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CONS P EC TU S

π-Conjugated organic molecules represent an attractive platform for the design and fabrication of a wide range of nano- and
microstructures for use in organic optoelectronics. The desirable optical and electrical properties of π-conjugated molecules for these
applications depend on their primary molecular structure and their intermolecular interactions such as molecular packing or ordering in
the condensed states. Because of the difficulty in satisfying these rigorous structural requirements for photoluminescence and charge
transport, the development of novel high-performance π-conjugated systems for nano-optoelectronics has remained a challenge.

This Account describes our recent discovery of a novel class of self-assembling π-conjugated organic molecules with a
built-in molecular elastic twist. These molecules consist of a cyano-substituted stilbenic π-conjugated backbone and various terminal
functional groups, and they offer excellent optical, electrical, and self-assembly properties for use in various nano-optoelectronic devices.
The characteristic “twist elasticity” behavior of these molecules occurs in response to molecular interactions. These large torsional or
conformational changes in the cyanostilbene backbone play an important role in achieving favorable intermolecular interactions that lead
to both high photoluminescence and good charge carrier mobility in self-assembled nanostructures.

Conventional π-conjugated molecules in the solid state typically show concentration (aggregation) fluorescence
quenching. Initially, we describe the unique photoluminescence properties, aggregation-induced enhanced emission (AIEE), of these
new cyanostilbene derivatives that elegantly circumvent these problems. These elastic twist π-conjugated backbones serve as versatile
scaffolds for the preparation of well-defined patterned nanosized architectures through facile self-assembly processes. We discuss in
particular detail the preparation of 1D nanowire structures through programmed self-assembly.

This Account describes the importance of utilizing AIEE effects to explore optical device applications, such as organic
semiconducting lasers (OSLs), optical memory, and sensors. We demonstrate the rich electronic properties, including the
electrical conductivity, field-effect carrier mobility, and electroluminescence of highly crystalline 1D nanowire and coaxial
donor�acceptor nanocable structures composed of elastic twist π-conjugated molecules. The electronic properties were
measured using various techniques, including current�voltage (I�V), conducting-probe atomic force microscopy (CP-AFM),
and space-charge-limited-current (SCLC) measurements. We prepared and characterized several electronic device structures,
including organic field-effect transistors (OFETs) and organic light-emitting field-effect transistors (OLETs).
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1. Introduction
In recent years, π-conjugated organic molecules have

been intensively developed as an attractive platform for

the design and fabrication of a wide range of nano- and

microstructures for use in organic optoelectronics. In par-

ticular, the controlled self-assembly of π-conjugated or-

ganic molecules and their use as functional building

blocks by subtly balancing noncovalent intermolecular

forces has gained increasing interest.1 The desirable op-

tical and electrical properties of π-conjugated molecules

for optoelectronics are significantly controlled by inter-

molecular interaction parameters associated with molec-

ular packing or ordering in the condensed states, no less

than their primary molecular properties.2

Difficulties associated with predicting and controlling

the effects of intermolecular interactions on the electrical

and optical properties, however, have presented a chal-

lenge to the use of π-conjugated molecules as molecular

building motifs in optical and electrical devices. Whereas

charge transport is favored by dense ordered molecular

stacking derived from strong π�π interactions,2 such inter-

molecular interactions often lead to photoluminescence (PL)

quenching due to concentration quenching phenomenon.2

In addition to these issues, good solubility of π-conjugated

molecules must also be compromised (without destroying

the desired electrical and optical properties) for the fabrica-

tion of solution-processable optoelectronic devices via self-

assembly.

Recently, our group developed a series of new

π-conjugated molecules comprising a cyanostilbene

backbone with terminal functional groups (Figure 1).

