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This paper presents a comprehensive review of the literature on one-dimensional (1D) nanostructures
(nanowires, nanoribbons, nanotubes, nanobelts, and nanofibers) of m-conjugated small molecules,
oligomers, and polymers. The diverse methods used in assembling the molecular building blocks into 1D
functional nanostructures and nanodevices are discussed, including hard and soft template-assisted
synthesis, electrospinning, nanolithography, self-assembly in solution and at interfaces, physical vapor
transport, and other strategies. Optical, charge transport, electronic, and photoconductive properties of
nanowires and nanotubes of selected classes of s-conjugated molecular systems are discussed next,
highlighting unique features of the 1D nanostructures compared to 2D thin films. Overview of
applications of these 1D organic nanostructures ranging from nanoscale light-emitting diodes, field-
emission devices, organic photovoltaics, sensors/biosensors, spin-electronics, and nanophotonics to
nanoelectronics is then given. The final section provides our brief concluding comments on the status of
the field and on areas of outstanding challenges and opportunities for future work. We believe that the
emerging confluence of nanoscience and organic semiconductors will greatly enrich both fields while

leading to enhanced performance in organic electronics and affordable nanotechnologies.

1. Introduction

The spectacular rise of nanoscience in the last two
decades has been stimulated by advances in the synthesis
and interdisciplinary investigation of the properties of low-
dimensional nanostructures and nanomaterials in which at
least one of the dimensions falls in the 1—100 nm.'~'* The
expected size effects on electronic, optical, magnetic, and
mechanical properties due to quantum confinement of
electrons or Wannier excitons in two-dimensional (2D),
one-dimensional (1D), and zero-dimensional (0D) nano-
structures coupled with their possible technological appli-
cations have fueled the exponential growth of the field.''*
The synthesis of 0D and 1D nanostructures of inorganic
semiconductors and metals has advanced to the point
where there is excellent control over the size, composition,
crystal structure, surface chemistry, and solid-state proper-
ties of the nanomaterials.' ' A rich array of nanoscale
devices with enhanced performance compared to conven-
tional microelectronics and optoelectronics has been
demonstrated.' ' A substantial majority of the focus of
nanoscience has been on inorganic semiconductors and
metals as well as carbon nanotubes.' '%°~!” In part
because the supposed revolutionary new nanotechnologies
promised by nanoscience have not materialized after two
decades, there is an ongoing discussion of possible new
directions for the field.'* !4
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A similar rise in the interdisciplinary study of s-con-
jugated organic semiconductors in the past two decades,
essentially in parallel with nanoscience, has led to major
advances in the fundamental understanding of their
diverse electronic, optoelectronic, and photonic properties
while enabling their applications in information, energy
and other technologies.’”** For example, the efficient
exciton luminescence of organic semiconductor thin films
has enabled the development of organic light-emitting
diodes (OLEDs) for large-area full-color displays and
solid-state lighting.”*"*° High-mobility charge transport
in organic semiconductor thin films is enabling the devel-
opment of thin-film transistors for printable and flexible
electronics.”' ~** The combination of efficient solar light
absorption and good charge transport in organic semicon-
ductor thin films is facilitating the development of large-
area, low-cost, photovoltaic devices.** The consider-
able progress in the science and applications of organic
semiconductors during this period has been made possible
by the spectacular advances in the molecular design and
synthesis of this class of electronic and optoelectronic
materials, including sr-conjugated small molecules, oligo-
mers and polymers*’ >? as exemplified by typical molec-
ular structures in Figure 1. There is now very good synthetic
control and tunability of the electronic band structure (e.g.,
highest occupied/lowest unoccupied molecular orbital,
HOMO/LUMO, energy levels, band gap), optical, electro-
chemical redox, and other properties of organic semicon-
ductors at the molecular level.** >’
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Figure 1. Molecular structures of representative organic semiconductors
including sr-conjugated small molecules, oligomers, and polymers.

What synergies or new opportunities can the conflu-
ence of nanoscience and organic semiconductors pro-
mise? This question can be addressed in two ways. First,
we exemplify some of the potential benefits of broadening
the focus of 1D nanostructures and nanomaterials to
include z-conjugated molecular building blocks. The
huge diversity of s-conjugated organic semiconductors
(small molecules, oligomers, and polymers) and the facile
tunability of their electronic, optical, optoelectronic, and
mechanical properties could dramatically enlarge the
scope of 1D nanomaterials and their possible techno-
logical applications. The “soft nature” of organic semi-
conductor nanostructures could facilitate their ready
hybridization with inorganic or metallic nanostructures,
biomaterials, or other organic materials to create more
complex advanced functional nanocomposite systems.
Although supramolecular self-assembly was recognized early
as a powerful “bottom-up” method in nanochemistry,® >
it remains to be fully exploited in producing solid-state 1D
nanostructures for applications in electronics and optoelec-
tronics. Solution-based large scale synthesis of 7-conjugated
molecular building blocks and their self-assembly into func-
tional 1D nanostructures, nanodevices, and nanosystems
represent a viable approach to high-volume, low-cost, and
affordable nanotechnologies. Second, regarding the possible
benefits of nanoscience to organic semiconductors, we note
that many of the limitations in the performance of current
organic electronics, including thin-film transistors and photo-
voltaic devices, are largely due to the inability to control the
morphology and properties of 2D thin films at the nano-
scale.®® Because one of the towering achievements of nano-
science to date is the high degree of control of the size,
composition, morphology, and properties of 2D, 1D,
and 0D inorganic solid-state materials, one can imagine
the impact of a similar level of control in organic solid-
state materials.

In this review paper, we focus the discussion on 1D
nanostructures assembled from s-conjugated molecular
building blocks, including small molecules, oligomers,
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Figure 2. One-dimensional (1D) nanostructures: nanorod, nanowire,
nanoribbon, and nanotube.

and polymers. Thus, although single-walled and multiwalled
carbon nanotubes'>~** are strictly also z7-conjugated molec-
ular systems and have occupied a central place in the field of
nanoscience and nanotechnology, they are not covered here.
There are many reviews on carbon nanotubes.’> ' Single-
molecule nanostructures such as dendron-functionalized
s-conjugated polymers,®® cylindrical zr-stacked bottlebrush
conjugated polymers,®® and related “molecular wires”®”*® are
similarly excluded. We note that 0D nanostructures or
nanoparticles of conjugated polymers and m-conjugated
small-molecule dyes, which are also of growing interest, have
been discussed in other recent reviews™ ™ and thus are not
discussed.

This review is organized as follows. We first present in
section 2 the main approaches to creating 1D organic
semiconductor nanostructures from diverse w-conjugated
molecular building blocks, including small molecules,
oligomers, and polymers. We discuss the common syn-
thetic strategies for producing functional 1D nanostruc-
tures, including the use of hard and soft templates,
electrospinning, nanolithographic fabrication methods,
supramolecular self-assembly in solution and at inter-
faces, and physical vapor transport. The morphology of
the 1D nanostructures, including type (nanowires, nano-
rods, nanoribbons/nanobelts, or nanotubes) and dimen-
sions (width/diameter d, thickness ¢, and length L),
illustrated in Figure 2, and crystallinity (as characterized
by X-ray diffraction, transmission electron microscopy
(TEM) and/or electron diffraction) are included in the
discussion.

We next summarize the optical, charge transport, and
optoelectronic properties of 1D organic semiconductor
nanostructures in sections 3.1—3.3. The 2D confinement
of Frenkel or charge transfer excitons in these 1D nano-
structures of ;r-conjugated molecular systems can lead to
a range of novel and tunable optical, nonlinear optical,
and optoelectronic properties. The characteristic length
scales relevant to various supramolecular and mesocopic
phenomena in organic semiconductor nanostructures are
illustrated in Figure 3. By virtue of the high crystallinity,
and often single-crystallinity, of 1D nanostructures of
m-conjugated small molecules, oligomers, and polymers,
they have enhanced charge transport properties com-
pared to polycrystalline or amorphous 2D thin films.
Most of the studies on the charge-transport properties
of organic semiconductor nanowires were focused on
field-effect charge carrier mobilities in either a single
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Figure 3. Some characteristic length scales relevant to various supramo-
lecular and mesoscopic phenomena in organic semiconductor nanostruc-
tures. Partially adapted with permission from ref 9. Copyright 2004
Annual Reviews.

nanowire or an ensemble of nanowires. We also discuss
studies of electrical properties of conducting polymer
nanowires and nanotubes, including size-dependent
charge transport in this class of organic nanostructures.
The photoconductive properties of a single nanowire or
bundles of nanowires as well as similar studies on
nanotubes of selected m-conjugated molecular systems
are presented in section 3.3.

The many different applications of 1D nanostructures
of m-conjugated molecular systems are discussed in sec-
tions 3.4—3.9. These include organic light-emitting diodes
(OLED:s), field emission devices, nanoscale field-effect
transistors and nanoelectronics, organic photovoltaics,
sensors and biosensors, lasers and nanophotonics, and
others. We highlight the unique features and advantages
of 1D organic semiconductor nanostructures in these
applications compared to 2D thin films and bulk solids.
In the case of OLEDs, the main goal of exploiting 1D
nanostructures is to develop efficient nanoscale subwa-
velength light sources, that could be used in areas such
as near-field optical microscopy, nanolithography, and
data storage. Nanoscale field-effect transistors based
on single-crystalline organic semiconductor nanowires
represent one of the key building blocks toward high
performance nanoelectronic circuits and systems as
demonstrated in recent work discussed. Crystalline nano-
wires and nanotubes of p-type and n-type organic semi-
conductors offer many potential advantages in develop-
ing more efficient organic photovoltaic (OPV) devices,
including the larger exciton diffusion length, the ultra-
large p-type/n-type interface for exciton dissociation, and
the unique nanoscale morphology. The well-defined mor-
phology of polymer semiconductor nanowire-based bulk
heterojunction solar cells also provide unique opportu-
nities for systematic basic studies of the photoconversion
processes in the bulk and at the nanoscale. We also
highlight the great potential of 1D nanostructures of
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m-conjugated molecules and polymers for developing
ultrasensitive and fast-responding chemical-/biosensors
by virtue of their large surface area-to-volume ratios,
huge dynamic range for tunability of their optical, elec-
tronic, and optoelectronic properties, and the potential
low cost for developing and deploying such sensors. The
narrow width, large aspect ratio (L/d), high crystallinity,
and smooth surfaces of organic semiconductor nanowires
make them useful for developing low-loss subwavelength
waveguides and nanoscale light sources in nanophotonic
devices and circuits.

Finally, in section 4, we offer brief concluding personal
comments on the advances discussed in this review as well
as areas of outstanding challenges and opportunities for
research in the field of 1D organic nanoscience and
nanotechnology.

2. Assembly and Morphology

2.1. Templated Methods. The basic concept of using an
existing material (or template) as a scaffold for the growth of
a complementary one ultimately originates in biology, with
spectacular examples in Mother Nature such as the synthe-
sis of proteins with information encoded in DNA. Such a
template-directed strategy provides a natural way to pro-
duce 1D nanostructures with controlled dimensions and
morphology.”' ~# This method has been extensively studied
as a route to nanowires and nanotubes of semiconducting
and conducting organic materials. Notable among the early
efforts in the template-directed synthesis of organic semi-
conductor nanowires were studies by the Martin’!7>80-83791
and Bein®'**~** groups. Templates commonly employed in
the synthesis of nanomaterials are broadly of two classes:
hard templates and soft templates. Particle track-etched
membranes (PTMs),” 62091957105 4y 5 djc aluminum oxide
(AAO) membranes,’!~737780951057134 156 p0r0us  silica
and other mesoporous rigid solids®!#%927%4135 exemplify
hard templates. Assemblies of block copolymers, '3~ 14¢
surfactants and aggregates,'*’ 1% liquid crystals,'>3~ 16
biomolecules,'® ' and polymer nanofibers'®~'%¢ are
common examples of soft templates that have been used
in the templated synthesis of 1D nanostructures of semi-
conducting and conducting oligomers/polymers. We briefly
discuss a few each of the hard and soft templates as applied
in the preparation of 1D organic nanomaterials, highlight-
ing their potentials and limitations.

2.1.1. Hard Templates. The use of hard templates
represents a versatile approach in the synthesis of various
1D nanomaterials, including nanorods, nanowires and
nanotubes. Although other hard templates, such as meso-
porous silica or zinc oxide, have been used to fabricate
various 1D organic nanomaterials, e.g., polyaniline
(PANI),®"** polypyrrole (PPy),'** poly(3,4-ethylenedi-
oxythiophene) (PEDOT),"®” and poly(p-phenyleneviny-
lene) (PPV) derivatives,®* we will focus on particle track-
etched membranes (PTMs) and anodic aluminum oxide
(AAO) membranes which are the most commonly dis-
cussed (Figure 4). In general, good control of diameter
and length is possible with hard templates since the
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Figure 4. (A—D) Electron microscope images of hard templates: (A)
SEM image of particle track-etched membranes (PTMs) with pore
diameter of 1 um; (B) TEM image of graphite replica of PTM with pore
diameter of 30 nm; (C) SEM image of anodic aluminum oxide (AAO)
membranes with pore diameter of 70 nm; and (D) TEM image of
sectioned AAO membrane with pore diameter of 10 nm. Scale bars:
(A) 1 um, (B) 200 nm, (C) 20 nm, and (D) 50 nm. Reprinted with permis-
sion from ref 71. Copyright 1994 American Association for the Advance-
ment of Science. (E) Arrays of PFO (6a) nanowires after removal of the
AAO template. Reprinted with permission from ref 126 Copyright 2007
Nature Publishing Group. (F) Schematic of the synthesis of nanowires
and nanotubes with assistance of track-etched polycarbonate (PC) hard
templates. Scale bars: 1 um. Reprinted with permission from ref 96.
Copyright 2009 Institute of Physics.

geometry and morphology of the resulting nanomaterials
are endowed by the template itself. In addition, the
control of pore density on the template allows production
of aligned nanowire (nanorod, nanotube) arrays with
desired density and yield. In a typical hard-template
synthesis, the pores are filled with a solution of a mono-
mer or precursor and a subsequent electropolymerization
(or electrodeposition) in the nanochannels of the template
produces polymer nanostructures that mimic the pore
dimension. The template is then removed by acidic or
basic etching to release the free-standing nanostructures.
Several reviews have previously been dedicated to the
hard template-based synthesis of nanostructures from
organic and inorganic materials.”""3"8

2.1.1a. Particle Track-Etched Membranes (PTMs).
Microporous polymeric membranes, especially polycarbo-
nate membranes, are commonly used as a hard template for
the synthesis of nanowires. These porous membranes, called
particle track-etched membranes (PTMs), are commercially
available in various pore sizes. Figure 4A,B shows electron
microscope images of PTMs.”! Pore diameters of mem-
brane A and membrane B are 1 gm and 30 nm, respectively.
PTMs have been widely used as templates in the synthesis of
nanofibers and nanotubes of polyaniline (PANTI) (1),7%193
polypyrrole (PPy) (2),86-27:98:1027104.188.189 551y phenylene
vinylene) (PPV) (3),”%'°° poly(3-methylthiophene) (P3MT)
(4b),%° poly(3,4-ethylenedioxythiophene) (PEDOT)” !
(5) (see Charts 1 and 2). Figure 4F shows the schematic pro-
cedures of the synthesis of nanofibers and nanotubes by
means of track-etched polycarbonate templates.’® The
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polymerization of a monomer takes place in the membrane
pores and thus, the diameter of 1D nanostructure produced
is dependent on the dimension of the template pores. How-
ever, these PTM templates are usually produced by random
bombardment of ions, and thus the porous structure is not
well-controlled and organized.

2.1.1b. Anodic Aluminum Oxide (AAO) Membranes.
AAO templates with arrays of cylindrical pores of dia-
meters ranging from 5 to 270 nm are produced following a
two-step anodization process.”>!%®197 A thin sheet of
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aluminum is electropolished to remove the oxide and then
is subject to an anodization process in an acidic electrolyte
solution. Any generated oxide is removed in a chromate
solution, and a second anodization is performed to
produce honeycomb structures in the alumina.'®® The
pore size can by controlled by adjusting the composition,
concentration, and temperature of the acidic electrolyte
solution and the applied voltage, whereas the length of the
cylindrical pores can be tailored by the anodization time.
Figure 4C,D shows SEM and TEM images of the AAO
templates with 70 and 10 nm pores.”' Well-aligned, hexa-
gonally patterned cylindrical pores with uniform diameter
can be obtained in high pore density (up to 1 x 10'!/cm?).
AAO membranes of various pore sizes are commercially
available.

Organic materials can infiltrate into the pores of AAO
templates and be solidified from vapor-phase, solution,
or precursor fluid state to produce nanowires or nano-
tubes. After synthesis, the AAO template is removed by
immersing and dissolving the template in NaOH solution.
Nanowires and nanotubes of PANI (1),'!! PPy (2),'%% 1!
PEDOT (5),''"14 P3MT (4b),!'” P3HT (4f),! 15122133
PPV (3a),'%>!'° polyfluorene (PFO) (6a),'** "% poly-
[(9,9-dioctylfluorenyl-2,7-diyl)-co-(bithiophene)] (F8T2)
(6b),"*” poly(arylene ethynylene)s (7a—e),'** cross-link-
able triphenylamines (8),'">!'® and rubrene (9)'** (see
Charts 3 and 4) have been synthesized by chemical/
electrochemical polymerization, infiltration, or vapor-
deposition in AAO templates. Figure 4E shows a repre-
sentative SEM image of PFO (6a) nanowires after removal of
the AAO template.'?® In addition to these single-component
nanowires, AAO-template-directed synthesis of multi-
component nanowires, creating 1D semiconductor hetero-
junctions and diodes, has been demonstrated. For example,
by sequential polymerization of P3MT (4b), P3BT (4d),
and PEDOT (5) in AAO templates, nanoscale barcodes
with optically distinct compartments have been demon-
strated (Figure 5).'* This method is even demonstrated
to be suitable for organic/inorganic hybrid heterojunc-
tion nanowires composed of p- and n-type semiconduc-
tors or semiconductor and metal components. Along this
vein, Au-PPy (2), Au-Cd-PPy (2)-Au, and CdSe-PPy
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(2)-Au hybrid nanowires with diameters of 360—400 nm
have been produced and studied as mesoscopic amphi-
philes and nanoresistor/diodes.'**!°! CdS-PPy (2) hybrid
semiconductor nanowires with diameters of 200—400 nm
have also been produced and shown to exhibit a strong
photoinduced rectification and photovoltaic properties.'**!!
Similarly, organic/inorganic hybrid semiconductor nano-
wires consisting of segments of CdS and polythiophene (4a)
and nanowires with a polythiophene (4a) core and a CdS
shell have been produced by electrodeposition of materials in
AAO templates.'*

2.1.2. Soft Templates. 2.1.2a. Block Copolymers as
Templates. Block copolymers are suitable as templates
for the synthesis of various nanomaterials due to their
intrinsic ability to assemble into ordered structures with
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Figure 5. Light-emitting barcode nanowires based on P3BT (4d) and PEDOT (5) synthesized by AAO template. (A) Color CCD images of P3BT
(4d)-PEDOT (5) barcode nanowires under excitation of 435 nm light. (B) Photoluminescence spectra of P3BT (4d) and PEDOT (5) compartments of a
single barcode nanowire. Inset shows color CCD and laser confocal microscope photoluminescence images of a single nanowire. (C) Color CCD image of a
single barcode nanowire with 22 compartments. (D) Schematic illustration of a single barcode nanowire coated with copper to enhance the intensity of
photoluminescence. Reprinted with permission from ref 129. Copyright 2010 American Chemical Society.

PMMA
(a) A (b) Ps-b-PMMA homopolymer
PS-r-PMMA
o°6[bo°o°o'/o°
é T iy
(d) conducting polymer ()

Figure 6. (A) Illustration of block-copolymer-templated fabrication of ultrahigh density array of conducting polymer nanorods. (B) SEM images of
nanoporous templates and PPy (2) nanorods: (a) top and (b) cross-sectional images of PS-b-PMMA/PMM A mixture film on the ITO glass; and (c) top and
(d) cross-sectional images of PPy (2) nanorods after removal of the template. Reprinted with permission from ref 143 Copyright 2008 American Chemical

Society.

nanoscale phase-separated domains.'**~'%? By tuning the
block composition, nanoscale morphology of the block
copolymer assemblies can be tuned from spherical, cylin-
drical, lamellae, to ordered bicontinuous double diamond
(OBDD)."3¢"13 For the synthesis of 1D nanomaterials,
the block copolymer assemblies should form a cylindrical
morphology (Figure 6). Reactive ion etching, UV irradia-
tion, and mild base treatment can selectively remove
a specific block of the copolymer.'*® By preferential
removal of the cylindrical domains, hollow nanopatterns
or nanochannels result and thus the block copolymer film
can serve as a template. Infiltration with a precursor
solution and upon polymerization or electrodeposition,
polymer nanostructures mimicking the nanochannels
form. Complete removal of the block copolymer template,
by either dissolving,'* thermally decomposing,'** or etch-
ing with plasma,'*® releases the nanostructures.'* 4
Figure 6B shows SEM images of block copolymer tem-
plate (PS-b-PMMA) and generated arrays of vertical
nanorods of PPy (2)."** Block copolymers, such as poly-
styrene-b-poly(2-vinylpyridine) (PS-b-P2VP),'*¢ and poly-
styrene-b-poly(methyl methacrylate) (PS-5-PMMA),'+?
have been successfully demonstrated in the synthesis of
PPy (2)'** and PANI (1)"* nanorod arrays on various
substrates. In principle, very high densities of 1D nano-
structures (~1 x 10" jem?) could be attained by using block
copolymer assemblies as templates.'>!

