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C O N S P E C T U S

Single-walled carbon nanotubes (SWNTs) have attracted much attention on account of their potential to be transformed into
new materials that can be employed to address a wide range of applications. The insolubility of the SWNTs in most solvents

and the difficulties of handling these highly intractable carbon nanostructures, however, are restricting their real-life applications
at the present time. To improve upon the properties of the SWNTs, low-cost and industrially feasible approaches to their modi-
fications are constantly being sought by chemists and materials scientists. Together, they have shown that noncovalent function-
alization of the SWNTs can do much to preserve the desired properties of the SWNTs while remarkably improving their solubilities.
This Account describes recent advances in the design, synthesis, and characterization of SWNT hybrids and evaluates applica-
tions of these new hybrid materials based on noncovalently functionalized SWNTs. Their solubilization enables the characteriza-
tion of these hybrids as well as the investigation of the properties of the SWNTs using solution-based techniques. Cognizant of
the structural properties of the functional molecules on the SWNTs, we present some of the recent work carried out by ourselves
and others under the umbrella of the following three subtopics: (i) aromatic small-molecule-based noncovalent functionalization,
(ii) biomacromolecule-based noncovalent functionalization, and (iii) polymer-based noncovalent functionalization. Several exam-
ples for the applications of noncovalently functionalized SWNT hybrids in the fabrication of field-effect transistor (FET) devices, chem-
ical sensors, molecular switch tunnel junctions (MSTJs), and photovoltaic devices are highlighted and discussed. The blossoming
of new methods for the noncovalent functionalization of the SWNTs promises a new generation of SWNT hybrid-based inte-
grated multifunctional sensors and devices, an outcome which is essential for the development of carbon nanotube chemistry that
interfaces with physics, materials, biology, and medical science.

Introduction
Carbon nanotubes (CNTs)1 are tubular objects with

unique structural, mechanical, and electronic prop-

erties.2 CNTs can be classified, according to their

(super)structures, into two types (Figure 1): (i) mul-

tiwalled carbon nanotubes3 (MWNTs), which are

comprised of multiple layers of concentric cylin-

ders with a spacing of about 0.34 nm between the

adjacent layers, and (ii) single-walled carbon

nanotubes4-6 (SWNTs), which consist of single

layers of graphene sheets seamlessly rolled into

cylindrical tubes. The one-dimensional nanometer-

scale structure of SWNTs confers on them excep-

tionally high tensile strength, good thermal

conductivity, and excellent resilience. A SWNT is

defined by rolling a sheet of two-dimensional

graphene into a cylinder along a (n,m) lattice vec-

tor (Ch) in the graphene plane, where n and m are

integers. Once (n,m) is specified, other structural

properties of SWNTs, such as diameter (d) and

Vol. 42, No. 8 August 2009 1161-1171 ACCOUNTS OF CHEMICAL RESEARCH 1161Published on the Web 05/22/2009 www.pubs.acs.org/acr
10.1021/ar900056z CCC: $71.50 © 2009 American Chemical Society

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

A
ST

R
IC

H
T

 o
n 

A
ug

us
t 2

9,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ay

 2
2,

 2
00

9 
| d

oi
: 1

0.
10

21
/a

r9
00

05
6z



chiral angle (θ), can be determined. Among the large num-

ber of possible Ch vectors, there are two inequivalent high-

symmetry directions, which have been designated (n,0) and

(n,n) and are termed “zig-zag” and “armchair”, respectively.1

The uniqueness of SWNTs arises from their structures and the

inherent subtleties present in them. With the exception of the zig-

zag and armchair constitutions, helicity is present in the arrange-

ments of the carbon atoms in hexagonal arrays on their surface

honeycomb lattices. This helicity, along with the diameter, intro-

duces significant changes into the electronic states and, hence,

provides a unique electronic character for the SWNTs; i.e., SWNTs

can be either metallic or semiconducting.2,6 Since the

discovery4,5 of SWNTs in 1993, they have attracted much atten-

tion on account of their potential for being transformed into new

materials that traverse a wide range of applications.7-11 How-

ever, the insolubility6,7 of SWNTs in most organic solvents and

the difficulties of handling these highly intractable carbon nano-

structures restrict real-life applications of SWNTs to a consider-

able extent.