The structural characteristics of these molecules have

proven to be extremely beneficial in bestowing desirable

electrical and photophysical properties on self-asse-

mbled materials in the context of organic optoelectron-

ics. In particular, thesemolecules exhibit a unique “elastic

twist” feature; that is, large torsional or conformational

changes occur readily in response to intermolecular

interactions. Isolated molecules in dilute solution are

significantly twisted by internal steric repulsions; how-

ever, the low rotational energy penalty permits assump-

tion of a more coplanar and conjugated conformation

during the self-assembly process mediated by specific

intermolecular interactions. The planar structure max-

imizes the π�π intermolecular interactions and thus

greatly contributes to tight molecular packing, which

in turn promotes charge transport. Importantly, the

combined effects of aggregation-induced planarization

and the specific head-to-tail molecular arrangement

yield unprecedented optical properties, including aggre-

gation-induced enhanced emission (AIEE), which ame-

liorates “aggregation (or concentration) quenching” in

solid-state conjugated materials.2 Despite the absence of

bulky solubilizing alkyl groups, cyanostilbene molecules

show good solubility in various common organic solvents

due to the unique twist conformation and polar substitu-

ents. Another fascinating property of these molecules is

their capacity for self-assembly to form a variety of nano-

scale architectures as a result of the delicate balance

among noncovalent forces between cyanostilbene-based

backbones and terminal units.

In the following, we first describe the unique AIEE

properties of cyanostilbene molecules and the structural

relationships in the solid state. We next discuss the versa-

tile uses of these molecules as molecular building blocks

for the self-assembly of nanostructures in various dimen-

sions, with emphasis on their patterned architectures. Finally,

we highlight their characteristic optical and electrical proper-

ties as they relate to a variety of nano-optoelectronic device

applications.

2. Aggregation-Induced Enhanced Emission
(AIEE)
The absorption and emission properties of π-conjugated

oligomers are defined by the inherent conjugated back-

bone, but these properties can change dramatically upon

aggregation.2,3 The factors responsible for such changes

may include the solid environment, which generally inhibits

large-amplitude intramolecular motions, and specific inter-

molecular interactions, which are preformed by the elec-

tronic and steric requirements of the molecules. For the

majority of π-conjugated molecules, including stilbene-

based systems, the main absorption band is formed by the

S0fS1 transition, in which the molecular transition dipole

moment μ is mainly oriented along the long molecular axis

(Figure 2).2,3 Hence, H-aggregation refers to side-by-side

oriented molecules with small displacement along the long

molecular axis. H-aggregate absorption spectra are hypso-

chromically (blue) shifted against the solution and exhibit

low radiative rate constants kr due to the dipole-forbidden

nature of the emitting state.2,3 H-Aggregates commonly

result in concentration quenching, which is observed for

the majority of π-conjugated compounds in the solid state,

although such compounds may be highly emissive in the
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isolated solution state. An increase of molecular displace-

ment along the long molecular axis transforms a system

from H- to J-aggregates. The latter displays bathochromic

(red) shifted absorption and high kr,
2,3 giving rise to a high

solid-state PLQY.

AIEE. Contrary to the common concentration quenching

described above, cyanostilbenemolecules, for example, CN-

MBE, show entirely opposite PL properties due to their

unique twist elasticity. In solution, biphenyl and cyanostil-

bene units of CN-MBEare significantly twisted beyond40�as
a result of intramolecular repulsion among the ortho hydro-

gen atoms and bulky cyanomoieties.4 This twisted structure

activates torsion-induced nonradiative deactivation by

avoiding the planar quinoidal mesomeric conformation in

the S1 state,
5 thereby rendering the solution nonfluorescent,

as shown in the inset of Figure 3b. In the condensed state,

however, as observed for the colloidal nanoparticles of CN-

MBE, strong intermolecular π�π interactions contributed by

the cyano groups cause conformational planarization of the

twisted biphenyl and cyanostilbene units, and the planar-

ization is strong enough to overcome the small rotational

energy barrier at the central C�C bond of the biphenyl rings

(<3.9 kcal/mol)6 or the C�C bond between the phenyl ring

and the central double bond of the stilbene units (<3.3 kcal/

mol).7 Single crystal X-ray diffraction (XRD) analysis of sev-

eral other cyanostilbene molecules actually confirmed pla-

narization during aggregation (Figure 1).

The aggregation-induced planarization extends the ef-

fective conjugation length (thus increasing the radiative

rate kr), but significantly suppresses nonradiative deactiva-

tion pathways at the same time. Consequently, aggregation-

induced planarization significantly enhances the PLQY of

CN-MBE from solution (ΦPL,sol = 0.001) to nanoparticle

suspension (ΦPL, NP = 0.690) with concurrent bathochromic

shift in the emission wavelength (λmax,sol = 455 nm f

λmax,NP = 488 nm) (Figure 3b). A very high PLQY in the

aggregated state suggests the presence of J-aggregates

instead of H-aggregates. The latter are frequently found in

FIGURE 1. Molecular structures of cyanostilbene molecules and dihe-
dral torsional angles in the isolated and single crystal states (in brackets).