2.1.2b. Surfactants and Aggregates as Templates. Sur-
factants are amphiphilic molecules that can self-assemble
in solution into various nanostructures such as micelles
(or inverse micelles) of various shapes, when the concen-
tration of the surfactant is above the critical micelle
concentration (CMC)."** These micelles can provide a
microenvironment for polymerization, and the morphol-
ogy and dimension of the resulting polymer nanostruc-
tures will be complementary to those of the surfactant
assembly. For example, chemical polymerization of PPy
(2) (Figure 7)'*” or PEDOT (5)'*® in solutions with
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) yielded
nanowires and nanotubes with diameters of 40—300 nm.
PPy (2) nanowires have also been synthesized by chemical
polymerization with cationic surfactants in combination
with anions of the oxidizing agent ammonium per-
sulfate.'*'>% Choice of surfactant turned out to be impor-
tant to produce desirable morphology. The use of cationic
surfactants with long alkyl chains, such as cetyltrimethy-
lammonium bromide (CTAB) and dodeyltrimethylammo-
nium bromide (DTAB), yielded nanowirelike morphology
of PPy (2), with widths of 25—85 nm and lengths of several
micrometers.'>* Spheres with diameters of 45—70 nm were
observed when nonionic surfactant, poly(ethylene glycol)
mono-p-nonylphenyl ether (Os-10), or short-chain cationic
surfactant octyltrimethylammonium bromide (OTAB) was
used, whereas no characteristic feature was observed from
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Figure 7. (A) Illustration of surfactant-assisted synthesis of PPy (2) nanotubes. (B) (a) SEM and (b) TEM images of PPy (2) nanotubes. Reprinted with

permission from ref 147. Copyright 2003 Royal Society of Chemistry.

anionic surfactant sodium dodecyl sulfate (SDS)."" In
another study, PANI (1) nanowire networks were synthe-
sized using a cationic surfactant, hexadecyltrimethylammo-
nium bromide (HTAB), as an emulsifier and an organic
diacid, oxalic acid, as a dopant during an oxidative poly-
merization of aniline mononer."”! The diameters of PANI
(1) nanowires were controlled from 35—45 to 100 nm, by
adjusting reaction conditions.'”" Besides such amphiphilic
surfactants, an anionic 5,10,15,20-tetrakis(4-sulfonatophe-
nyl)porphyrin (TPPS) has been employed as a template due
to its ability to aggregate into 1D rod-like nanostructure.'>
Electrochemical polymerization of 3,4-ethylenedioxylthio-
phene (EDOT) or pyrrole resulted in PEDOT (5) or PPy (2)
nanostructures with lengths of 300—500 nm and diameters
of 30—80 nm."*

2.1.2c. Liquid Crystals as Templates. The use of liquid
crystals (LCs) as soft templates to produce 1D organic
nanomaterials has been fully demonstrated in the last two
decades.'*7'% The ordering of the nematic LCs, which
have a directional ordering, can direct the self-assembly
of small-molecules and polymers during synthesis of the
nanostructures.'>> '* Nanowires based on polyacety-
lene (PA) (10),'7'% PPy (2),'*° a furan-based copoly-
mer (11),"” polythiophene derivatives (4a,12),'>*'** and
tetrathiafulvalene (TTF) derivatives (13)'*® (see Chart 5)
have been synthesized by using LCs as a template. For
example, PA (10) is known to form a network of nano-
wires with a diameter of 20 nm when chemically poly-
merized without any template.'>*'*> When the polymer-
ization was carried out in an LC solvent, highly aligned
PA (10) nanowires were produced.!>*~!5

A high-mobility semiconducting polymer, poly(3,3"-
didodecylquarterthiophene) (PQT12) (12) (Figure 8A), is
an example of the materials that have been studied in the
form of nanowires synthesized by using an LC tem-
plate.'®® PQT12 (12) was selected because it is miscible
with a nematic LC (E44). Large-scale aligned nanowires
of PQT12 (12) were obtained by utilizing this anisotropic
crystallization of the nematic LC assembly. The align-
ment of the nanowires was confirmed by polarized
absorption and AFM imaging (Figure 8B). An individual
PQTI12 (12) nanowire and bundles of the nanowires
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produced with this method have heights of ~10 and
~100 nm, respectively.'®® The proposed mechanism of
the synthesis follows (Figure 8C):'% (1) the polymer
chains are randomly oriented at very high temperature
(T > 120 °C; isotropic phase); (2) in the nematic phase at
relatively high temperature (102 °C > 7 > 60 °C), the
PQT12 (12) chains are still isolated, but are unidirection-
ally aligned by the nematic ordering of the LC along the
director (i.e., rubbing direction of a polyimide layer); and
(3) upon further cooling (7" < 60 °C), the polymer chains
are crystallized and self-assembled into nanowires con-
sisting of stacked polymers that preserve their alignment.
This mechanism was supported by the fact that PQT12
(12) nanowires were randomly oriented when another
LC, 5CB, which has a lower transition temperature, was
used.'®

2.1.2d. Polymer Nanofibers as Templates. Electrospun
nanofibers of insulating polymers have been shown to act
as soft templates to synthesize nanofibers and nanotubes
of various materials.'®*~'® This templation process is
often termed as “tubes by fiber templates,” also known as
TUFT."™ A typical TUFT-directed synthesis of nano-
tubes includes three processes — fabrication of the core
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Figure 8. (A) Chemical structure of PQT12 (12). (B) AFM topographic
image of PQT12 (12) nanowires assembled via LC template. (C) Illustra-
tion of the nanowire assembly mechanism. Reprinted with permission
from ref 160. Copyright 2009 American Chemical Society.

fibers by electrospinning, coating of the fibers with the
desired material, and removal of the core fiber material.
Several key requirements need to be met in order to use
the process. The morphology and dimension of core fiber
are critical in determining the nanotube morphology and
dimension. To fabricate nanotubes, the core fiber mate-
rial has to be electrospinnable into ultrafine nanofibers.
Poly(L-lactide) (PLA),"8°~'82 poly(lactide-co-glycolide)
(PLGA),'®? polystyrene (PS),'** poly(methyl metha-
crylate) (PMMA),'®* poly(vinyl pyrrolidone) (PVP),'®?
and cellulose acetate'®® have been shown to be effective in
producing nanofibers used as soft templates in the synthe-
sis of organic nanotubes. The removal of the core
materials can be done by selective dissolution or by
thermal decomposition of the fiber templates. To remove
the core fibers by dissolution, the constituent core fiber
and shell materials must have mutually exclusive solubi-
lity in some solvents.'**!5% Figure 9 shows SEM images of
electrospun PVP nanofibers, vapor-polymerized PEDOT
(5) on PVP, and PEDOT (5) nanofibers after removal of
PVP."® To remove the core fibers by thermal decomposi-
tion, the decomposition temperature of the core fiber
material must be lower than the shell material to prevent
any potential destruction of the nanotube.'® Taking
PLA as an example, nanofibers with an average diameter
of 200 nm were produced by electrospinning.'® The PLA
nanofibers decomposed at 235—255 °C, which is much
lower than the decomposition temperature of conjugated
polymers such as PANI (1) (~280 °C).'"® Coating of the
shell material onto the core fiber can be done using solution-
phase polymerization,'®*'®* vapor-phase polymeriza-
tion,'®* or layer-by-layer deposition.'®® Nanotubes of PANI
(1),"** PEDOT (5),'8*"®° and hydrolyzed poly[2-(3-thienyl)
ethanol butoxy carbonyl-methyl urethane] (H-PURET)
(41)'% have thus been produced by this process.

2.1.2¢. Biomolecules as Templates. Biomolecules, such
as DNA,'*172 proteins,' 27719 and lipid vesicles,' "'
and microorganisms, such as fungi,'”*'"” have been
explored as a soft template for the synthesis of various
organic and inorganic nanostructures. Among such
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Figure 9. SEM images of the nanofibers at each fabrication step of
nanofiber-template synthesis: (A) after electrospinning of PVP; (b) after
vapor-phase polymerization of EDOT; and (c) PEDOT (5) nanofibers
after rinsing of the template with methanol. Reprinted with permission
from ref 185. Copyright 2010 American Chemical Society.

templates, DNA is one of the first and often studied
examples of biomolecular templates used to produce
conducting and semiconducting organic nanowires.'®*
DNA is relatively stable, programmable in length, and
easy to chemically functionalize.'®® The synthetic ap-
proach utilizes the noncovalent interactions between
DNA and other molecules (monomers and oligomers),
which results in the formation of hybrid materials.'®’
Figure 10 shows illustration of a PANI (1) nanowires
synthesized by using DNA as a template.'®® Several
conducting and semiconducting polymers, including
PPV (3a),'® PANI (1),'°°"'%° PPy (2),"7%!"" and poly-
thiophene derivatives (POWT (4m) and POMT (4n))' 7
have been made into nanowires with this approach.

Some proteins are destabilized from their native state
and reorganized into amyloid fiber under certain environ-
mental conditions. These amyloid fibers of bovine insulin
have been used to assemble nanofibers of various organic
semiconductors, such as derivatives of oligothiophene
(14), polythiophene (40), and polyfluorene (APFO12)
(61).'>~17 Individual nanofiber had a width less than
10 nm, whereas bundles of the nanofibers had a width on the
order of micrometers.'”*~!"> Nanoribbon-like structures
of a polythiophene derivative (4p) have been produced
via synthetic polypeptides as well.'’® Lipid bilayers are
another example of a biomolecular templated used in the
chemical polymerization of PPy (2), yielding the PPy (2)
nanowires with widths of 10—200 nm.'””'”® Fungi have
been shown to be a good template for micrometer-wide
tubular assembly of a polythiophene derivative.'” In
principle, other microorganisms such as viruses'*® %!
can similarly serve as templates to direct the synthesis
of 1D nanostructures of diverse organic/polymer semi-
conductors.

2.2. Electrospinning. Electrospinning is a simple, inex-
pensive, and scalable method for producing long and
continuous nanofibers of diverse materials under a high
electric field.?>~2%° Use of this method of fiber drawing
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Figure 10. (A) Illustration of a PANI (1) nanowire synthesis on a Si surface with stretched double-stranded DNA as a template. (B) AFM image of PANI
(1) nanowires bridging gold electrodes. Reprinted with permission from ref 166. Copyright 2004 American Chemical Society.
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Figure 11. (A) Illustration of the experimental setup of electrospinning. (B) Fluorescent optical microscope images of electrospun nanofibers based on
polymer semiconductors and their corresponding chemical structures. Reprinted with permission from ref 230. Copyright 2008 Nature Publishing Group.

from solutions and melts has seen a tremendous growth
in the last 15 years,”> 2% including the preparation of
nanofibers, nanowires, and nanotubes of s-conjugated
organic semiconductors and conducting polymers. Elec-
trospinning of nanofibers of various materials is the
subject of several reviews.?’> 2%

The electrospinning equipment consists of a high-
voltage power supply, a metallic capillary, and a grounded
collector as a counter electrode (Figure 11A).272% Elec-
tric potential across the setup can be from a few to tens of
kilovolts in a distance of ~5—50 cm between a capillary
nozzle and a grounded collector, resulting in an electric
field on the order of 1 x 10° V/m. As droplet at the tip of
the capillary is electrically charged, a fluid jet ejects from
the tip of the capillary when the electrostatic force sur-
passes a threshold point and the charged jet of the fluid
accelerates to a velocity of ~10 m/s. The feed rate can be
adjusted with a syringe pump if necessary. The polymeric
fluid stretches out, narrows its diameter, forms a contin-
uous fiber of the polymer if the fluid is viscous enough and
has low surface tension, and travels all the way down to
a grounded collector where discharge occurs. This jet
experiences instability due to the competition of electrostatic
repulsion, viscoelastic forces, and surface tension, having
fiber elongation, bending, looping, and splaying.?*® Under
the right conditions, the diameter of the fiber continues
to narrow from ~100 um at the capillary tip to ~10 nm—
10 um until the fiber is solidified as the solvent evaporates
or the fluid cools down. The length of the electrospun fiber
can range from a few centimeters to kilometers, resulting in
very high aspect ratios (> 1 x 10°).29%2%

The dimensions and morphology of electrospun nano-
fibers are determined by many variables: (1) intrinsic
properties of the materials, such as chemical structure,

molecular weight, and solubility; (2) properties of the
solvent, such as surface tension, viscosity, conductivity,
vapor pressure, and dielectric constant; (3) external pro-
cessing parameters, such as electric potential and field
distribution, concentration of constituent materials
and any additional ions, number and structure of inlet
capillaries, feed rate, shape and motion of the collector,
ambient temperature, relative humidity, flow of air, and
time of fiber collection.?’?~20>2072% Therefore, many
intrinsic and external processing parameters have to be
adjusted to enable electrospinning of each specific system
and to control the size and morphology.?°’°® For
example, diameters of the nanofibers of PANI (1)/
poly(ethylene oxide) blends varies from 5—50 nm*” to
100—500 nm,>'*?!'" and to 12 ,um,212 from small changes
in processing conditions. Once these parameters are opti-
mized, electrospinning can produce uniform nanofibers
with targeted dimension and secondary structures (e.g.,
alignment). Deposition of nanofibers can be guided to
align nanofibers or to isolate a single fiber by design of
collector motion and electric field distribution.?'*~2!
Electrospraying may occur during electrospinning of
fibers, resulting in beadlike morphology. This is a con-
sequence of imbalance in the competing forces of electro-
static repulsion, viscoelastic forces, and surface tension.
Increase in viscosity and reduction of surface tension of
the fluid by selection of an appropriate polymer/solvent
pair reduce or eliminate the formation of beads. High-
molecular-weight flexible-chain polymers such as poly-
(ethylene oxide), polystyrene, and poly(vinyl pyrrolidone)
are well-known to form bead-free nanofibers by electro-
spinning.?%210-2187220 The high degree of entanglement
in such high molecular weight polymers confers visco-
elastic properties to the polymeric fluid, precluding
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electrospraying. These insulating polymers are often
added to solutions of rigid-chain conjugated polymers
and small molecular organic semiconductors to pre-
vent beading and spraying during electrospinning.
Alternatively, organic ions, for example as derived
from tetramethylammonium chloride, can be intro-
duced to climinate the beads by increasing surface
charge density.?%*

Collected mat of electrospun nanofibers has a highly
porous structure with large surface-area-to-volume ratios
because of the small diameters, extreme large aspect
ratios, and high number density of nanofibers. These
structural properties make electrospun nanofibers suita-
ble as reinforcing component for nanocomposites,*’
membranes for filtration,?** support for catalysts,?**
nonwoven scaffolds for tissue engineering,”** templates
for nanostructures, 80718 gas/ion sensors, 86225226 4nd
optoelectronic nanodevices.' 3218219227722 Electrospun
nanofibers of organic semiconductors have great potentials
for applications in highly sensitive chemical sensors' 8622226
and miniaturized optoelectronic devices.”?’~>* The stretch-
ing nature of fiber drawing generally induces polymer chains
to be aligned along the direction of nanofibers, which
may be beneficial for electronic applications®®>204231-232
although an exceptional case of a lyotropic liquid-crystalline
polymer has also been reported.***

Electrospinning of conjugated polymers is not as well
established as that of conventional flexible-chain poly-
mers. The challenge comes mainly from the low molecular
weight, chain rigidity, and limited solubility of conju-
gated polymers in general. Assistance of a flexible-chain
insulating polymer is frequently needed to produce
nanofibers from conjugated polymers by electrospinning.
Besides, electrospinning of small-molecule organic semicon-
ductors is impossible without blending with a polymer,
because of the lack of molecular entanglement in small
molecules. In such cases, blending with a high-molecular-
weight, flexible-chain polymer is unavoidable, which in
turn will affect the intrinsic properties of the nanofibers.
Such multicomponent systems of an organic semiconductor
and a flexible-chain polymer may have particulate
phase separation,?'>2!%:219-234235 core/sheath-type struc-
ture,?0%-215:218.219.2357237 1 porous structures on the
surface?!>233:23% instead of smooth and homogeneous
nanofibers, depending on the system and processing
conditions. Therefore, detailed studies are required to
achieve precise nanofiber morphology and properties
for desired applications.””**®® Electrospinning of nano-
fibers of conjugated polymers with widths of 100 nm or
less, especially 10—40 nm range, is very challenging,
and only a few cases have been reported.?0%-2!8:225:234

Polyaniline (PANI) (1) was one of the first semicon-
ducting or conducting polymers investigated in the form
of electrospun nanofibers.?0%2%97212:223:236 Electrospin-
ning was performed from a PANI (1) solution in sulfuric
acid,?*>*!'% a blend of PANI (1) and poly(ethylene oxide)
(PEO) in chloroform,?*~2'%%2% or core/sheath structures
of PANI (1) and poly(vinyl alcohol) (PVA) in water.>*
Polystyrene and polyacrylonitrile have also been used as
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an inert polymer that assists electrospinning of PANI
(1).>'° Diameters of the PANI (1) nanofibers spanned
from ~5—50 nm>® to ~100—500 nm,>'%2!1-225236 gnd to
1—-2 um,*'? depending on the processing conditions.
Camphorsulfonic acid (CSA) was dissolved in the solu-
tions as a dopant to increase the dc conductivity of the
nanofibers up to ~0.1 S/cm.>'%?12

Other examples of electrospun polymer nanofibers that
are electronically active include those based on PPV and
its soluble derivatives (3a-d,f),208215217-220230.234.237-244
PFO derivatives (6a,c-k),2!5:216:219:230.235.238,244-246
P3HT and other polythiophene derivatives (4f,k,
),218:219.228.220.232.247.248 1 1oarviene  ethynylene)
derivatives (7f—h),>*° polyacetylene and diacetylene
derivatives (PDA) (15a—h,16),%3%-2°°72°2 PPy (2),%"?
polybenzimidazole (PBI) (17),%** or semiconducting
components embedded or attached to insulating poly-
mers (18,19) (see Charts 6 and 7).226:227-237-255 [pgulat-
ing polymers such as poly(ethylene oxide) (PEO),
poly(vinyl pyrrolidone) (PVP), polystyrene (PS), poly-
(vinyl alcohol) (PVA), poly(methyl methacrylate)
(PMMA), and poly(e-caprolactone) (PCL) have been
widely used as carrier polymers for electrospinning.

Electrospun nanofibers of PPV derivatives (3a—d,
£)208:215.217-220.230.234.237-244 , 1 4 PEQ derivatives (6a,
¢-k)215:216219.230.235.238.244-246 1 their properties have
been widely studied. Diameters of the nanofibers varied
from 100 to 2500 nm depending on the electrospinning
conditions (Figure 11B). The polymer semiconductors
were often incorporated with electrospinnable insulat-
ing polymers to achieve their nanofibers and investigate
their morphology and photophysical properties com-
pared to the corresponding thin films. PL spectra of
electrospun nanofibers of the polymer semiconductor/
insulating polymer blends show higher intensity of high-
energy bands than the spectra in the thin films of the
blends.?'®?2%23% This implies that the conjugated poly-
mers are less aggregated in the nanofibers as a result of
dilution effect of the insulating polymer. As the amount
of the insulating component in the nanofiber increased,

15f: R= C12H25; R,= N\/\/\)kN"O‘
159 : Ry= Cy,Hyps 5 Ry= N\A/\)‘*NNO
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Chart 7. Chemical structures of 19—21

the PL emission peak is blue-shifted, supporting the fact
that interchain interaction and charge delocalization
is weaker in the nanofibers.??>**> The PL quantum
efficiency was also higher in the nanofibers than in thin
films.>*

Nanofibers of binary blends of conjugated polymer
semiconductors have also been produced by electrospin-
ning. Forster-type energy transfer between the constituent
conjugated polymers resulted in the change of emission
colors depending on the blend composition.?!>218:219.238.244
Nanofibers of MEHPPV (3b)/P3HT (4f) blends were
found to be phase-separated with smaller domain sizes
than in the spin-coated thin films, resulting in significant
energy transfer.?'®'” In contrast, electrospun nanofibers
of MEHPPV (3b)/PFO (6a) blends were free of such
energy transfer as in the thin films, likely because of the
larger scale of the phase separation in the nanofibers.>'’
The effect of phase separation on energy transfer is also
confirmed by an independent study. The electrospun
nanofibers of PFO (6a)/DB-PPV (3¢)/PMMA blends
from chloroform as a solvent have small-scale phase
separation and significant energy transfer, whereas the
nanofibers from chlorobenzene as a solvent have larger
phase separation and limited energy transfer.>'> By con-
trolling the solvent and the composition of PFO (6a)/
DB-PPV (3c¢), the emission color was tuned from blue to
green.'” Tuning of the PL emission color from blue to
white to red by changing the composition of the consti-
tuent conjugated polymers in blends and controlling the
degree of the energy transfer was also demonstrated by
others.?3%24424¢ Electrospun nanofibers of blends of a
conjugated polymer (BEHPPV) (3d) with a strong elec-
tron acceptor, phenyl-Cg;-butyric acid methyl ester (PCBM)
(20b), resulted in complete quenching of PL emission
because of the ultrafast charge transfer from the polymer
to the PCBM (20b).>**

Highly polarized PL emission has been observed in
nanofibers of PPV and PFO derivatives (3b,¢,6a,d), prov-
ing that the conjugated polymer chains are highly aligned
within the fibers.?'>~?!7 Nanofibers of PFO derivatives
(6¢,e,f) and PPV derivatives (3b,f) with diameters ranging
from 75 nm to 5 um were also obtained without any
assistance of inert polymers.>**?* These electrospun
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nanofibers were a subject of further nanopatterning in
combination with room-temperature nanoimprinting
lithography to make photonic nanostructures on a single
nanofiber (see section 2.3.3).230:243

Nanofibers of organic/inorganic semiconductor hybrid
materials have been prepared by electrospinning. Simul-
taneous electrospinning of MEHPPV (3b) and mesopor-
ous molecular sieve (SBA-15) nanofibers from two
syringes in parallel have been shown to tune the photo-
luminescence (PL) spectra.’*® Blends of polyfluorene
derivative PEFTPA (6k) and organic-dye-modified zeolite
L have been electrospun to tune the emission wavelength
by using Forster-type energy transfer.”*® Sequential elec-
trospinning of an inorganic oxide semiconductor SnO,
nanofiber and a P3HT (4f) nanofiber was applied to form
a rectifying p-n hybrid junction.??® PPV (3a)/TiO, or PPV
(3a)/Zn0O nanocomposite fibers have also been produced
from blends of a PPV (3a) precursor and a sol—gel
solution or the dispersion of the oxide semiconductor
nanoparticles, and their photophysical properties were
investigated.?*2%?

Electrospun nanofibers of organic semiconductors
have been explored in functional electronic devices, such
as field-effect transistors (FETs),?!*22%22%:24% rectifying
diodes,**® electroluminescent (EL) devices*’ and electro-
chromic devices.?>> FETs of P3HT (4f) nanofibers, with a
flexible-chain insulating polymer?'*??%2%¥ and P3HT (4f)
alone,”?***® were studied. Hybrid diodes based on a
p-type nanofiber of P3HT (4f) and an n-type nanofiber
of oxide semiconductor SnO, were also demonstrated.?*®
In EL nanofibers, ruthenium complex ions, [Ru(bpy);]**-
(PFg ), (21), were embedded in PEO fibers of diameter
~150 nm to 5 um.**’ The nanofiber EL device with
maximum emission wavelength of 600 nm clearly suggests
that the nanofiber can be used as a point light source. For
electrochromic devices, a nonconjugated polynorborny-
lenes with oligothiophene pendants (PNP3T-PN) (19a)
was electrospun to prepare nanofibers with diameters
as small as 119 nm.?> The oligothiophene pendants were
then chemically or electrochemically cross-linked, as
indicated from the visual change of color from colorless
to deep blue. The resulting nanofibers switched the
color from blue to orange depending on the oxidation
state.*>

2.3. Nanolithography. Nanolithography is a printing
process for generating numerous copies of a master
pattern with features in the nanometer scale. Various
methods have been developed for implementing nano-
scale lithography.?*® 2* Examples of nanolithographic
techniques that have been applied to synthesize organic
semiconductor nanowires include electron-beam litho-
graphy (EBL), scanning probe lithography (SPL), soft
lithography, and others. Unlike other strategies for the
synthesis of nanowires, nanolithographic approaches
can generate 1D and 2D patterns on an organic semi-
conductor thin film with precisely controlled direction,
size, aspect ratios, and periodicity. The patterns may or
may not become separate nanowires at the end of the
process. In general, organic nanostructures fabricated by
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Chart 8. Chemical Structures of 22—27
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nanolithography tend to be amorphous except in a few
cases where self-assembly of crystalline molecules is care-
fully introduced into the process.?®' ~2** Minimum widths
of the patterns generated vary as the size of the master or
resolution of the translational scanner equipment, typi-
cally ranging from ~10 nm to ~1 um. Lengths of patterns
constructed by nanolithography vary depending on the
size of the master or the scanning capability of the equip-
ment, ranging from the order of ~100 nm to ~10 cm.
EBL,%%>7273 SPL,?"*% nanoimprinting and soft litho-
graphy,230:245:2627264284-299 1 4" (s thers300302 have a)
been used to synthesize various organic semiconductor
nanowires.

2.3.1. Electron Beam Lithography. Electron beam
lithography (EBL) is a maskless method of patterning
nanostructures that conventional photolithography is
unable to reach because of the diffraction limit of light.**®
EBL scans electron beam to generate a designed pattern
onto a thin film. A thin polymer film, such as poly(methyl
methacrylate) (PMMA), is typically used as a resist layer
that can be developed afterward, although direct writing
of electron beam on patternable materials is also possible.
After deposition of additional layer and lift-off, the
designed pattern remains on the substrate. EBL can
generate high-resolution patterns with a feature size less
than 100 nm. However, scanning of electron beam is a
serial process and substrate size is limited to the scan
range, limiting EBL to a low-throughput process.

