPs by (a) direct deposition or (b) by using a bilayer of polycationic poly(diallyldimethylamm
onium chloride) (PDAC) and polyanionic poly(sodium 4-styrenesulfonate) (PSS) as polyelectrolytes linkers [20].

from a direct redox reaction between metal ions and NTs.
Electron transfer from SWNTs to metal ions was probed
electrically, as the hole injection into SWNTSs caused an in-
crease in the electrical conductance of the SWNTSs. Direct
electron transfer between SWNT and metal ions depended
on their relative redox potential. The Fermi level of SWNT
is about +0.5 V above the redox potential of the standard
hydrogen electrode (SHE) and, therefore, well above those
of AuCl,” (+1.002 V) and PtCI >~ (+0.775 V), thereby ex-
plaining spontaneous electron transfer from SWNTs to the
metallic anions.

Substrate-Enhanced Electroless Deposition While the
above technique is an extremely simple and elegant method
to decorate N'Ts with Au and Pt NPs, it fails for the reductive
deposition of metal ions such as Cu®*, Ag*, and Ni** that have
redox potentials lower than that of the NTs. This problem
was solved by Qu et al. [32] by using a substrate-enhanced
electroless deposition (SEED) technique. They were able to
reduce lower redox potential metal ions to metallic NPs by
using a metal substrate having a redox potential below that of

reference electrode
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Figure 5. Electrodeposition of noble metals under direct potential
control onto sidewalls of SWNTs [29].

the metal ions to support the NTs (Fig.6). The substrate was
made by Cu to deposit Au, Pt, and Pd NPs onto NTs, while
it was made by Zn to deposit Cu and Ag NPs. The metallic
NP deposition was achieved via a galvanic cell redox reaction
in which the NTs acted as a cathode for metal deposition
from the reduction of metal ions in solution, while the
metal substrate served as an anode on which its atoms were
oxidized and retained onto the substrate. As demonstrated
by the authors, this technique permitted the deposition of
any metallic NP on a conducting NT as long as the redox
potential of the substrate metal (Sub"*—Sub') was lower than
that of the metal ions (M**~M") in solution.

Water-in-Oil Nanoemulsion System A simple technique
to fabricate NT-supported catalytic metal NPs that are
uniformly anchored on NT sidewalls was reported by
Yoon et al. [34]. The process was carried out at room
temperature by using the water-in-oil (W/O) nanoemulsion
system that the authors previously reported to fabricate
Pd NPs [38]. Specifically, metal (Pd, Rh, and Pd-Rh) NPs
were fabricated in a water-in-hexane nanoemulsion using

Sub™

Figure 6. Electrodeposition of metal NPs onto SWNT sidewalls through
substrate-enhanced electroless deposition (SEED) [32].
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sodium bis(2-hexyle-thyl)sulfosuccinate as the surfactant
and gaseous hydrogen (1 atm. at 25°C) as the reducing agent.
Subsequently, oxidized MWNTs were added to the mixture
in order to transfer to the MWNT sidewalls the metal NPs
formed in the nanoemulsion. The presence and the size dis-
tribution of the NPs on NTs were studied by TEM and X-ray
photoelectron spectroscopy (XPS) analyses. In particular,
they observed that the NPs had lateral dimensions from 2 to
10 nm and were uniformly dispersed onto the NT sidewalls.

Surfactant-Wrapping Technique Many previous reports
for linking metals to NTs have been limited to MWNTSs
(bundles of SWNTS) or to NTs attached to electrodes. Wang
et al. [36] and Kamat ef al. [37] were able to employ pNTs
that had been individually dispersed by the adsorption of a
surfactant on their surface that served as a template for the
binding of metal ions and the subsequent growth of metal
NPs. For example, Wang et al. [36] dispersed SWNTs in an
aqueous solution by using a poly(styrene-alt-maleic anhy-
dride) (PSMA) surfactant [39] and incubated the dispersion
with Pt-(terpy)Cl, (terpy = 2,2":6',2"-terpyridine), which
then electrostatically interacted with the negatively charged
NTs and were reduced to form Pt NPs after addition of a
NaBH, solution (Fig. 7). This technique was also used to
decorate SWNTs with Pt, Au, Cu, and Fe NPs. The authors
used a series of controls to confirm that the binding of metal
ions to the polymeric surfactant covering the NTs was critical
for controlling the growth of metal NPs. In particular, one
control was in agreement with the work of Quinn et al. [29],
whereas it did not match results reported by Choi ef al. [31],
namely, mixing PSMA-wrapped SWNTs with Pt(terpy)** did
not lead to a spontaneous redox reaction between the NTs to
deposit platinum. The presence of NPs on the NT sidewalls
was confirmed by microscopy (AFM and TEM) and (lumines-
cence) spectroscopy. In particular, the authors observed that
SWNT luminescence was partially quenched in the SWNT-
Au NP assembly. Since the PSMA-wrapped SWNTs did not
exhibit any luminescence quenching when simply mixed with
Au NPs, the observed quenching of the assembly confirmed
that gold NPs were closely attached to the NT sidewalls.

2.1.3. Applications of Metallic NPs—Decorated
Carbon NTs

Catalytic Applications Many metal NPs have been used
as catalysts. For instance, catalytic hydrogenation using
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metallic Pd particles is an important process in organic
synthesis.Yoon et al. [34] reported that Pd NPs stabilized
and dispersed by a water-in-oil (W/O) (0.04 M aqueous
Na,PdCl,, [AOT] = 0.15 mmol (AOT = sodium di-2-ethyl-
hexyl sulfosuccinate) in 10 ml of n-hexane, [H,O]/[n-hexane]
=15) nanoemulsion are better catalysts for hydrogenation
of olefins in an organic solvent than commercially available
palladium catalysts stabilized on activated carbon. However,
recycling catalytic NPs stabilized in W/O nanoemulsions is
not straightforward. Use of NTs as a template for growth of
catalytic NPs could solve this problem since NT-metal NP
nanoassemblies could be recovered by gravitational sedimen-
tation. The authors compared NT-Pd NP nanoassemblies,
with conventional commercially available metal-carbon
catalysts in the Heck coupling of iodobenzene and styrene
and the hydrogenation of the coupling product frans-1,2-
diphenylethylene at 1 atm. H, at 25°C (Fig. 8(a)) [34, 40].
They found that MWNT decorated with Pd NPs had a higher
catalytic activity in both the coupling and hydrogenation of
trans-1,2-diphenylethylene to 1,2-diphenylethane compared
to 10 wt.% Pd on carbon. The MWNT-Pd NP nanoassem-
blies were much more active than the commercial Pd-C in
removing benzyl ether groups (Fig. 8(b)) and reducing methyl
benzoate in methanol to methyl cyclohexanecarboxylate
(Fig. 8(c)). The authors also observed that the conversion of
anthraceneto 1,2,3,4,5,6,7,8-octahydroanthracene was higher
using MWNT-palladium-rhodium NP nanoassemblies than
MWNT-Pd NP or MWNT-rhodium NP nanoassemblies or
a commercial Rh-C catalyst. They hypothesized that the en-
hanced catalytic activity of MWNTSs decorated with bimetallic
NPs could be owing to certain (unknown) morphologies of
the palladium-rhodium nanoclusters on the NT surfaces.

Ye et al. [35] reported the conversion of trans-1,2-
diphenylethylene to 1,2-diphenylethane in the presence of
MWNTs decorated with Pd NPs using supercritical CO, as
the solvent. As was observed by Yoon et al. [34], the MWNT-
Pd NP composite exhibited a higher catalytic activity than
the commercial Pd—C catalyst. Ru—Sn and Ru—Pt bimetallic
Nps have been used as heterogenous catalyst [22], and gold-
alkylthiol monocapped NPs [41] and Pd, Pt, Au, and Ag NPs
[42] have been used as environmental catalysts.

Hydrogen Storage Kim et al. [43] decorated MWNTSs
with Ni NPs through an incipient wetness impregnation pro-
cedure [44, 45]. Ni catalyst dissociates hydrogen gas to atomic
hydrogen that can chemically bond to MWNT sidewalls. The
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Figure 7. Solution-phase synthesis of platinum NPs-decorated SWNTs [36].
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Figure 8. (a) Heck coupling of iodobenzene and styrene followed by reduction of trans-1,2-diphenylethylene to 1,2-diphenylethane in the presence of
MWNTs decorated with palladium NPs through a water-in-oil nanoemulsion. (b) Debenzylation of 3-benzyloxy-5,5-dimethyl-3-cyclohexenone using
MWNTs decorated with palladium NPs. () Reduction of methyl benzoate in methanol to methyl cyclohexanecarboxylate using MWNTSs decorated

with rhodium NPs [34].

authors reported that approximately 2.8 wt.% hydrogen was
reversibly chemisorbed to MWNTSs with 6 wt.% of Ni NPs,
which was 0.9 wt.% higher than that of hydrogen evolved
from MWNTs alone.

Fuel Cells Fuel cells are electrochemical energy conver-
sion devices that produce electricity from a fuel (at the anode)
and an oxidant (at the cathode), which react in the presence
of an electrolyte. Many combinations of fuel, oxidant, and
electrolytes are possible. A hydrogen cell uses hydrogen as
the fuel and oxygen as the oxidant to produce energy and wa-
ter as a waste. Other fuels include hydrocarbons and alcohols
such as methanol and ethanol, while other oxidants include
air, chlorine, and chlorine dioxide. The electrodes are usu-
ally made of metals such as nickel, carbon black, or NTs and
are generally coated with a catalyst such as Pt, Pd, or Fe to
improve their efficiency.