To improve upon the properties of the SWNTs, low-cost

and industrially feasible approaches to their modification have

been much pursued7,8,11-31 vigorously in recent times. These

approaches can be simply divided into two categories, i.e., (i)

covalent7,8,11-14 and (ii) noncovalent15-31 functionalizations

of the SWNT sidewalls. In the first category, fluorination13 of

SWNTs has become popular for initial investigations of the

covalent functionalization because the SWNT sidewalls are

expected to be inert. The fluorine atoms in the fluorinated

SWNTs can be substituted by alkyl groups through treatment

with alkyl lithium or Grignard reagents. Another convenient

method for the covalent functionalization of SWNTs is to con-

vert the SWNT sidewalls to nanotube-bound carboxylic acids

upon oxidation.11,14 SWNTs, functionalized with carbox-

ylic acid groups, can be modified further with a range of

organic entities by means of amide/ester linkages or

carboxylate-ammonium salt ionic interactions. Such function-

alized SWNTs can usually be characterized by nuclear mag-

netic resonance (NMR) and absorption spectroscopies in

solution. The covalent functionalization of SWNTs results in a

change of carbon hybridization from sp2 to sp3, leading to a

possible partial loss of conjugation with consequences for elec-

tron-acceptor and/or electron-transport properties.

In the second category, the SWNT sidewalls are function-

alized noncovalently by, for example, aromatic compounds,

surfactants, and polymers, employing π-π stacking or hydro-

phobic interactions for the most part.15-31 In these

approaches, noncovalent modifications of SWNTs can do

much to preserve their desired properties, while improving

their solubilities quite remarkably. The main focus of this

Account is to present recent progress toward the preparation

of noncovalently functionalized SWNT composite/hybrid mate-

rials and to highlight the emergent properties of these new

materials and their applications in the fields of molecular elec-

tronics and nanomaterials science. Guided by the structures of

the functional molecules on the SWNTs, we will summarize

the recent work carried out by ourselves and others under the

umbrella of the following three subtopics: (i) aromatic small-

molecule-based noncovalent functionalization, (ii) biomacro-

molecule-based noncovalent functionalization, and (iii)

polymer-based noncovalent functionalization.

Aromatic Small-Molecule-Based
Noncovalent Functionalization
Aromatic molecules, such as pyrene, porphyrin, and their

derivatives, can and do interact with the sidewalls of SWNTs

by means of π-π stacking interactions, thus opening up the

way for the noncovalent functionalization of SWNTs. Dai and

co-workers15 have reported a general and attractive approach

to the noncovalent functionalization of SWNT sidewalls and

the subsequent immobilization of biological molecules onto

SWNTs with a high degree of control and specificity. They

found that the bifunctional molecule, N-succinimidyl-1-

pyrenebutanoate, is adsorbed (Figure 2) irreversibly onto the

hydrophobic surfaces of SWNTs in either N,N-dimethylforma-

mide (DMF) or MeOH. The anchored N-succinimidyl-1-

pyrenebutanoate molecules on the surfaces of the SWNTs are

highly resistant to desorption in aqueous solution, a fact which

leads to the further functionalization of SWNTs with succin-

imidyl ester groups that are reactive to nucleophilic substitu-

tion by primary and secondary amines of some proteins, such

as ferritin, streptavidin, and biotinyl-3,6-dioxaoctanediamine.

This technique has enabled the immobilization of a wide

FIGURE 1. (Super)structure representations of (a) a MWNT and (b) a
SWNT.
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range of biomolecules on the SWNT sidewalls with high spec-

ificities and efficiencies, an application that may be useful for

the development of biosensors.