Nanopatterning of organic semiconductors by EBL
has developed in two directions: positive method (with
resist) and negative method (without resist). Positive
method involves deposition of a resist such as PMMA,
followed by additional deposition or etching. Nanowires
of conducting polymers with widths of ~80—150 nm have
been produced.?*>~?%° Chemical polymerization of PPy
(2) and PANI (1) has been used to synthesize polymer
nanowires defined by EBL.>®> After PMMA resist is
exposed and developed, the substrate was immersed in a
solution of the monomer and initiator. To promote
adhesion of nanowires on a silicon substrate, silane-
functionalized comonomers of pyrrole and aniline were
used in the polymerization to synthesize PPy-silane (22a)
and PANI-Py-silane (22b) (see Chart 8). Lift-off of PMMA
results in the nanowires of the conducting polymers.?*® In
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other studies, electrochemical polymerization for synthe-
sis of PPy (2),2°72% PANI (1),%°°7%® polythiophene
(42),>” and PEDOT (5)**” nanowires has been performed
on patterns defined by EBL. Developed PMMA layer
acted as mask for reactive ion etching to define a channel
for polymerization. The resulting conducting polymer
nanowires were used as electrolyte-gated FETs and pH
sensors, 2072 a5 well as chemical sensors for volatile
organic compounds.*®’

Direct writing of electron beam patterns onto polymer
semiconductors without PMMA resist has been utilized
to synthesize various nanowires. In this case, the polymer
semiconductor irradiated by electron beam undergoes
cross-linking, resulting in insoluble polymer 1D nanos-
tructures. Additional agents for cross-linking were intro-
duced in some cases to increase the sensitivity.?”
Unreacted polymers were washed out by solvent. Nano-
wires of P30T (4h),”’' MEHPPV (3b),’”> and PFO
derivatives (PFC) (6j),°”° with line widths as narrow as
d ~ 50—70 nm, have been synthesized. The studies
showed that only a small fraction in the polymer semi-
conductor was affected by the irradiation of electron
beam as was confirmed by the measured electrical and
optical properties.?’° "2’ Very smooth films of MEHPPV
(3b) have been patterned as optical grating with periodi-
city of 580—610 nm by EBL.?”® The irradiation of elec-
tron beam reduced the conjugation length of MEHPPV
(3b) and led to cross-linking. Irradiated region shrank
only about 0.5—1 nm, resulting in very small topographi-
cal modulation.?’

2.3.2. Scanning Probe Lithography. Scanning probe
lithography (SPL) is a very powerful technique that can
address positions with a spatial resolution less than
10 nm.>*® As scanning probe microscopy (SPM) has
many variations depending on the mechanisms of inter-
action, SPL-based nanopatterning has thus evolved in
several directions. Scanning near-field optical lithogra-
phy, scanning thermochemical nanopatterning, scanning
electrochemical lithography, and dip-pen nanolithogra-
phy are examples of SPL techniques that have been
utilized to synthesize organic semiconductor nanowires
(Figure 12). Most of SPL techniques involve the conver-
sion of a precursor of an organic semiconductor, except
dip-pen nanolithography which generates nanowires by
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Figure 12. Schematic illustrations of scanning probe lithographic techniques: (A) Scanning thermochemical lithography. Reprinted with permission from
ref 278. Copyright 2009 Nature Publishing Group. (B) Scanning electrochemical lithography and height image of produced polymer nanolines. Reprinted
with permission from ref 277. Copyright 2004 American Chemical Society. (C) Dip-pen nanolithography. Reprinted with permission from ref 279.
Copyright 2002 Wiley-VCH.

an additive process. Nanopatterns fabricated by SPL
have feature sizes as narrow as d ~ 6—45 nm,>’4 278
although larger dimensions were also reported in some
cases.””?"?*! The width is largely affected by the size of
tip, strength of the patterning force, and the scanning
speed.?>727%282 Lengths of the nanowires are mainly
limited by the available scanning range of the stage.
In the case of dip-pen nanolithography, dimensions
of the nanowires are also governed by the amount of
material on the tip and ambient conditions.?’*** SPL
is a serial and low throughput process; the scan rate of
the tip for the lithography is usually less than ~20—
60 ym/s. 2767279281282

Thin film of poly(p-xylene tetrahydrothiophenium
chloride), a soluble precursor of PPV (3a), can be pat-
terned by local heating (Figure 12A).27%?*! Temperature-
controlled metal wires and an SPM tip have been used
for scanning thermochemical lithography. Unconverted
region of the thin film was washed out after patterning,
and then the patterned polymer nanostructures were fully
converted to PPV (3a) by further annealing if neces-
sary.”’® Clear nanowire features were observed from
SPM and fluorescence microscopy images. Here, very
small widths (~28 nm) of PPV (3a) nanowires were
synthesized from a relatively large tip with a diameter of
~5 um.”’® Tip translation speed and tip temperature
largely affected the width of nanowires.

Scanning near-field optical lithography has also been
used for patterning nanoarrays of PPV (3a).?*° Thin film
of precursor of PPV (3a) was exposed to HeCd laser light
of 325 nm wavelength through an aperture with diameter
of 40—80 nm. A substrate was dipped into methanol for
short time to wash out unexposed precursor, and then
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followed by thermal conversion. The procedure resulted
in arrays of nanodots with diameter as small as 130 nm.*°

Scanning electrochemical lithography is another kind
of SPL that exploits the conversion of a precursor to
synthesize organic semiconductor nanowires. Thin films
of spin-coated precursor of PPV (3a)*”° and an insulating
polynorbornylene with oligothiophene pendants (PNP3T)
(19b)*"" were used for the proof of concept. Electrochemi-
cal decomposition of precursor, especially on the vinylene
sites, through a conductive tip was involved in the case of
PPV (3a), resulting in a nonluminescent lines with widths
as small as d ~ 20 nm.>”* In another study, oligothiophene
pendants on an insulating polymer backbone (19b) were
electrochemically cross-linked as local electric potential of
1.4V was applied through a conductive tip (Figure 12B).>”’
Line width as narrow as ~45 nm was obtained from
tapping mode scanning, whereas the line width was
~120 nm from contact mode. This technique showed a
relatively high scanning speed of ~60 um/s compared to
other SPL methods.*’’

Dip-pen nanolithography is an additive-type SPL,
using the tip as a “pen” and a solution of the material
to be patterned as an “ink” of the lithography. Both
conjugated polymer semiconductors and their monomers
can be used as ink. Since the ink is delivered to the
substrate by tip, the amount of ink adsorbed to the tip
defines the width, length, and height of the nanostructure.
Humidity and scan speed are also factors that determine
the resolution of nanopatterns. Nanowires based on
MEHPPV (3b),%*? poly(aniline sulfonic acid) (SPAN)
(23),>”” PPy (2),””” and PEDOT (5)*% have been
reported with widths of 30—300 nm. The scan rate of
dip-pen nanolithography is less than 1 um/s, which is
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much lower than other SPL methods; this is because
the process involves a transfer of material from the tip
to the substrate. In the case of SPAN (23) and PPy (2)
(Figure 12C), adhesion of the polymers on a substrates
were caused by electrostatic interaction, resulting in
features with a height of ¢ ~ 1.5—2 nm.?’® In addition
to the direct synthesis of nanowires from a PEDOT (5)
solution,?®? electrochemistry has also been combined to
dip-pen nanolithography to polymerize EDOT monomer
ink at the substrate.”’® Because a negative bias was
applied between the tip and substrate, oxidative poly-
merization of EDOT occurred resulting in nanowires
with width as small as 30 nm.>’®

Polydiacetylene (PDA) (15i) nanowires with widths of
d ~ 6 nm have been synthesized by chain polymeriza-
tion of a monolayer of 10,12-nonacosadiynoic acid on
a graphite surface.’’* The polymerization was locally
initiated by a pulsed electrical bias on a tip of a scanning
tunneling microscope (STM). The reaction propagated
along the direction defined by self-assembly of the mono-
mers until the nanowire met a defect of the monolayer
where termination occurred. Such a defect was also
created by the tip of a STM with an opposite electrical
bias.

2.3.3. Nanoimprinting and Soft Lithography. Nanoim-
printing and soft lithography are often considered to be the
most promising methods that may replace conventional

photolithography by virtue of the combination of high-
resolution, cost-effectiveness, high-throughput, and a cap-
ability of large area patterning.>>** Design of nanopat-
terns are transferred from a master (mold) to a substrate.
Nanoimprint lithography, microtransfer molding, micro-
molding in capillary, and lithographically controlled wet-
ting have been studied as means of preparing nanowires
and nanopatterns of organic semiconductors (Figure 13).
Feature sizes are mainly governed by the size of the
masters. The reported typical widths (d) of nanowires
and nanopatterns of organic semiconductors are on the
order of d ~ 100 nm—1 um, although feature sizes as
small as ~10 nm have been demonstrated in general soft
lithography.>>%2°

Nanoimprinting lithography (NIL), also called emboss-
ing, is the most widely investigated method among soft
lithographic approaches (Figure 13A). It uses a rigid
mold at high temperature (120—250 °C; ~10—20 °C
above the glass-transition temperature) and pressure
(5—140 bar) to transfer features of the mold onto the
pressed materials. Nanostructures of organic semicon-
ductors, such as Alqs (24),>** MDMOPPV (3e),>*> PFO
(6a),>%* F8BT (6¢),%°* and P3HT (4f)*°*28%287 and other
polythiophene derivatives (PQT12 (12)*** and TDPTD
(252)*%%) have been directly created by NIL. One of the
major applications of such embossed organic nano-
structures is in nanophotonics, given that the periodicity
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is on the order of 100 nm.***?%%> Molecular orientation
of polymer semiconductor chains under confined nano-
structures®®> 2% and the effects of nanopatterns on the
device performance?¢¥2642867288 have been studied.
Liquid crystalline m-conjugated polymers such as
PFO (6a) and FS8BT (6¢) tend to have their backbones
(c-axis) aligned along the grooves of the master mold,
resulting in anisotropy of absorption and emission as
well as charge transport.?®*2* Another liquid crystal-
line polymer, PQTI12 (12), was observed to have the
m-stacking direction (b-axis) along the trenches.”** Arrays
of well-isolated nanowires of PFO (6a) and PQT12 (12)
with widths of 80—800 nm, heights of ~100 nm, and
lengths of ~100 um have been produced from the
precisely controlled thickness of polymer thin films
and the dimensions of patterns in a mold.?** In this
study, the absorption and emission of PFO (6a) nano-
wires showed anisotropy factors of 0.65 in excitation
and 0.70 in emission.’®* Field-effect charge-carrier
mobility in the arrays of PQT12 (12) nanowires was
1.7 times larger than in the homogeneous thin films.***
However, when the PQT12 (12) nanowires were aligned
parallel to the OFET source/drain electrodes no elec-
trical conduction was observed, suggesting that the
nanowires were isolated.”** Nanolithographically pat-
terned PMMA has been used as a resist for the synthesis
of high density PPy (2) and PANI (1) nanowires.”’
The necessity of applying a high temperature for nano-
imprinting may limit the versatility of the method for
nanopatterning of organic semiconductors. Therefore,
a room-temperature nanoimprinting version has been
developed for the fabrication of 1D and 2D nanopatterns
by applying a high pressure (~100—2900 bar) without
heating.”***°° Thin films of fluorescent conjugated poly-
mers such as PFO derivatives (6¢,e,f) and PPV deriva-
tives (3b,f) have been successfully patterned by room-
temperature NIL, forming photonic nanostructures such
as distributed feedback lasers with a periodicity of 200—
600 nm.”*°"?*? In combination with electrospinning,
room-temperature NIL has been used for printing nano-
grating patterns on a single electrospun nanofiber of
various polymer semiconductors (Figure 13B).***** Elec-
trospun nanofibers with diameters of ~100 nm—10 um
were used for the study of effects of photonic nano-
structures on waveguiding in fluorescent polymer
nanofibers.”*** From nanograting features that are
parallel to the axis of the nanofiber, enhancement of
polarization ratios of 2.4 was observed compared to the
nanofiber without nanopatterns.?*> Assistance of solvent,
which swells and softens a polymer film, may offer an
alternative route to embossing and eliminate the necessity
of a high temperature. Well-isolated nanowires of PPy (2)
have been imprinted at room temperature with the pre-
sence of residual solvent in the original film.?**
Nanoimprinting can be modified and combined with
microtransfer molding if required. After pressing a drop
of polymer solution by a PDMS elastomeric stamp and
drying, nanograting patterns on the polymer film can be
made.?**** A dried polymer thin film may be pressed by
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PDMS at elevated temperature instead of a solution.**
From MEHPPV (3b) films with grating periodicities
of 370 and 405 nm, distributed feedback lasers were
fabricated.””® 1D and 2D structures with a periodicity
of 278 nm have been patterned in polythiophene deriva-
tives (POWT (4m) and POMeOPT (4q)).>>* In another
study, nanoimprinting of a rigid mold was used to
transfer nanopatterns onto a polymer semiconductor.”
Although the width of wires of the semiconducting poly-
mer were in the micrometer scale, it is noteworthy that
removal of residual layers between the wires was demon-
strated.?”> A polymer thin film was imprinted by a mold
with nanopatterns, and then transferred to a mold. The
mold filled with the polymer was treated with heat or
solvent to remove the residual polymer on the protrusion
of the mold patterns. In such a way, polymer nanowires
that filled in the mold patterns were isolated from each
other. The polymer nanowires were finally transferred
from the mold to a substrate. This method has been
applied to make nanopatterns of MEHPPV (3b) and
P3HT (4f) with a periodicity of ~10 gm and PMMA with
a periodicity of 700 nm.>*> Solvent-assisted microtransfer
molding has been demonstrated to make nanopatterns of
organic semiconductors.?’® Patterned surface of a mold
was covered with Alqs (24) solution, and then placed
on a substrate. After drying the solvent, the mold was
peeled away, resulting in linear features with a width
of ~400 nm.>®

Micromolding in capillary (MIMIC) has been com-
monly used for fabricating nanowires on a substrate
(Figure 13C). Here, a solution of an organic semiconduc-
tor moves into the capillary formed by an elastomeric
mold and a substrate. Nanowires of doped PANI
(1),%72°" PEDOT (5),>>* and water-soluble polythio-
phene derivative (POWT) (4m)*** have been produced
by this method. Minimum widths of the nanowires were
~200—350 nm. OFETs consisting of P3HT (4f) thin film
as a semiconductor and the doped PANI (1) nanowires as
electrodes have been reported.?®” In another study, nano-
wires of PANI (1) with a height of ~70—85 nm and a
width of ~200—250 nm were produced.?”®

Lithographically controlled wetting (LCW) is an inter-
esting nanofabrication strategy that utilizes the wetting of
a solution in a narrow gap between a substrate and a
stamp to create 1D nanostructures (Figure 13D).%¢"%
Nanowires of amorphous Alq; (24)**° and crystalline
thiophene-fluorene oligomer (F-T3-F) (26)*°' have been
prepared by this method. Dimensions of the nanowires
are controlled by the concentration of the solution and
the size of the gap.>®® Nanowires with widths of 75—
450 nm and heights of 5—60 nm were produced. Exploit-
ing the spontaneous introduction of the semiconductor
solution in MIMIC, OFETs based on such F-T3-F (26)
nanowires have been demonstrated.’

2.3.4. Other Nanolithographic Techniques. Edge litho-
graphy is an unconventional technique that utilize skiv-
ing of multilayer structures (Figure 14).>*® Constituent
materials have orthogonal solubility in solvents, i.e.,
mutually exclusive solubility in the same solvents, so that
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multilayered thin films (~25—200 nm) are formed by
sequential spin-coating on top of each other. After em-
bedding the stacks of thin films into epoxy block, the
block is sectioned to have a thickness of ~75 nm—1 um.
By a selective etching process for one of the constituent
materials, a set of a few hundred nanowires can be
obtained. The removal of sacrificial layers can be done
by wet chemistry or dry etching. Such an edge lithography
has been used to produce nanowires of MEHPPV (3b)
and BBL (27) as shown in Figure 14C.*” The sectioned
stack of MEHPPV (3b)/BBL (27) bilayer thin films,
before selective etching, has been used to make solar cells
with laterally ordered nanostructures, although the per-
formance was very poor (~0.02% PCE).*"!
Holographic nanopatterning is another method for
fabricating periodic nanopatterns.>*> A thin film of PPV
(3a) was deposited from a precursor polymer followed by
thermal conversion. On top of the PPV (3a) thin film a
layer of photoresist was spin-coated. Nanograting pat-
terns or an array of pillars were copied to a photoresist by
interference of laser light. By using reactive ion etching,
stripes and pillars of PPV (3a) were formed on a substrate.
The periodicity of 1D and 2D nanostructures of PPV (3a)
were ~200—250 nm.**? Although the requirement of ortho-
gonal solubility of the constituent materials of a bilayer is
a limitation of both edge lithography and holographic
nanopatterning; however, there are numerous sz-conju-
gated polymer pairs****%* and oligomer/polymer pairs>*’
that already meet this requirement in the context of
solution-processed multilayer OLEDs. Depending on
the intended application, such existing pairs of organic
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semiconductors*®* 3% could be good candidates for the

creation of nanowires and 1D nanopatterns using edge
lithography and holographic nanopatterning.

2.4. Solution-Phase Self-Assembly. Self-assembly in-
volves the spontaneous formation of ordered discrete
aggregates or higher-order structures via the noncovalent
interactions of molecular components.®'**® The various
intermolecular interactions or forces that can contribute to
and direct the self-assembly process include:*® 63306307
m—am stacking; dipole—dipole; hydrophobic; van der
Waals; electrostatic; hydrogen bonding; and ion—dipole.
Well-defined aggregates of all dimensionalities (0D, 1D,
2D, and 3D) can be realized by self-assembly, depend-
ing on the molecular building blocks, the noncovalent
interactions designed into them, and the medium or
environment for the assembly process.’® 63396307 The
basic principles of supramolecular self-assembly are well
established in supramolecular chemistry and are increas-
ingly applied in the design and construction of nanostruc-
tures, 5862306310

Self-assembly is potentially the ultimate and most
powerful strategy for organizing s-conjugated molecular
building blocks into 1D functional nanostructures and
nanodevices. Because of their generally planar molecular
framework and highly delocalized zz-systems, intermolec-
ular interactions among most w-conjugated small mole-
cules, oligomers, or polymers in solution are dominated
by w—u stacking while hydrophobic and other forces are
substantially weaker. Such a large anisotropy in nonco-
valent intermolecular interactions leads to preferential
self-assembly or aggregation in 1D.*°°2% Asymmetric
design of the molecular architecture, as in surfactants
and block copolymers,®'''? can give rise to amphiphili-
city that provides an additional way to control the
competing intermolecular interactions and thus the self-
assembly process. Among the many advantages of self-
assembly as a route to 1D crystalline organic nanostruc-
tures are: (i) the methodology is simple in concept and
implementation, requiring minimum equipment (beaker,
solvents, heater); (ii) it is a facile bulk synthesis of large
quantities of the nanostructure; (iii) it is easy to control
and vary the nanoscale morphology by means of the
assembly conditions (concentration, solvent/nonsolvent,
temperature); (iv) it readily allows for assembly of multi-
component nanostructures and hybrid nanocomposites
with a variety of other building block materials (inorganic,
biomolecular); and (v) the degree of reproducibility is very
high. Studies of the self-assembly of 1D functional nano-
structures from s-conjugated organic semiconductors
in the past decade have documented its promise and
versatility among diverse types of z--conjugated molecular
architectures. Several previous articles have reviewed the
supramolecular self-assembly of organic semiconductor
nanostructures.’®’ 3!° In the following discussion, we first
examine the self-assembly of crystalline 1D nanostructures
in bulk solution, then at solvent/solvent interfaces, and last
at surfaces.

2.4.1. Self-Assembly in Bulk Solution. Self-assembly
that takes place in bulk solution commonly utilizes the
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difference in solubility of the molecular building block in
different environments, such as solution temperature, the
solvent, or a mixture of solvents. Organic semiconductors
that have limited solubility but are more soluble at
elevated temperature in a certain solvent can crystallize
into 1D nanocrystals upon cooling. The unique aniso-
tropic interactions, such as z—x stacking and steric
hindrance with assistance of hydrophilic/hydrophobic
interactions, can allow the nanocrystals to grow into large
aspect-ratio 1D nanostructures. If there is a solubility
difference of an organic semiconductor in two solvents,
nucleation and crystal growth of the organic semicon-
ductor can take place when transferred from one solvent
to another in this case.

24.1a. nw-Conjugated Small Molecules and Oligomers.
Planar s-conjugated small molecules and oligomers®*->>
represent a class of organic semiconductor materials
that are especially ideal for producing nanowires by
sr-stacking-driven assembly in solution. Nanowires and
microwires of oligoacene derivatives and heteroaromatic
oligomers have been produced by solution-phase self-
assembly.>'* 3% Triisopropylsilylethynyl  pentacene
(TIPS-PEN) (28) microribbons, for example, were pre-
pared by the solvent-exchange method, which transfers
the molecule from a good solvent into a poor solvent in
solution phase.>'®> The single-crystalline microribbons
were found to have typical dimensions of 4—13 um in
width, 100—600 nm in height, and 40—800 um in length.
In another example, hexathiapentacene (HTP) (29) self-
organized into single-crystal nanowires upon cooling from
a hot benzonitrile solution to room temperature.>'**'> The
HTP (29) nanowires precipitated from the solution and
floated in the solution like a bundle of cotton. The length of
wires ranges from about 50 um to hundreds of micrometers
and the height falls into 70—470 nm, whereas the width can
be tuned from ~1 to ~150 um by addition of methanol
during the cooling process.>'* It was shown that the
nanowires grow in the [100] direction, initiated by strong
s— interactions with a measured stacking distance of
0.38 nm.*"*

Besides the pentacene-based m-systems, nanowires of
thiophene-acene-based oligomers (30,31,32)*'°7°!? and
imine-nitrogen-containing bisphenazines (33a—f)*2*-3?!
have also been produced from solution phase and inves-
tigated (see Chart 9). Crystalline nanowires and micro-
wires were produced from benzothiophenes (30,31,32)
rich in sulfur atoms, following the procedure of cooling
a hot solution in a poor solvent or the precipitation by
solvent-exchange.?'®*!” The extended z-system of these
molecules favored strong sw—u interaction, resulting
in bulk quantity of crystalline nanowires.*'* ' These
oligomer nanowires were 200 nm—8 um in width and
30—100 um in length depending on the chemical structure
and crystallization process. Bisphenazine (33a—f) nano-
wires synthesized by recrystallization had widths of 15 nm
to several um depending on the functional groups and
synthesis conditions.*%%!

Electron-transporting (n-type) conjugated molecules
based on ladder-type bisindenoanthrazolines (34a,b)
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were shown to readily self-assemble into single-crystal
nanowires from a solution-phase route.**> The molecular
structure of bisindenoanthrazolines (34a) is exemplified
by DADK (34a) in Figure 15A. Single-crystal X-ray
diffraction showed that the heptacyclic -framework is
planar and leads to a slipped face-to-face z-stacking with
short intermolecular distances of 3.4 A (Figure 15B).**
This optimum molecular packing enables the facile
solution-phase self-assembly of nanowires. SEM images
show that DADK (34a) NWs have widths of 200—250 nm
and lengths of several hundred micrometers (Figure 15C).
Figure 15D shows the TEM image of a DADK (34a)
nanowire and the corresponding electron diffraction
(inset) which demonstrated that the nanowires are single-
crystalline. Electron mobility in evaporated thin films of
DADK (34a) was as high as 3.84 x 10~* cm?/(V s)
as measured by the SCLC method under ambient air
conditions.**

The solution-phase assembly of nanowires and nano-
ribbons of perylene tetracarboxylic diimides (PTCDIs)
(35a-j,1-0) (see Chart 10) has been extensively investi-
gated.’** 33 PTCDI (35a-j,]-0) nanowires and nanobelts
were produced by rapid mixing of a solution in a good
solvent (e.g., chloroform) into a poor solvent (e.g.,
methanol) thereby inducing the aggregation of the mole-
cules into 1D nanostructures.’>>*”-32® These crystalline
PTCDI (35a-j,l-0) nanobelts self-assembled via strong
m—m interactions with widths ranging from 80 nm to
1.5 um, depending on the solubilizing chains on imide-
nitrogens and the processing conditions.>73%%% Ap
asymmetric PTCDI (35j) was employed to grow ultralong
nanobelts (L > 0.3 mm, d = 1—2 um) through seeded
self-assembly.*° The hydrophilic polyoxyethylene side-
chains facilitated the tuning of solubility of this PTCDI
(35j) molecule in water/ethanol mixture. An increase in
the water fraction increased the solvent polarity and
forced the solvophobic association between the alkyl
side-chains.