The archetypal example is the proton exchange membrane
fuel cells or polymeric electrolyte membrane fuel cells
(PEMEFCs), in which the electrolyte also functions as a
membrane between the electrodes that (1) permits the
passage of the protons but not electrons, (2) prevents the
transport of either H, or O, gas to the other side of the cell,
and (3) is resistant to both the strong reducing and oxidizing
environments at the anode and cathode, respectively. In a
PEMFC several elementary steps take place at the triple-
phase boundaries between the gas—electrolyte—electrode on
both the anode and the cathode. For instance, at the triple-
phase boundaries on the anode the following steps take
place: (1) dissociative adsorption of H, onto the anode, (2)
transfer of an electron from the H atom to the electrode to
produce a proton, and (3) translocation of the proton from
the electrode to the polymeric electrolyte. Therefore, both
the electrodes must have a high population of the triple-
phase boundary to insure efficient catalysis.

Platinum particles dispersed on carbon black (CB) elec-
trodes have been widely used as the catalyst [46]. However,
fuel cell performance is decreased because the particles
trapped in the pores of CB electrodes are not involved in
electrochemical reactions. Many research groups have
investigated the use of NT electrodes to increase the
performance of the PEMFC. For example, Matsumoto ef al.
[23] observed that a 12 wt.% Pt-deposited MWNT elec-
trode produced a voltage 10% higher than a 29 wt.% Pt-
deposited CB electrode and reduced Pt usage by 60%. The
authors decorated oxMWNTSs by simple reduction of a Pt

salt in their presence. The higher performance of MWNT
electrodes was explained by the authors by considering that
(1) the Pt NPs were better dispersed on MWNTSs than on
the CB and therefore capable of forming more triple-phase
boundaries, (2) MWNTs have high conductivity, and (3) the
network of MWNTSs presented spaces for gas diffusion.

Kamat et al. focused on the use of NTs as supporting
materials in direct methanol fuel cells. In particular, they
analyzed the activity of a Pt-Ru catalyst dispersed on such
carbon nanostructures as SWNTs, MWNTSs, carbon nanofi-
bers, and carbon black toward methanol oxidation [26]. The
authors found higher electrochemical and fuel cell perfor-
mances when SWNTs were employed as the support for
anchoring electrocatalytic NPs. The higher performances
were explained on the basis of the intrinsic properties of
SWNTs, the higher dispersion of the electrocatalyst, and
the large electrochemically active surface area (ECSA).
Further optimization was obtained by the authors by depos-
iting Pt NPs onto oxidized SWNTs that were individually
dispersed by use of a surfactant [37]. The polymer-wrapped
SWNTs covered by Pt NPs exhibited extremely large ECSA
compared to Pt-CB and Pt-MWMTs. Their Pt NPs had
improved accessibility and enhanced electrocatalytic activi-
ties in reducing oxygen and oxidizing methanol. X-ray
photoelectron spectroscopy of the nanoassembly indicated
that the d-band center of Pt was shifted to a lower level
suggesting that the electron properties of Pt had been modi-
fied to increase their ability to reduce oxygen.

Sensors Kong et al. [47] by using NTs decorated with
Pd NPs as hydrogen sensors achieved a detection limit of
400 ppm of hydrogen. Lu et al. [48] used Pd NPs immobi-
lized on SWNTs to produce a methane sensor 10 times more
sensitive than conventional catalytic beads and metal oxide
sensors. Kim et al. [49] fabricated an electrochemical sen-
sor based on Pt NPs electrodeposited on vertically grown
MWNTs to detect the concentration of in water. Qiaocui
et al. [50] used NTs decorated with Pt NPs to fabricate a cho-
lesterol sensor and Zhu ez al. [51] used Pt NPs combined with
Nafion-solubilized MWNTs to fabricate an electrochemical
DNA sensor with enhanced sensitivity.

2.2. Semiconducting NPs

Semiconducting nanocrystals CdSe, CdS, CdTe, ZnO, ZnS,
etc., which are also known as quantum dots (QDs), have
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been intensely investigated because of their size-dependent
optical and electrical properties [52-54]. The theoretical
quantum-confined electronic states have been compared with
experimental values of QDs in which diameters and shapes
of QDs have been varied [55-62]. Their high luminescence
yields and the dependence of their emission and absorption
wavelengths on nanocrystal size and composition make
QDs attractive for constructing optoelectronic devices
with tailored properties [63, 64] and for in vivo biosensor
applications [65].

NTs have promise for use as intracellular delivery systems
and nanoprobes. Unlabeled SWNT can in principle be
visualized by their infrared photoluminescence [66, 67]
after excitation in the near-infrared. The ability of near-
infrared light to penetrate tissue and the reduced auto-
luminescent background in tissue and blood allow their
use for biomedical applications [68, 69]. However, the
photoluminescence intensity of SWNTs is too low to be
visualized using optical microscopy. In contrast, common
luminophores such as organic dyes and QDs have relatively
high quantum yields that are approximately 1000 times
higher than that of SWNTSs [70, 71]. QDs have quantum
yields at room temperature that are similar to those of
frequently used organic dyes such as rhodamine 6G, fluores-
cein, and Texas Red, but have larger absorption cross sections
and lower photobleaching rates. Bawendi et al. [72, 73] calcu-
lated that the molar extinction coefficients of CdSe QDs were
approximately 10-100 times larger than those of organic dyes.
While Chan et al. [65] calculated that ZnS-capped CdSe QDs
were approximately 20 times brighter and approximately 200
times more stable than rhodamine 6G molecules. Therefore,
QDs are excellent candidates for generating luminescent
nanoprobes and hybrid nanoassemblies. The decoration of
NTs with QDs would afford nanoassemblies that are visible
by optical microscopy. In addition the high aspect ratio of
NTs would permit multiple functionalization(s).

Generally, QDs have been linked to oxidized and pristine
NTs through covalent and noncovalent chemistries, respec-
tively. In situ growth of QDs on NTs is another method for
preparing QD-NT conjugates. The choice of the chemistry
and the linkers between the NTs and the QDs has typically
been dictated by the application of the nanoassembly, namely,
(1) electron donor-acceptor arrays for use in photovoltaics,
and (2) luminescent nanoassemblies for use in nanopho-
tonics and quantum computing, and as biomedical research
probes. Because this chapter focuses on NT-based macromo-
lecular nanoassemblies, the decoration of oxidized NT's using
covalent chemistry is not discussed. Interested readers can
find examples in Refs. [74-77].

Functionalization of oxNTs is usually based on derivati-
zation of the carboxylic groups produced by oxidation in
strong acid [18], which attacks not only the NT ends but
also a remarkable percentage of the sidewalls. This obser-
vation is consistent with Raman studies which show that the
D-band Raman intensity (the measure of sp? disorder in an
NT) increases significantly upon acid purification of NTs
[78-81]. As observed by Haremza et al. [76] sidewall (cova-
lent) functionalization disrupts the n-bonding symmetry of
the sp? hybridization of the NTs to compromise their unique
properties necessary for electronic devices. Sidewall oxida-
tion is acceptable for applications such as biosensing and

for realizing composites in which the electronic properties
of NTs are not essential. For donor—acceptor systems intact
electronic properties are extremely important. Thus, the
use of oxNTs is unsuitable for this purpose. The decoration
of oxidized NTs with QDs produces nonuniform surface
coverage as the semiconducting nanocrystals are linked to
the oxidized NTs at their open ends and sidewall defects
where carboxylic groups introduced by oxidation are local-
ized. In contrast, noncovalent chemistry, which permits the
generation of NT-based supramolecular nanoassemblies
with higher control of many properties in the final struc-
ture, are more suitable for the fabrication of both photo-
voltaic devices and luminescent nanoprobes because their
electronic properties can be preserved and a more uniform
surface coverage can be obtained. Furthermore, by choosing
the kind of tether and chemistry to link the QDs to the NTs
many type of properties, including the electronic contact and
the strength of the attachment between QDs and NTs, can
be finely tuned. The choice of a specific tether can change
another important property of the final adduct, namely its
cytotoxicity [82]. Nanoassemblies based on QDs and NTs
could be extremely useful in biomedical research owing to
the excellent optical properties of QDs and the high aspect
ratio of NTs. However, before developing in vivo or in vivo
application(s) the cytotoxic effects of NTs and QDs must
be carefully evaluated. Many recently introduced NPs such
as NTs [83-86], fullerenes [87], QDs [88], and GNPs [89]
have shown signs of toxicity that were dependent upon such
factors as dose, dimension, chemical functionalization, and
physical aspect (morphology). The use of a specific tether
could profoundly change the cytotoxicity profile of the QD-
NT nanoassembly and, therefore, permit its applicability to
biomedical research, for instance, to fabricate intracellular
drug and/or gene delivery systems.

In the following pages, we discuss the macromolecular
decoration of NTs with QDs through noncovalent chemis-
tries such as polymer wrapping [91, 92, 94], enzymatic-driven
biotinylation [95], addition chemistry [100], macromolecular
adsorption [107], and n—r interactions with aromatic mole-
cules [109, 110]. In the subsequent section we will discuss
the in situ growth of QDs on NT sidewalls.

Polymer Wrapping The prevention of the fluorescence
quenching of QDs on NTs by a polymeric linker would per-
mit visualization of NTs by routine fluorescent microscopy
and their use as photoluminescent probes. Sodium dodecyl
sulfate (SDS) was reported to individually disperse NTs in an
aqueous environment through interaction of its hydrophobic
dodecyl tail with the carbonaceous NT sidewall accompanied
by the exposure of the hydrophilic sulfate head to the envi-
ronment [66, 90]. Chaudhary et al. [91] reported that small
bundles of SDS-wrapped SWNTSs were visualized by decora-
tion with ZnS-covered CdSe QDs in which the Zn** ions were
coordinated with the sulfonate oxygens on the dispersed NT
sidewalls (Fig. 9). The nanoassembly could be visualized by
routine fluorescence microscopy because the SDS layer pre-
vented fluorescence quenching caused by charge injection
from the excited states of the QD into the conduction band
of the SWNT, which functioned as a quencher. Although this
study showed that this nanoassembly was luminescent, it was
not applicable for biomedical research since the 1% SDS
concentration used was toxic to many biological systems.
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Figure 9. Decoration of pristine SWNTs with ZnS-encapsulated CdSe
quantum dots through the coordination of zinc ions to oxygen atoms in
the sulfonate groups of the surfactant wrapping the NTs [91].