Guldi and Prato et al.8,17,19 have reported that the nonco-

valent association of SWNTs with pyrene and porphyrin deriv-

atives leads to novel electron donor-acceptor nanohybrids,

which, upon photoexcitation, undergo fast electron transfer,

followed by the generation of microsecond-lived charge-sep-

arated species. In this case, a charged pyrene derivative, 1-(tri-

methylammonium acetyl) pyrene, (pyrene+), was used to

solubilize SWNTs through the formation of π-π interactions

in aqueous solution. The process induces SWNTs into aque-

ous solution with solubilities as high as 0.20 mg mL-1.

Because the SWNT/pyrene+ hybrids are covered with posi-

tive charges, they can associate with strong electron donors

that carry negative charges by dint of electrostatic interac-

tions. Hence, porphyrin derivatives with negative charges were

selected as ideal components for the development of SWNT-

based photoelectron-active systems. The porphyrin deriva-

tives formed 1:1 complexes with the charged pyrene+,

yielding binding constants of the order of 104 M-1. In the

SWNT/pyrene+/porphyrin hybrid systems, fluorescence and

transient absorption investigations in aqueous solution

showed a rapid intrahybrid electron transfer (0.2 ( 0.05 ns)

from the photoexcited porphyrins to the SWNTs.

An important application of SWNTs and/or their hybrids is

the fabrication of SWNT/field-effect transistor (FET) devices.

The SWNT/FET devices have been found10 to be sensitive to

numerous analytes. These analytes, attached noncovalently to

the surfaces of the SWNTs in the FET devices, can change the

SWNT conductivity for at least a couple of different reasons.

First, there may be an electron/charge-transfer between the

analytes and SWNTs, changing the carrier concentration (n).

Second, the analytes may act as a randomly distributed scat-

tering potential, changing the mobility (µ) of the charge car-

rier. Because conductivity is defined by G ) neµ, where e is

the electron charge, transistor measurements of the transfer

characteristics in the SWNT/FET devices can distinguish

between (i) a change in the carrier concentration and (ii) a

change in the mobility of the electrons. Extensive experimen-

tation has established10 that, in the SWNT/FET devices,

changes in n lead to shifts of the threshold voltage, i.e., the

voltage where the device turns on for the first time. The bind-

ing of electron-accepting molecules (NO2 and F4TCNQ) to the

SWNTs usually leads to a threshold voltage shift toward pos-

itive gate voltages, while the binding of electron-donating mol-

ecules (NH3 and PEI) leads to a shift toward negative gate

voltages. In contrast, a change in the mobility µ results in a

change in the device transconductance, called the tilt, which

is defined as the ratio of the slope of the Isd-Vg curve to its ini-

tial slope, where both slopes are measured at zero gate volt-

age. A decrease in the device mobility can be caused by

geometric deformations introduced along the nanotube (i) by

the analyte, (ii) by randomly charged scattering centers, or (iii)

by changes occurring at the tube-tube interface.

Recently, we fabricated SWNT/FET devices to investigate

the electron/charge transfer within the donor-acceptor SWNT

hybrids. For example, a SWNT/FET device,28 functionalized

noncovalently with a zinc porphyrin derivative, was used (Fig-

ure 3) to detect directly a photoinduced electron transfer

within the zinc porphyrin derivative-SWNT system. The

SWNTs act as the electron donors, and the porphyrin mole-

cules act as the electron acceptors. The photoresponse of the

zinc porphyrin-coated SWNT/FET was investigated by its illu-

mination with a light-emitting diode (LED) centered at 420 nm,

FIGURE 2. Schematic representation of N-succinimidyl-1-
pyrenebutanoate-decorated SWNT.