Single-crystalline nanoribbons and nanorods of 9,10-
diphenylanthracene (DPA) (36b) have been assembled
in solution in the presence of a surfactant, CTAB.**
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Figure 15. (A) Molecular structure of DADK (34a). (B) Molecular
packing of DADK (34a) illustrating z-stacking direction, view down
the c-axis. (C) SEM image of DADK (34a) nanowires. (D) TEM image of
DADK (34a) nanowires with corresponding electron diffraction (inset).
Reprinted with permission from ref 322. Copyright 2010 American
Chemical Society.
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Nanostructures of various shapes were produced by
varying the concentration of DPA (36b) in solution with
the surfactant. Only nanoribbons were produced in the
absence of the surfactant and regardless of the DPA (36b)
concentration in the solution.**> The dimensions of the
nanoribbons and nanorods were d = 500 nm—35 um,
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t = 20—80 nm, and L = 5—20 um, depending on the
assembly conditions.

Functionalized oligophenylenevinylenes (37a—f)
and oligothienylenevinylenes (38a—e)** tend to self-
assemble into 1D nanostructures (see Chart 11). Because
of the strong — interactions and hydrogen bonding in
the oligomers, organogels that undergo thermoreversible
gelation can form in solution. Entangled nanowires and
nanobelts with widths of 20—200 nm and heights of 10—
20 nm were observed from a dried gel of oligophenylene-
vinylenes (37a—f) in nonpolar hydrocarbon solvents, such
as hexane, decane, dodecane, cyclohexane, benzene, and
toluene, as imaged by SEM, TEM, and AFM 3367338
Nanobelts of oligothienylenevinylenes (38a—e) showed
widths of 50—200 nm, heights of 4—15 nm, and lengths
of 500 nm—35 gm.**’

Oligophenylene-based m-conjugated molecules of var-
ious rigid-flexible molecular architectures (39a—i), includ-
ing dumbbell-shaped, T-shaped, H-shaped, and other
shapes, self-assemble into nanowires and networks of
nanowires in aqueous solutions****°~32 and in organic
solutions.*** The width of an individual nanowire revealed
by TEM was about 5—16 nm.****3°73%3 Similarly, asym-
metrically functionalized oligophenylenevinylenes (40a,b),
that can form dimers or multimers, have been shown to
self-assemble into helical nanowires.***3*! ™3 The rod
segments of the assembly stack on top of each other with
mutual rotation to avoid steric hindrance of the bulky end
groups.>*®3*0 734 Additional details on the self-assembly
of various molecules containing s-conjugated aromatic
rod blocks can be found in prior reviews. 07-336:3%4

Arylene ethynylene macrocycles (41a,b) (see Chart 12)
were used to demonstrate the sol—gel processing in fabri-
cating nanowires.***3*’ It was shown that certain solvents
(like cyclohexane) can induce gelation of the macrocyle
(41a), resulting in a high degree of supramolecular orga-
nization driven by 77—z stacking.>*® The cross section size
of a single nanowire is about 4—5 nm, corresponding to
the size of two laterally assembled, fully side chain-
interdigitated molecules.>*® In another example, a dye
molecule, 3-ethyl-2-[(3-ethyl-2(3H)-benzothiazolylidene)-
methyl]benzothiazolium iodide (thiacyanine, TC) (42),
was self-assembled into nanowires from an aqueous solu-
tion.>*® The length of nanowires was controllable from
submicrometers to ~300 um by varying the growth time.
These nanowires were demonstrated as optical wave-
guides.**® Nano- and microwires of pyrazino[2,3-g]-
quinoxalines (PyQs) (43a—e) have been produced by
diffusion of ethanol vapor into toluene solutions and also
studied as waveguides.**

Porphyrins (44a—c) represent another class of w-con-
jugated small molecules that have been shown to form 1D
nanostructures. Diacid form of tetrakis(4-sulfonatophe-
nyl)porphyrin (TPPS) (44a) in an acidic solution (pH
0.9—1) self-assembled into nanowires with heights
of ~3.8—4.5 nm and bundles with diameters up to 40
nm.*>*"3% A mixture of two porphyrin derivatives (44a,b)
were shown to self-assemble into well-defined nanotubes
in an acidic solution (pH 2), as shown in Figure 16.33-3%

336—338
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Chart 11. Chemical Structures of 36—40
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Chart 12. Chemical Structures of 41—44
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R
zinc(I1) (44c) were reported to have diameters of 2—

50 nm.>%°

R 2.4.1b. m-Conjugated Polymers. Although the self-

assembly of 1D nanostructures of well-defined dimen-

R sions from s-conjugated polymers would seem to be a

44b : M= Sn(OH), difficult proposition in view of their large molar mass,

R= W polydispersity of their molecular weight, extremely rigid

2 backbones, and potentially disordering flexible side

Zn;R= Y _(N“ chains, however, it turns out that nanowires with large

0 aspect ratios and well-controlled lateral dimensions (d, t)

2 can readily self-assemble from solutions of various

m-conjugated polymers. The most extensive interest in

the growth of crystalline nanowires from sz-conjugated

By ionic self-assembly, nanotubes of 50—70 nm in outer polymers has been focused on the regioregular poly-
diameter with 20 nm thick wall were obtained.*>> Nano- (3-alkylthiophene)s (P3AT)s (4b—k) due to their great pro-

wires of 5,10,15,20-tetrakis(1-butyl-6-uracyl)porphyrinato mise as p-type semiconductors for solution-processable,
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low-cost organic field-effect transistors (OFETs)>*3¢17364

and solar cells.**~*' Enormous research efforts have been
put to understanding the molecular packing, crystalliza-
tion, charge transport, and photovoltaic properties of thin
films of P3ATs (4b—Kk), especially poly(3-hexylthoiphene)
(P3HT) (4f), which was once a leading high-mobility
p-channel material in polymer-based OFETs***#62-3% anq
solar cells.>¢7-3¢8

Nanowires of P3ATs (4¢,d,f,)h,k) were first reported to
self-assemble from dilute solutions in poor solvents in
1993.3%° Typically, a dilute P3AT (4c¢,d,f,h,k) solution
(0.05—1%) is prepared in a poor solvent (such as cyclo-
hexanone and n-decane) at elevated temperatures (50—
90 °C) and allowed to cool slowly to room temperature,
inducing the assembly of the polymer chains into nano-
wires. This method of growing nanowires is sometimes
called the whisker method. It was found that the width (d)
of these P3AT (4¢,d,f,h,k) nanowires was ~15 nm, and it
was independent of the alkyl-side chain length, whereas
the thickness (¢) scaled with the side-chain length as
revealed by transmission electron microscopy (TEM).*®

Investigation of the morphology of P3AT (4b—k)
nanowires showed that they were highly crystalline as
evidenced by electron diffraction®® 7! and X-ray
diffraction.*®®3%737* The crystalline structure of P3AT
(4b—K) nanowires is found to be of Type I (with the ex-
ception of poly(3-heptylthiophene) (4g)),>***7%>7* which is
the commonly observed bulk crystal structure of P3ATs
(4b—K) crystallized from solution.>¢*-37%-3747376 [y Type I
crystal structure, the unit cell is orthorhombic as shown in
Figure 17A for a P3HT nanowire (4f) (¢ = 1.68 nm, b =
0.38 nm, ¢ = 0.784 nm).>’*37*377737 Electron diffraction
showed that the backbones of P3ATs (4b—k) are oriented
perpendicular to long axis of the nanowires (b-axis),
forming a lamellar structure driven by the efficient w—x
stacking between thiophene rings, corresponding to a
(020) spacing of 0.38 nm.**> XRD investigation shows
crystalline diffraction patterns, and the weakened amor-
phous halo diffraction around 20° compared with solu-
tion-cast P3ATs (4b—Kk) films indicated high crystallinity
within the nanowires.*’® Both small-angle and wide-angle
XRD showed that the [200] direction normal to the [020]
direction laid parallel to the substrate, and a long period
of 3—7 nm was observed in the [200] direction (g-axis),
which corresponded to 2—4 times the lattice dimension of
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P3HT (4f) (a/2=1.74 nm).>*=3"*3" This value also
represents the thickness of nanowires, and confirmed the
thickness (~5 nm) estimated from the TEM images of the
shadowed samples.*® Taking into account the contour
length of P3HT (4f) (~65 nm, calculated from the number-
average molecular weight (M,)) and the width of the
nanowires (~15 nm, corresponding to ~40 thiophene
units),>’® it becomes clear that the polymer chains must
fold in the (200) plane to accommodate the molecular
packing within the nanowire. These nanowires were
reported to have lengths exceeding 10 um, with aspect
ratios (L/d) larger than 670. Overall, the nanowire for-
mation can be attributed to the quasi-one-dimensional
crystallization of P3ATs (4b—k) induced by both an
attractive 7—sr* interaction between polymer backbones
and the crystallization of alkyl side chains.>”*

In the case of poly(3-heptylthiophene) (4g) nanowires,
a crystal structure that slightly deviated from Type I was
observed. Briefly, the lattice constant a contracts but b
expands; however, these slight deviations from Type I are
not significant enough to be distinguished from Type [ in
XRD. Type II crystal structure, which resembles the
structure of Type I but has a 30% reduction in the a-axis
dimension because of side-chain interdigitation,?’®-*"!
while the lattice constant b is increased.’’® Therefore,
the crystal structure for poly(3-heptylthiophene) (4g)
nanowires was referred as Type I'.>’* Further investiga-
tion revealed that the Type I’ nanowires could be con-
verted to Type I nanowires in the solid state at 70 °C and
in solution at 50 °C.>"*

The morphology of P3AT (4b—k) nanowires has
been reported to depend on factors such as length of alkyl
side-chains,*®*-7%3%2 regioregularity,*®* molecular weight
(including polydispersity),>’*¥® polymer concentration
in solution,*®**%%33 crystallization temperature,®%-3%
solvent quality,*®® and cooling rate.*® In a given solvent,
because the solubility of P3ATs (4b—k) increases with the
side-chain length, P3ATs (4b—Kk) with relatively shorter
side-chain length form nanowires more easily than those
with longer side-chain length.*® It is also reported that
the alkyl side-chains enhance the crystallinity of nano-
fibers, as evidenced from the increasing domains
(crystallite) of the (100) and (020) peaks with increasing
side-chain length as characterized from XRD.*’* Similar
study of crystalline nanowires based on TEM, AFM,
XRD, and UV—vis suggested significant improvement
in order when the alkyl side-chain length increased from
poly(3-propylthiopehene) (4¢) to poly(3-pentylthiophene)
(4e), but only marginal improvement in going from poly-
(3-pentylthiophene) (4e) to poly(3-nonylthiophene) (4i).>”

The regioregularity of P3ATs (4b—Kk) is considered
critical for the growth of nanowires, because the assembly
of nanowires in solution is influenced by the partial crys-
tallization of side-chains; regiorandom P3ATs (4b—k) do
not form nanowires under the same condition as that of
regioregular P3ATs (4b—k). >

The molecular weight (M,) of conjugated polymers
has a significant impact on the assembly of nanowires.
Polymer backbones with 60—70 monomer units are
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considered the threshold for nanowire formation in
the case of P3ATs (4b—Kk). It was observed that due to
the lower saturation concentration, P3AT (4b—k) with a
high M, forms nanowires more rapidly.>’* Molecular
weight also affects the dimensions of the nanowires,
especially the width. An investigation of the morphology
of P3HT (4f) nanowires assembled from known A, and
contour length of polymer chains suggested that there is a
M -dependent chain folding during crystallization.*>-*%¢
The width (d) of P3HT (4f) nanowires equals the poly-
mer contour length for P3HT (4f) with GPC-determined
M, less than 10 kDa, but remained constant (d~15 nm)
for P3HT (4f) with M, higher than 10 kDa.**® The
M -independent nanowire width above the critical M, is
made possible by the ability of P3AT (4b—k) chains to
form U-turn type folding, when several thiophene units
adopt a continuous cis conformation with alkyl side-
chains pointing outward.>%4387-388

The polymer concentration in solution also influences
the assembly of nanowires. For example, P3HT (4f) nano-
wires can only form from p-xylene at concentrations
higher than 0.05 wt %, which is attributed to the need to
exceed a minimum strength of intermolecular interaction
between P3HT (4f) chains.®’* Interestingly, for P3HTs
(4f) with less than critical M, increased polymer concen-
tration (0.2—0.5 mg/mL) changes the 1D nanowires into
2D thin films.**® The molecular packing in P3HT (4f)
nanoribbons and the formation of the nanoribbons are
shown in Figure 17B. In contrast, P3HT (4f) with higher
than critical M, only forms nanowire aggregates instead
of nanoribbons, which is explained in terms of the poorly
defined surfaces similar to crystal defects that prohibit
further growth. A concentration higher than 1.5 mg/mL
results in gelation regardless of M, and the gels are com-
posed of nanowires and nanoribbons for the respective
M, ranges. The concentration dependence of nanowire
morphology was also reported for P3PT (4e).*% It was
found that P3PT (4e) nanowires prepared from 6 mg/mL
1,2-dichlorobenzene solution had the largest aspect ratios
and higher flexibility, compared with those made from
higher concentrations.

According to traditional crystallization theory, the
morphology of nanowires can be affected by the crystal-
lization temperature (7,), because a higher 7. leads to
longer folding length in lamellar crystals, resulting in
increased width.**° For P3HT (4f) nanowires, the average
width increased from 12.0 to 17.0 nm when the crystal-
lization temperature was increased from 0 to 35 °C, for
33.5kDa (M,) P3HT (4f); when a 15.6 kDa P3HT (4f) is
used, the trend persists but the width increased more
rapidly with temperature, which is attributed to a lower
dissolution temperature. Thus, the crystallization tem-
perature may represent a way to control the dimension
of P3AT (4b—k) nanowires.**°

The thermodynamic quality of a solvent plays an
important role in the self-assembly of z-conjugated poly-
mer nanowires and their morphology. Taking P3HT (4f)
as an example, chloroform and chlorobenzene are good
solvents, whereas p-xylene and cyclohexanone are poor
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solvents.*”¥? If a polymer can only dissolve in a solvent
at an elevated temperature, the solvent is a marginal one
(for example, anisole for high M, P3HT (4£)**°). One
semiquantitative way to select a good solvent for a given
polymer is via the Hildebrand solubility parameter
;3703743907392 3 oiven polymer with solubility parameter
(0p) is likely to be dissolved in a solvent with a similar
solubility parameters (Js), i.e., 6,—ds < 1 cal'?cm??. The
solubility parameter of a polymer can be calculated, or
measured using solvent—nonsolvent titration, inverse gas
chromatography, and so on.**® Another method to direct
the nanowire growth is proposed based on the solvent
refractive index np, which appears to work well for
aliphatic hydrocarbon and (chlorinated) aromatic hydro-
carbon solvents.?’® The quality of solvent also affects the
morphology of nanowires. A comparison of P3HT (4f)
nanowires made from cyclohexanone and p-xylene reveals
that although the nanowires have a similar thickness
(3—8 nm), nanowires from p-xylene were relatively
straight fibers that are well-isolated, whereas nanowires
from cyclohexanone were rather curved and entangled at
one end, forming large aggregated nanowire network.>"?
This difference is attributed to the quality of solvent,
because cyclohexanone is considered a poorer solvent
than p-xylene for P3HT (4f). However, only entrapped
solvent molecules in nanowires may also play a role on the
morphology.*#*3?

P3AT (4b—k) nanorods have been demonstrated by
solvent-induced aggregation.’®* These nanorods were
prepared by addition of hexane (a good solvent for alkyl
side-chains but poor solvent for polymer backbones) into
P3AT (4b—k)/chloroform solution, and the self-assembly
process is driven by solvophobic interaction. The nano-
rods adopt a helical conformation of the main chain with
12 thiophene rings per helical turn, and the morphology
can be tuned by adjusting the solvent composition or
concentration of P3AT (4b—k) in solution. Besides,
P3HT (4f) nanowires were grown from a solvent mixture
containing a dipolar solvent (acetonitrile) and a nonpolar
good solvent (chlorobenzene), assisted by ultrasonica-
tion.””> It is believed that the formation of polymer
aggregates was induced by the increasing polymer chain
interactions as a more polar solvent was added. Ultra-
sonication was used to change the random aggregates
into ordered nanowires having a width of 20—25 nm.

Block copolymers represent another class of polymer
semiconductors that have the ability to self-assemble into
nanowires from solution. Diblock and triblock copoly-
mers composed of P3HT (4f), polystyrene and polymethyl-
acrylate segments with different block compositions
(45a,b) (see Chart 13) self-assembled into well-defined
nanowires having widths of 30—40 nm and lengths of
a few micrometer upon solvent evaporation.**® Further
investigation of one of the diblock copolymers, polystyrene-
b-polyhexylthiophene (PS-5-P3HT) (45a) using atomic
force microscopy (AFM) revealed that the nanowires were
composed of P3HT core and PS sheath.**® Other rod—
coil diblock copolymers based on polyphenyleneethyny-
lene, poly(p-phenylene), and polyfluorene blocks as the
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Chart 13. Chemical Structures of 45—46
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rigid-rod segments (45¢—g) have also been found to form
nanowires and nanofibers with widths of 8—60 nm, and
molecular packing in the assemblies has been studied
by computational modeling.**”~**? Nanowires of block
copoly(3-alkylthiophene)s composed of multiple sized
side-chains, e.g. poly(3-butylthiophene)-b-poly(3-octylthio-
phene) (P3BT-b-P30T) (4r),*”° poly(3-butylthiophene)-
b-poly(3-hexylthiophene) (P3BT-5-P3HT) (4s),*’! poly(3-
hexylthiophene)-h-poly(3-cyclohexylthiophene) (P3HT-
b-P3cHT) (4t),** have been self-assembled from solution
phase. The formation of nanowires in the block copoly-
mers was found to be both by z-stacking of the polythio-
phene backbones and the segregation of the blocks
according to length of side-chains.*® These nanowires
have widths in the range of 8—13 nm and lengths in the
several micrometers range. Interestingly, the aspect ratio
of nanowires,*” as well as the nanoscale morphology,***
could be tuned by means of block composition. By adjust-
ing the good/poor solvent ratio, nanowires and nanorings
were obtained from P3BT-5-P3HT.*"" Amphiphilic rod—
coil block copolymers containing a rodlike s-conjugated
polymer block and a flexible coil block (e.g., polystyrene)
in solution self-assembled into various ordered aggregates
including fluorescent microtubes.***#*4

Poly(phenylene vinylene) (PPV) with crown ether sub-
stituents (C-PPV) (3g) has been reported to self-assemble
into nanorods, and further to nanoribbons with 15 nm
width, 3 nm thickness and micrometer-sized length, induced
by Kt complexation in a chloroform solution.**>#%® Tt
was proposed that the formation of a 2:1 sandwich com-
plex between K* and the crown ether substituents
enabled the closer interaction between two polymer
chains, through creation of interpolymer bridges to form
C-PPV (3g) aggregates in solution.*’’ In addition, aggre-
gation is also promoted by the attractive w—s interactions
among the aromatic rings. Nanorods with an average
length of less than 100 nm formed in 30 min after the
addition of K ions. The counteranions (PFs ") diffuse
and accumulate at the positively charged backbones,
producing an electrostatic shield along the nanorods to

o o]
46c:R= —N v~
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enable the anisotropic 1D growth, and the formation of
more bridges between K ions and nanorods leads to
connection of nanorods at their ends to produce nano-
ribbons. The length of nanoribbons exceeded 400 nm over
20 days of growth.

Large quantities of nanobelts of BBL (27), an n-type
polymer semiconductor, have been produced by solution-
phase assembly.*”® The solvent-dispersible nanobelts
were produced by adding a solution of protonated BBL
(27) dropwise into a rapidly stirring solvent mixture
(chloroform and methanol, 4:1). The self-assembly pro-
cess is mainly initiated by methanol which serves as a base
to deprotonate the BBL (27) chains, while chloroform
only serves as weakly interacting solvent to disperse the
nanobelts. The BBL (27) nanobelts have a thickness of
10—50 nm, width of 200—1000 nm, and length in the
range of 20 um to over 150 um. The molecular packing of
BBL (27) chains in the nanobelts was found to be unlike
traditional molecular packing in ;r-stacked P3AT (4b—Kk)
nanowires.*”® A schematic illustration of the structure
and molecular packing in these nanobelts is shown in
Figure 18, which indicates that BBL (27) polymer chains
pack face-to-face perpendicular to the long axis (c-axis) of
the nanobelts. The striking difference between BBL (27)
and other polymer semiconductor nanowires is likely
from the extraordinary strength of intermolecular inter-
actions, which originate from the rigid and planar molec-
ular backbone of BBL (27), as well as the large shear force
caused by stirring of solution during the synthesis of BBL
(27) nanowires.

Crystalline nanowires of a polydiacetylene, poly(1,6-
di(N-carbazolyl)-2,4-hexadiyne (PDCHD) (15j), have
been prepared by the reprecipitation method in the pre-
sence of an anionic surfactant, sodium dodecyl sulfate
(SDS), at 25 and 60 °C. A solution of the diacetylene
(DCHD) monomer in acetone was reprecipitated by
injecting 200 4L of solution (5.0 mM) into 10 mL of
water containing SDS at 25 or 60 °C. After UV-irradia-
tion of the resulting DCHD monomer crystals, nanowires
of PDCHD (15j) were obtained with a diameter of 50 nm
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Figure 18. (A) Schematic representation of the molecular arrangement
of BBL (27) polymer chains in the orthorhombic unit cell with indi-
cated crystallographic axis directions. (B) Perspective illustration of
the molecular packing of BBL (27) polymer chains within a nanobelt.
Reprinted with permission from ref 408. Copyright 2008 American Chemical
Society.

and lengths of 5—10 um.** The molecular packing in the
nanowires inferred from high-resolution TEM imaging
and electron diffraction is that the polymer chains are
aligned parallel to the long axis of the wires,*”” similar to
that observed in BBL (27) nanoribbons.**®

Polyisocyanopeptides decorated with perylene diimide
chromophores as pendants (46a—c) are known to form
nanowires.*'°"*'? From AFM images, the widths and
heights of the nanowires were determined to be 5.5 and
2.5 nm, respectively, which were preserved over their entire
length (~1 um).*"° It turned out that a single polymer
chain formed a coiled structure with a pitch of about
1.5 nm, caused by strong hydrogen-bonding of amide
units and strong ;r— interactions from the bulky perylene
diimides.*"

2.4.2. Self-Assembly at Interfaces and Surfaces. Self-
assembly at solvent/solvent interfaces usually takes ad-
vantages of the solubility difference of molecules in two
different solvents. To maintain an interface where the
solute can transfer between, the solvents are usually
immiscible or different in nature. For self-assembly that
occurs at solvent/substrate interface, the process usually
involves solvent evaporation, when the solution is over-
saturated and nanocrystals of solutes will form.