Olek et al. [92] reported a novel strategy for the fabrication
of NT-QD nanoassemblies. MWNTSs were prefunctionalized
without introduction of sidewall defects by nondestructive
wrapping with a polymer (poly(allylamine hydrochloride) or
Si0,). QDs were then covalently linked to the amine groups
protruding from the polymer surface by ligand exchange
chemistry. By choosing the type of polymer the authors
were able to control the contacts between electron donors
(QD) and electron acceptors (MWNT), thereby allowing or
preventing the quenching of fluorescence owing to charge
transfer or tunneling from photoexcited QDs to MWNTs. In
particular, poly(allylamine hydrochloride)-coated MWNTSs
could quench the fluorescence of their linked QDs, while
MWNTs coated by a thick and uniform layer of SiO, could
not quench QD fluorescence. The authors postulated that
the large band gap and thickness of the silica layer prevented
quenching by both charge transfer and electron tunneling.

Our research group obtained a result similar to that
described by Olek ef al. [92]. In our case the surface of
SWNTs was silylated by ultrasonication in the presence of
a thiolated organosilane, and subsequently the functional-
ized SWNTSs were isolated by ultracentrifugation [93, 94].
The collected supernatant fraction was demonstrated to
contain small bundles of SWNTSs that were coated by a thin
layer of the organosilane, which had adsorbed onto the NT
sidewalls through the thiol group, leaving the trimethoxy-
(or trihydroxy-) silyl group protruding from the adduct
surface (Fig. 10(I)). A second layer of the organosilane was
then deposited onto the silylated surface so that amino or
thiol groups were exposed (Fig. 10(11)) for linkage to QDs
(Fig. 10(III)). Photoluminecence characterization of the
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final adduct suggested that the thin layer of silica between
QDs and SWNTs was able to prevent the quenching of
luminescence by SWNTs. The silylation of NT sidewalls will
be described in more detail later in this chapter.

Biochemical Approach Didenko et al. [95] reported an
enzyme-driven technique for labeling SWNTs with QDs. The
biotinylation of SDS-stabilized SWNTs was obtained by the
application of the reaction between tyramide and horserad-
ish peroxidase (HRP) [96]. HRP converts biotinyl tyramide
to the active biotinyl tyramide radical that reacts with NT
sidewalls to give biotinylated SWNTs. The functionalized
SWNTs were then treated with streptavidin (Str)-conjugated
QDs (Fig. 11) or Str-conjugated FITC. Verification of an
NT labeling was obtained by TEM. Because the QD-SWNTs
were visible by simple optical microscopy, the fluorescence
quenching by SWNTs was avoided. Unfortunately, the pho-
toluminescence of FITC was quenched.

The FITC quenching was caused by energy transfer
between the fluorophore (donor) and the NT (acceptor) and
has been shown for a variety of luminescent molecules such as
Alexa Fluor-488, 3,3'-dipentyloxacarbocyanine iodide, pyrene
[97], and naphthalimide chromophore [98]. Luminescence
quenching was observed for fluorophores both covalently and
noncovalently linked to NTs. However, noncovalent attach-
ment of a luminophore to an NT sidewall through a linker
could result in incomplete energy transfer from the photoex-
cited luminophore to the ground-state acceptor (NT) if the
spacer prevented the complete contact between the lumino-
phore and the NT sidewall. If the spacer is long enough, lumi-
nescence can be maintained as was shown in the case of FITC
positioned at the end of a 25-mer oligonucleotide, which was
subsequently hybridized to a complementary DNA strand
attached to the SWNT [99]. In the latter case, the distance
between the FITC and the NT prevented any energy transfer.

Didenko et al. linked FITC and QDs to SWNTs using the
same tyramide linker but only the FITC was quenched. The
authors considered that the quenching interactions between
the QD core and NT surface were limited by (1) QDs being
bigger than the NT diameter, and (2) their coating by a
protective polymeric shell and Str.

Addition Chemistry Similarly to the technique reported by
Didenko et al. [95], Biju et al. [100] reported the decoration of

Hs’\/si—o—ér\/‘x z;z;gz Hs’\/s%—o—$i\/\xo
HS ™" s?—o— e e B LY Hs”\/s?—o—gi’\/\x

° ©
Prory Hs’\/s'-o—-.?i\/\x
bl ¢

v

(I ()

Figure 10. Decoration of SWNTs with quantum dots by stepwise silylation of NT sidewalls. (I) SWNTSs were first silylated through adsorption of a
thiolated organosilane. (IT) Condensation of a second layer of organosilane modified the surface of coated SWNTs with amino or thiol groups (1II) to

which quantum dots were linked [94].
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Figure 11. Biotinylation of SWNTs by biotinyl tyramide radicals generated by HRP and subsequent decoration with Str-conjugated ZnS-covered

CdSe quantum dots [95].

biotinylated SWNTs with Str-conjugated ZnS-covered CdSe
nanocrystals. They also analyzed the effect of conjugation of
QDs to SWNTs on QD photoluminescence. The authors used
a multistep procedure to prepare QD-decorated SWNTSs
(Fig. 12). They first functionalized SDS-coated NT sidewalls
by treatment with an aromatic diazonium salt followed
by reduction as reported by Dyke and Tour [101, 102] to
obtain biotinylated SWNTs. Specifically, surfactant-stabilized
SWNTs were allowed to react with p-nitrophenyldiazonium
tetrafluoroborate (NDTF) in water at 10°C for 96 h (step I).
The surfactant SDS has been reported to produce stable
suspensions of individual SWNTs [66]. Dyke and Tour
hypothesized that the diazonium salt could migrate through
the layer of surfactant to the NT sidewall surface, where an
electron was transferred from SWNT to the diazo moiety to
form a reactive aryl radical that reacted with the graphitic
wall of the NTs. Subsequently, the p-nitrophenyl groups on
the SWNT surface were reduced to p-aniline groups using

NaBH, in dry DMSO (step II). The p-aniline moieties were
reacted with biotin-N-hydroxysuccinimide ester (BHSE) to
functionalize the NT sidewalls with acylated biotin groups
(step III), which then bound the Str decorating the QDs
(step IV).

By means of atomic force microscope (AFM) and field
emission scanning electron micrographs (FESEMs) the authors
confirmed the decoration of SWNTs with semiconducting
nanocrystals and, more importantly, that the loading of
QDs on the NT sidewalls can be decreased (or increased)
by simply decreasing (or increasing) the concentration of the
QD solution mixed with the biotinylated SWNTs (step IV).
The authors observed that the photoluminescence of QD-
SWNT adducts in distilled water was quenched by approxi-
mately 30% with respect to free QDs and that the QD-SWNT
conjugates exhibited reduced photoluminescence lifetimes
compared to those of nonconjugated QDs. The authors attrib-
uted the quenching of the photoluminescence intensity and
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Figure 12. Biotinylation of SWNTs by addition reaction of an aromatic diazonium salt, reduction, biotinylation, and subsequent decoration with
Str-conjugated ZnS-covered CdSe quantum dots [100].
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lifetime to fluorescence resonance energy transfer (FRET)
from the semiconducting nanocrystals to the NTs. Gener-
ally speaking FRET involves nonradiative energy transfer
between a donor (in its excited state) and an acceptor (in
its ground state) if three requirements are met: (1) overlap
between the absorbance spectrum of the acceptor and the
emission spectrum of the donor; (2) coupling between
donor and acceptor transition dipoles; and (3) spatial
proximity of donor and acceptor (distance less than 10
nm). However, the FRET efficiencies calculated from the
value of the photoluminescence intensity and that of life-
time luminescence exhibited discrepancies. Therefore, the
authors concluded that the observed photoluminescence
quenching was caused by not only FRET between QDs and
SWNTs but also by other factors such as electron transfer
(from QDs to SWNTSs) and destabilization of QD excitons.

Macromolecular Adsorption Functionalization of both
SWNTs and MWNTs with macromolecules has gained in-
creasing interest because of their potential use in supramo-
lecular nanoassemblies for biosensors and intracellular pro-
tein transporters.

Str, which is a 64 kDa tetrameric protein having a 5 nm
diameter, has potential applications in anticancer therapy and
diagnostics [103]. Str adsorbs onto the sidewalls of pristine
MWNTs [104, 105] and oxidized SWNTs [106]. Our research
group decorated SWNTs with Str-conjugated ZnS-encased
CdSe QDs (Fig. 13) [107, 108]. The resulting SWNT-Str-QD
nanoassembly fully dispersed in physiologic buffer and was
visible by conventional luminescent microscopy. In steady-
state experiments, SWNT-Str-QD in PBS exhibited an emis-
sion band that was only slightly quenched (<10%) and blue
shifted with respect to free SA-QD in PBS.

Thus, our results did not fully agree with the photolumi-
nescence properties of the QD-SWNT adduct reported by
Biju et al. [100]. These authors reported a quenching of the
QD-SWNT photoluminescence (compared to that of free
Str-QDs) higher than that observed by our group and did
not observe any shift in the emission profile of QD-SWNTs
compared to that of free Str-QDs. These differences could
be explained by the fact that Biju et a/. had biotilnylated
the NT sidewalls by an addition reaction that was able to
(1) exfoliate and enrich the solution of individual NTs,
and (2) profoundly modify the spectroscopic properties
of SWNTs [101, 102]. We used pristine SWNTSs that were
initially clumped together and subsequently dispersed in
PBS through the adsorption of Str coating the QDs and,
as revealed by TEM, the process was not able to totally
exfoliate the SWNTS, and small bundles of NTs were still
present. Differences in the aggregation state and the spec-
troscopic properties of the NTs could, therefore, explain
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Figure 13. Decoration of pristine SWNTs with quantum dots using
Str as a linker [107].

the differences in the photoluminescence properties of the
final QD-SWNT adducts.