FIGURE 3. Schematic representation of the zinc porphyrin-coated
SWNT/FET device employed for transistor measurements.
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which approaches the maximum absorption wavelength (416

nm) of the zinc porphyrin Soret band. The response of the

device to the light is a shift of the threshold voltage toward

positive voltages, indicating hole doping of the SWNTs. The

direction of the threshold voltage shift indicates that the pro-

cess transfers electrons from the SWNTs to the zinc porphy-

rin, which is quite surprising because porphyrins are usually

considered to be electron donors.17 One explanation for this

electron-transfer process is that, upon photoexcitation of the

zinc porphyrin, some of the electrons that had been trans-

ferred to the SWNT in the ground state are transferred back

to the zinc porphyrin molecule in the excited state. The mag-

nitude of the photoinduced electron transfer was found28 to

be a function of both the wavelength and the intensity of

applied light, with a maximum value of 0.37 electrons per zinc

porphyrin for light at 420 nm and 100 W m-2.

The preparation and application of quantum dot/SWNT

hybrids have been highly sought after in recent years for the

simple reason that these hybrids are well-suited for use in

optoelectronic devices. We have prepared29 CdSe-SWNT

hybrids (Figure 4) by self-assembling the pyrene-functional-

ized CdSe (pyrene/CdSe) nanoparticles onto the surfaces of the

SWNTs. FET devices have been fabricated using the hybrids to

investigate the charge transfer from the pyrene/CdSe nano-

particles to the SWNTs. Fluorescent experiments show that the

fluorescence intensity of the pyrene/CdSe nanoparticle solu-

tion decreases significantly and the peak blue-shifts about 8

nm on the stepwise addition of a SWNT solution. This fluo-

rescence quenching implies that a charge-transfer process

exists in the system. Furthermore, the transfer curve of the

pyrene/CdSe-SWNT FET device shifts toward a negative gate

voltage by about 2.9 V when the light (40 W m-2 intensity

and 410 nm wavelength) is switched on. The value of the

charge transfer has been determined by the shift of the tran-

sistor characteristic of the FET device, giving a maximum value

of 2.2 electrons per pyrene/CdSe nanoparticle at the excita-

tion wavelength (λ) of 410 nm and intensity (I) of 40 W m-2.

The effective charge transfer from the pyrene/CdSe nanopar-

ticles to the SWNTs in the hybrid shows promise for applica-

tions in polymer heterojunction photovoltaic devices and solar

cells. Solar cells with such quasi-one-dimensional objects for

carrying electrons can have high electron/hole mobility and

high absorption for achieving high energy efficiency.

To carry out quantitative investigations on the chemical

sensors offered by noncovalently functionalized SWNT/FET

devices, we have prepared30 a pyrene-modified �-cyclodex-

trin (pyrenecyclodextrin) derivative and used it to fabricate

pyrenecyclodextrin-decorated SWNT/FET devices (Figure 5),

which can serve as chemical sensors to detect nonfluorescent

organic molecules selectively, on the basis of their molecular

recognition by the cyclodextrin torus. In such SWNT/FET

devices, the pyrenecyclodextrin derivatives on the surfaces of

SWNTs serve as the sensing host. Some organic molecules as

the guests being sensed can be immobilized by becoming

bound in the cavity of the pyrenecyclodextrin derivative in

aqueous solution. In the presence of certain organic mole-

cules, the transistor characteristics of the pyrenecyclodextrin-

decorated SWNT/FET device shift toward negative gate

voltage, exhibiting the following sequence of sensing abili-

ties for the guest molecules: 1-adamantanol > 2-adamantanol

> 1-adamantanecarboxylic acid > sodium deoxycholate >
sodium cholate. The results indicate that the electrical con-

ductance of the device is highly sensitive to particular organic

molecules and varies significantly with changes in the sur-

face adsorption of these molecules. Satisfyingly, the magni-

tude of the transistor characteristic movements in the

pyrenecyclodextrin-SWNT/FET devices in the presence of the

organic molecules depends linearly upon the magnitudes of

the complex formation constants (KS) exhibited by the

pyrenecyclodextrin derivative with these molecules. There-

FIGURE 4. Schematic representation of the noncovalent
functionalization of SWNT with pyrene/CdSe nanoparticles and a
SWNT FET device with a coating of the pyrene/CdSe nanoparticles
on top of SWNT.
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fore, the pyrenecyclodextrin-decorated SWNT/FET devices

serve as chemical sensors to detect organic molecules in aque-

ous solution, not only selectively but also quantitatively. This

technology may lead to new applications in such areas as

environmental monitoring, medical diagnostics, and gene-chip

technologies.