2.4.2a. m-Conjugated Small Molecules and Oligomers.
Nanowires of m-conjugated small molecules and oligo-
mers have been demonstrated to form at both solvent/
solvent interfaces and solvent/substrate interfaces. As-
sembly of 1D nanostructures at solvent/solvent interfaces
is exemplified by nanowires of squaraine dye and orga-
nometallic complexes synthesized at the interface of water
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and dichloromethane (DCM).*"* A small amount of
water was added on top of a solution of 2,4-bis[4-(N,N-
dimethylamino)phenyl]squaraine (47a) in DCM to par-
tially cover the surface of DCM solution. During the
evaporation of DCM through the exposed air/DCM
interface, squaraine dye (47a) aggregated to form nano-
wires. The single-crystalline squaraine (47a) nanowires
had widths of d ~ 300—500 nm, tunable by the initial
concentration of squaraine (47a) in solution.*'* Although
nanowires could also be obtained by evaporation of DCM
solution without the water layer, nanowires produced from
the DCM/water interface were more uniform and well
aligned in one direction.*'* Nanowires of organometallic
complexes, Zn(salophen) (47b) and Ni(dimethylglyoxi-
mato) (47¢) have also been produced by this method (see
Chart 14).4"3

Organic semiconductor nanowires have also been syn-
thesized at solvent/substrate interfaces.*'*~**° For exam-
ple, a propeller-shaped perylene diimide trimer (48) was
demonstrated to grow into fluorescent nanowires follow-
ing a simple evaporation on a glass substrate.*'* Nano-
wires of high aspect ratio (L/d = 500) and diameters in the
range of 4—150 nm, which can be controlled by adjusting
the concentration of the initial solution, were obtained.*!'*
An anthracene derivative (36f) was recently shown to self-
assemble into micro- and nanowires upon solvent eva-
poration on a substrate.*'> Various patterns, including
ordered microwires, nanowire network, and firework-
structured nanowires, were obtained and demonstrated
to exhibit superhydrophobic surfaces.*'> Helical nano-
wires of hexaazatrinaphthylene (HATNA) (49)*'® were
produced following the surface-assisted assembly at the
solvent/substrate interface. Typically, a 1 mg/mL HAT-
NA (49)/dichloromethane solution was allowed to slowly
evaporate over an extended period (24 h) on a silicon
substrate. The m-stacked oligomers in the form of coiled-
coil helical superstructures with a diameter d ~ 290 nm
and an average pitch of 600 nm were observed. It was
proposed that the growth started with formation of
multilayered nanoribbons with a width of over 300 nm,
followed by further assembly of ribbons through inter-
digitation and intercalation of side-chains to reduce the
surface energy, during which process the occurrence of
twisting turned the nanostructures into a helix.*'®

Nanowires of oligophenylenevinylenes and oligothie-
nylenevinylenes (50a—i) have been produced by solvent
evaporation after drop casting of solutions in various
organic solvents onto substrates.*'”*'® The widths and
lengths of the nanowires were about 100 nm and tens of
micrometers, respectively. According to the structural
analysis done by the X-ray diffraction and multiscale
simulations, various interactions, such as dipole—dipole
interaction, —CF3/—CFj3 repulsion, —CF/—CH interac-
tion, and w—u stacking, are responsible for the crystal-
lization of the molecules into 1D nanostructures. By
systematically varying the functional group (—CN or —CF3)
of the oligophenylenevinylenes (50a—e), the resulting nano-
structures were tuned from 1D nanowires to 2D films to 3D
crystals (Figure 19).418
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Chart 14. Chemical Structures of 47—50
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Chart 15. Chemical Structures of 51
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Figure 19. (A) Chemical structures of various oligophenylenevinylenes.
(B—F) SEM images of solution-phase self-assembled nanostructures of
the oligophenylenevinylenes: (B) CN-TFMBE (50a); (C) DPST (50b); (D)
TF-DPST (50c¢); (E) CN-DPST (50d); and (F) CN-BMBE (50e). Depend-
ing on the chemical structures, the resulted nanostructures are tuned from
(B) 1D nanowires to (F) 2D amorphous films to (C—E) 3D crystals.
Reprinted with permission from ref 418. Copyright 2009 American
Chemical Society.

Well-defined nanotubes can also be assembled from
m-conjugated molecular building blocks in a facile
way. An exquisite example of this is demonstrated by
hexa-peri-hexabenzocoronene (HBC) derivatives (51a),
which self-assemble into graphitic nanotubes that exhibit

51a:Ry= CyoHys ; Ry= Ry= #On N0\~
51b : Ry= C1oHas ; Ro= Ry= ~O~"0 0N

51¢ : Ry= Cy2Hazs 3 Ry= Ry= ~O~"0"

51d : Ry= CyoHas ; Ry=Ry= 7O~
51e:Ry= CyoHas s Ro= &=,o

51h:R=\/(/\/

51i:R= \m/\/
s:r= S
51k:R=7<

511: R=CyoHas

51m:R= —O—C12H25

semiconductor properties.*'*”*?! A slow cooling of
heated HBC (51a)/THF solution resulted in the as-
sembly of nanotubes driven by w—ax stacking.*'” The
graphitic nanotubes are 1 order of magnitude larger in
diameter than single-walled carbon nanotubes (SWCNTSs),
and they are straight and discrete with a diameter of
20 nm, a wall thickness of 3 nm, and an internal
diameter of 14 nm. Octa-substituted HBC (51g) mole-
cules were also able to assemble into long nanowires
with ~200 nm width.**° Influence of the alky side-
chain substituents of HBC (51 h-1) on the morphology
was also investigated (see Chart 15).4*' A similar eva-
poration of a drop cast solution was utilized to pro-
duce nanobelts of oligoarene derivative (30).**> The
resulting nanobelts featured micrometers in length,
several hundred nanometers in width, and 50 nm in
thickness. Replacing the solvent resulted in flower-
shaped supernanostructures.
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In addition to the above-mentioned planar molecules,
spherical fullerene (Cqo) (202)****** and metal-tetra-
cyanoquinodimethane (TCNQ) complexes (52a)**° (see
Chart 16) have also been grown into nanowires. Cg (20a)
nanorods with face-centered cubic (fcc) crystal structure
were obtained following a simple evaporation method
using m-xylene as a shape-controller.*** These nanorods
have widths of 100—450 nm, and lengths of 100 4m, and
average ratio of thickness to width of ~0.45. The solvent
m-xylene was believed to be trapped into the crystal to
form the hexagonal solvated Cgo (20a) nanorods during
the initial stage of evaporation, but it was removed by
heat treatment under vacuum, during which the hexago-
nal structure was transformed into the fcc structure.**?
Exceptionally long Cgo (20a) nanowires, each composed
of two nanobelts joined along the growth direction to
form a V-shaped cross-section, were synthesized by the
slow evaporation of a 1,2,4-trimethylbenzene solution.***
The aspect ratio of these nanowires reached 3000, and the
crystal structure was identified as orthorhombic. Upon
high-temperature treatment, these nanowires were trans-
formed into graphitic carbon nanowires. The growth of
these nanowires was attributed to anisotropic solvent-Cg
(20a) interactions that enabled the preferential growth.***
Cu-TCNQ (52a) nanowires with widths of 500 nm and
lengths of 5 um were grown by immersing metallic copper
into a solution of TCNQ in acetonitrile.**> Spontaneous
redox reaction between copper and TCNQ resulted in a
nanostructured film on a copper substrate. The morpho-
logy of Cu-TCNQ (52a) were strongly dependent on the
reaction conditions, such as concentration, temperature,
and reaction time.**

2.4.2b. m-Conjugated Polymers. Polymer semiconduc-
tor nanowires have been assembled at solvent/substrate
interfaces. Many polymer semiconductors have a strong
tendency to crystallize with a nanofibrillar morphology
during common solution thin-film processing, such as
spin-coating®®¥7>#?¢7428 and drop-casting*®*®*7>377 fol-
lowed by postdeposition thermal annealing.******° How-
ever, the 1D nanostructures formed in this way are
usually embedded in an amorphous thin film and lack
precise control in the dimensions and properties. This
limits their potential applications in discrete nanoelec-
tronics but they could still be profitably used in thin-
film-based devices such as thin film transistors, solar cells,
and photodetectors.

Poly(phenylene ethynylene)s (PPEs) (7)***!'7%%¢ are
highly rigid and crystalline macromolecules that can
self-assemble into discrete nanowires when deposited on
a substrate from solution. Nanowires of PPEs (7i,j) were
deposited from a dilute solution onto a substrate for a
prolonged period of 2—3 days.***** Typical widths,
heights, and lengths of the nanowires were 5—16 nm,
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3—10 nm, and several micrometers, respc—:ctively.43 1,432,435
Molecular weight of the polymer,**? solvent,**"*** solu-
tion casting method,*'**> and deposition time*** affected
the morphology and dimensions of the nanowires.
Although the concentration of the solution affected the
quantity of nanowires produced, it had little influence
on the nanowire width.**> The PPE nanowires were
highly crystalline as characterized by X-ray and electron
diffractions.**

2.4.3. Solvent-Vapor Annealing. Nanowires of PTCDI
derivatives (35d,f,g,p)****743* and oligophenyleneviny-
lenes (50a,j)**® have been synthesized by solvent-vapor
annealing of thin films. When thin films of a small-
molecule organic semiconductor are exposed to the vapor
of a good solvent in a closed environment, the molecules
can move and crystallize into nanowires. Nanowires
produced in this method have diameters of 50 nm—
1 um and heights of 10—250 nm depending on the mate-
rial, solvent, and processing time.**®*7~** By masking
thin films of oligophenylenevinylenes (50a,j), selective
growth of nanowires in the area exposed to a solvent
vapor was also demonstrated.**

2.5. Physical Vapor Transport and Deposition. Physi-
cal vapor transport method has been extensively stu-
died as a way to grow high-quality single crystals of
small-molecule organic semiconductors.***~*! Single
crystals of oligothiophenes,*** %% oligoacenes,***448
and copper phthalocyanines****! have been grown
from this method, with dimensions ranging from nano-
meters to centimeters.** #4841 Because single crystals
are free of any morphological defect, this method has been
employed to fabricate high-mobility organic field-effect
transistors (OFETs).***~%* To fabricate nanostructures,
the molecules have to sublime under low pressure and
heating conditions.

The experimental setup is very simple, as shown in
Figure 20.***%**? Typically, a two-zone furnace tube made
of quartz with a temperature gradient is employed. Low
pressure inside the tube may be required to sublime the
oligomer semiconductor. The organic material is placed
at the high-temperature end of the tube where sublima-
tion slowly occurs. The vapor of the molecules is then
carried by a flow of inert gas (i.e., Ar, He, H,, or N»,),
which flows through the tube. A substrate is placed at the
low-temperature region where the molecules crystallize.
High-purity single crystal can be collected on a substrate,
whereas impurities are deposited before and after the
crystallization region. The resulting single crystals can
be in a bulk form (3D),*** % flexible films (2D),**° or
nanowires and nanobelts (1D)*%*>7%5% depending on
the nature of the molecular packing in the crystal and
the conditions of the process, such as temperature and
deposition time.

Nanowires of various materials, including metal phtha-
locyanines and their derivatives (i.e., CuPc and F;4CuPc)
(53a—f), 304527434436 (1i5(8-hydroxyquinoline) aluminum
(Alqs) (24),%7 perylothiophene (PET) (54b),**® 1,5-diami-
noanthraquinone (DAAQ) (55),*** and metal-TCNQs
(52a—c)*>>407462 (see Chart 17) have been produced via
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Figure 20. Experimental setup of a physical vapor transport method
to grow single crystals and nanowires of small-molecule and oligomer
semiconductors. Reprinted with permission from ref 440. Copyright 2007
Elsevier.
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this method. Nanowires made by physical vapor transport
and deposition feature several advantages: (1) ready pro-
duction of wires because of the simple experimental setup;
(2) a high crystallinity without impurities; and (3) a con-
trollability of morphology and dimensions by changing
process conditions. However, there are also drawbacks:
the synthesis of nanowires is limited to small molecules and
oligomers that are sublimable, and the fabrication of
devices is a low-throughput process.

2.5.1. Metal Phthalocyanine (M Pc) and Its Derivatives.
Metal phthalocyanines (MPcs) are a class of p-type organic
semiconductors that are attractive for growth of nanowires
due to their ruggedness, commercial availability, and diver-
sified potential applications in OFETs, chemical sensors,
nonlinear optics, and photovoltaic cells.****** Various MPcs
with different metal cores, such as CuPc (5321),45 1,465,466
NiPc (53b),%34%6 CoPc (53¢),*® FePc (53d),*® and ZnPc
(53e)*® have been reported. However, due to their limited
solubility in common organic solvents, nanowires of MPc
are usually made through physical vapor transport and
deposition. Among all the MPcs, copper phthalocyanine
(CuPc) (53a) is most commonly studied because of its
excellent charge-transport properties along with its high
thermal and chemical stability.*'**” By making nanowires
of CuPc (53a), its charge-transport properties and stability
can be enhanced because of the enhanced crystallinity and
controllable morphology.

CuPc (53a) nanowires were discovered during CuPc
(53a) thin film deposition by physical vapor transport.*¢®
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It turned out that both the substrate material and sub-
strate temperature had great impact on the morphology
of thin films deposited.**® Both a clean glass substrate
with a contact angle 0° to water and a glass modified by a
thin layer of gold yield a thin film of CuPc (53a) with a fine
grainlike morphology at low temperature (28—100 °C).
However, CuPc (53a) film deposited at a high substrate
temperature (150—200 °C) showed nanowires with a
typical dimension of 150 nm in diameter and 1—2 um in
length. The direction of the nanowires is drastically
different depending on the substrate. Nanowires with a
horizontal orientation on a glass substrate were obtained
whereas a gold-coated substrate resulted in nanowires
grown perpendicular to the substrate plane. Further
investigation showed that CuPc (53a) nanowires can
grow from glass, silicon, indium tin oxide (ITO), and
fluorine-doped tin oxide (FTO).**® At a substrate tem-
perature above ~210 °C, 8-CuPc nanowires were found
instead of a-phase, and these 3-CuPc nanowires had
higher absorbance at longer wavelengths, which is poten-
tially beneficial for photovoltaic applications.*® Studies
of five metal phthalocyanine nanostructures, CuPc (53a),
NiPc (53b), CoPc (53c¢), FePc (53d), and ZnPc (53e), also
showed the substrate temperature dependence of crystal-
phase and morphology.*®®

Nanoribbons of pure CuPc (53a) can be obtained by
using physical vapor transport from S-CuPc powder as
the precursor.*® These single-crystalline CuPc (53a)
nanoribbons have a typical dimension of tens to hundreds
of nanometers in width, and 20—50 xm in length.**° The
growth of CuPc (53a) nanoribbons was found to be along
the [010] direction (b-axis), formed by the stacking of
planar CuPc (53a) molecules and driven by the m—x
interactions (Figure 21A). Patterned S-CuPc nanorib-
bons could also be realized using vapor deposition on
pretreated substrates.** Vapor deposited nanoribbons of
CuPc (53a) could be dispersed in ethanol and sonicated to
make a suspension of CuPc (53a) nanocrystals.*>® A
cleaned Si wafer was dipped into the suspension to
deposit the CuPc (53a) nanocrystals and was then trans-
ferred to a physical vapor transport system for further
growth. The nanocrystals acted as nuclei for growth of
nanoribbons, which extended along the h-axis of the
nanocrystals, driven by the w—zx stacking of S-CuPc,
resulting in horizontally grown nanoribbons.*>

Copper hexadecafluorophthalocyanine (F;4CuPc)
(53f) is known to be an air-stable n-type organic semi-
conductor with high electron mobility in OFETs.*’® The
growth of single-crystalline F;sCuPc (53f) nanowires has
thus been of interest.*>%® Temperature dependent mor-
phology was observed as the size of F;sCuPc (53f) nano-
wires decreases with reduced substrate temperature.
Unlike CuPc nanowires which grow along the [010]
direction, despite the similarity of the molecular struc-
ture, the growth of F;sCuPc (53f) nanowires is along the
[100] direction (Figure 21B).**>%® OFET devices fabri-
cated with F;(CuPc (53f) nanowires showed electron
mobility of ~0.2—0.6 cm?/(V s) with on/off ratios of
103—10*424* Growth of F,4CuPc (53f) crystals on
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Figure 21. (A—C) TEM images and corresponding SAED patterns of nanoribbons produced via physical vapor transport: (A) CuPc (53a); (B) F;sCuPc
(53f); and (C) CuPc (53a)/F;sCuPc (53f) heterojunction. Reprinted with permission from ref 456. Copyright 2010 American Chemical Society.

CuPc (53a) nanowires was demonstrated to form p—n
heterojunction nanoribbons (Figure 21C). Integration
of CuPc (53a) and F;4,CuPc (53f) nanowires grown from
physical vapor transport have been performed to fabri-
cate complementary logic circuits,*** heterojunction
ambipolar transistors,**® and p-n heterojunction photo-
voltaic devices.**° In addition to nanowires, nanotubes of
FsCuPc (53f) were grown using vapor-phase transport
and template-directed deposition.*’" Silicon oxide wafers
functionalized with gold nanoparticles arrays were used
as the substrates. FsCuPc (53f) film was then deposited
onto the Au nanoparticles by vapor phase deposition
under ultrahigh vacuum of 1 x 10~? mbar. High-resolu-
tion TEM showed that multiwall nanotubes were ob-
tained, with a wall-to-wall distance of 0.35 nm, a wall
thickness of 10—37 concentric layers, and a channel
diameter of 3—80 nm.*’" These nanotubes were believed
to assemble by wrapping the lamellar sheets into cylin-
ders, with zr-stacking in the radial direction.*”!

2.5.2. Tris(8-hydroxyquinoline) Aluminum (Alq;z). Tris-
(8-hydroxyquinoline) aluminum (Alqs) (24), one of the
most widely used electron transport materials and green
fluorescent emitters in organic light emitting diodes
(OLEDs),* has been used to synthesize nanostructures,
including nanoparticles, nanorods, and nanowires, via
vapor condensation.**”#7>473 The synthesis followed the
usual vapor transport and deposition procedure except
that the substrate was cooled with liquid nitrogen. The
dimensions and morphology of the nanostructures turned
out to be dependent on pressure of the chamber, tem-
perature of sublimation boat, and distance between the
boat and a substrate.*’* Amorphous nanoparticles (dia-
meters ~ 50—500 nm)*’* and nanowires (~30—50 nm
wide and several um long)*’ as wells as crystalline
nanorods (~100 nm wide and ~1 um long)*’* were syn-
thesized by varying such conditions. In another study
using low-temperature sublimation without cooling of
the substrate, the effects of substrate temperature and

carrier-gas flow rate on the morphology of Alqs (24)
nanowires have been reported.*’* Alqs (24) nanowires
with diameters of 50—500 nm have also been synthesized
by sublimation of Alqs (24) from mixture of Alqs; (24) and
inorganic adsorbent (alumina or silica gel).*’> The pre-
sence of the adsorbent reduced the sublimation tempera-
ture of Alq; (24) and resulted in uniform nanowires.*”
Arrays of helical rods of Alqs; (24) have grown on silicon
and glass substrates by a deposition method called glan-
cing angle deposition (GLAD) which can generate helical,
polygonal spiral, and various columnar morphologies.*’*4"”
The substrates were mounted on a rotating substrate chuck
and tilted to have a deposition angle. The resulting nanorods
were uniform and had a width of 40—75 nm. The arrays of
nanorods with chiral morphology had selective transmission
of polarized light and generated circularly polarized PL
emission.*’*477

2.5.3. Other Small Molecules and Oligomers. A pery-
lothiophene (PET) (54b) was demonstrated to form crys-
talline nanowires, in which the planar PET (54b)
molecules packed along the h-axis with a distance of
0.347 nm.*® In addition to 7—a stacking of planar PET
(54b) molecules, strong interactions between adjacent
sulfur atoms are considered to be the reasons for the
directional growth of PET (54b) nanowires. These nano-
wires showed good p-channel characteristics in OFETs,
and a hole mobility in the range of 0.3—0.8 cm?/(V s) was
obtained. By using a modified experimental setup, arrays
of vertically aligned nanowires of 1,5-diaminoanthraqui-
none (DAAQ) (55) have been grown.**>*° The vapor
deposition process took place in a round-bottom flask
coated with a thin layer of DAAQ (55), instead of a quartz
tube, to ensure uniform heating over the entire sample
during sublimation. The diameters of the DAAQ (55)
nanowires are 80—500 nm depending on the heating
temperature, and the lengths of nanowires are from
500 nm to over 10 um depending on the deposition time
(Figure 22). The mechanism of vertical growth relative to
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Figure 22. (A) Schematic illustration for the growth of the vertical DAAQ (55) nanowire arrays via vapor transport. (B—C) SEM images of the
DAAQ (55) seeds (B) and nanowire arrays (C). (D) TEM image of a single nanowire and the corresponding SAED patterns. (E, F) Plane view (E) and
tilt view (F) PL microscope image of the vertical DAAQ (55) nanowire arrays. (G) PL microscope image of isolated wires on glass. Scale bars: (B) 2 um
(Inset 100 nm); (C) 1 um; (D) 500 nm; (E, F) 10 um; and (G) 20 um. Reprinted with permission from ref 459. Copyright 2010 American Chemical

Society.

a substrate is believed to be a vapor-solid condensation
process on DAAQ (55) nanoparticles seeds as the nano-
particles are seen on the substrate at early stage of growth.
Growth of nanowires was built upon the seeding nano-
particles along the [100] direction. The DAAQ (55)
nanowires were tested as an acid sensor*® and a wave-
guide.*® Single-crystalline Cu-TCNQ (52a)**>*%° and
Ag-TCNQ derivatives (52b,c)**'***> nanowires with
widths of 30—500 nm were also vertically grown on a
metal substrate by the reaction of TCNQ vapor with the
metal in a physical vapor transport system.

2.6. Other Techniques. 2.6.1. Langmuir—Blodgett
(LB). Modified amphiphilic polythiophene (4u), which
has alternating hydrophilic and hydrophobic side-
chains attached to the backbone, was found to self-
assemble into nanowires of 60 nm width and 10—15 nm
thick using the Langmuir—Blodgett (LB) technique.*’*4”
These nanowires were formed by the isothermic compres-
sion and the z-stacking of the polymer chains. The mono-
layer films and nanowires formed by this method had
anisotropic orientation of ordered domains as seen from
the polarized optical characterization.*’**”® AFM revealed
that the nanowires have lengths of micrometers, widths of
60 nm, and heights of 10—15 nm.*”

2.6.2. Directional Epitaxial Crystallization. Highly
oriented nanofibers of P3ATs (4d,f,j) with a shish-kebab-
like morphology were prepared by oriented epitaxial
crystallization.*®® The epitaxial growth of P3ATs (4d,f,j)
took place on the surface of a molecular material, 1,3,5-
trichlorobenzene, in liquid pyridine. These fibers con-
sisted of an oriented fiber core several hundreds of
micrometers long, called the “shish,” along with the
lateral crystalline fibers of folded polymer chains (the
“kebabs”) placed periodically 18—30 nm apart.**® A
unique alignment of the P3AT (4d,f,j) chains in the
nanostructures was confirmed by selected-area electron
diffraction. The shish-kebab nanowires showed polarized

photoluminescence excitation and emission, supporting
that polythiophene chains are highly oriented.**°

2.6.3. Controlled Polymerization. Several polymeriza-
tion techniques, including chemical oxidative polymeri-
zation, electrochemical polymerization, interfacial poly-
merization, and dilute solution polymerization, have
been used to synthesize various conducting polymer
nanowires. Chemically polymerized PA (10) exhibited
nanofibrillar morphology with a fiber diameter of
20 nm.'>*'% Chemical oxidative polymerization of
aniline is one of the traditional methods for the synthe-
sis of PANI (1) in bulk quantity.*®"**2 Nanofibers of
PANI (1) are formed during the oxidative polymeriza-
tion of aniline.*®'*%? The diameters of nanowires are
strongly dependent on the acid*®' and the oxidant**?
used in the polymerization. For example, the average
diameters of nanofibers produced with hydrochloric
acid, camphorsulfonic acid, and perchloric acid are
about 30, 50, and 120 nm, respectively.**! The dia-
meters are found to be from 12 to 130 nm depending on
the redox potential of the oxidant.** In the case of
PANI (1) nanowires synthesized by chemical oxidative
polymerization of aniline using an ammonium peroxy-
disulfate oxidant, the morphology was believed to be
controlled by the anilinium-peroxydisulfate ion clus-
ters.*®3 Chemical oxidation of aniline at the liquid/
liquid interface of two immiscible solvents also re-
sulted in PANI (1) nanowires.*** **7 The nanowires
have diameters of 30—200 nm and lengths ranging
from 300 nm to several um.**>"*%7 This interfacial
polymerization was further developed to synthesize
nanostructures of other conducting polymers such as
PPy (2) and PEDOT (5).**® A dilute solution polymer-
ization, chemical oxidation of aniline in an aqueous
solution with substantially low concentrations of ani-
line (~8 mM) and oxidant (aniline:oxidant = 2:1)
compared to conventional oxidative polymerization
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(~400 mM aniline with aniline:oxidant = 4:1), was later
developed to produce a large quantity of interconnected
PANI (1) nanowires in the bulk solution.*®~*! Electro-
chemical polymerization has also been employed to pro-
duce 1D nanostructures of PANI (1).*? The PANI (1)
nanowire networks produced in the electrochemical po-
lymerization between two parallel electrodes has nanowire
diameters of 40—80 nm, and sensing properties toward
acid/base and ethanol vapors.*** The synthesis and appli-
cations of PANI (1) nanowires can be found from dedi-
cated review papers.’®#!