Three reports had been published [95, 100, 107] regar-
ding the decoration of SWNTSs with Str-conjugated ZnS-
covered CdSe QDs to form a luminescent SWNT-based
nanoassembly that was (1) visible by conventional lumines-
cent microscopy, (2) dispersible under physiologic condi-
tions, and (3) further functionalizable with biotinylated
macromolecules using the Str molecules extruding out of
the adduct and the strong affinity between biotin and Str
(K, = 10" M). Our research group investigated the ability
of SWNT-Str-QD to function as a multivalent intracel-
lular fluorescent nanoprobe in Jurkat T leukemia cells
to which biotinylated mouse antihuman CD3 antibody
bound to surface CD3 receptors. The nanoassembly was
readily internalized by Jurkat T cells suggesting that the
binding of the nanoassembly to CD3 was able to induce
signaling through the T cell receptor (TCR), and that
signaling-induced endocytosis led to internalization of
the antibody-conjugated nanoassembly. TCR signaling
induced by crosslinked antihuman CD3 with or without
antihuman CD28 is followed by receptor internalization,
which is a mechanism of signaling down regulation (post-
TCR-signaling endocytosis). After internalization nanoas-
semblies were transported into lysosomal compartments
(Fig. 14) [108]. Therefore, the SWNT-Str-QDs represent a
potentially excellent scaffold for constructing intracellular
multivalent nanoprobes.

n-n Interactions with Aromatic Molecules While using
particular polymers to link SWNTs and QDs would avoid
energy transfer and permit the use of fluorescent NTs for
sensorial and biomedical applications, use of aromatic mol-
ecules as linkers would facilitate energy transfer for photoac-
tive material applications. Guldi ez al. [109] nondestructively
decorated SWNT sidewalls with 1-(trimethylammonium
acetyl) pyrene (pyrene®) that were adsorbed through n—r in-
teractions. The positively charged trimethylammonium group
allowed the SWNTs to associate with negatively charged
thioglycolate-stabilized size-quantized CdTe QDs (namely,
red- and green-emitting nanocrystals, having lateral dimen-
sions of 5 and 2.4 nm, respectively) to produce a photoac-
tive supramolecular nanostructure (Fig. 15). The strong
electronic interactions in the ground and excited states of
this nanoassembly were responsible for the favorable charge
transfer between its components and allowed Guldi et al. to
prepare a novel hybrid cell by sequential layering that, in re-
sponse to visible light irradiation, performed as a photoelec-
trochemical device.

A similar noncovalent method for making CdSe-deco-
rated SWNTs that was based on the n—rn interactions
between SWNTs and aromatic molecules was reported by
Liet al. [110]. In this case trioctylphosphine oxide (TOPO)
cover on the QDs was displaced by pyridine molecules.
Because CdSe QDs display good electron affinity and
pyridine is a good electron donor, owing to the isolated
electron pairs on nitrogen, the coordination between the
QDs and pyridine molecules is stable. Ligand exchange
increased the QD-SWNT affinity, probably through
conjugated NT-pyridine n—n interactions, and permitted
the nonchemical decoration of SWNTs with discrete
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Figure 14. (I) A biotinylated anti-CD3 monoclonal antibody was used to link CD3 to the nanoassembly. The supramolecular luminescent nanoassembly
acted as a multivalent delivery system, with each nanoassembly capable of binding many biotinylated anti-CD3-CD3 receptor complexes. (II) The
nanoassemblies were delivered into T cells through post-TCR-signaling endocytosis and transported into secondary lysosomes through the fusion of

endocytotic vescicles with primary lysosomes [108].

pyridine-covered QDs or a uniform layer, depending on
the QD-SWNT ratio and reaction time. Raman spec-
troscopy, which indicated photoluminescence quenching
of the QDs owing to their interaction with the SWNTs,
suggested that energy transfer occurred from the CdSe
donor to the SWNT acceptor.

2.2.1. In Situ Growth

In the above section, we described the noncovalent deco-
ration of NTs with chalcogenide (sulfides, selenides,
and tellurides) NPs. The reported processes generally
required multiple steps with variable yields and neces-
sitated intermediary linkers. Both pristine and oxidized
NTs have also been used as templates for direct thermal
growth of CdSe [111, 112], ZnO [113] and ZnS [114] QDs
or in situ wet chemical synthesis of CdS [115-116], ZnS
[118], SnO, [119], and TiO, [120] QDs. Independent from
these reported techniques, others observed that intro-
ducing functional groups on the NT surface benefited QD
growth. For example, Banerjee et al. reported the in situ
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Figure 15. Decoration of pristine SWNTs using a bifunctional linker
[1-(trimethylammonium acetyl) pyrene] adsorbed onto NT sidewalls
through via n—mr interactions and electrostatically linked to thioglycolate-
stabilized quantum dots [109].

thermal growth of CdSe and CdTe QDs onto the sidewalls
of heavily oxidized SWNTs [111] and MWNTs [112]. This
technique involved metal cation coordination to the oxygen-
ated functional groups on the surface NTs to form specific
nucleation sites for the QD growth. Oxidation opened and
derivatized most of the NT ends as well as attacked occa-
sional sidewall defect sites to probably carboxylic acids,
alcohols, and ketones. The degree of QD immobilization
correlated with the extent of NT oxidation. Only aggressive
oxidation enabled high surface coverage by the QDs on the
open ends and serrated edges of the NTs. Few, if any, QDs
were observed coordinated with pristine or weakly oxidized
NTs. Crystal growth had predominantly the mineral form of
zinc sulfide, though at least some crystals appeared to have
the cubic morphology of zinc blend. The in situ-generated
QDs varied widely in shape and size. The anisotropic QD
formation could be caused by the NT bulk, which would
spatially hinder access to one side of the growing crystallites,
thereby causing variations in crystal lattice. The role of the
NT on the shape and dimension of the QD depended on
such factors as functional group density at particular sites,
site geometry, and functional group separation on the same
or adjacent tube.

2.3. Insulating NPs

Silica nanoparticles (SNPs) have been widely used for
biosensing and catalytic applications owing to their large
surface area-to-volume ratio, straightforward manufacture
and the compatibility of silica chemistry to covalent coupling
of biomolecules. The physical (diameter and porosity)
and chemical properties of SNPs doped with fluorescent,
magnetic, or biological macromolecules can be easily tuned.
Therefore, NT-SNP nanoassemblies could be an excellent
scaffold on which higher-order structures can be constructed.
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Polymeric NPs can be prepared by several methods,
including the widely used Stobér technique [121] and the
water-in-oil (W-0O) nanoemulsion system [122]. The former
is based on hydrolysis of a silica precursor in an alcoholic
medium containing ammonia. The latter uses water drop-
lets inside of reverse micelles as nanoreactors to regulate
the size of the final NPs, which is based on the water droplet
dimension and, therefore, by the molar ratio of water-to-
surfactant and precursor. Other parameters relevant to final
NP size are molar ratio of precursor to catalyst, precursor
reactivity, and reaction time and temperature.

Our research group explored several techniques to
achieve nanoassemblies between SNPs and NTs (Fig. 16)
[123-125]. As illustrated in Figure 15, silylation of pNTs
and oxNTs employed a silica precursor adsorbed onto
pNTs through a pyrenyl group [N-(3-trialkoxy)propyl)
3-(pyrenyl)propionamide] and coupled to oxNTs through
a carboxamide bond [N-(3-trialkoxypropyl) acetamide],
respectively. SNPs were also prepared separately and then
coupled to NTs (method I) or grown directly on NTs in a
W-O nanoemulsion (method II). The resulting nanoassem-
blies had the following properties:

1. SNP loading depended on silylation level of NT side-
walls.

2. SNP decoration occurred only at NT sites that were
functionalized with silane, whereas the bare graphitic
NT sidewall did not associate with SNPs.

3. Both the methods decorated NTs with individual
SNPs. However, only the second method produced
uniform silica coating on the NTs.

Nondestructive functionalization of the pNT sidewalls
was conducted by the n—n adsorption of a pyrenyl-terminated

silica precursor onto the pNTs. The level of silylation
of pNTs was tuned by the weight ratio between the silica
precursor and the NTs. Silylation of oxNTs was conducted
by coupling an amino-terminated silica precursor (3-amino-
propyltrimethoxysilane or 3-aminopropyltriethoxysilane) to
the carboxylic acid groups of the oxNTs. Thus, the level of
silylation of oxNTs depended on their oxidation level. Then,
mild oxidation introduces carboxylic groups only at the NT
tips so that nanoassemblies were comprised of NTs having
SNPs only at these position ends. Such a result could not be
achieved by simple adsorption onto pNTs, which could not
be spatially controlled.

In method I, previously grown SNPs were linked to
silylated NTs. The resulting nanoassemblies were composed
of full-length or shortened NTs decorated with SNPs. In
method II, the SNPs were grown directly on the silane
groups protruding from the NT sidewalls by means of a
water-in-oil nanoemulsion system. SNPs that had a diam-
eter smaller than that of the NTs grew individually on the
NT sidewalls, whereas those with a larger diameter could
uniformly coat the NTs if the level of silylation was high.
Small reverse micelles, having approximately the same
diameter as the NTs, were not able to totally embed the NTs
and, therefore, could only nucleate the growth of the SNPs
on the NT surface. Large reverse micelles that could fully
embed the NTs were able to nucleate growth of the SNPs
around the NTs. At high silylation levels, the micelles were
close enough together to fuse and totally embed the NTs so
that a uniform layer of silica grew around the NTs.