Furthermore, we have employed the pyrenecyclodextrin-

decorated SWNT/FET device (Figure 6) as a tunable photosen-

sor31 in aqueous solution, to detect a luminescent ruthenium

complex as a consequence of its molecular recognition by the

pyrenecyclodextrin derivative. The ruthenium complex with an

adamantyl tether (ADA-Ru) as the sensing guest can be

immobilized as a result of the binding of the adamantyl group

inside the cavity of the pyrenecyclodextrin derivative in aque-

ous solution. It is this molecular recognition event that ren-

ders the charge transfer between the ADA-Ru guest and the

pyrenecyclodextrin-decorated SWNT hybrids practicable. The

experimental results indicate (Figure 7) that the electrical con-

ductance of the pyrenecyclodextrin-decorated SWNT/FET

device shows a dramatic change in the absence and presence

of the ruthenium complex under light. When the light is on

(I ) 40 W m-2 and λ ) 280 nm), the transistor characteristic

of the pyrenecyclodextrin-decorated SWNT/FET device shifts

toward a negative gate voltage by about 1.6 V and its sheet

resistance increases rapidly, indicating a charge-transfer pro-

FIGURE 5. Schematic representation of the pyrenecyclodextrin-decorated SWNT/FET device showing how pyrenecyclodextrin-decorated
SWNTs interact with guest molecules when they are being sensed in a FET device. The five guest molecules employed were 1-adamantanol,
2-adamantanol, 1-adamantanecarboxylic acid, sodium cholate, and sodium deoxycholate.

FIGURE 6. Schematic representation of the ADA-Ru complex and
pyrenecyclodextrin and how the pyrenecyclodextrin-decorated
SWNT hybrids interact with the ADA-Ru complexes when they are
being sensed in a FET device.
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cess from the pyrenecyclodextrins to the SWNTs. In contrast,

the transistor characteristic of the pyrenecyclodextrin-deco-

rated SWNT/FET device in the presence of the ruthenium com-

plex shifts toward a positive gate voltage by about 1.9 V and

its sheet resistance decreases slowly when the light is on

(I ) 40 W m-2 and λ ) 490 nm), indicating a charge-trans-

fer process from the pyrenecyclodextrin-SWNT hybrids to the

ruthenium complex. These photoresponse processes are

recoverable after removal of the light. Thus, the pyrenecyclo-

dextrin-decorated SWNT/FET device can indeed serve as a

tunable photosensor to detect luminescent molecules. These

experimental results raise the prospect of promising applica-

tions of SWNT/FET devices in the area of tunable light detec-

tion, as in artificial eyes and photovoltaic devices.

Another promising application for SWNT hybrids is the fab-

rication of SWNT hybrid-based molecular switch tunnel junc-

tions (MSTJs). In our original report,26 we described two-

terminal MSTJs that incorporate a semiconducting SWNT as

the bottom electrode. The nanotube interacts noncovalently

with a monolayer of bistable, nondegenerate [2]catenane tet-

racations (Figure 8), self-organized by their supporting

amphiphilic dimyristoylphosphatidyl anions, which shield the

mechanically switchable tetracations from a 2 µm-wide metal-

lic top electrode. The resulting 0.002 µm2 area tunnel junc-

tion addresses a nanometer-wide row of ca. 2000 molecules.