2.6.4. Solid-Phase Reaction. Anthracene (36a) nano-
wires and perylene (54a) nanorods were synthesized
by the so-called solid-phase synthesis.*** The reaction
takes place in a horizontal tube furnace with controlled
temperature and time under flow of argon gas. For
synthesis of anthracene (36a) nanowires, the precursor
9-anthracenecarboxylic acid (ACA) reacted with CaO in
the solid-state at 340 °C for 2 h. The diameters and lengths
are in the range of 40 nm—1.5 um and 9—20 um for the
anthracene (36a) nanowires, respectively.*”® Perylene
(54a) nanorods were produced by the reaction of
3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA)
with BaO at 280 °C for 2 h, yielding 1D nanostructures
that are 30—110 nm wide and 160—500 nm long.***

3. Properties and Applications

3.1. Optical Properties. One-dimensional nanostruc-
tures of organic semiconductors have a range of tunable,
and novel or enhanced, linear optical, nonlinear optical,
and optoelectronic properties beyond those of the build-
ing blocks (m-conjugated small molecules, oligomers,
and polymers) and those of thin films or the bulk solid.
Such properties of organic nanostructures do not origi-
nate from quantum confinement size effects, which are
well-established in inorganic semiconductor nanostruc-
tures,' > because of the rather small exciton Bohr radii
(< 1=2nm) of m-conjugated molecular systems (Figure 3).
Instead, it is the nature, geometry, and dynamics of
excitons in the 1D nanostructures of organic semiconduc-
tors that are crucial to the tunable and novel optical and
optoelectronic properties.*** > The extent of exciton
delocalization within the self-assemblies of z-molecular
building blocks in 1D organic semiconductor nanostruc-
tures and the detailed geometrical arrangement of the
building blocks within the assemblies control their absorp-
tion, photoluminescence (PL), and other photophysical
properties.*** 3% Examples of these supramolecular and
mesoscopic effects in 1D nanostructures of w-conjugated
molecules include the formation of J- and H-aggregates
and consequent spectral red- and blue-shift,*** %% respec-
tively, narrowing or broadening of the absorption
band,**3%+3% increase or decrease in PL quantum yield
relative to the isolated molecules in solution,*0¢-3%7
superradiance,*******7 enhancement of charge photoge-
neration and thus photoconductivity, 023087310 gef.
waveguiding of fluorescence,**~"'~>!® among others. In
the case of multicomponent systems, involving two or
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more s-conjugated molecular building blocks with differ-
ent electronic structures (HOMO/LUMO levels) or multi-
ple assemblies with different exciton energies, additional
supramolecular and mesoscopic phenomena such as reso-
nance energy transfer,’! exciplex formation,’” and
photoinduced charge transfer®'” can lead to various photo-
physical and optoelectronic properties in the organic
semiconductor nanostructures. In the following, we pro-
vide a few recent examples of these supramolecular and
mesoscopic excitons in 1D organic semiconductor nano-
structures.

Highly ordered, self-assembled, nanotubes of s-con-
jugated molecules provide excellent model systems for
investigation of their optical properties by nanoscale
spectroscopic/microscopic probes. Double-walled nano-
tubes (d~ 10 nm, L > 1 um) of amphiphilic cyanine dye
3,3/-bis(2-sulphopropyl)-5,5,6,6'-tetrachloro-1,1’-dioctyl-
benzimidacarbocyanine (C8S3) (56) (see Chart 18) as-
sembled in solution were deposited on quartz substrates
via a drop-flow technique (Figure 23).°°> The J-aggre-
gates within the nanotubes were investigated by means of
polarization-resolved fluorescence near-field scanning
optical microscopy (NSOM), revealing uniform exciton
fluorescence along the long axis of an individual nano-
tube and between nanotubes.** Exciton diffusion length
in these nanotubes was estimated to be about 100 nm and
possibly much longer.’®* Similar long-distance exciton
migration distance of 70 nm has been measured in
J-aggregates of perylene tetracarboxylic diimide (PTCDI)
derivative (35q) via fluorescence blinking experiments.>*?
Extensive earlier theoretical and experimental studies of
J-aggregates in 1D assemblies of diverse s-conjugated
molecules have established the excitonic nature of their
diverse optical properties.*** > For example, the en-
hanced red-shifted or broadened absorption spectra of such
assemblies in the solid state can lead to orders of magnitude
enhancement in charge photogeneration efficiency in
photoconductive systems, 34205308510

The propagation of exciton polaritons, formed by the
strong coupling of photons and excitons, over long dis-
tances (~250 um) at room temperature was recently
demonstrated in self-assembled, crystalline nanofibers
of thiacyanine (TC) dye (42).°'" Defect-free rectangular
nanofibers with heights of 100—200 nm, widths of
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Figure 23. (A) AFM image of tubular aggregates of C8S3 (56) on a quartz substrate. (B) Fluorescence spectra of C8S3 (56) monomers and the aggregates in
solution. Reprinted with permission from ref 502. Copyright 2009 Nature Publishing Group.

400—700 nm, and lengths of about 250 um were self-
assembled in aqueous solution of the TC dye (42) and were
transferred onto a glass substrate (refractive index = 1.526)
by drop-casting and solvent evaporation. 3311518519 The
photoexcited nanofibers self-waveguided the fluorescence
over their entire length of 250 gm.**>'"->!8 The mechanism
of the self-waveguiding or “active” waveguiding was shown
to be fluorescence propagation in the form of exciton
polaritons.>'" It is suggested from these studies and results
that nanofibers of fluorescent organic semiconductors
are promising for developing exciton polariton-based inte-
grated optoelectronic circuits which could be more highly
integrated than waveguide optical circuits.’'!

The phenomenon of active waveguiding of emitted
fluorescence in self-assembled organic semiconductor
nanowires has also been observed in several other
s-conjugated molecular systems, including pyrazino-
[2,3-g]quinoxaline derivatives (PyQs) (43a,c),**’ cyclohexyl-
substituted PTCDI (CH-PTCDI) (35h),**° 9,10-bis-
(phenylethynylene)anthracene (BPEA) (36¢),>'® fac-tris(2-
phenylpyridine)iridium (Ir(ppy);) (57),>'* para-hexaphenyl
(p-6P) (58),°'%31® 1.3,5-triphenyl-2-pyrazoline (TPP)
(59),°*° TPP (59)/rubrene (9),°>° 2.4,5-triphenylimida-
zole (TPI) (60),°'> and TPI (60)/perylene (54a) (see
Chart 19).°%' In the case of the PyQs (43a,c¢), crystalline
microwires with widths d = 500 nm—35 um and lengths
L 100—1000 um were shown to exhibit low-loss
active waveguide of fluorescence emission in the green
to yellow (502—543 nm) region.** The single-crystal-
line nanoribbons of CH-PTCDI (35h) (250—1500 nm
widths, 100 nm thickness, and > 100 um lengths) self-
waveguided a highly polarized fluorescence over their
lengths without a significant emission loss (Figure 24A);
however, an optical loss coefficient (o) was not deter-
mined.” Flexibility of the nanoribbons facilitated the
active waveguiding of the fluorescence even in the bent
state. Size-dependent active waveguiding of fluorescence
was observed in microrods (d ~ 1 um, L > 1000 um) and
nanowires (d ~ 100 nm, L > 100 um) of Ir(ppy)s;>'* the
single-crystalline microrods self-waveguided green fluores-
cence whereas the less crystalline nanowires waveguided
yellow-green emission (Figure 24B,C). Nanorods and nano-
wires of the binary TPP (59)/rubrene (9) and TPI (60)/
perylene (54a) systems self-waveguided fluorescence that

Chart 19. Chemical Structures of 57—61

61

resulted from energy transfer between the two chromo-
phores.”*?! In the former case, self-waveguided white
fluorescence was observed at an optimum composition of
the blue-emitting TPP (59) and orange-emitting rubrene (9)
incorporated into the nanowires.’””® The similarity of all
these observations of self-waveguiding of fluorescence in 1D
nanostructures of diverse s-conjugated small molecules
and polymers strongly suggest that the basic underlying
mechanism must be the same. In this respect, Takazawa’s
recently proposed mechanism, i.e., that active waveguiding
of fluorescence is due to the propagation of exciton polari-
tons in the photoexcited nanofibers, appears to account for
all observations to date.’!!

The photoluminescence (PL) emission in organic semi-
conductor nanowires has been investigated and exploited
in various other ways. Subwavelength multicolor PL
emission from multicomponent single nanofibers of or-
ganic semiconductors have been investigated and explored
in novel applications. Figure 5 shows light-emitting bar-
code nanowires based on P3BT (4d) and PEDOT (5) as the
emissive materials.'”’ High contrast PL emissions of the
compartments, which can be further amplified by a thin
layer of metal coating, make the nanowires a good candi-
date for developing nanoscale barcodes.'* PL emission of
rubrene (9) nanowires synthesized by vapor transport and
deposition in AAO templates was studied and compared
with bulk rubrene (9) single crystals prepared under the
same conditions without the template.'*® Nanometer-scale
laser confocal microscope (LCM) PL spectra obtained
from both nanowires and bulk single crystals showed
that their respective emissions are greenish-yellow and
yellowish-orange. The full-width-at-half-maximum (fwhm)
of the LCM PL of a single rubrene (9) nanowire was much
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Figure 24. (A—C) PL microscopy images of nano- and microrods. (A) PTCDI (35h). Reprinted with permission from ref 329. Copyright 2009 American
Chemical Society. (B) Ir(ppy)s (57) microrods and (C) nanorods. Scale bar 50 um. Reprinted with permission from ref 514. Copyright 2009 Royal Society of

Chemistry.

broader than the PL of the rubrene single crystal. This
was attributed to the emission of mixed polarized bands
due to different crystal growth characteristics in the
nanowire.'*® The PL emission from nanowires tends to
be polarized when the organic semiconductor molecules
are oriented in the nanowires as exemplified by nanowires
of PTCDI (35a),°*® F8BT (6¢),**?*+%* and PTMSDPA
(16).>* Alignment of the nanowires also resulted in the
polarized emission, as seen in electrospun nanofibers of
MEHPPV (3b),>'” PFO (6a),>'® PF+ (6d),”'® and PFO
(6a)/DBPPV (3c) blend.?"”

As described in section 2.2 (Electrospinning), the mor-
phology and composition of nanowires play an important
role in their photophysical properties. For example, the
PL spectra of nanofibers of PFO derivative (6a,g—i)/
PMMA blends®'®?*** and MEHPPV (3b)/PEO blends*°
were blue-shifted from the PL spectra of the blend thin
films. The shifts of PL emission peaks came from the fact
that the dilution effect of the insulating component in the
polymer semiconductor/insulating polymer blends is
more significant in nanofibers of the blends than in thin
films of the blends.?'*?****> The morphology and com-
position also significantly affect energy transfer in binary
blends of conjugated polymers, such as MEHPPV (3b)/
P3HT (4f) and MEHPPV (3b)/PFO (6a).>!>2!8:219.238.244.246
Small-scale phase separation results in enhanced energy
transfer with large interfacial area between the component
conjugated polymers, whereas large-scale phase separation
reduces the degree of the energy transfer.'>"°

3.2. Charge-Transport and Electrical Properties. The
charge-transport properties of organic semiconductor
nanowires are of great interest for both scientific and
practical reasons.?*”-333:522 Because of their superior,
often single-crystalline, morphology compared to poly-
crystalline or amorphous thin films, studies of charge
transport in 1D organic nanostructures can provide a
fundamental understanding of the nature of charge
transport, its limits, and structure—charge-transport
relationships in organic semiconductors. Further-
more, organic semiconductor nanowires represent a
promising alternative route to low-cost and high-
performance organic electronics and nanoelectronics.
Intrinsic charge-transport properties of organic nano-
wires and factors that govern the transport have been
widely studied and we provide a brief overview of those
studies in this section. In general, charge-carrier mobil-
ity and dc conductivity are the typically reported

figures of merit of charge transport in organic 1D
nanostructures.

3.2.1. Conducting Polymer Nanowires. Electronically
conducting organic nanowires that have been extensively
studied can be classified into two types: conducting poly-
mers and organic/polymer semiconductors. Conducting
polymers are conjugated polymers that are chemically or
electrochemically doped to maximize the density of charge-
carriers and thus their electrical conductivity.?'***3* In
contrast, organic/polymer semiconductors are 7z-conjugated
small molecules, oligomers, or polymers that exhibit intri-
nsic electronic properties. PANI (1),!7!:184:2097212.225.297.525
PPy (2),8580:143.150253265269.526.527 \EHPPY (3h),°* and
PEDOT (5) and polythiophene derivatives (4a,b,d,f,h,j,w,
5,25h)586.10010LI85.209.271.374396479.526.527 e the  most
widely studied examples of doped conducting polymer
nanowires with the reported dc conductivity (o4.) of
~1 x 103 to 1 x 10° S/ecm. The conductivity depends
on the type and concentration of dopants and rea-
gents, 109225:485487.520.528 (oo of nanowires, 100+101:209:526
and composition in the case of blends.?'*%>* It has been
found that a film composed of the conducting polymer
nanowires filled in nanopores (diameters less than 1 x#m)
exhibited a higher dc conductivity than a homogeneous
thin film (Figure 25).8%>2° The ratio of the conductivity
of a mat of nanowires with diameters of ~10 nm to the
conductivity of a homogeneous film was higher than 10
for PEDOT (5) and a polythiophene derivative (25b),
and reached 90 for PPy (2) as shown in Figure 25A.%%°
The origin of the diameter dependence of the con-
ductivity has been explained as a consequence of an
extended conjugation length and a better ordering of the
molecules in the more confined nanostructures, which
were revealed from infrared spectroscopy and X-ray
diffraction.>*®

The conductivity of electrospun nanofibers of CSA-
doped PANI (1)/PEO decreased from 1 x 10~ S/cm to
1 x 107* S/cm as the diameter of the nanofiber got smaller
from ~500 to 20 nm, and this has been attributed to the
effect of Schottky barrier at the metal contact.’” How-
ever, it may also be that the effect of phase separation is
more severe for the smaller nanofibers, resulting in the
poorer charge transport. Vertically oriented PPy (2) nano-
wires after removal of a template showed a high conduc-
tivity, as characterized by AFM and related techniques
(Figure 25B).'* Although further studies in the synthesis
and properties of conducting polymer nanowires are
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Figure 25. (A) Conductivity of conducting polymer fibers as a function
ofthe pore size of the template and counterion. Reprinted with permission
from ref 526. Copyright 1995 Elsevier Science. (C) Current-sensing AFM
results of PPy (2) film and vertical nanorods. Reprinted with permission
from ref 143. Copyright 2008 American Chemical Society.

required to realize reliable performance with little nano-
wire-to-nanowire variations in real applications, the highly
conductive nanowires have potential for use as electrodes
and interconnecting elements in organic/flexible electro-
nics. The modulation of the conductivity caused by envi-
ronmental and external factors also make these nanowires
promising for sensor applications in which the output
electrical signals can be directly processed by conventional
semiconductor devices.

3.2.2. Nanowires of Semiconducting Small Molecules
and Oligomers. Nanowires of organic semiconductors
are of growing broad interest in part because of their
potential as active materials in electronic, optoelectronic,
and sensor devices. Consequently, organic semicon-
ductor nanowires are often characterized by using an
organic field-effect transistor (OFET) as a platform to
investigate their charge-transport properties, although
other techniques such as space-charge-limited current
(SCLC)"*'*? and time-resolved microwave conductivity
(TRMC)***3%° measurements have also been applied as
well.

Small-molecule organic semiconductors have strong
m— interactions between the relatively planar molecules
in most cases. Nanostructures preferably grow in one
direction governed by the most favorable interac
tion, especially when nanowires are synthesized by self-
assembly in solution or vapor phase, and steric hindrance
or other types of interactions are not severe. The nano-
wires have a high crystallinity with less defects, resulting
in high carrier mobility. Figure 26 shows the results of
OFETs based on single-crystalline, self-assembled TIPS-
PEN (28) grown from a solution.>'* The molecules are
packed in such a way that the direction of ;-stacking lies
along the wire axis, as revealed by selected area elec-
tron diffraction (SAED). An average hole mobility of
0.75 cm?/(V s) and a maximum mobility of 1.42 cm?/(V s)
were observed, which are higher than the mobility from
thin films (0.17 cm?/(V s))."3

Single-crystal nanowires of HTP (29), grown in the
[100] direction via recrystallization from a solution,
showed a hole mobility as high as 0.27 cm?/(V s) with
an average of 0.11 cm?/(V s). The mobility of a single
nanowire is higher than in a network of nanowires
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(0.042 cm?/(V s)) as well as in a thin film (0.04 cm?/
(V 5)).>'* The effect of boundaries between crystalline
domains has been implicated for the lower mobilities in
thin films as well as in networks or bundles of nano-
wires.?¢!314438 Sych comparisons between OFETs based
on nanowires and thin films have been made from other
materials as well, showing that the nanowire devices
generally have a higher carrier mobility. Perylothiophene
(PET) (54b) is a planar molecule that form crystalline
nanowires via physical vapor transport.*>® The PET (54b)
showed a hole mobility of 0.3—0.8 cm?/(V s) in a nano-
wire, whereas the value is 0.05 cm?/(V s) in a thin film.**®
Nanowires of another thiophene-acene oligomer Me-
ABT (32) prepared by self-assembly had an average hole
mobility of 0.85 cm?/(V s) (maximum of 1.66 cm?/(V s)),
which is about 4.7 times higher than in a thin film
(0.18 cm?/(V 5)).*!? Crystalline nanowires of thiophene-
fluorene oligomer F-T3-F (26) synthesized by nanolitho-
graphy have a field-effect hole mobility of 5 x 107>
cm?/(V s), which is ~10 and ~100 times higher than the
mobilities in evaporated and spin-coated films, respec-
tively.®! F,sCuPc (53f) (u. = 0.2—0.6 cm?/(V s)) and
CuPc (53a) (up, = 0.5—0.6cm?/(V s)), nanoribbons grown
by physical vapor transport***2~4* were reported to
have higher mobilities than thin films studied by others,
whereas electron mobilities in PTCDI (35¢) nanowires
(ue = 0.027 cm?/(V s)) were lower than reported values in
thin films.**

p-Type conjugated ladder oligomers exemplified by the
tetra-phenyl bisindoloquinolines (TPBIQ) (61) is shown
in Figure 27A.*7 Single-crystals of TPBIQ (61) were
initially grown by the physical vapor transport method.
Charge transport properties of TPBIQ (61) microwires
were investigated by directly growing the single crystals
onto a substrate with source-drain electrodes by physical
vapor transport as shown in Figure 27B. A field-effect
hole mobility of 1.0 cm?/(V s) in the saturation region was
observed (Figure 27C). The growth of the single crystal
was determined to be along the [001] direction which
coincides with the short 7— stacking direction. There-
fore, the measured carrier mobility was along c-axis
direction which coincides with the long axis of the micro-
wires.**” Similar carrier mobilities have been obtained in
solution-phase grown nanowires of TPBIQ (61).

Nanoribbons of an anthracene derivative DPA (36b)
have been studied in an OFET geometry, revealing a high
field-effect hole mobility of 0.16 cm?/(V s).>* Studies of
molecular structures and charge transport properties in
the 1D nanostructures of related anthracene derivatives
with phenyl-ethynyl (BPEA) (36¢), naphthalenyl-cthynyl
(BNEA) (36d), and thiophenyl-ethynyl groups (BTEA)
(36e) showed that small variations in molecular structure
resulted in the change of molecular packing, and there-
fore the field-effect carrier mobility (un BpPEA(36c)
0.03—0.73 cm?*/(V s); unpneaceay = 0.01—0.52 cm?/
(V's); and upn preacee = 1 X 10~% em?/(V 5)).>*° Nano/
microribbons of thiophene-based oligoacenes (30,31,32)
assembled from solution were found to exhibit hole
mobilities 0f 0.34—2.1 cm?/(V 5).>'773'? Charge transport
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Figure 26. (A)Chemical structure of TIPS-PEN (28). (B, C) Schematic (B) and optical images (C) of microribbon transistor based on self-assembled TIPS-
PEN (28). (D) Molecular packing motif of TIPS-PEN (28). (E, F) Output (E) and transfer (F) characteristics of a single microribbon transistor. Reprinted

with permission from ref 313. Copyright 2007 Wiley-VCH.
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Figure 27. (A) Molecular structure of TPBIQ (61). (B) Optical micrograph image showing a single crystal bridging source-drain electrodes. (C) Transfer
characteristic of TPBIQ (61) single crystal. Reprinted with permission from ref 447. Copyright 2008 American Chemical Society.

in a network of nanowires of thiophene-acene-vinylene
oligomer (50g) showed an SCLC hole mobility of 3.1
cm?/(V s) when nanowires were produced by drop-casting
from a chlorobenzene solution and devices were tested in
OFET geometry with a grounded gate voltage.*'” How-
ever, films of nanowires spin-casted from a solution gave
a mobility of 0.11 cm?/(V s) because of the less-ordered
morphology.*"”

Nanotubes of asymmetric hexa-peri-hexabenzocoro-
nene (HBC) (S1a—f) have interesting morphology of
molecular self-assembly: nanotubes consist of a double-
layer of closely packed HBC (51a—f) as a tube wall.>>*->3!
The field-effect hole mobility in randomly oriented bun-
dles of HBC (51a—d) nanotubes was 1.3 x 1074—2.3 x
10~*em?/(V s) (higher with a shorter side-chain), whereas
thatin a thin film of unassembled HBC (51a—d) was 2.8 x
10~® cm?/(V s). The low mobility in a network of nano-
tubes may be caused by short HBC (51a—d) nanotubes
that resulted in frequent charge-carrier hopping across
long side-chains of HBC (51a—d) molecules. In order to
investigate the intrinsic mobility, time-resolved micro-
wave conductivity (TRMC) measurements were also per-
formed. The maximum mobility (¢Zu) was 9 x 10~ *—
2.4 x 1073 em?/(V s) (higher with longer side-chain).’*
These result imply that the intratube charge transport is
better in the HBC (51a—d) with longer side-chain, pre-
sumably due to the better packing of HBC (51a—d)

molecules. However, the intertube charge transport is lim-
ited by long side-chains on the HBC (51a—d) molecules.’*
Balancing intra- and internanostructure transport is there-
fore critical to achieving a high carrier mobility.

3.2.3. Polymer Semiconductor Nanowires. The process
of molecular ordering/crystallization is more complicated
for conjugated polymers due to their long backbone chains
and additional interactions caused by solubilizing side-
chains. Nevertheless, polymer semiconductor nanowires
suitable for charge transport studies have been prepared
by solution-phase self-assembly, template-assisted synthe-
sis, electrospinning, and nanolithography. Vapor-phase
growth of nanowires, which tends to lead to more crystal-
line structures in small-molecules, is almost impossible for
conjugated polymers. Among many polymer semiconduc-
tors, nanowires of P3HT and polythiophene derivatives
(4d-i,12),96:121:219:228.229.048.264.378.379.383.532-535 ppEg (7j) 435
F8BT (6¢),”** polyisocyanopeptides with PTCDI pendants
(46a—c),*' "2 and BBL (27)**® have been synthesized and
their charge-transport properties have been investigated.