FIGURE 3. UV absorption and PL spectra of CN-MBE (a and b) and DPST
(c andd) (2�10�5M) in THFandNP suspensions (80 vol%water in THF),
respectively.

FIGURE 2. H- and J-aggregates and their impact on the absorption and
emission processes in the framework of exciton models.
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stilbene-based systems.5 In fact, the absorption of an

(optically thin) CN-MBE nanoparticle suspension (λmax =

368 nm) was bathochromically shifted relative to the solu-

tion state (λmax = 344 nm) (Figure 3a), indicative of J-aggre-

gation. In contrast, H-type aggregation with a dramatic

hypsochromic shift in the absorption and a reduced PLQY

were observed for trans-4,40-diphenylstilbene (DPST)

(Figure 3c and d), which lacks only the cyano group from

CN-MBE structure and thus shows a more planar π-conju-

gated backbone. It should be noted, however, that the

cyanostilbene functionality does not always cause J-aggrega-

tion. For DBDCS, H-aggregation with hypsochromically

shifted absorption and a low radiative rate is observed.8 In

contrast to DPST, however, the PLQY of DBDCS in the aggre-

gated state is high (ΦPL,NP = 0.62), ascribed to a low exciton

trapping probability due to the uniform crystal structure

induced by tight stacking among cyanostilbene motifs.

The synergistic combination of aggregation-induced pla-

narization and specific intermolecular interactions results in

dramatically enhanced emission upon aggregation, that is,

the AIEE effect. AIEE opposes the notorious concentration PL

quenching among π-conjugated molecules in the solid state

and is a common feature of conjugated systems with cyanos-

tilbene functionalities in theexcited state.9 ThenatureofAIEE is

quite different from that of other enhanced emission

phenomenaobserved, for example, in siloles (kinkedaromatic

molecules)10 and arene-perfluoroarenes,11 in which the

solid-state PL enhancement derives only from restricted

intramolecular rotational motion and exciplex formation, re-

spectively. Finally, it isnoteworthy that theAIEEof cyanostilbene

molecules is not caused by special solvatochromic effects.12,13

3. Tailored Nanoengineered Structures and
Morphologies
The combination of the cyanostilbene motif and a number

of different substituents on the terminal rings subtly bal-

ances the noncovalent molecular forces, including π�π

stacking, hydrogen bonding, and electrostatic interactions,

which play essential roles in the formation of various types

of nanostructures with controlled dimensions via sponta-

neous self-assembly. Introducing pyridine groups as self-

assembly modulators can assist in the precise placement of

well-defined ordered nanoscale architectures of cyanostil-

bene molecules on the selected substrate surface as a result

of programmed self-assembly processes.

Colloidal Fluorescent Organic Nanoparticles (NPs).

These were readily prepared by a simple reprecipitation

method without surfactants.5 The colloidal CN-MBE NP

suspensions obtained from THF/water mixture (1:4 v/v)

exhibited dramatically enhanced blue fluorescence emis-

sion (Φf, NP = 0.69) as a result of the AIEE mechanism.4 In

particular, theseNPs formed fine spheres of diameter 30�40

nm (Figure 4a) and were very stable for long periods of time

(at least 6 months) due to the presence of polar cyano

groups, which conveyed a negative ζ potential. Other CN-

MBE derivatives were used to obtain a variety of NP emis-

sion colors, including green (THIO-G),14 yellow (THIO-Y),14

orange (BPPCES),12 and red (DM-R),14 all of which displayed

AIEE properties (Figure 4b).

Highly Crystalline One-Dimensional (1D) Nanostruc-

tures. These nanostructures were prepared from CN-TFMBE

using various techniques, including drop-casting, vacuum

evaporation, thermal annealing, and vapor-driven self-as-

sembly (VDSA), all of which relied on the compounds'

intrinsic capabilities with respect to 1D structural formation

driven by the cyanostilbene backbone properties and

the terminal �CF3 units.13,14 Ultralong self-assembled 1D

FIGURE 4. (a) SEM images and size distribution of CN-MBE NPs. (b)
Fluorescence colors of the NP suspensions in THF/water (1:4 v/v):
CN-MBE, THIO-G, THIO-Y, BPPCES, and DM-R, respectively (inset photos:
the fluorescence colors in THF solutions).
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nanowires (NWs) with minimum diameters of 100 nm were