Our group fabricated nanoassemblies composed of full-
length and oxidized NTs linked to SNPs doped with a ruthe-
nium complex fluorophore (tris(2,2’-bipyridyl)ruthenium(II)
chloride hexahydrate) using method I [125]. We observed that
the fluorophore remained fluorescent after encapsulation into
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Figure 16. Functionalization of both pristine and oxidized carbon NTs with silica nanoparticles (SNPs) [123-125].
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the SNPs and their attachment to the NT sidewalls. There-
fore, the silica host was able to avoid fluorescence quenching
caused by charge injection from metal-to-ligand charge
transfer excited states of the fluorophore into the conduction
band of the NT quencher. These fluorescent nanostructures,
particularly one containing full-length pNTSs, which have an
intact m-electron structure, may be useful for applications
ranging from biosensors to electronics.

Nondestructive silylation of NTs using organosilanes
terminated by functional groups that adsorb onto the NT
sidewalls has attracted recent interest for the possibility of
combining the properties of pristine NTs and sol-gel mate-
rial chemistry. Liu et al. [126] showed that SWNTs dispersed
in dimethylformamide adsorbed onto a NH,-functionalized
silica surface but not on a CH,-functionalized surface. Fu
et al. [127] reported the silylation of SWNTs through the
adsorption of an amino-terminated organosilane dispersed
in ethanol because SWNTs have metallic or semiconducting
behavior (depending on their chirality) and silica acts as a
perfect insulating material. Thus, individually dispersed full-
length (pristine) SWNTs coated by a uniform silica layer
represent an excellent building block for nanoelectronic
devices. Our research group investigated the dispersion of
SWNTs in pure water by ultrasonication in the presence
of a thiolated organosilane, mercaptopropyl trimethoxysi-
lane (mptmos). We observed that after ultrasonication

{”\g = reverse micelle

0 = silica nanoparticle

and subsequent ultracentrifugation the collected superna-
tant fraction mainly contained individual-small bundles
of SWNTs coated by a thin uniform layer of organosilane
(Fig. 17(a)). Recently, Zanella et al. [128] reported the depo-
sition of GNPs onto MWNTs functionalized with aliphatic
bifunctional thiols. This group hypothesized that the thiols
reacted with the defective pentagonal sites on the sidewalls
of the NTs. We hypothesized and then demonstrated that
the thiol groups of mptmos adsorbed onto the SWNT side-
walls leaving the trimethoxy- (or trihydroxy- posthydrolysis)
silane group protruding from the NTs (Fig. 17(a)) [93].
Ultrasonication of an aqueous dispersion of SWNTSs in
the presence of mptmos and subsequent ultracentrifuga-
tion gave a clear and slightly colored supernatant that was
stable in water and did not show sedimentation after several
months. The absorbance spectrum of the supernatant
exhibited sharp peaks in the visible range corresponding
to electronic transitions between the van Hove singulari-
ties of metallic and semiconducting NTs to suggest that the
supernatant was composed by individually dispersed NTs.
Generally speaking, the quasi one-dimensionality of an NT
causes its density of states to be characterized by a series of
singularities located at energies depending upon the recip-
rocal NT diameter. Therefore, the absorption spectrum of
an NT is expected to be composed of a series of sharp peaks
corresponding to the transitions between the van Hove
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Figure 17. Dispersion of pristine SWNTs by a thiolated organosilane to provide supramolecular nanoassemblies [93, 94].
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singularities. Since NTs grow with different chiralities, the
absorption spectrum of a batch of NT is expected to be the
superposition of distinct electronic transitions, each arising
from a specific chirality. Well-defined electronic transitions
are indicative of weak interactions between NT through
side-to-side van der Walls contact. Therefore, the intensity
and shape of the electronic transitions in the absorption
spectrum give an indication of the level of aggregation of
the NT. TEM images of the dispersion showed the presence
of fiber-like material less than 10 nm in diameter and 500~
1500 nm long. These results confirmed that the supernatant
fraction, collected after mptmos-assisted ultrasonication
and subsequent ultracentrifugation, was composed of small
bundles of pristine SWNTs coated with a uniform layer of
mptmos molecules that were stably dispersed in water.

The exposed functional groups on NTs can offer flex-
ible ways for preparing NT-based supramolecular nanoas-
semblies by sol-gel chemistry. We reported the decoration
of silylated SWNT with SNPs (Fig. 17(b)) and GNPs (Fig.
17(c)), and thereby demonstrated a method by which an
organosilane could be adsorbed onto SWNT and the excel-
lent versatility of the final adduct. By a three-step process,
we decorated silylated NTs with QDs to investigate the
electronic properties of the adsorbed silica thin layer (Figs. 10
and 17(d)) [94].

2.4. Magnetic NPs

NT-magnetic (m) NP nanoassemblies have tremendous
potential applications for magnetic materials, functional
nanomaterials, and nanodevices owing to their general and
facile fabrication.

Correa-Duarte et al. [129] reported a procedure to load
Fe,O,~y-Fe,0, NPs onto the surface of MWNTSs by combining
polymer wrapping and layer-by-layer self-assembly tech-
niques (Fig. 18). First, a negatively charged polyelectrolyte
[poly(sodium 4-styrenesulfonate), PSS] was used as a
wrapping polymer to provide a stable aqueous dispersion
of negatively charged NTs. Because of the high density of
sulfonate groups, PSS acted as a primer on the NT sidewalls
for the subsequent electrostatic adsorption of the cationic
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polyelectrolyte  poly(diallyldimethylammonium chloride)
(PDAC). The latter ensured the efficient adsorption of
negatively charged mNPs onto the NT sidewalls through
ionic interactions. TEM images showed that NTs were
completely covered with a dense layer of mNPs.

Thereportedtechnique permitted alignmentof NTsunder
relatively low magnetic fields. After a drop of NT-mNP
dispersion was dried onto a Si wafer in the absence of an
external field, the NT-mNPs were found randomly oriented
on the silicon substrate. However, NT-mNP could be
orientedinthe plane of asiliconwaferbyapplying an external
magnetic field parallel to the substrate. The NT-mNP
became aligned as long-chain structures on a silicon
substrate at 300 K, since magnetic NTs suspended in a
liquid align parallel to the direction of the applied magnetic
field. The authors found that the volume magnetiza-
tion of NT-mNP was enhanced by 17% compared to the
pure powdered mNPs. This result suggested that either
the process of adsorption onto NT sidewalls changed
the particle magnetization or the NTs carry an intrinsic
magnetization caused by the catalyst (usually Ni) used for
the growth process.

Georgakilas et al. [130] described a strategy to function-
alize SWNTs with preformed mNPs (oleic acid-capped
iron oxide, cobalt, and cobalt-platinum NPs) through a
carboxylic acid derivative of pyrene (CDP) (obtained from
Schiff condensation of the commercially available pyren-
ecarboxyaldehyde with aminoundecanoic acid) (Fig. 19).
The procedure relied on the ability of pyrene to adsorb
onto the NT surface through n—n stacking interactions.
The carboxylic groups of the pyrene derivative were then
linked to metal or metal oxide NPs by stirring the mixture
without heating or sonication. Linkage was signaled by
a change in the color of the solution to dark brown and
the gradual solubilization of the NTs. The inorganic
nanoclusters were well dispersed on the SWNT surface.
The capped mNPs were highly soluble in organic solvents,
such as chloroform, toluene, and hexane.

Gao et al. [131] explored a facile, general, and effective
approach of loading NTs with mNPs that overcame some
shortcomings of the approach reported by Georgakilas et al.
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Figure 18. Decoration of MWNTs with magnetic NPs through polymer wrapping and layer-by-layer self-assembly [129].
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Figure 19. Decoration of carboxylated SWNTSs with capped magnetic NPs [130].

[130]. Specifically, according to Gao et al., the disadvantages
of the Georgakilas ef al. method are (1) the attachment of
mNPs to NTs is very weak because the attaching force of
n-7 stacking interaction is not strong and could be weak-
ened by the weight of iron oxide particles in the mNPs; (2)
the loading capacity by the mNPs is quite low because of the
weak linkage, which limits the applications of the product;
and (3) the attaching process would be even less effective
on MWNTs because the surface area per gram of MWNTSs
is much smaller. The authors reported a general approach
to supramolecular magnetic nanotubes (NMWNTs) that
overcame these shortcomings based on (1) covalent grafting
of cationic polymer chains onto MWNT surfaces and (2)
assembling mNPs onto the polyelectrolyte-coated MWNTs.
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The specific synthetic procedures are depicted in Figure 20.
First, the oxMWNTs were allowed to react with excess
thionyl chloride and ethylene glycol to generate 2-hydroxy-
ethyl-functionalized MWNTs (hMWNTs), which were
treated with 2-bromo-2-methylpropionyl bromide (BMB)
to provide the MWNT-based macroinitiator (MWNT-Br)
[132]. Next, poly(2-diethylaminoethyl methacrylate) was
covalently grafted onto MWNTSs by in situ atom-transfer
radical polymerization of 2-diethylaminoethyl methacrylate
(DEAEMA), which was initiated with MWNT-Br in
presence of CuBr and N,N,N’,N".N"-pentmethyl-diethy-
lenetriamine (PMDETA). Then, the polyamine-grafted
MWNTs (MWNT-g-PAm) were quaternized with methyl
iodide to afford cationic polyelectrolyte-grafted MWNTSs

mMWNT

)\rf‘/\"’: = 2-diethylaminoethyl methacrylate (DEAEMA)

PMDETA = N,N,N",N",N"-pentmethyl-diethylenetriamine e = Fe 0,

Figure 20. Decoration of polyelectrolyte-coated MWNTs with magnetic nanoparticles [131].
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(MWNT-g-PAmI). Finally, anionic magnetic iron oxide
(Fe,0,) NPs were loaded onto the MWNT surfaces by
electrostatic assembly between the cationic polyelectrolyte-
grafted MWNTs and MNPs to produce supramolecular
mMWNTs.