Active and remnant current-voltage measurements demon-

strate that these devices can be switched reconfigurably and

cycled repeatedly between high- and low-current states under

ambient conditions. These SWNT hybrid-based MSTJs oper-

ate just like the previously reported32 silicon-based MSTJs but

FIGURE 7. (a) Isd-Vg curves of SWNT/FET before (black) and after
(red) assembling the pyrenecyclodextrin (1.13 mM) in the dark and
the Isd-Vg curve of the pyrenecyclodextrin-SWNT/FET when the
light is on (blue), λ ) 280 nm and I ) 40 W m-2. (b) Isd-Vg curves
of the pyrenecyclodextrin-SWNT/FET before (red) and after (blue)
binding the ADA-Ru complex (2.20 mM) in the dark and the Isd-Vg

curve of the ADA-Ru-pyrenecyclodextrin-SWNT/FET when the
light is on (green), λ ) 490 nm and I ) 40 W m-2. The arrows in
the figure indicate the directions of the Isd-Vg curve shifts.

FIGURE 8. Schematic illustration of SWNT MSTJ that gets over the perfect size match between the bistable [2]catenanes (1 nm cubes) and
the diameter (1 nm) of the SWNTs, which leads to the [2]catenanes being lined up in rows on the surfaces of SWNTs.
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FIGURE 9. Chemical structures of n-decyl-�-D-maltoside, n-octyl-�-D-glucoside, γ-cyclodextrin, η-cyclodextrin, carboxymethyl amylase, curdlan,
ammonium-modified curdlan, sulfonate-modified curdlan, chitosan, O-carboxymethylchitosan, poly(ethylene glycol)-modified O-
carboxymethylchitosan, pullulan, schizophyllan, lactose-appended schizophyllan, phospholipid-dextran, and a hydrophobic dextran
derivative for the noncovalent functionalization of the SWNTs.
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quite differently from similar devices incorporating bottom

metal electrodes.

Biomacromolecule-Based Noncovalent
Functionalization
The solubilization of SWNTs associated noncovalently with

biomacromolecules in both aqueous and organic solutions

has been investigated recently at some considerable

length.15,16,18,22,33-42 The biomacromolecules employed in

the noncovalent functionalization of SWNTs include sim-

ple saccharides and polysaccharides,15,18,22,33-42 pro-

teins,15 enzymes, DNA, etc. In this section, we will focus our

discussion exclusively on the saccharide- and polysaccha-

ride-functionalized SWNTs.

Our earliest experiments demonstrated22 that, although

SWNTs are not soluble in an aqueous solution of starch, they

are soluble in an aqueous solution of the starch-iodine com-

plex. These observations suggest that iodine pre-organizes the

backbone of the amylose in starch into a helical geometry and

makes its hydrophobic cavity accessible to a single SWNT or

bundles thereof. The formation of such starch-wrapped SWNT

complexes is driven by simultaneous enthalpic and entropic

gains that result from creating favorable van der Waals inter-

actions and from expelling the many small iodine molecules

located inside the helix out into the solvent by a “pea-shoot-

ing” type of mechanism. This result leads to a simple proto-

col for the purification of SWNTs, under ambient conditions,

using the readily available starch-iodine complex. The revers-

ible solubilization of starch-wrapped SWNTs in water has been

further investigated by the action of enzymatic hydrolysis,

using the commercially available amyloglucosidase from

Rhizopus mold. Addition of this enzyme to an aqueous solu-

tion of starch-wrapped SWNTs results in the precipitation of all

of the SWNTs within 10 min, as indicated by light-scattering

measurements and also by changes that are clearly visible to

the naked eye. This reversible water solubilization of SWNTs

in aqueous solution using starch could provide a cheap and

easy way to produce integrated biological nanotube devices.