bundled and arrayed over large areas of the substrate

(Figure 5a). CN-TFMBENWs showed bright blue PL (Φf, NW=

0.92) (Figure 5e). They were transparent and exhibited

strong birefringence under crossed polarizers, suggesting a

high crystallinity that was further confirmed by XRD anal-

ysis. The combination of comprehensive XRD studies and

multiscale computer simulations revealed the structural

origins of highly crystalline 1D NWs,14 which included (i)

strengthening the electrostatic interactions among neigh-

boring molecules via anisotropic electronic distributions

induced by highly polar �CN groups, (ii) sliding the mole-

cules along the molecular long axis by balancing steric

repulsion and hydrogen bonding associated with the �CF3
end groups, and (iii) constructing close and strong intermole-

cular π�π stacking by aggregation-induced planarization. In

the structural background of CN-TFMBE, we designed addi-

tional ultralong 1D NWs using THIO-G, THIO-Y, and DM-R

(Figure 5b�d), which were used to tune the PL color in

the NWs from green through yellow to red, respectively

(Figure 5f�h).
Flexible Two-Dimensional (2D) Unwoven Nanofabrics.

These nanofabricswere formed fromNWsof CN-TFMBE and

its derivative using a simple solution casting method. The

resulting mechanically stable 2D nanofabrics were readily

processed into various nano- or microarchitectures, such as

2D wrapped or multilayered 2D nanofabrics on curved

substrates, by a modified soft deposition technique that

took advantage of their excellent flexibility and mechanical

properties (Figure 6a and b).14 The surfaces of 2D nanofab-

rics were highly hydrophobic with water contact angles of

110�137�. The hydrophobicity could be increased up to

157�, yielding superhydrophobicity, by growing the nano-

wires perpendicular to the substrate surface (Figure 6c).15

3D Organogel Networks. 3D organogel networks that

did not flow under gravitational forces were created from

CN-TFMBE and its derivatives, which formed bundles of 1D

nanofibrous aggregates (Figure 6d).13,14

Donor�Acceptor All-Organic Coaxial Nanocables. These

nanocables were fabricated from CN-TFMBE and regioregular

polyhexylthiophene (P3HT) using a simple one-step solution

process without the need for difficult synthetic approaches to

covalently connect the donor (D) and acceptor (A) moieties.16

Transmission electron microscopy (TEM) revealed that blend-

ing and annealing of P3HT and CN-TFMBE (50%�200%

CN-TFMBE relative to P3HT; o-dichlorobenzene 0.1 wt % in

solution) resulted in a structure in which P3HT spontaneously

wrapped around the CN-TFMBE nanowires to form long

uniform coaxial nanocables (Figure 6e). The polar cyanostil-

bene and �CF3 units of CN-TFMBE play an important role in

generating polar 1DNWcores, which effectively phase-demix

from the nonpolar P3HT polymers, thereby inducing the

concomitant formation of an outer polymer shell.

Patterned Nanostructures via VDSA. To realize the

full potential of organic nanostructures in practical

FIGURE 5. SEM and fluorescence microscopy images of CN-TFMBE
(a and e), THIO-G (b and f), THIO-Y (c and g), and DM-R (d and h) NWs,
respectively. The inset photos of (e) show the fluorescence of the
underlying NWs projected through the higher NWs, and the circular
inset photos show the birefringence of the NW bundles under crossed
polarizers.

FIGURE 6. (a) Fluorescence microscopy and SEM images of multilayer
structures of 2D-NFs deposited on glass substrates. (b) Photo and SEM
images of the CN-TFMBE 2D-NFs deposited on a plastic ball substrate. (c)
SEM imageof vapor-deposited CN-TFMBENWsonglass substrate (inset:
a photo of water droplet onto the NW films). (d) Photo and fluorescence
image (inset) of CN-TFMBE (0.8 wt/vol %) dissolved in 1,2-dichlor-
oethane (left) and the corresponding organogel (right). (e) TEM image of
coaxial nanocables of CN-TFMBE/P3HT. (f and g) Fluorescence emission
and SEM images of photopatterned array of Py-CN-MBE NPs and Py-CN-
TFMBE NWs in PMMA, respectively.
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nano-optoelectronic device applications, materials must be