The charge-transport properties of solution-phase self-
assembled P3AT (4d—i) nanowires have been intensively
studied.6-369-370-378.379.383.5327534 Bioyre 28 shows a single-
nanowire P3HT transistor and its OFET character-
istics.>” Single nanowires of P3HT (4f) exhibit a field-
effect hole mobility of 0.02—0.06 cm?/(V s).*7%37° Studies
of the temperature dependence of the mobility in P3HT
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Figure 28. (A) Chemical structure of P3HT (4f). (B) AFM image of a
single-nanowire P3HT (4f) transistor. (C) OFET transfer curves of the
single-nanowire transistor. Reprinted with permission from ref 379.
Copyright 2004 American Chemical Society.

(4f) nanowires showed that the charge transport mechan-
ism could be interpreted from both multiple trap and
release (MTR) and variable range hopping (VRH) mod-
els.>”® Carrier mobilities in nanowires of P3ATs (4d—i) with
various alkyl side-chain lengths have also been studied.>**
The field-effect mobilities in the P3AT (4d—i) nanowires
(2—3 x 107? cm?/(V s)) were found to be higher than those
in corresponding thin films (10 *—10"% cm?/(V s)). The
field-effect mobilities in a network of P3AT (4d—i) nano-
wires (alkyl side-chain from butyl to nonyl) were indepen-
dent of the length of side-chain, whereas the carrier mobility
varied significantly in homogeneous thin films.>* How-
ever, SCLC measurements showed that the P3AT (4d—i)
nanowires had lower carrier mobilities in the vertical direc-
tion than spin-coated thin films from solution. Similar to
the field-effect mobilities, the SCLC mobilities were also
independent of the length of side-chain.*** Compared with
the field-effect mobility in a thin film, higher mobility in a
network of nanowires was also observed from a PPE (7))
derivative.** The nanowire network showed typical p-type
field-effect charge transport with mobility as high as 0.1
cm?/(V s), whereas a thin film of PPE (7j) showed a hole
mobility of 1 x 107> em?/(V 5).%°

In other studies, films of P3HT (4f) nanoribbons were
found to have higher mobility (0.012 cm?/(V s)) than films
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Figure 29. (A) Chemical structure of BBL (27). (B—D) Single-nanowire
BBL (27) transistor: (B) optical images and the corresponding (C) output
and (D) transfer characteristics of the single-nanowire transistor. (E—G)
BBL (27) nanowire-network transistor: (E) an optical image, (F) output
curves, and (G) transfer curves. Reprinted with permission from ref 408.
Copyright 2008 American Chemical Society.

from solution (1.7 x 1072 cm?/(V s)).>* The self-assembled
P3HT (4f) nanowires were embedded into an insulating
matrix by blending, again showed a higher ficld-effect
mobility (4—6 x 102 cm?/(V s)) than blend thin films of
P3HT (4f) and polystyrene (7 x 107* cm?/(V s)).> It
should be noted that single-crystalline nano/microwires
based on P3HT (4f) have been synthesized from solution,
however, the charge-carrier mobility was not reported.>*®
BBL (27) is one of few air-stable n-type polymer semi-
conductors.”®’ Charge transport of BBL (27) nanowires
synthesized by self-assembly have been studied by fabri-
cating and testing OFET devices from a single nanowire as
well as a network of nanowires (Figure 29).*%® BBL (27)
has also shown higher mobilities in nanowires than in thin
films. A single nanowire and a network of nanowires have
an electron mobility of 7 x 107 cm?/(V s) and 4 x 107°
cm?/(V s), respectively, whereas the mobility of BBL (27)
film is 1—2 x 1072 cm?/(V s). Unlike the self-assembled
P3HT (4f) nanowires, the BBL (27) molecules were aligned
along the nanowire revealed by electron diffraction.**®
Polyisocyanopeptides with perylene diimide (PTCDI) as
a pendant (46a—c) are known to self-assemble into
nanowires.*'*~*! As expected from the PTCDI pendants
stacked to each other along the nanowire, this polymer also
transport electrons.*'"*1? The field-effect mobility of elec-
trons in the nanowires are on the order of 1 x 10~* cm?/
(V 5).*'" When blended with molecular PTCDI the poly-
mer nanowires have shown to bridge crystalline domains
of PTCDI molecules, enhancing the charge transport
properties compared with homogeneous PTCDI films.*'*
The charge-transport properties of polymer semicon-
ductor nanowires synthesized by electrospinning, tem-
plate-assisted methods, and nanolithography have also
been investigated. Field-effect hole mobilities of 0.017—
0.03 cm?/(V s) are reported for electrospun nanofibers of
pure P3HT (4£)**%2%*-2*® deposited on silicon dioxide as
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a dielectric layer, whereas 4.7 x 107*=2 x 1072 cm?/
(V s) was seen in a nanofiber from P3HT (4f) blends
with polyethylene oxide (PEO) or poly(e-caprolactone)
(PCL).?*®**® From nanofibers of P3HT (4f) and PCL
blends, very high hole mobility (2 cm?/(V s)) was also
reported when deposited on an ion-gel gate dielec-
tric.’*® Similarly, a field-effect mobility of 5 x 107° to
5% 10~*cm?/(V s) was observed in a mat of P3HT (4f)/
MEHPPYV (3b) blend nanofibers on an inorganic sub-
strate.>!” The P3HT (4f)/ MEHPPV (3b) blend nanofi-
bers showed an exponential dependence of hole
mobility on blend composition, having higher mobility
with more P3HT (4f). The OFET channels were not
fully covered by the mat of nanofibers and thus the
actual mobility of the nanofibers can be ~1 x 107?
cm?/(V s) after correction of the channel area.’'” A
diode based on electrospun P3HT (4f) and SnO» nano-
fibers has exhibited rectification ratios of ~25, demon-
strating feasibility of electrospun nanofibers for a
hybrid p-n junction diode.??® P3HT (4f) nanowires
synthesized in anodic aluminum oxide (AAO) tem-
plates were a subject of SCLC studies.'?! The highest
hole mobility of 6 x 10~ cm?/(V s) which is 20 times
higher than that of a neat film was observed from
nanowires synthesized through a template with a pore
size of 75 nm. Alignment of long P3HT (4f) chains in
the confined structures and the screening effect of
the dielectric have been attributed for the increase in
mobility.'?!

Nanoimprinted polymer semiconductors have periodic
one-dimensional nanostructures. A liquid crystalline
(LC), ambipolar charge-transport polymer, F§BT (6c¢),
tends to have their backbones (c-axis) aligned along the
grooves of the master, resulting in anisotropy of absorp-
tion and emission as well as charge transport.?®* The field-
effect mobilities of electrons and holes along the nanowire
directions are ~2 times larger than those in homogeneous
thin films, whereas those in perpendicular direction are an
order of magnitude lower, resulting in anisotropic ratio of
5—15.2%* Another LC conjugated polymer, PQT12 (12),
had the z-stacking direction (b-axis) along the trenches.”®*
Charge-carrier mobility in the arrays of PQTI12 (12)
nanowires was 1.7 times larger than in homogeneous
thin films. The PQT12 (12) nanowires aligned in paral-
lel to the OFET source/drain electrodes showed no
electrical conduction, suggesting that the nanowires
were isolated.***

These studies of charge-transport properties in polymer
nanowires imply that organic nanowires are very effective
approaches to high charge-carrier mobility that is hardly
achieved from thin film processing of organic molecules.
Increased charge-carrier mobility in polymer semicon-
ductor nanowires is considered one of the reasons for the
reported enhanced performance in nanowire-based bulk
heterojunction polymer solar cells as exemplified by
studies of P3BT (4d) nanowires.**>**>3 The combination
of high carrier mobility in organic semiconductor nano-
wires with the unique optoelectronic properties of organic
semiconductors may also offer realization of building
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blocks for nanoelectronic devices. Furthermore, the in-
trinsic properties and mechanism of charge transport in
organic semiconductors can be revealed by the in-depth
studies based on such well-ordered molecular solids.

3.3. Photoconductivity. Photoconductivity in a materi-
al arises if the electrical conductivity under illumination is
enhanced relative to the dark conductivity. It can be an
important platform for investigating various photoelec-
tronic phenomena such as charge photogeneration
mechanisms, carrier dynamics, and nature of electrical
contacts as well as a basis for developing photodetectors,
phototransistors, and photovoltaic devices.”**>* We
defer a discussion of the photovoltaic properties and
applications of organic semiconductor nanowires to
section 3.6. Here, we briefly discuss the photoconduc-
tive properties of a few selected 1D organic semicon-
ductor nanostructures, including the demonstration of
promising nanowire photodetectors and phototransis-
tors. The organic semiconductor nanowires investi-
gated include assemblies of F8T2 (6b),'*” F,4CuPc
(53f),>*! TPPS (44a),*” PTCDI derivatives (351,m),>*!
a thiophene-acene oligomer Me-ABT (32),*'” and HBC
derivatives (51a,e,f).”’!

The photoconductivity of a single nanowire of F8T2
(6b), with diameters of 200 nm produced by AAO tem-
plated synthesis, has been studied by illuminating with a
40 W/cm? of 405 nm light through a near-field scanning
optical microscope.'?” Current—voltage measurement
with and without continuous illumination as well as with
periodic switching of the light showed that photoresponse
of the current is reversible. The photocurrent (/,,) and
dark current (Iq,,%) were about 200 pA and 50 pA,
respectively, at a bias of —40 V. The measured responsiv-
ity (Ries= Ipn/[radiant flux]) of the single F8T2 (6b)
nanowire was 0.4 mA/W, which is comparable to the
published values for inorganic semiconductor nanowires
(InP and ZnO) at low voltage bias.'?” Nanoribbons of
FsCuPc (53f) grown by vapor transport have been
studied as photoswitches and phototransistors under
illumination of white light (0.37—5.76 mW/cm?), taking
advantages of the photoconductivity of F;sCuPc (53f).>*!
Simple photoswitches in which voltages were applied
between source and drain showed a photoconductivity
gain (Ipp/lgap) of 10—100 with good reversibility. As the
gate voltage was applied, turning the devices into photo-
transistors, the photoconductivity gain became as high as
1 x 10° at Ves = —6 V. The photoconductive gain of the
phototransistors varied from 1 x 10*to 1 x 10° depending
on the width, length, and thickness of the conductive
channel. Nevertheless, the phototransistors had a higher
photoconductive gain than the photoswitches, because of
the efficient dissociation of photogenerated excitons un-
der the applied gate field.>*! Phototransistors of Me-ABT
(32) microribbons exhibited a responsivity of 1.2 x 10* A/
W and /pn/lgark 0f 6 % 10% at illumination power density of
30 uW/em?, Vg = —80 V, and Vy = —18 V.*!” For
comparison, a thin film phototransistor of Me-ABT (32)
exhibited an R..s of 477 A/W and I,n/1ari of 4 X 10° at
Vas = =100 V, and Vg = 12V
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Figure 30. (A—C) Electroluminescence from a single electrospun nanofiber of [Ru(bpy)s]*"(PFs ), (21) embedded in PEO: (A) Bright-field image of a
nanofiber crossing multiple electrodes with 500 nm gaps. (B) Emission from the fiber imaged under driving voltage of 4 V. (C) Pseudocolorized image of B.
Reprinted with permission from ref 227. Copyright 2007 American Chemical Society.

The photoconductivity of self-assembled nanotubes
and nanofibers of asymmetric HBCs (51a—f) decorated
with an electron accepting unit has been studied.>
Attachment of the trinitrofluorenone (TNF) group to
HBC resulted in a donor—acceptor (D—A) architecture
(S1e,f), which facilitated photoinduced charge separa-
tion. Monosubstituted HBC (51f) assembled into nano-
tubes with a diameter of 16 nm and a wall thickness of
3 nm, whereas the disubstituted HBC (51e) showed aggre-
gates under the same conditions. Under illumination
(wavelength =300—650 nm), the monosubstituted HBC
(51f) nanotubes exhibited a linear dependence of photo-
current on the power density of the irradiation from
0.55 to 15 W/em?. Under 7 W/cm? of power density and
2V applied bias, a photocurrent (/pp) of 4.2 nA and dark
current (Igar) of 0.07 pA were observed, resulting in a
large photoconductivity gain of 6 x 10*.7*! The charge
photogeneration follows an extrinsic mechanism, in-
volving D and A moieties of the molecule. Unlike the
nanotubes of D—A HBC (51e,f), nanofibers of the
D—A HBC (51e,f) and nanotubes of non-D-A HBC
(51a) did not show any significant photocurrent under
illumination, suggesting that the electron transfer
between D and A moieties in the modified HBC (51f)
facilitates the photocurrent generation and the spa-
tially separated D and A domains in the nanotubes
prevents rapid recombination of photogenerated charge
carriers.>®!

3.4. Organic Light-Emitting and Field-Emission Devices.
Current organic light-emitting diodes (OLEDs) for large-
area display and solid-state lighting applications are essen-
tially 2D homogeneous thin film devices.** Efficient exciton
fluorescence and phosphorescence in amorphous thin films
of organic/polymer semiconductors have been extensively
investigated and exploited in such OLEDs.>*~?® There has
been only limited studies of OLEDs based on organic
semiconductor nanowires.*>>** It is not clear that there
are potential benefits for incorporating fluorescent or phos-
phorescent nanowires or nanoribbons of organic semicon-
ductors into conventional large-area OLEDs. Indeed, there
may be drawbacks of inhomogeneous charge injection and
emission. However, heterostructured nanowires of organic
semiconductors could be excellent building blocks toward
the realization of novel nanoscale light sources for potential
applications in subwavelength near-field optical micro-
scopy, nanolithography, and optical data storage.>*>>*

OLEDs fabricated from an emissive layer of Alqs (24)
nanowires made via a physical vapor transport have
shown that the current density and electrolumines-
cent (EL) intensity of the devices are dependent on
the width of nanowires.*’” Light-emitting diodes based
on PTCDI (35k) nanoclusters grown by vapor deposi-
tion on ZnO nanorods with a nonconventional geome-
try have been demonstrated to achieve white EL
emission, which is different from the photolumines-
cence (PL) of the parent materials ZnO and PTCDI
(35k).>** Brightness and efficiency of the device were
not reported. Electrically driven light-emitting nanofi-
bers have been synthesized by electrospinning of ruthe-
nium complex ions embedded in poly(ethylene oxide)
(PEO) (Figure 30). The nanofibers of [Ru(bpy);]**-
(PF¢ ), (21)/PEO blends with a diameter ranging from
150 nm to 5 um deposited onto interdigitated gold
electrodes emitted visible light under applied electric
potential**” Detectable emission from a cross-sectional area
of 240 x 325 nm” was observed through a charge-coupled
device (CCD) at 3.2 V and naked eyes at 4 V. The maximum
emission wavelength was 600 nm from such a small area,
suggesting that the nanofibers can be used as a subwave-
length point source.”’

Nanopatterned OLEDs based on F8BT (6¢) have also
been reported.?®® By using nanoimprinting, 1D grooves
with a periodicity of 100 nm were formed. The liquid
crystalline nature of F§BT (6¢) made the polymer back-
bones aligned along the grooves. The F8BT (6¢) films
showed not only polarized PL, but also polarized EL
when sandwiched between PEDOT/ITO and Ca/Al elec-
trodes. The polarization ratio of EL was 11.26

Conducting polymer nanowires, such as PEDOT (5),
PPV (3a), and PPy (2), synthesized by AAO templates
have been demonstrated as the nanotip emitters of field-
emission.''” For example, a turn-on field of 3.5—4 V/um
was observed in PPy (2) nanowires.''® Alq; (24) nano-
wires synthesized by the vapor transport method were
also shown to exhibit efficient field-emission.*’**’> The
Alqs (24) nanowire field-emitters (with diameters of
40—80 nm) were shown to have a turn-on electric field
of 8.5—10.3 V/um.*’>*7° Stability test showed that the
emission current density degraded drastically in the initial
1000 s and then remained steady at ~3 mA/cm?, demon-
strating their ability to maintain a stable emission from
Alg; (24) nanowires.*’?
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Figure 31. (A—D) Nanowire transistors and complementary circuits based on PTCDI (35¢) and HTP (29): output characteristics of (A) PTCDI (35¢) and
(B) HTP (29) nanowire transistors; (C) a colorized SEM images of a PTCDI (35¢) transistor; and (D) a voltage transfer characteristic of a complementary
inverter. Reprinted with permission from ref 325. Copyright 2007 American Chemical Society. (E, F) Nanowire transistors and complementary circuits
based on F¢CuPc (53f) and CuPc (53a): (E) output and transfer characteristics of (a, b) F1cCuPc (53f) and (c, d) CuPc (53a); and (F) (a,b) schematic
diagrams, (c) a colorized SEM image, (d) voltage transfer characteristics of an inverter, and (e) circuit diagrams of complementary circuits. Reprinted with

permission from ref 454. Copyright 2009 Wiley-VCH.

3.5. Nanoscale Field-Effect Transistors and Nanoelec-
tronics. The field-effect transistor is one of the most
basic building blocks in electronics and nanoelectronics.
Among the desirable properties of organic field-effect
transistors (OFETs) for practical applications include
high charge-carrier mobilities, large on/off current ratios,
and threshold voltages close to zero. As previously dis-
cussed in section 3.2, charge-carrier mobilities in organic
semiconductor nanowires can be one to 3 orders of
magnitude larger compared to 2D polycrystalline thin
films. There has thus been a growing interest in develop-
ing high performance field-effect transistors and electro-
nic circuits from highly crystalline organic semiconductor
nanowires.>* For small-molecule organic semiconductors,
p-channel nanowire OFETs have been produced from
TIPS-PEN (28) (Figure 26),*"* HTP (29),*'**** F-T3-F
(26),°" PET (54b),*®* HBC (51a-d,g),**>* thiophene-
based oligoacenes (30,31,32),>'°731 CuPc (53a),#70:4%34%4
and TPBIQ (61).** and n-channel nanowire OFETs were
realized with PTCDI (35b,c,e)*** and F,¢CuPc (53f).4>>%*
In the case of polymer semiconductors, nanowires
of p type P3HT (4f) (Figure 28) and P3ATs
(4d—i), 6219228229248, 378.379.383402.532.534.535 pQyT |2 (12),204
PANI (1) 211266 and PPy (2),%°¢ ambipolar F8BT (6¢),>*
and n-type BBL (27) (Figure 29)**® and PTCDI-containing

polymers (46a—c)*'*!? have been synthesized and utilized
to construct nanowire OFETs.

Complementary inverters were successfully demon-
strated by incorporating p-channel HTP (29) and
n-channel PTCDI (35b,c,e) nanowire OFETs in a circuit
(Figure 31A-D).*** Single nanowires of n-type F;sCuPc
(53f) and p-type CuPc (53a) in combination with con-
ductive nanoelectrodes have also been used to demon-
strate complementary inverter circuits.*>* In this case,
more complicated logic gates, such as SRAM, transfer
gates, and NOR and AND gates, were also demonstrated
by changing voltages at the terminals, as shown in
Figure 31E,F. The balanced and high mobilities of elec-
trons and holes in such complementary inverters thus
allowed digital logic circuits with good switching char-
acteristics to be observed.

Although these are exciting developments in nanoscale
organic semiconductor devices, there are important chal-
lenges to address in order to fully realize the potential of
organic nanoelectronics. First, facile and high-through-
put methods for aligning, positioning, and addressing an
individual nanowire and bundles of nanowires have to be
developed for producing the nanodevices and assembling
them into circuits. Only limited methods have been
applied to the alignment and addressing of nanowires
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is also very important to have reliable performance
from the single-nanowire devices. With these chal-
lenges tackled, organic semiconductor nanowires with
high charge-carrier mobility have a great potential to
lead to low-cost, high-performance nanoelectronic
devices and other nanotechnologies.

3.6. Organic Photovoltaics. Organic photovoltaics
(OPVs) based on conjugated small-molecule, oligomer,
and polymer semiconductors are emerging as very pro-
mising low-cost, large-area, and lightweight approaches
to efficient solar energy conversion.*®*>3* Numerous
recent reviews have been published on the large, expo-
nentially growing, literature on OPVs.*~*>>? Our objec-
tive here is to focus on recent work exploring 1D organic
semiconductor nanostructures in OPVs and thereby to
highlight the potential advantages of such nanomaterials
both for fundamental studies of photon-to-electric con-
version processes in organic semiconductors and for
developing more efficient solar cells.

Light absorption in organic semiconductors creates exci-
tons with large binding energies (ca. 0.4—1.0 eV)>*3 34
unlike silicon and other bulk inorganic semiconductors
in which photoexcitation essentially produces free charge
carriers directly.>* In organic solar cells, efficient photo-
generation of free charge carriers thus requires dissocia-
tion of excitons at a heterojunction or an interface
between a p-type organic semiconductor and an n-type
one with a sufficient energy band offset (e.g., difference in
electron affinities and/or ionization potentials). A major
consequence of the requirement of such a p/n interface or
heterojunction for efficient photoconversion in OPV
cells, dye-sensitized solar cells (DSSCs), and in general
all excitonic solar cells,” is that they are intrinsically
nanostructured systems defined by the exciton diffusion
length. The bulk heterojunction (BHJ) OPYV cell, consist-
ing of a binary blend or composite of a p-type (donor)
polymer and an n-type material (acceptor), was intro-
duced in 1995 as a way to address the problem of small
exciton diffusion lengths (Ly = 5—20 nm) in thin films of
organic/polymer semiconductors.”'*>*> The photovol-
taic efficiency of the best BHJ OPV cells now stands at
5—8% PCE as a result of progress in developing new
organic semiconductor light absorbers and device fabri-
cation processes since then.’>*” 3> Fiber-based OPV
devices,”* > which were recently introduced as an alter-
native to the planar BHJ solar cell, represent a unique 1D
device architecture that could also benefit from advances
in organic semiconductor nanostructures.

Further advances in increasing the power conversion
efficiency (PCE) of OPV cells toward 10—15% requires
both innovations in p-type and n-type organic semicon-
ductors and device architectures at the nanoscale as well
as a better understanding of the underlying photoconver-
sion processes, balanced charge transport, and energy
transfer also at the nanoscale. In this respect, 1D nano-
structures of p-type and n-type organic semiconductors
are attractive candidates for OPV basic studies and
applications. The substantially larger exciton diffusion
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length in crystalline organic semiconductor nanowires
(up to 100—1000 nm)**%302393311 compared to thin films
could improve light-harvesting and charge-photogenera-
tion processes. The many other potential advantages of
organic semiconductor nanowires for BHJ solar cells and
other OPV applications include (i) a rational control of
the BHJ morphology; (ii) the polymer nanowires with
widths of 10—50 nm and lengths of micronmeters have
sizes that are perfectly matched to the exciton diffusion
lengths; (iii) ultralarge donor/acceptor interfacial area for
efficient exciton dissociation; (iv) an electrically bicontin-
uous morphology is achieved a priori; (v) high carrier
mobilities and high absorption coefficient are achievable
because of the high crystallinity of the self-assembled
nanowires; (vi) ease of production of devices on plastic
substrates and scalability to large areas; and (vii) avoids
the difficulties of blend phase-separation phenomena,
including domain coarsening and time-dependent insta-
bility. Moreover, organic/polymer nanowires could be
combined with inorganic nanowires and/or nanoparticles
to create various hybrid BHJ solar cells.