The authors analyzed each step of the procedure by
several techniques. The chemical structure of the MWNT-
g-PAm was confirmed with Fourier transform infrared reso-
nance (FTIR) and hydrogen nuclear magnetic resonance
('"H NMR) measurements, while its morphology was
observed with high-resolution transmission electron micros-
copy (HRTEM) and scanning electron microscope (SEM).
The crystalline structure of the resulting supramolecular
mMWNTs was confirmed with powder X-ray diffraction
(XRD) measurements and HRTEM. HRTEM images
indicated that the attached mNPs were still crystalline
since the crystal lattice was clearly observed. The compo-
nents and their distributions of the resulting magnetic NTs
were assayed by energy-dispersive spectrum (EDS) and
elemental mapping analyses. Magnetic properties measure-
ment demonstrated that the obtained magnetic tubes are
paramagnetic (same as the iron oxide NPs), and the higher
the concentration of loaded NPs, the greater the magnetic
density.

To demonstrate an application in bioengineering, single-
object technology, and biomedical therapy, the authors
used the magnetic tubes as a magnetic handle to manipu-
late blood cells in a magnetic field. Blood cells attached to
mMWNTs could be selectively rotated or transported in a
magnetic field.

3. FILLED CARBON NTs

After the first comprehensive and detailed characteriza-
tion by Iijima [8] and bulk synthesis by Ebbesen and Ajayan
[133], MWNTSs rapidly became the subject of great enthu-
siasm and extensive study by academic scientists in several
fields. Among these studies, was the filling of the inner
cavities of MWNTSs with various elements or compounds,
primarily in an attempt to produce nanowires [134, 135].
Several theoretical studies had suggested that the intro-
duction of foreign material into the cavities of NTs would
enhance or modify the properties of the resulting compos-
ites [136-140]. Tube cavities in arc-produced MWNTSs are
typically in the range of 10-50 nm. Young-Laplace equa-
tions predicted that any liquid having a surface tension
below approximately 200 mN m ! could spontaneously enter
the inner cavity at atmospheric pressure through an open
end [141, 142]. However, liquids exhibiting higher surface
tensions, such as most molten “heavy” metals, would not be
able to fill these cavities unless a suitable pressure differ-
ence at the liquid-vapor interface was applied, such as that
owing to the low-pressure conditions found in the NTs
before opening [143].

The unexpected discovery of SWNT produced a world-
wide interest in them as true nanoobjects with a diameter
more than an order of magnitude smaller than those of

MWNTs. In 1998 Smith et al. [144] and Sloan et al. [155]
reported the first examples of SWNTs filled with fullerenes
and Ru crystals, respectively. Their results led to the new
research field of filled SWNT hybrid nanomaterials that
were expected to have novel properties derived from the
nanometric dimensions associated with the filled SWNTs.
At this level, interaction phenomena are driven by physics,
and many physical features that are valid for macroscopic
materials can be drastically modified on this nanometric
scale. This is particularly true for SWNTs, since the inner
diameter of a MWNT is often much larger than that typical
of a SWNT.

One of the main goals of filling SWNTs is to force the
filler(s) to adopt one-dimensional morphology. Therefore,
either the NT acts as a template, which is subsequently
removed to obtain a carbon shell-free nanowire for use in
the electronic industry since the continuous miniaturization
of electronic devices needs nanowires for the contacts or
the NT is maintained to give a hybrid material with modi-
fied physical properties.

3.1. Materials Encapsulated into Carbon NTs

To date, materials encapsulated in MWNTs and SWNTs
are single elements (mainly heavy metals), halides, oxides,
hydroxides, phosphides, molecules (mainly fullerenes), and
bulk NPs.

The first material inserted into MWNTSs was lead
although Ajayan and Iijima were not able to determine
whether the filling was pure metal or a compound formed
by the reaction of lead with carbon and oxygen [134]. They
observed that less than about 1% of the tubes were filled.
Since then, MWNTSs have been primarily filled with single
elements (Ag, Au [146], Ge [147], S [147], Sb [147], Se [147,
148], Ru [149], Ni [150], Ni-Pt [150], and Fe [151]) most
often by means of a two-step process in which a compound
such as a metallic salt was first inserted and then reduced
to the free metal by heat treatment in an hydrogen atmo-
sphere. MWNTs were also filled with halides (AuCl [146]),
phosphides (Ni-Fe-P and Fe-Co-P [152]), and bulk NPs
(fluorescent [153] and paramagnetic iron oxide [154]).

The first material inserted within SWNTs was RuCl,,
which was subsequently reduced to metallic Ru by heating
in gaseous hydrogen [155]. Other heavy metal elements
encapsulated in SWNT are Bi [155], Co [155-157], Fe
[157], Ho [157], Gd [157], Ag [158-160], Au [160], Pt [160],
and Pd [160]. Halides that were introduced into SWNT are
(KCh~(UCl), [158], AgClBr, [158], CdCI, [161], TbCl,
[161], TiCl [162], Pbl, [162], the lanthanide halide LnCl,
[163], KI [161, 164-166], ZrCl, [167], and AgCl I _ [168].
Oxides introduced into SWNTs include CrO, [169] and
Sb,0, [161, 170, 171]. Hydroxides introduced into SWNTs
include KOH [172], CsOH [172, 173], and Ba(OH), [173].
Smith et al. [144] reported the first example of SWNTs filled
with fullerenes (peapods) as a by-product of the purification
and annealing of SWNTs produced by pulsed laser
vaporization (PLV). Controlled synthesis of such peapods
has been achieved since 2000 [174-179]. Endofullerenes
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(full’erenes encapsulating foreign atoms) have also been
encdpsulated in SWNT (Gd@C,, [177, 178, 180-182], Dy@
C,, [178], La@Cy, [183], La,@C, [183], and Sm@C,, [183].

3.2. Characterization of Materials
Encapsulated into Carbon NTs

The characterization of filled NTs, especially of SWNTs,
created numerous technical challenges. In fact, the unam-
biguous chemical characterization of filled SWNTs remains
one of the major issues in the synthesis of filled-SWNT
hybrid nanomaterials. For example localized chemical iden-
tification by nanoprobe spectroscopic methods on isolated
and individual SWNTs may be required to conclude that
the foreign material has filled the NTs and is not entangled
within bundled NTs. Few complete characterizations have
been reported in the literature and these are usually based
on TEM images. However, the latter can lack robustness
because they often show limited portions of the NTs and
filling within bundles instead of isolated individual NTs.
Because all scattered electrons are collected, TEM cannot be
used to identify elements. Nanoprobe X-ray energy-disper-
sive spectroscopy (XEDS) may not provide a sufficiently
unambiguous identification of the filler as it can identify
elements present in the field but not their chemical state.
The quantification of filling efficiency is another problem.
Recently developed bulk methods based on Raman spec-
troscopy [184] or electron energy loss spectroscopy (EELS)
[181] offer interesting perspectives. In particular, the latter,
by being able to count only the inelastically scattered elec-
trons that are characterized by element-specific energy
loss, can identify individual elements. By means of EELS,
Suenaga et al. [181] demonstrated the presence of Gd atoms
inside a single chain of endofullerenes within SWNTs.

3.3. Filling Procedures

The most commonly used NT-filling procedures may be
classified into three groups that depend on whether the
foreign material is inserted by gas phase diffusion (and
its related catalytic method), liquid phase capillarity, and
solution phase (molten salt) capillarity. A fourth possible
procedure was suggested from computer modeling [185],
and then realized by Jeong et al. [186], and is based on colli-
sions of accelerated atoms on SWNTs. This procedure is
also used for filling fullerenes with metal and other atoms.

3.3.1. Filling Rates

A high filling rate has not yet been achieved yet using solids
except for fullerene peapods. The latter have mainly been
prepared using gas phase diffusion to provide filling rates
very close to 100% [180]. Liquid phase capillarity provides
maximum filling yields in the range of 20-50%, whereas
solution phase capillarity provides no higher yields than
25-30%. The higher filling rates produced by gas phase
diffusion can be explained as follows. In general, molecules
have to enter the NT via openings, a process that may be
facilitated by gas phase diffusion in which the NT is first
subjected to a dynamic vacuum process that is likely to
remove from the NT obstructing molecules or atoms. On

contrast, in liquid or solution phase procedure, the filler
must enter an unemptied NT that was probably opened by
oxidation that could leave impurities that obstruct the open-
ings or produce a solvating shell that reduces filling effi-
ciency. After their removal, solvent molecules encapsulating
the foreign material leave empty spaces in the NT cavities.
Thus, the reported filling rates of approximately 30% could
represent the actual limit for liquid and solution phase tech-
niques. Of course if multiple cycles were performed, higher
filling rates may occur, but a filling rate of 100% is unlikely.
Even if liquid phase methods provide filling rates interme-
diate between those obtained by the gas phase and solution-
chemistry methods, limitations will occur. Heating in an
ampoule under vacuum does not remove residual catalysts
from NTs as no previous opening treatment is performed.
Furthermore, a limitation of the liquid phase method is that
many elements selected for encapsulation in NTs exhibit
such very high surface tensions in the molten state that
their insertion must be accomplished as salts [145, 146, 158,
159, 163-165]. Removal of the anions by hydrogenation or
photolytic reduction inevitably promotes shrinkage of the
filler, thereby decreasing the filling yield. However, although
the gas phase method appears the most promising, the
applicable materials are limited (mainly peapods).