transferred to solid substrates and aligned within selected

areas in a designed local configuration. Cyanostilbene mole-

culesprovidea solution to this challenge. CN-MBENPsandCN-

TFMBE NWs were readily fabricated directly in a poly(methyl

methacrylate) (PMMA) polymer matrix using VDSA17 (or sol-

vent-vapor annealing (SVA))18 methods, which relied on the

selective phase-demixing and self-assembly of aggregates

fromasolid solutionuponexposure tovolatile organic solvent

vapors. AIEE properties are useful for directly visualizing VDSA

events because PL is instantly switched on during self-assem-

bly. Importantly, randomly distributed CN-MBE NPs and CN-

TFMBE NWs in a polymer matrix were patterned in selected

areas upon chemical modification, for example, by replacing

onephenylunit in thecyanostilbenebackbonewithapyridine

ring unit as a self-assembly modulator during VDSA

process.17,18 The N atoms in the pyridine rings were readily

protonated in the presence of photogenerated Brønsted

acids, and Py-CN-MBE and Py-CN-TFMBE formed bulky

quaternary salts with counterions (X� = CF3SO3
�). The coun-

terions eventually eliminated the capacity to self-assemble

due to the bulkiness of the pyridine salt groups. Figure 6f and

g shows that the formation of NPs and NWs was strictly

localized in the neutral regions and was frustrated in the

quaternized regions defined by the photolithography.

4. Optical Characteristics and Device
Applications
The peculiar AIEE properties of cyanostilbene molecules are

very useful and attractive for many optical device applica-

tions because they not only elegantly address the problem

of concentration quenching in solid-state π-conjugated

materials,19 but they also provide large on/off PL ratios

and dual emission color changes in response to external

stimuli including solvent vapor, heat, and pressure,20 which

modulate intermolecular interactions.

RobustlyDistributed FeedbackDye Laser.π-Conjugated

fluorescent dyes are best known as active media for organic

semiconducting lasers (OSLs). The direct use of thesemateri-

als in the form of solid-state films is often not feasible due to

significant PL quenching resulting from intermolecular

interactions,2 which leads to low optical gain cross sections.

We investigated the amplified spontaneous emission (ASE)

of these materials, which is a useful tool for exploring

effective lasing conditions. The lasing action of CN-MBE-

doped PMMA films prepared in a distributed feedback (DFB)

structure was investigated.21

At low pump energies, the emissive spectra of the CN-

MBE:PMMA films exhibited broad peaks corresponding to

spontaneous emission, but a substantial reduction in the full-

width at half-maximum (fwhm = 12 at 435 nm) was ob-

served due to ASE at a pumping energy of 631 mJ/cm2

(Figure 7a). The DFB waveguide structure showed excellent

lasing properties with a maximum peak power of 5 W

(threshold of 73 μJ/cm2) and a fwhm of 0.06 at 454 nm

(Figure 7b). More importantly, the robust cyanostilbene

structure of CN-MBE yielded a lifetime of 1.7 � 104 shots.

The outstanding durability of the CN-MBE DFB plastic blue

laser was encouraging for practical applications because

traditional blue organic laser dyes, such as coumarin 440,

display rapid degradation (<100 shots) under UV irradiation.

High-Contrast Nonvolatile Photochromic Optical

Memory. Bistable photoswitching of PL emission shows

promise as a signaling mode for photon-mode molecular

memory systems owing to the versatility of PL signals,

including high-sensitivity and the absence of side effects

that spoil the digitalized signals. However, concentration

FIGURE 7. (a) ASE emission spectra of a CN-MBE:PMMA film pumped
using a 355 nm UV pulse. (b) Spectral profile of the CN-MBE:PMMA DFB
laser output.
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quenching of PL signals remains a challenge and restricts the

use of such materials in ultrahigh-density optical memory

systems.

We demonstrated that the AIEE-active molecule BTE-CN-

MBE can address this problem by incorporating a photo-

chromic group, 1,2-bisthienylethene (BTE), into the CN-

MBE backbone.22 As in CN-MBE, BTE-CN-MBE NPs showed

strongly enhanced PL, but were only weakly emissive in a

THF solution due to AIEE (Figure 8a, I�II). This behavior was

opposite to that of a non-AIEE analogue of BTE-MBE, which

showed general concentration quenching in a NP suspen-

sion (Figure 8a, V�VI). Accompanied by the photochromic

ring closure of BTE upon irradiation at 365 UV light, the PL

intensity of BTE-CN-MBE NPs was greatly reduced as a result

of intramolecular energy transfer (ET) to the closed-ring form

of BTE (Figure 8a, III�IV). The maximum on/off PL intensity

ratio of BTE-CN-MBE NPs exceeded 170 in the photosta-

tionary state, whereas that of the non-AIEE analogue of the

BTE-MBE NPs showed only a 29% reduction in the PL

intensity (Figure 8a, VII�VIII).