Since our report22 on the preparation of the amylose-

wrapped SWNT hybrids, a whole host of different saccha-

rides and polysaccharides (Figure 9), such as n-decyl-�-D-

maltoside,33 n-octyl-�-D-glucoside,33 γ-cyclodextrin,34

η-cyclodextrin,35 carboxymethyl amylase,16 curdlan,36-38

ammonium-modified curdlan,38,39 sulfonate-modified cur-

dlan,38 chitosan,40 O-carboxymethylchitosan,40 poly-

(ethylene glycol)-modified O-carboxymethylchitosan,40 pul-

lulan,16 schizophyllan,36,37 lactose-appended schizophyl-

lan,41 phospholipid-dextran,42 and a hydrophobic dextran

derivative,18 have been used to effect the noncovalent func-

tionalization of SWNTs. The research has been aided and

abetted by the fact that (i) such saccharides and polysac-

charides have almost no light absorption in UV-vis wave-

length region, so that the SWNT hybrids can be

characterized by photochemical experiments, and (ii) the

saccharide- and polysaccharide-coated SWNT hybrids are

usually biocompatible and may be applicable for

many medicinal purposes. For example, Shinkai and

co-workers36,37 have reported that schizophyllan and cur-

dlan are capable of wrapping not only SWNTs cut to 1-2

mm length but also as-grown SWNTs, reflecting the strong

helix-forming nature of the �-1,3-glucan main chains.

Polymer-Based Noncovalent
Functionalization
Polymers,21,23-25,43-49 especially conjugated poly-

mers,21,23-25,43-45,47,49 have been shown to serve as excel-

lent wrapping materials for the noncovalent functionalization

of SWNTs as a result of π-π stacking and van der Waals inter-

actions between the conjugated polymers and the surfaces of

SWNTs. Because there has been a great deal of research

work reported recently focusing on the preparation of nonco-

valently polymer-functionalized SWNTs using similar

approaches,43-49 we will summarize our original investi-

gations21,23-25 relating to the preparations of conjugated

polymer-wrapped SWNTs in this section. We have prepared

some organic-soluble conjugated polymers/dendrimers (Fig-

ure 10), e.g., poly(m-phenylenevinylene)-co-(2,5-dioctoxy-p-

phenylene)vinylene (PmPV),21 poly(2,6-pyridinlenevinylene)-

co-(2,5-dioctoxy-p-phenylene)vinylene (PPyPV),23 poly-

(5-alkoxy-m-phenylenevinylene)-co-(2,5-dioctoxy-p-phenylene)-

vinylene (PAmPV),25 and stilbene-like dendrimers,24 to inves-

tigate their noncovalent functionalization for SWNTs.

Unlike polysaccharides, PmPV behaves as a photonic

material with distinctive photophysical properties. Curran and

co-workers50 have reported the preparation of a PmPV/MWNT

composite and found that the introduction of MWNTs can

increase the electrical conductivity of the PmPV polymer by up

to 8 orders of magnitude. The SWNTs have high aspect ratios,

making them ideal candidates for bridging across electrodes

for charge-transport measurements. We have prepared21,23

PmPV/SWNT hybrids and obtained some useful results from

two key experiments, which indicate that the PmPV polymer

is in intimate electrical contact with SWNTs and that the poly-

mer wraps itself around bundles of the SWNTs, rather than

around individual tubes, which then aggregate to form ropes.

The two experiments relate to (i) the photoconductivity
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response of a single polymer-wrapped SWNT bundle and (ii)

some two-photon fluorescence measurements of single PmPV/

SWNT bundles, which correlate with structural measurements

obtained by atomic force microscopy. Control experiments on

unwrapped SWNT devices exhibit no optically modulated

response, and only PmPV-wrapped SWNTs show on/off dif-

ferences for negatively and positively biased junctions. The

magnitude of the change in current is similar and corresponds

to ca. 15-20% of the total current. Thus, the current pass-

ing through the PmPV/SWNT device is photo-amplified for a

positive applied bias but is photorectified for a negative one.

This feature is an intrinsic property of PmPV-wrapped SWNTs

and is not reversed by changing the connections to the two

electrodes. The wavelength dependence of the optically gated

conductivity in PmPV-wrapped SWNT ropes was recorded

from 375 to 805 nm in 5-10 nm measurements. The abso-

lute value of the wavelength dependence of the illumination

on the current response, along with the polymer absorption

spectrum, suggests a correlation between the polymer absorp-

tion spectrum and the wavelength of the photomodulated

conductivity of these devices.