3.3.2. Carbon NT Opening

Whatever the filling method, the first requirement is to
open the NT. Liu ef al. were the first to report an acid-
based multireactant opening procedure assisted by cross-
flow filtration and sonication that yielded open-ended short
(200-300 nm) NTs, which were termed pipes [18]. Other
reports provide evidence that NT opening is a side effect
of various acid-based purification procedures [158]. Most
of these procedures are based on acids such as HCI, HNO,,
H,SO,, HNO,-H,SO,, and/or other oxidizing reactants
such as H,0, that produce various number of opened NTs.
Most purification procedures remove contaminants in as-
produced commercial NTs, which have been classified as
carbonaceous (amorphous carbon, polyaromatic shells, and
graphite particles) and metallic (typically from transition
metal catalysts used in their synthesis). However, all NT
opening thus far reported have been techniques insufficient
to ensure high filling yields. Other treatments were neces-
sary to clean the NT surface, which was found to be partially
covered with residual amorphous carbon [147, 157] that
blocked the NT openings. Additional treatments included
acid or heat under dynamic vacuum. Purification of SWNTs
can be found in other chapters of the encyclopedia.

3.3.3. Gas Phase Diffusion and
Catalytic Process

Gas Phase Diffusion and Peapods The easiest method
to fill NTs with molecular species is by gas phase diffusion
in a sealed glass ampoule. Specifically, a mixture of the NTs
(which have been opened by an oxidative acid treatment)
and the material to be inserted is heated under vacuum at
a temperature higher than the filler’s sublimation tempera-
ture. This technique was found to be particularly successful
in encapsulating fullerenes [174-179] and endofullerenes
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[177-183] because of their relatively low sublimation tempera-
ture, which for fullerenes is approximately 350°C, and their
exceptional thermal stability (approximately 3000-4000 K).
This technique permits filling yields up to 100%. The gas
phase diffusion technique can be used to encapsulate other
materi:\\s. Brown et al. [167] were the first to introduce ZrCl,
into NTs followed by in situ clustering by electron beam ir-
radiation within a field emission gun transmission electron
microscope (FEGTEM).

The first example of encapsulization of fullerenes in
SWNTs (peapods) was reported by Smith er al. [144] as a by-
product that spontaneously formed during the purification
and annealing of raw SWNTSs produced by the PLV method.
The controlled synthesis of peapods from opened SWNTs that
were vacuum annealed in the presence of added fullerenes
was reported by both Smith ez al. [174, 175] and Kataura et al.
[176]. Smith et al. hypothesized that the fullerenes entered the
SWNTs through their opened ends and/or imperfections on
their sidewalls and then self-assembled into Van der Waals-
interacting chains. They showed that on prolonged exposure
to an electron beam the encapsulated fullerenes coalesced to
form pairs of nested graphene cylinders. They also reported
that fullerenes were able to diffuse into SWNTs after their
incapsulization [187].

Encapsulation of fullerenes and endofullerenes into SWNTs
could have applications in nanoelectronics. The band structure
of a SWNT is predicted to be modulated by its encapsulated
fullerenes [177]. Similarly, encapsulation of endofullerenes
into SWNTs could also alter NT electronic properties differ-
ently because endofullerenes and fullerenes have different
electronic properties. Shimada et al. [177-179] reported the
fabrication and characterization of field effect transistors
(FETs) of various peapods composed by fullerenes (C,
C,. and C)) and endofullerenes (Gd@C,,, Dy@C,, etc.).
Their results suggested that the transfer characteristic could
be controlled by selecting the encapsulated endofullerene.
However, they first only achieved a low yield of peapod FETs
because the peapods were preliminary soot that was dispersed
in an organic solvent, then dropped onto a SiO,-Si substrate
with electrodes [177, 178]. Subsequently, they developed a
fabrication process in which the peapods were synthesized
directly on the substrate similarly to NTs on FETs [179].
This reliable fabrication process permitted them to charac-
terize peapod FETs in detail and obtain a better substrate for
future nanoelectronic applications.

Catalytic Process The catalytic method has been used
to fill NTs with the gas phase of a material introduced as a
cocatalyst during NT synthesis. NTs are typically synthesized
while the filler material is sublimed during the electric arc
process. An early example of this technique was reported by
Kiang et al. [155], who used graphite anodes doped with both
Co and Bi to obtain single-crystal nanowires of nanometer
dimensions. This technique was later used to fill NTs with
elements such as Ru [149], Ni [150], Ni-Pt [150], Fe [151],
and Co [156].

Considerable interest in preparing well-ordered aligned
NT arrays and altering their electronic properties via
doping or infiltration exists. Dickey et al. [149] reported
the synthesis of aligned Ru-containing MWNT arrays that
exhibited green luminescence and, therefore, potential use

in optoelectronic devices. Their synthetic procedure was
based on the production of aligned MWNTs using a floating
catalyst chemical vapor deposition (CVD) technique [183].
The authors used a mixture of Ru and Fe as the catalyst
for MWNT growth on the basis that Ru(II) complexes were
widely used as photosensitizers for photochemical conver-
sion, and Ru and Fe have a wide range of solid solubility.
The most important feature of this route was that Ru is easily
incorporated in NTs during their growth, more precisely in
the residual Fe catalyst particles in NTs, thereby eliminating
the cumbersome task of ex situ doping or infiltration (as in
liquid and solution phase methods). TEM images revealed
that the NTs had catalyst particles on the NT root ends, and
also on most of their tips. Most NTs also had catalyst inclu-
sions within the tube cores. These structural characteristics
indicate that NTs grew by a root-growth mechanism with
open tips at the growth front. The HRTEM images and elec-
tron diffraction patterns of the catalyst particles at different
locations (root ends, cores, and tips) showed that the cata-
lyst existed as single crystals of face-centered cubic Fe. The
photoluminescence spectrum of filled MWNTs exhibited
a broad intense emission peak at 515 nm that confirmed
the presence of Ru inside the NTs. This synthesis method
can be readily extended to other transition-metal and rare-
earth elements by introducing the appropriate precursor in
the synthesis chamber. Potentially, the emission spectrum
can be tailored by the choice of elemental precursors and
processing conditions that would dictate the particle size.
Moreover, CVD-derived MWNT arrays can be selectively
grown on patterned substrates that enable the fabrication
of nanometer-scale optoelectronic devices.

The sequential catalytic growth (SCG) process allows
the synthesis of NTs having regularly spaced NPs encap-
sulated along their entire length (“carbon nanobulbs™)
[189]. The SCG mechanism is based on periodic initiation
and interruption of NT growth using phosphorous as the
catalyst, which induces a kinetic mismatch between carbon
supply and consumption. Catalyst NPs were found regularly
encapsulated regularly at each new initiation with their
spacing dependent on their size and carbon supply. Jourdain
et al. [152] used SGG process to grow MWNTSs containing
regularly spaced NPs that were ferromagnetic at room
temperature. Specifically, the authors used Fe—Co phos-
phides which had more favorable ferromagnetic properties
than other metal phosphides at room temperature. Their
TEM images showed MWNTs with periodic “matchstick”
morphology, which is a characteristic of the SCG process
[189]. The end of each “match” was filled by an ellipsoidal
NP whose volume was a fraction of that of the primary cata-
lyst NP. The authors observed that a typical SCG NT had
the following characteristics: (1) sequential encapsulation
of more than 100 NPs, (2) slow decrease in both size and
separation of the encapsulated NPs along the NT length,
and (3) 25-100 nm ellipsoidal length of the NP having the
same symmetry axis as the NT and 10-60 nm NP width
perpendicular to the MWNT symmetry axis. The encap-
sulated NPs had saturation magnetization close to that
expected for bulk metal phosphides of the same structure
and composition, namely (Fe,_, M,) P, where M = Ni or
Co,x comprlsed between 0 and 1, andy 2 or 3. Compared
with previous methods, SCG allows encapsulation along
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the entire MWNT length and regularly spaced ferromag-
netic NPs of well-defined sizes and shapes. Since the peri-
odicity of the NBs was directly correlated directly with the
instantaneous growth conditions, SCG is also important for
achieving a high degree of structural control over the final
composite structure.

3.3.4. Liquid and Solution Phase Capillarity

Sloan et al. [145] reported the first inclusion of a 1D
nanowire of Ru metal in SWNTs using solution phase
capillarity. The filling procedure consisted of (1) opening
SWNTs by concentrated HCI, (2) immersing the SWNTs
in saturated RuCl,, and (3) reducing the encapsulated
RuCl, by heating in a H, atmosphere. The acidification
step was required to open the tips of SWNTs. The filling
yield was 2-5%. Subsequently, the authors showed that
SWNTs could be filled in high yield by the liquid phase
method with molten mixtures of silver halides or mixtures
of alkali and actinide halides [158]. This procedure was
analogous to the solution phase (molten salt) capillary-
filling method used to fill MWNTs that was first reported
by Ajayan and Iijima [134] and consisted of (1) mixing the
anhydrous halide with as-produced (pristine) SWNTSs in a
silica ampoule that was sealed under vacuum, (2) heating
the mixture above the melting point of the halide, and (3)
cooling. Foreign (molten) materials could be incorporated
into SWNTs if they (1) could wet the capillaries by having
surface tensions below a threshold value as determined by
Ebbesen [186], (2) had an overall melting temperature that
avoided thermal damage to the NTs, and (3) did not chemi-
cally attack the NTs.

The Effects of Capillary Confinement Both liquid and
solution phase capillary-filling techniques were used to in-
sert halides into the cavities of SWNTs. The size of SWNTs
on the crystallization of encapsulated molten binary species
produced structures with reduced (or modified) coordination or
even novel coordination and stereochemistry. These modi-

fications arose from the restriction of the filler material to a
few (2-3) atomic layers in cross section that resulted in struc-
tures in which many layers of coordinating ions were missing
[165]. Therefore, the capillary confinement forced the filler
to have a coordination structure that was profoundly different
than the bulk material. Sloan ef al. [163-168] reported several
studies on the impact of the capillary confinement on the low-
dimensional crystallization properties of various halides. This
topic is further discussed by Goodman et al. [190].

3.4. NTs Filled with Bulk NPs

Recently, two groups reported the filling of MWNTSs with
bulk luminescent and magnetic NPs using capillary suction.
Even without the nanometer scale of filled SWNTSs, the
resulting materials represent useful building blocks for
complex NT-based supramolecular nanosystems.