Although BTE-CN-MBE provided efficient reversible PL

switching via intramolecular PL quenching, this system

included several disadvantages: (i) difficulties associated

with the design and synthesis and (ii) interference between

the inherent photochromic properties of BTE and the fluor-

escent properties of the dyes, which caused destructive

optical read-out processes. To address these problems, our

efforts led us to develop a new cyanostilbene molecule, SS-

TFMBE, which generates excellent organogels with an ex-

tremely bright yellowemission (λmax=577nm). The isolated

SS-TFMBE in the sol state is almost nonfluorescent as a result

of AIEE effects.23 SS-TFMBE organogel was successfully

utilized as a fluorescent reporter for opticalmemory systems

upon direct doping with a new photochromic dye, TFM-BTE

(ring closure and opening reactions under 300 nm UV light

and >450 nm visible light illumination, respectively,

Figure 8b inset), where the �CF3 terminal units were intro-

duced into the DTE backbone to achieve good compatibility

with SS-TFMBE. The SS-TFMBE/TFM-BTE (2:1wt%)mixed gel

system was easily prepared, and the integrated PL intensity

at 577 nm was significantly reduced (on/off PL switching

ration >166) under 300 nm light illumination (Figure 8b) due

to favorable spectral overlap between the PL spectrumof SS-

TFMBEand theabsorption spectrumof closed-formTFM-BTE

(Figure 8c). This led to highly efficient intermolecular ET

between SS-TFMBE and the closed-ring form of TFM-BTE (a

“photon shutter” effect). Notably, the activated turn-on state

was continuously preserved, regardless of the excitation

number upon irradiation with 415 nm light for the PL read-

out. Such “nonvolatile” memory characteristics were attrib-

uted to the characteristics of the optical window region in

which the open- and closed-form TFM-BTE did not absorb,

whereas PL excitation in SS-TFMBE aggregates was highly

effective (over 410�432 nm).

High-Performance Fluorescence Sensors for Volatile

Organic Compounds (VOCs). Conjugated materials may be

especially beneficial in chemosensor and fluorescence

FIGURE 8. (a) Chemical structure and fluorescence changes of BTE-CN-
MBE and BTE-MBE in a THF solution (soln) and in a colloidal suspension
in THF/water (FPONs) upon ring-opening and closure of the BTE units. (b)
PL spectral changes observed after the photochromic reaction of TFM-
BTE with the SS-TFMBE organogel system. (c) Optical properties of TFM-
BTE and SS-TFMBE. FIGURE 9. (a and b) PL spectral changes of CN-MBE and BPPCES

adsorbed onto a TLC plate depending on the on/off flow of dichloro-
methane vapors, respectively. (c) Proof-of-concept vapor
(dichloromethane) leak detection (0.5 mm hole) using CN-MBE and
BPPCES adsorbed onto TLC plates.
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imaging24 applications if their on/off or dual color PL switch-

ing properties can be controlled by external stimuli such as

solvent vapors. CN-MBE and BPPCES molecules are well-

suited for this purpose because of their salient PL modula-

tion by AIEE; that is, isolated CN-MBE and BPPCES in solution

provided virtually no fluorescence or green fluorescence,

respectively, but showed high-intensity sky blue or orange

emission in the aggregated states, respectively (Figure 4b).12

For practical uses in VOC sensor applications, CN-MBE

and BPPCES molecules were adsorbed onto silica gel thin

layer chromatography (TLC) plates, and they exhibited

greenish blue and bright yellowish orange emission under

365 nm illumination. Exposure to dichloromethane vapors,

however, resulted in a rapid quenching of the emission

colors (a decrease by a factor of 24) or green emission

(Figure 9), respectively, because the solvent vapor pene-

trated andweakened the intermolecular interactions, result-

ing in locally isolated molecules. The twist conformation of

CN-MBE and BPPCES was, therefore, favored. The original

bright and red-shifted emission spectra of CN-MBE and

BPPCES in the aggregated state recovered completely upon

removal of the vapor (Figure 9a and b insets).