On the basis of the available experiment results, we have

modified25 the PmPV polymer and prepared and character-

ized a variety of PmPV derivatives functionalized in syntheti-

cally accessible C-5 position of the meta-disubstituted

phenylene ring, affording PAmPV derivatives. The PAmPV

derivatives have also been found to solubilize SWNT bundles

in organic solvents by wrapping themselves around the bun-

dles. Interestingly, the PAmPV derivatives, which bear tethers

or rings, can form pseudo rotaxanes with rings and threads,

respectively. Wrapping of these functionalized PAmPV poly-

mers around SWNTs results in the grafting of pseudo rotax-

anes along the walls of the SWNTs in a periodic fashion

(Figure 11). Thus, the noncovalent functionalization of the

SWNT bundles with these conducting polymers that have the

capacity to form pseudo rotaxanes represents the operation of

supramolecular phenomena at three different levels of super-

structure, viz., (i) the aggregation of SWNTs into bundles, (ii)

the wrapping of SWNT bundles by the polymers, and (iii) the

formation, through the side arms attached to the polymers, of

threaded complexes. The results hold out the prospect of

being able to construct arrays of molecular switches and

actuators.

We have also investigated24 the interactions between stil-

bene-like dendrimers and the SWNTs. The stilbene-like den-

drimers, which may be regarded as hyperbranched analogues

of PmPV, possess two-dimensional shapes and contain well-

defined pockets. A molecular-modeling investigation has sug-

gested that only single (10,10)-SWNTs can fit inside these

pockets. We have found that these hyperbranched polymers

are more efficient at breaking up SWNT bundles. Introducing

FIGURE 10. Structural formulas of PmPV, PPyPV, PAmPV, and
stilbene-like dendrimer employed in the preparation of the
SWNT hybrids.

FIGURE 11. Schematic representation of the formation of the pseudo rotaxanes, wherein the side arms of the 1,5-dioxynaphthalene-
containing PAmPV-decorated SWNT hybrids associate with cyclobis(paraquat-p-phenylene) (CBPQT4+) rings.
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a certain degree of branching into the PmPV polymer makes

it more rigid and less efficient when it comes to wrapping the

SWNT bundles, and thus, more polymeric material is required

to achieve a sufficient coverage for SWNT dispersion and solu-

bilization. However, the pockets provided by the hyper-

branched polymer offer a better fit for SWNTs. The outcome

is that more single strands of the SWNTs were observed on a

mica wafer by atomic force microscopy than in the case when

the PmPV polymer was used.21

Conclusions
Functionalized CNTs have been playing an increasingly cen-

tral role in the research, development, and application of

nanotube-based nanomaterials and systems. In this Account,

we have described briefly recent progress in the preparation,

characterization, and application of these new hybrid materi-

als based on noncovalently functionalized SWNTs by reflect-

ing selectively upon three subtopics: aromatic small-molecule-

based noncovalent functionalization, biomacromolecule-based

noncovalent functionalization, and polymer-based noncova-

lent functionalization. The solubility of SWNTs modified by the

noncovalent functionalization offers excellent opportunities,

not only in the characterization and understanding of the

SWNTs in solution but also in their use in various nanomate-

rials and devices. Thus, several examples for the application

of noncovalently functionalized SWNT hybrids to the fabrica-

tion of FET devices, chemical sensors, MSTJs, and photovol-

taic devices are highlighted. The methodologies for

noncovalent functionalization of SWNTs, carried out by our-

selves and others, promise a new generation of SWNT hybrid-

based integrated multifunctional sensors and devices. The

investigation of these and other integrated devices is essen-

tial for the development of CNT chemistry which interfaces

with physics, materials, biology, and medical science. For fur-

ther development of this demanding area of research, com-

parative investigations on single or individual SWNTs before

and after noncovalent functionalization are necessary. In this

manner, the dependence of reactivity upon electronic struc-

tures of SWNTs and the effect of noncovalent functionaliza-

tion on the electrical and mechanical properties of SWNTs can

be determined and monitored in solution and in devices.
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