Kim et al. [153] experimentally and theoretically studied
filling NTs with luminescent NPs (Fig. 21). NTs were
synthesized by CVD of carbon on the walls of porous
alumina membranes followed by dissolving the alumina in
aqueous NaOH. The NTs were collected and suspended
in isopropanol, placed on glass cover slips with the aid of
dielectrophoresis, and dried. A microdroplet containing
(nominal) 50 nm diameter luminescent polystyrene NP was
placed at one end of the NPs using a glass micropipette
with a 50 pm diameter opening. The filling of the NT by the
suspension by capillary action was monitored by optical and
luminescent microscopy. The latter showed that lumines-
cent light first occurred at the down-stream end of the NT
and propagated upstream along the entire NT length.

The filling process was explained by the authors as the
combined action of capillary forces and evaporation.
The empty NT was filled initially with a low-density NP
suspension by capillary action. At this point the particle
concentration was too low for luminescence to be visible
through the NT wall by the camera normally used in
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Figure 21. Filling of MWNTSs with luminescent NPs [153]. (a) MWNTs were synthesized by CVD of carbon on the walls of porous alumina membranes
followed by dissolving the alumina in aqueous NaOH. (b) The NTs were suspended in isopropanol, placed on glass cover slips with the aid of
dielectrophoresis and dried. (c) A microdroplet containing luminescent polystyrene NPs was placed at one end of the NTs using a glass micropipette.
(d) The filling of the NTs by the luminescent NPs was monitored by optical and luminescent microscopy.
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commercially available luminenscent microscopes. During
the filling process and thereafter, as front end of the liquid
column evaporated, its space was replaced by capillary
action with more NP-containing liquid. This process
induced a continuous flow of the suspension from the drop
into the NT and resulted in an increased NP concentration
in comparison with the evaporating surface. A dense
aggregate of NPs was formed at the downstream end of the
NT and, as the process continued, the aggregate proceeded
to form along the length of the NT. The aggregate emitted
luminenscent light of a sufficiently high intensity to be
readily visible through the NT wall. From these results, the
authors concluded that (1) NPs can diffuse along the NT,
(2) NTs can be filled with NPs, (3) the filling process can be
reasonably predicted with continuum theories, (4) the thin
walls of NTs are transparent to luminescent light, and (5)
the polymer-based NP inside the NTs can be observed using
an electron microscope. As mentioned above, controlled
filling of NTs with NPs allowed the modification of the tube
properties. In the work reported by Kim ez al., luminescent
NP-filled NTs were luminenscent in the visible range. In
addition, the tubes were also filled with ferromagnetic NPs,
endowing them with magnetic properties.

Korneva et al. [154] reported a relatively simple, inex-
pensive, reproducible, scalable, and fast method of filling
MWNTs with paramagnetic iron oxide NPs (mNPs) having
approximately 10 nm diameter. This technique, which was
based on the phenomenon of spontaneous penetration
of wetting fluids into capillaries, involved (1) synthesis of
MWNTs by the method of noncatalytic CVD in the pores
of an alumina template, which provides tubes with open
ends free of ferromagnetic catalyst NPs; (2) filling of NTs
with mNP suspensions; and (3) separation of NTs from the
alumina membrane. The authors also reported a protocol in
which the third step preceded the second. These procedures
are depicted in Figure 22. In the first method, the alumina
membrane with adhering NTs produced by CVD was brought

into contact with the mNP suspension. The mNPs entered
the membrane pores; on drying only mNPs remained inside
the NTs. On dissolving the alumina membrane in aqueous
NaOH only magnetic NTs remained. In the second method,
the alumina membrane with NTs produced by CVD was
dissolved in aqueous NaOH to give the individual NTs.
Droplets of a mNP dispersion were then deposited onto
NTs to fill. Evaporation of the liquid produced the mNP-
filled NTs. Both approaches yielded NTs filled with mNPs.
Suspended in liquids, magnetic NTs can follow changes
in the direction of applied magnetic field. For example,
magnetic NTs can be oriented in the plane of a silicon wafer
using gold electrodes or can be forced to stand on the wafer
surface. Controllable manipulation of magnetic NTs with
micromagnets points to a straightforward way for using
these nanoneedles in nanofluidic and electronic devices.
Moreover, the versatile technique reported by the authors
provides a step toward the nanoengineering of NT-based
complex multifunctional nanosystems.

4. CONCLUSIONS

In this chapter, we addressed the supramolecular decora-
tion of both the outer and inner sidewalls of NTs. Since their
discovery, NTs have demonstrated the potential to make
major contributions to a variety of nanotechnology applica-
tions, including, nanomedicine, molecular electronics, fuel
cells, hydrogen storage media, and scanning probe micro-
scope tips. NTs can be expected to provide a basis for the
future generation of nanoscale devices, and it has been
predicted that decoration of their inner or outer sidewalls
will lead to an even more diverse range of applications in
many fields. For example, while the electrical properties of
pristine SWNTs are extremely sensitive to their structure
and the existence of defects, which imposes obstacles for
their use in electronic device applications, NP-decorated

Figure 22. Filling of MWNTS with paramagnetic NPs through capillary forces [154]. Upper panel: (a) the alumina membrane with adhering MWNTs
was brought into contact with the magnetic NP suspension; (b) the NPs entered the membrane pores; (c) the fluid was dried to leave only NPs inside
NTs and (d) the alumina membrane was dissolved in NaOH to produce NP-filled NTs. Lower panel: (a) the alumina membrane with MWNTs was dis-
solved in aqueous NaOH and (b) droplets of magnetic NP dispersion were deposited onto NTs. Evaporation of the liquid-produced NP-filled NTs.
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SWNTs should be more robust for nanoelectronic applica-
tions. While NT-based nanohybrid assemblies will pave the
way for the future nanoelectronic uses, difficulties with the
chemical characterization of their coating or filling mate-
rials have hindered the direct determination of the phys-
ical (e.g., transport) properties of single, isolated hybrid
SWNTs. Lack of characterization may likely be one of the
major issues in the field of SWNT-based hybrid assemblies
for the coming years. Thus, besides the technical difficulties
of handling and conveniently positioning an approximately
I nm wide filament onto appropriately sized electrodes,
fabricating coated or filled individual NTs, spatially control-
ling the foreign material on or in the NT sidewall, and
ascertaining the actual presence of the foreign material in
the portion of the tube being investigated remain necessary
and unresolved challenges.
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GLOSSARY

AFM, atomic force microscope The atomic force micro-
scope is a type of scanning probe microscope with sub-nano-
meter resolution and consisting of a microscale cantilever
with a sharp tip at its end which scans the sample. It is used
for imaging as well as force spectroscopy measurements.
FRET, fluorescence resonance energy transfer The fluores-
cence (or Forster) resonance energy transfer is a mechanism
describing the energy transfer between two luminophores
(the donor and the acceptor) in proximity (less than 10 nm)
through non-radiative dipole-dipole coupling.

GNP, gold nanoparticle Gold nanoparticles (also known
as colloidal gold) are submicrometer-sized particles that
form a stable suspension in aqueous solutions. The color of
a GNP suspension depends on the physico-chemical prop-
erties of the nanoparticles (dimension, shape, aggregation
state, etc). GNPs are most commonly fabricated through
the reduction of chloroauric acid.

HRTEM, high-resolution transmission electron micro-
scope High-resolution transmission electron microscope
is an imaging mode of the transmission electron microscope
that uses both the transmitted and the scattered electronic
beams to enable the imaging of the sample at the atomic
scale.

mNP, magnetic nanoparticle A magnetic nanoparticle is
a submicrometer-sized particle that consists of magnetic
elements. The physico-chemical properties of a mNP depend
on the method of fabrication. mNPs are most commonly
fabricated through techniques such as co-precipitation,
thermal decomposition and microemulsion.

MWNT, multi-walled carbon nanutube Multi-walled
carbon nanotubes are one of the two structural classes of
carbon nanotubes and are formed by several concentric and
nested graphene sheets.

NP, nanoparticle A nanoparticle is a portion of matter that
behaves as a unit in terms of its physico-chemical properties.

NT, carbon nanotube A carbon nanotube is a tubular
structure that belongs to the family of fullerenes. A NT can
be thought of as a graphene sheet rolled into a cylinder with
a diameter in the order of few nanometers and a length that
can be up to several microns.

oxNT, oxidized carbon nanotube Oxidized carbon nano-
tubes are commonly obtained by treatment of pristine
(nonfunctionalized) carbon nanotubes in strong acids in order
to functionalize the tube sidewalls with chemical groups that
ameliorate the solubility of the nanotubes in aqueous envi-
ronments and enable further steps of functionalization.
pNT, pristine carbon nanotube A pristine carbon nano-
tube is a nonfunctionalized carbon nanotube.

QD, quantum dot A quantum dot is a nanometer-sized
semiconductor particle characterized by particular elec-
tronic properties due to quantum confinement in all the
three spatial directions.

SNP, silica nanoparticle Silica nanoparticles are submi-
crometer-sized particles that are fabricated through hydrol-
ysis and condensation of a silica precursor by wet-chemical
techniques.

Str, streptavidin =~ Streptavidin is a tetrameric protein that
is widely used in molecular biology (and in several other
scientific fields) because of its strong affinity for biotin
(vitamin H).

SWNT, single-walled carbon nanotube Single-walled carbon
nanotubes are one of the two structural classes of carbon
nanotubes and are formed by a single graphene sheet.

TEM, transmission electron microscope A transmission
electron microscope uses the transmission of a beam of
electrons through the sample to enable the imaging of the
sample at a significantly higher resolution than light micro-
scopes.

XPS, X-ray photoelectron spectroscopy X-ray photoelec-
tron spectroscopy is a technique that measures the surface
chemical properties (elemental composition, chemical
state, etc) of a sample through the analysis of the electrons
emitted from the sample irradiated with a beam of X-rays.
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