5. Electrical Characteristics and Device
Applications
The self-assembled highly crystalline 1D NWs of CN-TFMBE-

type cyanostilbenemolecules are fascinating objects for use

in organic nanoelectronics as well as for fundamental elec-

tronic studies of organic semiconductors because highly

ordered dense molecular stacking structures promoted

effective charge transport by enhancing π-electronic com-

munication among neighboring molecules. Moreover,

FIGURE 10. (a) Change in the PL intensity as a function of the angle
between the direction of polarized film and that of patterned CN-TFMBE
wires (I ), parallel direction; I^, perpendicular direction). Inset photos
show SEM image of patterned CN-TFMBE NWs after MIMIC patterning
and optical microscopy image of a single microwire under a cross-
polarized film (circle image). (b) I�V curves measured for a smaller
number of alignedwires (inset: SEM image of patterned and cutoff wires
(inside rectangular circles)).

FIGURE 11. (a) Point current versus Vbias at a fixed position on the
SS-TFMBE NWs (indicated by an X in the inset) measured by CP-AFM
experiments. (b) Log�log I�Vplot of SS-TFMBE filmsmeasured atVG=0V.



552 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 544–554 ’ 2012 ’ Vol. 45, No. 4

π-Conjugated Cyanostilbene Derivatives An et al.

the compounds provide a promising platform for the con-

struction of next-generation miniaturized electronic devices.

Conductivity in Patterned Organic NW Electronic De-

vices. The feasibility of using cyanostilbene NWs as key

components in organic nanoelectronics was tested by

examining the fundamental electrical properties of the CN-

TFMBE NWs.25 The patterned CN-TFMBE NWs by using a

MIMIC (micromolding in capillaries) technique were aligned

in a single direction toward the electrode channels (50 μm

width), as confirmed by anisotropic optical studies (biref-

ringence and polarized PL, Figure 10a). The current�voltage

(I�V) characteristics of the micropatterned CN-TFMBE wires

were recorded, giving amaximumcalculated conductivity of

4.9 � 10�6 S cm�1 without doping processes, which was as

high as the conductivity of I2-doped poly(p-phenylene

vinylene) (PPV) (5.0 � 10�6 S cm�1).26 The conductivity was

directly proportional to the number of wires, as shown by

consecutive cutting of individual wires (Figure 10b).

Conductivity and Carrier Mobility in Single-Strand and

Bulk Film Organic NWs. Conducting-probe atomic force

microscopy (CP-AFM) and space-charge-limited-current

(SCLC) measurements are useful for locally characterizing

the electrical properties of single strands and for measuring

the intrinsicmobility (μ) of a bulk film, respectively. SS-TFMBE

was characterized by using these techniques because of its

capacity to self-assemble into rectangular-shaped highly

FIGURE 12. (a and b) UV/vis spectra and I�V characteristic of pristine
P3HT and coaxial P3HT/CN-TFMBE nanocable films, respectively. (c)
Light output versus VSD characteristics of the light-emitting transistor
(inset: optical microscopy image of light emission from the coaxial
nanocables during OFET operation).

FIGURE 13. (a) Intermolecular interactions in the THIO-Y crystal (red
circle, electron-rich thiophene ring; blue circle, electron-deficient CN
unit). (b and c) Typical output and transfer characteristics of the THIO-Y
single crystal OFETs, respectively (inset in (c): crystal device structure).
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ordered crystalline 1D NWs that made good contact with

AFM probe tips and Au electrodes (Figure 11a inset).27

A DC bias (Vbias) was applied to the fixed position of a

single SS-TFMBE NW strand using an AFM probe tip and a

top-contact Au electrode during CP-AFM measurements.

The current flow along the physically contacted probe

increased monotonically as the bias was increased above

a critical value Vbias = 2.0 V, which strongly indicated that

the NW was highly conductive (Figure 11a). The I�V

characteristics of a drop-cast NW film comprising SS-

TFMBE in the quadratic regime (SCLC behavior region)

(|V| < 10 V) provided an effective carrier mobility (μeff) to

give a maximum value of 3.1 cm2 V�1 s�1 (Figure 11b).