Our group and others have used nanowires of p-type
polymer semiconductors in conjunction with fullerene
derivatives as acceptors to construct efficient BHJ solar
cells,46-383.389.395.532.333.560=362 Bocayise of the ready solu-
tion-phase assembly of poly(3-alkylthiophene)s (P3ATs)
nanowires, which combine ideal dimensions (ca. 10—50
nm widths and 1—10 um lengths) with high crystallinity,
high carrier mobilities, good dispersibility in organic
solvents, and favorable optical absorption spectra, they
have been the most widely studied. P3BT (4d) nanowires
have been successfully used to demonstrate an order of
magnitude enhancement in photovoltaic efficiency (up to
3.5% PCE) compared to conventional P3BT thin film
BHJ devices.*®>3%333 The highly crystalline P3BT (4d)
nanowires have average widths of 10—15 nm, length of
5—10 um, and therefore an aspect ratio (length/width) of
333—1000. The nanowires can be cither “preformed”
separately and then blended with PCBM (20b)*® or grown
in situ in P3BT (4d)/PCBM (20b) blends>** to make the
active layers in BHJ solar cells. Nanowires prepared by
either method have an interconnected network sur-
rounded by a continuous PCBM (20b) phase, and this
quasi-bicontinuous nanoscale morphology is beneficial
to the charge photogeneration and transport. The mobi-
lity of holes in the blend thin films of P3BT (4d) nanowires
and PCBM (20b) was 2 orders of magnitude higher than
that of P3BT (4d)/PCBM (20b) blend thin films as mea-
sured from OFET.*¢

Solution-phase assembled nanowires of other P3ATs
have similarly been used to prepare nanostructured BHJ
OPV cells with good control of the nanoscale morpho-
logy.383:389.395.560.561 1y the case of P3HT (4f) nanowires/
PCBM (20b) devices, 3?33 the performance was com-
parable to but did not exceed conventional P3HT (4f)/
PCBM (20b) blend thin-film solar cells. Similar results
were obtained in BHJ devices constructed from P3PT (4e)
nanowires and conventional blend thin films. Preas-
sembled P3HT (4f) nanowires were blended with F8BT
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(6¢) to investigate the role of polymer nanowires in the
control of morphology in all-polymer blend solar cells.>®"!
In this case, the nanowire-based devices were more effi-
cient than the optimized thin film devices, predominantly
because of the 10 times improvement in short circuit
current density, which in turn originated from enhance-
ment in optical absorption and charge transport.

The well-controlled morphology of polymer semicon-
ductor nanowire-based BHJ solar cells has allowed a
detailed systematic characterization of the film morpho-
logy, charge transport and photovoltaic properties of
such OPV cells at the bulk and at the nanoscale.’**->%?
The latter measurements, including conductive and
photoconductive atomic force microscopy (cAFM and
pcAFM) imaging of P3BT (4d) nanowires/PCBM (20b)
(Figure 32), have allowed the mapping of photocurrent
distributions in the nanostructured solar cells.’*® The
results show direct correlations between the evolution of
the nanowire network and the device performance. In
addition, the changing local photovoltage (V) measured
via pcAFM provided evidence of how nanostructure
determines the intensity-dependent open-circuit voltage
in OPV cells.

Nanowires of p-type polymer semiconductors fabri-
cated by means of other techniques, such as AAO tem-
plates®® and lithography,**~2*® have also been explored
in bulk heterojunction (BHJ)-OPV cells. Ordered P3HT
(4f)-PCBM (20b) core—shell nanorods arrays were fabri-
cated using AAO templates and used in solar cells.’®?
These composite nanorods were synthesized by melt-
assisted wetting of the AAO templates, and a photovol-
taic efficiency of up to 2.0% PCE was reported.’®
Nanostructured solar cells with interdigitated donor/
acceptor domains were fabricated by nanoimprint litho-
graphy.?®® The devices were built on flexible ITO-coated
plastic substrates, where a polythiophene derivative (25a)
was spin-coated. After an imprinting process using a
preformed stamp followed by thermal conversion to
insoluble form, the PCBM (20b) electron acceptor was

spin-coated to complete the active layer. Two different
grating molds with a depth of 200 nm and a periodicity of
510 and 700 nm were used as stamps to fabricate two sets
of solar cells, and a planar-junction bilayer device was
also made as the control cell. Enhancement of 2.64—
3.20 times PCE was observed in the nanostructured solar
cells compared with the control cell.?®*® The increment
seen was attributed to the increase in short-circuit current
density (J¢.) and fill factor (FF) because of the enlarged
donor/acceptor interfacial area. A highest of 0.80% PCE
was achieved.?®

Organic BHJ solar cells comprising nanostructured
P3HT (4f) and PTCDI (35¢) were fabricated with features
assmall as 50 nm and aspect ratios of up to 2, leading a 2.5
times enhancement in efficiency compared with planar
junction devices.?®® Large-scale high-density (10'° /cm?)
polymer nanopillars, fabricated using a combination of
AAO template method and nanoimprint lithography,
have been demonstrated for solar cell applications.?’
To achieve this, an AAO membrane was first prepared
and used as a mask for a two-step plasma etching process
to produce a silicon mold with patterned pores that are
50—80 nm wide and 100—900 nm deep.?®” Ordered P3HT
(4f) nanopillars were fabricated by nanoimprint lithogra-
phy using the mold, and PCBM (20b) was deposited on
top of the P3HT (4f) to make the BHJ active layer. An
efficiency of 2.57% was obtained in the nanoimprinted
solar cells, which represented an almost 2 fold increase
compared with the bilayer devices (1.44%).>%’

Although highly crystalline 1D nanostructures of sev-
eral classes of n-type organic semiconductors have been
grown and their optical and charge transport properties
widely investigated,’?4331408412414452 oy have so far
been explored in OPV applications. Blends of n-type
PTCDI (35f) and p-type HBC (51m) showed nanorod-
like thin film morphology and as the active layer in BHJ
solar cells under 0.47 mW/cm? illumination of a single
wavelength (490 nm) gave a photovoltaic efficiency of
1.95% PCE.*** Nanoribbons (width = 100—200 nm,
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vapor transport and deposition. Reprinted with permission from ref 456. Copyright 2010 American Chemical Society.

length = several micrometers) of PTCDI-C8 (35c¢), pre-
pared by solution-phase self-assembly in chloroform/
methanol, were recently used in place of fullerene deriva-
tives to make bulk heterojunction (BHJ) solar cells with
the p-type conjugated polymers MDMOPPV (3e) and
P3HT (4f).>%° Quenching of photoluminescence (PL) in
the n-type nanowire/p-type polymer composite thin films
suggested photoinduced charge transfer. The PTCDI-CS8
(35¢)/MDMOPPV (3e) and PTCDI-C8 (35¢)/P3HT (4f)
BHJ solar cells had a photovoltaic efficiency of 0.92%
PCE and 1.03% PCE, respectively, with photovoltages of
0.50—0.65 V and photocurrents of 3.75—4.60 mA /cm?.%
The performance of these PTCDI-C8 (35¢) nanowire-
based OPV cells is modest probably because of the still
much larger lateral sizes of the nanoribbons compared to
the exciton diffusion length.

Recently, an OPV cell consisting of a single-nanowire
p/n heterojunction based on CuPc (53a) and F;4sCuPc
(53f) was demonstrated (Figure 33).**® The p/n hetero-
junction nanowires were produced by using physical
vapor transport and deposition of CuPc (53a), followed
by the deposition of F;sCuPc (53f) from the same tech-
nique. Pregrown single-crystalline CuPc (53a) nanowires
acted as epitaxial crystallization sites of F;sCuPc (53f).**°
The p/n heterojunction nanowire solar cell, finished with
gold and aluminum electrodes to collect charges, showed
a Jy of 0.054 mA/ecm?, V,. of 0.35 V, and FF of 0.36,
yielding a PCE of 0.007%.*° Although the photovoltaic
efficiency is low, the p/n heterojunction nanowires con-
stitute an interesting model system for fundamental stud-
ies of the photovoltaic properties of nanostructured
organic semiconductors.

It is obvious that nanowires of poly(3-alkylthiophene)s
(P3ATs) of various alkyl side chain lengths have been the
most investigated in OPV cells so far. There is clearly a
need to explore nanowires of other classes of p-type
polymer semiconductors especially the emerging small
band gap donor—acceptor copolymers>*3** which have

known improved thin-film photovoltaic properties com-
pared to P3ATs. Because very little has been done so far,
even greater opportunities exist in investigating the pre-
paration, properties, and OPV applications of n-type
organic/polymer semiconductors.

3.7. Sensors and Biosensors. There is a large and grow-
ing literature on the use of 7-conjugated semiconducting
and conducting polymers, as isolated molecules, assem-
blies, or thin films, in developing diverse sensors for
chemical and biochemical analytes ranging from simple
gases, organic vapors, explosives, ions in solution, glu-
cose, DNAs, and proteins to viruses.*$33¢07570 Different
aspects of this literature have been covered in several
reviews. 1996738 Our objective here is to briefly review
aspects of chemical- and biosensors based on 1D nano-
structures of z--conjugated molecules and polymers, and
thereby to highlight the great potential of this class of 1D
nanostructures for creating new sensor concepts and
technologies.

1D nanostructured semiconductors, in general, are
thought to offer great opportunities for developing ultra-
sensitive and fast-responding chemical-/biosensor tech-
nologies by virtue of their large surface-area-to-volume
ratios, 22> 3344853687570 However, the primary research
focus has been on silicon/inorganic nanowires and carbon
nanotubes (CNTs).>® 7" We believe that organic semi-
conductor nanowires merit increasing interest in this area
given that: (i) their conductivity can be modulated over
10—15 orders of magnitude; (ii) the dramatically in-
creased exciton and charge carrier diffusion lengths
and mobilities in 1D nanostructures compared to thin
films; (i) their ready chemical- or biochemical functio-
nalization with receptors to impart selectivity; (iv) the
huge potential for tunability of their optical, electronic,
optoelectronic, and mechanical properties, which are
essential for optimizing the sensors; and (v) the potential
low cost in developing and deploying sensors based on
this platform.
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Figure 34. (A) Fluorescent spectra of self-assembled nanowires based on PTCDI derivative (350) before and after the exposure to the aniline vapor
(880 ppm) and the projected quenching efficiency as a function of vapor pressure of aniline. Reprinted with permission from ref 334. Copyright 2008
American Chemical Society. (B) Conjugated polymer nanowires for sensors: AFM and SEM images of the nanowires synthesized by template-assisted
electrochemical polymerization, and the change of resistance of PPy (2) and PEDOT (5) nanowires upon exposure to various volatile organic compounds
(1000 ppm). Reprinted with permission from ref 269. Copyright 2009 Wiley-VCH. (C) Colorimetric response of electrospun different PDA (15a,b,f,h)-
embedded fibers to various organic solvents. Reprinted with permission from ref 252. Copyright 2007 American Chemical Society.

Among the benefits of the large surface-area-to-volume
ratio of organic nanowires is that the sensing element/
analyte encounter probability increases with the active
area and hence the signal-to-noise ratio increases. An
array or a network of nanowires may be more desirable
than a single nanowire for high reliability. Signals repre-
senting the nanowire/analyte interactions must be in
processable forms, such as current, color, or light, as
produced by a transduction mechanism.’**~>*® Among
the various transduction mechanisms, quenching of fluo-
rescence and change of conductivity have been the most
widely used in organic semiconductor nanowire sensors
for various applications.

Optical sensors based on organic semiconductor nano-
wires exploit the exciton fluorescence of the materials and
its susceptibility to modulation by interaction with the
environment. When an analyte comes close to an organic
nanowire, charge or energy transfer between the nano-
wire and the analyte occurs, resulting in quenching of the
fluorescence. Such a detection mechanism is known to be
very sensitive, especially when it comes to highly porous
nanostructures such as a network of nanowires.*** The
limit of detection based on fluorescence quenching has
been estimated to be less than one part per billion in the

case of nanowires of a PTCDI derivative (350) and the
analyte is aniline (Figure 34A).*** Nanowires synthesized
by electrospinning have been demonstrated to detect
Fe*",?2° Hg?*,>?° DNT,?* cytochrome-c¢, ¢ methyl vio-
logen,"® and plasmid DNA.?'® A porous morphology
formed by nanofibrils in thin film of ACTC (41b) have
been shown to function as sensors for explosives such as
DNT and TNT.**

Another type of signal that a nanowire sensor can
generate is the change of conductivity upon exposure to
an analyte. An electrical signal is preferred for easy
integration of the sensors into electronic circuits. Organic
semiconductor nanowires, such as CuPc (53a),*¢%>"!
PTCDI derivatives (35a,j,1-n),>*>>’> and DAAQ (55),*>°
and conducting polymer nanowires, such as PPy
(2),109:265.267-269289.573 p AN (1), 225:266~268.485.487.528.574
and PEDOT (5),!48:2609.283.573.575.576 have been widely
studied for sensor applications. Conducting polymer
nanowires in particular are very promising for this mode
of detection since their conductivity is greatly modulated
by doping and dedoping processes.**> Reduction, swel-
ling, and conformational change of chain have also been
reported as mechanisms for the conductivity changes.**’
Detections of pH?*°"2%® and acidic/basic compounds
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(HCI, NH3),l09,225,265,289,485,487,528,573,574 volatile organic

compounds (acetone, chloroform, ethanol, hexane, mois-
ture, isopropanol, methanol, and toluene),269’485’573’575’576
reducing agents (N,Hy), #3572 explosives (DNT),**! and
toxic NOx*®346837! have been reported. Specific de-
grees of responses of different active materials on
various chemicals may offer multipurpose sensors with
pattern-matching analysis (Figure 34B),26%-483:373.575
although achieving selectivity and sensitivity at the
same time is quite challenging.

Besides the above-mentioned transduction mech-
anisms, colorimetric response®?> and evolution of fluo-
rescence™’ of nanowires of polydiacetylenes (PDAs) (15a,
b,f,h) have also been shown to be promising for sensor
applications. Upon exposure of PDA (15a,b,f,h)-based
nanowires to volatile organic compounds such as chloro-
form, tetrahydrofuran, ethyl acetate, and hexane, differ-
ent PDAs (15a,b,f,h) turned into different specific colors
providing fingerprint-type selectivity (Figure 34C).>>
Nanowires based on PDA (15a) become highly fluores-
cent upon exposure to a-cyclodextrin (o-CD) but not
B-CD nor y-CD, forming a basis for selective detection of
o-CD.>!

3.8. Lasers and Nanophotonics. Organic semiconduc-
tor nanowires and nanopatterns are of increasing interest
for developing optically pumped lasers®’” and nanopho-
tonic devices.’”® Microcavity effects in nanowires of
organic semiconductors have enabled the achievement
of optically pumped lasers and related laser action,'¢->"
whereas distributed feedback (DFB) lasers have been
realized in thin films with nanograting patterns,>’>-**!2%3
both based on the highly fluorescent PFO (6a) and
MEHPPYV (3b). Emission from the laser has an extremely
narrow full-width-at-half-maximum (fwhm; typically
a few nanometers) and high directionality when the
excitation fluence is above the lasing threshold
(Figure 35).!26273293 Amplified spontaneous emission
(ASE), which is incoherent, may be seen in some cases.>*
In the distributed feedback laser, the wavelength of
emission is closely related to the periodicity of grating,
the effective refractive index of the polymer medium, and
the order of diffraction. DFB lasers made from MEHPPV
(3b) exhibited optically pumped emission wavelength
in the range of 607—645 nm with a pump threshold of
25 uJ/em? to 250 mJ/cm? 27321293

The narrow width and large aspect ratio of organic
semiconductor nanowires make them good candidates for
developing nanoscale light sources as well as subwavelength
waveguides in nanophotonic devices, >30-32%-348.349.:459.519.580.581
Having a higher refractive index in the organic semi-
conductor than the surrounding (air and substrates)
allows luminescent emission from within the semicon-
ductor to propagate along it. One of the key properties
required for the use of the organic nanowires as a
waveguide is that the emissive material has a large
Stokes shift to minimize light loss caused by self-
absorption.?2?-348:349:519.380 A pother feature of a nano-
fiber or nanowire that enables low optical loss is having
smooth surfaces and distinct flat facets to minimize
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Figure 35. (A, B) Optically pumped single PFO (6a) nanowire laser: (A)
Emission spectra from optically pumped single PFO (6a) nanowire laser.
Inset shows emission of the single nanowire pumped at 1.3 nJ. Scale bars
represent 2 um. (B) Tip emission intensity (blue square), fwhm of the tip
emission spectra (red triangle), and body emission intensity (green square)
as a function of pump energy for the PFO (6a) nanowire shown in A. Inset
shows emission spectra from the nanowire tip and body under pump
energy of 230 nJ. Reprinted with permission from ref 126. Copyright 2007
Nature Publishing Group. (C) Emission spectra from two different DFB
gratings of MEHPPV (3b). Reprinted with permission from ref 293.
Copyright 2003 Wiley-VCH.

scattering.**-3®! Highly crystalline nanowires of PyQs
(43a,¢) having distinct end-facets and low overlap of
absorption and emission spectra were shown to exhibit
active waveguiding of emitted fluorescence with an
optical loss coefficient (o) of 0.014—0.043 dB/um, which
is comparable to that of low-loss inorganic semiconduc-
tor nanowires (0.026 dB/um).** The waveguiding prop-
erty of the organic nanowire is affected by its width. The
minimum width required for light propagation can be
calculated from the dielectric tensor components of the
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material and wavelength of the light, as shown from self-
assembled nanowires of TC (42)*%°!" and PTCDI
(35h).%?° Vertical arrays of nanowires of DAAQ (55) as
waveguides have been shown to have a smaller optical
loss than the horizontally placed arrays of the nano-
wires.**” An individual nanowire of light-emitting poly-
mers has been further patterned in 1D nanograting to
enhance the forward emission of nanowires.*°

3.9. Other Applications. Many other applications of
organic conductor and semiconductor nanowires have
been demonstrated. HTP (29) nanowires decorated with
gold, platinum, or palladium nanoparticles (Figure 36)
were demonstrated to work not only as field-effect tran-
sistors but also as catalysts for hydrogenation reac-
tions.>!> Because of the unique chemical interactions
between noble metal nanoparticles and sulfur atoms
of HTP (29) at the nanowire surface, the nanoparticles
were uniformly distributed over the nanowire surfaces
(Figure 36D), enabling highly reactive active catalytic
sites on the nanowires.>'> Cu-TCNQ (52a) nanowires,**
made by vapor-phase deposition, and directly polymer-
ized PANI (1) nanofibers decorated with gold nanopar-
ticles®? have been explored in bistable organic memory
devices. PEDOT (5)''*°%% and PNP3T-PN (192)**° nano-
structures have been shown to have fast electrochromic
switching. The PEDOT (5) nanotubes prepared using a
porous template were reported to exhibit fast electro-
chromic switching (less than 10 ms).''* Thin walls (10—
20 nm) of the nanotubes are responsible for such a short
switching time.''* Nanofibers of polynorbornylene with
oligothiophene pendants (19a), prepared by electrospin-
ning, exhibited electrochromism with color switching
from blue to orange, depending on the oxidation state.?”
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The switching times of 2—3 s in the PNP3T-PN (19a)
nanofiber was about 20 times faster than electrochemi-
cally prepared PEDOT (5) films with a similar thick-
ness (~1 um).?>> The large surface-to-volume ratio and
high conductivity of PEDOT (5) nanowires make
them promising for supercapacitor-based energy storage
devices.'®>%* PEDOT (5) nanotubes produced by elec-
trochemical polymerization of the monomer onto poly-
(lactide-co-glycolide) nanofiber templates have shown
controlled release of bioactive molecules by electrical
stimulation.'® Organic spintronics,”®>~>*® which deals
with the injection, transport, manipulation, and detection
of spins in organic semiconductor devices, is another
application that has been explored with organic semicon-
ductor nanowires. An array of 50 nm wide, 1 um long
nanowires that consist of 25—33 nm long Alqgs (24)
segments sandwiched between ferromagnetric electrodes,
Co and Ni, has been produced by means of anodized
alumina templates and demonstrated as nanowire-based
spin valves.”®~% At low temperature (7' < 100 K), the
spin relaxation length was calculated to be 3—6 nm.>”°
With this relaxation length and reported carrier mobility
of Alqs (24), very long spin relaxation time of 2ms to 1 s
was estimated.>*

4. Concluding Remarks and Future Outlook

The richness in the chemistry, physics, materials science,
and engineering of s-conjugated organic semiconductors
continues to unfold despite the considerable interdisciplin-
ary advances in scientific understanding and technological
applications of the materials in the past two decades. As is
evident from this review, the increasing ability to assemble
m-conjugated molecular building blocks (small molecules,
oligomers, and polymers) into well-defined crystalline 1D
nanostructures is opening new opportunities for discov-
eries and interdisciplinary research in many areas as well as
for applications. The various approaches that have been
developed for producing organic semiconductor nanowires,
nanoribbons/nanobelts, and nanotubes and the range of
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accessible dimensions (diameter or width d, length L) for
each approach are summarized in Figure 37. Collectively,
these strategies can offer a wide range of 1D nanomaterials
and nanostructures with readily tunable electronic, opto-
electronic, and photonic properties, suggesting ways toward
high-volume, low-cost, affordable nanotechnologies.

The high degree of precision achieved in the control of
dimensions (d, ¢, L), composition, shape, and crystal
structure of inorganic semiconductor and metallic nano-
structures' ~'? is yet to be achieved in organic semicon-
ductor nanostructures. Although such a precision is
necessary to reveal the quantum size-dependent phenom-
ena and properties of inorganic nanostructures, it may
not be necessary for unmasking the supramolecular and
mesoscopic phenomena and properties of organic nano-
structures. Nevertheless, a better control of the diameter/
width, aspect ratio, and single-crystallinity of organic
semiconductor nanostructures is needed to facilitate sys-
tematic basic studies that can be expected to uncover the
fundamental limits on properties ranging from charge,
exciton, and photon transport to photovoltaic properties
and mechanical strength. Methods for the facile alignment of
organic nanowires in a preferred direction, beyond tem-
plated strategies,** are also needed since such an align-
ment is beneficial for enhanced charge transport,®*4’
production of polarized light emission,?*>-2%3
improved absorption and photovoltaic properties,
especially when dealing with an ensemble of nanowires.

m-Conjugated polymer semiconductors as molecular
building blocks for the assembly of functional 1D nano-
structures are of special interest because of their combi-
nation of various tunable electronic, optoelectronic, and
photonic properties with excellent mechanical properties.
As shown in this review, only a small number of
conjugated polymers have been investigated as nano-
wires, most notably poly(3-alkylthiophene)s. Given the
potential for enhanced performance of polymer semi-
conductor nanowire-based organic electronics (e.g.,
field-effect transistors, solar cells), there is a need
for assembly and investigation of nanowires of other
existing p-type and n-type conjugated polymers, espe-
cially those with donor—acceptor architectures™' or
the so-called third generation conjugated polymer semi-
conductors.?® Although knowledge of the mechanical
properties of organic semiconductor nanowires is
essential for most applications, very little is currently
known about the mechanical properties of m-conju-
gated organic/polymer nanowires.

One of the unique features of 1D organic semiconduc-
tor nanostructures is their great potential for hybridiza-
tion with other classes of nanostructures (e.g., inorganic
semiconductors, metals, biomaterials) to create novel
hybrid nanocomposite systems, enabling integration of
functions and properties and emergence of novel and
multifunctional properties. Although only a very limited
number of examples of effort along this line have been
reported so far, they support our view of the numerous
opportunities in this area.’'>%¥%390-32 Eor example, 1D
hybrid nanowires created by assembling gold, platinum,

and
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and palladium nanoparticles onto the surfaces of single-
crystalline hexathiapentacene (HTP) nanowires demon-
strated good function in field-effect transistors while
enabling catalysis.’’> Hybrid nanowires consisting of
ferromagnetic metal/organic semiconductor/ferromag-
netic metal have been demonstrated as promising spin-
valves for applications in spintronics.>**>°? Organic semi-
conductor nanowire-based hybrid nanocomposites have
the potential to exhibit stimuli-responsive (adaptive) pro-
perties, unusual composition-dependent electrical, optical,
thermal, magnetic, and mechanical properties, enabling
new applications in sensors/biosensors, thermoelectrics,
energy harvesting and storage, catalysis, nanoelectronics,
nanophotonics, and spintronics.
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