Enhanced Conductivity in an All-Organic Coaxial D�A

Nanocable System. Encouraged by the discovery of organic

coaxial donor D�A nanocable architectures of CN-TFMBE/

P3HT16 aswell as the favorable conducting properties of CN-

TFMBENWsmentioned above,we concentrated our interest

in the conductive properties of CN-TFMBE/P3HT nanocables

because this D�A nanocable system could provide an ex-

tended macroscopic coaxial D�A heterojunction over the

whole length of the coaxial nanocables leading to improve

the charge carrier mobility.

We found that a CT doping layer was formed at the

heterojunction interface between CN-TFMBE (A) and P3HT

(D), which facilitated electron transfer from the HOMO of

P3HT (�5.1 eV) to the LUMO of CN-TFMBE (�3.6 eV). CT

was experimentally characterized by the presence of an

absorption band at 755 nm and an emission band at 824

nm (Figure 12a). The CT state formed an organic radical

cation on the P3HT side (Dþ•) and a radical anion on the

CN-TFMBE side (A�•) of the core�shell interface. Conse-

quently, mobile charge carriers were produced by the CT

process occurring at the interface between the core CN-

TFMBEand the shell P3HT, and these carriers playeda critical

role in enhancing the electrical conductivity of the coaxial

nanocables. To investigate the effects of mobile charge carriers

on the electrical performance, the I�V characteristics of coaxial

nanocables and pristine P3HT film devices were measured and

compared under a bias that ranged from �100 to 100 V.

Measurements in 25 devices yielded highest and mean con-

ductivities in thecoaxialnanocabledevicesof1.7and0.1Scm�1

(standard deviation: 0.078 S cm�1), respectively, whereas those

of the pristine P3HT devices were 2.8� 10�4 and 1.7� 10�4 S

cm�1 (standard deviation: 0.64 � 10�4 S cm�1), respectively

(Figure 12b).
In addition, light emission was observed from the

OFETs prepared using the coaxial nanocables as the active

layer with interdigitated heteroelectrodes of gold and

aluminum. Application of a gate voltage of �80 V yielded

electroluminescence with an emission maximum peak at

700 nm only at the points on the nanocables at which the

nanocables met the aluminum electrodes (hole�electron

recombination zone) (Figure 12c). The intensity of the light

output increased with the drain and gate voltage. These

characteristics of coaxial OLETs were attributed to the

efficient recombination of holes and electrons inside the

nanocables.

High-Performance n-Type Organic Transistors. For

high-performance n-type OFETs, electron-withdrawing groups

incorporated into π-conjugated backbones result in

efficient electron injection from electrodes due to low-

ered LUMO levels. However, the bulkiness and elec-

trostatic forces introduced by these groups may destroy

the highly crystalline structure or decrease the degree

of molecular ordering. Therefore, the introduction of

electron-withdrawing groups at appropriate positions

in the π-conjugated building blocks is critical for securing

both the desired high-crystallinity and the low LUMO

level.

We found that THIO-Y met all prerequisites mentioned

above due to its characteristic structural features, including

high crystallinity and abundant electron-withdrawing units

(two �CN and four �CF3 groups).28 XRD analysis revealed

that the THIO-Y molecules were closely packed in a nearly

coplanar fashion separated by an intermolecular distance of

3.5Å.Notably, the�CNand�CF3 groups not only effectively

decreased the LUMO level of THIO-Y (�3.8 eV), which

enhanced electron injection from the contact metals, but

they also stabilized the laterally adjacent molecules by

building up specific noncovalent intermolecular interac-

tions, such as C�F 3 3 3 F�C, C�N 3 3 3C�H (phenyl or vinyl),

and C�F 3 3 3 S (thiophene ring) (Figure 13a). The dense mo-

lecular packing and appropriately lowLUMO favored a good

electronmobility inTHIO-YOFETsofashighas0.16cm2V�1s�1

(Figure 13b and c).

6. Conclusions
The cyanostilbene system discussed in this Account offers

a new approach to developing π-conjugated molecules

that are useful as all-around building blocks for a variety

of self-assembled organic nano-optoelectronics devices. This

molecular system offers a solution to meet the rigorous

demands of desired optical and electrical properties for nano-

optoelectronics applications, as well as to control the nano-

scale architecture. It should be noted that the characteristic
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“twist elasticity” properties of these molecules play a signifi-

cant role in governing the intermolecular interactions that

achieve favorable electrical and optical properties, including

high carrier mobilities and high PLQYs, as well as good

solubilities.
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